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Abstract We derive a Harnack inequality for positive solutions of the f-heat equa-
tion and Gaussian upper and lower bound estimates for the f-heat kernel on complete
smooth metric measure spaces with Bakry—Emery Ricci curvature bounded below.
Both upper and lower bound estimates are sharp when the Bakry—Emery Ricci cur-
vature is nonnegative. The main argument is the De Giorgi—-Nash—Moser theory. As

applications, we prove an L }-Liouville theorem for f-subharmonic functions and an

L}-uniqueness theorem for f-heat equations when f has at most linear growth. We
also obtain eigenvalues estimates and f-Green’s function estimates for the f-Laplace
operator.

Mathematics Subject Classification Primary 35K08; Secondary 53C21 - 58135

1 Introduction

This is a sequel to our earlier work [49], we investigate heat kernel estimates on
smooth metric measure spaces. For Riemannian manifolds, there are two classical
methods for heat kernel estimates. One is the gradient estimate technique developed
by Li and Yau [27], which they used to derive two-sided Gaussian bounds for the heat
kernel on Riemannian manifolds with Ricci curvature bounded below. The other is the
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Moser iteration technique invented by Moser [32]. Grigor’yan [18] and Saloff-Coste
[41-43] developed this technique and derived heat kernel estimates on Riemannian
manifolds satisfying the volume doubling property and the Poincaré inequality. There
has been lots of work on improving heat kernel estimates on Riemannian manifolds
and generalizing heat kernel estimates to general spaces’ see the excellent surveys
[19,20,43] and references therein.

In this paper we will investigate heat kernel estimates on smooth metric measure
spaces and various applications. Let (M, g) be an n-dimensional complete Riemannian
manifold, and let f be a smooth function on M. The triple (M, g, e~ fd v) is called
a complete smooth metric measure space, where dv is the volume element of g, and
e~/ dv (for short, d W) is called the weighted volume element or the weighted measure.
On a smooth metric measure space, the m-Bakry—Emery Ricci curvature [2,29,40] is
defined by

Ri¢” := Ric+ V> f — ldf ® df.
f -— m 9

where Ric is the Ricci curvature of (M, g), V? is the Hessian with respect to g, and
m € R U {00} (when m = 0 we require f to be a constant). m-Bakry—Emery Ricci
curvature is a natural generalization of Ricci curvature on Riemannian manifolds, see
[2,3,29,30,46] and references therein. In particular, a smooth metric measure space
satisfying

Ric’}? = Ag

for some A € R is called an m-quasi-Einstein manifold (see [8]), which can be con-

sidered as a natural generalization of an Einstein manifold. When 0 < m < oo,
fi

(M*x F™, gyp + e % gr), with (F™, gr) an Einstein manifold, is a warped product

Einstein manifold. When m = 2 — n, (M", g) is a conformally Einstein manifold; in

fact g = ¢®-2 g is the Einstein metric. When m = 1, (M", g) is the so-called static
manifold in general relativity. When m = oo, we write

Ricy = Ric?o,

and the quasi-Einstein equation reduces to a gradient Ricci soliton. The gradient Ricci
soliton is called shrinking, steady, or expanding, if . > 0,1 = 0,or A < 0, respectively.
Ricci solitons play an important role in the Ricci flow and Perelman’s resolution of
the Poincaré conjecture and the geometrization conjecture; see [6,22] and references
therein for nice surveys.

On a smooth metric measure space (M, g, e fd v), the f-Laplacian A  is defined
as

Ap=A-Vf-V,

which is self-adjoint with respect to e~/ dv. The f-heat equation is defined as

(0 — Ap)u=0.
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We denote the f-heat kernel by H(x, y, t), that is, foreach y €¢ M, H(x, y,t) =
u(x,t) is the minimal positive solution of the f-heat equation satisfying the initial
condition lim; o u(x,t) = 87,y(x), where 6 7, (x) is the f-delta function defined by

/M 6 ()87, (el dv = ¢ (3)

forany ¢ € C3°(M). Similarly a function u is said to be f-harmonic if A ju = 0, and
f-subharmonic ( f-superharmonic) if A yu > 0 (A yu < 0). Itis easy to see that the
absolute value of an f-harmonic function is a nonnegative f-subharmonic function.
The weighted L”-norm (or L;-norm) is defined as

1/p
llull, = (/ |u|f’e‘fdv)
M

forany 0 < p < co. We say that u is L’-integrable, i.e. u € L?, if flull, < oo.
Recall that for Riemannian manifolds, using the classical Bochner formula, Li and

Yau [27] derived the gradient estimate and heat kernel estimate. For smooth metric

measure spaces with m < oo, there is an analogue of the Bochner formula for Ric’;?,

l 2 _ 212 BN} l 2
2Af|Vu| = |V-u| +(VAfu,Vu)~|—R1cf(Vu,Vu)+ [(V f, Vu)|
m

2
_ P

VAsu, V Ric} (Vu, Vu). 1.1
> Lo (VA u. V) + Ric (Vu. Vu) (L.1)

Therefore when m < oo, the Bochner formula for Ric”? can be considered as the
Bochner formula for the Ricci tensor of an (n 4+ m)-dimensional manifold, and for
smooth metric measure spaces with Ric”} bounded below, one has nice f-mean cur-
vature comparison and f-volume comparison theorems which are similar to classical
ones for Riemannian manifolds (see [3,45]); in particular the comparison theorems
do not depend on f. Li [27] derived an analogue of the Li—Yau estimate, which he
used to f-heat kernel estimates and several Liouville theorems. Charalambous and Lu
[9] obtained f-heat kernel estimates and essential spectrum by analyzing a family of
warped product manifolds.

Unfortunately when m = oo, due to the lack of the extra term % [(V f, Vu)|~ in the
Bochner formula (1.1), one can derive only local f-mean curvature comparison and
local f-volume comparison (see [46]), which highly rely on the potential function f,
and this makes it much more difficult to investigate smooth metric measure spaces
with Ric y bounded below. According to [35,36], there seem to be essential obstacles
to deriving Li—Yau gradient estimate directly using the Bochner formua (1.1), even
with strong growth assumptions on f. It is interesting to point out that for f-harmonic
functions, Munteanu and Wang [35,36] obtained Yau’s gradient estimate using both
Yau’s idea and the De Giorgi—Nash—Moser theory, under appropriate assumptions on
f.

In this paper, without any assumption on f, we derive a Harnack inequality for
positive solutions of the f-heat equation, and local Gaussian bounds for the f-heat
kernel on smooth metric measure spaces using the De Giorgi—-Nash—Moser theory.

| 2
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Moreover, similar to [35,36], in each step one needs to figure out the accurate coeffi-
cients, which play key roles in the applications. As applications, we prove a Liouville
theorem for f-subharmonic functions, eigenvalues estimates for the f-Laplacian, and
f-Green’s functions estimates.

Let us first state the local f-heat kernel estimates,

Theorem 1.1 Let (M, g, e~/ dv) be an n-dimensional complete noncompact smooth
metric measure space with Ricy > —(n — 1)K for some constant K > 0. For any
point o € M and R > 0, denote

AR)= sup [f(x)|, A (R)= sup |Vf(x)
x€B,(3R) x€B,(3R)

Then for any € > 0, there exist constants c1(n, €), ¢;(n), 2 < i < 6 such that

1 eC2A+C3(1+A)m exp (_ dZ(X7 y))
Vi(Bx(WD)2V(By (V1)1 @ +erx

> H(x,y, t)>

—c5(A%+K)t d2
cqe (_ (x, y)) (12)

VB P

cel

forall x,y € Bo(%R) and 0 < t < R%/4. lim¢_0 c1(n, €) = oo.

When f is bounded, the first named author [48] obtained f-heat kernel upper and
lower bounds estimates. When Ricy > 0, the authors [49] obtained f-heat kernel
upper bound estimates without assumptions on f.

Itis interesting to point out that when Ric s > 0, both lower bound and upper bound
estimates are sharp. For the lower bound, let (R, go, e/ dx)be a 1-dimensional steady
Gaussian soliton, where gy is the Euclidean metric and f(x) = #£x. The f-heat kernel
is given by (see [49])

e L ot/4 Ix — y[?
H(x,y,t) = W X exp )

Obviously, the lower bound estimate is achieved by the above f-heat kernel for steady
Gaussian soliton as long as ¢ is large enough. For the upper bound estimate, when
Ricy > 0, the authors [49] proved a sharp L}-Liouville theorem for f-subharmonic
functions using the f-heat kernel upper bound. If one improved the upper bound, then
we would improve the (sharp) Liouville theorem.

