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ON A PARABOLIC EQUATION WITH
A SINGULAR LOWER ORDER TERM

QI ZHANG

ABSTRACT. We obtain the existence of the weak Green’s functions of parabolic
equations with lower order coefficients in the so called parabolic Kato class
which is being proposed as a natural generalization of the Kato class in the
study of elliptic equations. As a consequence we are able to prove the existence
of solutions of some initial boundary value problems. Moreover, based on
a lower and an upper bound of the Green’s function, we prove a Harnack
inequality for the non-negative weak solutions.

1. INTRODUCTION

In recent years, there have been many results in the study of elliptic equations
with singular lower order terms in the Kato class. We recall that for n > 3, a
function V € L} (R") is said to belong to the Kato class K,, provided that

loc
v
lim sup Mdy =0.
n—2
=0 & Jiz—yl<r |$ - yl

In their celebrated work [AS], using probabilistic ideas, Aizenman and Simon proved
that the class K, is the natural replacement of the Lebesgue class L?, with p > n/2,
in order for solutions of —Au 4+ Vu = 0 to satisfy a Harnack inequality. As a con-
sequence, they obtained a modulus of continuity for such solutions. Subsequently,
using PDE methods, the authors of the paper [CFG]| generalized the results in [AS]
to elliptic equations in divergence form with bounded, measurable coeflicients. In
both works an important role was played by an embedding result for the class K,
due to Schechter.

In contrast to the elliptic case there is not much investigation (known to the
author) on parabolic equations with lower order coefficients in a class parallel to
the Kato class. In this paper we will take up this problem. As the reader will see,
this task presents some notable differences from the elliptic situation. To clarify the
point we mention that it is not clear whether a version of Schechter’s embedding
theorem holds in the parabolic setting. Therefore, we had to work around this
obstacle. We benefited from the ideas in [F'S2], in which Fabes and Stroock deduced
the Harnack inequality for parabolic equations from lower and upper bounds of the
fundamental solutions. We succeeded in obtaining similar lower and upper bounds
for the fundamental solutions of the parabolic equations with a singular lower order
term in the parabolic Kato class, which is being proposed as a natural generalization
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of the Kato class in the elliptic case. Based on these bounds, a Harnack inequality
was established. It is interesting to note that the results of the paper recapture
those in [AS], [CFG] when one deals with time-independent solutions.

We shall study the parabolic equation

"9 Ju Ju
(1.1)  Hul(x,t) = lgz:l o2, (aij(z,t) 5'xj>($7t) V(z,t)u(z,t) Er (x,t)=0
in a bounded domain @ = D x [0,7] C R""!. Here a;; are bounded measurable
functions and the matrix a = (a;;(x,t)) is positive definite uniformly in (z,t). This
means the existence of a number A > 1 such that A1 I <a < X I.

For the function V' we will impose the following condition which will be called
condition K. Let

et
(1.2) Np(V) = sup/ / [V (y,s ey exp(—a&)dyds
z,t Jt—h - ) t—s
s+h | _ y|2
(1.3) Np(V) = Sup/ / [V (z,t)] )n/2 exp(—« ; ——)dzdt

where « is a fixed positive constant and V (y, s) is regarded as zero when (y, s) is
outside of Q.

Definition. We say that V' satisfies condition K if

(1.4) }lzli% Np(V) = }1112% Ny (V) =0;
The space of all L}, functions satisfying condition K will be called the parabolic
Kato class.

In section 2 we will show that the parabolic Kato class is a natural generalization
of the Kato class in the study of elliptic equations. Note that the parabolic Kato
class depends on the parameter «. For our purpose a can be any positive number
so that the following inequality holds:

lz —y|?
),

Do(z,t;y,s) <
oz, t;y,s) P

7(]5 —5 exp(—a
for some C > 0 and 0 < t — s < T. Here I'y is the fundamental solution of the
unperturbed operator Hy defined by

0 ou ou

ij=1 """

Before stating the results of the paper we need to give a few more notations and
definitions.

Green’s functions. From now on we will use G(xz,t;y,s) and Go(z,t;y,s) to
denote the weak Green’s functions of operators H and Hj for the initial-Dirichlet
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problem on @ respectively. The precise definition of the weak Green’s function is
standard and can be found in [A]. The symbols VG and V,G mean the gradient
with respect to the first and the second space variables of G respectively.

Weak solutions. Given f € L*(Q), a weak solution of Hu = f in @ is a function
u satisfying:

(a) ueC([0,T); L*(D)) N L*(0,T; W"2(D));
(b) Vue LY(Q);

(©) /O ! /D [—AVuVé — Vug + ugy|dudt — /O ! /D Fodudt,

for all ¢ € C§°(Q).
Our main results are

Theorem A. The weak Green’s function of H for the initial-Dirichlet problem
exists and satisfies the following properties.
(a)

sup ||G(., 59, )l e (@) < C;
Y,s

sup||G(z,t;., )l|r(@) €, 0<p<(n+2)/n.
x,t

SUF ||VyG(l’, i, ')||LP(Q) < Ca

sup [|VoG(., 5 9,8)|lLr@) < C, 0<p<(n+2)/(n+1).
Y,s

Here the constant C' depends on A, p, Q and on 'V in terms of the rate of convergence
of (14).

A direct consequence of Theorem A is the next

Theorem B. Suppose D is a bounded C' domain. Given f € Co(D) and g €
L>(Q), the following initial boundary value problem has a unique bounded weak
solution.

{Hu:g in D x[0,T],
u=0 in 9D x[0,T], and lim;_ o+ u(z,t) = f(x).

Theorem C (Harnack inequality). Let 0 < az < f2 < ag < 1 <1 and 6 € (0,1)
be given. Then there are M > 0 and Ry > 0 such that for all (x,s) € R" x R, all
positive R < Ry and all non-negative weak solutions v of Hu =0 in B(z, R) X [s —
R?s], one has

supu < M infu

Q- QF
where QT = B(x,8R)x [s— 1 R?, s—a1R?] and QT = B(x,6R)x[s— (2 R?, s—az R?].

As we will see in the next section, functions satisfying condition K are in general
more singular than L9 functions when 7= + % < 1. Therefore the theory in [A] of
uniformly parabolic equations does not cover the results in this paper. Moreover
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the parabolic Kato class we are proposing reduces to the Kato class in the elliptic
case when the function V is independent of t.

The main body of the paper is organized as follows. In section 2 we will
give a brief discussion of the parabolic Kato class. In section 3 we will give an
LP(0,T;WYP(D)) estimate of the Green’s function of (1.1) when the lower order
coefficient V' is an L* function. The key argument is to show that the estimate
depends on the rate of convergence of Ny (V') + N;(V) to zero when h approaches
zero, and not on the L* norm of V. The proof of Theorem A is presented in
section 4. The strategy is to approximate V by a sequence of L* functions Vj.
The Green’s function of (1.1) is then defined as the limit of the Green’s functions
of (1.1) when V is replaced by Vj. Using the estimates in section 3, we will be able
to show that the function thus defined is indeed the Green’s function. In section 5
a lower and an upper bound of the Green’s function is established. Based on these
bounds, we will prove Theorem C, i.e. the Harnack inequality, in section 6.

Note. In a recent work [S], K. Sturm investigated properties of weak solutions
of equations similar to (1.1), but with smooth coefficients (a;;). The weak solution
in [9] is defined by a probabilistic means and is in general different from the weak
solution in the distributional sense used in this paper.
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2. THE PArRABOLIC KATO CLASS

In this section we will provide some further analysis of Condition K and show
that the condition is indeed the natural extension of the elliptic Kato class. Since
much of the argument is elementary, we tend to be brief.

Proposition 2.1. The parabolic Kato class strictly contains the space LP9(Q) with
n 1
2p + 7 <1
Proof. By Holder’s inequality we have
Np(V) < Cp ||V]|re and Nji(V) < Cp ||V || Lpoa-

Here C}, is a constant which depends on p, ¢ and h and which goes to zero when
h — 0. We refer the reader to [S] for details. q.e.d.

Proposition 2.2. If the function V is independent of t, then V belongs to the
parabolic Kato class if and only if it belongs to the Kato class in the elliptic case,
i.e.
\%
lim Sup/ %dy =0, n > 3.
=0 & JB (o) 1T — Yl

Proof. By direct calculation, when n > 3,

s+h C
Fa(l’,t;yaS)dt S )
/s |z —y|2
y C
/ Fa(xa t;ya S)dS < I )
s—h |:I" - y|n
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where

_ 2
Fa(xat;yas> = |$ y|

(t —s)n/2 exp(= t—s )
The result of the proposition immediately follows. q.e.d.

