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Abstract
We prove that the weak solution of a uniformly elliptic stochastic dif-
ferential equation with locally smooth diffusion coefficient and Holder
continuous drift has a Holder continuous density function. This result
complements recent results of Fournier-Printems [3], where the density is
shown to exist if both coefficients are Holder continuous and exemplifies
the role of the drift coefficient in the regularity of the density of a diffusion.
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1 Introduction

Malliavin calculus is well known as a method to prove the regularity of a solution
of a SDE (stochastic differential equation). Especially, if we assume that the
coefficients of a hypoelliptic SDE are bounded functions with bounded deriva-
tives of any order, then the solution has a smooth density (see, for example,
Nualart[IT]). In recent years, one of the directions in this area is to develop
tools to deal with the case of non-smooth coefficients.

In this article, we consider the one dimensional SDE of the form dX; =
o(X¢)dBy + b(X;)dt on a probability space (2, F,Q), where {B;}o<; is a one
dimensional standard Brownian motion. The main purpose of this paper is
to prove the local smoothness of the density of the SDE under some weak
assumptions on the drift coefficient b.

Our assumptions, roughly speaking, are local boundedness of the coeflicients,
Holder continuity of b, uniformly ellipticity and local smoothness of 0. More
details about the assumptions will be given later.

Under these assumptions, we will see that the density of the solution of the
above SDE exists on the set in which o is smooth. Furthermore, we also show
that the density is y-Hélder continuous, with v € (0, «) and « is the exponent
of the Holder continuity of b. This shows that the drift coefficient may be a
determining factor in the regularity of the density.

Some related results have already been obtained for this problem, for exam-
ple, Fournier and Printems [3] proved in the case that o is a-Holder continuous
with o > % and b is at most linear growth then the density of X; exists. Their
approach is very simple. The key idea is to consider the following random vari-
able which approximates Xy; Z. := X;_.+0(X;—.)(By—B—.) for e € (0,1) and
using some classical lemmas about the existence of the density and conditions
of the coefficients. In that case, they showed the existence of the density on
the set {x € R;o(x) # 0}. A careful analysis of their method shows that the
argument for the proof can not be used to obtain any further properties of the
density (such as the Holder continuity of the density).

For a multi-dimensional SDE whose coefficients depends on time, Kusuoka
[7] introduced a space denoted by Vj, which is larger than the usual Sobolev
space and showed the relation between the space V}, and absolute continuity of
random variables. According to [7], one can show the existence of the density
of X, on the set {x € R;o(x) # 0} when the coefficients are bounded, o is twice
continuously differentiable on {z € R;o(x) # 0} and b is Lipschitz continuous
on R.

Our result uses a probabilistic approach to the regularity problem of funda-
mental solution to parabolic equations. In the theory of parabolic equations,
there are some regularity results which we briefly compare here. In [2], one
can find some classical results on the existence and regularity of fundamental
solutions of parabolic equations under global Holder continuity assumptions on
the coefficients of the parabolic equation. In particular, the Holder continu-
ity of coefficients yields higher order smoothness of the solution to parabolic
equations.



In the modern theory of parabolic equations, these equations are solved in
Sobolev spaces and by using embedding theorems, one can find a modification
of a solution such that this solution might have Holder continuous derivatives
(see [8] or [6]). Thie arguments in this approach are somewhat global.

On the other hand, in this paper, we focus our attention on the local regu-
larity problem: Does the local regularity of coefficients yield the same property
of solution to parabolic equations? In particular, except for the existence and
uniqueness (in law) of weak solution to stochastic differential equation, our as-
sumptions are restricted only on a neighborhood of some point. In [, the reader
can find some sufficient conditions so that the stochastic differential equation
under consideration admits a unique weak solution.

The main tool of our approach is Malliavin calculus, but in general, due to
our local hypotheses, the stochastic process X will not be differentiable in the
Malliavin sense. To solve this problem, we use Girsanov’s theorem in order to
reduce our study to the solution of the equation dX; = o(X;)dW; where W is
a new Brownian motion under a new probability measure P. In order to deal
with the local smoothness of the diffusion coefficient, we use stopping times in
order to introduce a localization argument. This localization will allow us to
change the process X by a regularized version X for which Malliavin Calculus
is applicable.

