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FEYNMAN-KAC FORMULA FOR HEAT EQUATION DRIVEN BY
FRACTIONAL WHITE NOISE

BY YAOZHONG HU, DAVID NUALART AND JIAN SONG
University of Kansas

We establish a version of the Feynman—Kac formula for the multidi-
mensional stochastic heat equation with a multiplicative fractional Brownian
sheet. We use the techniques of Malliavin calculus to prove that the process
defined by the Feynman—Kac formula is a weak solution of the stochastic
heat equation. From the Feynman—Kac formula, we establish the smooth-
ness of the density of the solution and the Holder regularity in the space and
time variables. We also derive a Feynman—Kac formula for the stochastic heat
equation in the Skorokhod sense and we obtain the Wiener chaos expansion
of the solution.

1. Introduction. Consider the following heat equation on R¢:

ou 1
(1.1) EZEAM + c(t, x)u,
u(0,x) = f(x),

where f is a bounded measurable function. If c(¢, x) is a continuous function of
(t,x) € [0,00) x R4, then we have the well-known Feynman—Kac formula (see
[2]) for the solution of above equation

u(t,x) = E[f(Bf)exp(/otc(t -, Bf)ds)},

where B} = B; + x is a d-dimensional Brownian motion starting from the point x.
In this paper, we shall extend the above Feynman—Kac formula to the heat equa-
tion with fractional noise

ou 1A N gdt+lw

—=-Aut+u—"7—,
(1.2) dat 2 0t dxy---0x4

u(0,x) = f(x),

where W (¢, x) is a fractional Brownian sheet with Hurst parameters Hy in time and
(Hy, ..., Hy) in space, respectively. The difference between (1.1) and (1.2) is that
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gd+1 . . . .

% is no longer a function of ¢ and x, but a generalized (random) function.

For this equation, we can still formally write down the Feynman—Kac formula

(1.3) u(t,x):EB[ (Bx)exp<// 5(BX y)W(dr,dy))],

where EZ denotes the expectation with respect to the Brownian motion B and §
denotes the Dirac delta function.

The aim of this paper is to justify the above formula (1.3), to show that the
process u(t, x) is a weak solution of (1.2) and to establish some properties of this
process. First, we shall show that the stochastic Feynman—Kac functional V; ; :=
[y Jra 8(B_, — y)W(dr, dy) is a well-defined random variable. This will be done
in Section 2 using a suitable approximation of the Dirac delta function, assuming
that the Hurst parameters satisfy 2Hp + Zle Hi>d+1, Hy> % and H; > % for
1<i<d.

After the definition of the random variable V; , the next problem is to show its
exponential integrability. With the use of the covariance structure of the fractional
Brownian sheet W (¢, x), we show that u(¢, x) has exponential moments provided
that

(1.4) Eexp[ / / | — s|*Ho~ 2H|B’ Bl 2drds]<oo

i=1

for any A € R. To show that (1.4) is true, we use a method introduced by Le Gall
in [8] to derive the exponential integrability of the renormalized self-intersection
local time of the planar Brownian motion, together with the self-similarity of the
fractional Brownian sheet and several other techniques. This is done in Section 3.

Another major aim of this paper is to show that u(z, x) defined by (1.3) is a
weak solution of (1.2). Instead of following the classical approach based on Itd’s
formula, which seems complicated in our situation, we again use the approxima-
tion technique, together with Malliavin calculus. The main ingredient is to express
the Stratonovich integral as the sum of a Skorokhod integral plus a correction term
involving Malliavin derivatives. This is a new methodology which is developed in
Section 4.

The Feynman—Kac formula gives an explicit form of a weak solution of equa-
tion (1.2) which turns out to be very useful for obtaining regularity properties.
Several consequences of this expression are derived in Section 5. First, we derive
the Holder continuity of the solution u (¢, x) with respect to ¢ and x, and, afterward,
we establish the smoothness of the density of the probability law of u(z, x) (with
respect to the Lebesgue measure) using techniques of Malliavin calculus.

In the above (1.2), the solution and the noise are multiplied using the ordinary
product. This gives rise to the Stratonovich integral when we interpret the equation
in its integral form. There are several papers where the Wick product between the
solution and the noise is used, this corresponding to the Skorokhod integral. The
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Stratonovich integral is more difficult to handle, but it is the right choice if we want
to represent a physical model. Applying a Wiener chaos technique pioneered by
Dawson and Salehi in [1] and used in several other papers (see, e.g., the work [5] on
the relation between moments of the solution and self-intersection local times), one
can show that there exists a unique mild solution to the Skorokhod-type equation.
We discuss this result in Section 7 and, using Wiener chaos expansions, we obtain
a Feynman—Kac formula for this solution.

The above techniques work for H; > 1/2,i =1,2,...,d. From the condition
2Hy+ Zf: | Hi > d+1, it follows that Hy must be greater than 1/2 and we cannot
allow more than one of the Hy, ..., Hy to be less than or equal to 1/2. Thus, if we
want to remove the condition H; > 1/2,i =1,2,...,d, we need d = 1. We show
in Section 7 that if d =1, H = % and Hy > %, then all previous results hold.
When d = 1, we can also handle the case Hy < 1/2, assuming that the process has
a regular spatial covariance. This has been done in the companion paper [4], using
different techniques. Finally, the Appendix contains some technical results which
are used in the paper.

We would like to close this introduction with some remarks about the motiva-
tion of our work and its connection with other related results. The existence of
a Feynman—Kac formula like the one we have derived here was mentioned as a
conjecture in a paper by Mocioalca and Viens (see [9]), although this problem was
circulating long before that. In the lectures by Walsh in Saint Flour (see [13]) it was
stated that the one-dimensional equation in the It6 sense driven by a space—time
white noise cannot have a Feynman—Kac formula because the It6—Stratonovich
correction term is infinite. In a previous work [5], two of the present authors con-
sidered a Skorokhod-type equation assuming H; = % fori =1,...,d. Inthis case,
there exists a unique mild solution obtained by means of the Wiener chaos method
ifd=1ord=2, Hy > % and ¢ is small enough, although the Feynman—Kac
formula is not available unless d = 1 and Hy > % (see Section 7).

A process similar to (1.3) was studied by Viens and Zhang in [12], although
it does not have a relation with a stochastic heat equation and, most likely, the
asymptotic results obtained in [12] can be extended to the process (1.3).

Recently, Hinz obtained in [3] a Feynman—Kac formula for the stochastic heat
equation with a Gaussian multiplicative noise of the form %(t, x), where W is a
fractional Brownian sheet with Hurst parameter H > % in time and K € (0, 1) in
space, and he used this formula to solve a stochastic Burgers equation by means
of the Hopf—Cole transformation. In this paper, the noise is more regular in space
and this allows the techniques of classical fractional calculus to be used, together
with curvilinear integrals.

2. Preliminaries. Fix a vector of Hurst parameters H = (Hy, Hy, ..., Hy),
where H; € (%, 1). Suppose that W = {W(¢,x),t > 0,x € ]Rd} iS a zero-mean
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Gaussian random field with the covariance function

d
E(W(t, x)W(s, ) = Ry (s, 1) [ [ Ra; (xi, o).

i=1

where, for any H € (0, 1), we denote by Ry (s, t) the covariance function of the
fractional Brownian motion with Hurst parameter H, that is,

Ry (s, 1) = 5 ([t + |5 — |t — s*7).

In other words, W is a fractional Brownian sheet with Hurst parameters Hy in the
time variable and H; in the space variables,i =1, ..., d.

