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DENSITY ESTIMATES FOR SOLUTIONS TO ONE DIMENSIONAL
SDE’S AND BACKWARD SDE’S

OMAR ABOURA AND SOLESNE BOURGUIN

ABSTRACT. In this paper, we give sufficient conditions for the solutions of stochastic
differential equations and backward stochastic differential equations to have a density
for which we give upper and lower estimates. In the case of backward SDEs, the density
estimates we derive are Gaussian.

1. INTRODUCTION

In [2], I. Nourdin and F.G. Viens have introduced sufficient conditions to prove the
existence of a density for a Malliavin differentiable random variable and to provide upper
and lower Gaussian estimates for this density.

This result has lead to several research papers, such as those by D. Nualart and L. Quer-
Sardanyons ([4], [5]), in which these authors applied Nourdin and Viens result to solutions
of quasi-linear stochastic partial differential equations and to a class of stochastic equations
with additive noise.

In this paper, we use Nourdin and Viens’s approach to prove that, under proper con-
ditions on the coefficients, each component of the solution (Xi,Y;, Z;) to a backward
stochastic differential equation

Xt =x0+ /Ot b(Xs)ds + /OtU(XS)dWS (1.1)

T T
Yt:gza(XT)Jr/t f(XS,Ys,Zs)ds—/t Z,dW, (1.2)

has a density for which upper and lower Gaussian bounds can be derived. This implies to
study the diffusion equation (1.1) (which stands for itself) and provide upper and lower
bounds for its density on one hand, and the backward SDE (1.2) on an other hand.

Our paper is organized in two main parts, the first one dealing with diffusions and
the second one with backward SDEs. The question of the existence of a density for the
solution to an SDE of the type (1.1) and the properties of this density has been intensively
studied and we refer the reader to [3] for an extensive survey of the existing litterature
and results on this topic.

We establish that under a sign condition on ¢ and a growth condition on the Lie bracket
of b and o (see Hypotheses (H1) and (H2)), (1.1) has a density for which upper and lower
estimates can be derived. We also study the same question in the backward SDEs setting,
where we consider equations of the type (1.2). These equations introduced in [6], which
are closely related with viscosity solution to PDEs, have been intensively studied and have
many applications in control theory and financial methods among others.
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2 O.ABOURA AND S.BOURGUIN

The existence of the density for the random variable Y; at a fixed time ¢ € (0,7'), as well
as upper bounds for its tail behavior, have been proven by F. Antonelli and A. Kohatsu-
Higa [1], using a different approach (Bouleau-Hirsch Theorem). We retrieve Antonelli and
Kohatsu-Higa’s existence result for the density of Y;, and we also derive Gaussian estimates
for it. In order to provide (additionally to the existence result itself) estimates for the
density of Y;, we need to slightly strengthen the hypotheses of Antonelli and Kohatsu-Higa.

We also address the question of the existence of a density for the random variable Z;
as well as the possibility of deriving Gaussian estimates for it. This question has not been
solved in [1]. We need the same hypotheses as in the case of Y;, as well as additional ones,
since Z; can be expressed as a function of the Malliavin derivative of Y;.

In order to be self contained, we at first give an overview of some elements of Malliavin
calculus in Section 2, and the corresponding notations. In Section 3, we study the case of
a diffusion and give sufficient conditions for the density of the solution to exist and admit
upper and lower estimates (which need not be Gaussian, except in some particular cases).
Section 4 is dedicated to the backward SDE case and is organized in two subsections,
dealing respectively with the question of the existence of a density, as well as its Gaussian
upper and lower estimates for Y; and Z;.

2. FRAMEWORK, MAIN TOOLS AND NOTATIONS

2.1. Elements of Malliavin calculus. Consider the real separable Hilbert space L%([0, T)
and (W (), ¢ € L%([0,T])) an isonormal Gaussian process on a probability space (£2,2l, P),
that is a centered Gaussian family of random variables such that E (W (o)W (y)) =
(¢, ¥) L2 ([0,17)- For any integer n > 1, denote by I,, the multiple stochastic integral with
respect to W (see [3] for an extensive survey on Malliavin calculus). The map I, is ac-
tually an isometry between the Hilbert space L?([0,7]") equipped with the scaled norm
\/—1n—'H “lz2(o,r17y and the Wiener chaos of order n, which is defined as the closed linear

span of the random variables H, (W (y)) where ¢ € L*([0,T1), ¢/l 2oy = 1 and H,, is
the Hermite polynomial of degree n > 1, that is defined by

-1)" 2\ d? x?
The isometry of multiple integrals can be written as follows: for positive integers m,n,

E (I,(f)Im(g9) = nXf,9)r2qorm ifm=n,
E (I,(f)Im(9)) = 0 ifm#n.