The remaining problem is how to deal with the change of measure which
contains the non-smooth function b which implies that this random variable is
non differentiable. For this reason, we introduce an approximation of the change
of measure which is differentiable. Finally, to end the argument we only need
to measure the distance between the change of measure and its approximation
by using the Holder property of b.

As in [3], we believe that the method introduced here can be generalized
to other situations such as SDE’s with random coefficients or Lévy driven SDE
with Brownian component. For examples of applications of the results obtained
here, we refer the reader to [3] and [9].

2 Preliminaries and Notation

In this chapter, we introduce some notations and give a brief introduction to
Malliavin calculus.

2.1 Some Basic Notations

For n € N, we denote by Cj' the class of bounded and n-times continuously
differentiable functions with bounded derivatives defined in R taking values in
R. Similarly, we define C;° as the class of bounded smooth functions defined in
R and taking values in R with bounded derivatives of any order and C° as the
class of all infintely continuously differentiable functions defined in R and taking
values in R such that the function and its derivatives have at most polynomial



growth. For a bounded function f : R — R, we denote by || f||o the supremum
norm of f.
Let X be a random variable on the probability space (2, F, P). For 1 <p <
00, we denote
1
[ X Lo (p) = Ep[|X[F]7,

where Ep[X] means the expectation of X with respect to P.

2.2 Brief Introduction to Malliavin Calculus

Now we turn to introduce Malliavin calculus. For the proofs of the following
results and more details about Malliavin calculus, see [I1]. In this chapter, we
abbreviate || - [|z»(p) by || - || zr-

Fix T > 0. For any measurable function h € H := L?([0,T];R), we denote
its stochastic integral by

T
W(h) == /0 h(s)dWs,

where {W, };>0 is a one dimensional Brownian motion.
Define

S:={F:F=f(W(h), - ,W(hy));h1, - ,hn € H, f € C°(R)}.
For FF € § and ¢t € [0,T], we define the H-derivative (or the Malliavin

derivative) as

DF = 30 (W), W () st

i=1
and for k € Z4 and p > 1, define the norm || - ||x,, by
k P
1Fllkp =  EIFP) + Y EIND Flle] ¢

Jj=1

where
_ T T
|| DI F||yi ::/ / |D51---Dst|2dsl---d5j.
0 0

As usual, | Fllop := || F||z»-

We will denote by D the completion of S with respect to the norm | - ||x
and by D> := ﬁkka’p . Similarly, for a Hilbert space V and V-valued random
variables, one can define D*?(V) and D> (V) := Ny, ,D*?(V). In particular, for
a R-valued stochastic process {us}o<s<r, we define the norm

k P
el == 4 Elllullad + > ElID ullfye,)

j=1



We define the Skorokhod integral, as the dual operator of D and denote it by 4.

Let {Fs}o<s<r be the filtration generated by our Brownian motion {W; fo<s<7.
It is a well known fact that for { Fs }o<s<r-adapted L? stochastic process {us }o<s<T,
its Skorokhod integral coincides with its Ito integral. That is,

T
(5(u)=/ usdWs.
0

Moreover, if {us}o<s<r belongs to the domain of § (for example, u €
DY2(H)), F € D12 and they satisfy E[F? fOT u2ds] is finite, then

O0(Fuy) = Fé(u) — /0 (DsF)ugds

is hold provided the right hand side of the above equation is square integrable.
For F = (F,---  F9) € (D%?)4, define the d x d-matrix M by

M} = (DF DF7)4.

This Mg is called Malliavin covariance matrix. The random vector F' is non-
degenerate if for any p > 1,

E[(det Mp)™P] < +00.

The following proposition, so called integration by parts formula (in Malliavin’s
sense), plays an important role in this paper.

Proposition 1. (Integration by parts formula)
Let F,G € D> be nondegenerate and ¢ € Cp°. Then for any n € N, there
exists random variable H, € ID*° such that

E [¢"(F)G| = Elp(F)Ha(F,G)].
Moreover H,, is recursively given by

Hl(F, G) = 6(GMF_pDF)
Hy(F,G) := Hi(F,Hy—1(F,G)) for 2< k<n

and for 1 < p < g < 400, we have
|Hn(F,G)lLr < cpq|MpT DFl3 1 50-1[1Glng

where r satisfies that ]lo = %—i—% and ¢, 4 is a constant depends only on p and q.