Denote by £ the linear span of the indicator functions of rectangles of the form
(s, 1] % (x, y] in Ry x R?. Consider, in &, the inner product defined by

d
{T(0,51%(0.x1> 10,1% (0,y1)3¢ = RHo (5, 7) 1_[ Ry, (xi, yi).

i=l

In the above formula, if x; < O, then we assume, by convention, that /g ;] =
—I(—y;,0;- We denote by H the closure of £ with respect to this inner product. The
mapping W : 1 x,x] = W(t, x) extends to a linear isometry between H and
the Gaussian space spanned by W. We will denote this isometry by

W (o) :/000 /[;{dqﬁ(t,x)W(dl,dx)
if ¢ € H. Notice that if ¢ and ¥ are functions in &, then
EW@)W W) = (6. ¥)n
@.1) =i [, L, 6Vl =P

d
X H |x; — y,'|2H"_2ds dtdxdy,

i=1

where oy = ]_[?:0 H;(2H; — 1). Furthermore, H contains the class of measurable
functions ¢ on R, x R¥ such that

d
(2.2) /R s g 196 DS Wl = P07 [Ty — i 2 ds dr dx dy < oo
+X i=1

We will denote by D the derivative operator in the sense of Malliavin calculus.
That is, if F is a smooth and cylindrical random variable of the form

F=fW@,..., W(n)),
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pieH, feC ;" (R™) (f and all its partial derivatives have polynomial growth),
then DF is the H-valued random variable defined by

DF=)" S (W@, ... W(gn)9;.
j=1%
The operator D is closable from L*() into L%(2; H) and we define the Sobolev
space D12 as the closure of the space of smooth and cylindrical random variables

under the norm

IDFlli 2= E(F?) + E(IDFI3,).
We denote by § the adjoint of the derivative operator given by duality formula
(2.3) EGuF)=E(DF,u)w)

for any F € D2 and any element u € L?(2; H) in the domain of 8. The operator
§ is also called the Skorokhod integral because in the case of the Brownian motion,
it coincides with an extension of the It integral introduced by Skorokhod. We
refer to Nualart [10] for a detailed account of the Malliavin calculus with respect
to a Gaussian process. If DF and u are almost surely measurable functions on
R, x R? verifying condition (2.2), then the duality formula (2.3) can be written
using the expression of the inner product in H given in (2.1):

EGR) =ank( [, | DocFuttyls - P2

R% xR2

d
X 1_[ |x; — y,~|2Hi_2 dsdtdx dy).
i=1

We recall the following formula, which we will use in the paper:
(2.4) FW(¢) =38(F¢)+ (DF,P)n

for any ¢ € H and any random variable F in the Sobolev space D!-2,
Throughout the paper, C will denote a positive constant which may vary from
one formula to another.

3. Definition and exponential integrability of the stochastic Feynman—Kac
functional. For any ¢ > 0, we denote by p.(x) the d-dimensional heat kernel:

Pe(x) = (2718)_‘1/26_')“2/26, x e RY,

On the other hand, for any § > 0, we define the function

1
ps(x) = 31[0,5](16)-
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s (1) pe (x) then provides an approximation of the Dirac delta function §(¢, x) as &
and § tend to zero. We denote by W¢® the approximation of the fractional Brown-
ian sheet W (z, x) defined by

t
6h W= [ [ e —s)pr =Wy dsdy.

Fix x € R? and r > 0. Suppose that B = {B;,t > 0} is a d-dimensional
standard Brownian motion independent of W. We denote by B = B; + x the
Brownian motion starting at the point x. We are going to define the random
variable [§ [ga 8(BY_, — y)W(dr,dy) by approximating the Dirac delta function
§(Bi_, —y) by

t
(3.2) A y) = fo 03(t — s — r)pe(BY — y)ds.

We will show that for any ¢ > 0 and § > 0, the function Afﬁ belongs to the space
‘H almost surely and the family of random variables

t
(33) vid = [ [ ardeowardy

converges in L? as ¢ and § tend to zero.

The specific approximation chosen here will allow us, in Section 4, to construct
an approximate Feynman—Kac formula with the random potential W9 (z, x) given
in (4.1). Moreover, this approximation has the useful properties proved in Lem-
mas A.2 and A.3. We could have used other types of approximation schemes with
similar results. Also, we can restrict ourselves to the special case § = ¢, but the
slightly more general case considered here does not need any additional effort.

Throughout the paper, we denote by EB(® (B, W)) [resp., by EV(®(B, W))]
the expectation of a functional & (B, W) with respect to B (resp., with respect
to W). We will use E for the composition EZ EW and also in the case of a random
variable depending only on B or W.

THEOREM 3.1. Suppose that 2Hy + Zflzl H; > d + 1. Then, for any ¢ > 0

and § > 0, Afﬁ’f defined in (3.2) belongs to 'H and the family of random variables

Vf,f defined in (3.3) converges in L? to a limit denoted by (this being the stochastic

Feynman—Kac functional)

t
34 Vix =/0 ,/Rd §(B;_, —y)W(dr,dy).

Conditional on B, V; . is a Gaussian random variable with mean 0 and variance

t t d . .
(3.5) VarW(Vz,x) = OlH/ / |r — 5|02 1_[ |B;, — B;|2H"_2 drds.
0 JO .
i=1
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PROOF. Fix g, ¢’, § and 8’ > 0. Let us compute the inner product
g8 ,¢&.8
(A[,x 9’ At7x )H

=« — B -z
H/[AOJ]4 Rdee( y)pe( )

(3.6) I
X wa(t — s —u)ey(t —r —v)|u—v|[~7°

Xl_[|yl i =2 dydzdudvds dr.

By Lemmas A.2 and A.3, we have the estimate

/[O 2 Jgaa Pe(By — y)pe (B —2)@s(t —s —u)ps (t —r — v)
N3

d
(3.7) x u— v 2T |y =z~ dydzdudv
i=1

d

for some constant C > 0. The expectation of this random variable is integrable in
[0, £]? because

d
t t . .
EB/O /O s — P02 TTIBL — BLI*~*dsdr
i=1

d

(38) — l_[E|§|2H 2/ / |S 2H0+Zz | Hi—d— stdr

i=1

21—11':] E|§|2H,‘—2t/(+l

= <00,
k(k +1)
where
d

(3.9) k=2Ho+Y Hi—d—1>0

i=1
and £ isa N (0, 1) random variable.
As a consequence, taking the mathematical expectation with respect to B in
(3.6), letting ¢ = ¢’ and § = §’ and using the estimates (3.7) and (3.8) yields

EBAYY)2, < C.

This implies that almost surely A;,’x belongs to the space H for all ¢ and § > 0.
Therefore, the random variables fo = W(Af’ﬁ) are well defined and we have

,(S (S /,8/
EBEV(VEIVES ) = EB(ASS Ay,
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For any s # r and B # B,, as ¢, ¢/, § and 8’ tend to zero, the left-hand side of the
inequality (3.7) converges to |s — r|>H0—2 ]_[f’:1 |B; — B, |>Hi=2_ Therefore, by the

o9l
dominated convergence theorem, we obtain that E8 E W(Vf;f fo"s ) converges to
¥;as ¢, ¢, 8 and & tend to zero, where

_ 20(]—] I—I?:] E|€|2Hi_2t/(+1
k(k +1)

Xy

Thus, we obtain
EWVES —VEIV = E(VE? —2E(VEIVES ) + E(VES ) 0.

This implies that Vf;’c’g” is a Cauchy sequence in L? for all sequences &, and §,

Il’tsf’l

converging to zero. As a consequence, V,fx converges in L to a limit denoted
by V;.x which does not depend on the choice of the sequences ¢, and §,. Finally,
by a similar argument, we show (3.5). [

Condition 2Hy + Z?:] H; > d + 1 is sharp and cannot be improved. In fact,
if this condition does not hold, then almost surely (r, y) = §(B;"_, — y) is not an
element of the space H, as follows from the next proposition.

PROPOSITION 3.2. Suppose that H; > 1/2, i =0,1,...,d, and 2Hy +

Z?:l H; <d + 1. Then, conditionally on B, the family fo does not converge
in probability as € and § tend to zero for almost all trajectories of B.

