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BMO Martingales and Positive Solutions of Heat Equations

Ying Hu* and Zhongmin Qian'
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Abstract

In this paper, we develop a new approach to establish gradient estimates for positive solutions
to the heat equation of elliptic or subelliptic operators on Euclidean spaces or on Riemannian
manifolds. More precisely, we give some estimates of the gradient of logarithm of a positive
solution via the uniform bound of the logarithm of the solution. Moreover, we give a generalized
version of Li-Yau’s estimate. Our proof is based on the link between PDE and quadratic BSDE.
Our method might be useful to study some (nonlinear) PDEs.

1 Introduction

In this article, we study positive solutions u of a linear parabolic equation

(L—%)uzo in (0,00) x M, (1.1)

where M is either the Euclidean space R™ and L is an elliptic or sub-elliptic operator of second-
order L = %Zm 1A% + Ag, {Ag, -+, Ay} is a family of vector fields on R”, or M is a complete

a=
manifold of dimension n with Riemannian metric (g;;), and 2L is the Laplace-Beltrami operator

1 < 9 0
- ij 9
A \/ﬁz&ri\/gg oxs’

i,j=1
where g denotes the determinate of (g;;) and (g¥/) is the inverse of the matrix (g;;).

The well-posedness and the regularity theory for (1.1) are parts of the classical theory in partial
differential equations, see [19], [14] and [22] for details. On the other hand, it remains an interesting
question to devise precise estimates of a solution u in terms of the (geometric) structures of (1.1).
There is already a large number of papers devoted to this question. Among many interesting
results, let us cite two of them which are most relevant to the present paper. The first result is a
classical result under the name of semigroup domination, first discovered by Donnelly and Li [8],
which says that if the Ricci curvature is bounded from below by C, then

|V Poug| < e P |Vug|,  for ug € CL(M), (1.2)
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where (P;)>0 is the heat semigroup on M, so that the left-hand side is the norm of the gradient of
u(t,-) = Pyug a solution to the heat equation

1 0
<§A — 5) u=0 in (0,00) x M (1.3)
with initial data w(0,-) = wug, while the right-hand side P;|Vug| is a solution of (1.3) with initial
data |Vug|. The second result is Li-Yau'’s estimate first established in [20]. If the Ricci curvature
is non-negative, and if u is a positive solution of (1.3) then

|V log ul* — 22 logu <  fort>0. (1.4)
ot t

In fact, in the same paper [20], Li and Yau also obtained a gradient estimate for positive solutions in
terms of the dimension and a lower bound (which may be negative) of the Ricci curvature, though
less precise. Their estimates in negative case have been improved over the years, see for example
[27], [28], [2] and [1].

In this paper we prove several gradient estimates for the positive solutions of (1.1). Let us first
mention some simple ones for illustration.

Theorem 1.1 Let M be a complete manifold with non-negative Ricci curvature. Suppose u is a
positive solution of (1.3) with initial data ug > 0, then

4
|V logult,-)|? < ZH log ugl|loo,  fort >0, (1.5)
where || - ||co denotes the L norm on M.

Remark 1.2 As pointed out by the referee, (1.5) can be derived from the reverse logarithmic Sobolev
inequality due to Bakry and Ledoux [1]. In fact, from the reverse logarithmic Sobolev inequality,

tPy(uo)(x)| log Py(uo)[* () < 2[P;(uo log uo)(x) — Py(uo)(x) log Py(uo) ()],

from which we derive (1.5). However, our method is useful to study estimates for other (nonlinear)
PDEs with subelliptic operators, see Theorems 3.8 and 3.9 in Section &.

Remark 1.3 Theorem 1.1 is very closed to Harnack estimate for the heat equation which is di-
mension free, see R. Hamilton [13]. The relation between the Bakry-Ledoux reverse logarithmic
Sobolev inequality and a slight improvement of Hamilton’s Harnack inequality was discussed in a
very interesting paper by X. D. Li [21].

Indeed we will establish a similar estimate for the heat equation with a sub-elliptic operator,
under similar curvature conditions, and indeed we will establish a gradient estimate for a complete
manifold whose Ricci curvature is bounded from below.

Theorem 1.4 Let M be a complete manifold of dimension n with non-negative Ricci curvature.
Suppose u is non-negative solution to the heat equation of (1.3) with initial data uy > 0. If
C € ]0,00] such that —Aloguy < C, then

|V log ul? — 2% logu <

C
t>0.
o) —%C+1fw =0



By setting C' = oo we recover Li-Yau’s estimate (1.4).

The novelty of the present paper is not so much about the gradient estimates in Theorem 1.1
and Theorem 1.4, what is interesting of the present work is the approach we are going to develop
in order to discover and prove these gradient estimates. Our approach brings together with the
martingale analysis to the study of a class of non-linear PDEs with quadratic growth. Of course
the connection between the harmonic analysis, potential theory and martingales is not new, which
indeed has a long tradition, standard books may be mentioned in this aspect, such as [9], [10], [11]
and etc., what is new in our study is an interesting connection between the BMO martingales and
positive solutions of the heat equation (1.3).

