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Abstract

In this paper, we get some elliptic type gradient estimates on positive solutions to the heat
equation on a weighted Riemannian manifold with time dependent metrics and potentials. The
geometry of the space in terms of curvature bounds play crucial role in determining the esti-
mates. The gradient estimates derived are useful in proving the classical Harnack inequalities,
Liouville type theorems, heat kernel bounds, e.t.c. As an example, we discuss Liouville prin-
ciple on bounded positive solution. Indeed, each gradient estimate obtained is equivalent to
saying bounded weighted harmonic function is a constant.
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1 Introduction

In recent years, there have been many interesting results relating to elliptic gradient estimates,
Harnack inequalities and Liouville type theorems on smooth metric measure spaces. This is due to
the fact that these estimates have found numerous applications in the fields of Geometric Analysis
and Partial Differential Equations among others. The pioneering paper [1] by Li and Yau gives
more insight into the concept of gradient estimates in the field of differential equations. The Li-Yau
gradient estimates were used to get classical Harnack principle and several heat kernel estimates.
Hamilton [2] was motivated by [1] and then derived global elliptic gradient estimates for linear
heat equation. Hamilton obtained a matrix Harnack estimate which can be used to prove some
monotonicity formulas of Perelman type [3]. Later, some logarithmic correction term was added
by Souplet and Zhang [4] to obtain localized elliptic gradient estimates on positive solutions to the
linear heat equation defined on compact manifold.

The main aim of this paper is to derive some local elliptic gradient estimates for smooth positive
solutions u = u(x,t) to the weighted nonlinear heat equation
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defined on a smooth metric measure space whose underlying time dependent metric, g(¢) and
potential, f(t), are being deformed by the action of the super Perelman-Ricci flow

dg .
of 1. (dg\
bk (m) =0, (13)

where Tr stands for the metric trace on (0, 2)-tensors and % is the partial derivative with respect
to t. (Refer to Section 2 for other notations).

The gradient estimates obtained in this article are related to Hamilton type estimates for the
heat equation on a compact manifold and Souplet-Zhang type estimates for the heat equation on
noncompact manifolds. Hamilton type, Souplet-Zhang type and Li-Yau type gradient estimates
are of fundamental roles in estimating smooth solutions to parabolic partial differential equations
on compact and noncompact manifolds, either with static or evolving metrics. These estimates are
widely known for their usefulness as highlighted above. They have been used in conjuction with
the so-called Perelman entropy in several contexts. It is therefore natural to investigate whether
or not these estimates are available for weighted manifolds equipped with time dependent metrics
and potentials. This paper therefore addresses this issue in affirmative by providing the conditions
needed on the generalized curvature and the potentials under super Perelman-Ricci flow.

1.1 Smooth metric measure space

A Smooth metric measure space (or weighted manifold) is usually denoted by (M, g,e~fdv), for
an n-dimensional complete Riemannian manifold (M, g), volume measure on M (denoted by dv)
and C*°(M) function f. The triple (M,g, f) will be simply referred to as a weighted manifold
throughout this paper. Associated with (M, g, f) is the so called Witten Laplacian or f-Laplacian
denoted by Ay := A —Vf -V, where A is the usual Laplacian on (M, g) and V is the connection
with respect to metric g. A natural extension of Ricci curvature tensor (Ric), which arises on the
space, is the co- Bakry-Emery tensor and defined by Ric 7= Ric+ V2f, where V?f is the Hessian
of f. This tensor defines gradient Ricci solitons, Ricy = og, 0 € R, as some special solutions to
Hamilton-Ricci flow [5]. A gradient Ricei soliton is shrinking when o is positive, steady when o
is zero and expanding when o is negative. Gradient Ricci solitons are of fundamental importance
in understanding the natures of Hamilton Ricci flows singularities and in the final resolution of
Poincaré conjecture [3,06].