PROOF. Given B, Vf;f is a Gaussian family of random variables and it suffices
to show that they do not converge in L2. This follows from the fact that the variance
limit is infinite almost surely. In fact, from the Lévy modulus of continuity of the
Brownian motion, it is easy to show that if 2Hy + Zle H; <d+ 1, then

d
t t . .
//|s—r|2”0—2]‘[|3;—B;|2Hf—2dsdr:oo
0 JO .

i=1

almost surely. [

The next result provides the exponential integrability of the random variable
Vi x defined in (3.4).

THEOREM 3.3. Suppose that 2Hy + Z;’;l H; > d + 1. Then, for any A € R,
we have

(3.10) Eexp(k /Ot A;d S(BY_, — y)W(dr, dy)) < 00.

PROOF. The proof involves several steps.
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Step 1. From (3.5), we obtain

A2 t ot d ,
EVix = EB exp(?aﬂ‘/(; /0 s — r|?Ho—2 1_[ |B; — B;|2H"_2ds dr)
i=1

and the scaling property of the Brownian motion yields

(3.11) EeMVix = EelY
where = oth"Jrl Kk 1s as defined in (3.9) and
1 1 _ .
(3.12) Y :/ f s —r|2H0*2]‘[ B — BI2Hi=2 4 dr.
0 Jo ,
i=1

It then suffices to show that the random variable Y has exponential moments of all
orders.
Step 2. Our approach to proving that Eexp(AY) < oo for any A € R is mo-

tivated by the method of Le Gall [8]. For k = 1,...,2" ! we define Apk =
[2-2 21y (2k—1 2k} ang
2]1 9 2" 27! 9 2]1

d
tn i =/A s — rPH2 T 1B - BIPH2ds ar.
n,k P

The random variables o, x have the following two properties:
(1) forevery n > 1, the variables o, 1, ..., oy, n-1 are independent;

(ii) oy g L2 "+ Dy, where
bl 2 2 d j ni2 2
aozfo /O (s + )2 TT1Bi — BL*"~*dsdr,
i=1

and B is a standard Brownian motion independent of B.

The condition 2 Hy + Zflzl H; > d + 1 implies that Eag < oo and we deduce
that

00 21171

Y':ﬁZE: 2:‘1mka

n=1 k=1

where the series converges in the L' sense.
Step 3. For any integer n > 1, we claim that

(3.13) EaO<E< /]_[|B |2Hi 2ds>

for some constant C > 0. In fact, we have

n
(3.14) Eang/[ - Hl_[(|sj+t, 2Ho— 2|B‘ B;j|2Hi—2)dsdt.
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Using the formula

- 1 o —ct_z—1
c = I )/ e Tt dr,
Z) JO

we obtain, foreachi =1, ...,d,

El_[|B B’ 2Hi=2 — (1 — H)™"

(3.15) x/ Eexp —Z|B§, —B;,|2rj
[0,00)” " J J

n
_Hi
X l_[ T; dr.
j=1
Forany 7q,...,7, > 0and s, 1, ..., S, t; € (0, 1), we define

0= (E(B;j B;:k)ﬂ/‘[jtk)nxn’ O = (E(é;} Bzik)«/ Tjtk)nxn'
We know that

o ECXP(_ 218, ~ B, szf) = det(/ +201 +20) "'/
Substituting (3.16) into (3.15) yields
E l_[ |B Bl 2H -2

n
=I(1—-H)™" f[o : det(I +201 +202) " [] rj‘Hf dt
00)" ,
: b

<I(1-H)™

n
(3.17) x / det(1 +201) "4 det(1 +20) V4[] r; M arx
[0,00)" j=1 ’

n 1/2
<I'(1—H;)™" / det(1+2Q1)—1/2]"[r;H"dr
[0,00)" =l

12
« [/ det(I +204)" 12 ]‘[ - ’dr}
[0,00)"

j=1

" " 12
e s e [T |

j=1 J=1
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where, in the above first inequality, we have used the estimates

(I +201+202) > HUT +201) + I +20))]
> (I +20)"2(1 +202)"2.

Substituting (3.17) into (3.14) and using the inequality (s; + ;)02 < slH0 by

Hp—1
Ho—

j , We obtain

1/2
an_/[o ]_[(sj+t] 2Ho~ ZH[EI_“B’ |25~ 2El_[|B’ 2H; 2} dsdt
J

ol n d 2H , 1/2 2
([, [10 (2 HHB’ ) ).
‘/= i=I

Finally, using Holder’s inequality with - < p <2, we get

d n P2 \2/p
Eall <C" (/[0 " (E [1T11 |B;j|2Hf—2> ds)

i=1j=1

i’l E Bl 21‘1, -2
<c [W nn| ds

i=1j=1

14 n
:E(C/ ]‘[|B;|2Hf2ds> :
0 :
i=1

This completes the proof of (3.13).
Step 4. For any A > 0, using (3.13) and Lemma A.5 in the Appendix, we obtain

1 d
(3.18) Ee™ < Eexp(Ck/ I1 |B;|2Hi—2ds) < 00,
0
i=l1

because p < 1.

Step 5. Define ¢ (1) = E (e*(@0~E«0)) By (3.18), ¢(A) < oo for all A € R. Since
¢'(0) =0, for every K > 0, we can find a positive constant Cg such that for all
A €0, K],

e(A) <14 CgrZ.

Define oy = opx — E(otp k). Fix K >0and a € (O k + 1), where k is as defined

in (3.9). Recall that by property (ii) in step 3, @, x = 2 ne+Dg,. For every N > 2,
setby =2K ]_[j _, (1 =27 a(=1y and by = 2K . Then, by Holder’s inequality and
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properties (i) and (ii) of o, x, we have, for N > 2,

N 2!
Eexp(bN Z Z &n,k)

b N—12n—1 1—2—a(N=1)
N —
= [Eexp(m Z Z Oln,k):|
n=1 k=1
2N71 2_‘4(N—1)
X [E eXp<2a(N1)bN > EN,k>}
k=1
N (I=a)(N-1)
= EeXp<bN_1 Z Z amk)(p(sza(N—l)—(K—H)N)Z '
n=1 k=1

Notice that by 2¢N=D=&+DN <3 g Tt follows that

sztl(N*1)*(K+1)N)2(1_a)(N_1) - (1 n CKblzvzz((afol)Nfa))z(l_a)(N_l)

< exp(cz(a+172(K+l))N)

o(

for a constant C independent of N. By induction, we get

N 271 N
E exp <bN Z Z &n,k> <exp (C Z 2("+1_2("+1))"> Eexp(bi1a1.1)

n=1 k=1 n=2
<exp(C(1 =272 g (k).
Letting N tend to infinity and using Fatou’s lemma, we obtain
Eexp(boo(Y — EY)/2) < 00,
where boo = 2K ]_[;?‘;1(1 —274%) > (. Since K > 0 is arbitrary, we conclude that

Eexp(AY) < oo for all A € R. This completes the proof, in view of (3.11). [

4. Feynman-Kac formula. We recall that W is a fractional Brownian sheet
on Ry x R4 with Hurst parameters (Hg, Hy, ..., H;), where H; € (%, 1) fori =
0,...,d.Forany ¢, § > 0, we define

@1 W)= [ [ o5t = s)pete = y)Wids. dy).

In order to provide a notion of solution for the heat equation with fractional
noise (1.2), we need the following definition of the Stratonovich integral, which
is equivalent to that of Russo and Vallois in [11].
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DEFINITION 4.1. Given a random field v = {v(z, x), # > 0, x € R?} such that

T
/ / |lv(t, x)|dxdt < oo
0 JRd

almost surely for all 7 > 0, the Stratonovich integral fOT Jra v(t, x)W(dt,dx) is
defined as the following limit in probability, if it exists:

T
li £ X)W (e, x) dx dt.
e,larfofo fRdv(,X) (t,x)dx

We are going to consider the following notion of solution for (1.2).

