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DIFFERENTIAL HARNACK INEQUALITIES FOR NONLINEAR
HEAT EQUATIONS WITH POTENTIALS
UNDER THE RICCI FLOW

JIA-YONG WU

ABSTRACT. In this paper, we prove several differential Harnack inequalities
for positive solutions of nonlinear (backward) heat equations with different
potentials under the Ricci flow. In particular, for a closed surface, we derive a
nonlinear version of the interpolated Harnack inequality. These results include
many well known differential Harnack inequalities for linear heat equations
with potentials coupled with the Ricci flow.

1. INTRODUCTION

The study of differential Harnack estimates for parabolic equations originated
with the work of P. Li and S.-T. Yau [27], who first proved a gradient estimate for
the heat equation via the maximum principle and then derived a sharp Harnack
inequality by integrating the gradient estimate along space-time paths. Later S.-T.
Yau generalized this result to the Harnack inequalities for some nonlinear heat-
type equations [38] and non-self-adjoint evolution equations [39]. Surprisingly, R.
Hamilton employed similar techniques to obtain Harnack inequalities for the Ricci
flow [21], and the mean curvature flow [23]. In dimension two, a differential Harnack
estimate for the positive scalar curvature was proved by R. Hamilton [20], which was
then extended by B. Chow [39] when the scalar curvature changes sign. Moreover,
B. Chow applied similar techniques to obtain the Harnack inequalities for the Gauss
curvature flow [II] and the Yamabe flow [12]. H.-D. Cao [3] proved a Harnack
inequality for the Ké&hler-Ricci flow. B. Andrews [I] obtained several Harnack
inequalities for general curvature flows of hypersurfaces. In [I5], B. Chow and
R. Hamilton give an extension of Li-Yau’s Harnack inequality, which they called
constrained and linear Harnack inequalities. For more detail discussions above, we
refer the interested reader to Chapter 10 of [17].

On the other hand, R. Hamilton [22] also generalized Li-Yau’s Harnack inequality
to a matrix Harnack form on a class of Riemannian manifolds with nonnegative
sectional curvature. This result was then further extended to the constrained matrix
Harnack inequalities by B. Chow and R. Hamilton [15]. H.-D. Cao and L. Ni [4]
proved a matrix Harnack estimate for the heat equation on Kéhler manifolds. B.
Chow and L. Ni [32] proved a matrix Harnack estimate for Kéhler-Ricci flow by
the interpolation consideration originated by B. Chow [13].
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In another direction, differential Harnack inequalities for (backward) heat-type
equations coupled with the Ricci flow have become an important object, which can
be traced back to the work of R. Hamilton [20]. Later this aspect was furthermore
exploited by B. Chow [I3], B. Chow and R. Hamilton [I5], B. Chow and D. Knopf
[16], and H.-B. Cheng [9], etc. Perhaps the most spectacular one is the differen-
tial Harnack inequality for the fundamental solution of conjugate heat equation
coupled with the Ricci flow without any curvature assumption discovered by G.
Perelman [33]. Perelman’s Harnack inequality has many important applications.
For example it is essential in proving the pseudolocality theorems. Recently, X.
Cao [5], and S.-L. Kuang and Qi S. Zhang [26] both extended Perelman’s Har-
nack inequality. They independently proved a differential Harnack inequality for
all positive solutions of the conjugate heat equation under the Ricci flow on closed
manifolds with nonnegative scalar curvature.

For differential Harnack inequalities for the linear heat equation coupled with
the Ricci flow, there were also many research activities on this direction; see for
example [2], [6], [8], [14], [19], [28], [36] and [40].

In the past few years there has been an increasing interest in the study of the
case of nonlinear heat equations coupled with the Ricci flow. A nice example of
nonlinear heat equations is the following form:

(L.1) O p=ar—afinf-of,

where a and b are real constants, which was introduced by L. Ma in [29]. However L.
Ma only proved a local gradient estimate for positive solutions to the corresponding
elliptic version

(1.2) Af—aflnf—-bf=0

on a complete manifold with a fixed metric. Indeed, F. R. K. Chung and S.-T.
Yau [I8] observed that the elliptic equation ([2)) is linked with the Gross Logarith-
mic Sobolev inequality. They also established a Logarithmic Harnack inequality
for this equation when a < 0. In [37], Y. Yang derived local gradient estimates for
positive solutions to (1)) on a complete manifold with a fixed metric (see also [10],
[25], [34], [35]). Recently, Yang’s result has been developed by L. Ma in [30} [31].
In [24], S.-Y. Hsu proved a local gradient estimate for the nonlinear heat equation
(CI) under the Ricci flow. We need to emphasize that the above equations (1))
and (L2)) often appear in geometric evolution equation, and are also closely related
to the gradient Ricci solitons. See, for example, [7] and [29] for nice explanations
on this subject.

