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STOCHASTIC FUNCTIONAL DIFFERENTIAL EQUATIONS DRIVEN
BY LEVY PROCESSES AND QUASI-LINEAR PARTIAL
INTEGRO-DIFFERENTIAL EQUATIONS'

BY XICHENG ZHANG
Wuhan University

In this article we study a class of stochastic functional differential equa-
tions driven by Lévy processes (in particular, a-stable processes), and ob-
tain the existence and uniqueness of Markov solutions in small time inter-
vals. This corresponds to the local solvability to a class of quasi-linear partial
integro-differential equations. Moreover, in the constant diffusion coefficient
case, without any assumptions on the Lévy generator, we also show the ex-
istence of a unique maximal weak solution for a class of semi-linear partial
integro-differential equation systems under bounded Lipschitz assumptions
on the coefficients. Meanwhile, in the nondegenerate case (corresponding to
AY? with o € (1, 2]), based upon some gradient estimates, the existence of
global solutions is established too. In particular, this provides a probabilistic
treatment for the nonlinear partial integro-differential equations, such as the
multi-dimensional fractal Burgers equations and the fractal scalar conserva-
tion law equations.

1. Introduction. Consider the following multi-dimensional fractal Burgers
equation in R¥:

(1) du=vA*?u — (u-Vu), t>0, up=g,

where u = (u', ..., ud) and v > 0 is a viscosity constant, and AY? with o € 0,2)
is the usual fractional Laplacian defined by
: (x+2) —ul)
A2y (x) :=lim XY Y 4.
= e T i

This is a typical nonlinear partial integro-differential equation and is regarded as a
simplified model for the classical Navier—Stokes equation when « = 2. Recently,
there has been great interest in studying the multi-dimensional Burgers turbulence
(cf. [2, 17]), the fractal Burgers equation (cf. [3, 6, 11]) and the fractal conservation
law equation (cf. [7]), etc. All these works are based on the analytic approaches,
especially the energy method, Duhamel’s formulation and the maximum principle.
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The purpose of the present paper is to give a probabilistic treatment for a large
class of quasi-linear partial integro-differential equations. Let us first introduce the
main idea. By reversing the time variable, one can write Burgers’ equation (1) as
the following equivalent backward form:

) du+vA*?u — (u-Vu) =0, 1 <0, ug=g.

Now, consider the case of ¢ = 2, and for a given smooth solution u;(x) €
Cp° (R?: R%) to the above equation, let X; ¢(x) solve the following stochastic dif-
ferential equation (abbreviated as SDE):

(3)  dX, (x) = —us(X; 5 (x))ds +v2vdW,,  se[t,0], X, (x) =x,

where (Wj)s<o is a d-dimensional standard Brownian motion on R_ := (—o0, 0].
By It6’s formula and the Markov property of the solution, it is well known that
“) ur(x) =Eo (X 0(x)).

Conversely, assume that (u#, X) solves the implicit system (3) and (4); then u also
solves the backward Burgers’ equation (2). This type of implicit stochastic dif-
ferential equation has been systematically studied by Freidlin [8], Chapter 5; see
also [4, 16].

Let us now substitute (4) for (3); then

dX; s (x) = —[Ep(X5000)ly=x, ,(x) ds + 20 AW,
s e€[t,0], X;s(x)=x.
As the Markov property holds, one can write the above equation as a closed form,
6)  dX,(x) = —ET (X, 0(x))ds +vV2vdW,,  se[t,0], X, ,(x) =x,

where %, s :=o{W, — W, :r € [t, s]}, and EZts denotes the conditional expecta-
tion with respect to .%; ;. The question is this: Suppose that the stochastic equa-
tion (6) admits a unique solution family {X; ;(x):t <s <0,x € R4 }. Does u;(x)
defined by (4) solve Burgers’ equation (2)? To answer this question, the key point
is to establish the following Markov property: for all f; <, <3 <0 and x € R,

) E702 (p(Xy0(0)) = E@(X s 0D y=x,y () 2.

so that equation (6) can be written back to (5). This is not obvious since SDE (6)
involves a conditional expectation operator. On the other hand, one can replace the
Brownian motion in equation (6) by an «-stable process, as is done in [18], so that
we can give a probabilistic explanation for the Burgers equation (2).

Basing on this simple observation, in this paper we are mainly concerned about
the following general stochastic functional differential equation (abbreviated as
SFDE) driven by a Lévy process (L;);<o:

dX 15 (X) = Gy (X15— (), EP (¢5(X,..(x))) dLs,

&)

(3
se[t,0], X;:(x)=1x,
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where .%; ;=0 {Ly — Ly :s" <s’ <s}, G and ¢ are some Lipschitz functionals
(see below). In Section 2, we are devoted to proving the existence and uniqueness
of a short time solution as well as the Markov property (7) for equation (8) un-
der Lipschitz assumptions on G and ¢. Moreover, a locally maximal solution is
also achieved. Since Lévy processes usually have poor integrability, we have to
carefully treat the big jump part of Lévy processes. Compared with the classical
argument in Freidlin [9], it seems that SFDE (8) is easier to handle since it is a
closed equation.

Next, in Section 3 we apply our results to a class of quasi-linear partial integro-
differential equations (abbreviated as PIDE) and obtain the existence of short time
solutions. Here, we discuss two cases: G and ¢ satisfy linear growth conditions,
but Lévy processes have finite moments of arbitrary orders; G and ¢ are bounded,
but equation (8) has a constant coefficient in the big jump part. This is natural since
only the big jump is related to the moment of Lévy processes.

In Section 4, we turn to the investigation of the following system of semi-linear
PIDEs (nonlinear transport equation):

dur + Lous + (G (x, up) - V)uy + Fr(x,u) =0,

©) {(t,x)eR_ x R4, up(x) = p(x) e R,

where Ly is the generator of the Lévy process given by (15) below. It is observed
that the following scalar conservation law equation can be written as the above
form:

(10) {8t”t + Lou; +div(g, (x, us)) + fi(x,u;) =0,

(t,x) e R_ x RY, uo(x) = p(x) e R.

In particular, the one-dimensional fractal Burgers equation (2) takes the above
form. In equation (9), since there are not any analytic properties to be imposed
on Ly, one can not appeal to the Duhamel formula or the energy method to give an
analytic treatment. In this situation, the probabilistic approach seems to be quite
suitable. In fact, by using purely probabilistic argument, we shall prove in Theo-
rem 4.2 below that PIDE (9) admits a unique maximal weak solution in the class
of bounded Lipschitz functions. In the nondegenerate case (corresponding to the
subcritical case for Lo = A%? with « € (1, 2]), the existence of global solutions
is also obtained by applying some gradient estimates. We mention that for the
one-dimensional Burgers equation (1), it has been proved in [11] that the global
analytic solution does exist for « € [1, 2], and the finite time blow up solution also
exists for a € (0, 1). However, in the critical case of « = 1, the existence of global
solutions for the general equation (9) is left open.

We conclude this introduction by introducing the following conventions: The
letter C with or without subscripts will denote a positive constant, whose value
may change in different places. If we write T = T (K1, K>, ...), this means that T
depends only on these indicated arguments.
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2. A stochastic functional differential equation: Short time existence.

2.1. General facts about Lévy processes. Let (L;);er be an R™-valued
Lévy process on the real line and defined on some complete probability space
(R, %, P), which means that:

e (L;);er has independent and stationary increments, that is, for all —oo < #; <
) <--- <t, <400, the random variables (L;, — Ls,...,L;, — L; ) are in-
dependent, and the distribution of L, — Ly does not depend on s.

e For P-almost all w € €2, the mapping ¢ — L;(w) is right-continuous and has
left-limit (also called cadlag in French).