1.2 The Perelman-Ricci flow

Given the pair (M, g), a n-dimensional complete compact Riemannian manifold without boundary
(n > 2). The Hamilton-Ricci flow can be defined as the deformation of a family of metrics g(¢) by
the following quasilinear parabolic equation

99

9(0) = go,

where t € [0,T], 0 < T < Taz 1-€., Tinaz is the maximal existence time after which the flow blows
up and singularities occur. The Hamilton-Ricci flow theory emanated from the seminal paper [5].
It has since been widely studied [7, 8], and applied to solve some problems in geometry, topology
and physics [3,9].

A super Perelman-Ricci flow is defined by a complete manifold M without boundary, endowed
with time dependent family of Riemannian metrics g(t) and smooth functions, f(¢), {(M, g(t), f(¢)) :
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t € [0,T]}, satisfying

2 4 2Ric; > 0 (1.5)

Replacing the inequality sign in (1.5) by equality we have the Perelman-Ricci flow

10g

2 0t
as was introduced in [3] as a gradient flow of an energy functional defined by F(g, f) = [,,(R +
|V £|?)e~/du on the condition that the measure, du := e~/ dv, remains static in time, whereas f(t)
satisfies the heat type equation (compare with second equation in (1.5))

of

5 R—Af. (1.7)
Clearly, the Hamilton-Ricci flow can be recovered from (1.6)—(1.7) by pulling back (g(t), f(t)) with
a family of diffeomorphism generated by the gradient of f [3].

Owing to the strong relationship between the heat equation and the Hamilton-Ricci flow on one
hand and due to the physical and geometric implications yielded when the two equations are coupled,
many researchers have shown keen interests in the field. The coupling was studied in [10-15] and
different gradient estimates were obtained for the heat equation, which consequently yield various
estimates on the fundamental solution with respect to time dependent metrics. Recently, Wu [16]
derived some elliptic type gradient estimate for (1.1) on static weighted manifold. Therefore it is
natural to ask if one can obtain similar estimates when (1.1) and (1.2) are coupled. Motivated
by [14—10], we investigate the geometric conditions under which one can obtain space only gradient
estimates on positive solution to (1.1) when the underlying metric and potential are being evolved
along the flow (1.2). Thus, this paper extends Hamilton Harnack inequalities on positive solutions
to the weighted heat equation on time dependent metric measure space. Note that several attempts
have been made in this direction by S. Li and X-D. Li [17-19] via Perelman W-entropy, yielding
many interesting results.

+ Ricy =0, (1.6)

1.3 Main results

Fix a point zg on (M, g, f) and denote by r(z,t) or d(x,z¢;t), a distance function from zy to x
with respect to ¢g(t). Define a compact space Br r by
Brr ={(z,t) : d(z,z0;t) <R, 0<t<T} C M x[0,T], for R, T > 0.

The first result is Souplet-Zhang type gradient estimate with the assumption that oco- Bakry-
Emery tensor is bounded uniformly locally.

Theorem 1.1. Given a complete weighted manifold (M, g, f) of dimension n > 2 with |Ricy|q) <
(n—1)kg for some k >0 and {(M, g(t), f(t)) : t € [0,T]} a complete solution to the super Perelman-
Ricci flow (1.2). Suppose u(z,t) < A, A > 0, is a positive bounded solution to the weighted heat
equation (1.1) in Br,r. Then the following estimate

[Vl 1+ |af 1 A
= <o —=+vE)(1+m2) 1.8
— < Y VE) (141 (1.8)
holds for all (z,t) in Brjar/2 with t # 0, where C is a positive constant depending only on the
dimension of M and o 1= MaX4|d(z,ze;t)=1,0<t<T} Df7(2,1).

Moreover, if Ricy > 0, then there exists constants C1,Cy > 0 which depend only on n such that

1
|Vul <0 +\/‘a|(1+eC2D+1n u(x,?t)) (19)
u t u(z,t)

1
1

for all (z,t) € M x (0,T], where D = sup,c 5, ) |f(W)]-
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Remark 1.2. Assuming that f is a constant, the above estimate in (1.8) recovers the estimate
in (2.3) of [7, Theorem 2.2] for the heat equation along Hamilton-Ricci flow. Estimate (1.8) can
also be compared with [22, Theorem 1] for heat equation under backward Ricci flow. It also extends
gradient estimates on stationary manifold contained in [16]. Hence, Theorem 1.1 generalizes and
improves the results in the aforementioned references.