To take into account of the positivity, it is better to consider the Hopf transformation of a
positive solution u to (1.3), i.e. f =logu, then f itself solves a parabolic equation with quadratic
non-linear term, namely

0
<%A - E) f= —%\Vf\Z in [0, 00) x M. (1.6)

The preceding equation (1.6) is an archetypical example of a kind of semi-linear parabolic equa-
tions with quadratic growth which has attracted much attention recently associated with backward
stochastic differential equations, for example Kobylanski [17], Briand-Hu [6], Delbaen et al. [7] and
etce.

The main idea may be described as the following. Suppose f is a smooth solution of the non-
linear equation (1.6), and Xy = B; + x where B is a standard Brownian motion on a complete
probability space. Let Y; = f(T —t,X;) and Z; = (Z}) where Z} = Vf(T —t,X;), V! is the
covariant derivative written in a local orthonormal coordinate system. Then, It6’s lemma applying
to f and X may be written as

n T T
o1
Yr—Y, = Z/t Z'dB! — §/t | Z,|ds. (1.7)
=1

On the other hand, it was a remarkable discovery by Bismut [4] (for a special linear case) and
Pardoux-Peng [25] that given the terminal random variable Y7 € L?(€, Fr,P), there is actually a
unique pair (Y, Z) where Y is a continuous semimartingale and Z is a predictable process which
satisfies (1.7). The actual knowledge that Z is the gradient of Y may be restored if Y7 = fo(X7).
The backward stochastic differential equation (1.7) with a bounded random terminal Y7, which has
a non-linear term of quadratic growth and thus is not covered by Pardoux-Peng [25], was resolved
by Kobylanski [17]. Observe that the martingale part of Y is the It6 integral of Z against Brownian
motion B (which is denoted by Z.B). It can be shown that, if Y is bounded, then Z.B is a BMO
martingale up to time 7', so that the exponential martingale

E(h(Z).B); = exp [Z /0 W(Z)B; ~ /0 |h<zs>|2ds]
=1

is a uniformly integrable martingale (up to time T'), as long as h is global Lipschitz continuous. The
main technical step in our approach is that, due to the special feature of our non-linear term in (1.6),
we can choose h(z) = z' (one has to go through the detailed computations below to see why this
choice of h' is a good one), and making change of probability measure to Q by Z—P =E&(h(Z).B)r,



then, under @, not only Z.B is again a BMO martingale (where B is the martingale part of B
under the new probability Q), but also t — | Z;|? is a non-negative submartingale. Next by utilizing
the BSDE (1.7), we can see the BMO norm of Z.B under Q is dominated at most 21/||Y||~, that

1S
T
E@{/ | Z,|%ds
t

Finally the sub-martingale property of | Z;|? allows to move | Z|? (for s € (t,T)) out from the time
integral on the left-hand side of the previous inequality, which in turn yields the gradient estimate.

Let us now give a heuristic probabilistic proof to Theorem 1.4 to explain from where such
estimates come from. Let f =logwu, and G = —Af. Then one can show that

f} < 4][¥ 1.

G =|VfI*-2f,
(where f; stands for the time derivative % f for simplicity). Moreover, G satisfies

) 1
L—-=)G==-G*+H
( at)G nG + H,

where

1
H = ([VVf[! = ~G%) + 2Rie(V}, V),
and H > 0. We suppose here G > 0. Consider the BSDE:

1
dY; = Z;dBy + —Y2dt, Yp=G(0,x + Br).
mn

Then
Setting
1 Zy
Ui=—, Vi=——,
t Y;t t Y;Q

then (U, V) satisfies the following quadratic BSDE:

1 2
dUy = ——dt + VidB; + &dt.
n Ut

Using BMO martingale techniques, one can prove that there exists a new probability measure Q
under which B; = B; + f(f %ds is a Brownian motion. Hence

1 ~
dU = ——~di + VidB,,

from which we deduce that Uy = £ + EQ[Uy], and

1

Yo= o117
L+ER |3

which yields the estimate in Theorem 1.4.



Even though the above heuristic proof is probabilistic (which can be made rigorous), we prefer
to give a pure analytic proof in the last section.

The paper is organized as follows. Next section is devoted to some basic facts about quadratic
BSDEs including BMO martingales. Section 3 establishes the gradient estimates for some lin-
ear parabolic PDEs on Euclidean space, while Section 4 establishes these estimates on complete
manifold. Last section is devoted to establish a generalized Li-Yau estimate via analytic tool.

2 BSDE and BMO martingales

Let us begin with an interesting result about BSDEs with quadratic growth. The kind of BSDEs
we will deal with in this paper has the following form

m m
dY =Y ZIFI(Y,Z)dt + > Z1dBI, Yr=¢, (2.1)
j=1 j=1
with terminal value & € L*°(Q, Fr,P) which is given, where B = (B!,--. , B™) is a standard

Brownian motion, (F;)¢>o is the Brownian filtration associated with B, and F7 are continuous
function on R x R™ with at most linear growth: there is a constant C; > 0 such that

[F(y,2)] < Ci(l+ [yl +|z])  V(y,2) € R x R™.