Proposition 2.3. Let V' =V (x, —t). Then
Nu(V') = N;(V).

In this sense Ny is a reflection of Np,.

Proof. From (1.3)

|z —yl2
Np(V") = Viy —a——)dyd
n( smu%)/t h/ | — )n/Q exp(—a - Ydyds.
Making the change of variables s = —s we obtain

2
G AL >|ﬁe o~ 2y

x,t

—t+h _ 2
_ sup/ / [V (y,s — ( [ ENE exp(—a %)dyds
=N, (V). q.e.d.

Remark. We note that the parabolic Kato class depends on the constant «, which
appears in (1.2) and (1.3). This is a new situation that does not happen in the
elliptic case.

3. BASIC ESTIMATES

Unless stating otherwise we assume that V' is an L* function throughout this
section. With this additional assumption on V the existence and uniqueness of
the Green’s function G of (1.1) are provided by the standard theory of parabolic
equations (see [A]). The next three propositions will give the LP estimates of G and
its gradient. These estimates will be independent of the L norm of V' and will
play a critical role in the proof of Theorem A in the next section. We start with
Proposition 3.1, which is essentially a special case of Theorem A when the cylinder
@ is thin enough.

In this and the following sections we will use C' to denote a generic constant that
may vary in value. In general C' always depends on p, n and Q.

Proposition 3.1. Let G be the Green’s function of (1.1). There exist hg > 0 and
C > 0 depending only on Hy, Q and the rate of convergence of Np(V') to zero when
h — 0, such that the following statements are true whenever 0 < h < hg:

(a)
n—+ 2

Sup||G($7t; '7 >||LP t) —= C b <
x,t

(b)
n -+ 2

n+1

Su?||VG($7t;.,.)||LP 7)§C p <
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Here V is applied to the second space variable y.
(c)
[ 166ty sy < c.
D

Here (y,s) € @, , = D x [t — h,t].

Proof.
(a) Let
= 0 Ju Ju B
Hyu(z,t) = 1-;1 a—xi(aijaTj)(x, t) — E(x,t) =0.

Throughout the section we shall use G(x,t;y,s) and Go(x,t;y,s) to respectively
denote the Green’s functions of operators H (defined in (1.1)) and Hy on domain
Q = D x [0,T] ¢ R™"!. Using the standard parametric method, we have the
integral equation:

t
(30) G($7t;y75) = GO(‘”J;?J»S) - / / G("E?t;z?T)V(Z?T)GO(Z?T;y78>d’zd7—'
s D

Hence we know the following is true at least formally:
(3.1)
G(z,t;y, s)

= Go(z,t;,8) + Go * HGo(x,t;y,8) + ... + Go * (HGo)* (., t;y, 5) + ...
= Jolx,ty,8) + Ji(z, 6y, 8) + .o + Je(z, 65y, 8) + ..y

where HGo(x,t;y,s) = Hy 1Go(z, 6y, s) = =V (z,t)Go(z, t;y, s) when t > s and

¢
GO*HGO(x,t;y,s)E/ / Go(z, t;2, 1) HGo(2,7;y, s)dzdr,
s D

(HGO)*k = HGoxHGg* ...« HGy (k times).

(3.2)

Next, we shall prove that the right-hand side of (3.1) is convergent in the sense of
LP norm for an adequate p. We will divide the proof into several steps.

Step 1. For h > 0, let @, , = D x [t — h,t]. For a fixed (,t) we first give an
upper bound of

||J1({L',t;.,')||LP(Q;t)
t
_ Sup{|/ h/ljjl(xvt;y’s)¢(y’5>dyd5| | ¢ € CS"(QZ,Q, ||¢||Lp’(QEt) <1j.
" ,

First we know from [A] that

2
eXp(_Oélw yl)

. < (O
GO(:E?tvy?S) = C(t _ S)77,/2 t—s

for a positive constant «, which implies

t
/ / Go(z,t;2,7)|V(z,7)|dzdT < CNL(V).
t—hJD
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Now by (3.2) and by exchanging the order of integrals we have

¢

|/ / Ji(z, t;y, 8)o(y, s)dyds|

t—hJD
¢ t

S/ ///Go(x,t;z,T)|V(z,T)|Go(z,7';y,s)|¢(y,5)|dzd7dyds
t—nJDJs JD
t T

— [ [ Gowtiz Ve [ [ Golerin oot s)ldyds dzdr
t—hJD t—h JD
t T

<[ [ GotatizmnVenldzar swp [ [ Goteria 9o, o)ldyds
t—hJD t—hJD

zZ,T

SNh(V)Sup/ /Go(z,T;y»S)W(y»S)ldde
t—h JD

z,T

< ONW(V) s |Gz 75 Mloir 16l o -
It follows that

(383) It sgr,) < CNa(V)sup |Go (2,75, lpoigr ) 7 <t

Step 2. Since

t
|/ /Jl(fat§ya5)v(y,5)dyds|
t—hJD
t t
:I/ ///Go(x,t;z,T)V(z,T)Go(z,T;y,S)V(y,s)dszdyd5|
t-nJpJs Jp
¢ T
< |/ /Go(x,t;z,T)V(z,T)/ /GO(Z,T;y,S)V(y,s)dyds dzdr|
t=h D t—nJD

T t
< sup / / Go(z, 739, 9)|V (4, 5)|dyds / / Gol, t; 2,7)|V (2, 7)| dedr
t—h JD t—h JD

z,T

< C*N;(V),
we have, by an easy induction,
(34)
t
[ ] et o)V, s)dyds
t—h JD
t t
<[ [ ] stz nv e nGo . ) dedriV (v, dyds
t—hJDJs JD

t T

- / / oo (@, 2,7)V (2, 7) / / IGolz, 759, 8)V (4, 8)|dyds dzdr
t—h JD t—h JD

S Ck+lN}]f+1(V>.
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This yields

t
| / / Tiar (@, 85y, $)6(y, s)dyds|
t—h JD
t t
< / / / / Jil,t; 2,7V (2,7)Go(z, 73y, 5)6(y, s)dzdrdyds|
t—h JD Js D

t T
<1 [ [ aatznvien [ [ Gy s)otsdydsdzar]
t—h t—h
< sup/ / Gol(z, T3y, 8)|d(y, s)|dyds |/ / Ji(x,t; 2, 7)V (2, 7)dzdT]|
t—h

: Sup/ / Go(z, 739, 8)|9(y, s)|dyds Ck+1Nk+1(V>
t—h
< sup ||GO(Z, T3 ~)||LZD(Q;’T) ||¢||Lp/(Q;)t) Ck+1N}lf+1 (V)
It follows that

(3.5)
||Jk+1(xat; 9 )||LP(Q;,t) S Ck+1N}]j+1(V) sup ||G0(Z,7'; i) ')||LP(Q;’T)a T S t.

Going back to (3.1), we obtain

(36) ||G( z, 7 0y ||LP Qh t) = ZCth SupHGO(zaT;'1')||LP(Q;’T)a T S t.

The right-hand side of (3.6) will be convergent if one has
(3.7) CNL(V) < 1.

Since V is in the parabolic Kato class, (3.7) can be satisfied if 0 < h < hg which is
chosen sufficiently small. Therefore we have

(3.8) su? [|G(x,t; ., '>||LP(Q;¢) < Csup||Go(z, 75, M er(Dx[r—nr)) <C, 7 <t

This implies (a).
Proof of (b). Formally differentiating both sides of (3.1) with respect to y we obtain

(3.9) V,G(z, t;y, s Zv Je(z, ty, 8).

Following the proof of part (a) step by step, we know that the right-hand side of
(3.9) is convergent in LP norm when p < (n+2)/(n + 1) and that

Su? ||VG(J7, i, )||LP(Q;¢) < Csup ||VG0(Za T3 ')||LP(D><[T—h,T]) < Ca T <t

This proves (b).
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Proof of (¢). Our starting point is again (3.1). It is clear that
/ Go(z, tyy,s)dy < C.
D

Furthermore, when 0 <t — s < h,

t
]f Ty (2 3y, 8)|dy < j/ j/ J/ Golz, t; 2, 7)|V (2, 7)|Go (2, 73y, s)dzdrdy
D D Js D
t
- / / Gola, t: 2,7V (2,7)| / Golz, 75y, 8)dydedr
s D D

t
< c/ / Gola, t: 2, 7)|V (2, 7)|dzdr < CNp(V).
s D

An induction yields

t
/|Jk(x,t;y,s)|dy§///|Jk_1(x,t;z,T)|V(z,T)|G0(z,T;y,s)dszdy
D pJs Jp
t
SC’//|Jk_1(x,t;z,7‘)|V(z,7')|dzd7'
s D

t
gc{;*/ / Gola, t; 2, 7YV (2, 7)|dzdr (Na(V))F~!
s D

< Gy (N (V)"

where k = 1,2, ... and Cj is a constant. Now from (3.1) we have

/ Gl iy, )y < 3 / T, 5) dy
D k=0 D

(3.9 <c+/t/DGo(x,t;z,T)|V(z,T)|dsz§:c{;(Nh(v))k

k=0

<C+ Y CENa(V)".
k=1
When CoN,(V) < 1,

[ 166ty sy < c.
D
This finishes the proof of Proposition 3.1. q.e.d.