The next theorem is a global version of estimate (1.8). This has been established previously
in [2,14, 15].
Theorem 1.3. Given a complete weighted manifold (M, g, f) of dimensionn > 2 with {(M, g(t), f(t)) :

t € [0,T)} evolving by the super Perelman-Ricci flow (1.2). Suppose u < A is a positive bounded
solution to (1.1) in M x [0, T]. Then the following estimate

[Vl /1,4 (1.10)

u t U

holds for A= sup wu(x,t): (x,t) € M x [0,T]. Moreover, there holds the following interpolation
M x[0,T)
inequality for § >0, x,y € M

d? t
u(x,t) < Cyul/ 19 (3, 1) A/ 40 oxp (04%), (1.11)
where t € (0,T] and C3,Cy > 0 are constant depending on 6 > 0.

Remark 1.4. Note that local estimate (1.8) and global estimate (1.10) cannot replace each other,
as (1.10) involves neither curvature assumption nor dimension dependent constant.

The last result of this paper gives Hamilton type gradient estimate.

Theorem 1.5. Given a complete weighted manifold (M, g, f) with Ricy > —(n — 1)k, k > 0. Let
{(M,g(t), f(t)) : t € [0,T]} be a complete solution to the super Perelman-Ricci flow (1.2). Suppose
u = u(x,t) is a positive bounded solution to (1.1) in Br . Then for all x and t > 0

IVl _
U

1 |04|
TR +T+k)

where C > 0 is a universal constant and D := sup{u(z,t) : (x,t) € Brr}.

CD( (1.12)

The rest of this paper is arranged as follows. Two important Lemma are first presented in Section
2 and then the proofs of Theorems 1.1 and 1.3. Section 3 contains the discusion on Theorem 1.5,
while some remarks are made on Liouville type results in the last section.

2 Proof of Theorems 1.1 and 1.3

The section presents the proofs of the first two theorems. Meanwhile two important results to be
applied are first stated in forms of lemmas

2.1 Fundamental results
The two lemmas below are fundamental to the proof of Theorem 1.1.

Lemma 2.1. Let {(M,g(t), f(t)) : t € [0,T]} be a complete solution to the super Perelman Ricci
flow (1.2). Suppose u < A, for some positive constant A, is a positive solution to (1.1). Then the
function w = |V In(1 — h)|?, where h = Inu/A < 0 verifies

(A. - %) > %Vth +2(1 = h)w? (2.1)

m BR,T'
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Proof. We adopt the convention that h? = |Vh|? h;; = Ah with repeated indices summed up in
a local orthonormal system, while subscript ¢ means partial derivative with respect to t. By the
scaling u — @ = u/A, we have 0 < % < 1 and (1.1) then implies

Let h=Inu < 0 and w = |[Vh|?/(1 — h)%. A simple calculation yields
hi = Ayh + |Vh|?.
Standard computation using super Perelman-Ricci flow (1.2) gives
(IVAI®)s < 2(Rij + fij)hihj + 2hi(he);. (2.2)
and by the equation hy = Afh + |Vh|? we have
(IVR*): < 2(Rij + fij)hihj + 2hi(Aph); + 2hi(|VR[?);.