According to Peng [26] and as we have seen in the Introduction, if u is a bounded smooth
solution to the following non-linear parabolic equation

d
0 ; ou 1

. ] I s m

pre +]§:1F (u, Vu) 9z, 2Au in [0,00) x R™, (2.2)

with initial data ug, then Y; = w(T —t, By + -) and Z; = Vu(T —t, By + -) is a solution pair of (2.1)
with terminal value Y7 = uo(Br + -). The special feature of (2.2) is that the maximum principle
applies, which implies that global solutions (here global means for large t) exist for the initial value
problem of the system as long as the initial data is bounded (though, this constraint can be relaxed
a bit, but for the simplicity we content ourself to the bounded initial data problem). The maximum
principle implies that as long as u is a solution to (2.2) then |u(z,t)| < ||ug||co. Therefore, if the
initial data ug is bounded, and F7 are global Lipschitz, then, according to Theorem 6.1 on page
592, [19], u exists for all time, and both w and Vu are bounded on R™ x [0, 7.

The maximum principle for (2.1) however remains true even for a bounded random terminal
value (so called non Markovian case), which in turn yields that the martingale part of Y is a BMO
martingale. This is the context of the following

Proposition 2.1 Suppose that £ € L>®(Q, Fr,P). There exists a unique solution (Y,Z) to (2.1)
such that Y is bounded and M = Z.B is a square integrable martingale. Moreover M = Z.B is a
BMO martingale up to time T, and

Y (®)lleo < ll€llec VE € [0,T1.



Proof. The existence and uniqueness is already given in [17]. The fact that M = Z.B is a
BMO martingale up to time 7' is proved in [24]. Then there exists a constant Co > 0 such that

T
E [/ ]ZS]st‘}}} < C.

Let NV, = ] lfo YS,Z dB] Since

T .
NN = (NN =[Sz Pds

J

T
/ C2(1 + |V, + | Z))ds
t

IN

so there exists a constant C3 > 0 such that
E{(N,N)pr — (N,N)| Fi} < Cs.

Therefore N is a BMO martingale. Hence the stochastic exponential £(—N) is a martingale up to
T.

Define a probability measure Q on (2, Fr) by dQ/dP = £(—N)r. Then, according to Girsanov’s
theorem B; = B; + (N, B); is a Brownian motion up to time 7" under Q, and (Y, Z) is a solution
to the simple BSDE 3

d}/t - Zt.dBt

under the probability @Q, whose solution is given by
= EQ{¢|F} = BE{E(—=N)7&E(=N); Y| F} fort <T. (2.3)

It particularly implies that ||Yi||oo < ||€]lco- ™

3 Stochastic flows and gradient estimates

Let Ag, Ay, -+, A be m+1 smooth vector fields on Euclidean space R™, where n is a non-negative
integer. Then, we may form a sub-elliptic differential operator of second order in R":

1 m
—i YAt (3.1)
a=1

here we add a factor % in order to save the constant v/2 in front of Brownian motion which will
appear frequently in computations in the remaining of the paper. Our goal is to devise an explicit
gradient estimate for a (smooth) positive solution u of the heat equation

(L - %) u=20, on (0,00) x R", (3.2)

by utilizing the BSDE associated with the Hopf transformation f = logu, which satisfies the
semi-linear parabolic equation

(L——)f_——Z\Aaf\ ) X R" . (3.3)



3.1 Stochastic flow

The first ingredient in our approach is the theory of stochastic flows defined by the following
stochastic differential equation

dip = Ao(p)dt + Y Aa(p) 0 dw®, 9(0,) = z, (3.4)
a=1

where od denotes the Stratonovich differential, developed by Baxendale [3], Bismut [5], Eells and
Elworthy [12], Malliavin [23], Kunita [18] and etc. The reader may refer to Ikeda and Watanabe [15]
for a definite account. To ensure the global existence of a stochastic flow, we require the following
condition to be satisfied.

Condition 3.1 Let A, = Z?Zl Aé% Assume that Aé have bounded derivatives.

By writing (3.4) in terms of It0’s stochastic integrals, namely

AL

, A L
b= AL+ = Al :

(@)t + > Al (p)dw®, (0,) =z, (3.5)
a=1

where (and thereafter) Einstein’s summation convention has been used: repeated indices such as
[ is summed up from 1 up to n. The existence and uniqueness of a strong solution follow directly
from the standard result in It6’s theory, which in turn determines a diffusion process in R™ with
the infinitesimal generator L.