Let .4/ be the total of all P-null sets. For —oo <t < s < +00, define
Frs=0{L, — Ly;r,r €(t,s]}v AN,
By the independence of increments of the Lévy process, it is easy to see that for
—00 <t <t <t3 <400, F 1, and F;, 1, are independent. For simplicity of
notation, we write
Fs=F_oos Gy = \/ Ft.
r<s

It is clear that %, C %, if t < s, and s — %, _ is left-continuous. Moreover, L_

is .#;_-measurable. Throughout this paper, we shall work on the negative time
axes R_ := (—o0, 0].

REMARK 2.1. For any measurable process 7 € LYQ, %, P),s <0, by the
predictable projection theorem (cf. [14], page 173, Theorem 5.3), there always ex-
ists a predictable version of s — E(n,|.%;—), which will be denoted by EZs- (ns).
Moreover, for any & € L' (Q, %, P), by the regularization theorem of martingales
(cf. [14], page 64, Proposition 2.7 and page 65, Theorem 2.9), we have

ngm@% &) =E7- () =E7"(¢) as,

where the second equality follows by P{L; = L;_} = 1 and a monotone class
argument.

By the Lévy—Khintchine formula (cf. [1], page 109, Corollary 2.4.20), the char-
acteristic function of L, is given by
E(e'slr) = exp{t[ib & —E'AE +/ [¢¥% —1—ik -z1|z|§1]u(dz)“
Rl’ﬂ
— o VE),

(11)

where W (&) is a complex-valued function called the symbol of (L;);<o, and b €
R™, A € R™ x R™ is a positive definite and symmetric matrix, v is a Lévy measure
on R™, that is, v{0} = 0 and

(12) / 1 A Jz]Pv(dz) < +00.
RW!
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We call
(13) = (b, A,v)

the characteristic triple of L;. If 5 =0, A =0 and v(dz) = sz}n—zﬂt, where « € (0, 2),
then L; is the «-stable process with the Lévy exponent ¢;, |£|%, and its generator
is the fractional Laplacian A%/? by multiplying a constant oot

By the Lévy-It6 decomposition (cf. [1], page 108, Theorem 2.4.16), L; can be
written as

(14) Li=bt+ WA+ ZN(t,dz) +/ ZN(1,d7),
lzl<1 l2I>1

where WIA is a Brownian motion with covariance matrix A = (a;;), N (¢, dz) is the
Poisson random point measure associated with (L;);<o given by

N(@,T):= Y Ip(Ly—Ls), TeBR"

t<s<0

and N (t,dz) := N(¢t,dz) —tv(dz) is the compensated random martingale measure.
Here, (W,A),Eo and (N (¢, dz));<o are independent. The generator of L, is given by

1
Lou(x) = Ea,-ja,-aju + b; 0;u
(15)
# [T+ 2 =) = gz ]v(@2).

Here and after, we use the usual convention for summation: the same index in a
product will be summed automatically.

In the following, we denote by D the space of all cadlag functions from R_
to R, which is endowed with the locally uniform metric p. Notice that this metric
is complete, but not separable. For given t < 0 and cadlag function £ : [¢, 0] — R?,
we extend f to R_ in a natural manner by putting f(s) = f(¢) for s < ¢ so that
feD.

2.2. A general case. In this subsection, we consider the following general
SFDE in R? driven by the Lévy process (Ls)s<o:

16) Xy =g+ | ]Gr(Xt,r,,E”“”‘r—wr(xt,.)))du, t<s<0,
t,s
where &€ € %, G:R_ x RY x R¥ - R4 x R™ is a measurable function, and
¢:R_ x D — R¥ is a uniformly Lipschitz continuous functional in the sense that
|5 (@) — ¢s ()]

17 l¢llLip := sup  sup ; < +00,
sER_ w#w' eD p(w, @)

where p (@, @) 1= 37, 27" (1 A sup;c_, oy l0(s) — @'(s)]) is the locally uniform
metric on .
The definition about the solutions to equation (16) is given as follows:
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DEFINITION 2.2. For fixed t < 0 and & € .%;, an (%)-adapted cadlag
stochastic process Xy =: X; (&) is called a solution of equation (16) if for all
s €z,0],

X;=t+ [ G(X,—,EP (¢ (X))dL,  as.
(t,s]

For T < 0, we say that equation (16) is (uniquely) solvable on (7, 0] (or [T, 0]) if
forall t € (T, 0] (ort € [T, 0]) and & € .%;, equation (16) has a (unique) solution
starting from & at time .

REMARK 2.3. In this definition, it has been assumed that ¢,(X.) € L' (2,
Z0, P) so that EZr- (¢»(X.)) makes sense by Remark 2.1, and further the stochas-
tic integral with respect to the Lévy process in the definition makes sense.

Below, we make the following assumptions on the coefficients and the Lévy
measure v:

(Hg) For some Ko, K; >0andall s <0, x,x' € R, u, u’ € R¥,
|G(0,0)] < Ko, |Gs(x,u) — Gs(x',u")| < Ki(Jx — x'| + [u —u']).
(H,/f) For some 8 > 0,

f 1z|Pv(dz) < 400.
lz|>1

REMARK 2.4. Condition (Hf ), which is a restriction on the big jump of the
Lévy process, is equivalent to saying that the S-order moment of the Lévy process
is finite; cf. [15], Theorem 25.3. It should be noticed that for «-stable process,

condition (Hfj ) is satisfied only for any 8 < «.

Now we prove the following result about the existence and uniqueness of solu-
tions for equation (16) in a short time.

THEOREM 2.5. Assume that (Hg) and (Hg) hold for some B > 1, and ¢ is
a Lipschitz continuous functional on 1D; see (17). Then there exists a time T =
T(Ky, <, B, ¢llLip) < O such that equation (16) is uniquely solvable on [T, 0]
for any LP-integrable initial value & € F; in the sense of Definition 2.2, and for
some C =C(T, Kg) andany t € [T, 0],

(18) E( sup 1X:,,6)1") < CEIgI’.
s€[t,0]

Moreover, if ¢ = x € R is nonrandom, then for any t € [T, 0), the unique solution
X5 is % g-measurable for all s € [t, 0].
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PROOF. We prove the theorem for § € (1, 2). For g > 2, the proof is similar
and simpler. Fix ¢ < 0, which will be determined below. For £ € LA, Z, P),

set X t(os) =¢, and let X t(';) be the Picard iteration sequence defined as follows: for
neN,

(19) x" =g+ ; ]Gr(Xﬁ”r_”,E% (6 (X" ")) dL,.
.8

Set
Zt(,,? = XZ(TV—H) - Xt(fv)'

Using the Lévy-Itd decomposition (14), one can write

z® = / G . N (dr. dz)
’ (t,s]/|z|<1
+ / G™ . N (dr,dz)
(t,s1J1z|>1
+ | GW.bdr+ | G™WdwA

(t,s] (t,s]
= 1" (s)+ I (s) + I (s) + 11 (s),

where

G" =G, (x"

t,r—>s

E7 (@ (X{7) = Gr (X1, BT (9 (X271))).
By Burkholder’s inequality (cf. [10], Theorem 23.12) and Young’s inequality,
thanks to 8 € (1, 2), we have that for any ¢ € (0, 1),

IE( sup ]Il(”)(r)]ﬁ>
relr,0]

5 B/2
§CE</ / G - z|*N(dr, dz))
(,0] J|z|<1

B/2
=ce( swp (g [ [ (g P nan)
(t, Z|I<

relt,0]

< eE( sup |Qr(”)|‘3) + C.E / / IG™|P - 121>N (dr, dz)
0,01 JIz1<1

relt,0]

= eE( sup |Q,(")|ﬁ) + C,JE(/ / 1677 1z]Pv(dz) dr)
1,01 J |z <1

relt,0]

< (e + Celt] f|| 1 |z|2v<dz>)]E( sup [G]").
zZ|<

reft,0]
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Here and below, the constant C or C; is independent of ¢ and n. For 12")(s) by
Itd’s formula, we have

E( sup }Ién)(r)]ﬂ)

relt,s]