The remaining two propositions in the section deal with the first variables of the
Green’s function.

Following the above argument and replacing N (V') by N/ (V), we have
Proposition 3.2. There exists hg > 0 such that the following statements are true
when 0 < h < hg.

@) 1G99z ) < Co. 1<p < (nt2)/n.

(b) [|V.G(., .;y,s)||L,,(Q;S) <Ci, 1<p<(n+2)/(n+1).

(¢) [p |Gz, t;y, s)|de < Cs, when 0 <t —s < h.

Here Q,J;,S = D x [s,s+h] and ho, Cy, C1 and Cs depend only on Gy and on the
rate of convergence of N; (V) to zero when h — 0.

In the next proposition we will extend the estimates in Proposition 3.2 to D x
[0,T7].
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Proposition 3.3. Let G be the Green’s function of (1.1). Suppose that V €
L>(D x [0,T]). There exists a constant C, depending on the rate of convergence
of Np(V) + N (V') to zero when h — 0 but not directly on ||V||1, such that

(@) 1G5 4, lo ooy < € 1< p < (n+2)/m;

(b) ||V$G(7 Y, S)”LP(DX[S,T]) <C,
here p < (n+2)/(n+1) and (y,s) € D x [0,T7;

¢) [plGx, t;y,s)lde < C, t>s.

Proof. We will only give a proof of (b). Statements (a) and (c¢) can be treated
similarly. Fixing any (y,s) € D x [0,T] we subdivide [s,T] into intervals with
length not greater than hg. The dividing points are

§=58) <81 <...<8m
with s; = s +iho and T € [$pm—1, Sm]-
Then

(3.10) ||V$G('7';y7s>||zl)}' (Dx[s,T]) = ZHV G(., 5y, >||LP(D>< [si—1,8:])"

i=1

When (x,t) € D X [s,_1, s;], using the reproducing property of G,

G(z,t;y,s) / /G:c t; 2i, 8i-1)G(2i5 Si—1; Zie1, Si—2)
.G(z1, 8139, 8)dz1dzs...dz;.
Hence for ¢ € C°(D x [si-1, si])

|/1 /VIG(x,t;y,s)qS(x,t)dxdﬂ
Si—1 D

S/ // /|va($,t;Zi,Si_1)¢(£L',t)|de'df G(Zi78i_1;zi_1,si_2)
D D Si—1 D

.G(z1, 8139y, 8)dz1dzs...dz;
S Cl||¢||Lp,(D><[Si71,5i])\/\ / G(zi,si_l;zi_l,si_g)...G(zl,sl;y,s)dzleQ...dzi
D D

S 0801||¢)| |L1’,(D><[S-;71,Si])'

Here the last two inequalities are derived from Proposition 3.2. It follows that
||V$G(7 ;y) S)||LP(D><[S»;717S7;]) S Cécla
which implies, through (3.10),

[IV.G(.,.;y,s )||LP(DXST Z Cicy)P =C5.

Here C5 depends only on hg, T', and Gy. This proves the proposition. q.e.d.

In the remainder of the section we will consider some comparison properties of
the Green’s function. We will use G’ to denote the Green’s function of equation
(1.1) with V replaced by another function U. Unless stated otherwise, all the
constants C' depend on the rate of convergence of Np(V) + N; (V) when h — 0,
but they do not depend on ||V||fe.
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Lemma 3.4. There are positive constants C, h such that

[1G'(.,59.8) — G, 59, 8) | e (Dxs,1)) < C Ni(U = V),
||VIG/(1 Y, S) - vl?G(v Y, S)”LP(DX[S,T]) <C N;;(U - V)a

when 0 <p < (n+2)/(n+1).

Proof. We will only prove the first inequality. The second one can be proven simi-
larly. By (3.1) we know that G and G’ respectively satisfy the next two relations:

G:Go—G*(VGo),

G/ = GO — G/ * (UGO)

Hence
(3.11) G'—=G=Gx[(V-U)Go] - (G'=G)*(UGy) =F — (G' —G) * (UGy)

and formally we have that
(3.12) G =G =Y (-1)FFx(UGo)*™.
k=0

Following the derivation of (3.6) in Proposition 3.1, we obtain

IG' (. 595 8) = G(s 5, )| Lo (D x[s,1))

(3.13) <
< CZ[Nh(U)]k sup |[F(., 52, 7)||Le(Dx[r,1))
k=0

(z7)

where p is a number larger than 1, 7 > s and 0 < T'— s < h. Since U is in the
parabolic Kato class, the right-hand side of (3.13) is convergent when h is sufficiently
small.

To estimate ||F||r» let us recall from (3.11) that

F=F(x,t;2,7)= / /D Gz, t; w, ) [V(w,l) = U(w,1)]Go(w, I; z, 7)dwdl.

Given ¢ € C*°(D x [r,T]), we then have

T
|/T /DF(w,t;Z,T) o(z, t)dzdt|
S/TT/D/:/D|G(:1:,t;w,l)[V(w,Z)—U(w,l)]Go(w,l;z,7)¢(x,t)|dwdldxdt

T T

:/ / / / (G 0, 1), )| dadt [V (w, 1) — U (w, 1)|Go(w, I 2, 7)dwdl
T D Ji D

<C Sullo IIG(., s w, l>||LP(D><[l,T])||¢||LP’(D><[Z,T])NZ(V - U).
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So by Proposition 3.2
(314) ||F('7';Z7T)||LP(D><[T,T]) < CN;:(V_U)7

when h is sufficiently small. Coupling (3.13) and (3.14) we obtain
(3.14")

G (5 ,8) = G 95 8) [ o(pxgsmyy < C Y [NG(U))F N (V=U) < ONji(V - U),
k=0

when T'— s < h.
In case T'— s > h we take a partition of [s,T] as

§=80<81 < .. <S8y =T,

where 511 —s; < h for j = 1,2,...,m — 1. The lemma will be proven if we can
show that

(315) ||G/(7 Y, 5) - G(a Y, S)||LP(D><[Sj,Sj+1]) < ON;;(V - U)

for each j = 1,...,m. To this end let us choose ¢ € [s;, s;4+1]. By the reproducing
property of the Green’s functions we obtain

G'(z,t;y, s) = Gz, t;y, 5)

= [ 16/ ti2.8)G 2 5y10.5) = Glants 2.8 Gl )
_ /D[G’(x,t;z,sj) Gt 2, 5))|C (20 55y, 8)d
+ [ Glantizs))i6 (i) = Glevsyin. s
Hence we have, for any ¢ € C(D x [s;, sj41]), [|8ll 10 (Dx(s;,5,527) < s
[ [t - 6ot ot e
< /D /Sm /D (G (a2, 55) — Gl £ 2, 5,)] bl )| dvdt G (2, 555y, 8)d=
[ ] 16555000, 01dett]6 ) = Gl )l

<NV [ Gtz +C [ 16609~ Gl

where we used (3.14”) and Proposition 3.2. Finally with the help of Proposition 3.3
and the next lemma we have that

Sj+1
|/ / (G’ (z,t;y,8) — G, t;y, 8)|o(x, t)dzdt| < C Ny (U —-V),
Sj D

which is (3.15). g.e.d.
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Lemma 3.5. There are positive constants C and h such that

/ |G/($7t;y75) - G(‘T?t;y?S)ldy < CNh(U - V)7
D

[ 16/ @ 15, - Glativ.s)lde < N0 - V)
D
In particular, if we take U = 0 then

/ Gz, t:y, 5)|dy < CNu(V).
D

Proof. Let us prove the first statement.
Step 1. By (3.11)

G (:Z:” t7y’ ) G(ZE, t7y,
= F(z,t;y,s / / G (z,t;2,7) — G, t; 2, 7)]U (2, 7)Go (2, T3y, 8)dzdT

and so
(3.16)