Remark 1.2 The factor A’ in the lower bound estimate comes from the Harnack
inequality in Theorem 1.3. It will be more interesting to derive a sharp lower bound
in terms of A instead of A’, if possible.

The proof of upper bound on the f-heat kernel uses a weighted mean value inequal-
ity and Davies’s integral estimate [15]. The proof of lower bound follows from a
Harnack inequality and a chaining argument, while the proof of the Harnack inequal-
ity follows from the arguments in [42,43].
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To state the Harnack inequality, let us first introduce some notations. For any point
x € Mandr > 0,s € R,and 0 < ¢ < n < § < 1, we denote B = B,(r),
6B = B,(ér) and

Q=Bx(s—r2s), O_=08Bx(s—dr*,s—nr?), Qi=38Bx(s—er’s).

Theorem 1.3 Let (M, g, e~/ dv) be an n-dimensional complete noncompact smooth
metric measure space with Ricy > —(n — 1)K for some constant K > 0. Let u be a
positive solution to the f-heat equation in Q, there exist constants c| and c depending
onn, g nand 8, such that

” 2,
sup u < 12 AT nE u,
o_ 0+

where A'(r) = supyeg, 3r) IV

By a different volume comparison, we get another form of the Harnack inequality
and lower bound on the f-heat kernel.

Theorem 1.4 Under the assumptions of Theorems 1.1 and 1.3, respectively, we have

sup{u} < exp{c1e[(1 + A2)Kr? + 1]} - inf{u},
o_ O+
where A = A(r) = SUPye B, (3r) | f (), and

d?(x,
H(x,y, 1) > X exp |:—cseC6A ((1 +AHKt+1+ #)} ,

cq
V(B (V1)) 03

forallx,y € Bo(%R) and0 <t < R2/4, where A = A(R) = SUPyeB,(3R) | f ()] In
particular, when f is bounded, we get

cle—cth d2(x7y)
H _ ——). 1.4
(x,y,1) = RTRNG) X exp( " ) (1.4)

Next we derive several applications of the f-heat kernel estimates. First we
prove a Liouville theorem for f-subharmonic functions. Recall that Pigola et
al. [39] proved that any nonnegative L}»—integrable f-superharmonic function
must be constant if Ricy is bounded below, without any assumption on f.
However, as the authors proved in [49], for f-subharmonic functions, the con-
dition on f is necessary. In fact we provided [49] explicit counterexamples
illustrating that f cannot grow faster than quadratically when Ricy > 0 (see
also [10]). Now we show that the L}—Liouville theorem also holds for f-
subharmonic functions when Ricy > —(n — 1)K and f has at most linear
growth.
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Theorem 1.5 Let (M, g, e~/ dv) be an n-dimensional complete noncompact smooth
metric measure space with Ricy > —(n — 1)K for some constant K > 0. Assume
there exist nonnegative constants a and b such that

[fl(x) <ar(x)+Db,

where r(x) is the distance function to a fixed point o € M. Then any nonnegative
Llf--integrable f-subharmonic function must be identically constant. In particular,

any L}-integmble f-harmonic function must be identically constant.

There have been various Liouville type theorems for f-subharmonic and f-
harmonic functions on smooth metric measure spaces and gradient Ricci solitons
under different conditions; see Brighton [4], Cao and Zhou [7], Munteanu and Sesum
[34], Munteanu and Wang [35,36], Petersen and Wylie [38], and Wei and Wylie [46]
for details.

By a similar argument to [24] (see also [49]), we also prove an L;-uniqueness
theorem for solutions of the f-heat equation, see Theorem 5.3 in Sect. 5.

Second we derive lower bounds for eigenvalues of the f-Laplace operator on com-
pact smooth metric measure spaces, by adapting the classical argument of Li and Yau
(271,

Theorem 1.6 Let (M, g, e~/ dv) be an n-dimensional compact smooth metric mea-
sure space with Ricf > —(n — 1)K for some constant K > 0. Let 0 = Aoy < A1 <
A2 = ... be eigenvalues of the f-Laplacian Ay. Then there exists a constant C
depending only on n and A = maxyepy f(x), such that

Clk + 1?7
AkZL, K =0,
d2
. C ( k+1 )n+24A K0
kZ 5\ —————F—_ , > U,
d?> \exp(Cv/Kd)

forall k > 1, where d is the diameter of M.

Upper bounds were proved by Hassannezhad [23], and Colbois et al. [13], they
depend on norms of the potential function and the conformal class of the metric. For
the first eigenvalue, there have been more interesting results. When M is compact and
Ricy > % > 0, Andrews and Ni [1], and Futaki et al. [17] derived lower bounds
on the first eigenvalue, which depend on the diameter of the manifold. When M
is complete noncompact, Munteanu and Wang [35-37], and Wu [47] obtained first
eigenvalue estimates under appropriate assumptions on f. Cheng and Zhou [12] proved
an interesting Obata type theorem.

Finally we discuss f-Green’s functions estimates. We first get upper and lower
estimates for f-Green’s functions when f is bounded, similar to the classical estimates
of Li and Yau [27] for Riemannian manifolds.Recall that the f-Green’s function on

M, g, e_fdv) is defined as
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G(x,y) = /oo H(x,y,t)dt
0

if the integral on the right hand side converges. It is easy to check that G is positive
and satisfies

ArG =87 ,(x).

Theorem 1.7 Let (M, g, e~/ dv) be an n-dimensional complete noncompact smooth
metric measure space with Ricy > 0 and f bounded. If G(x, y) exists, then there
exist constants c1 and ¢y depending only on n and sup f, such that

o [, VB =Gy s [V B a4

wherer = r(x,y).

Recently Dai et al. [14] observed that every gradient steady Ricci soliton admits
a positive f-Green’s function, hence it is f-nonparabolic. We provide an alternative
proof using a criterion of Li and Tam [25,26], and the f-heat kernel for steady Gaussian
Ricci solitons,

Theorem 1.8 Let (M", g, f) be a complete gradient steady soliton. Then there exists
a positive smooth f-Green function, and therefore the gradient steady soliton is f-
nonparabolic.

In[44], Song et al. investigated several properties of f-Green’s functions on smooth
metric measure spaces. Pigola et al. [39] proved that gradient shrinking Ricci solitons
are f-parabolic.

The paper is organized as follows. In Sect. 2, we recall comparison theorems for
the Bakry—Emery Ricci curvature bounded below, which we use to derive a local f-
volume doubling property, a local f-Neumann Poincaré inequality, a local Sobolev
inequality and mean value inequalities for the f-heat equation. In Sect. 3, we prove
a Moser’s Harnack inequality of f-heat equation following the arguments of Saloff-
Coste [42,43]. In Sect. 4, we prove local Gaussian upper and lower bounds on the

f-heat kernel. In Sect. 5, following the arguments of [49], we establish a new L}»—

Liouville theorem for an f-harmonic function and a new L -uniqueness property for
nonnegative solutions of the f-heat equation. In Sect. 6, we apply upper bounds of the
f-heat kernel to get the eigenvalue estimates of the f-Laplacian on compact smooth
metric measure spaces. In Sect. 7, we derive Green function estimates for smooth
metric measure spaces with Ricy > 0 and f bounded, and for gradient steady Ricci
solitons.

2 Poincaré, Sobolev and mean value inequalities

Recall that for any point p € M and R > 0, we denote

AR)=A(p,R)= sup [f(x)], A'(R)=A'(p,R)= sup [|Vf(x)l
xeB,(3R) xeB,(3R)
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When there is no confusion we write A, A’ for short. We start from a relative f-volume
comparison theorem of Wei and Wylie [46].

Lemma 2.1 Let (M, g, e~/ dv) be an n-dimensional complete noncompact smooth
metric measure space. If Ricy > —(n — 1)K for some constant K > 0, then

Vi(B:(R1. R)) _ Vg™ (Bx(R1. Ry))
Vi(Bx(ri,12) ~ VEHA(BL(r1,12))

2.1)

forany 0 < ri <rp, 0 < Ry < Ry, r1 < Ry, r» < Ry, where Bx(R1, Ry) =
By (R2)\Byx(R1),and A = A(x, %Rz). Here V['(’+4A (By (1)) denotes the volume of the

ball in the model space M';<+4A, i.e., the simply connected space form with constant

sectional curvature —K and dimension n + 4 A. Similarly we have

Vi(Bu(Ri,R)) _ Vg™ (Bu(R1. Ry)

, 2.2
Vi(Be(ri,r)) = yiHAR (B () 1)) =

where A" = A (x, %Rz).

Remark 2.2 Following the proofs, A(R) in all following lemmas, propositions, the-
orems and corollaries can be replaced by RA’(R). We will apply the first volume
comparison (2.1) to derive heat kernel upper bound, and the second volume compari-
son (2.2) to derive Harnack inequality and heat kernel lower bound.