SE(/( ]-/II 1||I2(n)(r—)+gr(n),z|ﬂ B {12(n>(r_)|ﬂ|N(dr’dZ)>
t,s]J|z|=

:E(/(r 5] /z|>1‘|12(n)(r_) + g 'Z|/8 - |Iz(n)(r—)|ﬁ|v(dz) dr)

<C (,/(t,s]‘ ) (I’)‘ dr )+ C ,/z|21|Z| v(dz) f(w]\gr ‘ dr ),

which then implies that by (Hﬂ ) and Gronwall’s inequality,
E( sup 1" (") = ClelE( sup [61F).
relt,0] reft,0]

Similarly, we have

E( sup (")) < (el - 1) E( sup [ ”).

relt,0] reft,0]

and for any ¢ € (0, 1),

E( sup [1{"()|") < ¢ + CeleDE( sup [G]7).
relt,0] re(t,0]

Combining the above calculations, we obtain that for any ¢ € (0, 1),

20) E( sup |27") < (e + Celt)) - E( sup [g|7).
relt,0] refr,0]
Noticing that by (Hg),

9171 = K2 (12027 + I Iap 7= ( sup |24 ).

and in view of 8 > 1, we further have by Doob’s maximal inequality,

E( sup |Z%|7) < (e + CeltCoE( sup \Z(f’;”\f’).
se(t,0] s€[t,0

Now, let us choose

and then for all r € [T, 0],

e
(n)
1) E(SEE%JZ 7)< SE
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On the other hand, notice that
Zy =Xy —g= | GAXET4©)dL,
As above, and using Gronwall’s inequality, it is easy to derive that

(22) E( sup Z)|") < CElg/P.
s€(t,0]

Hence, there exists an (-%;)-adapted and cadlag stochastic process X; s such that

23 lim E( su X(") X 7)) =

( ) n—00 ( [tp()]’ t’S’ )

By taking limits for equation (19), it is easy to see that X, solves SFDE (16).
Moreover, estimate (18) follows from (21), (22) and (23). The uniqueness is clear
from the above proof.

Suppose now that £ = x is nonrandom. From the Picard iteration (19), one sees
that for eachn e Nand s € (7,0], X ,(f? is .%#; s-measurable. Indeed, suppose that
X ,(f’s_l) is .#; s-measurable for each s € (¢, 0], and then it is clear that ¢, (X ,(f’,_l))
is independent of .%;. Noticing that for r > ¢, %, =.%; ,_ vV .%; and .%; ,_ is
independent of .%;, we have

B (0, (X2 ) =E7 (0, (X))

By induction method, starting from equation (19) with & = x, one finds that X t("s) 18
also .#; -measurable for each s € (¢, 0]. So, the limit X; ; is also .%; s-measurable.
O

REMARK 2.6. In this theorem, if G;(x,u) = G4(x) does not depend on u,
then the short time solution can be extended to any large time by the usual time
shift technique.

2.3. A special case. In Theorem 2.5, since we require § > 1, the result rules
out the a-stable process with o € (0, 1]. In this subsection, we drop assumption

(H’f ) in Theorem 2.5, and consider the following special form:

X =&+ Gr(Xs,—,EZ=(¢r(X;.))) - ZN(dr, dz)

(5] J]zl<1

+ / f zN (dr,dz)
(5] /]z|=1

Ty O K E7"~(¢(X,.))) - bdr
.8

+J, ]Gr(xf,r_,E”(«z»(xt,.)))dw;“,
8

(24)
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where & € .%;. In this equation, the big jump part has a constant coefficient. In
order to make sense for the integrals, we need to assume that G and ¢ are bounded.
We have:

THEOREM 2.7. In addition to (Hg), we assume that G is bounded, and ¢
is a bounded Lipschitz continuous functional on D. Then there exists a time
T =T (K1, <, ¢llLip) < 0 such that SEDE (24) is uniquely solvable on [T, 0].
Moreover, if € =x € R4 is nonrandom, then foranyt € [T,0), the unique solution
X5 is % g-measurable for all s € [t, 0].

PROOF. Fort <0Oandé& € .%;,set X ,(f)s) =&,and let X t(”s) be the Picard iteration
sequence defined as follows:

x" =¢ —i—/ / zN(dr, dz)
(1,51 /1z|=1

+/< ]f| G XL BT (0 (1)) 2N da)
t,s z7|l<

(25)
+, G BT (X)) b
[
+ ], G BT (g () dw
,8
Set
zZ" = x —x ™,
Then

Zt(,’? = / gr(n) : Zﬁ(dr, dz) + [ gr(") -bdr + / glgn) dWrA,
(t,s]V|z|<1 (t,5] (t.5]

where
G = Gr (X, BT (9 (X)) = G, (X BT (9 (X17).
Notice that |G\ < 2||G |s0, and by (Hg),
(n)|2 2(|7(n=1)2 2 (T n=D\\2\ _. &)
6717 <2k (125" P + 11, (B (szl[?01|2t’s ))) =0

By Burkholder’s inequality and (12), we have

2
E( sup ‘/ / gr(") .zﬁ(dr, dz) ) < CE(/ / |gr(n) _Z|2N(dr, dz))
selt,011/(,s] Jz| <1 (t,0] J|z|<1

< CltllE( sup @5”)>.
relt,0]
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Here and below, the constant C is independent of ¢ and n. Similarly, we have

2
IE( sup G . bdr > < C|t|2E< sup <I>§"))
selt,0]1Y(2,s] ret,0]
and
2
IE( sup / G awA ) < C|t|IE( sup CI>£”)>.
set,0]1Y(2,s] relt,0]

Combining the above calculations and by Doob’s maximal inequality, we obtain
—-1)2
B( sup [2) = ColtB( sup @) =yl sup [257P).
selt,0] relt,0] selt,0]
Now, let us choose

1
2C,°

and then for all ¢ € [T, 0]

1
(n) (n 1] (1)

su Z < E su Z <. <= su Z
(re[t%]| ’ ) (re[t%]| | ) N o <re[t%]| { ) N 2n

Hence, there exists an (.#;)-adapted and cadlag stochastic process X, ; such that

(n) _ 2\ _
nll?éoE(s:E%]'Xt’s Xis| ) =0.
By taking limits for equation (25), it is easy to see that X; ; solves SFDE (24). The
remaining proof is the same as in Theorem 2.5. [

2.4. Markov property. In this subsection, we prove the Markov property for
the solutions of equations (16) and (24), which is crucial for the development of
the next section.

We first show the continuous dependence of the solutions with respect to the
initial values.

PROPOSITION 2.8.  In the situation of Theorem 2.5, fort € [T, 0], let €™ & €
LB(Q, %, P). If €™ converges to £ in probability as n — 0o, then X,(fls) con-
verges to X; s uniformly with respect to s € [t, Q] in probability as n — oo, where
{X,(fv); t <s <0} and {X;s;t <s <0} are the solutions of SFDE (16) correspond-
ing to the initial values £™ and & .

PROOF. Define

— (] —&| 1) e .
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Then we can write

L, (X — X, )= 14, (E™ — &) + f / 14,6 - ZN (dr, dz)
(t,5] J)z|<1

+f / 14,6 - zN(dr, dz)
(.51 J]z|=1

+ | 14,6 - bdr+
]

(t,s

] lAnglgn) dWrA’

(t,s

where
G = G (X BT (X)) = Gr(Xpr— BT~ ($(X,.)))-
Asin (21), we can prove that for all ¢ € [T, 0],

(26) E(1a, sup [X() = Xpul") < CE(1,[§™ — &),
s€[z,0]

where C is independent of 7.
Now, for any ¢ > 0, we have

Pl sup [X{% = X | = e} < Pl1a, sup X[ — X, | > e} + P(A)
se(t,0] s€(t,0]

1 () B c
< (14, S:E%]}Xz,s ~ Xol") + P(4})

C X
< 5E(1, 6" —€]") + P(ap).

The proof is then complete by letting n — co. [

REMARK 2.9. In the situation of Theorem 2.7, the conclusion of this propo-
sition still holds, which can be proven by the same procedure.