3 Preparatory Lemmas

The basic argument to study the density of a random variable follows from the
study of its characteristic function. The first basic result is the following.



Theorem 1. (Lévy’s inversion theorem) Let (2, F,P) be a probability space
and X be a R-valued random variable defined on that space. If p(#) := E[e"],
the characteristic function of the X, belongs to L*(R), then fx, the density
function of the law of X, exists and is continuous. Moreover,

+oo
fx(x) ! / e % p(0)do

— % .
for any x in R.

This result is very well-known result which is called “Lévy’s inversion theo-
rem” for the proof of this, see e.g. [12]. The following corollary gives us a more
precise criterion for the Holder continuity of the density.

Corollary 1. Let X be a random variable under the same setting as in Theorem
@ and ¢ be its characteristic function. Assume that the following inequality holds
for some positive constant C' and 0 < v < 1.

p(6)] < 1A (Clo]70+).

Then the density function of the law of X exists and is a-Hélder continuous for
any 0 < o < 7.

Proof. Let o € (0,7). The existence and continuity of the density immediately
follows by Theorem [l We only show that the density is a-Ho6lder continuous.
Let fx be the density of the law of X. Then by Theorem[I we have

1 e —ifx —1
[fx (@) = fx W)l < 5 le™"0% — e[ p(0)|d6
1 [t ) .
<o |l — 1jp(0)]do
™ — 00

Oa “+00
< 2—/ 02 — Oy|*|(0)]dO
i — 00

+oo
/ 16°10(6)| 6.

— 00

o — yl2 e
= |r — _—
y 2

By the hypothesis, the last integral is finite. Hence, fx is a-Holder continuous.
O

Now we define the notion of local density function.

Definition 1. Let € be a positive number and yo € R. The random variable X
has a (local) density function p on the set Be(yo) if

Blf(X)] = / f(@)p(e)de

holds for any bounded continuous function f whose support in Be(yo).



Remark 1. The above function p corresponds to the density function of X on
the set B:(yo) provided X has a density function, but p may exist when X does
not have a density function. For example, if X = 0 almost surely, then X
clearly does not have a density function. However, for any yo € R\ {0} and
0 < e < |yol, the constant function p = 0 satisfies the above definition.

Although Corollary [ gives us a useful criterion about the global existence
and continuity of the density function, we need another lemma which is used to
show the local existence of the density function.

Lemma 1. Assume that X is a random variable under the same setting as in
Theorem [l Let € > 0 and ¢. be an element of C5° which satisfies that

1g.0) < ¢ < 1p, (0)-
Fiz yo € R and set mg = El¢-(X — yo)]. If mo > 0, we define Ly, as the

probability measure on R such that

/R F )Ly (dy) = mioE[ﬂX)@(X .

for all continuous and bounded function f.

If Ly, possesses a density py, then py, := moPy, 15 the density function of
X on B:(yo).

If mg = 0, then the constant function p,, = 0 is a density function of X on
B:(yo) even if Ly, does not have a density.

Proof. Let mg > 0 and f be a continuous and bounded function whose support
is a subset of B.(yo). By the definition of p,,, we have

/ )Py, (y)dy = mo / T (W)Dy, (y)dy
R R

=mg /R W)Ly, (dy)
= E[f(X)]

This implies that p,, is a density function of X on B (yo).
On the other hand, if my = 0 then it is clear that

E[f(X)] = 0.
Therefore p,, = 0 is a density function of X on B (yo). O

Remark 2. The function ¢. in Lemma[dl can be constructed as follows. Let
a € (g,2¢). Define the function

fa 2s($) = { exp(ﬁ - m_ia); for x € (G,QE)

0; for x & (a,2¢).



and
o f; fa,2€ (y)dy

ga,2a($) = f;s fa72s(y)dy'

Then ga,2: € Cp° and

_J 0 (z<a)
9“’25_{1 (z > 2¢).