/ G (@, t:y,5) — Gla ty, 9)|dy < / Fla,t;y, 5)|dy
D D
t
+ / / G (@, t; 2,7) — Cla t;2,7)] [U(z,7)] / Go(z 7, 8)|dydz=dr
s D D
t
g/ |F(x,t;y,s)|dy + C / / |G (z,t;2,7) — G, t; 2,7)| |U(2,7)|dzdr
D s D

00t
< / F(a,tiys)ldy+C S / / IF % (UGo) ™ (. 2, 7)U (2, 7)|ddr,
D k=0"VS$ D

by (3.12).
To control the last two terms of (3.16) we observe that

/ [F(x, t;y, s)|dy
D
t
< [ [ (6@ tznVien ~Uel [ (Gt i ldy dedr
s D D
t
< C/ / |G(z,t;2,7)[V(2,7) = U(z,7)]|dzdT
s D
oot
< CZ/ / 1Go + (VGo)™ (2, t: 2, 7)[V (2, 7) — U(z, 7)]|dzdr.
k=0"/s /D
Following the argument in Proposition 3.1 we obtain, for a C; > 0, that

(3.17) / |F(x,t;y,s)|dy < C Z [C1(NL(V) + Nj(V)]F Nu(V = U),
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whenever 0 < t — s < h. Next, since

t
//|F*(UGO)*k(xthZ,T)U(Z,T)|dzd7'
s JD
t t
S////|F*(UGO)*k_1(:c,t;w7l) U(w, )Go(w,1; 2, 7)U (2, 7)|dwdldzdT
S D Jr D
¢ l
:/ / |F % (UGo)™ (x, t; 0, 1) U(w,l)|/ / |Go(w, ; 2, 7)U (2, 7)|dzdrdwdl
s D s D

t
gco/ / |F % (UG)™ (w0, 1) U(w, 1)|dwdl Nu(U),
s D

we can deduce, by an induction, that
t
/ / |F % (UGo)™* (2, t; 2, 7)U (2, 7)|dzdT
s D

gcc{;(Nh(U))k/t/ \Fla, t; 2, 1)U (2, 7)|dzdr
< C CFNy(U ////{|Gxtwl V(w, 1) — U(w, )]
 Golw, I 2, 1)U (2, 7)| Vdwdldzdr
g1y <o) [ [ {6 0w ) - vw)
/ /D|G0(w,l;z,r)U(z,7’)|}dzd7'dwdl

< C CHNA(U))FH! /t/D G, 1w, D[V (w, 1) — U(uw, )] | duwdl

< C CENMU)H S CHNA(V) + N (V)Y Nu(V — 0)
=0
< C CYNL ()N, (V = U),

when 0 < t — s < h, which is sufficiently small. Note that in order to go from the
third from last to the second from last term in (3.18) we used the fact that

/t/D |G, t; w, D[V (w,1) — U(w, 1)]|dwdl
S/S /DZ:|GO* (—VGO)*j(:r,t;w,l)[V(wJ) — U(w,1)]|dwdl

< CZ CI(Nw (V) + Ni(V))? No(V —U) (by the method in Proposition 3.1)
<CNh(V U) when 0<t—s<h.
Combining (3.16), (3.17) and (3.18) we have

(3.19) / G (2, 5) — Gla, t:y, )|y < CNA(V = U),

when 0 <t — s < h.



SINGULAR PARABOLIC EQUATIONS 2825

Step 2. In case t — s > h we take a partition of [s,t] as
§=580<81 <..<8n =1,

where s;11 — s; < h for j = 0,...,m — 1. Using the reproducing property of the
Green’s functions and denoting = by z,, and y by zg, we have

/ G (@, £y, 5) — Gl £y, 5)|dy
D

g/// {|G’(:c,t;zm_1,sm_l)...G’(zl,sl;y,s)
pJp Jp

— G(x,t; zm—1, Sm—1)---G(21, 51; 9, s)|}dzl...dzm_1dy

SZ/ / / H G(zl,sl;zl_l,sl_1)|(G'—G)(zj,sj;zj_l,sj_lﬂ
i=/pJp Jp, o7,
j—1
X H G'(z1, 815 21-1, S1-1)dydzy ...dzm—1
=1
SZCJ—l/ / { H G(zl,sl;zl_l,sl_l)
j=1 D JD =i

X / |(GI — G)(Zj, Sji%j—1, Sj_1)| de_l}de...dZm_l
D
(by (c) of Proposition 3.1)

< ch_l/ H G(z1, s1;21-1, 851-1)d2j...d2m 1 CNp (U = V)
j=1 DD -
(by (3.19))
< ON,(U - V).

Similarly we have
[ 16/ tiy5) = Glatiy.s)ide < ONIU V),
D

This concludes the proof. g.e.d.

We conclude this section with a corollary about the case when V' is not an L™
function.

Corollary 3.6. Suppose that V is in the parabolic Kato class. Then there exists
ho > 0 such that the following statement is true.

When 0 <t — s < hg the function G(x,t;y,s) given by (3.1) is well defined in
the sense that

(a) G(.,.;y,8) € LP(s,s+ ho; WHP(D)) for ap > 1;

(b) G(z,t;.,.) € LP(t — ho, t; WLP(D)) for ap > 1;

(c) G(.,t;y,5) € LY(D) and G(z,t;.,s) € LY(D).
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Moreover, all conclusions of Proposition 3.1, Proposition 3.2, Proposition 3.3,
Lemma 3.4 and Lemma 3.5 still hold for G.

Proof. Going through the argument of Proposition 3.1, Proposition 3.2, Proposition
3.3, Lemma 3.4 and Lemma 3.5, one finds that the boundedness of V is irrelevant
when 0 < t — s < hg. Hence the corollary is true. g.e.d.

4. PrROOF OF THEOREM A: THE INITIAL-DIRICHLET PROBLEM

Proof of Theorem A.
Step 1. Construction of the Green’s function. For any positive integer k
define

—k, ift V(x,t) < —k;
Vie(z,t) = ¢ V(x,t), it —k<V(x,t) <k;
k, it V(z,t)> k.

Thus Vj is an L function and limy_,o Vi (z) = V(z) a.e. Moreover

Ni (Vi) + Nj (Vi) < N (V) + Ny (V),
Np(Vi, = V) + N (Vi = V) — 0, when k — o0

for any h > 0.
By the standard theory we know the existence and uniqueness for the Green’s
function Gg(z,t;y, s) of the operator Hy, defined by

"0 ou ou
Hyu(z,t) = Z %(aij (Lt)%j)(x,t) — Vi(z, tu(zx, t) — E(:g?t) =0.
ij=1 """

In view of Lemma 3.4, for a p > 1 and h > 0 and positive integers k and k1,
||Gk(7 Y, S) - Gk:1 ('7 Y, S)HLP(S,T;WLP(D)) < CNZ(Vk - Vkl)

Hence the sequence {Gx(.,.;y,5)} is convergent in LP(s,T; W1P(D)) norm for a
p > 1. Moreover there is a constant C' independent of k and p such that

1Gx (-5 59, 8)||Le(s,ywrr (D)) < C.

Definition. Our candidate G(z,t;y, s) for the Green’s function of (1.1) is defined
in the following way.

(i). Let ho be the positive number in Corollary 3.6. When 0 <t — s < hg ,
(4.0) G(.,y,8) = klirn Gr(.,5y,8) in LP(s,s+ ho; WHP(D)).

Note that the limit exists by Corollary 3.6.
(ii). When ¢ € (s + jho, s+ (j + 1)ho] for a positive integer j,

G($7t;y78)5/ / G(z,t; 2,5 + jho)...G(21,5 + ho; y, s)dzj...dz.
D Jp
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By Corollary 3.6, in the case 0 < t — s < hg, G(z,t;y,s) is explicitly given
by (3.1), which means G = Y ;2 Go * (—VGp)**. We also need some explanation
about the integrals in (ii).

Claim. The integrals are well defined for for a.e z and a.e. y with respect to n-
dimensional Lebesgue measure respectively.

Proof of the claim. Without any loss of generality let us show that the claim is
true for G(z,t;y,s) = [, G(x,t;2,5 + ho)G(2,5 + ho; y, s)dz, where t < s+ 2hg.
Obviously Corollary 3.6 is applicable to G(x, t; z, s+ho) and G(z, s+ho; y, s). Hence
by Fubini’s theorem

/ / G(z,t; 2,8+ ho)G(z,8 + ho;y, s)dzdx < C,
DJD
/ / G(z,t; 2,8+ ho)G(z,8 + ho;y, s)dzdy < C.
DJD

Therefore we know that the claim is true by Fubini’s theorem once again. This
proves the claim.