DEFINITION 4.2. A random field u = {u(¢,x),t >0,x € Rd} is a weak solu-
tion of (1.2) if, for any C function ¢ with compact support on R?, we have

1 rt
/Rdu(t,x)go(x)dx :/]Rd fx)ex)dx + 5/0 '/I;Qdu(s,x)A(p(x)dxds

t
+/0 fRdu(s,x)go(x)W(ds,dx)

almost surely for all # > 0, where the last term is a Stratonovich stochastic integral
in the sense of Definition 4.1.

The following is the main result of this section.

THEOREM 4.3. Suppose that 2Hy+ 2?21 H; > d+1andthat f is a bounded
measurable function. Then, the process

t
4.2) u(t,x) = EB(f(B,x)exp</(; /]Rd 8(B", —y)W(dr, dy)))

is a weak solution of (1.2).

PROOF. Consider the approximation of (1.2) given by the following heat equa-
tion with a random potential:
dut® 1 .
_ £,6 £,8 i7€.0
43) g phu Wi
ut*(0,x) = f(x).

From the classical Feynman—Kac formula, we know that

utd(t, x) = EB(f(Bf)exp(ft Wt —s, B;C)ds)),
0
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where B;' is a d-dimensional Brownian motion independent of W starting at x. By
Fubini’s theorem, we can write

t . t t
/W&“(t—s,Bf)ds=/ (/ (p(g(t—s—r)pg(Bf—y)W(dr,dy))ds
0 ’ 0 0 JRrRd ’

= ["[([ o5t =s =rpeBs —yyas ) waar.ay)
= thf,
where Vf;f is defined in (3.3). Therefore,
w1, x) = EP(f (B)) exp(V/).
Step 1. We will prove that for any x € R? and any 7 > 0, we have

(4.4) lim EY |u®(t,x) —u(t, x)|P =0
£,610

for all p > 2, where u(¢, x) is defined in (4.2). Notice that
EY1ut(t,x) —u(t, 0)|” = EY |EB (£ (B [exp(V{Y) — exp(Vi0)1)|”
< IFIZElexp(VEY) —exp(Ve oI,

where V; x is defined in (3.4). Since exp(V,‘ff) converges to exp(V; x) in probabil-
ity by Theorem 3.1, to show (4.4), it suffices to prove that for any A € R,

4.5) sup E exp(r Vf;f) < 00.
€,8

The estimate (4.5) follows from (3.3), (3.7) and (3.10):

22
EexpV) = Eexp( 14721 )

12 t ot d ) )
(4.6) < EeXp(EC/O /0 r —s|*"=2[11B} - Bi*™*dr dS)
i=1

< Q.

Step 2. We now prove that u(¢, x) is a weak solution of (1.2) in the sense of
Definition 4.2. Suppose that ¢ is a smooth function with compact support. We
know that

f u®®(t, x)p(x) dx
Rd
1 ! £,8
4.7 :/Rd fex)dx + E/(; v/];@u (t,x)Ap(x)dxds

t .
+/f u®d (1, X)p(x) W& (s, x) ds dx.
0 JRY
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Therefore, it suffices to prove that

t . t
limf / ug"s(s,x)go(x)Wg"S(s,x)dsdxz/ f u(s, x)p(x)W(ds, dx)
£,810J0 JR4 0 JRd

in probability. From (4.7) and (4.4), it follows that [ fpa 4% (s, x)p(x) W3 (s,
x)ds dx converges in L? to the random variable

1 rt
Gz/ u(t,x)go(x)dx—/ f(x)go(x)dx——/ / u(t,x)Ap(x)dxds
R4 R? 2 Jo Jrd
as € and § tend to zero. Hence, if
t .
Bes :/ fd(ué”s(s,x) —u(s,x))¢(x)W8’8(s,x)dsdx
0 JR

converges in L? to zero, then

t . t .
/ / u(s, X)p(x)W¥dsdx = / / u®% (s, X)p(x)W® ds dx — B: s
0 JR4 0 JRrd

converges to G in L?. Thus, u(s, x)@(x) will be Stratonovich integrable and we
will have

t
/ / u(s, x)px)Wds,dx) =G,
0 JRe
which will complete the proof. In order to show the convergence to zero of B, s, we

will express the product (s, x) —u(s, x)) wed (s, x) as the sum of a divergence
integral plus a trace term [see (2.4)]:

(”E’B(S, x) — u(s, x))We,B(S, x)
1
:/0 /Rd(us,é(s,x) — M(s,x))¢5(s — ) pe(x — 2)8W,.,

+ (D (s, x) — u(s, x)), s(s — ) pe(x — )y

‘We then have
t
BE,S :/(-) A‘Qd (bf:za(SWr,z
t
(4.8) —i—/o ./Rd go(x)(D(ug"S(s,x) —u(s,x)), ps(s — ) pe(x — )}, ds dx
1 2
= Be,(S =+ 88,5’
where

H) ! s
¢r8,’z =/0 /Rd(ue’ (s,x) — u(s,x))<p(x)<p5(s —r)pe(x —2)dsdx
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and 8(¢%%) = f(; Jrd ¢fz‘3 W, ; denotes the divergence or the Skorokhod integral
of 9%,

Step 3. For the term Bel’ s> we use the following L? estimate for the Skorokhod
integral:

4.9) E[(B) 5?1 < E(16°°113) + E(I1 D6 I3600).

The first term in (4.9) is estimated as follows:

E(I¢%°13,)

=/(:/@j /Ot fRdE[(ug"s(s,x)—u(s,x))

(4.10) x (U= (r, y) — ur, ) ]ex)e(»)
X (@s(s — ) pe(x — ),
@s(r —)pe(y — -))ndsdxdrdy.

Using Lemmas A.2 and A.3, we can write
(ps(s — ) pe(x =), @s(r —)pe(y — )

=ay (/ , ps(s —o)ps(r —1)|o — ‘E|2H0_2d(7 dr)
4.11) 0.1

d
X (/de pex —2)pe(y —w) [ lzi _wi|2Hi_2dZdw>

i=1

d
< Cls —rM072 [T e — y72

i=1

for some constant C > (. As a consequence, the integrand on the right-hand side
of (4.10) converges to zero as ¢ and § tend to zero for any s, r, x, y due to (4.4).
From (4.6), we get

sup sup sup E(u¢%(s, x))?
£,80 xcRd 0<s<t

(4.12) 5 s
< || fll5 sup sup sup Eexp(ZV;’x) < 0.

£,0 yeRd 0<s<t
Hence, from (4.11) and (4.12), we get that the integrand on the right-hand side of
(4.10) is bounded by C|s — r|*H0—2 ]_[le |x; — y;|?"i~=2 for some constant C > 0.

Therefore, by dominated convergence, we get that £ (||¢5"S ||%{) converges to zero
as € and § tend to zero.
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Step 4. On the other hand, we have
D@ (t,x)) = EB[f (B, + x)exp(V)) AT,
where Af”)‘g is defined as in (3.2). Therefore,
E(Du®(t,x)), D®* (1, x)))3
(4.13) =EVEB(f(B] +x) f(B} +x)exp(VS)(BY) + V5 (B)
x (A2 (BY), ALY (BY)n),

where B! and B? are two independent d-dimensional Brownian motions and
where EB denotes the expectation with respect to (B!, B?). Then, from the previ-
ous results it is easy to show that

. £,8 8’,5,
el,lrSIilOE<D(u (t,x)), D(u”° (t,x))n

= E|:f(B,1 +x) f (B} + x)
(4.14)

2 t ot d
ay _ g o H
x exp| — E / / |s — r|>Ho 2H|B§”—Bf”|2H’ 2dsdr
2 2 JoJo i=1

d
t t . .
xaH/O fo s — P02 T 1B, —Brz’l|2H"_2dsdr]
i=1

This implies that %% (¢, x) converges in the space D% to u(r, x) as 8 | Oand ¢ |, 0.
Letting ¢’ = ¢ and 8’ = § in (4.13) and using the same argument as for (4.12), we
obtain

sup sup sup E|Du®’ (s, x))||3, < oo.
£,6 xeRd 0<s<t

Then,

EIID¢* |30

' '
:/(; /]Rd/() /RE(D(MS’(S(S, x) —u(s, x)), D(us"s(r, y) —u(r, y)))y
X @(xX)p(y)(@ps(s — ) pe(x — ),
@s(r —)pe(y — ))ndsdxdrdy

converges to zero as € and § tend to zero. Hence, by (4.9), le 5 converges to zero
in L2 as & and 8 tend to zero.
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Step 5. The second summand in the right-hand side of (4.8) can be written as