Hence ¢ may be defined as ¢ = g_oe,—a(l — ga,2:)-

Before stating and proving our main result, we remind the reader that ac-
cording to Corollary [l and Lemma [T, if

| Bqle’ 6-(Xe —yo)ll < 1A (C10]7+7) (v]6] > 1) (1)

holds for some positive constants C' and ~, then for any 7’ € (0,~) the density
function of the X exists and is 7/-Holder continuous on B.(yo) at time t. Here,
¢e is an element of Cp°(R) which satisfies the conditions of Lemma Il

4 Main result

Let (2, F,{Fi}1>0,Q) be a probability space, where {F;}i>0 is the filtration
generated by the one dimensional standard Wiener process B := {B;};>0 on
(Q, F,Q). Consider the following SDE;

Xt=x0+/0t o(XS)dBS—i—/Ot b(X.)ds, € [0,T] 2)

for a finite 7' > 0 and xg € R, where ¢ and b are Borel measurable functions.

4.1 Assumptions

(H1): There exists some yo € R and ¢ > 0 such that o and b are bounded on the

open ball Bs:(yo) := {y € R; |y — yo| < 6e}. Moreover, inf |o(z)| > 09 >0
€ Bse(yo)
for some constant oy.

(H2) 0 € Cz?"(Bb(sa(yo))-
(H3): 0 'b:= — is a-Holder continuous on Bg.(yo), where a € (0,1).
o

Remark 3. The assumption (H3) implies that the function b is a-Hélder con-
tinuous if o belongs to C}.

If our assumptions (H1), (H2) and (H3) are satified on R, coefficients o
and b also satisfy the assumptions in Fournier and Primtems [3]. However their
method does not apply if one wants to study the smoothness of the density.

We assume throughout the article the weak existence of solutions for (2I).
Sufficient conditions are stated in e.g. [I]. Our main result is the following
theorem.



Theorem 2. Assume (H1),(H2) and (H3). Then for any initial value xq, any
0<t<T and any 0 < v < a, the distribution of Xy has a y-Hélder continuous
density on Be(yo)-

Remark 4. We define
I:={yeR;P(T, < c0) > 0},
where
T, := inf{t > 0; X; = y}.

Then I forms an interval when I is not a point (see Section 3.5 (page 92) in
Ito-McKean[]))). The process X does not go out from I, hence the support of the
distribution of X; is contained in the closure of I. Thus we may concentrate our
attention on the interval I, although in assumption (H1) we may pick yo € R
which belongs to the complement of I and obtain the existence of a density (which
is zero).

5 Estimate of the characteristic function

We assume without loss of generality that the a-Holder continuity constant of
o~ 1b is equal to one. Now we start the study of the characteristic function of
Xi.

5.1 Change of the measure and localization

Fix0<t<T. -
We define the coefficients 7 (y) := o(A(y)) and b(y) := b(A(y)) where A € Cp°
(a truncation function) is defined by

Yo + b=t if [y — yol > Be

Y; if |y —yo| < 4e
/\(y):{ | ol

and A(y) € Bs(yo) for all y € R. As a consequence of (H1) and (H2), 7 is an
Cy° extension of o|p,_(y,) and 7 1b is a-Holder continuous on R.
Let 0 < 0 < (¢t A1). Define

Xs(v,y) =y + /S 7(Xu(v,y))dB, + /S b( Xy (v, y))du, (3)

v:=inf{s >t —0; X, € Bs.(y0)}

and

7 :=inf{s > v; X5 ¢ Bac(y0)}-
Define the sets

A:={¢c(Xt —yo) >0v=t—0,t <7}



and

C:= {¢€(Xt - yO) > O; sup |XV+S(V7 XV) - XVl 2 5} \ A.