Then
wr — (IVA|?); = 2|Vh|?h,
T a—h2 T (1-h)p
< 2(Rij + fij)hih; n 2hi(Arh);  2hi(|VAI?);  2RZAsh (2.3)
ST (I-hp L—m? " (@1-h? " (T—hp
2h2hh
(1—h)*
Similarly,
w, = 2hihi; 2h2h,
T A=h2 T 1—h)3
and
o 2hihy 2h2h;
Aw = w;; = ((1 _11)2>]-+ ((1_11)3)]-
2y | 2hihig;  Shihshi; - 2hihj; 6h3h? .
(I=h)p> (1-h)*> (A-h)® (A-=h)* (1-h)?*
Hence

Arw = Aw — VfVw =w;; —w;f;
_ 2hZ; L 2hihig;  8hikish; 2h2h; N 6h7h3
(1—h)2 " (1—h)2 " (1-h)3 " (1-h3 " (1-h)* (2.4)
_2hzh”f] _ 2h$hjfj
(L=h)? (1=h)*
Using the Ricci identity hs;; = hjj + R;jhj, we have
2hihigj  2hihigfi  2hi(Agh)i | 2(Rij + fig)hihy
(1-h)2 (1-hm?  (1-h)? (1—=hp2
Putting (2.3)-(2.5) together, we get

(A _9 )w ( 2h3;  Ahghyhy | 2h3R3 ) <4hihjhij 4h2R3
e E N T nr T At T Ty
dh;h;hy;  2h2h? )

(2.5)

—h?  (1-hp

2 hih; \? 2 2h2h3
= m(’“d tas h)) + (s = 2Ry + i h)3)
2 2hzh3
2 71 — hhjwj — hjwj + (1 — h)g,

21
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which implied the required inequality. Note that we have used the following identities

2hihishy PRS2 o dhihihy o ARED
(L=h)? "~ (1=h)? (L=m)77 (=h)* - (1=h)Y

hjwj =

The second lemma gives some properties of a cut-off function that will be applied to get useful
bounds in the space Br 1. The idea of cut-off functions was introduced by Li and Yau [1] and has
become standard in this context, see for instance [4,14,20]. Only the statement of the lemma is
therefore given here.

Lemma 2.2. Let ¢ = ¢(r(x,t),t) be a cut-off function which is smoothly supported in Br r with the
following properties [20, 21]: Fiz T € (0,T), there exists a smooth function ¢ : [0,00) x [0,T] = R
satisfying

(i) & =o(r,t); ¢(r,t) =1 in Brjarsa, 0<o(rt) <1

(i) ¢ is a radially decreasing function in spatial variables.

-1

0 92
(m)| |(5 < % and | r2|
W > 0.

- < % in [0,00) x [0,T], where 0 < a < 1 for some constant

Q.
o

(iv) |%%|4§11/2 < € in[0,00) x [0,T] for some C >0 and ¢(r,0) = 0 Vr € [0, 00).

2.2 Proof of Theorem 1.1
Applying (2.1) of Lemma 2.1, a simple calculation yields

2h
(A )(gbw) [vwww) thVqS} +2(1 — h)gu?

V¢ |ti>|2 0

22V (¢pw) — 2 J——
+25V(ow) ® ( 3t)¢
Assume ¢w is maximal at the point (z1,¢1) in Brr for any fixed 7 € (0,7]. Suppose that z; is
not in the cut locus of M due to Calabi’s argument [1]. Also assume (¢w)(z1,t1) > 0, otherwise
the result becomes trivial with w(x,t) < 0 whenever d(x,zg) < R/2. Then at the point (z1,t1) we

have

(2.6)

As(gw) <0, ($w) >0 and V(gw) = 0. (2.7)
By (2.6) and (2.7) we deduce that

Vo[

2(1 — h)pw? < 12h wVhV¢ + 2 w— (Afp)w + drw (2.8)

h

at (131, tl).
Firstly, we consider the case x € B(xg,1). In this case ¢ is a constant function in space direction
in B(zg,R/2), R > 2, based on the assumption. Thus at (z1,?;), we have from (2.8)

w <

<&
Nl Q

<

N —

at (z1,t1) since 1 —h > 1.
Since ¢ = 1 when d(z, z9) < R/2 due to assumption (i) on ¢, we have

w(z, ) = (¢w)(z,7) < (pw) (21, t1) < w(wy, 1) <

HIQ

22
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for all (x,t) € Brjo,r with t # to. By the definition of w(x,7) and the fact that 7 was chosen
arbitrarily, we prove that
VA
1-h