Proof of Lemma 2.1 Applying the weighted Bochner formula (1.1) and an ODE argu-
ment, Wei and Wylie (see (3.19) in [46]) proved the following f-mean curvature
comparison theorem. Recall that the weighted mean curvature m ¢ (r) is defined as

mg(r)y=m(r)—=Vf-Vr=Ayrr.

If Ricy > —(n — 1)K, then
my(r) < (n— DVK coth(VK r) + ————— hz(f / (f(t) = f(r)) cosh@vVK t)dt
sm
< (n—1+4A)K -coth(vVK r) (2.3)

along any minimal geodesic segment from x. In geodesic polar coordinates, the volume
element is written as

dv = A(r, 0)dr A db,_1,
where d6),,_1 is the standard volume element of the unit sphere $”~!. Let

Af(r,0) = e T A, 6).
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By the first variation of the area,
A/
](r, 6) = (In(A(r, )" = m(r, ).

Therefore

A/
A—f(r, 0) = (In(Af(r. 0))) = ms(r.0).
f

So forr < R,

Ar(R.6) _ AR
Ap(r,0) = A
. .Af(r,@)
That is R
simply connected hyperbolic space of constant sectional curvature — K and dimension
n +4A. Applying Lemma 3.2 in [51], we get
o2 Af (R, 0)dt 3 o2 AR, 0)dt
[ Apr0)de = [ AR A 0)dr

"

is nonincreasing in r, where A'I'(+4A (r) is the volume element in the

forO <r; <r,0 < Ry < Ry, r1 < Ry and rp < R». Integrating along the sphere
direction proves (2.1).

The second volume comparison (2.2) follows from an observation for the weighted
mean curvature,

my(r) < (n — DVK coth(vK r) + /Or(f(t) — £(r)) coshV/K t)dt

2K
sinh2(VK r)
<(n—1+4Ar)VK - coth(vVK r). (2.4)
O

Let VI’§+4A(BX (r)) be the volume of the ball of radius r in the simply connected
hyperbolic space of constant sectional curvature —K and dimensionn+4A.If K > 0,
the model space is the hyperbolic space. If K = 0, the model space is the Euclidean
space. In any case, we have the estimate

Onsan " S ViE(BL(r) S 0ppgn - TS ITIOVET o 5)

where @, 144 is the volume of the unit ball in (n 44 A)-dimensional Euclidean space.
Similar to [49], Lemma 2.1 implies a local f-volume doubling property. Indeed,

in (2.1), letting r; = Ry = 0, r, = r and Ry = 2r, from (2.5) we get

V(By(2r)) < 2mH4A20-THAVE Ty (B (1)), 2.6)

This local f-volume doubling property is crucial in our proof of Poincaré inequality,
Sobolev inequality, mean-value inequality, and Harnack inequality.
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From Lemma 2.1, we also have the following,

Lemma 2.3 Let (M, g, e~/ dv) be an n-dimensional complete noncompact smooth
metric measure space. If Ricy > —(n — 1)K for some constant K > 0, then

=1+4A)VK (d(x,y)+r)
Vi(Bx(r)) < A Vi(By(r)),

where A = A(y,d(x,y) +r).

Proof Weletr; =0, =r, Ry =d(x,y) —rand R, =d(x,y) +rin Lemma 2.1.
Then using (2.5) we have

Vi (By(d(x, y) +1) = Vy(By(d(x,y) —r)) _ e HOVEUGD )
Vi (By(r)) - pra

Therefore we get

Vi(Bx(r)) = Vi(By(d(x,y) + 1)) = Vy(By(d(x,y) —r))

=1+4A) VK (d(x,y)+r)
S VB,

=<

m}

Following the argument of [5] (see also [43] or [35]), applying Lemma 2.1 we get
a local Neumann Poincaré inequality on complete smooth metric measure spaces.

Lemma 2.4 Let (M, g, e~/ dv) be an n-dimensional complete noncompact smooth
metric measure space with Ricy > —(n — 1)K for some constant K > 0. Then,

/ 0 — @p.(n*dp < c1e2ATesU+AVEr -r2/ IVol|?du 2.7
By (r) By (r)

for any ¢ € C¥(By(r), where ¢p, ) = [y 0dt/ [5 ) dit.

Remark 2.5 By Remark 2.2, the coefficient c;A + c3(1 + A)VKr in Lemma 2.4
and all following lemmas, propositions, theorems, and corollaries, can be replaced by
(A + VEK)r + c3A'VKr2.

Combining Lemmas 2.1 and 2.4 and the argument of [21] (see also [49]), we obtain
a local Sobolev inequality on smooth metric measure spaces.

Lemma 2.6 Let (M, g, e~/ dv) be an n-dimensional complete noncompact smooth
metric measure space with Ricy > —(n — 1)K for some constant K > 0. Then there
exists v > 2, such that

p=2 crAtes(14AWKr |2

2v v cie r 2 2.2
lplv=—2dp < 5 (IVel= +r~~lplHdun
By (r) Vf‘(Bx(r))g By (r)
(2.8)

for any ¢ € C*®°(Bx(r)).
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Applying Lemma 2.6 we obtain a mean value inequality for solutions to the f-heat
equation, which is similar to Theorem 5.2.9 in [43] (see also [49]).

Proposition 2.7 Let (M, g, e~fdv) be an n-dimensional complete noncompact
smooth metric measure space. Assume (2.8) holds. Fix 0 < p < oo. There exist
constants c1(n, p,v), ca(n, p,v) and c3(n, p,v) such that for any s € R and
0 < § < 1, any smooth positive subsolution u of the f-heat equation in the cylinder
Q =B,(r) x (s — r2,s) satisfies

c]eczA+C3(1+A)ﬁr

— 82 2Ve(Be(r) Jo

sup{u’} < a uP dudt,

Os

where Qs = By (8r) X (s — 812, ).
Similar to Proposition 2.7, we have

Proposition 2.8 Let (M, g, e fdv) be an n-dimensional complete noncompact
smooth metric measure space. Assume (2.8) holds. Fix 0 < pg < 1+ v/2. There
exist constants c1(n, po, v), c2(n, po, v) and c3(n, pg, v) such that for any s € R,
0 <6 < 1,and 0 < p < po, any smooth positive supersolution u of the f-heat
equation in the cylinder Q = B, (r) x (s — rZ, s) satisfies

cre2A+es(1+MVEr 1=p/po
ull?
lull”p. 0

I3 r <
1.0 = [ (=97 12V (B.(r)

where Qs := By (8r) x (s — r2, s — (1 — 8)r2). On the other hand, forany0 < p <
p < 09, there exist constants c4(n, p, v), cs(n, p,v) and ce(n, p, v) such that

C4ecSA+c6(1+A)ﬁr
sup{u~"} < ) .
0s (1 =8>tV r2Vy(Byx(r))

—1
lu™" 117 .0,

1/p
where ||ullp.o = (fQ Iu(x,t)lpd,udt) .

Proof of Proposition 2.8 For any nonnegative test function ¢ € C§°(B) and any
supersolution of the heat equation, we have

/(qbatu + VoéVu)du = 0.
B

Let ¢ = equi ™'y, w = u?/? for —oo < g < p(14+v/2)~! < 1and g # 0, where
e=1ifg>0ande =—1ifg < 0. We get

€ / W2 w? +4(1 = 1/)y?|Vw|* + 4wy (Vw, Vi ))dp > 0.
B
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When g > 0. Since
2wy (Vw, Vi) > —a 2% Vw|> — a?w?|Vy |

for any @ > 0, we get

—~ / Y20, (whdp + ¢ / IV(w)Pdp < o2l V|2 / wdp,
B B supp(¥)

where ¢1 and ¢; depend only on ¢. Multiplying a nonnegative smooth function A(?),
we have

—az/xzwzwzdwclﬂ/ |V<ww)|2dusc3x<x||vw||§o+||w’||oo)/ w?dp.
B B B

Choose v and X such that

0<y <1, suppy CoB, ¢ =1 ino’B, |Vy|< (kr)~},

0<i<1l, A=1 in(—oco,s —or’], A=0 in[s —o'r? 00), V| < kr})\,

where0 <o’ <o <1,k =0 —o'.Letl, =[s — ar2, s], and integrate the above
inequality on [s — r2, 1] for t € I,,. We get

sup/ w2du+c1/
[(7/ o’'B Q

By Holder inequality and Proposition 2.6, for any ¢ € C§°(B), we get

/¢2(l+2/\))du < (/ ¢2V/(U_2)dy,)(v_2)/u (/ ¢2du)2/u
B B B
2/v
<C(B) ( / (|V¢|2+r_2¢2)du) ( / ¢2du) ,
B B

where C(B) = c¢je2A+es(+AVEr .2 Vf_z/v. Therefore

/s

where & = 1+ 2/v. Let p; = pof~", notice that by Holder inequality, for any
pi<p=mnpi+ (A —=npi-1 < pi-1with0 <n < 1,

|Vw|>dpdt 56-4(“)—2/ w2dpdt.