In fact, more can be said about the unique strong solution, and important consequences are
collected here which will be used later on. Suppose w = (w;) is a standard Brownian motion (started
at 0) with its Brownian filtration (F3)¢>0 on the classical Wiener space (€2, F,P) of dimension m,
so that w = (w¢)>0 is the coordinate process on the space €2 of continuous paths in R™ with initial
zero. Then, there is a measurable mapping ¢ : RT x  x R® — R™ and a probability null set N\,
which possess the following properties.

1. w = p(t,w, z) is Fr-measurable for ¢t > 0 and z € R™, and ¢(0,w,z) = z for every w € Q\ N
and z € R".

2. t = @(t,w,z) is continuous, that is p(-,w,z) € C(RT,R"), for w € Q\ N and =z € R".
t — o(t,-, x) is a continuous semimartingale for any z € R™.

3. © — ¢(t,w,z) is a diffeomorphism of R™ for each w € Q\ N and ¢ > 0. That is z — ¢(t, w, z)
is smooth and its inverse exists, and the inverse is also smooth.

4. The family {¢(t,-,x) : t > 0,2 € R} is a stochastic flow:
(p(t —"_ 87 w? x) = (p(t7 05w7 (p(87 w? x))

forallt,s >0,z € R" and w € Q\ N, where 6, : Q —  is the shift operator sending a path
w to a path Osw(t) = w(t + s) for t > 0.

5. For each x € R", ¢(t) = ¢(t,-,z) (or denoted by ¢(t,z)) is the unique strong solution of
(3.4).



6. Let Jz(t w,x) = w for i, j < mn. Then J;(O,w,x) = 5; and J solves the following SDE

) 8AO l 8AZ a 1 )
dJ; = @) Jhdt + Z 51 (9) ) 0 duw®, Jj(0) =5, (3.6)

and its inverse matrix K = J 1 = (K] t) solves

GAl 3Al

dK! = — K| axa Z Kl

@) odw®, Ki0) =4 3.7
J J

In our computations below, we have to use Itd’s integrals rather than Stratonovich’s ones.
Therefore we would like to rewrite (3.6, 3.7) in terms of It6’s differential, so

: —~ DAL o
dfj = ) (@) Jjdw

a=1
OA%) 1 <& & 82Ai aA’; (9A2¥ .
T 5; (Aaaxl&rk T ox ok (o) Ty, (38)
and
7 - laAloz «

DAl 1Z’”:< p OPAL pak 8Ala>

9 T2 “Pridek  Ori Ok (ip)at. (8:9)

3.2 Structure assumptions

We introduce some technical assumptions on the structure of the Lie algebra generated by the
famlly of vector fields {Ag, A1, , Ay}, in addition to Condition 3.1. Recall that A, = A% -2

i
and A’ 0 A o5 €tc. are the corresponding coefficients in Lie brackets

[Aq, Agl = A 0

o Ba [AOm [Aﬁa A’YH = Aj

08 5 O

where
A7 4 J
_ Aa B i 0A

Al A
az 68562 )

o,

924k 924k §Ak OA?
= AL e Al Py pi T D
AﬁAﬁ OxtoxI B dridd A3 oxJ Ozt

; i Ak

Y OAL, 8A " 6AB aAﬁ

56331 oxt + > Oxt Oxd

k
Af g

(3.10)

etc. Let

ZA/ma = Z Ap, [4p, Aa))* . (3.11)
B=1



Condition 3.2 There is a constant Cy > 0 such that for any & = (&)i<n, 0 = (0i8)i<n € R"
(B=1,---,m), it holds that

£ (o) o (Ben) (Eo0)

a,Bf=1 a,B=1
+2 Z (ngA ) <Z Ag,aaiﬂ)
a,f=1 i=1
m 2
> —012 <2A55k>
a=1 \k=1
i.e.
Y ((Aar08)” +2(Aa, ) (A 0, 05) + 2(Aa, 05)(Ap .0, )
a,f=1
Z _Cl Z(Aaa£> .
a=1

Condition 3.3 There is a constant Cy > 0 such that for any & = (& )i<n € R”

Z §Z Z(AZQRI; + QAEAIS,Q) + Z AZ ,aAg,a gk

ik=1 a=1 a,8=1

m n 2
> oy (z Af;gk)
a= =1

Remark 3.4 Condition (3.1) is standard in the literature, while Conditions (3.2) and (3.3) are
satisfied if A is elliptic or A satisfies the Frobenius integrability condition.

Let us suppose the following Frobenius integrability condition: there exist some bounded smooth
coefficients 0167 o (@), such that

m
:chBﬂAl, 6=0,1,....m, a=1,...,m.
=1

In other words, the Lie brackets Ag,, £=0,1,...,m, «a=1,...,m, must lie in the linear span
of Ay,..., Ap,. Then the conditions (3.2) and (3.3) are satisfied.
Indeed,
j i 0 iy d aAJ
[Ag, [Ap, Au]) = 5%(05@1‘1 ) = oAl i

— C AJ aﬁvaAiAj
By 3‘

ac
= (dyadi + aﬁf‘ AL)AL

This means that [Ag, [Ag, Aa]] also lies in the linear span of Aj,..., A, and the conditions (3.2)
and (3.3) are easily checked.