The following lemma is a direct consequence of the uniqueness of solutions.

LEMMA 2.10. Suppose that SFDE (16) is uniquely solvable on the time inter-
val (T,0]. Then forall T <t; <t <t3 <0and & € F;,, we have

(27) th,t3(Xf],t2(S)) = Xt1,l‘3(é) a.s.

Moreover, forany T <t <s <0, x; eRe i=1,...,n and disjoint A; € F;,i =
1,....,nwithJ; A; =R,

(28) X1.s (Z 1 Aix,~> =) 1aXis(xi)  as.
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PROOF. ForT <t <t <s <0, we can write
Xi,s() =X1,(6) + /(tm Gr(Xsyr—(€).BF~ (@ (X, €))L,  as.
On the other hand, if we set
Yy =Xy s(X4y.1,(8)) Vs € [, 0],
then Y, satisfies

Yy =Xy0E) + ]Gr<Yr_,E‘g“r-<¢(Y.))>dLr as.

(2,8

Equality (27) follows by the uniqueness.
As for (28), noticing that for all r € (¢, 0],

Y 1A, G (X = (x50), BT (@ (X1 (x)))

=3 G (I, Xer— (i), L, EZ= (0 (X, (x))))

=G, (Z lAi X,,r_(xi), ]Egr_ (¢r (Z lAi Xl‘,~(-xi)))>7

it follows by the uniqueness as above. [
Now we can prove the following Markov property.

PROPOSITION 2.11. In the situation of Theorem 2.5 or Theorem 2.7, let
{X:s(x); T <t <s <0} be the solution family of SFDE (16) or (24). Then for
any T <t1 <thp<tz3<0,x € RY and bounded continuous function ¢, we have

(29) E72 (0(Xn15(0))) = E@X iy 0D ly=x,y ) a5,

PROOF. We only prove (29) in the case of Theorem 2.5. By Proposition 2.8,
the mapping y = E(¢(X,,1,())) := @ () is continuous. So, P (X, 1, (x)) is F,-
measurable. Thus, for proving (29), it suffices to prove that for any A € .%;,,

E(Ia@(Xt,15(x))) = E(AAP(Xy, 1, (x))).

Let&™ = Z;":”l x; 15, be a sequence of simple functions, where x; € Re, A € F
disjoint and |J; A; = €2, and such that

£ X, (%) in L as n — oo.
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By Proposition 2.8 again, we have
27

E(1a¢(X1, 1)) 2 B a@(X 115 (Xiy 1 (X))

= nliIgoE(lAw(Xlz,B(s(n))))

My
28) .
2 lim_ 2 E(ala ¢ (Xry s ().
1=
Since Xy, 1, (x;) is #4, 1,-measurable and independent of .%#;,, we further have

mp

E(La@(Xy, 5 (0)) = Tim > E(Ix1a,®(x))
i=1

= lim E(14®(§")) = E(1A ®(Xr,,1,(x))).-

The proof is complete. [J

2.5. Locally maximal solutions. Now, suppose that ¢ takes the following
form:

0
(30) b @) =g+ [ fr@rd,  weD,
where ¢ :R? — RF and f:R_ x R? — RF satisfy that for some K> > 0 and all

seR_and x,x' € RY,
(31) lp(x) — (X + 1 fs(x) — f(xX)] < Kalx — x|

In this case, we have the following existence result of a unique maximal solution.

THEOREM 2.12. Assume that (31), (Hg) and (Hf) hold for some B > 1. Then
there exists a time T =T (K, K>, &7, B) € [—00, 0) such that SFDE (16) is solv-
able on (T, 0] for any initial value x € R, and if T is finite, then

Jur () — uy ()]

32 lim ||u ip.-— Su =400,
(32) fimllup= swp S
where
0
(33) ur(x) :=E(¢(Xt,o(x))+/t fs(Xz,S(X))dS>-

Moreover, the family of solutions {X; s(x), T <t <s <0,x € R%Y} is unique in the
class that forall T <t) <th <t3 <0and x € R4,

X6 € LXQ, Fi 6, P, Xy = Xips Xy, (0)) s,
We also have the following uniform estimate: for any T’ € (T, 0) and x € R?,

(34) sup E( sup X, (0)|) < Cp .
te[T’,0] s€(t,0]
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PROOF. First of all, let 71 be the existence time in Theorem 2.5. By (26),
there exists a constant C = C (K1, K5, &/, ) > 0 such that for all x, x’ € R4 and
t €T, 0],

E( sup [Xps(x) = X5 ()IF) = Cle —x'1P.
s€(t,0]

Using this estimate and (31), it is easy to check that
lur, lILip < +o00.

Next, we consider the following SFDE on [z, T1]:

Xt,s(x) =x+ Gr<Xt,r—(x)’
(t,s]

T
B (uﬂ K@)+ [ X ) dr/)) dL,.

Repeating the proof of Theorem 2.5, one can find another 7> < 77 so that this
SFDE is uniquely solvable on [73, T1]. Meanwhile, one can patch up the solution
by setting

Xis(x) :=X1 (X, (x)) Vs €[T1,0], 1 €[T2, T1].

It is easy to verify that {X;s(x), 7> <t <5 <0,x € Rd} solves SFDE (16) on
[73, O]. Proceeding this construction, we obtain a sequence of times

O>T1>T>--->T, | T,
and a family of solutions
{Xis(x), T <t <s<0,x R,

From the construction of 7', one knows that (32) holds. As for the uniqueness, it
can be proved piecewisely on each [T, T;,—1]. Estimate (34) follows from (18) and
induction. [

REMARK 2.13. By this theorem, for obtaining the global solution, it suffices
to give an a priori estimate for [[ur||Lip = [|Vur | co-

The following result can be proved similarly. We omit the details.

THEOREM 2.14. Inaddition to (31) and (Hg), we assume that G, ¢ and f are
uniformly bounded. Then there exists a time T = T (K1, K3, &) € [—00,0) such
that SFDE (24) is solvable on (T, 0] and estimate (32) holds provided T > —oc.
Moreover, the family of solutions {X; s(x), T <t <5 <0,x € R4} is unique in the
class that forall T <t <th <t3 <0and x € R4,

th,l‘z(x) € <gzl‘l,tz’ Xt1,t3 (X) = Xl‘z,l‘3 (th,l‘z(x)) a.s.
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3. Application to quasi-linear partial integro-differential equations. In
this section, we establish the connection between stochastic functional differen-
tial equations and a class of quasi-linear partial integro-differential equations. For
this aim, we consider ¢ taking the form of (30) and assume that for some k € N,
(Hy), G, f and ¢ are continuous functions in s, x,u, and for any j =1,...,k,
VIiGy(x,u), V/ fs(x), \ ¢(x) are uniformly bounded continuous functions with
respect to s € R_, where V/ denotes the jth order gradient with respect to x, u.
We also denote

(35) H = sup (|[VGslloo + IV filloo) + I Vel co-
seR_

Under this assumption, it is clear that (31) and (Hg) hold. Let u;(x) be defined
by (33). By Theorem 2.12, the mapping x — u,(x) is Lipschitz continuous. How-
ever, it is in general not C2-differentiable since we have poor integrabilities for
VX; s(x). We shall divide two cases to discuss this problem.

3.1. Unbounded data and v has finite moments of arbitrary orders. In this
subsection, we consider equation (16), and assume that (Hy) holds for some k > 3,

and (H’g ) holds for all 8 > 2. In this case, we can write
Lt:Bt+WtA+/ ZN(t9dZ)’
Rm

where b := b + Jiz1=12v(dz) € R™.

Let T < O be the maximal time given in Theorem 2.12 and {X; ;(x), T <t <
s <0,x € R} the solution family of equation (16). For simplicity of notation,
below we shall write

gt,r = gt,r (x)
(36)

o 0
= G (X 0. B7 (90000 + [ X0 ) ).