0<s<5

Then we have {¢.(X; — yo) >0} = AU C. Hence, as ANC = (), then
Eqle™™ ¢-(X: — yo)]= Eqle"™ ¢=(X¢ — yo)lc] + Eqle" ™ ¢=(X: — yo)1a]. (4)

The next step in the proof is to remove the coefficient b from (B) in the
case of (v,y) = (t — 4, X+—s) by changing the measure. Define the stochastic
processes for t —§ < s <T

Ws = Bs + / (5’716)(X’U‘(t - 5’ Xt*é))dfu"
t—o

= ex ) a0 (X (t — l ) &b (Xu(t — 2du
Zoimoxn ([ @ =0 X )i+ 5 [ 0 DO - 6 X))

and introduce the probability measure P as

dP|
dQlr,

Then X (t — 6, X;_s) satisfies the following SDE;

Z71(t—-5<s<T). (5)

Xy(t—6,Xi5) = Xog + / F(Xult — 8, X_5))dW,.
t—95

Remark 5. Due to (H1) and the boundedness of 3~ b, Z~' satisfies the Novikov
condition. Hence, under the measure P, W is a one dimensional Wiener pro-
cess. In order to apply Malliavin Calculus in the setting given in Section[Z.3 we
may change probability spaces without any further mention.

Let us remark some general properties of stochastic processes of exponential
type.

Lemma 2. Z satisfies the following SDE:
t
Zy =1+ / Z(67 ) (Xs(t — 0, X_5))dWs. (6)
t—o

In general, for predictable bounded processes v (the lowest upper bound is de-
noted by ||¥||), we have that processes of the type

t t 1 t
Z, =1+ /tiézw(s)dws — exp </”¢(s)dws -3 /H |1/)(s)|2ds)

satisfy that
—1
plzp) < e (P2 Usul).

10



Proof. For the first property, it is enough to note that dB, = dW,+&1b(X,(t—
6, Xt_(;))ds.

Since W is a Wiener process under P, Z is a F-martingale under P and
hence for any p > 1,

sz <8 loo ([ paw.— [ pooras+ 222D [ jupas)|

=

< exp (L2 Vsl ).

5.2 Proof of the main theorem

Proof. Now we turn to the proof of Theorem 1. By Lemmas Bl and [ in the Ap-
pendix applied to (@), we obtain that for some positive constants K,,, My, C: n,, Ca
and C; ,, the following inequality is satisfied

| Bqle™*¢=(X: — yo)]| (7)
< 267Ky (Mal|o||206™ + 67" |Bl|3)
+ Ceng|083 772 4 Cod = + 1|67 1D]| 00 Oy [06% | 772,
Since ¢ € (0,¢t A 1) is an arbitrary number, we can take
§:= 107,

for |0 > (t A 1)_% and any 8 > 0. If we denote by C. ,, ,,, the maximum of all
the coefficients of 6 appearing in (), we rewrite that inequality as

(2—B)no

| Eq[e ¢ (Xt = yo)ll < Cepnma (101777 41017277 410172 + 6]

_(tB
2

)

for (t A 1)7% < 10| and 14%01 < B < 2. Since n and ng are arbitrary, if we choose
€ (0,a), B as
2(1+7)
1+«
and sufficiently large n and ns, then by (), X: has a ~-Holder continuous
density on B:(yo). O

<p <2

Remark 6. 1. Note that as [ is chosen closer to 2, ny has to be chosen
bigger. Therefore in comparison with the classical proofs of the regularity of the
density, we need higher reqularity of o in order to obtain v-Hdlder properties of
the density for v closer to a.

2. Note that the term that decided the rate of decrease for the localized char-
acteristic function was § % which is the approzimation term for the Girsanov
change of measure and which strongly uses the Hélder continuity of b (see the
proof of Lemmaldl. Therefore even if the other terms may have a faster rate of
decrease this will not improve the final result.

11



6 Conclusions

We have proved that the regularity of the diffusion coefficient can help transfer
the irregularity of the drift to the density function in contrast to the role played
by the drift in [3] and [9]. In both of these results the drift seems does not
seem to play any important role. In this article, we intended to point out that
this is not the case and that the regularity of the drift may play an important
role in determining the regularity of the density. This is the point where the
integration by parts formula of Malliavin Calculus plays an important role in
comparison with the previously mentioned results.

In fact, in a related research, we intend to show, using a more complicated
technique ( this involves a more complex version of the technique introduced in
[5]) in the case that the diffusion coefficient is constant, that there are situations
where the drift is the determining factor in the regularity of the density of X;.

7 Appendix
7.1 Estimate of (4) on the event C

Lemma 3. Under (H1) and (H2), we have the following estimate:
|Eqle™* ¢e(X; — yo)le]| < e K, (Mya[228™ + 8" [b12),  (8)
where K,, and M, are constants depend only on n.