3.3 The density processes 7,

Let us consider a smooth solution f to the following non-linear parabolic equation
0
(L - a) f=nh(f,Asf), on Ry x R", (3.12)

where h is a C'-function on R x R™, though our archetypical example is f = logu and u is a
positive solution to equation (3.3).
By It6’s formula,

m_ T T
Y, = Yy — Z/ Z%dw® —/ hY, Z)ds, (3.13)
a=1"71t t
where
Y(t,w,z) = f(T —t, ot w,x)),
Zt,w,x) = (Aof) (T —t,o(t,w,x))
fora=1,---,m, and Z = (Z%). The arguments w and / or z will be suppressed if no confusion
may arise. Equivalently
m
dY =" Z%w® + h(Y, Z)dt. (3.14)
a=1

Our aim in this part is to show that Z is an Itd process, and derives stochastic differential
equations for Z (which in turn gives its Doob-Meyer’s decomposition).

It is clear that both Y and Z® (a = 1,--- ,m) are continuous semimartingales. Taking deriva-
tives with respect to z° (i = 1,--- ,n) in the equation (3.14) one obtains
dY; = Z Z&dw® + (hy(Y, 2)Y; + Z h., (Y, Z)Zf‘) dt, (3.15)
a=1 a=1
where 5 5
P =50 and Z; il yr
and 9 5
hy: G_yh(y’z) ) hZa = %h(y,z)a azla"' , M.
On the other hand, by definition,
0 _of j
le'(t, K x) - 31‘iy(t, ) :C) - 8—W(t’ Qp(ta ) x))‘]z (ta " x)’
SO of
W(t (,O(t, ) .%')) = Kllc(t7 ) x)Y}(t, ) 1‘)
¥
It follows that
o of

10



which implies that Z is a continuous semimartingale. The equation (3.16) is not new, and has been
used by many authors in different contexts.

We next would like to write down the stochastic differential equations that Z¢ must satisfy by
using the relation (3.16), which is however an easy exercise on integration by parts. Indeed, we
have

k
a

0A ;
Az = YK} —-2(p)de’ + YiAL(P)dK} + AL () IfdY]

oAk ; oAk

i (so)d<s0j,KL> + K 5 Sp)di’, 17)
k . 32Ak L

Using the SDEs (3.4, 3.9) and the BSDE (3.15), through a lengthy but completely elementary
computation, we establish the following Doob-Meyer’s decomposition for Z

dz° Z Uas (dw? + hey (V. Z)dt ) + K} Z Ak 7t
ps=1
+ELY) | Af o+ S ZAMaJrAk )= > Af by dt,  (3.18)
6 1 B=1

where repeated indices are added up from 1 to n,
Uy = K. (A’iayl n A’;Zf) (3.19)

and
A% = [Ap, Adl¥, A% 5, = [Ag, [Ap, Ad]lF

We are now in a position to work out the Doob-Meyer’s decomposition for

m
2 =" |12
a=1

which simply follows from It6’s formula and (3.18). In order to simplify our displayed formula, we
introduce the following notations:

n
:Z z]’ekﬁ_ZKj ’
j=1

fori,k=1,---,nand 8 =1,--- ,m, so that

Q:Zn:Aggj and |Z|? = Z ZAJ@ . (3.20)

j=1 a=1

11



Let
di’ = dw’ + h., (Y, Z)dt,

which is a Brownian motion under probability Q with the Cameron-Martin density

m t 1 t m
= exp —Z/ th(Y,Z)dwﬁ—i/ > |hay (Y, 2)ds
Fi =170 0 521

dQ

dP

Then, by an elementary computation,

dz? = 2 fj (Zakag,a‘f‘&Aé{Agek,B) di’

a,f=1
f: Akoy 5 AL 0; 5+ 26, f: (A’gvaAg+Ai ﬂA’;) 0; 5] dt
a,B=1 a,B=1
+2 | hy (Y, 2) > ALAE — > ALAE he, (Y, Z) | &t
a=1 a,B=1

SoAL(Rh+24b,) + D AL, | &t
a=1 a,f=1

Lemma 3.5 If h(Y, Z) = h(Y,|Z|?), then

Az = 23 (2°6Af o + &AL AL ) did
a,f=1

+ f: ARGy 5 ALO; 5+ 26, f: (A’“vaAfﬂLA" aA’;) 0; 5] dt
_a,ﬁ:l a,B=1

a7B:1

Proof. In this case
> GALAL e (Y Z)o = 2> WEGALAR ARG,
i,k,a,B i,k,a,B
- 9 Z WEAL AL JALE
i,k,a,f

SO

> GALAL b (Y, Z)6 =0,
i,k,a,

and thus (3.23) follows directly from (3.22). m

12

A (RE 248, + 248, 1Z0)) + Y AL it
a=1

(3.21)

(3.22)

(3.23)



3.4 Gradient estimates

Recall that f is a smooth solution to the non-linear parabolic equation (3.12), where the nonlinear
term h(Y,Z) has at most quadratic growth. In order to devise explicit estimate for A,f (a =
1,---,m), we assume the following condition to be satisfied.