o’ Qa

0
u?®dpds < c3C(B) ((r/c)_2 / uqcmdt) , (2.9)
o

o

P npi (I=n)pi-1
el < Nullp; el piy "

so it suffices to prove the estimate for all p;.
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Fixi,andletq; = p;6/,1 < j <i—1,500 < q; < po(1 +v/2)"!. Letog = 1,
01 = 0ij_1 — ki, where k; = (1 = 8)271,s00; = 1 — (1 —8) X1 27/ > §. Plugging
into inequality (2.9), we get

0
uq"gjldudt) ,

J

for 1 < j <i. Therefore

J

where the summation is taken from O to i — 1. Therefore we obtain

pi/Po
(/ u”"dudt) <[es(1 = 8) >"VE(B)]'~Pi/po (/ uf"'d,udt) ,
0, 0

where E(B) = C(B)"/?r=277,
When g < 0. We get

u” dudr < ¢]C(B) ((1 - 5)*2r*2/
0

/ /
aj 9j—-1

. o'
s s l . .
uPdpdt < =" (BT (1 - 8)r) 20 (/ umdp,dr) ,
0

’
i

/ W20 + 4(1 — g2Vl + 4wy (Vw, Vir))du < 0.
B

Applying the mean value inequality to the last term, we get similarly

[ v [ vowPeSavsaivid [ wldu
B B supp(y/)

By the above argument, we can obtain

J

where 6 = 1+ 2/v. Forany @ > 1, v = u® satisfies

6
wzed,udt < cgC(B) ((r/c)z/ wzd,udt) ,

o/

a—1
v — Ay > — U_1|VU|2,

applying the above argument again, we also have

J

6
w?*dudt < coC(B) ((r/c)_z/ wz"‘dudt) .

(7/
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Letk; = (1 =82 andoy=1,0i =0j_1 —kj = | — Zl] kj,and o = 0. We
get
(/ w%)’“dudt) < C(B)(cigl[(l - S)r]_z/ wzf”dudz)

Qoipy Qo

<X F - 5y R0 / widudt,
0

where the summation is from 1 to i + 1. Therefore when i — oo, we get

supw? < esC(B)"2[(1 = 8)r1 >V (wl3 4
Os

and the conclusion follows. O

3 Moser’s Harnack inequality for f-heat equation

In this section we prove Moser’s Harnack inequalities for the f-heat equation using
Moser iteration, which will lead to the sharp lower bound estimate for the f-heat
kernel in the next section. The arguments mainly follow those in [32,33,42,43], while
more delicate analysis is required to get the accurate estimates, which depend on
the potential function. Throughout this section, we will use the second f-volume
comparison, i.e., (2.2) in Sect. 2.

Recall the notations defined in Introduction. for any pointx € M andr > 0,s € R,
and0 <& <n <8 < 1,wedenote B = By(r), 5B = B, (ér) and

Q=Bx(s—rs), Qs=08Bx(s—0drts), Qs=8Bx(s—r’s—(1-38r),
O_=686Bx(s—8r’,s—nr’), Q4 =238B x (s —er’s).

With the above notations, we have the main result in this section.

Theorem 3.1 Let (M, g, e~/ dv) be an n-dimensional complete noncompact smooth
metric measure space withRicy > —(n—1)K for some constant K > 0. For any point
x € M, r > 0, and any parameters 0 < ¢ <n < < 1, let u be a smooth solution of
the f-heat equation in Q, then there exist constants ci and ¢y both depending on n,
&, n and 8, such that

. 2 2,
sup u < c1e2ATHE T SnE
o_ O+

where A’ = A'(x,r + 1).

Remark 3.2 The coefficient in Theorem 3.1 comes from the second volume compar-
ison Lemma 2.1. On the other hand, the first volume comparison in Lemma 2.1 leads
to another Harnack inequality,
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sup{u} < exp{c1eA[(1 + A>)Kr? + 11} - ian{u}.
o_ +

Since its proof is very similar to that of Theorem 3.1, we omit the proof here.

We first modify the f-Poincaré inequality (2.7) in Sect. 2 to a weighted version,
which can be derived by adapting a Whitney-type covering argument, see Sections
5.3.3-5.3.5in [43],

Let & : [0, 00) — [0, 1] be a non-increasing function such that £(r) = 0 fort > 1,
and for some positive constant

$(I+%) > BE®), 1/2<t<1.

Let Wp(z) := &(p(x,z)/r) forz € B = B(x,r) and Yp(z) = 0 for z € M\B, we
write W(z) for short. Then

Lemma 3.3 Let (M, g, e~/ dv) be an n-dimensional complete noncompact smooth
metric measure space with Ricy > —(n — 1)K for some constant K > 0. There exist
constants c1(n, &), co(n) and c3(n) such that, for any By (r) C M, we have

/ lp — oo PWdp < ¢ WVt VEr? ~r2/ VolPWdp (3.1
By (r) Bx(r)

forall p € C*°(Bx(r)), where py = fB oWdu/ fB Wdpu.

Secondly, for a positive solution u to the f-heat equation, we derive an estimate
for the level set of log u, the proof of which depends on Lemma 3.3. This inequality
is important for the iteration arguments in Lemma 3.5. In the following, we denote
din = du x dt by the natural product measure on M x R.

Lemma 3.4 Let (M, g, e~/ dv) be an n-dimensional complete noncompact smooth
metric measure space. Assume that (2.6) and (2.7) hold in Bx(r). Fixs € R, §,17 €
(0, 1). For any smooth positive solution u of the f-heat equationin Q = By (r) x (s —
r2,5), there exists a constant ¢ = c(u) depending on u such that for all > > 0,

i({(z,1) € Ry|logu < =1 —c}) < Cor™ !,
i{(z, 1) € R_|logu > A —c}) < Cor™ ",

where Co = ¢1(n, 8, 7)e2?A+VEr+e;a'VKr? V¢(B)r*. Here Ry = 8B x (s —tr2,s)
and R_ = 6B x (s — r2 s — rrz).

Proof By shrinking the ball B a little, we can assume that u is a positive solution in
B.(r') x (s — r2,s) for some r’ > r.Let w = — log u. Then for any nonnegative
function ¥ € Co(B,(r")), we have

8,/1ﬂ2wdu = —/lﬂzu_lAfudpL = /[—¢2|vw|2 —2YVo-Vyldu.
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By Cauchy—Schwarz inequality 2|ab| < 1/2a* + 2b%, we obtain

2
5, / Vodu +1)2 / VolPdp < 21V¥1P, Vs (supp(¥).

Fix 0 < § < 1 and define function & such that & = 1 on [0, §], £(¢) = }%g on [§, 1]

and £ = 0on [1,00). Weset W = &(p(x,-)/r). Clearly, we can apply the above to
¥ = W. Then Lemma 3.3 can be applied with W? as a weight function. Thus, we have

/IVw|2\IJZd;L - (Csrzecz(A’+ﬁ)r+C3A’ﬁr2)—1 / o — lequdﬂ’
where W := [ W2wdu/ [ W2du. Noticing that [ W? is comparable to V, so
AW + C;‘/ lw— W|* < Cs,
8B

where C] — C((S, T)eCZ(A’-‘,-\/?)r'FC}A’\/ErZrQ,Vf and C2 — C(8, .L,)r—z. Lettlng S/ —
s — 7r?, the above inequality can be written as

oW + c;l/ o —W|* <0,
éB

where @(z, 1) = w(z, 1) — Ca(t — s') and W(z, 1) = W(z, 1) — Ca(t — ).
Now we set

c=W(') =W,
andfor A > 0,s — r? <t < s, we define two sets
Q) =1{z€8B,d(z. 1) >c+A} and Q (0) ={z€B,d(x 1) <c— A
Then if t > s’, we have
oz, ) = W)= r+c—W(t) > A
in ;" (1), since ¢ = W(s') and & W < 0. Similarly, if 7 < s’, then we have
@z, 1) —W(t) < —A+c—W(E) < =2
in ©; (1). Hence, if t > s’, we obtain

AW + C 4= WO P (1) <0
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and namely,
—Ci (A +c—WHI™) = u(@f ().
Integrating from s’ to s,
iz 1) € Ry, @>c+i) < Cia".
Recalling that —logu = w = @ + C»(t — s’), hence
iz, 1) € Ry, logu < =1 — ¢}) < (max{Cy, Cor*V Ha~l.