Very recently, X. Cao and Z. Zhang [7] employed X. Cao and R. Hamilton’s
argument in [6] and proved an interesting differential Harnack inequality for positive
solutions of the nonlinear heat equation

0]
(1.3) aszf—flnf—i—Rf
coupled with the Ricci flow equation
0
(1.4) i = —2Ri

on a closed manifold. Here the symbol A, R and R;; are the Laplacian, scalar
curvature and Ricci curvature of the metric g(¢) moving under the Ricci flow.
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In this paper, we will be concerned with general time-dependent nonlinear (back-
ward) heat equations of the type ([LI)) with different potentials on closed Riemann-
ian manifolds under the Ricci flow.

Firstly, suppose (M, g(t)), t € [0,T), is a solution to the Ricci flow (L4) on a
closed manifold. Let f be a positive solution of the nonlinear heat equation with
potential R, i.e.,

(1.5) %f:Af—aflnf—i—Rf,

where a > 0 is a real constant. In this case, we have the following differential
Harnack inequality.

Theorem 1.1. Let (M, g(t)), t € [0,T), be a solution to the Ricci flow on a closed
manifold, and suppose that g(0) (and so g(t)) has weakly positive curvature operator.
Let f be a positive solution to the nonlinear heat equation [LH), u= —Inf and

H =2Au— |Vul?> — 3R — 2%.

Then for all time t € (0,T),
H<"a
= 4 .

Remark 1.2. If we choose a = 1, this result belongs to X. Cao and Z. Zhang (see
Theorem 1.1 in [7]). On the other hand, we observe that H < %a is equivalent to
IV fi R no,on
-2 = | — | <2—+ —a.
72 f—|—anf—|—2 _t—|—4a
However, in [37] (see also [35]), the classical Li-Yau gradient estimate for positive
solutions to the nonlinear heat equation (L)) is

2
|vf];| _2(%+alnf+b) SQ%‘F”G

on manifolds with a fixed metric satisfying nonnegative Ricci curvature. Hence
our Harnack inequality is similar to the classical Li-Yau gradient estimate for the
nonlinear heat equation (IIJ).

In particular, if we restrict ourselves on surfaces, we can derive a new differential
interpolated Harnack inequality, which is originated by B. Chow [13].

Theorem 1.3. Let (M, g(t)), t € [0,T), be a solution to the e-Ricci flow (¢ > 0)

(1.6) = —¢Ryi;

Egij
on a closed surface with R > 0. Let f be a positive solution to the nonlinear heat
equation

(1.7) %f:Af—aflnf—i-st,

u=—Inf and H. = Au—eR. Then for all time t € (0,T),
H. < 17

i.€e.,

1 1
%1nf—|Vlnf|2+alnf+¥:Alnf—i—aR—i—;zO.
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Secondly, we consider differential Harnack inequalities for positive solutions of
the nonlinear backward heat equation with potential 2R, i.e.,

(1.8) % = —Af+aflnf+2Rf,

where a > 0 is a real constant, under the Ricci flow. For this system, we have

Theorem 1.4. Let (M, g(t)), t € [0,T], be a solution to the Ricci flow on a closed
manifold. Let f be a positive solution to the nonlinear backward heat equation (L)),
u=—Inf,7=T—1 and

H =2Au— |Vul> + 2R — 22
T
Then for all time t € [0,T),
H< 2a
p— 2 .

If we further assume that our solution to the Ricci flow is of type I, i.e.,

do
T—t
for some constant dy, where T is the blow-up time, then we can show that

|[Rm| <

Theorem 1.5. Let (M, g(t)), t € [0,T], be a type I solution to the Ricci flow on a
closed manifold. Let f be a positive solution to the nonlinear backward heat equation
@R), u=—-Inf, 7=T—1t and
H =2Au — |Vul? + 2R — d=,
-

where d = d(dg,n) > 2 is some constant such that H(t) < 0 for small 7. Then for
all time t € [0,T),

H< ga.
Thirdly, let us now consider the nonlinear conjugate heat equation
0
(1.9) Er =-Af+aflnf+Rf,

where a > 0 is a real constant, under the Ricci flow. For this system, we prove that

Theorem 1.6. Let (M, g(t)), t € [0,T], be a solution to the Ricci flow on a closed
manifold with nonnegative scalar curvature. Let f be a positive solution to the
nonlinear conjugate heat equation (L), u=—Inf, 7=T —t and

H=2Au—|Vu>+R— 22.
Then for all time t € [0,T),
H< 2a.
— 4
Alternately, by modifying the Harnack quantity of Theorem [[.6], we can prove
the following form of differential Harnack inequalities.