)

Condition 3.6 h(y,z) depends only on (y, |z|?), i.e. there is a continuously differentiable function
denoted again by h so that h(y, z) = h(y, |2|?), and we assume that

B
— > 0.
ayh(y, 2) 20

Then, under Conditions (3.1, 3.2, 3.3, 3.6), according to (3.23), we have
d|Z* > ~K|ZPdt + 2 (2°6,A5 , + 6 AL ALy ) did”, (3.24)
where K = C7 + Cs.

Lemma 3.7 Assume that Conditions (3.1, 3.2, 3.8, 8.6) are satisfied. Then M; = ef*|Z;|? is
submartingale under the probability Q (up to terminal time T ):

EQ{M|F} > M,, Y0<s<t<T. (3.25)

Proof. By Ito’s formula
dM = KMdt + %'d|Z|?,

hence, for any 0 < s <t < T, we have

t
M; — M, = K/Mdr+/ eXrd|z|?
S

v

/ Ks Z (2o6kAl o + AL ARG 5) i,

a,f=1

which yields (3.25). =
We are now in a position to prove the following gradient estimate.

Theorem 3.8 Assume that Conditions (3.1, 3.2, 3.3) are satisfied. Then

- 4K
Z |Aalog u(t, )|* < m“loguoﬂw, (3.26)

for any positive solution u of (3.2).

Proof. Apply the computations in the preceding sub-section to f = log u, and h(y, z) = —%|z|2.
Then, under the probability Q (defined by (3.21))

m T T m
Yi=Yr—Y_ / Zdi™ + / > 2%, (Y, Z2) — Y, Z)| ds,
a=171 t a=1

13



thus

m T 1 T
Yt:YT—Z/ Zadwa—i/ | Z,|2ds,
a=1 t t

of1 [T,
E*< - | Zs|“ds
2 )i

On the other hand, M; = e/?|Z;|? is a submartingale, thus one has

and therefore

}"t} = E%Yvr -Y|F}

IN

2|[¥7||oo < 2||1og up||oo - (3.27)

EQ{|Z,*| 7} = 592,22, Vs e [t,T],

ofL [T,
E* < = | Zs|ds
2 t

SO

V

1 T
ft} > —/ eK=9)| 7, 2ds
2 t

S —— AL (3.28)

Putting (3.27, 3.28) together, we obtain

4K
|2 < m“bguol\w

which yields (3.26). =
In general, we may proceed with f = 1 (u) where 9 is a concave function, and u is a positive
solution to (1.1), thus f solves (3.3) with

= EMLZP
2 [P

We can proceed as above. Under the probability Q

h(y, 2)

m T T m
Yi=Yr—)_ / Zdiw™ + / > Z2%h., (Y, Z) — WY, Z)| ds,
a=171 t a=1

SO

T e LTV,
Y, =Yy — Z%d — — 7. |%ds.
e Z/ S Trye Al

It is important to note that if
w(?))wl S 2‘¢//’27
then hy(y, z) > 0, thus from Lemma 2.2 in [7],

T
EQ {/ |Zs|2ds
t

f} < 4l ¥rIP < 4] log ol 2 - (3.29)

14



On the other hand M; = X?|Z;|? is a submartingale, thus one has

EC{|Z,*| 7} > X791 2,2, Vs € [t,T),

T T
E@{/ | Z,|?ds }‘t} > / eft=9)| 7, 2ds
t t

= — |7z~ (3.30)

and therefore

V

Putting (3.29, 3.30) together, we can obtain

4K
|2 < m”bguoﬂgo,

which yields the following estimate.

Theorem 3.9 Assume that Conditions (3.1, 3.2, 3.3) are satisfied. Moreover, ¢ is concave and
satisfies:

7/}(3)¢/ < 2’1/}//’2 ]
Then
i 4K
azz:l |Aat(u(t, z))* < m||¢(u0)||go’ (3.31)

for any positive solution u of (3.2).

4 Heat equation on complete manifold

In this section, we study positive solutions of the heat equation

<1A - %) w=0, in[0,00) x M, (4.1)

2
where M is a complete manifold of dimension n, A is the Beltrami-Laplace operator. In a local
coordinate system so that the Riemann metric ds? = gijdx'dx’ and

A
> 59 Vg

1
A= — g
Che=t

where g = det(g;;) and (¢g*) is the inverse matrix of (g;j). We prove the following

Theorem 4.1 Suppose the Ricci curvature Ric > —K for some K > 0, and suppose u is a positive
solution of (4.1) with initial data ug > 0. Then

2K
|V logul?(t,z) < —5 [[og uol|oo - (4.2)
—e 2

15



Remark 4.2 This estimate can also be derived from the reverse logarithmic Sobolev inequality, as
in Remark 1.2.