Let g:R? — R* be a C?-function with bounded first and second order partial
derivatives. By Itd’s formula (cf. [1], page 226, Theorem 4.4.7), we have

g =g+ [ [ e 469 s

— 38(X, )Gz Iv(dz) dr
(37) )
+ ( ]3ig(Xt,r—)g;,]rbj dr

t,s

1 g
+3 f( 00180X, G AGy ) dr + M
1,8
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where

ME, = /( | / lg(Xsr—+Grr - 2) — g(Xer )IN(dr, d2)
t,s m

+) ]aig(x,,r_)gf{;d(vvf‘)f

t,s

is a square integrable (.%; ;)-martingale by (34). Here and below, the superscript
“t” denotes the transpose of a matrix.

Fix t € (T,0] and h > 0 so that t — h € (T, 0]. By taking expectations for both
sides of (37), we have

1 g g g
Z[Eg(xt—h,t) —g)] =1y (h) + I (h) + I5 (h),

where

1 '
= B[ [ e+ G2 — g Ximin)

— 08Xy n )G 2/ 1v(d2) dr),

= 5( [ agxingl, bar).
h t—h ’
1 t N

1= 3 B( [ 80800y, G- dr).
2h t—h

We have:
LEMMA 3.1. Ash | 0, it holds that
g _ _ 9. ij .
I{ (h) — A@m [g(x + % (x) 2) —g(x) — 3ig()¥’ (x) - z;]v(dz),

I5(h) = 8;g0)F (bj,  IE(h) — 18;0;8(x)(Z(x) A%, ()Y,

where
G(x) = G,(x, E(w(xt,o(x» + Y X ) ds)).

PROOF. We only prove the first limit, the others are analogous. By the change
of variables, we can write

1
Ilg(h) = E(./O _AI‘W (e(Xi—nt—hs + Gt—n,1—hs - 2)

= 8 Ximrm) = D8 XininIOL g e 2 ds ).
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Notice that
Xz—h,t—hs(x) - X

- / f G (x) - 2N (dr, d2) + Grnr(x) - bdr
(t—h,t—hs] m ( 1

t—h,t—hs

4 f Gr—nr (x) AW
(t—h,t—hs]
=:J1(h) + Jo(h) + J3(h).

By the isometric property of stochastic integrals, we have
5 t—hs )
P =E([ 7 [ 1Gn zPrar)
t— m

<iE( s (G P [ 1ePr)

relt—h,t—hs]

<ChE(1+ sup (X n,(0P) Do asnyo,
relt—h,0] ’

where in the last inequality, we used Doob’s maximal inequality and that G, ¢
and f in definition (36) of G, , are linear growth in x and u, respectively. Similarly,

E|Jh)|> +E|J3(h))>—0  ash 0.
Hence, for fixed ¢, s, x,

38 limE[X, —x*=0.
(38) hlil(} | t—h,t hs(X) — x|
Noticing that
1
(39) g<x+y>—g(x)=y-f0 Vg(x +0y) dd,
we have
EIg(Xi—hi—hs + Gr—ni—ns - 2) = 8 Xi—ni—hs) = %8 (X1—ns=ns)Gr " p s—psZj]

1
- E‘( /0 (98 (Xehsns + 0 1ns - 2) — aig<Xz_h,f_hs>]de>

ij )
X gt—h,t—thJ

(34)
< CEIGrnsPleP <CE(1+ sup [X,p,(0)P)IzP < ClzP,
relt—h,0]
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where the second-to-last inequality is the same as above, and the constant C is
independent of £, s, z. Thus, for proving the first limit, by the dominated conver-
gence theorem, it suffices to prove that for fixed s € [0, 1] and z € R™,

1 N
E((/o [10ig(Xi—n,t—hs +0Gt—n,t—hs - 2) — 0i&(Xt—n,1—hs)] d9>gf_h’,_hsz1~>

1 y
— </0 [0ig(x + 0% (x) - 2) — 0ig(x)] dG)%I" (x)z; ash 0.

By (38) and Remark 2.1, this limit is easily obtained. [

We also need the following differentiability of the solution X; (x) with respect
to x in the L?-sense.

LEMMA 3.2. For any p > 2, there exists a time T, = Ty(p, k, o/, %) €
(T,0), where of is defined by (13), and % is defined by (35), such that for any
T, <t <s <0, the mapping x — X; s(x) is Ck_l-diﬁ‘erentiable in the LP-sense
and forany j=1,...,k—1,

sup sup E|V/X,  (x)|P < +oo.
xeRd s€[1,0]

PROOF. Since the proof is standard (cf. [13], Theorem 39 or [12], Section 4.6),
we sketch it. Let {¢;,i = 1,...,d} be the canonical basis of R4. For § > 0 and
i=1,...,d, define

Xis(x +6e;) — X 5(x)

XP8 = Xp () = :
and
i A8 Grs(x +8e;) — Gr 5(x)
t,s = t,S(x)z )

8
where G; ;(x) is defined by (36). Then,

<M>X%=a+ﬁ

gfj.zﬁ(dr,dz)+/ G bdr+ [ ghiawA,
t,s]JR™ t,s] ’

(5]
As in (20), by Burkholder’s inequality, we have that for any p > 2,
(41) E( sup |X7717) < CpurltIE( sup 1G7717).
relt,0] relz,0]
Moreover, by (Hy) and Doob’s maximal inequality, we easily derive that

8,1 8,1
E( sup 1G3717) < Cp o B( sup 1XpIP).
relt,0] r€lz,0]
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Substituting this into (41), we find that for some C), o, » > 0 independent of x, ¢
and §,

8,0 8,i
E( sup |X}/17) < Cp o x tIE( sup [X}17).
relt,0] relt,0]

From this, we deduce that there exists a time Ty, = T (p, <7, %) € (T, 0) such that
forall r € [T}, 0],

(42) sup sup sup E( sup X}/ (x)|”) < +oo.

8€(0,1) xeR4 t€[Ty,0]  ‘relz,0]
On the other hand, let ¥/ ; =¥/ (x) satisfy the following SFDE:

. N 0
Vi=ea+ | VG, (Xf,r_<x>, E%- <<P(Xz,0(x)) o ) dr/))

x Y dL,
(43) ’

\)

+ / VG (X1 BT (90 (X0)))

t

. 0 )
x EFr- (Vgo(X,yo)Yt’,O + / Vfr'(X,’,/)Yt”,/ dr’) dL,,
r

which can be solved on [T, 0] as in Theorem 2.5. Using the uniform estimate (42)
and formula (39), it is not hard to deduce that

lim IE( sup | X2 (x) — Y,{,(x)|P) —0.
§=0 " Nrefr,0]

In particular,
sup sup E( sup |Ytir(x)|p> < +o00.
xeRdI1€[T,,0]  “reft,0]

The higher derivatives can be estimated similarly from (43). U

Now we can prove the following result, which was originally due to [4, 8, 16].

THEOREM 3.3. Assume that (Hy,) holds for some k > 3, and (H’g) holds for all
B=2. Let{X;5(x), T <t<s<0,x¢ ]Rd} be the maximal solution of SFDE (24)
in Theorem 2.12, and u,(x) be defined by

0
(44) 4 () = Eg (X, 0(x) +JE( / J%(Xt,s(x»ds).

Then there exists a time Ty, = Ty (k, o7, *) € (T, 0) such that for each t € [Ty, 0],
X = uy(x) has bounded derivatives up to (k — 1)-order, and solves the following
quasi-linear partial integro-differential equation:

0
iy () = p(x) + ft [£us () + Lo (x) + fy(0)]ds V{1, %) € [Ty, 0] x RY,
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where
Louy(x) := 8u, () Gy (x, uy ()b + 18,81, (x) (G (x, g (1)) AG, (x, uy (1))

and

L%, (x) = /Rm[ut(x—i-Gt(x,u,(x))-z)—u,(x)—a,-u,(x)Gij(x,ut(x))~zj]v(dz).