85_/ f QO(X) 8’8(S,X)—M(S,X)),§05(S—-)pe(x—-)),Hdsdx
- / / GV EB (F(BY) exp(VEDASS, gs(s — ) pe(x — V) ds dx
0 JRd

t
[ [ B (B expvin)
0 JR

X (8(By_. — ), ¢s(s — )pe(x — ))n) ds dx

3
= BS Bs 8
where
(AS2, @s(s — ) pe(x — ))n
=y / / 21‘10
[0, 5]3 R2d
X 1_[ lyi = 22 s(s — 1) pe (B = y)
i=1

X @s(s —v)pe(x —z)dydzdrdrdv

and

(8(By_. — ), @5(s — Ipe(x — ))n

:aHf /v2H° 21_[|Bxl— PH =205 (r — v) pe(x — y) dy dv dr.
[0,5]2 JR4 e

Lemma A.2 and Lemma A.3 imply that

@15) (AT sl = Ipel = < C [ 2" {118 ar
i=1

and

@16) (BB = ). sl = Ipelr =N <C [ 22 [ B2 dr
i=1

for some constant C > 0. Then, from (4.15), (4.16) and the fact that the random
variable [ p2Ho=2 ]_[d | B] [|2Hi=2 gr is square integrable because of Lemma A .4,
we can apply the dommated convergence theorem and get that B> . and B s both
converge in L? to

aH/ / §0(X)EB<f(Bx)exp(st)/ 2Ho= 2]_[|B |2 zdr)dsdx

i=1
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as ¢ and § tend to zero. Therefore, Bs2 5 converges to zero in L? as ¢ and § tend to
zero. This completes the proof. [J

We can also show that the process u(z,x) given in (4.2) is a mild solution
to (1.2), in the sense that the following equation holds:

t
u(t,X)=pzf(x)+// pr—s(x — y)u(s, y)dWsy,

where p; denotes the heat kernel and p; f (x) = [ga p(x — ) f(y)dy. In fact, as
in the proof of Theorem 4.3, we need to show that

t
/0 /Rd Pi—s(x — ) (uls, y) — ug"s(s, y))dng,’;s

converges to zero in L2. This can be proven with the same arguments as in the
proof of Theorem 4.3, replacing ¢ by the heat kernel. For instance, instead of the
estimate (4.11), we should have

f/ o Pr=r X = M) Pi—s (x = D)l = r[2Ho= 21_[|y =2 dydzdrds
i=1

_f / s — r|*Ho= 2E(H|Bt r—B, S|2Hi_2>drds<oo.

i=1
We omit the details of this proof.

REMARK 4.4. The uniqueness of the solution remains to be investigated in
a future work. The definition of the Stratonovich integral as a limit in probability
makes the uniqueness problem nontrivial and it is not clear how to proceed.

As a corollary of Theorem 4.3, we obtain the following result.

COROLLARY 4.5. Suppose that 2Hy + ZELI H; > d + 1. Then, the solution
u(t, x) given by (4.2) has finite moments of all orders. Moreover, for any positive
integer p, we have

E(u(t, x)?)

p .
~ (T s 0

J=1

o] % Pyl / s = Pt

(4.17)
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where By, ..., B, are independent d-dimensional standard Brownian motions.

REMARK 4.6. In the previous work [5], a formula similar to (4.17) was
obtained in the special case Hy = --- = Hy = %, without the condition 2Hy +

Z?:l H; > d + 1. This type of formula was proven assuming d = 1 and Hp > %.
In the case of the Skorokhod-type equation, a formula for the moments of the so-
lution similar to (4.17) was established in [5]if d =1 or 2, Hy > % and ¢ is small
enough.

5. Behavior of the Feynman—Kac formula. In this section, we present two
applications of the Feynman—Kac formula.

5.1. Holder continuity of the solution. In this subsection, we study the Holder
continuity of the solution of (1.2). The main result of this section is the following
theorem.

THEOREM 5.1. Suppose that 2Hy + 2?21 H; >d + 1 and let u(t, x) be the
solution of (1.2). Then, u(t,x) has a continuous modification such that for any
p € (0, 5) [where k is defined as in (3.9)] and any compact rectangle I C Ry x

R, there exists a positive random variable K| such that almost surely, for any
(s,x),(t,y) €1, we have

ut, y) —u(s, 0l < Ky (|t = sIP + |y = x[*).
PROOF. The proof involves several steps.

Step 1. Recall that V; , = f(f Jra 8(B;_, —y)W(dr, dy) denotes the random vari-
able introduced in (3.4) and

u(t,x) = EP(f(B) exp(Vi.).
Set V = V; , and V= Vi,y. We can then write
EY|u(s, x) —u(t, y)|"

=EV|EBEY - ev)lp

< EW(EB[”; . V|emax(V,\7)])P

< EW[(EBeZmax(V,V))P/Z(EB(‘} _ V)z)p/Z]

< [EWEBezpmax(v,f/)]I/Z[EW(EB(V . V)z)p]l/Z.
Applying Minkowski’s inequality, the equivalence between the L2-norm and the

L?-norm for a Gaussian random variable and using the exponential integrability

property (3.10), we obtain
EYu(s, x) —u(t, y)|” < C[EV (ER(V — v)?)P]2

(5.1) < CLLEPEY|T — v
— P .



FEYNMAN-KAC FORMULA 311

In a similar way to (3.5), we can deduce the following formula for the conditional
variance of V — V:

EVIV -V

S S
:aHEB</O /O Ir — v|?Ho~ 2H|Bs ,— B P72 dr dv
t t
—|—/ / |r — v|*Ho— anB —B; UZH"fzdrdv
0 JO

o [

X 1_[ |Bs —r —v +x — yi|2Hi_2d”dU>

(5.2)

::aHC(sat’xv )7)'

Step 2. Fix 1 < j <d. Let us estimate C(s, t,x,y) when s =¢ and x; = y; for
all i # j. We can write

C(tatvxa y)

(5.3) zzfotfotv—v“

d
x [TEEPH = EEP72 — |1z + &2~ dr dv,
i#£j

where z = j/l|r_Tylj;| and £ is a standard normal variable. Set 8; =2H; +1 > 2. By

Lemma A.6, the factor E(|&|>i=2 — |z + £|?"i=2) can be bounded by a constant
if |r —v] < (x; — y;)* and it can be bounded by C|x; — y;[fi|r — v|7Fi/? if
Ir —s| > (x; — y;)*. In this way, we obtain

C(t,t,x,y)<C lr — v 'drdv

{0<r,v<t,\r—v|§(Xj—yj)2}

+C|xj_)’j|ﬂjf r— o P2 dr dv

{0<r,v<t,|r—v|>(Xj—yj)2}
2
=Clx; —y;I™
So, from (5.1), we have

(5.4) EVu(t, x) —u(t, y)|P < Clxj — y;|P.
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Step 3. Now, suppose that s <t and x = y. Set § = Zflzl H; — d. We have

C(s,t,x,x)
t pt
:C[/_/Ir—vl"ldrdv
+/ f |r — v|*Ho— |—v|5—|r—v+t—s|5)drdv:|.