The preceding theorem is proved by using similar computations as in the proof of Theorem 3.7
but working on the orthonormal frame bundle O(M) over M.

Recall that a point v = (x,e) € O(M), where (ey,- - ,e,) is an orthonormal basis of the tangent
space T, M at x € M. Let 7 : v = (x,e) — x be the natural projection from O(M) to M. O(M) is a
principal fibre bundle with its structure group O(n). For the general facts on differential geometry,
we refer to Kobayashi and Nomizu [16].

Suppose z = (x!,--- ,2™) is a local coordinate system on M, then it induces a local coordinate
system y = (2*, e?) on O(M) so that e; = e’ -2;. If L is a vector field, then L denotes the horizontal

J Ozt
lifting of L to O(M):

. 0

: .
— F(x)ijL (x)e](?—ef

L(z,e) = Li(x)(?:ci

in a local coordinate system, where I’fj are the Christoffel symbols associated with the Levi-Civita

connection, and L = L° 621" Fora =1, -+ ,n and v = (x,¢), then L., denotes the horizontal lifting
of e,, that is

- ) kg 0

Ly(z,e) = ¢, 5 [(x)ieqne B—ef'
The system {I~/1, e ,f/n} is called the system of canonical horizontal vector fields. The mapping

L:R" - T'(TO(M)) where L = £%L,, is defined globally, and is independent of the choice of a
local coordinate system. Therefore

Noon = L
a=1

is well defined sub-elliptic operator of second order on the frame bundle O(M), called the horizontal
Laplacian. If f € C? then Ao fom = Af. For simplicity, any function f on M is lifted to a
function f on O(M) defined by f = f o w which is invariant under the group action by O(d).

The following relations will be used in what follows.

: of ;
Laf(fy):LafOW(fy):e’;W, for v = (z ,e?) eO(M) . (4.3)
We need the following geometric facts, whose proofs are elementary.

Lemma 4.3 Fora=1,---,n we have

n n

- - 1 L. 1 . .
AopnyLa = Lalopn) = 5 > L, La)ls + 3 > Lslls, La). (4.4)
p=1 p=1

Lemma 4.4 Suppose f is a smooth function on M and f = f o is the horizontal lifting of f to
O(M).
1) Fora,f=1,---,n 3
(Lo Lolf =0 . (4.5)

16



2) We have

> (Laf)[Lps LalLsf) = Ric(V 1,V ), (4.6)
a,f=1
where Ric is the Ricci curvature.
3) We also have

1 .
AoanLaf — LaDoon f =5 Z [Ls (4.7)
Proof. The first identity (4.5) follows from the torsion-free condition. To prove (4.6) we choose

a local coordinate which is orthonormal and dg;; = 0 (so that Ffj = 0) at the point we evaluate
tensors, thus

o OBf 8FZ ; Of

LaLalof = et gragaioes ~ dat 5B g%
oL B f . ark of
LoLoLsf = eoeiye B@mqaxzaﬂ B 656 o qu dak

and therefore

- fork oo LOTEN af
[Ls, LalLgf = <x glﬁ]g 66%6]58 >W’

which yields (4.6). (4.7) comes from (4.4) and (4.5). =
Consider the following stochastic differential equation

Z Lo odwf, ¢(0) =~ ¢€ O(M), (4.8)

on the classical Wiener space (2, F,P) of dimension n. The stochastic flow associated with (4.8) is
denoted by {¢(t,-,7) : t > 0}, which is a diffusion process in O(M) with the infinitesimal generator

1 n
- 5 Z La o La,
a=1
in the sense that

Mtf = f(ta()o(t)) - f(Oa(P(O)) - /0 %AO(M)f(S,(P(S))dS

is a local martingale for any f € C13(R; x O(M)), and

-3 /0 (Lo f ) (s p(5))duf (4.9)
a=1

We may express
p(t, w,7) = (X(t, w,), E(t, w,7)),

where X (¢, w,v) = 7(o(t,w,7)), then {X(t,-,7v) : t > 0} is a diffusion process on M starting from
z = () with infinitesimal generator 2A. {X(¢,-,7) : t > 0} is a Brownian motion on M starting
from x = 7(y).
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In a local coordinate system (z*, eé»), write

@(t7'77) - (Xk( t 7'7) El( ’ 7'7))

so that E,(t) = E!(t) 821 (4.8) may be written as

dXf=3"_, EX(t) o dwf, (4.10)
dE;(t) = Zaﬁk 1F(Xt)5kEk( )E (t) o dwg. .
Let F(t) = (F(t);) = E(t)”'. Then F(t)E(t) = I so that
dFj(t) = Y T(Xy)h Fi () ES(t) o duy. (4.11)
a,fB,l=1
If f e CY2(Ry x M), then
f(T, X)) = ft X)+/T Zn: Ek(s)ﬁ(s X,)duw®
s AT s At ] A @ aﬂfk s X5 s
+/T 9 A s, x0)d (4.12)
t 88 2 87 S 87 *
so according to (4.3)
farxn = Fex)+ [0S (L) (X E))dus
t a=1
+/T 9 LA s, xd (4.13)
t 95 3 s, Xg)ds . .
4.1 Gradient estimate
Suppose now f satisfies the non-linear heat equation
(38-5)F = —5IveP- (1.14)