Proof. Using Markov’s inequality, we have

Q)< Q < sup [ Xyas(v X)) — Xo| > e)

0<s<d

<e*"Eq [ sup | X, 1s(v, X,) — XV|2"}
0<s<6
s+v _ s+u_ _
<e MK, <EQ [ sup | (X (v, Xl,))dBu|2"} + Eq [ sup | b( X, (v, X,,))du|2”}) ,
0<s<6 Jv 0<s<éd Jv
where K, is a constant which depends only on n.
Since ¢ and b are bounded, by Doob’s inequality and Burkholder-Davis-
Gundy inequality, we have

s+v s+v
eK, <EQ [ sup | o (Xu(v, Xl,))dBu|2”} + Eq [ sup | b(X (v, X,,))du|2”})

0<s<s Ju 0<s<s Ju

v+4 B n
{/ (7(Xu(v, XV))2du}

< e K (M |lo]1326™ + (81Blloc)*")

<e K, (MnEQ + (5|b|oo)2">

for any n € N, where M,, is a constant depends only on n. Therefore (8) follows.
O

12



7.2 Estimate of (d]) on the event A

Now we turn to estimate the second term of ({@).

Lemma 4. Under (H1),(H2) and (H3), we have the following estimate:
| EQle™ ¢<(X¢ — yo)1al| < e Ky (Myla|226™ + 6°"([]|2)
F Cenn|062 772 + Cod 2 + |6 b]|oeCem, |057 | 772
Proof. By the definition of X, on the event A,
X=X (t — 0, X¢—s)-
Hence, we obtain that

|EQlet¢-(X; — yo)1a]| = [Eq[e? X+ =0X-0) ¢ (X, (t — 8, Xo—5) — yo)1all.

Since
1{u:t—6;t<7—} = 1{V:t_6;t<T}1{thseT(yO)}
= (1 — 1{u:t75;7§t})1{xt766m}
- 1{X‘*5€m} —ly=t—sr<t}
we have
|EQ [eiGXt(t—ts,ths)(ba (Xt(t — 67 Xt—(i) _ yO)lA]l (9)

<|Eq [eieXt(t_(s,Xt—S)(ba(Xt(t -0, X 5) — yo)l{XFéem}H
+ | Eqe (=X (X (t — 6, Xe-5) — y0) L{p=t-sir<it]-
By the definitions of v and 7, we have

{v=t—67<t} C{sup [Xi s1s(t—0,Xi5)— Xy 5| >}
0<s<§

So, as in Lemma [3] we obtain that
Qv =t=087<t) <e ™Ky (M| 720" + 0" |[BIIZS) -

Therefore, we have the following upper bound for the second term in ()
| Eqle®Xt(=0Xt=0) (X, (t — 6, Xo—6) — yo) 1 {mt—sir<ty | (10)
< 2 (M o228 + 827 b))

For the first term in (@), we change the probability measure from @ to P
defined by (B). That is,

Eq [eiext(t_é’xt76)¢a()zt(t -9, Xt—é) - yo)]‘{Xti5€B3€(y0)}]
= Ep[e?*1m0X=0) g (Xy(t — 6, Xi—s) — Y)Zel ., cBtoon)

13



Then we have

|Ep[e X t=0X0) g (R,(t = 6, Xis) — 90) Ze) ., ooy )| ()

< |EP [eiGX‘(t_‘;’Xf*é)d)s(Xt(t — 4, Xt,(;) - yO)(Zt - 1)1{tha€m}]|

+ |EP[6i9Xt(t75’Xk5)¢s (Xt(t -4, Xt—zi) - yO)l{thseBsg(yo)}”'

Since 1 (X s€Ba o)} is F;_s-measurable, using conditional expectation and

the Markov property for X, we have
|Ep[e?X 0% (X (t = 6, Xo-5) = y0) i x,_,eBouon)]
= |Ep[Ep[e? X m0X3) 6 (Xy(t — 6, Xi—5) — yo)| Fis]
< sup [Ep[e®N U6 (Xy(t - 8,y) — wo)ll.

y€Bsc(yo)

1{Xt—66335(y0)}]|

As in Proposition [Il the integration by parts formula of Malliavin calculus
in the interval [t — 0, ], implies that for any ny € N and y € Bs.(yo), there exists
a random variable Hy, (X (t — 0,v), ¢o(X:(t — 8,y) — o)) € D> such that

dm i0x
e
dzxn ( ) =X (t—5,y)

- EP |:ei9Xt(t751y)Hn2 (Xt (t - 55 y)v (bs (Xt(t - 57 y) - yO)):| .