In view of Corollary 3.6 and the last claim, we know that GG thus defined satisfies
all the properties given by Propositions 3.1, 3.2, 3.3 and Lemmas 3.4, 3.5. In fact all
arguments in the last section can be made for G without a change. So when we use
these propositions and lemmas from section 3, we will include G. For convenience
we list some of the properties:

(4 1) { ||Gk7(7 -;975) - G(7 ';y78)||LP(s,T;W1)P(D)) < CN}T(Vk - V)7 h > 0;
' Ip |Gr(z, t;y,5) = Gz, t;y,5)|dy < ONp(Vi, = V) (from Lemma 3.5).

We are going to show that G is indeed the Green’s function of the operator in
(1.1). To this end we need to show, for a function f € C§°(D), that the function

U(x,t)E/DG(fr,t;y,S)f(y)dy

satisfies
(). u is a weak solution of (1.1). This means, for any ¢ € C§°(D x [s,T)),

T n
/ /D{— Z aij(zat)%u(z,t)%qb(x,t)

(4.2) i,j=1
—V(z, t)u(z, t)p(x, t) + u(z, t)g—f(x, t)}dxdt =0.
(ii).
(4.3) lim u(z,t) = f(x).

t—st

(iii). Given (zo,to) € dD X (s,T] and {(xy,tm)} C D x (s,T], which converges
to (2o, tp) when m — oo,
lim  u(xpm,tm) =0.

m—00
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u e C°([0, T); L*(D)) N L(0, T; Wy *(D)).

The proof of the statements above is divided into several steps.
Step 2. Proof of (4.2). Let us verify (4.2) first. By the standard theory in
[A], the function

Uk(x,t)E/DGk(x,t;y,S)f(y)dy

is a weak solution of Hy and hence satisfies
(4.4)

T 9 o T
_/S /D Z a;j %uk(x,t)a—xiqb(x,t)dxdt - /S /D Vie(z, t)ug (2, t)d(x, t)dzdt
T ad)
—|—/ ug(x, t)a—(x,t)d:z:dt =—-A, — B, +C,=0.
s D t

Given a function n € C§°(D x [s,T]), we have

T
|/S /Duk(%t)vmn(x,t)dxdﬂ
T
.y / /D /D Gl £, 5) f (y) Vo (e, t)dyderd|
T
=|/Df(y)/ /DGk(x,t;y,s)an(x,t)dxdtdm
T
oy /D f(w) / /D V., Gi(a try, ) (e, )dedtdy]

< ||f||L1(D) sup || V.G (., ';y75)||LP(D><[S,T])||77||LP/(D><[S7T])
Y,s

n+2 "
< C eyl e (pxpsmys P < nr 1’ by Proposition 3.3.

Hence there is a constant C' independent of & such that
(4.5) [|Veur||r(pxs,m) < C.
On the other hand
fur(20) ~ u(ayt)] =] [ (Galastives) = Glasti ) Fwi
D

<c / Gilz,try,5) — Gle, by, 5)|dy
D
< C Np(Vi, = V) (by Lemma 3.5).

Hence

(4.6) klim ug(z,t) = u(x,t) uniformly.
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In view of (4.5) and (4.6) we can find a subsequence of {uy}, which is still called

{ug}, such that
lim Vyur = Vyu, weakly in LP.

k—o0

This immediately tells us that

(4.7) hm Ay = / / Z a;j(z, t (w t) 88 ¢(x, t)dxdt.

i,j=1

Next we notice that
T
By = / / Vie(z, t)ug(z, t)p(z, t)dxdt
s D
T
[ [ [ vite.6uetiy5) £l Oy
s D JD

_ / ' /D V(a, Oz, )o(z, t)dudt

- /ST /D /D V(z, )Gz, t;y, s)f(y)o(x, t)dydxdt.

and

Hence

|Bi, — B|
T
g/ / / Vie(2, )G (@, £ 9, 8) — V(s )G a, 1, )| |F ()bl 1)) dydadt
<C / / / |[Vi(x, )G (z,t;y,8) — V(z,t)G(x, t;y, s)|dydxdt
<c / / Vi) — V(. 1) / G, sy, s)dydedt
s D D
T
+C/‘/WWMH/W@@¢%®—G@u%ﬂ@Mﬁ
s D D
T T
< c/ / Vi(z,t) — V(x,t)|dxdt+0/ / \V (@, )| dzdt No (Vi — V),
s D s D

Here the last inequality is obtained by using Lemma 3.5 with an adequate positive
number h.
Now it is clear that

(4.8) hm By, —/ / (x,t)u(x, t)o(z, t)dxdt.

Finally, it is easy to see that

. T ¢
(4.9) lim Cj =/ / u(z,t) = (x, t)dzdt.
k—o0 s D ot
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Substituting (4.7), (4.8) and (4.9) into (4.4), we deduce (4.2).
Step 3. Proof of (4.3). Next we will show that (4.3) is valid. When 0 <
t — s < hy, clearly we have the following expansion (see (3.1)):
(4.10)
G(z,t;y, s)

= Go(@,:y,5) + Go x HGo(2,:,5) + .. + Go + (HGo) ™ (@, 1, 5) + ..
=Go(z, t;y,8) + Ji(z, ty,8) + .o + Ji(x, ty, 8) + ..oy

where HGo(x,t;y,s) = Hy1Go(z, 85y, s) = =V (z,t)Go(x, t;y, 5).
Since Gy is the Green’s function of Hy we have

(4.11) lim/ Go(z,t;y,8) f(y)dy = f(x).

t—s

Next,
| /D (@ tiy,8)f (y)dy) = | /D / /D Go(a,t; 2,7)V (2,7)Co(z, 75y, 5) f (y)dzdrdy|
t
< / /D Golz, t; 2,7V (z,7) /D Golz, 71, 8)|/ ()| dydzdr

¢

ngup|f|/ / Go(z,t; 2, 7)V (2, 7)dzdr
D s JD

< sup |f| CNi—s(V).

An easy induction yields
(1.12) | [ DiGa i) )] < suplf| OV (V)]

Hence - -
> / (@, t:y.8) f(y)dy| < sup|f| D [CNe—(V)]F.
k=170 D k=1

It follows that

(4.13) lim Z/D Je(z, t;y,s)f(y)dy =0

t—s

since limy_,s Ny—s(V) = 0.
Combining (4.10) with (4.11) and (4.13), we obtain

lim [ G(x,t;y,s)f(y)dy = hm/ Go(z,t;y,s)f(y)dy = f(x).

t—s D t—s

In fact, if only f € Co(D), then (i), (ii) still hold.
Step 4. Proof of (iii). In view of (3.9) we have

|u(z, t)] S/ Gz, ty, )| f(y)ldy < C/ G(z,t;y, 5)|dy

<C/ |Go(z, t;y, s )|dy—|—C’/ / Go(z, t;2,7)|V (2, 7)|dzdT ZC’O (Na(V))F)

k=0
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for all ¢ such that 0 <t — s < h. When h is sufficiently small it follows that

¢
(4.14)  |u(z,t)] SC/ |G0(x,t;y,5)|dy—|—C/ / Go(z, t;2,7)|V (2, 7)|dzdT.
D s D

According to Theorem 9 in [A], Go(z,t;2,7) is continuous as a function of (z,1)
in D x (r,T] for each (z,7) € D x (s,T]. Hence for (zg,ty) € 0D x (s,T] and
{(Zmstm)} C D x (s,T] such that lim,,—co(Zm, tm) = (2o, t0),

lim [ [Go(Tmstm;y,s)|dy = 0.

To control the last term of (4.14), recall that there is a constant C' such that

2
—exp(—a|x | ).
(t —T)n/2 t—7

Go(fatﬂ'ﬂ') S

Hence for any € > 0, there is an 1 > 0 such that, for all (x,t) € D x (s,T],

¢
/ / Go(z,t; 2, 7)|V (2, 7)|dzdT < €/2.
t—m J D

On the other hand, the dominated convergence theorem implies

tm—mn
/ / Go(@oms b 2, 7YV (2, 7)|dzdr < €/2
s D

whenever m is sufficiently large. But then we have

tm
/ / Go (T, tm; 2, 7)|V (2, 7)|dzdT < €.
s D

This shows, via (4.14), that

lim w(zp,, tm) =0

m—00

for ¢ such that 0 < t — s < h, which is sufficiently small.
In the case when t — s > h we can choose an s; > s such that 0 <t —s; < h.
Then by the reproducing formula of the Green’s function we have that

et = | [ Glatiys)fw)ay]
:|/D/DG(x,t;z,sl)G(z,sl;%s)f(y)dzdy|gC /D|G(;g,t;z751)|dz'

The last term of the above inequality can then be treated in the same way as before.
Step 5. Proof of (iv). First we show that u € L2(0,T; W, *(D)). Recall from
step 1 and step 2 that

(4.15) 1@@=LWMMWM@
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and
(4.16) ur(z,t) = /D Gl t;y,5) f(y)dy.