Let f be the horizontal lifting of f i.e. f = f o, so that f satisfies the parabolic equation on

O(M):
o\ » noo
(%Ao(M) - a) f= _% 621: Lo fI” . (4.15)

Let T> 0. Let Y; = f(T — t, X}) and

Zta:ZEk t Xi) = (L ozf)( (X1, E(1))), (4.16)
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fora =1,--- ,n. Then
n

VAT =1, (X0) = Y 128
a=1

therefore, according to (4.12),

T 1 T n )
YT:YH—/t ngwg—i/t ;wm ds.

We will consider (4.18) as a backward stochastic differential equation.
Applying It6’s formula to L, f and the stochastic flow ¢(¢,-,v) to obtain

az¢ = Y Lp(Lal)(te(t, - 7))dw]
B=1

0

1 _

SO

n n
dz? = 23" 78dZ8 + > |LgLafP(t o(t,,7))dt
a=1 a,f=1

n n
= 2> Zf(LsLaf)dw) + > |LsLaf[*dt
a7ﬁ:1 a?/BZ]‘
- 1 o)
2) Z(=A — | Lo fdt .
+2) " 7 (2 O(M)+at> af
However, by Lemma 4.3,

1 d\ = = = (1 0\ =
<§AO(M) + 5) Lof = La (‘AO(M) + —> [+

we therefore have

4z = 23203 (LsLaf) (dwf - Zfdt)
a=1 B=1

n n

+ 3 BsLafPdt+ 3 S (Laf)(Ls, LalLslit
a,f=1 a,f=1

By using Lemma 4.3 we obtain

dz)? = 2 f: z fj(zﬁiaf) (dwf - Zfdt)
a=1 B=1

oL 1
+ > ]LgLaf]th—i—§Ric(Vf,Vf)(T—t,Xt)dt.
a,B=1

19
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Define a probability Q by %‘f = Ry where
T

t 1 t
Ry = exp U Z8dw’® — —/ ]Z\st} :
0 2 Jo

T 1 T n
YT:YH-/ Zfduvgwr—/ > 128 ds,
¢ 2 toa=1

T
EQ {/ |Z,|%ds
t

But on the other hand e % |Z;|? is submartingale under Q, thus

T T
EQ{/ |Z,|%ds }"t} = / EQ{|Z,*| 7} ds
t t

Then

hence

f} < 4/ folle. (4.22)

Kt 2 T _Ks
> ez |Z e 2ds
t
1—e 2T
= K ‘Zt’27
2
which yields that
2K
2
|Zt| < _ _g(T_t)HfOHOO’

and hence (4.2).

5 Li-Yau’s estimate

In this section we prove Theorem 1.4. Thus, u is a positive solution to the heat equation

1 0
<§A — 5) u=0, on [0,00)x M, (5.1)

where M is a complete Riemannian manifold of dimension n, with non-negative Ricci curvature.
Then f =logu is a solution to the semi-linear heat equation

1 0 1 9 N
(38-5) 7 =3I 109 =fo (5.2

Taking derivative in the parabolic equation (5.2) with respect to the time parameter ¢ one
obtains

0
Eft = Lfi, (5.3)

where

1
L= A+ViYV.
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By using the Bochner identity one can verify that
0
5| VI = LIV = [VVf[* = 2Ric(V £,V f) . (5.4)

Since Af is the trace of the Hessian VV f so that |[VVf|? > %(Af)Q, thus, since the Ricci
curvature is non-negative, then

9 2 2 1 2
5 VSIS LIVET =~ (Af)” (5.5)
Let
G=—Af=|Vf2—2;.
By combining (5.3) and (5.5) together, we obtain
0

1
5G < LG - EG2 . (5.6)

Suppose that C' > 0 and —V logug < C. Set

P <%+%) (—Af).

Since

A
3| -
@Q
|
7 N\
S~
+
Ql+
N——
)

and therefore

(L—%) (F—l)z%G(F—l) .

As —Alogug < C, (F —1)(0,-) <0. Applying the maximum principle, F' — 1 < 0, from which

we obtain the estimate in Theorem 1.4.

Corollary 5.1 Suppose u is a positive solution to (5.1), then the following Harnack inequality
holds:

t+s
_uhe) o [ Ko, B)da]
u(t + S, y) t S
where
K(t,a) = sup {ommb(t, Y) - Y}
Yiap(t,Y)>0
and
Y(t,Y)=2Y + L
’ tCc+1-
Thus



This follows by integrating the gradient estimates in Theorem 1.4 along geodesics, see [2] for

details.
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