Theorem 1.7. Let (M, g(t)), t € [0,T], be a solution to the Ricci flow on a closed
manifold. Let f be a positive solution to the nonlinear conjugate heat equation (L9,
v=—Inf—-%In(nr), 7=T —1t,

P=2Av—|Vo|*+R—2"
.
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and

P =2Av — |Vu|? +R-32.
T
Then the following differential Harnack inequalities are true:
(1) if the scaler curvature R > 0, then for all time t € [0,T),

Pﬁga;

(2) without assuming the nonnegativity of R, then for all time t € [%,T),
- n
P < —a.
= 4a

Remark 1.8. The above mentioned theorems include the recent results of X. Cao
(see Theorems 1.1, 1.2, 1.3 and 3.6 in [3]), X. Cao and R. Hamilton (see Theorem
1.1 in [6]), B. Chow (see Theorem 1 in [13]), and S.-L. Kuang and Qi S. Zhang (see
Theorem 2.1 in [26]). In fact if a = 0, we recover their theorems.

The proof of our all theorems nearly follows the arguments of X. Cao [5], X.
Cao and R. Hamilton [6], X. Cao and Z. Zhang [7], and S.-L. Kuang and Qi S.
Zhang [26], where computations of evolution equations and the maximum principle
for parabolic equations are employed. The only difference is that our Harnack
estimates are for the nonlinear heat equations.

An interesting feature of this paper is that our differential Harnack inequalities
are not only like the Perelman’s Harnack inequalities, but also similar to the classical
Li-Yau Harnack inequalities for the corresponding nonlinear heat equation (see
Remark above). Due to the soliton potential functions are linked with our
nonlinear heat equations, we expect that our differential Harnack inequalities will
be useful in understanding the Ricci solitons.

The rest of this paper is organized as follows: In Sect. Bl we first prove Theorem
[LI Then we prove an integral version of the Harnack inequality (see Theorem 2:2)).
For a closed surface, we will prove a new differential interpolated Harnack inequality,
i.e., Theorem In Sect. Bl we shall prove Theorems [[.4] and Meanwhile, a
classical Harnack inequality of Theorem [[4] will be derived (see Theorem B.2). In
Sect. [ we will prove Theorem[I.6l as well as its classical Harnack version (Theorem
[2). By modifying the Harnack quantity of Theorem [[L6] we will prove Theorem
[C7 In Sect. B we will prove gradient estimates for the nonlinear (backward) heat
equation (without the potential term), i.e., Theorems [5.1] and

2. ON THE NONLINEAR HEAT EQUATION WITH POTENTIALS

In this section, we will prove the differential Harnack inequalities for positive
solutions of nonlinear heat equations with potentials coupled with the Ricci flow
(Theorems [T Tland [[3]). An analogous result was obtained by X. Cao and Z. Zhang
(see Theorem 1.1 in [7]).

Let f be a positive solution of the nonlinear heat equation (ILH]). By maximum
principle, we conclude that the solution for ([H]) will remain positive along the

Ricci flow when scalar curvature is positive. If u = —In f, we can easily compute
that 5 5

Zu=—-=1

o= "ot
and

Vu=-VInf, Au=-Alnf.
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Hence u satisfies the following equation,

(2.1) %u:Au— |Vul> — R — au.

We shall follow X. Cao and R. Hamilton’s argument in [6] (see also [5]) and shall
prove Theorem [[LT We observe that the evolution equation of u, is similar to the
equation (2.1) (¢ = 1) in [6]. So we can borrow their computation for the very
general setting there to simplify our calculation. The only difference is that we
have extra terms coming from time derivative %u.

Proof of Theorem [l Let f and u be defined as above. Set
H =2Au— |Vul?> — 3R — 2%.