PROOF. We follow the argument of Friedman [9]. By Proposition 2.11, for
T <t—h<t<0, we have

0
ur—n(x) = E[EBe (X1 00D ly=x, ., x)] + E[E<f, Fr(Xir () dl’)

y:th.t(x):|

+5( [ penar)

t
=B, (X ) +E( [ S ).

By Lemma 3.2, it is easy to see that there exists a time Ty, = Ty (k, &, %) <0
such that for each ¢ € [T, 0], u;(x) has bounded derivatives up to (k — 1)-order.
Thus, we can invoke Lemma 3.1 to derive that

1
E(ut—h (x) — Mt(x))
1

h
— L x) + L% x)+ fi(x)  ashlO.

1 t
(Bt X)) = ) + LB [ frKimns e )

On the other hand, from the above proof, it is also easy to see that for fixed x € R,
t — u;(x) is Lipschitz continuous. Hence,

0 0 d
0y (x) — p(x) = — ft Byuts (x) ds = /, (L5 () + Ly (x) + f;(0)]ds.

The proof is thus complete. [J

3.2. Bounded data and constant big jump. In this subsection we assume that
(Hg) holds for some k > 3, and G, ¢ and f are uniformly bounded and continuous
functions. Consider the following SFDE:

Xps(x) = x + / Gor(x) - 2N (dr, d2) + /
(t,s] /|z]<1 (

t,s]

/ zN(dr,dz)
[z]=1

4 / Grr(x) - bdr + / Gr.r (x) AW,
(t,s] (t,s]
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where G; ,(x) is defined by (36). In this case, Lemmas 3.1 and 3.2 still hold. We
just want to mention that (38) should be replaced by
Xi—hi—ns(x) > x in probability as & | 0,
and (40) becomes
X3 = e+ Gl . N (dr, dz)+/ G bdr + 2 qwA,
(t,s] J)z]<1 (t,s]

Thus, the following result can be proved along the same lines as in Theorem 3.3.
We omit the details.

THEOREM 3.4. Assume that (Hy) holds for some k > 3, and G, ¢ and f are
uniformly bounded and continuous functions. Let {X; s(x), T <t <s <0,x € Rd}
be the short time solution of SFDE (24) in Theorem 2.14, and u;(x) be defined
by (44). Then there exists a time Ty = Ty(k, o7, X') € (T, 0) such that for each
t € [Ty, 0], x = u;(x) has bounded derivatives up to (k — 1)-order, and solves the
following quasi-linear partial integro-differential equation:

0
ur(x) = ¢(x) +/t [Lous(x) 4+ L%Us(x) + fe(0)]ds V(1. x) € [T, 0] x RY,

where
LU (x) = 31, () Gy (o, ur ()b + 18810 (0) (G (x, ur (X)) AG (x, u (1))

and
L% (x) = /| | 1[uz(x + Gy, (%)) - 2) — U (x) — Qi (X)GY (x, ur (%)) - 2]
x v(dz)

+ [u:(x +2) —us(x)]v(dz).

|z|>1

4. Semi-linear partial integro-differential equation: Existence and unique-
ness of weak solutions. In this section we consider the following semi-linear
partial integro-differential equation:

@5) By + Lous + Gy (v, u)duy + Fr(x,u) =0, up=g,1<0,
where L is the generator of the Lévy process L; given by (15), and

G e B(R_; Wh(RY x RY; RY)), F e B(R_; Wh°(R? x RF; R¥)),
(46)

@ € WHoo(RY; RY).
Here and below, W' denotes the space of bounded and Lipschitz continuous
functions, B or Bjy: denotes the space of uniformly or locally bounded measurable
functions.

Let us first give the following definition about the maximal weak solution for
equation (45).
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DEFINITION 4.1.  For T € [—00,0), we call u € Bioc((T, 0]; W (R?; RF))
a maximal weak solution of equation (45) if

@7 h¢nT1 IVus (%)) oo = +00 when T > —o0,
t
and for all Y € Cgo(Rd; R¥y and ¢ € (T, 0],

0 o .
(48) (uz,lﬂ)Z(fpﬂ/fWr/l <Ms,£3l//>dr+/t (G (us)dius + Fy(us), ) ds,

where (@, ¥) 1= [pa ¢(x) - ¥ (x) dx, and L{ is the adjoint operator of L¢ and given
by

1
Loy (x) := 54ij0i9j ¥ — bidiy + A;d [V(x —2) = ¥ (0) + 11z<19; ¥ (¥)zi ]v(d2).

The main aim of this section is to prove the following existence and uniqueness
of a maximal weak solution as well as the global solution for equation (45).

THEOREM 4.2. (i) (Locally maximal weak solution) Under (46), there exists
a unique maximal weak solution u,;(x) for equation (45) in the sense of Defini-
tion 4.1. Moreover, let T be the maximal existence time, then for any t € (T, 0],

(49) lurlloo < ll@lloo + 12| sup || Fslloo-
se(t,0]
(i) (Nonnegative solution) If for some j =1, ..., k, the components ¢’/ and

FJ are nonnegative, then the corresponding component u’ of weak solution in (i)
are also nonnegative.

(iii) (Global solution) Let V(&) be the Lévy symbol defined in (11) with b =
A =0. Iffor some a € (1,2),

(50) Re(W(§)) < §1°  as|§] — oo,

where a < b means that for some c1,cy > 0, c1b < a < b, then the maximal
existence time T in (i) equals to —oo. In the case that b=v =0 and A is strictly
positive, then T also equals to —o0.

REMARK 4.3. Since we have estimate (49), it is easy to see that the assump-
tion on G in (46) can be replaced by

G e B(R_; WEh°(RY x Bg; RY)) VR >0,

where Bg := {x € R¥: |x| < R}.

For proving this theorem, let us begin with studying:
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4.1. Linear partial integro-differential equation. In this subsection, we firstly
study the existence and uniqueness of weak solutions for the following linear
PIDE:

(51) dur + Lous + GEX)diuy + Hy(xX)ur + fi(x) =0,  up=¢, t <0,

where G:R_ x R? > R, H:R_ x R - R¥ x R, f:R_ x RY — R¥ and
¢ :R? — R are bounded measurable functions.

Let us start with the following case of smooth coefficients, which is the classical
Feynman—Kac formula. Here, the main point is to prove the uniqueness.

THEOREM 4.4 (Feynman—Kac formula). Assume that
G e BR_; CPRYERY),  HeB([R_; CPRYRF x RY),
fEeBR_;CPRERY),  pe CRPRYGRY,

where Cp° denotes the space of bounded smooth functions with bounded deriva-
tives of all orders. Let {X; 5(x),t <s5s <0,x € R%} solve the following SDE:

X s(x)=x +/ts G, (X, (x)dr + /, dL,,
and {Z; (x),t <s <0, x € R} solve the following ODE:
Zys(x) =L + /t Hy (X, (x)) - Z.r (x) dx.
Define
(52)  ui(x) == E[Z0(x)e(X;0(x))] + E[ / ' zt,r<x)fr<X,,r<x>>dr].

Thenu e C(R_; C}° (R4; R¥)) uniquely solves the following linear PIDE:

0 :
ur(x) =@ (x) +/t [Lous(x) + Gy (x)dus (x) + Hs (x)us(x) + fs(x)]ds

(53)
V(t,x) e R_ x RY.

PROOF. By smoothing the time variable and then taking limits, as in Sec-
tion 3, by careful calculations, one can find that u defined by (52) belongs to
CR_; Cr (]Rd; Rk)) and satisfies (53); see [9], page 148, Theorem 5.3 or [5, 18].