C
(x,t) < ﬁ

for all (x,t) € Br/2,r. Then the required estimate follows since o = Inu/A.
Secondly, we suppose 21 € B(xzg,1). Let C' > 0 be a constant which depends on n only, though

the value may vary from step to step. Following the argument in [16,21] we have that
WW ¢
2—— 2.9
5 ¢ + 7 (2.9)
and
2h C h*

——wVhV¢ < (1 - P 2.10
[ UTRYO < (1 Row 4 - (2.10)
Now, using the properties of ¢ and the weighted Laplacian comparison theorem [22], Asr(x,t) <

a+ (n—1)k(R —1), where r > 1 in B(xo, R), & = MaX{4.d(z,00:t)=1,0<t<7} Af7(2,t) at this point
and Ricy > —(n— 1)k, k > 0:

—Apgp = _<¢TAfT + ¢TT|VT|2>
1
< (19r Iz ol + (0= DEG = 1) + 160 5175 )01/

< Cl/2<% k4 )82

Now ¢, is estimated as follows: For all € B(y, R), let v : [0,a] — M be a minimal geodesic
connecting z = y(0) and y = y(a) at time ¢t € [0,7]. Then

Oyr(z,t) / |7/ (s)|ds = —/ Ricy(v'(s),7'(s))ds
0
< (n—1)kr <nkR.

Then apply the properties of ¢ as stated above

- C ¢1/2
G < [Ge] + [or||Opr| < 1/+ + C’1/2¢1/2nk‘.
Therefore
1 2
~(@gopw < o+ gt c]|§| + Ok’ (2.11)
and
1
g S gowt+ T% + Ok (2.12)

By putting (2.9)—(2.12) into (2.8) and rearranging we obtain

c_n _ C Clap
RE(1—npP R R?

c
+ Ok + - (2.13)

2(1 — h)pw? < ¢w + =1
at (z1,t1). Since 1 — h > 1, clearly h*/(1 — h)* <1 and then (2.13) implies

c
2
TR+

1 C  Claf?
¢ 2 i(b + _|_ ‘Oé|

23
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at (x1,t1). It therefore follows for all (x,t) € Bg, r, that there holds

(0*w?)(z, ) < (¢*w?)(z1, 1) < (¢w2)($1,t1)
C  Claf?

2
< gt +—+0k

Since ¢(x,7) =1 in Brja,r, w = |[Vh|?/(1 — h)? and that 7 was arbitrarily chosen. Then

|Vh| C |a|
7 < = — .
(z,t) +C + + cVk (2.14)
for all (z,t) € BR/Q,T with ¢ # ¢y. Since h = lnu/A we obtain
Vh 1 Vu

-— t 2.1
@) = (2 (@) (2.15)

because h = Inu/A. Substituting (2.15) into (2.14) and rearranging leads to estimate (1.8).
To prove (1.9), we apply estimate (1.8) on B,/ , ». By the parabolic Moser’s Harnack inequality
[21, Theorem 3.1] one has

A:= sup u(x,t) <exp(Cse®D)u(z,2t),
Q\/?,t/2

where D = sup, ¢, /3 |f(y)]. Setting k& = 0, then (1.9) follows from (1.8) at once.

2.3 Proof of Theorem 1.3

Our argument follows the idea in [2, 15] summarised as follows. Consider the function P(x,t) :=
2 A
t|Vu| —uln— on M x [0,T] and show that
u u

0
<
<c'9t Af) (x,t) <0, forall (x,t)
and

P(z,0) <0 forall x e M.