Comparing with the equation (2.3) in [6], using (Z1]), we have

0 2 2 1
51 =AH —2VH - Vu——H - ¥|vu|2 —2 ‘vivju — Rij = <9
0 R 9
(2.2) -2 ER + 7 +2VR - Vu+ 2R uuj | — 2a(Au — [Vul?)
2 2 2 2
<AH —2VH -Vu—~“H - 2|vu|? - = (Au—R— 9)
t t n t
— 2a(Au — |Vul?),
where in the last step above we used

which is called the trace Harnack inequality for the Ricci flow proved by R. Hamilton
in [21], since ¢(t) has weakly positive curvature operator. Meanwhile, we also used
the elementary inequality

2

1 1 n\ 2
— >—A—R——).
91 _n( Y t

Viv]‘u - Rij — P

By the definition of H, we also note that

2
—2a(Au — |Vu|2) = —2aH + 2a (Au —R— %) — 4aR — Tna'

Plugging this into (22)), we have

2 2
2HSAH—WH-W—(—+2Q>H——|vu|2
ot t t
(2.3) ) , )

n n n n
~Z(Au- ____) Pa? —4ar - 4.
n( u—R ; 2a +2a aR ta

Adding —7a to H yields

O (m-"a)<a(#-"a)~2v (g~ "a) Vu- (§+2a) (b - 2a)

2 5 2 n n \2 5n
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Since R > 0 and a > 0, it is easy to see that for ¢ small enough then H — Fa < 0.
Applying the maximum principle to the above evolution formula yields

H — %a <0
for all time ¢t. This completes the proof of Theorem [T1] O

Remark 2.1. Theorem [I.1]is also true on complete noncompact manifolds when we
can apply maximum principle. For example, we can assume that the Ricci flow
solution g(t) is complete with the curvature tensor and all the covariant derivatives
being uniformly bounded, and Awu has a upper bound for all time ¢.

We now integrate the inequality
n
H—-—-a<0
1=

along a space-time path and derive a classical Harnack inequality. More precisely,
since

2u = Au — |Vul* = R — au,
ot

combining this with
H-"a=2Au—VuP? -3r-22 - "a<o
1 t 4

we have

0
2§u +|Vul* - R — 2% + 2au — ga.
Pick a space-time path v(z,t) joining (z1,¢1) and (x2,t2) with 0 < ¢; < t2. Along
the path ~, we have

du Ou

E:E‘Fvu-’y

1 1
—§|Vu|2+§R+%—au+ga+Vu-7

IN

IN

1 n n
5 (B4 R+ Ja) + 5 —aw

where in the last step above we used the inequality
1 1
—§|VU|2 +Vu-y— §|W|2 <0.

Rearranging terms yields

d . e (. n_  2n
)
Integrating this inequality we obtain
1 2 2
e (g, ty) — e - u(wy,ty) < 3 inf e (|7|2 +R+ ga + Tn) dt.
Y t1

Note that ©« = —In f. Hence we have the following classical Harnack inequality.
Theorem 2.2. Let (M,g(t)), t € [0,T), be a solution to the Ricci flow on a

closed manifold, and suppose that g(0) (and so g(t)) has weakly positive curvature
operator. Let f be a positive solution to the nonlinear heat equation (LI)). Assume



8 JIA-YONG WU

that (z1,t1) and (r2,t2), 0 < t1 < ta < T, are two points in M x (0,T). Then we
have

at at 1 3 2 at <12 n 2n
e -l f(xy,t1) —e®? - 1n f(xe,t2) < = inf e %"+ R+ —a+ — | dt,
2 Y t1 4 t

where v is any space-time path joining (x1,t1) and (x2,ts).
Similar to the trick of proof of Theorem [[LT| now we can finish the proof of
Theorems

Proof of Theorem[I.3. The proof follows from a direct computation and the para-
bolic maximum principle. We can compute that u satisfies

(2.4) %u = Au — |Vu|* — eR — au.
Let
H. = Au —¢R.

A direct computation yields

2
%Hg —AH. —2|V;V;u— %Rgij _9VH. - Vu— cRH.
(2.5) —R|Vu+eVInR]* —¢R ahﬂR—EVlnR2 — aAu
at

<AH.— H?>—2VH. Vu— (R +a)H. + %R — caR.