Ep

¢=(Xe(t = 6,y) — yo)}

Furthermore, by Theorem 2.3. and Corollary 1 of [10] (which are conse-
quences of the application of Proposition [l to our situation), there exists a
constant C; ,, which depends on ¢, ny and derivatives of & up to the order ns

such that for any y € Bs.(yo),

1 Hoy (Xt = 8,9), 6= (Xe(t = 6,9) = y0)) | 2(p) < Cenad™ 2. (12)

In fact, Theorem 2.3. of [I0] tells us that there exists some constant C,, such
that

||Hn2 (Xt(t—& y)7 ¢8(Xt(t_67 y)—yo))HL?(P) < C;nz ||¢8(Xt(t_5a y)—yo)”nz,znzﬂ(r%-

On the other hand, thanks to (H1), Corollary 1 of [10] implies that there

exists some constant C;‘)nz such that

||¢E(Xt (t - 55 y) - y0)||n2,2”2+1 < Og,’ﬂg'

The above constant C. p, is the product of these constants C%,,, and CT .

By (I2) and recalling that Z is a non-negative martingale with mean one,
for any ns € N, we obtain the following inequality.

|Ep[e®Xi(t=0Xe-0) (X, (t — 6, Xi—5) — o)
< Ce, 067|772

1{Xt75€m}]| (13)
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However, since Z; — 1 is not F;_s-measurable and we do not assume the
smoothness of the coefficient b, we can not apply the integration by parts formula
for the first term in (). Instead, we rewrite

t
Z,—1 :/ (670 (Xu(t — 0, Xt 5)) Zu — (67 10)(X¢_5)dW,
t—5
+ (5’716)(Xt75)(wt - Wt,(;).
Thus we obtain

‘EP {eieXt(t_g’Xt*S)(ba(Xt(t — 67 Xt—§) — yO)(Zt — 1)1{Xt75€m}:| ‘ (14)

t
<gp [ [ 10D~ 6 X0 (DX
t—5
+ [Bp[e Xm0 X0 g (X (t = 6, Xi—5) — 40) (57 '0)(Xems) Wi = Wees) Lk, e
For the first term, by the Holder continuity of 6~ 'b, (@) and Holder’s in-
equality, we have

1
2

Ep U (67 0) (Xt — 6, X¢5)) Zu — (alb)(X”)qu] (15)
t—0

<Va| [ Br 0 0~ 6 Xis) — (07 D(Xi0)P22)

t 3
+ [ Ep[|(6710)(Xi-6)*(Zu — 1)*]du
t—90
t
< \/5[ Ep[|Xu(t — 6, Xi5) — X¢_5|°*Z%du
t—9

1

t u
e )% / / Epll(aB)(Xo(t - 5, Xta>>zv|21dvdu]
t—8 Jt—o
ESuE :

t _ 2
<2 [/ Ep[|Xu(t — 6, X s) — Xi_s|2]*Ep[Za " *du + — || Z¢ ||L2
t—o

aagiea 157514 f
< VI | By ozt + I 2

1+a

< Cpd

where

124

N S N (e A EA PSS

Coi= (W

For the second term of (), we proceed as in ([[3). Since (67 'b)(X;_s) is
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bounded and F;_s-measurable, we have

|Ep[ei9Xt(t*51Xt75)¢s (Xt(t — 5, thzi) — yo)(a'fll_))(Xt,(;)(Wt — Wt*‘s)l{thgET(yo)}”

<o blloe  sup  |Ep[e?X 0 (X, (t — 8,y) — yo) (Wi — Wi—s)]].
yE Bz (yo)