The first integral is O ((# — s)* *1y when ¢ — s is small. For the second integral, we
use the change of variable 0 =r — v, v =t and we have

/ / r— o072 (r —v)P = r —v 41 —s°)drdv
5/0 dr/_‘i lo|PH0=2||6° — |o +1 —s|°|do
= t|:/(;s O'ZHO_Z(O'S — (0 +1t—29)%)do
+ /_ i_t<—o>2H°—2(<—a —t+5)° = (—0)°)do

0
+ [ o0 — o 41— 5)'ldo |
s—t
=t[A'+ B +C'].
For the first term in the above decomposition, we can write

/ 1 [V oo s 5
A =(t —s)" / o“0 (0 — (0 + 1)°)do
0

< (1 — )< /(;ooazHoz(Us — (o +1))do
<C@—9",
because 2Hg + Zle —d — 3 < —1. Similarly, we can get that
B < (t — )~ /IOOJZHO—Z(O—‘S — (o4 1)) do
Finally,
C' < /OH o2H0=2(gd 4 (1 — s — o)) do = C(t — 5)*.

So, we have

(5.5) EWu(s, x) —u(t, y)|P < C@t — s)</*P.



FEYNMAN-KAC FORMULA 313

Step 4. Combining equations (5.4) and (5.5) with the estimates (5.1) and (5.2),
the result of this theorem can now be concluded from Theorem 1.4.1 of Kunita [7]
if we choose p large enough. [J

5.2. Regularity of the density. In this subsection, we shall use the Feynman—
Kac formula established in the previous section to show that for any ¢ and x, the
probability law of the solution u(z, x) of (1.2) has a smooth density with respect to
the Lebesgue measure. To this end, we shall show that || Du(z, x)|| has negative
moments of all orders.

THEOREM 5.2. Suppose that 2Hy + Zflzl Hi>d+1.Fixt>0and x e R?.
Assume that for any positive number p, E|f(B; + x)|”” < o0o. Then, the law of
u(t, x) has a smooth density.

PROOF. From Theorem 4.3, we can write

u(t,x) = EB[ f(B)exp(Vi.x)].

The Malliavin derivative of the solution is given by

Dy yu(t, x) = EP[f(BY) exp(V: 1)8(B, — y)].

It is not difficult to show that u (¢, x) € D°°. Thus, by the general criterion for the

smoothness of densities (see [10]), it suffices to show that E (|| Du(t, x) ”H p) <00
for any 7 > 0 and x € R?. We have

I Du(t, )13, = EB[ £ (B} + x) f (B} + x)exp(V; x(B") + V, . (B?))
X (8(BM% — y), 8(BXS — y))u]

= aHEB{f(B,‘ +x) f(B? +x) exp(Vsx (BY) + V; 1 (B?))

d
t t . ,
x/o /O I — 52072 ] ||B}”,—Bf*’s|2”’f—2drds},
i=1

where B! and B? are independent d-dimensional Brownian motions. By Jensen’s
inequality, we have, for any p > 0, that

-2
I Du(t, )7

< <aH>—PEB[|f<B} +x) f (B} +x)| 7P exp(—p[ Vi (BY) + V;  (BH)])

t ot ). -p
X(/O/(;V |>Ho— 21_[|B  — B; lé 2H; 2drds) .
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Hence, by Hélder’s inequality, we obtain
E||Dut, )3
< () P (EI (B! +x) f (B + )] 7P")7
x (E exp(—ppa[ Vi (BY) + Vt,x(Bz)]))l/p2

t ot —pp3\ 1/p3
x (E(f / Ir — s|*Ho= 2l_llB _— BX 2H 2drds) )
0 JO

=111213,

where p— + = p + 5 = = 1. The first factor, /1, is finite by the assumption on f
and Holder’s mequahty The second factor is finite by Theorem 3.3. Finally, from
Jensen’s inequality, we have

d —pp3
= E|: —2Pl’3{ f / I — s P2 [T 1BY, — B2 P42 ar ds} }
i=1

t t
< E|:,—2PP3—2[/ f I — 5|~ @Ho=2pps
0 JO

X l_[|B, i _ Bl |mCH=Dpps drds}:|

t prt . .
= C/o /0 lr — s|—(2Ho—2)pp3E{H |Btlilr _ Bzz’—ls|_(2Hi_2)pp3}drds
i=1

< 00.

This completes the proof. [
6. The case H) > %, H; = % andd =1.

6.1. Preliminaries. In this case, all the setup is the same as before, except that
if ¢ and y are functions in &, then

EW(@)W@)) = (o, ¥)n
= ap, /Ooo /OOO/RM&XW(LX)IS—t|2H°_2dsdtdx,

where OH, = H0(2H0 — 1).

6.2. Definition and exponential integrability of the stochastic Feynman—Kac
functional. Similarly, we also have the following theorem.
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THEOREM 6.1. Suppose that Hy = 1/2 and Hy > 3/4. Then, for any ¢ > 0
and § > 0, Af,’f defined in (3.2) belongs to 'H and the family of random variables
fo defined in (3.3) converges in L? to a limit denoted by

t
(6.1) Vix :/0 /R(S(B,x_r —yW(dr,dy).

Conditional on B, V; x is a Gaussian random variable with mean 0 and variance

t t
6.2) Var” (V, ) = aHO/ / i — s|2H0-25(B, — B,)dr ds.
0 JO

PROOF. Fix e, ¢’,8 and 8’ > 0.
B W ’8 /,8,
EPEY (VS V)

_ EB<A8,8 As’,8/>H

t, x> t,x

=apE” (/ / Pe(By —y)pe (B} — y)ps(t —s —u)
[0,:1* /R
x s (t —r — v)|lu — v|?™ 2 dydudvds dr)
=0OH, (/ EBPe+e’(Bs — B)os(t —s —u)
(0,114

X st —r —v)|u— v|2H0_2du dvds dr)

1
=« e+ +ls—r) Vst —s —u
wo([, . amtet e+l =D Pt =5 —w

X @t —r—v)|u— v|2H°_2dudvdsdr>.
By Lemma A.3,
/[0 1]2(6 +e+ls—r) V2 x st —s —uw)py (t —r — v)|u — v dudv
. < Cls — r[2Ho512,

A
Then, by the dominated convergence theorem, EZ EW (V;f, Ve x’8 ) converges to

O H,

27 J[0,¢]2

as ¢, &', 8 and 8’ tend to zero. This implies that fo converges in L2, as ¢ and § tend
to zero, to a limit denoted by V; .. On the other hand, from the above computations,

|s — r|2H°_5/2 dsdr
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we have
EVIOED =, [ pa(B = Bgs —s —w)
N3

X st —r —v)|lu — v|2H°_2du dvdsdr

and this expression converges to right-hand side of (6.2) almost surely. Moreover,
because of the above arguments, the convergence is also in L' and this implies
(6.2). O

6.3. Feynman—Kac formula. By Proposition 3.3 and Theorem 6.2 in [5], we
have the following theorem.

THEOREM 6.2. Suppose that Hy = 1/2 and Hy > 3/4. Then, for any A € R,
we have

Eexp()\ /Ot /Ré(le_r —y)W(dr, dy)) <00

and, for any measurable and bounded function f, the process

t
(6.3) u(t,x)=EB <f(th) exp</0 /R(S(B,x_r — Y)W (dr, dy)))

is a weak solution of (1.2).

6.4. Holder continuity. We also have the following theorem, whose proof is
similar to that of Theorem 6.1.

THEOREM 6.3. Suppose that Hy = 1/2, Hy > 3/4 and let u(t, x) be the
solution of (1.2). Then, u(t, x) has a continuous modification such that for any
p € (0, Hy — 3/4) and any compact rectangle I C Ry x R, there exists a positive
random variable K such that almost surely, for any (t1, x1), (t2, x2) € I, we have

2
lu(ta, x2) —u(ti, x1)| < Ki(|ta — t11° + |x2 — x1|).