The reason for the last inequality above is that the trace Harnack inequality for the
e-Ricci flow on a closed surface proved by B. Chow in [13] (see also Lemma 2.1 in
[36]) implies
OlnR
ot

since g(t) has positive scalar curvature. Besides this, we also used the elementary
inequality

1
—¢|VInR?=¢(AlnR+R) > —%

E 2
Vl-Vju — §Rgij Z
and the relation
—aAu = —aH, — caR.

Adding — 1 to H. in (ZF) yields
(2.6)

O () ea(m D) ow(m)owun (o) ()
ot t t t t t

1
—(eR+a) <HE—¥> —%—EaR.

It is easy to see that for ¢ small enough then H, — % < 0. Since R > 0 and a > 0,
applying the maximum principle to the evolution formula (2.6]) we conclude
1
H.—-<0
t

for all time ¢, and the proof of the theorem is completed. O
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In Theorem [[3] let us take a = 0 and then we get the following interpolation
proved by B. Chow [13] between the classical Li-Yau Harnack inequality for the
heat equation and the Chow-Hamilton linear trace Harnack inequality for the Ricci
flow on a closed surface:

Corollary 2.3 (B. Chow [13]). Let (M, g(t)) be a solution to the e-Ricci flow (L6
on a closed surface with R > 0. If f is a positive solution to
0 f=Af+eRf
ot ’
then
0 9 1 1
(27) glnf—|V1nf| +¥:A1nf+€R+¥ZO

On the other hand, if we take ¢ = 0 in Theorem [[.3] we can get the following
differential Harnack inequality for a nonlinear heat equation on closed surfaces with
a fixed metric:

Corollary 2.4. If f : Mx € [0,T) — R, is a positive solution to the nonlinear
heat equation

28) O p=ar—amy

where a > 0 is a real constant, on a closed surface (M, g) with R > 0, then for all
time t € (0,T),

P , 1 1
_— — —_ = _> .
8t1nf |[Vin f| +a1nf+t Alnf—i—t_O

If we take ¢ = 1 in Theorem [[.3] then

Corollary 2.5. Let (M, g(t)), t € [0,T), be a solution to the Ricci flow on a closed
surface with R > 0. If f is a positive solution to the nonlinear heat equation (L5,
then for all time t € (0,T),

1 1
%mf—|V1nf|2+a1nf+¥:Alnf+R+¥20.

Remark 2.6. Interestingly, Theorem [[3] is a nonlinear interpolated Harnack in-
equality which links Corollary [Z4] to Corollary

3. ON THE NONLINEAR BACKWARD HEAT EQUATION WITH POTENTIALS

In this section, we start to study several differential Harnack inequalities for
positive solutions of nonlinear backward heat equations with potentials:

0
5/ = —Af+afnf+2Rf,

where a > 0 is a real constant, under the Ricci flow.

To prove Theorems [[.4] and [[5], we shall apply a similar trick as in the proof of
Theorem [[.T] We will see that evolution equations of u, is very similar to what is
considered in [5]. Just as the case of the proof of Theorem [ the only difference
is we have more terms coming from time derivative %u.
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Proof of Theorems and[T3 As before, it is easy to compute that u satisfies the
following equation,

0

(3.1) U= Au — |Vul? + 2R — au.

Let

(3.2) H = 2Au — |Vul? + 2R — 22
T

Comparing with the equation (2.4) in [5], we have

2 2
3H =AH —2VH -Vu— =H — Z|Vu|? — 2|Rc|?
or T T
2

1
—2 ‘Vzvju + Rij — ;gij — QG(A’UJ — |Vu|2)

(3.3)
2 2 _ . 2,
<AH - 2VH -Vu—~H - 2|Vu]* -~ 2R
T T n
2
n
From (32)), we know that

na 2
(Au+R— —) — 2a(Au — |Vul?).
T

2
—2a(Au — |Vul?) = —2aH + 2a (Au +R— 2) +2aR - .
T T

Plugging this into (B3] yields

0 2 2 2
—H < AH —2VH-Vu-— <—+2a)H——|Vu|2——R2
or T T n
2 2 2
——(Au—kR—ﬁ—ﬁa) +2a2+2aR——na
n T 2 2 T
2 2
=AH —2VH -Vu— <——|—2a)H——|Vu|2
T T
2 22 2 2
——(Au—i—R—ﬁ—ﬁa) ——(R—ﬁa) — 2+ na?.
n T 2 n 2 T