Now we can apply the integration by parts formula which implies that for
any ng € N and y € Bs:(yo) there exists a random variable
Hy, (X:(t —0,9),0-(Xt(t — 6, y) — yo) (Wi — W;i_s)) € D> such that

dm?
dx™2

(eiez)

Ep

. ¢=(Xe(t — 0, y) — yo)(We — th)]
=X (t—0,y)

=FEp [ewgt(t*é’y)Hng (Xe(t = 0,y), ¢(Xe(t — 6,y) — yo) (W — Wt—é))}

and by the Holder inequality for the stochastic Sobolev norms (see Proposition
1.5.6 of [I1]), its L2(P)-norm is bounded by Ct ,,,6 % ¢, | (Wi=Wi_5) |y 2n2+1,
where ¢, is a constant depends only on ns.

However, the k-th order H-derivatives of Wy — W;_s vanish when k& > 2.
Therefore, there exists a positive constant C' (independent of ns) such that

(Wi = Wies)llng 2ot = [[(We = Wig)[[1,2n200 < C (16)

and hence, we have

|Ep[e®XH 0% (Xy(t = 6, Xims) —y0)(Ze = Dy, semgonll (17
< Cob = 4|67 b]| 0o Cerm, [05% |72,
where 051n2 = 205,77,20712'
Substituting (I7) and ([3]) into (L), we have
|Ep[e? X=X (X,(t— 6, Xos) — 90) Zi) 1y, eyl (19)

< Cony 06777 4+ Cod ™" + 1|5 B[00 Cem, [05% |72
As a result, we have
| Eqe X+ (=X (X(t — 6, Xi—5) — yo) 4]
< e K (My|a]|326™ + 827 b]122)
4 Ceny|06% 7™ + Cod > + |6 b)) 0o Cerm, [052 |
by substituting (I8) and () into ([@). O

Remark 7. The above estimate ([IB8) for the Sobolev norm of the Wiener pro-
cess is clearly non-optimal. However, as the term appearing in (I3]) decreases
slowly, improving the estimate in [L6]) will not change the final result. The same
comment applies to other terms such as ([I0).

16



References

[1]

[10]

[11]

[12]

Singular Stochastic differential equations by Alexander S. Cherny and En-
gelbert.

Partial differential equations of parabolic type by Friedman

N. Fournier and J. Printems, Absolute continuity for some one dimensional
processes, Bernoulli, 16(2), 2010, 343-360.

K.Ito and H. P. McKean, Jr., Diffusion Processes and their Sample Paths,
Second edition, Springer Verlag, (1974)

A. Kohatsu-Higa and A.Tanaka. A Malliavin Calculus method to study
densities of additive functionals of SDE’s with irregular drifts. To appear
in Annales de I'Institut Henri Poincaré, 2011.

Lectures on Elliptic and Parabolic Equations in Sobolev Spaces by Krylov

S. Kusuoka, Existence of densities of solutions of stochastic differential
equations by Malliavin calculus, J. Functional Analysis 258 (2010), 758-
784.

Linear and quasi-Lineqr equations of parabolic type by Ladyzenskaja Solon-
nikov and Ural’ceva

S.D.Marco, On Probability Distributions of Diffusions and Finan-
cial Models with non-globally smooth coefficients. PhD. Thesis,
http://cermics.enpc.fr/~de-marcs/home.html

S.D. Marco, Smoothness and asymptotic estimates of densities for SDEs
with locally smooth coeflicients and applications to square root-type dif-
fusions, 2011, The Annals of Applied Probability 21, Number 4 (2011),
1282-1321

D. Nualart, The Malliavin calculus and Related Topics, Second edition,
Springer Verlag, (2006)

D. Williams, Probability with martingales, Cambridge University, (1991)

17


http://cermics.enpc.fr/~de-marcs/home.html

	1 Introduction
	2 Preliminaries and Notation
	2.1 Some Basic Notations
	2.2 Brief Introduction to Malliavin Calculus

	3 Preparatory Lemmas
	4 Main result
	4.1 Assumptions

	5 Estimate of the characteristic function
	5.1 Change of the measure and localization
	5.2 Proof of the main theorem

	6 Conclusions
	7 Appendix
	7.1 Estimate of (??) on the event C
	7.2 Estimate of (??) on the event A