From Lemma 3.5 we know the existence of a constant C' independent of k such that
(417) (201 < 1 fllco) [ [Grlotiv.s)ldy < C.

Moreover uy, € L2(0,T; Wy*(D)) is the weak solution of the following problem:
V(AVuy) — Vieug, — (ug)e = 0,

(4.18) ug(z,t) =0 when (z,t) € 9D x [0,T],
uk(z,0) = f(x).

Proceeding along the lines of [A] by choosing adequate test functions, we have

T
/ /|Vuk(x,t)|2dacdt+ sup / lug (z,t)|*dzx
0 D te[0,71J D
T
<c [ VwPae+c [ [ W0l 0Pds.
D o Jp

Taking into account (4.17), we conclude from the previous inequality that

T
(4.19) //|Vuk(x,t)|2dxdt§0.
0 D

Here C'is independent of k.

Now we know that {uy} is a weakly compact sequence in L2(0, T; W, *(D)). On
the other hand we know from (4.6) that limg_,oc ux(x,t) = u(z,t). Hence it is clear
that

we L0, T; Wy *(D)).

Next we show that u € C°([0,T]; L?(D)). Since uy, is a weak solution of (4.18), we
know it is continuous in D x (0,7). By (4.6), limy— oo ug(x,t) = u(zx,t) uniformly.
Hence u is also continuous in D x (0,7). Moreover u is bounded because uy, is
uniformly bounded. Now it is clear that

t1—t

(4.20) lim / lu(z,t1) — u(x, t)|*de = 0,
D

which means u € C°([0,T]; L?(D)). This proves (iv) and Theorem A. q.e.d.

Finally we would like to explain why Theorem B is an immediate consequence
of Theorem A.

Proof of Theorem B. Following the argument in the proof of Theorem A, we know
a weak solution of the initial-boundary value problem is given by

ula, 1) = /D Gz t:y,0) f(y)dy — / /D G, t,, 8)g(y, s)dyds.



SINGULAR PARABOLIC EQUATIONS 2833

Hence we only need to show the uniqueness. More specifically we need to show that
the only bounded weak solution to the following problem is zero:

V(AVu) = Vu —uy =0,

(4.21) u(z,t) =0 when (x,t)€ 0D x[0,T],
u(z,0) = 0.
We can rewrite (4.21) as

V(AVu) — u = Vu,
u(z,t) =0 when (x,t) € 0D x[0,T],
u(z,0) = 0.

Since Vu € L'(Q), we have that

(4.22) u(x,t):—/o /DGo(x,t;y,s)V(y,S)U(y,S)dde-

Here we have used Lemma 6.4 at the end of the paper to justify (4.22). We reassure
the reader that the proof of Lemma 6.4 is independent of any arguments that
precede it.

Let M(t) = sup{|u(y, s)| |(y,s) € D x [0,t]}. Then (4.22) implies

(4.23) M(t) < C M(t)N(V).
Since V is in the parabolic Kato class, Ny(V) < 1 when ¢t is sufficiently small. In

this case, (4.23) implies M (t) = 0. Applying this process repeatedly, we find that
u=0. q.ed.

5. AN UPPER AND A LOWER BOUND FOR THE GREEN’S FUNCTION

The proof of the Harnack inequality depends heavily on an upper and a lower
bound for the Green’s function of our equation. These bounds are given in the next
few lemmas.

Lemma 5.1. There exist positive constants C' and hg such that

|G(z,t;y,8)| < C/(t—s)"2, 0<t—s<hg.

Proof. We again start with formula (3.1), which is

Glz,ty,5) =) Gox (HGo)™(x,t;9.8) =) Julw, t;y,9)
k=0 k=0

where HGo(x, t;y,s) = —V(x,t)Go(z, t;y, S).

We would like to show, for a constant Cy and k = 1,2, ..., that

C5[Nw(V) + N (V)]*
(t —s)n/2

(5-1) [Tk (2, t;y,5)| < , 0<t-s<h.

We shall use induction.



2834 QI ZHANG

First of all there is a constant A such that

2
e —yfy 4

1
(5.2) Golx,try,5) < Az——s exp(—a SG—ae

(t —s)n/2 t—s

Next

t
ity s)| = | / / Golz, t; 2, 1)V (2,7)Golz 73y, s)dzdr]
s D

iy o — 2 1 |z — yl2
2 - _— —
<A /S /D TESTE exp(—a P WV (z,7)] T exp(—a - YdzdT

tts t
=A2/ ’ /...dsz+A2/ /...dsz.
s D = JD

When 7 € [s, 2], t — 7 > (t — 5)/2; when 7 € [%2,t], 7 — s > (t — 5)/2. Hence

A22n/2 |Z _y|2
|J1(, 5y, 8)| < — Ty / / |V(z,7) )n/2 exp(—aﬁ)dsz

A22n/2 | Z|2
(t—s) n/2 / / t—7) n/Q exp(—a o WV (z,7)|dzdr.

This means

A22n/2

(5.3) |1 (2, b5y, 8)| < m[

Np(V)+ Ny (V)]

Now assuming, for a constant Cy and when 0 <t — s < h,

CEINa(V) + N (V)]

4 t; =
(5 ) |Jk(xa 7y15)| = (t—S)n/2 ’

we get

t
|Jk+1($7f§y75)| = |/ / Jk(:E?t;sz>V(zaT>G0(zaT;y7S)dZdT|
t+s
(5.5) / / (£ 2, 1)V (2, 7)o 2, 73y, )| dedr
—|—/ / |Ji(z,t; 2, T)V (2, 7)Go(z, T3y, 8)|dzdT.
4= JD
When 7 € [s, 2], we have, by (5.4),

CEINW (V) + Ny (V)I* _ 2"2CEINW(V) + Ny (V)]*,

t; <
| Je(z,t;2,7)| < (t — 7)n/2 = (t —s)n/2 ’




SINGULAR PARABOLIC EQUATIONS 2835
when 7 € [22,#] we have 7 — s > (t — 5)/2, and hence

A on/2 A

G . < < .
| O(Z7T7y7s>| = (T_S>n/2 - (t_s>n/2

Going back to (5.5) we obtain the inequality

| Jet1(z, L5y, 5)]

t+s

n/2ck * k 5
< 2n2Cyh [Nh(V):;QNh(V)] / / |V(z,7’)Go(z,7';y7 S)|dzd7'
) -
2n/2A t
(5.6) + (t— s)n/2 [+5 /D|Jk($,t;z,7')V(z,r)|dzd7-
= (t — 5)7/2 s ANy (V)

2n/2A t
+m/s /D|Jk($7f7Z7T)V(z7T)|dsz.

To estimate the last term of the preceding inequality, let’s observe that
t
//|Jk($,f;Z,T)V(Z,T)|dZdT
s D
t t
= / / |/ / Ji—1(z, t;w, )V (w, 1) Go(w, ; z, 7)dwdl| |V (z,7)|dzdT
s D T JD
t !
< / / / / |Go(w, l; 2z, ")V (2, 7)|dzdT |J—1(z, t; w, 1)V (w,)|dwdl  (Fubini)
s DJs JD
t
<4 Nh(V)/ / T (2, 6 w, DV (w, 1) duwdl.
s D
Therefore an easy induction gives us, for k = 1,2, ...,
t
(5.7) / / T, 2,7)V (2, 7)|dedr < AL [N, (V)]F+
s D

Combining (5.6) with (5.7), we deduce that

|Jk+1 (:L'a t; Y, S)'

2"PCEINK (V) + Ny (V) 224 e k1
< P AN;(V) + = S)H/QA LN, (V)])FF
5.8
(5.8) < (2n/2c(l)cA+ 2n/2Ak+2)[Nh(V) + N;{(V)]]H_l 7 1) -
— 3"
1
k+1 * k+1

Here Cj is chosen as a number larger than or equal to 2 max{2"/2A, 2"/2A2}. This
proves (5.1).
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The rest of the proof is straightforward. Invoking (3.1) and (5.8), we obtain

Glo )| < =ysors + 2 CEINMV) + NV G
k=1

Since V belongs to the parabolic Kato class, we can find a positive constant hg such
that

(5.9) Co[Np(V) + Ny (V)] <1

whenever 0 < h < hg. It follows that

(5.10) Gl tiy,5)] < —C

7m, O<t—8§h0

This proves the lemma. q.e.d.