We now prove the uniqueness by the duality argument. Let X 1.s(x) solve the
following SDE:

A s ~ Ky
Kps(0) =x f G (R, () dr — / dL,.
t t
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and Zt, s(x) solve the following ODE:
A § A A A
Zt,s(x) =lnxm +/ [I"Ir(Xz‘,r(x))t +div Gr(Xt,r(x))mem] . Zt,r(x) dx.
t
Fix T <0and ¢ € C°(RY; R¥) define

ity () == BIZ7 -1, 00) WY (X7 —1,0(0))].
As above, one can check that
u(x)=vx)+ /Tt[ﬁ?;ﬁs (x)— Gi ()81 (x) + H ()5 (x) +div G (x)dig(x)] ds.
Let u € C(R_; C°(R?; R¥)) satisfy equation (53) with ¢ = f = 0. Then by the
integration by parts formula, we have for almost all ¢ € [T, 0],
O (ur, i) = —(Lous + Gidju, + Huy, i)
+ (g, L5y — Gy + HG + div Gdiy)

=0.
From this, we get

(ur, ¥) = (ur, ir) = (uo, iip) =0,

which leads to u#7 (x) = 0 by the arbitrariness of {r. [

For ¢ € N, we introduce a family of mollifiers in R. Let p:R¢ — [0, 1] be a
smooth function satisfying that

px)=0 Vx| > 1, / px)dx =1.
R¢

We shall call {p,(x) := e_e,o(x/e), ¢ € (0, 1)} a family of mollifiers in R¢.
Next, we relax the regularity assumptions on G, H, f and ¢, and prove the
following:

THEOREM 4.5. Assume that
G e BR_; WH°RYRY)),  H e BR_ x RGRF x RY),
feBR;WHRREGRY)), g e WHO®RYRY.
Let u;(x) be defined as in (52). Then u;(x) € Bioc (R_; WLo(RY; RK)) s a unique

weak solution of equation (51) in the sense of Definition 4.1.

PROOF. We only prove the uniqueness. As for the existence, it follows by
smoothing the coefficients and then taking limits as done in Theorem 4.8 below.
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Suppose that u € Bioc (R_; W2 (R9; R¥)) is a weak solution of equation (51)
with ¢ = f = 0 in the sense of Definition 4.1. We want to prove that u = 0. Let p;
be a family of mollifiers in R¥. Define

uf (x) :=us % pe(x), G?(x) := Gy * pe(x), HY (x) := Hy * pe(x).
Taking ¥ (-) = pe(x — -) in (48), one finds that u} (x) satisfies
ug (x) = /to[ﬁoui(X) + G (x)0ul (x) + HE (0ul (x) + f£(x)]ds,
where
FE@) = (GLdu) % pe(x) — G2 (x)d;ut (x) + (Hyug) * pe (x) — HE (x)us (x).
By the property of convolutions, we have
(54) 1/ lloo < 201Gislloo [l Vitlloo + 211 Hs llooltll oo
and for fixed s and Lebesgue almost all x € R?,
(55) fE(x) —0, £ — 0.
Let X7 ; (x) solve the following SDE:
(56) Xf’s(x)=x+fts Gf(Xf,r(x))dr—l—'/ts dL,,

and Z f’s (x) solve the following ODE:
S

(57) ZE () = Lysem + / HE (XS, (x)) - ZE,(x) dax.

t
By Theorem 4.4, u; (x) can be uniquely represented by

0
i o= [ [ 25 20 o s |
t

For completing the proof, it suffices to prove that for each (¢, x) € R_ x R?,
us(x) —> 0, e— 0.

Since by (57), Zfﬁ (x) is uniformly bounded with respect to x, ¢ and s € [¢, 0], we
need only to show that for any nonnegative ¥ € C° (RY),

If = E[/,O/Rd | FENXE ()P (x) dx ds} -0, £—0.
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For any R > 0, by (54) and the change of variables, we have

0
I sE[ | /lXiMSR I |<X,,S(x>>w<x>dxds]

0
* CZE[./t /|X§S(x)|>R Vix)dr ds}

0
sE[f / |ff|<x>w<xf:;1<x>>det(vxf:;%x))dxds}
t Bg

0
—i—C,/t /]Rd P{|Xf’s(x)| > R} (x)dxds,

where Xf”s_ : (x) denotes the inverse of x —> X f s (x). From equation (56), it is by
now standard to prove that (e.g., see Kunita [12], Lemma 4.3.1)

det(VXEy ' (x) = exp{— ft " (div GO(XE, (XD () dr},

which then yields

e,—1

Co:= sup sup sup [det(VX; (x))] <+o0.
£€(0,1) xeRd s€[t,0]

Thus, for fixed R > 0, the first term in (58) is less than

(55)

0
Collzplloo/ / [f{1(x)dxds =0, e —0.
t Bpr
Moreover, by equation (56), we also have
0
lim sup P{| X (x)| > R} < lim P{|x|—|—/ |G lloodr 4+ |Ls — L¢| > R} =0.

R—o0 ¢ ’ R—o0 t

The proof is complete by first letting ¢ — 0 and then R — oo in (58). [

As an easy corollary of this theorem, we first establish the uniqueness for equa-
tion (45).

THEOREM 4.6. Under (46), there exists, at most, one weak solution for equa-
tion (45).

PROOF. Let u") € Bioc((T, 0]; WH*(RY; R¥)),i = 1,2 be two weak solu-
tions of equation (45) in the sense of Definition 4.1. Define u;(x) := ut(l)(x) —
uﬁz) (x). Then u,(x) satisfies that for all ¥ € C(‘)X’(Rd; RK),

0 0 . 0
<ut,x/f>=ft <us,£3vf>dr+/t <G;(u§‘>)afus,w>ds+ft (Hyuty. ) ds,
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where

o
Hy(x) := (/0 Vu G (x, ulD(x) +0us(x))d0>8,-u§,2)(x)

+ /01 Vi Fs (x, ulV (x) + Oug (x)) do.
By (46), it is easy to verify that
(s, %) = Gy (x, ulV (x)) € Bioe (T, 0]; WH(RY; RY))
and
(s.%) > Hy(x) € Bioc (T, 0]; BRY; RY)).
Thus, by Theorem 4.5, we conclude that u;(x) =0. O

4.2. A special form: F;(x,u) = f;(x) independent of u. Consider the follow-
ing SFDE:

Xy =v+ [ Gr(xf,r(xx B (w(xt,ooc)) - " X (x))dr/)) dr

N
+ / dLr»
t

where G:R_ xR x R¥ - R9, f:R_ x RY - R and ¢ : R? — R are bounded
measurable functions.

We need the following continuous dependence of the solutions with respect to
the coefficients.

(39)

PROPOSITION 4.7. Suppose that (GO, fO ¢o®) i =1,2 are two groups of
bounded measurable functions, and for some K >0 and all t e R_, x,x" € R4
and u,u’ € R¥,

|G§i)(x, u) — G,(i)(x/, u/)| + }ft(l)(x) _ ft(i)(x/)| + {Qﬂ(l)(x) _ g0(1.)(%/)|
< K(jx —x"[ 4 |u —u']).

Then there exists a time T < 0 depending only on K such that for all t € [T, 0]
andx,y € R4,

1 2
sup E[XD ) — x2 ()]
s€(t,0]

0
60) <2l =yl +2 [ G- 6P| ar
t

0
2K IT1(Jo0 =9 o+ [ 1A = 12| ).

where X f’ﬁ (x) is the solution of (59) corresponding to (GO, f @, (p(i ).
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PROOF. Set
1 2
Zis =X - x2 ).