This gives the first estimate of the lemma. The second estimate follows from a similar
argument by working with ;” and 7 < 5. O

Thirdly, in order to finish the proof of Theorem 3.1, we need the following elemen-
tary lemma. This is in fact an iterated procedure. We let R,,0 < o < 1 be a collection
of subset for some space-time endowed with the measure dt such that R,» C R, if
o’ < 0.Indeed, R, will be one of the collections Qs or Q’s.

Lemma 3.5 Lety, C, 1/2 < § < 1, p1 < po < o0 be positive constants, and let ¢
be a positive smooth function on Ry such that

@l po.r, < {C(0 ="y 7V ROY/PTV Mgl ,

forallo, o', p satisfying 1/2 <8 <o’ <o <1land0 < p < py; < po. Besides, if
@ also satisfies

Volr({z € Ri,Ing > A}) < CVp(R)DA™!
forall ). > 0, then we have
1@l po.8s < (Vy(R)))/P0eC1I+CN

where C| depends only on y, § and a positive lower bound on 1/py — 1/ po.

Proof Without loss of generality we may assume that Vol ¢(R) = 1. Let
¢ =1¢(o) =In(lollp.r,), d=<0 <L
We divide R, into two sets: {In¢ > ¢/2} and {lnp < ¢/2}. Then

lllp.r, < 1@l po.Ry - Vi{z € Ry, Ing > ¢ /2H)/P71/P0 4 812

1/p=1/po
() e
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where p < po. Here in the first inequality we used the Holder inequality, and in the
second inequality we used the second assumption of lemma. In the following we want
to choose p such that the last two terms in above are equal, and 0 < p < p;. This is
possible if

¢

(U/p = 1/po)™" = 2/0)In (%) < (1/p1 = 1/po)”!

and the last inequality is satisfied as long as
¢ =0,

where C, depends only on a positive lower bound on 1/p; — 1/po. Now we assume
p and ¢ have been chosen as above. Then we obtain

llllp,k, =< 2e/2.
Using the first assumption of the lemma and the definition of x, we have

(o’ < Inf{2(C(o — o)~ V) /P=1/Pogt/2y
=(1/p—=1/po)In[C(6 —c")V]+In2+4¢/2

forany § < o’ < o < 1. According to our choice of p above, we get

k(o) <

9 [ln[C(o —0¢)7’] 2In2 N 1]
2 In(¢/C) ¢ '

Here, on one hand, if we choose
. >16C%(c — o)™ +8n2,
then the above inequality becomes
(@) < 2.
4
On the other hand, if the assumption of ¥ above in not satisfied, we can have
t(0") < ¢(0) < C2C +16C3* (0 — o)™ +81n2.

Therefore, in any case
’ 3 3 N—2
{(0) < Zé(o) +C3(1+C)(o —a) .
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forany § < o’ < o < 1, where C3 = C, + 16+ 81n 2. From this, an routine iteration
(see [33], p. 733) yields

£(8) < C4(1 = 8)727 (14 C3),

where C4 depends on C3 and y. This completes the proof of the lemma. O

Now, applying Lemmas 3.4, 3.5 and Proposition 2.8, we get the following Harnack
inequality.

Theorem 3.6 Let (M, g, e~/ dv) be an n-dimensional complete noncompact smooth
metric measure space. Assume that (2.6) and (2.7) hold in B, (r). Fix t € (0, 1) and
0<po<1+v/2. Foranys € Rand0 < ¢ < n < § < 1, any smooth positive
solution u of the f-heat equation in the cylinder Q = B, (r) X (s — r2, s) satisfies

F0) infu,
0

+

1
It llpp.0 < (F2Vp)I0e

where ¢; = c1(n, e, 1,8, pg) and F(r) = XA HVE I+ AVK? - pr Al(x,r).
Hence we have

supu < e4F ) inf oy,

o- 0+
where c4 = c4(n, €, 1, 95).

Proof of Theorem 3.6 'We let u be a positive solution to the f-heat equation in Q. Let
also §, T € (0, 1) be fixed. Using Proposition 2.8 and Lemma 3.4, we see that Lemma
3.5 can be applied to e“u (resp. e~“u~1), where ¢ = ¢(u) is defined as in Lemma 3.4,
with

2

R; =0d6B x (s — r2,s —Tr —arrz) (resp. R = 08B x (s — otrz,s))

and 0 < p; = po/2 < po < 1 +v/2 (resp. 0 < p; =1 < pg = 00). Hence for any
O<e<n<d<land Q_, Q4 as defined as above, we have

e Nl ullpg,0 < 2V /P01

and

e ¢ sup{uil} < af (),

O+

where ¢ = c1(n, &, 1,8, po), c4 = c4(n, &, n,8) and F(r) = 2 AHVE) e AVEr?
The theorem follows from this and Proposition 2.7. O

Finally, we finish the proof of Theorem 3.1 by applying the standard chain argument
to Theorem 3.6.
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Proof of Theorem 3.1 Let(t_,x_) € Q_,(t+,x4+) € Q4,andlett =t —7_. Notice
thatt ~ r2 and d = dx_,xy) <r.Lett; =t_ + % and x; € %B forO0 <i <N,
such that xg = x_, xy = x4, and d(x;, xj+1) < Cg%. Choose N to be the smallest
number such that

N > Ceps(A + VK2,
where A’ = A’(x, r + 1), applying Theorem 3.6 with r’ = (%)%, then we have

u(t_, x_) < eC4F(r,)(N+1)u(t+,x+)
1
< eC4F(C(A’+\/?))(N+1)u([+’ X4)

< exple(A + VK)*r? + clu(ry, x4),

where ¢ depends on n, €, n and §. This finishes the proof of Theorem 3.1. O

4 Gaussian upper and lower bounds of the f-heat kernel

In this section, following the arguments in [43], we derive Gaussian upper and lower
bounds for the f-heat kernel on smooth metric measure spaces. The upper bound
estimate follows from the f-mean value inequality in Proposition 2.7 and a weighted
version of Davies integral estimate (see [49]). The lower bound estimate follows from
the local Harnack inequality in Sect. 3.

Let us first state the weighted Davies integral estimate, see [49] for the proof,

Lemmad4.1 Let(M, g, e~ fd v) be an n-dimensional complete smooth metric measure
space. Let A1 (M) > 0 be the bottom of the L?-spectmm of the f-Laplacian on M.
Assume that B and By are bounded subsets of M. Then

d*(By, By)
4¢ ’
4.1)

/ Hx, y, ndu()dp(y) < Vi (B1)V* (By) exp (—M(M)t -
By J By

where d(B1, By) denotes the distance between the sets By and Bj.

Proof of upper bound estimate in Theorem 1.1 For x € B,(R/2), denote u(y,s) =
H(x,y,s). Assume t > r%, applying Proposition 2.7 to u, we have

sup H(x,y,s) H(x, ¢, s)du(¢)ds

(,9)€0s r3Vy(By)
c1 eC2A+L'3(1+A)\/?r2

= . H(x,¢,s)d 4.2
2V, (By) 5 (x, ¢, s)du(g) 4.2)

Clec2A+C3(1+A)ﬁr2 /z

t—1/4r2 J B,

for some s” € (t — 1/4r2, 1), where Q5 = B, (8r2) x (t —r3,1) with 0 < § < 1/4,
and B, = By(r2) C By,(R) fory € By(R/2), A = A(x, R) < A(o, 2R). Applying
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Proposition 2.7 and the same argument to the positive solution

v(x,s) = | H(x,¢ s)dp(¢)
By

of the f-heat equation, for the variable x with r > rlz, we also get

Clec2A+C3(1+A)ﬁr1

sup H(x,¢,s)du(g) <
(x,s)eég B r12Vf(B1)

t
- / / HE. ¢, $)du()du(E)ds
t—1/4r} JBy J B,

creATa+MVER

= . HE, ¢, s"d d
i) /B | HG s @
“4.3)

forsomes” € (t—1/4r7, 1), where Q5 = By (8r1) x (t—8r7, ) with0 < § < 1/4,and
B = B,(r1) C Bo(R) for x € B,(R/2). Now letting r| = r, = +/t and combining
(4.2) with (4.3), the smooth f-heat kernel satisfies