Based on the method used in Lemma 5.1 we will be able to give a lower bound
for the fundamental solution and the Green’s function.

Lemma 5.2. Suppose I'(x,t;y, s) is the fundamental solution of (1.1). Then there
is a C such that

L(z,tyy,s) >

> gy (Ol =yl = ).

Proof. Tt is clear that (3.1) and (5.8) remain valid when G(z,t;y, s) is replaced by
I'(x,t;y,s). Moreover there is a B > 0 such that

B
Lo(z,t;y,s) > m

when |z — y|? <t — s. This yields, via (3.1) and (5.8),

B

(5.11) Dz, ty,8) 2 ———75 — i C5[Nu(V) + Ny (V)]* :
k=1

(t —s)n/2 (t —s)n/2”
We can therefore take a constant h so that

B
5.12 I'(z,t; >
( ) (‘T? 7y75)— 2(t—5)n/2

whenever |z —y|? <t —sand 0 <t—s < h.
As indicated in [FS2] (cf. Theorem 2.7), an estimate such as (5.12) implies the
desired lower bound. We refer the reader to that source for details. q.e.d.

In what follows, G (z,¢;y, s) denotes the Green’s function of (1.1) with zero
boundary data on 0B(&, R) x (0,00).
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Lemma 5.3. For each 6,y € (0,1) there is an € > 0 and Ry > 0 such that

€

G(&-,R) x? t; 75 Z T/ cP|
R ]
for all, x,y € B(£,6R) and s < t satisfying yR* <t —s < R*> < RZ.

Proof. The proof of the lemma is a copy of that of Lemma 5.2.
By Lemma 5.1 in [FS2],

€ S C
|B(&,6R)| — (t—s)"/%

G (2, t,y, 5) >

Using (3.1) and (5.8) we obtain

1

R ' * k
el )(gc,ty,s)z — n/2 ZC [Np2(V) + Nga (V)] (t— sz

When R is sufficiently small we know that
> CEINg(V) + Npa (V) < C/2
k=1
for all ¢, s such that 0 < t — s < R2. Hence
C
GER (¢ >
q.e.d.

6. PROOF OF THEOREM C: THE HARNACK INEQUALITY

In the following we use the notation m(R) and M(R) to denote, respectively,
the minimum and maximum values of u = u(z,t) on B(£, R) X [s — R%,s]. In the
next lemma we will make the additional assumption that V' € L°°. However as
demonstrated in the proof, all the constants involved are independent of the L
norm of V. This independence is crucial in the proof of Theorem C later on, when
we will remove the extra assumption on V via a limiting argument.

Lemma 6.1. Suppose u is a non-negative weak solution of (1.1). For each 6 €
(0,1) there is a p € (0,1) such that for all (§,s) € R™ x R:

(6.1) Osc (u;€,5,6R) = M(6R) — m(6R) < pM(R)

whenever R is sufficiently small.

Proof. Set S = {z € B(&,6R)|u(x, s — R?) > (M(R) + m(R))/2}.
Case 1. Assume that |S|/|B(§,6R)| > 1/2.
By Lemma 5.3, when (z,t) € B(£,0R) X [s — §°R?, s],

S €IB(&OR)|

G (z,t:y,s — R)dy > 221 > ¢,
/(g R) [B(§,0R)|
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Hence for the same (z,t),

u(zt) — e m(R) > / (uly. s — B2) — m(R)GE (. t:y, s — R)dy
B(¢,R)

> / (u(y, s — R?) — m(R))GER) (., 5 — B)dy
S

M _
> M/ G(E’R)(x,t;y,s _ Rz)dy
S

- 2
S M(R) —m(R) €|S]
- 2 |B(£, 0R)|
> S(M(R) —m(R))
and so . 3¢
m(6R) > ZM(R) + Zm(R)
It follows that
M(SR) — m(6R) < M(R) ~ m(6R) < (1~ OM(R) — Sm(R),
which implies
(6.2) M(SR) —m(8R) < (1 — E)M(R).

In other words, we can take p =1 — 7.
Case 2. Assume that |S|/|B(§,6R)| < 1/2.
First we observe that M (R) — u is a non-negative weak solution of the equation

H(M(R) —u) = —VM(R).
Hence for (z,t) € B(&,6R) x [s — 62R?, 5],

M(R) — u(x, 1) > / (M(R) — uly, s — B)GER (x, 1,5 — R?)dy
(6.3) BER

t
+ / / V(z, )M (R)GEH) (2, t; 2, 7)dzdr.
s—R? JB(¢,R)

We need to control the second term of the right-hand side of (6.3). According to
(3.1) and (5.7), we can find a positive constant b such that

t
|/ / V(Z,T)G(£7R)($,t;Z,T)d2d7'|
s—R? JB(¢,R)
t
g/ / IV (2, )G (2,8 2, 7)|dzdr
t—2R? J B(¢,R)
0ot
<[ [ ltatien) Vel
i—oJt—2r2 JB(¢,R)

<Y AR Nopa (V)P < b
k=0
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when R is sufficiently small. Moreover we can choose R so small that
(6.4) 0<b<e/8.

Hence (6.3) yields

M(R) — u(x,t) > /B . R)<M(R) —u(y, s — R))GE (x,t;y,s — R?)dy — b M(R),

which shows that

(1+b)M(R) — u(x,t) > /B(S o (M(R) — u(y, s — R2))G(£’R) (z,t;y,s — R?)dy

> / (M(R) — u(y. s — B2)GED (x, t,y,s — R?)dy
B(£,6R)—5

> M/ G(E’R)(x,t;y,s _ Rz)dy
2 B(¢,6R)—S

M(R) — m(R) e |B(&,6R) — S|

= 2 B(E.0R)]
> J(M(R) - m(R))
and so ‘ c
~M(6R) = (7 — 1~ H)M(R) - Jm(R)
and

M(SR) < (14b— E)M(R) +Sm(R).

By (6.4), we have

M(SR) < (1 — g)M(R) + Sm(R).

Therefore

< (1= HM(R) (1= ))m(R)
< (1- HM(R).

Taking p =1 — g, we complete the proof. q.e.d.

We are now ready to prove a special case of the Harnack inequality. Except for
some modifications the proof is the same as that of Theorem 5.4 in [FS2], but for
completeness we reproduce it in the sequel.

Theorem 6.2 (Harnack inequality, a special case). In addition to the hypothesis
of Theorem C we assume that V € L>®(Q). Let 0 < o < f < 1 and § € (0,1)
be given. Then there exist M > 0 and Ry > 0 such that for all (x,s) € R™ x R,
all positive R < Ry and all non-negative u € C*®(B(x, R) x [s — R?,s]) satisfying
Hu =0, one has

u(y,t) < Mu(z, s)
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for all (y,t) € B(x,6R) x [s — BR?, s — aR?]. Here all the constants depend on the
rate of convergence to zero of Ni(V')+ N, (V) when h approaches zero, but they do
not depend on the L norm of V.

Proof. By translation and rescaling we may and will assume that (x,s) = (0,0)
and R = 1. Also, we assume that u(0,0) = 1.

From Lemma 5.3 we know that there is an € > 0 such that for all r € [—1,¢]
and A > 0:

1=wamz/G@Wummmwmwm
> AlS(r, )|

where S(r,A) = {n € B(0,3(1+96)) | u(n,r) > A}.

Next let p be the constant in Lemma 6.1 and set 0 = (1—p) and K = $(1+1/p).
Also define r(\) = (2/QnecA)/™ for A > 0, where Q,, = |B(0,1)|. Now suppose
that (y,t) € B(0,3(1+6)) x (=1,a) and A\ > 0 are such that u(y,t) > X and
B(y,2r(X\)) x [t —4r(X)2,1] € B(0, (1 +6)) x [-1,q].