PROOF. As in the proof of Theorem 6.1, we have
EWu(s, x) —u(t, )| < C,IEBEV |V — V|?1P/2,

where V = fot Jr8(B, —2)W(dr,dz) and V= fg fRé(Bsy_, —2)Wdr,dz). If
s =t, then we can write

B t pt
EBEW|V—V|2=2/ / |r — v[?Ho=2
0 Jo

x E[§(B, — By) —8(B, — By + x — y)]drdv

2 rort 2
— Ir — v|2H0_5/2(1 — e (=Y) /(2|r—v|))d,, dv.
V21 /(‘) /0
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For any 2p <y <2Hy — 3/2, we have 1 — e~ (=0?/Q@Ir=v)) < (%)V. Thus,
EBEV|V —V|? < Cylx — y|? . Consequently, we have
(6.4) EYu(t, x) —u(t, y)I” < Clx — y|"”.
On the other hand, if x = y, then
EBEVIV —v|?

_CU / Ir — v|2H0=572 gr qy
+/ / Ir — 202 (|r vl_l/z—|r—v+t—s|_1/2)drds:|
and, by a similar computation to step 3 before, we can obtain

(65) EW|u(s’x)—M(t’x)|p fC(t—S)(HO_3/4)p.
Combining (6.4) and (6.5), we prove the theorem. [J

6.5. Regularity of the density. We can also show the following result.

THEOREM 6.4. Suppose thatd =1, Hy =1/2 and Hy > 3/4. Fix t > 0 and
x € R. Assume that for any positive number p, E|f(B; + x)|"? < oco. The law of
u(t, x) then has a smooth density.

PROOF. The proof is similar to that of Theorem 5.2, using the existence of
finite moments of all orders for the self-intersection local time of the Brownian
motion proved in the Appendix (see Proposition A.7). [

7. Skorokhod-type equations and chaos expansion. In this section, we con-
sider the following heat equation on R¥:

ou 1 d+1
M Autuo— W,

(7.1) ar 2 T ok axg
u(0,x) = f(x).

The difference between the above equation and (1.2) is that here we use the Wick
product ¢ (see, e.g., [6]). This equation is studied in [5] in the case Hy = --- =
H; = 1/2. As in that paper, we can define the following notion of mild solution.

DEFINITION 7.1. An adapted random field u = {u(z,x),t > 0,x € R?} such
that E(u3(t, x)) < oo for all (¢, x) is a mild solution to equation (7.1) if, for any
(1,x) € [0,00) x RY, the process {p;—(x — y)u(s, )1jo.11(s).5 = 0,y € RY} is
Skorokhod integrable and the following equation holds:

t
(1) ut. ) =pef @0+ [ [ piese = yuts ) 8w,
where p;(x) denotes the heat kernel and p; f (x) = [pa p:(x — ¥) f(y) dy.
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As in the paper [5], the mild solution u(¢,x) of (7.1) admits the following
Wiener chaos expansion:

(7.3) u(t,x) =y Li(fu(.1,%),

n=0

where [,, denotes the multiple stochastic integral with respect to W and f,, (-, t, x)
is a symmetric element in H®", defined explicitly as

fn(sl, J’l, ---’Snayl’latsx)

(7.4)
1
= P50 (X = Vo) Psyy=s00y Yo @ = Yo 1) Psyy f (o)
In the above equation, ¢ denotes a permutation of {1,2,...,n} such that 0 <

So(l) < -+ < So(n) <t.Moreover, the solution, if it exists, will be unique because
the kernels in the Wiener chaos expansion are uniquely determined.
The following theorem is the main result of this section.

THEOREM 7.2. Suppose that 2Hy+ Zfl=1 H; > d+ 1 and that f is a bounded
measurable function. Then, the process

u(t,x):EB|: (Bx)exp<// (B, —y)W(dr,dy)

1 t t
(7.5) — —aH/ / |r — 5|02
2 0 Jo

d
x [T1B: - B;|2H"_2drds>:|
i=1

is the unique mild solution to equation (1.2).

PROOF. From Theorem 3.3, we obtain that the expectation £ B in (7.5) is well
defined. It then suffices to show that the random variable u (¢, x) has the Wiener
chaos expansion (7.3). This can be easily proven by expanding the exponential and
then taking the expectation with respect to B.

Theorem 3.1 implies that almost surely §(B;"_. — -) is an element of H with a
norm given by (3.4). As a consequence, almost surely with respect to the Brownian
motion B, we have the following chaos expansion for the exponential factor in
equation (7.5):

t
exp ( | [, s, —nwaray

1 t ot 3 d ) — e
—EaH/O /O r — s 02T |B; — B 2drds>=21n(gn),
i=1 n=0
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where g, is the symmetric element in H®" given by

1
(7.6) (5131 uSs Y 1X) =~ 8(BL = y1) -+ 8(BL, = ).

Thus, the right-hand side of (7.5) admits the chaos expansion

1
(1.7) u(t,x)=>y_ —An (-, 1,2))
n=0"""
with
(7.8) ha(t,x) = EP[f(BF)S(B_;, — y1)--8(B — ya)l.

This can be regarded as a Feynman—Kac formula for the coefficients of the chaos
expansion of the solution of (7.1). To compute the above expectation, we shall use
the following identity:

EPLF(BPSB! = IRI= [ pies(BY = f (@8~ y)dz
(7.9) R
= pi—s(By =) f(¥).

Assume that 0 < s5(1) < -+ < Sg(n) < t for some permutation o of {1,2,...,n}.
Then, conditioning with respect to F;—_s,,, and using the Markov property of the
Brownian motion, we have

ha(t,x) = EP{EP[8(B._, . = Youm) -
X 5(B,x_sa(l) - ya(l))f(Bszft—Sn(l)]}
= EB[S(BZX_SU(”) — Yon)) - "5(th—sa(1> - ya(l))pso(l)f(th—so(l))]'
Conditioning with respect to ‘E_SJ(Z) and using (7.9), we have
ha(t, %) = EP{EP[8(B, 2, — Vo)
x8(B/_y, \, — ya(l))Psg(l)f(th—sm))]'j:f*Sa(z)}
=EB {8(By_gx "

X EB[(S(BIX—SU(I) - ya—(l))psa(l)f(B;C—SG(l))|ft_Sa(2)]}

= EP[8(B,—y:,, — Yow) - 8(Bl_; , — Vo))

- ya(n)) o 'S(BZX—SGQ) - )’0(2))

X Psoy=son (Bizs, oy = Yo ) Psoy f (Vo (1) ]-
Continuing in this way, we find that
hn(t, x) = Pt—som) (x - yﬂ(ﬂ)) * Pse)—se) (yU(Z) - yﬁ(l))psn(l)f(yrf(l))’
which is the same as (7.4). O
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REMARK 7.3. The method of this section can be applied to obtain a
Feynman—Kac formula for the coefficients of the chaos expansion of the solution
of equation (1.2):

u(t,x):Z 11 (hp (-, 1, X))
n= 0
with
hu(t,x)=E [f(B““)S(B, Ly YD) 8(Bg = vn)

(7.10) x exp(—oeH/ / |r — s|*Ho~
d . .
x [T1B: - B;|2Hf—2drds>].
i=1

REMARK 7.4. We can also consider equation (1.2) whend =1, H; = 1/2 and
Hy > 3/4. In this case, we easily see that the solution u(¢, x) admits the following
chaos expansion:

u(t,x)zzll (i (-, 1, %))
n= 0
with
hn(t, x) = [f(Bx)é(B, s — Y1) 8(Bi_g, — yn)
(7.11) x exp(%aﬂo | t | "I sPH25(B, — By dr ds)].

From the Feynman—Kac formula, we can derive the following formula for the
moments of the solution analogous to (4.17), which can be compared with the
formulas obtained in [5] in the case H} =---= H; = %:

E(u(t,x)?)

p .
~ (T8l 40

j=1

R

J.k=1,j<k
d .. .
x [T1B{" — BN |*Hi~2 ds er,
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where p > 1 is an integer and B/, 1< j <d, are independent d-dimensional
Brownian motions.

APPENDIX

LEMMA A.1. Suppose that0 <a <1, € >0, x > 0 and that X is a standard
normal random variable. Then, there is a constant C, independent of x and € (it
may depend on o), such that

E|lx +e€X|™* < Cmin(e™ %, x™%).