The above assertion follows from routine calculation, which we show as follows

8uA auAaauA o
87,‘(17) aittlﬂ_a% a?(lf )

u u

Af(t|Vu|2) :t<Af(|Vu| ) AVVul|Vu]* Afu\Vu|2 2|Vul? |Vu|2)7

2 2 : 2
at( |Vul ) < |Vul +t(2chf(Vu,Vu)+2VuVut ou |Vu| ),

U U u? u? u3

Af(uln %) = Aﬂt(ln% - 1) — w

Putting the above equations together yields

(57 80Pt = (5 - 2) (55 - o)

< t(?Ricf(Vu, Vu) + 2VuVAru — Af(|Vu|?)
- U
AVVulVul?  2|Vu|?|Vul|?
- 2 + 3 )
u u

u

24
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since u solves the weighted equation (1.1). Applying the weighted Bochner formula

A (|Vul?) = 2|VVul? + 2VuVA ju + 2Rics (Vu, Vu) (2.16)
gives
0 2t Vu - Vuy?2
— — < —— - <0.
<8t Af>P(x,t) <= (vvu ) <0

Then application of the maximum principle yields P(z,t) < 0 for (z,t) € M x [0,T] from where
the desired estimate (1.10) follows.

To prove estimate (1.11). We set Z(z,t) =1In

and by (1.10) we obtain

A
u(z,t)
1| Vu 1
WA= slwEl <

Integrating along a minimising geodesic joinning two fixed points x and y gives

A A d(z,y,t)
\/lnu@,t)#l“u(y,t)* Wi

For any 6 > 0, we obtain

2
ln A S ln A + d (1’7 y? t) ln A . d(fL', y? t)
u(z,1) u(y, t) 4t u(y,t) Vit
A d*(z,y,t) A d*(z,y,t)
< 1 ) ) 61 ) Y
= u(y,t) * 4t ol u(y,t) * 40t

Rearranging and exponentiating yield the desired interpolation inequality (1.10).

3 Proof Theorem 1.5

The method of proof of Theorem 1.5 is similar to that of Theorem 1.1, but it will be shown for
completeness sake. Here the quantity w = h - |Vh|? with h = u®,0 < ¢ < 1 is used instead of
w = |VIn(1 — h)|> with A = Inu used in getting Souplet-Zhang estimate in Theorem 1.1.

Proof. Let h = u®, where € € (0, 1) is a constant to be chosen and W = h-|Vh|%. Direct computation

implies h; = eu® tu; and

8)h:(€—1> VA2 51)

(Af_ﬁ € h

By the weighted Bochner formula (2.16) and (3.1), we obtain

(a- %) (IVA[2) > 2[V2R|% + 2(Vh, VAR — 2(Vh, Vhy)

2
IV:| )

—1
= 9|V2h|? + 25 - vw(
Similarly, by (2.2) derived from super Perelman-Ricci flow,

Wy = hy|Vh[* + h(|VR|?),
< hy|Vh|* 4+ 2hRic; (Vh, Vh) + 2hVhV hy

25
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and again by weighted Bochner formula (2.16)
AW = hA((|VR|?) + |[Vh]*PArh + 2VAV(|VA|?)
= 2h|V2h|? + 20(Vh,VAh) + 2hRic;(Vh, Vh) + |[Vh|*Ah + 2VRV(|VA|?).

Hence,

(Af — %)W > 2h|V2h|2 + 20(Vh,V(Arh — hy)) + (Ap — hy) VA2 + 2VAV(|VA?)

2 -1 h4
VAl )+< VA | svnv(va?)

= 2h|V2h[2 + 252 thV(

I h
- —1|Vh|*
= 2h|V2h[? + Q?VhV(Wh\Q) . - | h' + 2VAV(|VA[)
VheVh?2 _e—1 c—1  \|Vh[
2 2
= — 2 _—
2|V/R|V2h| + v | +25 v (vaP) - — + ) -
£ ) e—1 |Vh|*
> —(—= A
>9 (IVA[?) ( - +2) -

Note that Vi - (h|Vh|?) = |Vh|? + hVAV(|Vh|?), which implies

h h|*
VhV(|Vh|?) = vawvm ) — ‘Vh‘ :
Therefore
0 —1Vh €— |Vh|*
- = >
(a7 -5)w= 2V (V) - (37— +2) -
e—11 3e—1)+2e\ 1,
=2 E(Vh,VW> — (f)ﬁw :
Suppose we choose ¢ = %7 we have
(Af - Q)W > <Vh VIV) + 12,
ot - h3

Now, follow the similar idea as in the proof of Theorem 1.1, using the same cut-off function ¢
satisfying properties (i) — (iv) above.