C1€C2A+C3(1+A)V Kt

Hx,y, 1) < . HE, ¢, s"d d 4.4
(x,y,0) =< V,(B)V,(By) /Bl 5 ¢, ¢,s)du()du() 4.4

for all x,y € B,(R/2) and 0 < r < R?/4. Using Lemma 4.1 and noticing that
s e (%t, 1), then (4.4) becomes
cleCQA+C3(1+A)m 3 d2(31 B>)
X exp (——Alt - ) 4.5)
Vi (Bx(W)V2V i (By (v/1))1/2 4 4t

H(x,y,t) <

for all x,y € B,(R/2) and 0 < t < R?/4. Notice that if d(x, y) < 24/7, then
d(Byx(+/1), By(v/1)) = 0 and hence

_PBWHBWD) P y)
4¢ - 4

and if d(x, y) > 2+/1, then d(By(\/1), By(y/1)) = d(x, y) — 24/, and hence

B, By(VD) [y -2V d@y)
4¢ B 4¢ ~ 4+ e

+ C(e)

for some constant C(¢), where € > 0. Here if ¢ — 0, then the constant C(¢) — oo.
Therefore in any case, Eq. (4.5) becomes

C(6)602A+C3(1+A)m 3 dz(x y)
H(x,y, 1) < X ex It — ——27
3D =y B IV, By ( T A e)t)
forallx,y € BO(%R) and 0 < 1 < R%/4. O
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Moreover, in Theorem 1.1, if K > 0. According to Lemma 2.3, we know that

e=1+4A)VEK (d(x, ) +/1)
Vi(B: (V1) < pTERET, Vi(By (V1))

forall x,y € Bo(;ltR) and 0 < 1 < R?/4. Substituting this into Theorem 1.1 yields
the following result.

Corollary 4.2 Let (M, g, e~/ dv) be an n-dimensional complete noncompact smooth

metric measure space with Ricy > —(n — 1)K for some constant K > 0. For any
pointo € M, R > 0, € > 0, there exist constants c1(n, €), ca2(n) and c3(n), such that

H(x,y,t) <

c1 eC2 A+ (1+AVEK (d(x, ) +4/1) d2(x, y)
.6
Vi (B (1) 17/4+A P ( <4+e>r) ¢

forallx,y e Bo(%{R) and 0 <t < R2/4. Here lim¢_,gci(n,€) =00

When K = 0, see the estimate in [49].
Next we derive the lower bound estimate. First, from the Harnack inequality in
Theorem 3.1 we get the following estimate,

Proposition 4.3 Under the same assumptions of Theorem 3.1, there exists a constant
c(n) such that, for any two positive solutions u(x, s) and u(y, t) of the f-heat equation
in Bo(R/2) x (0, T),0<s <t <T,

u(x,s) n 1 d2(x y)
n(u(y’t))fc(n)[(A +K+ﬁ+ )(t— )+—s i|

Proof Let u(x,s) and u(y, t) be two positive solutions to the f-heat equation in
B,(6R) x (0,T), where x,y € B,(6R) and 0 < s <t < T.Let N be an integer,
which will be chosen later. We set t; = s 4+ i(t — s)/N. We remark that it is possible
to find a sequence of points x; € #B such that xo = x, xy = y and Nd(x;, xj+1) >
Csd(x, y). Now we choose N to be the smallest integer such that
t/N <s/2, t/N<C;'R* tv=t—s5
and if d(x, y)? >,
/N = d(x,y)*/N°.

Under the above conditions, we choose

T d(x,y)?
N = —).
Cs (R2 + -+ .
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Now we apply Theorem 3.1 to compare u(x;, ;) with u(x;jyq, t;+1) with r’ =
(r/N)l/z. Therefore

n (u(x,S)) < [(A/2_|_ K)% 4 1]-N

u(y, )
T T d(x,y)?
Sc/l|:(A’2+K)r+ﬁ+;+ (Ty)},

where ¢| depends on n and 8, and T = r — 5. Then the conclusion follows by letting
§=1/2. O

From Corollary 4.3, we get the following lower bound for f-heat kernel,

Theorem 4.4 Let (M, g, e~/ dv) be an n-dimensional complete noncompact smooth
metric measure space with Ricy > —(n — 1)K for some constant K > 0. For any
point o € M and R > 0, there exist constants c1(n), ca(n) and c3(n) such that

H(x,y, t) >

—c2 (A% +K)t 42
o xex (— (x’y)), 4.7)

V¢ (Bx (V1)) c3t
forallx,y e BU(%R) and 0 <t < R*/4.

Proof of Theorem 4.4 and the second part of Theorem 1.1 Let u(y,t) = H(x,y,t)
with x fixed and s = 7/2 in Proposition 4.3 and then we get

2 t dz(x»}’)
H(x,y,t)ZH(x,x,t/Z)xexp[—cl ((A +K)t+1~|—ﬁ+ ):|

t
4.8)
forallx, y € BO(%R) and 0 < t < oo.
In the following we will show that Moser’s Harnack inequality leads to a lower
bound of the on-diagonal f-heat kernel H (x, x, ). Indeed we define

P(y) ift>0

”(y’”z[qs(y) if 1 <0,

where P, = ¢/%/ is the heat semigroup of A f»and ¢ is a smooth function such that
0<¢p<1,¢=10nB=B(+/1)and ¢ = 0on M\2B.

u(y, t) satisfies (9; — Ay)u = 0 on B x (—00, 00). Applying the local Harnack
inequality, first to u, and then to the f-heat kernel (y, s) — H(x, y, s), we have

1= u(x,0) <exp{ci[(A% + K)t + 1} ulx, t/2)

= exp{ci[(A”? + K)t + 1]} H(x,y, t/2)¢p(y)du(y)
B(x,+/1)

< explc1[(A” + K)r + 1]} H(x,y,1/2)du(y)
B(x,2/1)

< exp{2c1[(A? + K)t + 1}V (B, VD) H (x, x, 1).
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From this, we have

H(x,x,1/2) = V; ' (B:(v20) expl—c1 (A + K)1 +2)]

for 0 < /t < R/2. Since (2.6) implies
V(B (v20) < V(B (2V1)) < 12 @HVEWitaAVELy (B (/7))

we then obtain

H(x,x,1/2) = V(B (vVD))eg expl—cs (A + K)t + 1))

for 0 < /t < R/2. Plugging this into (4.8) yields (4.7). O

5 Llf-Liouville theorem

In this section, inspired by the work of Li [24], we prove a Liouville theorem for
f-subharmonic functions, and a uniqueness result for solutions of f-heat equation,
by applying the f-heat kernel upper bound estimates. Our results not only extend the
classical L'-Liouville theorems proved by Li [24], but also generalize the weighted
versions in [28,48,49].

Firstly we prove an L }-Liouville theorem for f-harmonic functions when the

Bakry-Emery Ricci curvature is bounded below and f is of linear growth.

Theorem 5.1 Let (M, g, e~/ dv) be an n-dimensional complete noncompact smooth
metric measure space with Ricy > —(n — 1)K for some constant K > 0. Assume
there exist nonnegative constants a and b such that

|fl(x) <ar(x)+b forall x e M,

where r(x) is the geodesic distance function to a fixed point o € M. Then any nonnega-
tive L } -integrable f-subharmonic function must be identically constant. In particular,

any Llf—integrable f-harmonic function must be identically constant.

Sketch proof of Theorem 5.1 We first show that the assumptions of Theorem 5.1 imply
the integration by parts formula

[ sy om0 = [ Hess0a, b0

for any nonnegative L }—integrable f-subharmonic function %. This can be proved
by our upper bound of f-heat kernel in Theorem 1.1. Then following the arguments
of [49], applying the regularity theory of f-harmonic functions, we obtain the L}-

Liouville result. See the proof of Theorem 1.5 in [49] for the details. O

Now we are ready to check the integration by parts formula, similar to the proof of
Theorem 4.3 in [49],
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Proposition 5.2 Under the same assumptions of Theorem 5.1, for any nonnegative

L }-integrable f-subharmonic function h, we have

/MAfyH(x,y,t)h(y)du(y)=/MH(x,y,t)Afh(y)du(y).

Proof of Proposition 5.2 By the Green formula on B, (R), we have

/ A Hxy, DRG)R() — / Hx. y. A h(n)du(y)
Bo(R ’ R)

0

< / H(x,y,)|Vh|(y)dus r(Y) +/ IVH|(x, y, )h(y)d e r(Y),
9B, (R) 9B, (R)

where dus g denotes the weighted area measure induced by du on 9 B,(R). In the
following we will show that the above two boundary integrals vanish as R — oo.