PROOF. It is straightforward to check that K = sup,.o E|z + X|™* < oo.
Thus,

—u

(A1) E|x+eX|—“=e—°‘E|f+X <Ke©.
€

On the other hand,

1 2
E|x+eX|7°‘=—/ Ix +ey|%e Y2 dy
2w JR

1 / _ - 2
= — Ix +ey| e /?d
\/271( {Ix+ey|>x/2} Y Y

+ f Ix + ey|%e )/ a’y).
(lx+eyl=x/2)

It is easy to see that the first integral is bounded by Cx ™ for some constant C.
The second integral, denoted by B, is bounded as follows:

B = Cl |Z|—ae—(z—X)2/(2€2) dz < Cl |Z|—Ole—)€2/(862) dz
€ Jiz|<x/2 € Jiz|<x/2

= Cie_xz/(gez)x_“ <Cx™“.
€

Thus, we have E|x + € X|™* < C|x|™%. Combining this with (A.1), we obtain the
lemma. [

LEMMA A.2. Suppose that o € (0, 1). There exists a constant C > 0 such that

Sup/Rz Pe(x1 + y1) per(x2 4+ y2)|y1 — 21 ¥ dy1dy; < Clx; — x2| ™.
€€

PROOF. We can write
/R2 Pe(x1 + yDper(x2 + y2) |y — y2| ¥ dy1dy; = E(leX| —x1 — &' X2 4+ x27%).

Thus, Lemma A.2 follows directly from Lemma A.1. [J
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LEMMA A.3. Suppose that a € (0, 1). There exists a constant C > 0 such that

t t
sup/0 fo 05t — 51— 1)@y (t — 53— F2)F1 — r2|~ dr1 dry < Clst — 5] ™.
8,8

PROOF. Since

1 1
ps(x) > pB(x)I[()’\/g](x) = mefxz/(%)l[ovﬁ](x) > mwﬁ(X)’

the lemma follows from Lemma A.2. [

LEMMA A.4. Suppose that 2Hy + Zle H; >d+1.Let B', ..., B be inde-
pendent one-dimensional Brownian motions. We then have

d 2

t .

E(/ s2H02]_[|B;|2Hi2ds> < 00.

0 i
i=1

PROOF. We can write

t d ‘ 2
E(/o (2Ho—2 l—[ |Bi [2Hi=2 ds)

i=1

tops d ) _
:2/ / (sr)2H0-2 ] E(BI2H=2 B PH=2) dr .
0 Jo :
i=l

Let X be a standard normal random variable. From Lemma A.1, taking into ac-
count that 2 — 2H; < 1, we have, when r < s, that

E(|B;'|2Hl-—2|B;'|2H,~—2) _ E[|B£|2Hi_2E[|mX +x|2Hi72|x:B£]]
(A.2) < CE[|BIPHi=2(s — r)Hi~1)
< Cer_l(s — r)Hf_l.
As a consequence, the conclusion of the lemma follows from the fact that
/’ /s p2HORY Himd =2 2Ho=2 (¢ Y Himd gy g oo
0 Jo

because 2H0+Z§1:1 H —d—-2>—1and Zidzl H —d>-1. O

LEMMA A.5. LetB',..., B? be independent one-dimensional Brownian mo-
tions. Ifa; € (—1,0),i=1,...,d, and 27:1 o; > —2, then
1.d ,
Eexp(k/ [T1Bi1 ds) <00
0 :
i=1

forall » > 0.
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PROOF. The proof is based on the method of moments. We can write

Eexp( / l_[|B |""ds> Ef[m ﬂﬂ|B |“ ds

k=1i=1

o0
=y nE(Hw )
=1 [O<s) <+ <sp<1]

i=1

From Lemma A.1, since «; € (—1, 0), we obtain

E[|B | F, E[IBI — B 4B 1< Cls — sp—1)%/?,

|| F,
Sk—1 Sk—1

1 Skl

where F; is the filtration generated by the Brownian motion B'. As a consequence,
taking the conditional expectation of [[;_; [Bg, |* with respect to the o-fields

Fi Fi ]—"él and F, we get

Sp—1°" Sp—27"""?
n

E(]’[ |B;k|“f> < C"(sp — sp=1)%/% - (s — )22
k=1

Letting o = Z;lzl a;, we have

Eexp( / 1_[|B |°"ds>

=y [ (50 = 501 .
n=1

[O<s)<--<sp<1]

x (sp — sl)"‘/zs?/2 ds.

(C(a/2+1)"
(n+na/2)I (n+na/2)

Since o > —2, the integrals on the right-hand side are equal to
and the series converges for any A > 0. [

LEMMA A.6. Forany 0 <a < 1, define
Ca()=E(E]™" =y +&179),
where y > 0 and & is a standard normal random variable. Then,
Ca(y) = Cmin(1, (y* +y*~%))

for some constant C > 0.

PROOF. First, note that C,(y) < C, where C > 0 is a constant, since
limy_, o E|y+&|~* = 0. On the other hand, we can decompose the function C, (y)
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as follows:

1 2
Cy z—/ x| 7% = |y +x|"Ye ¥ 2 dx
) o R(l | ly ™)

1 . _ _ .2
:—2n(/{‘ oo }(|x| Y—ly+x|"Ye /2 dx
2V x> x<-—y
2
+ (e[ 7 = |y + 2" )e ™ /zdx)
{—y<x<0}
- (A+ B)
N V21 ’

where A and B denote the first and second integrals, respectively, in the second-
to-last line. For integral A, we can write

0 _ _ _22 _ ,22
A:/ (% = (x + )Y (e — e W) gy

0

o

= /o X+ ) T )Y —xTye 2 dx,
Therefore,

)
A S/ xl—Za[(x +y)oz _xa]ye—xz/de
0

o0
—i—/ X Y[(x + )% — x"‘]yz_"’e_’cz/2 dx.
0

For the first integral in the above expression, we use the estimate (x 4+ y)* —x% <
ayx®~! and for the second, we use (x + y)* — x* < y®. In this way, we obtain
A<Cy?

for some constant C > 0. On the other hand,
y y
B :/ x ¢ (e_)‘z/2 — e_(x+y)2/2) dx < / x “(x+y)ydx < Cy3_°‘
0 0
for some constant C > 0, which completes the proof of the lemma. []

PROPOSITION A.7. Let B be a one-dimensional standard Brownian motion.
Then, for any p > 0,

1 pl -p
E'f / 8(B;y — Bg)dsdt < 00.
0 Jo
PROOF. Fork=1,...,2" 1 we define Apk = [2]‘2;2, 2/‘2;1] X [2"2;1, %—/,f] and

U =f 8(B, — By)ds dt.
An,k

The random variables o, x have the following two properties:
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(1) for every n > 1, the variables a;, 1, ..., o, on—1 are independent;

(i) ok 4 y-n/2 fol fol 8(B; — By)dsdt and B is a standard Brownian motion
independent of B.

For any p > 0, we may choose a integer n > 0 such that p2' =" < 1/3. Then, we
can write
2n—1 2n—1

1l
E‘/ / 8(B;y — By)dsdt Z Up k 1_[ Op k
0 /0 k=1 k=1

and it suffices to show that E| fol fol 8(B; — By)dsdt| P < oo for some p > 0.
Notice that

—p _pzl—n

<E

4
<FE

1 rl - ~
L::/ / S(B,—Bs)dsdt:/ LY dx,
0 JO R

where L¥ (resp., L)) denotes the local time of the Brownian motion B (resp., B).
As a consequence, forany 0 <o < 1,

€
P(L<e)§P(/
0

< <€
—= 1+1 2 0

1 - ) 45 _ ~
SEEI/IO(E(L?) 1/2)2+2/0 E|LYLY — LYLY|dx

4/5
LyL} dx)

4/5 ¢
\LOLY — LYLY | dx > 5)

< el

which implies that E(L'/19) < 0co. O
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