9 e—11 [Vo|?
(A5 =5 )W) 2 25— [Vav(ow) - WVhvs| — 2500w
Vo 3e—1)+2¢ 1 9
T2 V(OW) = = W +W (87— 5)o

For a fixed 7 € (0,T), let (x1,t1) be a maximum point for W in Br 1. It then follows that

ez DH2e e pel h2wvw¢+2‘v¢| WW - 1w (A - %)¢
= - h3/2W3/2v¢ +2 20 |W" W W (A - %)¢
- 1) 42
Since € € (0, 1), _of ! > 0 and =D+ > 0. Therefore
_ 2
%wﬂ < yhmwww oV gy h3W<Af - %)dm (3.2)
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We suppose x ¢ B(zg, 1) and estimate each term of the right hand side of (3.1) as before. It follows
from the Young’s inequality, Cauchy-Schwarz inequality and properties of ¢ that:
2(1—¢

) 3/2078/20 4 2L =€) 5/43/9, 372 VO
SO = TS W o

_ 4
L w2 4 o (s {h})G'W'

IN

o+ S (qup iy,

Br,T

IN

and

‘V¢|2 3 Vol P2 3
5 — W <2—= ¢3/2 W(;g};{h})

2,2
+(co5r) (e

1-— C
7€¢W2 + ]g(ggg{h})ﬁ.

\ /\

IN

Recall from previous explanation that

C 1/2
7Af¢<01/2(§ +le+ )¢1/2 and (;StS%

+ 01/2¢1/2nk.

Hence, we have

|af 1 1/2
+ + + k)(,b /

R R2

1
< s (e 1/2
CcwW (ggg{h}) (R + = 72 + = —|—k)¢

—h3W(Af - %)(b < Cy bW (

2
1
o] + = —i— -+ k2>(sup {n})s
Br,T

1—¢
< T Cew? 4 C’(s)( o+

at (z1,t1) for some constant C'(¢) > 0 depending on n and e only. Putting these estimates into
(3.2) yields

3—¢ 2o (1 €) 12 o> 1 1 s 6
2w < 2Ty +C()(ﬁ+ﬁ+—+k)(§}£{h})
at (x1,t1). It therefore follows that
oW? < C(ﬂ b +5+ kz)(sup{h})(j
R?  RY Br.r '

Then for all (z,7) € Bg/2,1/2, there holds
(@*W?)(z,7) < (§°W?)(21,11) < (9W?)(21,11)
. Since ¢(xz,7) = 1 when d(z1,2) < R/2
W(z,7) < oW (x1,11)
|o?

< C(s)( 2 + ];4 + % +k2)1/2(8up{h})

Br,T
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v 2
for all (z,t) € Bry2,7/2- Since 7 € (0,T] is arbitrary, W = h- |Vh|? = EQhB%
supBR,T{uf} < (supBR,T{u})E, then we have

and supg,,  {h} =

|Vul? 2 1 1 12
e < Oz () (S + 7 o g + 1)

for all (2,t) € Bgr/2,7/2- In conclusion, choosing ¢ = % yields the required result.

4 Remarks on Liouville type theorem

Our estimates in Theorems 1.1 and 1.3 are obtained under the constrained super Perelman-Ricci
flow. Indeed, they are extensions of Hamilton’s [2] and Souplet-Zhang’s estimates to the setting
of smooth metric measure spaces with time dependent metrics and potentials. As in the classical
setting, these estimates can be used to obtain sharp estimates on weighted heat kernel, Harnack
inequality and Liouville principle. For example, we briefly highlight how Liouville principle can be
obtained.