Consider a large R and assume x € B,(R/8). By Proposition 2.7, we have the
f-mean value inequality

sup h(x) < ce2 @Rt aRiDVERy Sl R) / h(y)du(y)
Bo(R) Bo(2R) (5.1)

2
< Ce"TROR Y oR) / h(y)dp(y),
B, (2R)

where constants C and « depend on n, a and b. Let ¢ (y) = ¢ (r(y)) be a nonnegative
cut-off function satisfying 0 < ¢ < 1, |V¢| < V3 and ¢(r(y)) = 1 on B,(R +
DA\By(R), ¢(r(y)) =1on B,(R— 1)U (M\B,(R +2)). Since h is f-subharmonic,
by the integration by parts formula and Cauchy—Schwarz inequality, we have

0< / *hA phdp = —2/ dh(VVh)du —/ &>\ Vh|>dp
M M M
1
< 2/ VP hdu — —/ ¢*|VhI*dpe.
M 2 Jm
Then using the definition of ¢ and (5.1), we have that

VhPdp <4 / Vo2 h2du
M

<12 / hdu
B,(R+2)

<12 sup h-|hlprg
B,(R+2)

Cet(1+K)(R+2)?

eeanm——T A T

/BU(R+1)\B(7(R)
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On the other hand, the Cauchy—Schwarz inequality also implies

1/2
/ IVhldu < (/ IVhlzdu) V(R + D\Vy(R)]'2.
Bo(R+1\ By (R) Bo(R+1D\B,(R)

Combining the above two inequalities we get

2
/B (R+D\By(R) \Vhldp < Cre®HOR ihll 1, (5.2)

where C1 = Ci(n,a, b, K).
We now estimate the f-heat kernel H(x, y, t). Recall that, by letting ¢ = 1 in
Corollary 4.2, the f-heat kernel H (x, y, t) satisfies

c1 eC2 A+ I+ AVE (d(x, ) +/1) ( d?(x, y))
xexp | ————=

H(x,y, t) < Vf(Bx(\/f) fn/A+A 5 N
o A, y)T
< Vf(Bx(\/;))tﬁ(R-H) exp |:C6\/E(l + R)(d(_x, y) 4 \/;) -

forany x,y € Bo(R/2) and 0 < t < R2/4, where ¢4, ¢s, cg and c¢7 are all constants
depending only on n, a and b. Together with (5.2) we get

Iy = / H(x.y.0)|Vg|(»)du(y)
By (R+1\B,(R)

< sup H(x,y,1)- IVgldu
YEB,(R+1)\B,(R) Bo(R+D\By(R)
- CallglliLig
T V(B (V)11 R+D)
R —d(0, x))?
X exp |:6‘5R — % + ng/E(R +2)(R+1+d(o,x) + x/;)] ,

where C» = C»(n, a, b, K). Notice that

1
[_C7(R+2) — e—C7(R+2)1nt < eC7(R+2)7 when ¢ — 0.

Thus, for T sufficiently small and for all ¢ € (0, T) there exists a constant 8 > 0 such
that

(&
< 3181zt
Vi (Bx (V1))

where C3 = C3(n, a, b, K). Therefore forallt € (0, T) andall x € M, J; — 0 as
R — o0.

d2
X exp (—,8R2 +c ((;,x)) ,
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By a similar argument, we can show that

/ IVH|(x,y, )h(y)dp — 0
Bo(R+1)\Bo(R)

as R — oo. We first estimate fB,,(R+1)\Bo(R) IVH|(x, y, )dpu.

/M O*WIVH(x, y, dp = =2 /M (Hx,y. 0V (). p(MVH(x, y,0))dp
—/M¢2(y>H<x,y,r)AfH<x,y,t)du
< Z/M Vo) HA(x, y, Ddu
+%/M¢2(y)|VH|2<x,y,r)du

—/ GV H(x.y. DA H(x v, D,
M
which implies

/ \VH|?

B,(R+1)\B,(R)

5/ S OIVHP(x. y. 1)
M

54/ |V¢|2H2—2/ ¢*HArH

M M

< 12/ H2+2/ H|A H|
Bo(R+2)\B,(R—1) Bo(R+D\B,(R-1)

1 1

2 2

< 12/ H2+2(/ HZ) (/ (AfH)z) .
Bo(R+2)\B,(R—1) Bo(R+2)\Bo(R—1) M

5.4)
Notice that by Theorem 4.1 in [46], if Ricy > —(n — 1)K, then
(n—DK ,
Vi(Bo(R)) < A+ Bexp TR
for all R > 1, so we have
© R
/ ————dR = 0. (5.5)
1 log Vy(B,(R))
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By Theorem 3.13 in [20], (M, g, e~/ dv) is stochastically complete, i.e.,

/ H(x,y, e fdv(y) = 1. (5.6)
M

Using (5.3) and (5.6), we get

/ H?(x, y. Ndp
By (R+2)\By(R—1)
< sup H(x,y,t)
yeB,(R+2)\B,(R—1)
cs [ (R—1—d(o, x))z}
< X exp | —
V(B (V)17 (R+3) 5t

x exples(R +2) + cevV KB+ R)(R +2 — d(o, x) + V)]

4 X ex |:_(R —1 _d(O’x))z
VB P 51

x exples(R +2) + cevV KB+ R)(R +2 — d(o, x) + VD).

1
+c7(R+3)In ;:|

5.7
From (4.7) in [49], there exists a constant C > 0 such that
2 C
(ArH) (x,y,t)du < S H(x,x,1). (5.8)
M t
Combining (5.4), (5.7) and (5.8), we obtain

_1 1
/ VHPdp < ClV; +17'V;  HE e )
Bo(R+1\B,(R)

(R=1—=4d(0,x))*
10t

x explcsR +cevVKQB+ R)(R+2—d(o,x)+/1)]

1
X exp [— +¢7(R+3)1n ;]

where V¢ = V¢ (By(+/1)) and C4 = C4(n, a, b). Hence we get

12
/ IVH|dp < [V (Bo(R + D\V/(Bo(R)]"* x [/ IVledu]
B,(R+1)\B,(R) B, (R+1)\B,(R)
_1
< CaVPBo(R+ DIV +171V 2 HE (x,x, 0]V
(R=1=d(0,x)?® ¢ 1
T RO L T (R4 3y -
XeXp[ 201 Ty R+
x explesR + ceVK (3 + R)Y(R +2 —d(o, x) + V1)1
(5.9)
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Therefore, by (5.1) and (5.9), we obtain

= / IVH(x. v, Olh()dp(y)
B, (R+1)\B,(R)

< sup h(y) - IVH (x,y, t)|du(y)
YEB,(R+1)\B,(R) Bo(R+1)\Bo(R)

CsliglliLiq
- V;/Z(BO(ZR +2))

_1
VitV T (e x ]2

_ _ 2
xexp[a(1+K><R+1>2—(R 1~ do. ) +C7(R+3)1nﬂ

20t 2
x explcsR + csVK (3 + R)(R +2 — d(o, x) + V1),

where C5 = Cs(n, a, b). Similar to the case of J;, we choose T sufficiently small,
then forallt € (0, T) and all x € M, J, — 0 when R — o0.

Now by the mean value theorem, for any R > 0 there exists R e (R, R+ 1) such
that

J=/ [H Gy, DIVAIG) + [VHIGe . RO ditg ()
9B, (R)

=/ LH (x, y. DIVRI(Y) + [VHICx. v, Oh(5)] die(y)
Bo(R+1\By(R)

=J1+ ).

By the above argument, we choose T sufficiently small, then for all # € (0, 7') and all
x € M,J — 0as R — oo. Therefore Proposition 5.2 holds for T sufficiently small.
Then the semigroup property of the f-heat equation implies Proposition 5.2 holds for
all time 7 > 0. O

Theorem 5.1 leads to a uniqueness property for L !-solutions of the f-heat equation,
which generalizes the classical result of Li [24]. The proof is very similar to the one
in [49], so we omit it.

Theorem 5.3 Under the same assumptions of Theorem 5.1, ifu(x, t) is a nonnegative
function defined on M x [0, +00) satisfying

(3 — Apu(x,1) <0, / u(x, e ' dv < +oo
M
forallt > 0, and
lim u(x, t)e_fdv =0,
t—=0 )y

then u(x,t) = 0 forall x € M and t € (0, +00). In particular, any Llf-solution of

the f-heat equation is uniquely determined by its initial data in L}.
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6 Eigenvalue estimate

In this section we derive eigenvalue estimates of the f-Laplace operator compact
smooth metric measure spaces, using the upper bound estimate of the f-heat kernel
and an argument of Li and Yau [27].

When the Bakry—Emery Ricci curvature is nonnegative, we have

Theorem 6.1 Let (M, g, e~/ dv) be an n-dimensional closed smooth metric measure
space withRicy > 0. Let0 = Ay < A1 < A2 < ... Dbeeigenvalues of the f-Laplacian.
Then there exists a constant C depending only on n and maxcpy f(x), such that

C(k+1)*"
k=
d2
forall k > 1, where d is the diameter of M.