By (59) and the assumptions, we have

S
E|Zps| < |x — | +/, |6 — 6@ dr
N
+k [ (E|Z,,r| + ¢ — @] + KE|Z1.l
o . Lo 0
+/ AR~ IIOOdr/+K/ E|Z,,rf|dr’)dr
r r
0 1 2
<le—yl+ [ 161 =GP ar
1 2 0 1 2
Kl =0+ [ 10 = 2] )
s ) 0
+K [(BiZ, 10+ K |t|(E|zt,o|+/ E|z,,r|dr>
t t
0 (€)) 2)
<t 31+ [ 60 - 62 ar

0
K100 =92 |+ [ 170 = 12 r)

+ (K|t| + K?|t] + K?|1)*) sup E|Z,,|.
relt,0]

From this, we immediately conclude the proof. [

THEOREM 4.8. Assume that (G, f, ¢) are bounded measurable functions and
satisfy for some K > 0 and allt e R_, x,x’ € R? and u, u’ € RF,

G (x, ) = G (&, ) [+ fr (0) = fr D+ 1o () — (x| < K (|x — x|+ |u —u']).
Then there exists a time T = T (K) < 0 such that
0
(61) 0 (6) = Bp (X0 + E( [ f:CX1r 0 )
t
is a unique weak solution of equation (45) on [T, 0] in the sense of Definition 4.1.
PROOF. Let (G?, f?, ¢°) be the smooth approximation of (G, f, ¢) defined by
Gi(x,u):=GxpNt,x,u),  fr(0):=fxpt, %),

9°(x) = ¢ p{ (x),
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where ,oél) [resp., péz) and ,05(3>] are the mollifiers in R¥T4*1 (resp., R4*! and R9).
It is clear that

IVGSlloo + IV £ lloo + V0 oo < K.

By Theorem 2.7 and Proposition 4.7, there exists a time 7' = T (K) such that for
allT <r<s<0and x e RY,

ImE|X]  (x) — X; s(x)| =0,
el0 ’
where X7 | (resp., X; s) is the solution family of SFDE (59) corresponding to the

coefficients (G¢, f¢, ¢%) [resp., (G, f, ¢)]. Using this limit, and by the dominated
convergence theorem, it is easy to verify that for each (¢, x) € [T, 0] x R4,

(62) g (x) = up (x),

where uj (x) is defined through ¢, f* and X7 ((x) as in (61). Moreover, by Propo-
sition 4.7, we also have

(63) sup  sup [[Vuilloo+ sup [[Vislloe < Cr x < +o00.
£€(0,1) 1€[T,0] 1€[T,0]

On the other hand, thanks to (63), by Theorem 3.4, there exists another time 7’ =
T'(K) € [T, 0) independent of & such that

0 0 0
us (x) =¢°(x) + / Louy(x)dr + / G.(x,ub(x))dut(x)dr + f fL(x)dr.
t t t

In particular, for all y € C5°(R?) and all t € [T, 0],

0 (U
W) = (@F. ) + / W, Lop) dr + / (GL(u)dul ) dr
(64)

0
+/, (fE,9) dr.

We want to take limits for both sides of the above identity by (62). The key point
is to prove

0 . o .
[ Gt whaug vyar — [1Gi @ vy,
t t
which will be obtained by proving the following two limits:

0 . .
/ (G2 (u) — G (uy))dus, v)dr — 0, e —0,
t

o
/(G;(u,)ai(uﬁ—u,),wdr—w, e — 0.
t

The first limit is clear by (62), (63) and the dominated convergence theorem. The
second limit follows by (62), (63) and the integration by parts formula. [J

Now we are in a position to give:
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4.3. Proof of Theorem 4.2. 'We divide the proof into three steps.
(Step 1). For h € B(R_; W1 (R?: R¥)), define

o) = Fr(x, he (x))
and

H = sup ([[VGsllco + IV Fslloo) + [ Vollo-
seR_

In this step, we prove the following claim:

CLAIM. For given U > 4||V¢|loo, there exists a time T = T(#,U) <0
such that for any bounded measurable function h:R_ x R? — R™ satisfying
Supte[T’O] ||Vht”00 < U, it holds that

(65) lul oo < ll@lloe + 1£] sup [If oo,
s€(t,0]
and
(66) sup ||Vu|loo < U,
te[T,0]

where u?(x) is defined by (61) in terms of ¢, fh and Xﬁs(x), and {Xf”s(x), T <
t <5 <0,x €RY} is the unique solution family of SFDE (59) corresponding to
(G, ", 9).

PROOF OF THE CLAIM. By Proposition 4.7, there exists a time 77 :=
T1(#,U) <0 such that for all x, y € R4,

sup  E[X;  (x) — X; s (D) = 2[x — yl.

T1<t<s<0

Using this and by the definition of uﬁ’(x) [see (61)], we have

0
lul (x) — " (V)| <21V lloolx — ¥+ 2/t (IVx Frlloo + Vi Fr U |x — y|dr.

So,

sup [[Vie] lloo < 211V@lloo +2[t] sup (Vi Filloo + IV FillooU)
selt,0] s€lt,0]
=2|Volloo + 2|24 (U + 1).

Since U > 4||V¢ ||, choosing T = %_ﬁizﬁ”ﬁ ATy, we obtain (66). Estimate (65)
follows from definition (61). [
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(Step 2). Set u?(x) := ¢(x). We construct the following iteration approximation
sequence: forn € N,

1

n— n—1
Xi () =X/ (), u; (x) :=uf  (x),
n—1 _
@)= f" @) = Fleu) ™ ().
By the above claim, there exists a time 71 = T1(.#") < 0 such that for all n € N,

67)  Nuilloo < ll@llco + 12| sup || Fylloo. sup | Vuilloo < 4lV@llo-
set,0] te[T1,0]

Hence,

IV £ loo < IV Filloo + IV Frlloo I Vit oo < IV Filloo + 41 Vi Fr lo I Ve ll oo
Thus, by the definition of u} (x) [see (61)] and Proposition 4.7 again, there exists
another time T =T (%) € [T}, 0) such that foralln,m e Nand ¢t € [T, 0),

0
lup —ui'lloo < IVelloe sup E[X7 o(x) — X[(x)] +/t 1A = fi I dr

xeRd

0
+ /, IV £ lloo sup EIX", (x) — X™ (x)]dr

xeRd

0 0
<C [0 = e =€ [t = oo dr
t t
where C is independent of n, m. By Gronwall’s inequality, we obtain that

lim  sup |[u] —u)"|loo =0.
n’m_)oote[T,O]

Hence, there exists a u; € B([T, 0] x R%; R¥) such that

(68) lim sup fu} —u;loc =0,
=0 te[T,0]
and by (67),
lurlloo < ll@lloo + 2] sup [ Fslloos sup [|Vurlloo <4IVPlloo-

se(t,0] 1€[T,0]

On the other hand, by Theorem 4.8, u} (x) satisfies that for all Y € Cgo (Rd; Rk),

0 0 . !
W vy = (. ¥) +/f W, Lyr) dr +ft (G ") + Fy 1), ) ds.

Thus, one can take limits as in Theorem 4.8 to obtain the existence of a short time
weak solution for equation (45). Moreover, (ii) follows from (61). The existence
of a maximal weak solution can be obtained as in the proof of Theorem 2.12 by
shifting the time and the induction. Thus, we conclude the proof of (i). As for (ii),
it follows by (68) and the definition of u] (x).
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(Step 3). Let u € Bioe((T, 0]; W-°(R?; R¥)) be a maximal weak solution of
equation (45). Define for (¢, x) € (T, 0] x R4,

b (x) := G (x, us(x)), fi(x) = Fr(x, ui (x)).
Then it is clear that
b€ Bioe(T, 01 WHRERY),  f € Buoe((T, 0; WH(RY RY)).
Fort e (T,0],let {X, s(x),t <s <0,x € Rd} solve the following SDE:

S S
X,,s<x>=x+/ br<xt,r<x>)dr+/ dL,,  selr0l.
t t

Define

0
(69) %@%=E@ﬂhMﬂD+llﬂﬁ@ﬁ@»N&
By Theorem 4.5, we have

i, (x)=u;(x)  V(t,x)e(T,0] x R?.

Suppose now that T > —oo. For completing the proof, by (47) it is enough to show
that

gyW%@Mm<+w.

It immediately follows from (69) and the following claim proved in [18], Theo-
rem 4.5, which is stated in a slight variant.

CLAIM. Under (50) or A nondegenerate, for any bounded continuous func-
tiongpand T <t <s <0,

IVEQ(X: 5s(Nlloo < C1(It = s| A D™Vl 0o,

where Cy only depends on d, a, T and the bound of b.
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