Letting R — 400 and ¢ — 400 in estimates (1.8) and (1.12), respectively give

Mgcx/%(uln

u

A ) (4.1)

infu

and

@ <cVk (4.2)

for a bounded positive solution u of A fu = 0 on smooth metric measure spaces with Ricy > —k. In
particular, if Ricy > 0, each of the estimates in (4.1) and (4.2) implies that every bounded weighted
harmonic function must be a constant.

Finally, we show in the last two propositions two approaches to obtaining triviality of solution
to the heat equation with cutvature free conditions.

Proposition 4.1. Suppose {(M, g(t), f(t)) : t € [0,T]} is a complete solution to the super Perelman-
Ricci flow (1.2). Let w = u(z,t) be a solution to the weighted heat equation (1.1) for x € M and
t > 0, which is uniformly bounded. Then u is constant.

Proof. Define a quantity U(z,t) = u?(z,t) + 2t|Vu(z,t)|? for t > 0 and compute its time evolution
U; = (u? + 2t|Vu|?); (subscript ¢ means partial derivative with respect to t). Reverting to (1.1) a
direct computation gives

(u?); = 2uuy = 2uA pu = Agu® — 2|Vul?.
Reverting to (1.1), (1.2), (2.2) and (2.16)
(|Vul?); < 2Rics(Vu, Vu) + 2VuVA ju = A (|Vul*) — 2|V2ul?
Then by the last two expressions we arrive at
(u? + 2t|Vul?); < Ap(u? + 2t|Vul?)
and so by the maximum principle we have Up,q, < 0 a.e., implying that U(x,t) < U(z,0) and

u?(z,t) + 2t|Vu(z, t)|? < u?(z,0) < sup{u(z,0)}? < +oo
M

a.e., which then follows that |Vu|? < csup,,{uli=0}?/t (c is a finite positive number). Sending ¢ to
+oo yields |Vu| =0 Vz € M, t > 0, that is, u is constant.
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Proposition 4.2. Suppose {(M, g(t), f(t)) : t € [0,T]} is a complete solution to the super Perelman-
Ricci flow (1.2). Let uw = u(x,t) be a solution to the weighted heat equation (1.1) for x € M and
t > 0, with uniformly bounded L?-norm. Then u is constant.

Proof. Here we use the so-called energy estimate. Define the energy

B, (u(x, 1)) = / P g, p L.
M

Recall that the weighted measure dpi,;) = e~y is stationary in the sense that f, = %Tr (%)

(see (1.2)) and (dpget)): = 0 (see [6, eq.(1.15)]). Note that heat is conserved in the sense that
Ej(u) = 0 (by differentiation and integration by parts) and F;(u) = Ej(ug) ¥t > 0. Also a simple
but standard computation (omitted here) shows that E,(u) is nonincreasing in time under the
Perelman-Ricci flow.

Now consider the functional F'(u(z,t)) defined by

F(u) = /M(u2 + 2t|Vul*)dp.

Denote by ’ and ", the first and second order derivatives with respect to t respectively. Note that
Es(u) = [,, v*dp, Ej(u) = =2 [, |[Vul*dpu and

, d
By() = —2; [ 1vuda = =2 [ (Vul?)d

> 74/ (Ricy(Vu, Vu) + VuVAu)dp
M

= —2/ (Af(|Vul?) 72\V2u|2)d,u:4/ |V2u|?dp.
M M

by the compactness of {(M, g(t), f(¢))}. Thus,
F(u) = Ey(u) — tEj(u) and F'(u) = —tEy(u) < —4t [,, |V?u|*dy showing that F(u) is monotone
increasing for ¢t > 0. It then follows that

F(u(x,t)) < F(u(x,0)) = /M u?(x,0)dp, YVt >0

and then
C
[ 1vute O < e, 0 .

With the assumption that the L?-norm of u is uniformly bounded in time, one then concludes that
u is constant in space since |Vu| = 0 everywhere as t — +o00.
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