Therefore adding —3a to H, we have
(3.4)

o (1~ 3a) < a (1= 3a) 29 (11~ Fa)-u— (2 +20) (1~ o)

or -
2 2 2 2 2 3
——|Vu|2——(Au+R—ﬁ—ﬁa> ——(R—ﬁa) _2n.
T n T 2 n 2 T

n

If 7 small enough, we can easily see that H — 5
principle to the evolution equation (4] yields

a < 0. Then applying the maximum

H—gago

for all time 7, hence for all ¢ € [0,T). This finishes the proof of Theorem [[.4
As for the proof of Theorem [[.5] from the above proof, we can easily see that
Theorem [[.H is true for all time ¢ < 7. O

Remark 3.1. Theorem [[.4]is also true on complete non-compact Riemannian man-
ifolds as long as we can apply maximum principle.
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From Theorem [[4 we can derive a classical Harnack inequality by integrating
along a space-time path.

Theorem 3.2. Let (M, g(t)), t € [0,T], be a solution to the Ricci flow on a closed
manifold. Let f be a positive solution to the nonlinear backward heat equation (LF]).
Assume that (x1,t1) and (x2,t2), 0 < t1 < to < T, are two points in M x [0,T).
Then we have

1 2
6at2-ln f(.IQ, t2)—€at1-ln f(:El, tl) - Ilf/ a(T t) <|’}/|2 + 2R + —CL + i ) dt,
2 vy t1 T—1t

where v is any space-time path joining (x1,t1) and (z2,t2).

Proof. Our strategy in this proof will be similar to that in the proof of Theorem 2.2
We include it here because this is a Harnack inequality for the nonlinear backward
heat equation. Let us consider the solutions of

2u = Au— |Vu* + 2R — au.
or

Combining this with
H-"a=28u—|VuP+2R-2" - Za <,
2 T 2

we have

0
2% u+ |Vul* — 2R — 22 + 2qu — Za.
or T 2

Pick a space-time path 7(z,t) joining (z2,72) and (z1,71) with 74 > 75 > 0. Along
the space-time path ~, we have

du _ou
dr ot

1
§——|Vu|2+R+ﬁ—au+ﬁa+Vu-7
2 T 4

+ Vu -y

1
<z (|W|2+2R+Ea) + 2
2 2 T

Rearranging terms yields

d e” n 2n
— (e u) < — [ F*+ 2R+ = — .
dT(e u) < 2 ('ﬂ + —|—2a—|— 7')
Integrating this inequality we get

2n

e’ cu(xy, 1) — e - u(xe, T2) < 1nf/ (|7|2 + 2R+ —a+ —) dr.

Namely,

1 2
e - u(wy,ty) — e - u(we, ta) < 5 nf/ (=) <|”Y|2+2R+ Doy 2 >dt.
27 Jy T—-1

Therefore the desired classical Harnack inequality follows. (I
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4. ON THE NONLINEAR CONJUGATE HEAT EQUATION WITH POTENTIALS

In this section, we will study several differential Harnack inequalities for positive
solutions of the nonlinear conjugate heat equation

0
57/ = —Af+aflnf+Rf,

where a > 0 is a real constant, under the Ricci flow. In this case, in general we
need to assume that the initial metric g(0) has nonnegative scalar curvature, it is
well known that this property is preserved by the Ricci flow.

Proof of Theorem[1.@. We go on applying a similar trick in last sections to prove
Theorem [[.6 It is easy to compute that u satisfies the following equation,

0

(4.1) 4= Au — |Vul|? + R — au.
Comparing with the equation (3.2) in [5], we have

0 2 2 R

—H =AH —2VH -Vu—=H — =|Vu|* - 2=

or T T T
(4. L

—2|V,Vju+ R;j — —9ii| ~ 2a(Au — |Vul?).

Note that

H =2Au— |Vu> + R — 22,
.

which implies

2
~2a(Au— [Vul?) = =20 + 20 (Au+ R - 2) - Za,
.

p
Plugging this into (£2), we obtain

2H§AH—2VH-Vu— (z+2a>H—z|Vu|2—2
or T T

R
.
—%(Au—l—R—;)Q—i—m(Au—i—R—;)—27na

2 2
=AH —2VH -Vu— (—+2a>H——|Vu|2—2E
T T T
2
—E(AU—I—R—E—ECL) —2—na+za2.
n T 2 T 2
Therefore adding —7a to H yields
(4.3)
0 n n n 2 n
- _ = < —Za) = —Za)- _(Z _ =
o (- a) <A (1= 2a) 2 (1= 2a) - Vu— (2 20) (51~ 5)
2 2 2
——|Vu|2—25—— (Au—l—R—ﬁ—ﬁa) —5—na.
T T n T 2 2T