Since, for r € [—1,a], |S(r,Ao)| < 1/ecA and |B(y,r(\))| = 2/ec A, there is an
n € B(y,r(\)) such that u(n,r) < oA. Hence Osc (u;y,t,7(N) > u(y,t) —u(n,r) >
(1—0)); and so, by Lemma 6.1, there is a (y/,t') € B(y, 2r()\)) x [t —4r()\)?,t] such
that u(y’,t') > %Osc (w;y,t,r(X)) > %(1 —o) A=K

Finally, define M by the relation

P(M) = 2(1 = 5)(1 = 6)(1 ~ /K",
and suppose that there were a (y,t) € B(0,6) x [, —a] such that u(y,t) > M.
Then by the preceding paragraph, we could inductively find (ym,, tm), m > 0, such
that (yo,t0) = (y,t), and (Ym,tm) € B(y,2r(K™M)) X [tm — 4r(K™M)? t,,] C
B(0,%(1+6)) x [~1,0], and w(ym,tm) > K™M. But this would mean that u is
unbounded in B(0, (1 4 6)) x [~1, ], and so no such (y, t) exists. g.e.d.

Now we are ready to give the

Proof of Theorem C (Harnack inequality). Note that Theorem 6.2 is not in its most
general form, since V needs to be an L function. However, to remove this extra
assumption and to obtain the Harnack inequality in its entirety (Theorem C) we
only need the following lemma about approximation. If we assume for the moment
that the lemma is true, we have thus completed the proof Theorem C. g.e.d.

Lemma 6.3. Suppose u is a weak solutoin of equation (1.1) in D x [0,T]. Then
w is the L-local limit of {u,,}, where u,, is a weak solution of (1.1) in which V is
replaced by V. Here Vy, € L°(D x [0,T]) and V,,, = V a.e.

Proof. According to the definition of weak solutions,
u e C°([0,T); L*(D)) N L*(0, T; W"2(D)).

Choose a smooth subdomain D; and a, b such that D; x [a,b] C D x (0,T).
Let n € C§°(D x [0,T]) be such that n(z,t) = 1 for (z,t) € Dy X [a,b]. Then
nu € L2(0,T; W, %(D)) satisfies

H(nu) = V(AV (qu)) = Viu — (qu). = f,
(6.5) nu(z,t) =0 when (z,t) € 9D x [0,T],

nu(z,0) =0,
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where f = V(A(Vn)u) + (Vn)AVu — un,. Evidently f € L?(0,7; W~12(D)).
Now let us consider the following problem:
(6.6) Um(z,t) =0 when (z,t) € 9D x [0,T],
Um(z,0) = 0.

According to Theorem 40.1 in [T] and since V,,, € L>°(D x [0,T]), problem (6.6)
is well-posed in C°[(0,T); L?(D)] N L*(0, T; W, *(D)). Comparing (6.5) with (6.6),
we know that u,, — nu satisfies

V(AV (um —nu)) = (un — )y = Vin(un — nu) = (Vi = Vnu,
(6.7) (U, —nu)(z,t) =0, when (z,t) € 9D x[0,T],

(um —nu(z,0)) =0,

in the weak sense. By the next lemma, which will be stated and proved subse-
quently,

(68) (um —nu)(t) = — / /D Gon (2,8, 5) (Vin (41 8) — V(31 8))uy, 5)dyds.

By Proposition 3.3, there is a constant C' independent of m or (y, s) such that

T
/ / |G (2, 5y, 8)|dedt < C.
s D

Hence (6.8) implies

T T
/0 /D |tm (2, t) — nu(z, t)|dedt < C /0 /D (Vi (y, 8) — V(y, 8))uly, s)|dyds.

The right-hand side of the preceding inequality converges to zero by the dominated
convergence theorem because Vu € L(D x [0,T]) and |V,,,| < |V].

Note that f|p,x[a,s = 0. Hence u,, is a weak solution of H,(um,) = 0 in
Dy X [a,b]. Moreover u,, — u a.e. in Dy X [a,b]. So except for verifying (6.8), we
have thus proved Lemma 6.3. g.e.d.

Equation (6.8) is a direct consequence of the following Lemma 6.4, whose proof
is independent of any arguments we have made so far.

Lemma 6.4. Assume that V € L>(Q) and f € L*(Q), and suppose
u € CO([0,T; L*(D)) N L*(0, T Wy *(D))
is a weak solution of

Lu=V(AVu) — Vu—u, = f,
(6.9) u(z,t) =0, when (z,t) € 0D x[0,T],
u(z,0) = 0.
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t
- / / Gt 5)f (4, )dyds,
0 D

where G is the Green’s function of L in Q.

Then

Proof. The result in this lemma may be known. But since we are unable to find an
exact source, we give a proof for the sake of completeness.

Using the notation w(z,t) fo Jp Gz, t;y,5)f(y, s)dyds, we need to show
that u(x,t) = w(x,t).

Given ¢ € C*(Q), we first consider the following initial-boundary value problem
for the conjugate operator of L:

V(AVY) =V + ¢ = ¢,
(6.10) ¢(x,t) =0, when (z,t) € 9D x[0,T],
oz, T) =

By the standard theory in [T], this problem has a unique solution ¢ satisfying
¢ € L*(0,T; Wy *(D)), ¢ € L2(0,T; W~13(D)).

This implies that ¢ € C°([0, T]; L*(D)), ¢ € L>®(Q) and

(6.11) / / (x,t;y, $)Y(x, t)dxdt.

For simplicity we write ¢ = M*(v).
Now using the definition of w and Fubini’s theorem, we have

/OT/Dw(%tW(JZ,t)d:cdt
- / T / / t / G(x,t;y,5)f(y, s)dydsy (x, t)dwdt
/ // /GI Y(x, t)dzdt f (y, s)dyds

:/ /M*(w)(y,s)f(y,s)dyds.
o JD
In short,

(6.12) /0 ! /D wipdzdt = /0 ' /D M* () fdadt

for all 1 € C>(Q).
Next we turn our attention to u. We wish to show that

(6.13) /O ' /D wipdadt — /0 ' /D M*(4) fdudt
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for all ¢» € C°°(Q). Once (6.13) is established, from it and (6.12) we conclude that
u=w a.e.

The proof of (6.13) starts with the following observation. From (6.9), by the
definition of weak solutions, for all n € C*°(Q) such that n = 0 on (9D x [0,T]) U
(D x{T}),

(6.14) / / —AVuVny — Vun + un]dedt = / / fndxzdt.

Choose a sequence of positive definite matrices {A4,,} of C* functions and a se-
quence {V;,, } of C*° functions such that A,;, — A a.e. and Vi, — V a.e. respectively.
Let 7, be the unique C*°(Q) solution of the following problem:

V(AmvnM> = Vinlim + (nm>t =1,
(6.15) Nm(z,t) =0, when (x,t) € 0D x[0,T],
D (z, T) = 0.

Obviously (6.14) still holds when 7 is replaced by 7,,, i.e.

T T
/ / [—AVUVD, — Vung, +u (nm)¢]dedt = / / fmdzdt,
o Jp o Jp

or equivalently

(6.16) (u, V(AVD) = Vm + (0m) / / fnmdzdt.

Here ( ., . ) means the pairing of an element in L2(0,T; W, *(D)) with an element
in the dual space L*(0,7;W~12(D)). We remark that |[nm||r=(g) is bounded
independently of m.

Now suppose that ¢ is the function given by (6.10), then

VARV (m = ) = Vin(m — @) 4+ (i — &)¢

= V(A= An)Ve) + (Vi — V)9,
(647 (= 6)(z.1) =0, when  (2,1) € 0D x [0.7],

According to the theory in [T], there is a constant C' independent of m such that

[10m — @llL20,mwr2(0yy + [|(m — D)ellL20,75w-1.2(Dy)
(6.18) < CIVI(A=An)Ve) + (Vin = V)|l L2(0,7;w-12(D))
< C (A= An)VllLz@) + Cll(Vi = V)ollL2(q) — 0.

Combining (6.16) with (6.18), we obtain

(6.19) (1, V(AVS) — Ve + ) = / / Fodd.



2844 QI ZHANG

Finally, from (6.10),

T T
/0 /D updzrdt = (u, V(AVP) — Vo + &) = /0 /D fodadtdxdt.

This proves (6.13) and the lemma. q.e.d.

Remark. 1t is a pleasure to thank the referee for observing that condition K can be
relaxed to
}1111% sup[Np(V) + Ny (V)] < e

for some sufficiently small constant e.

We conclude the paper by posing an open question.

Question: Does condition K on V imply a Gaussian upper bound for the funda-
mental solution of (1.1)? In other words, are there constants C7, Co depending on
T such that

C1 |z —y|"
I x,t; §) < ———ex —C E— ?
(a7y))—(t_5)n/2 p( 2 t—s )
Herez,ye R"and 0 <t—s<T.
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