Proof Since Ricy > 0, from Theorem 1.1, we have

H(x,x,1) < 6.1)

¢
Vi(By (V1)

where C is a constant depending only on n and B = max,¢y f(x). Notice that the
f-heat kernel can be written as

H(x,y, 1) = > e pi(0)pi(y),
i=0

where ¢; is the eigenfunction of A corresponding to A;, ||¢;|| 12 = 1. By the f-

volume comparison theorem (see Lemma 2.1 in [49]), we get, for any 7 < d?,

ViBd) _ g ( d )
V(B (V1) ~ NG
Taking the weighted integral on both sides of (6.1), we conclude that
(0.¢]
Detit=cC / Vi (By(Wdp < € / p(dp,
M

i=0 M

where )
4B ( d_ -1 )

p@) = e4B (:/]?) Vi (Bx(d)), ?f\/?fd

VD, if Vi > d.

which implies that (k + 1)e ' < Cq(t) for any t > 0, that is

Ce'q(t) = (k+1), foranyt > 0, (6.2)
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where

4B (a4 \"
g =1°¢ (ﬁ) . ifVi<d
e*B, if Vi >d.

M1 q(t) takes its minimum at #y = 2nTk Plugging to (6.2) we

It is easy to see that e
get the lower bound for Ax.

Similarly, when the Bakry—Emery Ricci curvature is bounded below, we have a
similar estimate. We omit the proof since it is the same as Ricy > 0 case.

Theorem 6.2 Let (M, g, e~ fd v) be an n-dimensional closed smooth metric measure
space withRicy > —(n—1)K for some constant K > 0. LetO0 = 1o < A1 <Ay < ...
be eigenvalues of the f-Laplacian. Then there exists a constant C depending only on
nand B = maxycpy f(x), such that

c ( k+1 )+43
s
d? \exp(CVKd)

forall k > 1, where d is the diameter of M.

7 f-Green’s function estimate

In this section, we will discuss the Green’s function of the f-Laplacian and f-
parabolicity of smooth metric measure spaces. It was proved by Malgrange [31] that
every Riemannian manifold admits a Green’s function of Laplacian. Varopoulos [45]
proved that a complete manifold (M, g) has a positive Green’s function only if

©
/1 Vp(t)dt<oo, (7.1)

where V), (t) is the volume of the geodesic ball of radius ¢ with center at p. For
Riemannian manifolds with nonnegative Ricci curvature, Varopoulos [45] and Li and
Yau [27] proved (7.1) is the sufficient and necessary condition for the existence of
positive Green’s function.

On an n-dimensional complete smooth metric measure space (M, g, e~ fd v), let
H(x,y,t) bea f-heat kernel, recall the f-Green’s function

G(x,y) = /Oo H(x,y,t)dt
0

if the integral on the right hand side converges. From the f-heat kernel estimates,
it is easy to get the following two-sided estimates for f-Green’s function, which is
similar to Li—Yau estimate [27] of Green’s function for Riemannian manifolds with
nonnegative Ricci curvauture,

Theorem 7.1 Let (M, g, e~ fd v) be an n-dimensional complete noncompact smooth
metric measure space with Ricy > 0 and | f| < C for some nonnegative constant C.
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If G(x, y) exists, then there exist constants c| and c> depending only onn and C, such
that

o [, Vi Bindi <Gy e [V B (02)

wherer = r(x,y).

Asacorollary, we get anecessary and sufficient condition of the existence of positive
f-Green’s function on smooth metric measure spaces with nonnegative Bakry—Emery
Ricci curvature and bounded potential function,

Corollary 7.2 Let (M, g, e~/ dv) be an n-dimensional complete noncompact smooth
metric measure space with Ricy > 0 and | f| < C for some nonnegative constant C.
There exists a positive f-Green’s function G(x, y) if and only if

/OO Vf_l(Bx(\/?))dt < oo0.
1

Proof of Theorem 7.1 Since Ricy > 0 and | f| < C, Theorem 1.1 holds for any
0 < t < oo by letting R — o0. For the lower bound estimate, we have

00 00 O _r2
Geron =z [ Hynd = am o) [V B WDe (E)‘”
> o500, 0) [V B

Hence the left hand side of (7.2) follows.
For the upper bound estimate, it suffices to show that

r2 o0
/ H(x,y,t)dt < co(n, C) / v (B (WD)t (7.3)
0 r2
By the definition of G and Theorem 1.1,
o0 r2 (o 0]
G(x. y) =/ H(x,y,odt:/ H(x,y,t)dr+/ H(x.y, 1t
0 0 r2
r2 o0
< [ Heynde v eamo) [V B W
0 r2
r2 _r2
<cg / Vi (B (VD) exp (—) dt
0 : 5t
o0
+e /2 Vi (B (VD)dr,
r

where ¢7 and cg depend on n and C. Letting s = r*/t, where r2

2 . \/_ —}"2 00 1 r2 —s r4
Ji vt (Se) o= vt (o () oo (52) oo
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On the other hand, the f-volume comparison theorem (see Lemma 2.1 in [49]) gives

2 n
vy (Bx (%)) <V Bt ()

Therefore we get

/r Hx,y,ndt = co(n, €) /OO V]l(Bx(\/E)) (%)Wz exp ( — ) ds.
0 - -

572

n—Ze—x/S

Since the function x is bound from above, Eq. (7.3) follows. O

Next we discuss f-nonparabolicity of steady Ricci solitons using a criterion of Li
and Tam [25,26], and the f-heat kernel for steady Gaussian Ricci soliton. A smooth
metric measure space (M", g, e~/ dv) is called f-nonparabolic if it admits a positive
f-Green’s function. An end, E, with respect to a compact subset 2 C M is an
unbounded connected component of M. When we say that E is an end, it is implicitly
assumed that E is an end with respect to some compact subset 2 C M. Munteanu
and Wang [35] proved that if Ric; > 0, there exists at most one f-nonparabolic end
on (M", g, e_fdv).

First we observe that the criterion of Li and Tam [25,26] can be generalized to
smooth metric measure spaces,

Lemma 7.3 Let (M", g, e~ fd v) be an n-dimensional complete smooth metric mea-
sure space. There exists an f-Green’s function G(x, y) which is smooth on M x M\ D,
where D = {(x, x)|x € M}. Moreover, G(x, y) can be taken to be positive if and only
if there exists a positive nonconstant f-superharmonic function u on M\ B, (r) with
the property that

liminfu(x) < inf u(x).
xX—>00 X€0B,(r)

Proof of Theorem 1.8 Let (M, g, f) be a nontrivial gradient steady soliton, we have
Af+R=0 and R+|Vf)?=a.
Chen [11] proved that R > 0, so @ > 0. It was proved in [16,38] (see also [50]) that

liminf R = 0, and either R > O or R = 0.
By the Bochner formula, we get

A¢R = —2|Ric|* <0.
If R > 0 on M, then it is a nonconstant positive f-superharmonic function, and
liminfy_ o R(x) = 0. Therefore, by Lemma 7.3, we conclude G (x, y) is positive.

If R = 0, then by Proposition 4.3 in [38], (M", g) splits isometrically as (N"* x
R¥, gn + go), where (N" X, gn) is a Ricci-flat manifold, and (R¥, go, f) isa steady
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Gausian Ricci soliton with f = (u, x) + v for some u, v € R”. Therefore a f-Green’s
function on (R¥, go, f) is a f-Green’s function on (M, g, f).

By [49], for one-dimensional steady Gaussian Ricci soliton, the f-heat kernel is
given by

+X g4 2
e 2 .e X —
Hr(x,y,t) = —————— X exp (_I_yl) .
TT

for any x, y € Rand ¢t > 0. Therefore for any x, y € R,

o0
G(x,y) =/ Hp(x,y, t)dt < oo,
0

hence there exists a positive f-Green function.
For higher dimensional steady Gaussian Ricci soliton (]Rk, g0, f), define

Hpi(x,y,t) = Hr(x1, y1,t) X Hr(x2, y2,1) X -+ X Hr(xg, yk, 1),

where x = (x1,x2,...,Xxk) € Rk, y=01,Y2,.-.,Yk) € R, and Hy(x;, yi, t)is the
[f-heat kernel for (R, go, u;x; + v;). It is easy to check that Hp« (x, y, t) is an f-heat
kernel on (R, go, f).

Then for any x, y € R,

o0
G(x,y) =/ Hpi(x, y, t)dt < oo.
0

Therefore there exists a positive f-Green function on an k-dimensional steady
Gaussian soliton. O
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