Since R > 0 and a > 0, it is easy to see that for 7 small enough then H — %a < 0.
Applying the maximum principle to the evolution formula (£3)), we have

H—%aSO

for all time 7, hence for all ¢. This finishes the proof of Theorem O



DIFFERENTIAL HARNACK INEQUALITIES FOR NONLINEAR HEAT EQUATIONS 13

As in Section [3] we can see that if the solution to the Ricci flow is of type I, i.e.,

do
T—t

|Rm| <

for some constant dy, where T is the blow-up time, then the following Harnack
estimate holds for all time ¢t < T.

Theorem 4.1. Let (M,g(t)), t € [0,T], be a type I solution to the Ricci flow on a
closed manifold with nonnegative scalar curvature. Let f be a positive solution to
the nonlinear backward heat equation (L9), u=—Inf, 7=T —t and

H=2Au—|Vu>+ R — d~,
.

here d = d(dg,n) > 1 is some constant such that H(1) < 0 for small 7. Then for
all time t € [0,T),

Hﬁ%a.

In the same way, from Theorem we can derive a classical Harnack inequality
by integrating along a space-time path.

Theorem 4.2. Let (M, g(t)), t € [0,T], be a solution to the Ricci flow on a closed
manifold with nonnegative scalar curvature. Let f be a positive solution to the
nonlinear conjugate heat equation (LI). Assume that (z1,t1) and (z2,t2), 0 <t <
to < T, are two points in M x [0,T). Then we have

1 "2 2
e®2.In f(x9,ts) — e -In f(x1,t1) < = inf/ ) (|”y|2 + R+ Za+ — ) dt,
2 5 t1 4 T—t

where v is any space-time path joining (x1,t1) and (z2,t2).

In the rest of this section, we will finish the proof of Theorem [I.7

Proof of Theorem[1.7], We first prove Theorem [[7 in the case R > 0. Compute
that u satisfies the following equation,

0 9 n n
(4.4) 50" Av—|Vv|*+R— 5, ¢ (v + 5 1n(47r7)) .

Comparing with the equation (3.7) in [5], we have

2 2
2P =AP —2VP -Vv— =P~ Z|Vu]* - o 1t
or T T T
(15) R
-2 VZ‘VJ'U + Rij — —Gij - QG(A’U - |V’U|2)
T
By the definition of P, we have
2
—2a(Av — |Vv[*) = —2aP + 2a (Av +R- E) -
T T
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Plugging this into (£3]) yields

) 2 2 R
—49gAP—2VP-vU—(—+m01%—4vm2—2—
or T T T
2
—EQM+R—3)+MQM+R—3)—@Q
n T T T
2 2
_AP—QVP-VU—<—+20}1—4VM2—2§
T T T
2
—E(Av—l—R—ﬁ—ﬁa) —2—na+ﬁa2.
n T 2 T 2

Therefore adding —7a to P gives

(4.6)
2 (P-2a) <a(P-ta) -2y (P-2a) vu- (220) (P-2a)
—2|Vv|2—2§—2(AU+R—E—EQ)2—5—na.
T T n T 2 2T

Since R > 0 and a > 0, it is easy to see that for 7 small enough then P — %a < 0.
Applying the maximum principle to the evolution formula (£8) yields

P—%ago

for all time 7, hence for all t. Hence the theorem in the case R > 0 is proved.
Next we prove the Harnack inequality without the nonnegativity assumption for
the scalar curvature R. Similarly, we have

0 =~ ~ ~ 2~ 2 R
—P=AP-2VP .- Vo—=P—Z|wu)? -2~ - =
T T T T T
(47) L
-2 ‘Viv_j’l} + Rij — ~9ii| 2a(Av — |Vol?).
According to the definition of P, we have
- 4
—2a(Av — |Vv[*) = —2aP + 2a (Av +R- E) -
T T
Substituting this into (1), we get
0 = ~ ~ 2 -2 R
ZP<AP-2VP-Vu— (=42 ) P- V2 —2= - 2
or T T T 2
2 2 4
——(Aw+R—9)+zqgv+R—ﬁ)—l%
(4.8) n T T T
_ N 2 S22 n
=AP-2VP - Vv— (= +2a P——Wm—_(R+—J
T T T 2T
2 2 4
——(AU—FR—E—ECL) ——na—|—2a2.
n T 2 T 2
Note that the evolution of scalar curvature under the Ricci flow is
OR 2
— = AR +2|Ric]* > AR+ =R
ot n

Applying the maximum principle to this inequality yields

n
R>——.
Y
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Since t > T'/2, then 1/t <1/7. Hence

n n
R>-2>_1
= 2t~ 271’
ie.,
R+ >o.
2T
Combining this with (£.8]), we have
- - - 2 -4
I pnp-ovh vo— (22| p- 0t e
or T T 2
Adding —%a to P, we get
(4.9)
0 /=~ n - n - n 2 - n In
< P——)<A(P——)—2 (P——)- (242 (P——)——.
87( 1) = 1)~ 7)) Ve (7 H2e 1Y) "o

Since a > 0, it is easy to see that for 7 small enough then P — 7a < 0. Applying
the maximum principle to the evolution formula ([@3]) yields

P— %a <0
for all time ¢ > T'/2. Hence the theorem is completely proved. (Il

Remark 4.3. Note that Theorem[[.7in the case R > 0 is equivalent to Theorem[1.6
Similar to Theorems [.1] and [£2] we can prove similar theorems by the standard
argument from Theorem [[.7]

5. GRADIENT ESTIMATES FOR NONLINEAR (BACKWARD) HEAT EQUATIONS

In this section we first consider the positive solution f(x,¢) < 1 to the nonlinear
heat equation without any potentials

(5.1) %f:Af—aflnf,

where a > 0 is a real constant, with the metric evolved by the Ricci flow (4. If
uw = —In f, then

2u = Au— |Vu? — au

ot
and v > 0.
Following the arguments of X. Cao and R. Hamilton’s paper [6], we let

H=|Vuf? - %

Comparing with the equation (5.3) in [6], we have
0

1
S H = A = 2VH - Vu — 2 H = 2|VVu]> - 2| Vul” + %u

(5.2) )
=AH —2VH -Vu— <¥ + a) H —2|VVu|* — a|Vul*.

Notice that if ¢ small enough, then H < 0. Then applying the maximum principle
to (B2), we have
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Theorem 5.1. Let (M, g(t)), t € [0,T), be a solution to the Ricci flow on a closed
manifold. Let f < 1 be a positive solution to the nonlinear heat equation (G.1I),
u=—Inf and

H=|Vuf? - %

Then for all time t € (0,T),
H<o0.

Remark 5.2. Theorem B0l implies X. Cao and R. Hamilton’s result (see Theorem
5.1 in [6]). If a = 0, then we recover their result. In this case, we do not need any
curvature assumption.

On the other hand, we can also consider the positive solution f(x,t) < 1 to the

nonlinear backward heat equation without any potentials
0

(5.3) g =—-Af+aflnf,
where a > 0 is a real constant, with the metric evolved by the Ricci flow (L4). Let
u = —In f. Then we have
0
—u=Au—|Vul|? -
5 U u— |Vul|* — au
and u > 0.

Following the arguments of X. Cao’s paper [B], let

H = |Vul? - g

Comparing with the equation (5.3) in [5], we have
1
EH =AH —2VH-Vu— —H —2|VVu|® — 4R;ju;u; — 2a|Vul* + Su
(5.4) or T T

=AH —2VH-Vu— (1 + a) H —2|VVul? — 4R;uuj — a|Vul?.
T

If we assume R;j(g(t)) > —K, where 0 < K < ¢, then
—4R;juiu; — a|Vul|? < (4K — a)|Vul* <0.
Hence if 7 small enough, then H < 0. Then applying the maximum principle to

B4), we have
Theorem 5.3. Let (M, g(t)), t € [0,T], be a solution to the Ricci flow on a closed
manifold with the Ricci curvature satisfying Ri;(g(t)) > —K, where 0 < K < ¢.
Let f < 1 be a positive solution to the nonlinear backward heat equation (B3,
u=—Inf,7=T—1t and

H=Vu? -2

T
Then for all time t € [0,T),
H <O.

Remark 5.4. Theorem [53] generalizes X. Cao’s result (see Theorem 5.1 in [5]). If
we choose @ = 0, our theorem reduces to his.

Remark 5.5. In Theorems 5.1l and 53] we give the assumption f < 1 to guarantee
the maximum principle can be used. However this assumption, not like the case of
linear equation, does not seem natural for this nonlinear equation.
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