It also holds that .
where f denotes the symmetrization of f defined by

1
f(xl,"' ’xn) = E Z f(xa(l)"" axa(n))'

’ geSy

We recall that any square integrable random variable which is measurable with respect
to the o-algebra generated by W can be expanded into an orthogonal sum of multiple
stochastic integrals

F=> Ifn) (2.1)

n>0
where f,, € L?([0,T]") are (uniquely determined) symmetric functions and Iy(fo) = E [F].

Let L be the Ornstein-Uhlenbeck operator defined by LF = — 3" < nl,(fy) if I is given
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by (2.1). For p > 1 and a € R we introduce the Sobolev-Watanabe space D*P as the
closure of the set of polynomial random variables (see (1.28) in [3]) with respect to the
norm defined by

[Fllap = [I(I = L)2 F| s ()
where I represents the identity. We denote by D the Malliavin derivative operator that

acts on smooth functions of the form F = g(W(p1),...,W(en)) (g is a smooth function
with compact support and ¢; € L%([0,7])) as follows:

DF = Z; g—i(W(sm), o, Wien)) i

The operator D is continuous from D*? into D* P (L?([0,7])) . The adjoint of D is
denoted by ¢ and is called the divergence (or Skorohod) integral. It is a continuous
operator from D*? (L*([0,77])) into D**1P. More generally, we can introduce iterated
weak derivatives of order k. If F'is a smooth random variable and k is a positive integer,
we set

D} . F =Dy Dy,..DyF.
We have the following duality relationship between D and §
E(Fé(u)) = E(DF,u)2(j0,r)) for every smooth F.

For adapted integrands, the divergence integral coincides with the classical Ito integral.
We will use the notation

T
5(u):/ usdWs.
0

Note that the following integration by parts relationship between D and ¢ holds
T
Dt(é(u)) = Ut + / Dtudes,
0

with u € DY2(L2([0,T))) such that §(u) € DV2.

2.2. Density existence and Gaussian estimates. In [2], Corollary 3.5, Nourdin and
Viens have given the following sufficient condition for a weakly differentiable random
variable to have a density with lower and upper Gaussian estimates.

Proposition 2.1. Let F be in D2 and let the function g be defined for all x € R by
g(z) = E <<DF, —DL'F) 2o | F — B(F) = x> . (2.2)
If there exist positive constants Ymin, Ymax Such that, for all x € R, almost surely
0 < Yimin < 9(2) < Yax
then F has a density p satisfying, for almost all z € R

E|F — E(F 2z — E(F))? E|F — E(F 2z — E(F))?
1~ B >|exp<_< 2%211(111)) ><p(z)< |272 ( >|exp<_< 2%%l(ax)) >

2 Yiax min

Furthermore, Nourdin and Viens have also provided the following useful result, which
gives some rather explicit description of g(x). Recall that W = (W (¢), ¢ € L? ([0,T7)).

Proposition 2.2. Let F be in DY2 and write DF = ®p(W) with a measurable function
Op : REAOTD 5 £2([0,T)). Then, if g(z) is defined by (2.2), we have

g(z) = /Ooo e U E <E/(<‘I)F(W)a (W) L2 (0,10)) [F — B(F) = x) du,
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where @(W) = Op(e " W+V1—e 2uW'), W stands for an independent copy of W, and
is such that W and W' are defined on the product probability space (2 x Q' F@F' P xP)
and E' denotes the mathematical expectation with respect to .

2.3. Notations. Let f be a twice differentiable function of two variables x and y. We

. . . 2 2 2
will use the following notations : % = fus g—g = fy, % = fm,g—y];(x,y) = fyy, aam—afy = fay,
o2 f

Doz = fyz- We will also use the following notation for the Lie bracket : [f,g] = fg' —gf’.

In the whole paper, ¢ and C will denote constants that may vary from line to line.

3. DENSITY ESTIMATES FOR ONE DIMENSIONAL SDESs

Consider the following one dimensional stochastic differential equation

t t
Xt =z —|—/ b(Xs)ds —|—/ o(Xs)dWs, (3.1)
0 0

where xg € R, b and o are appropriately smooth functions to ensure the existence and
uniqueness of solutions and (W3)¢>0 is a standard Brownian motion in R. In this section,
we establish under what conditions the solution to (3.1) has a density for which upper and
lower estimates can be derived. Expect for some particular cases such as the Ornstein-
Uhlenbeck process, these estimates are not Gaussian and are defined on the support of
the density. We will start by giving the hypotheses we will be working with before stating
the main result of this section, i.e., the upper and lower estimates of the density of the
solution to (3.1).

3.1. Hypotheses and examples. We consider b and o to be C? Lipschitz functions,
which ensures the existence and uniqueness of solutions to (3.1). In addition to that, we
impose the following conditions:

HoO { For every t > 0, o(z) > 0 a.e. on the.supp'ort of Xlt 6)’2)
Moreover we suppose that supp(X;) is an interval independent of ¢ >
H1: 3 M; >0,|[b,o]| < Mo
H2 : 3 M,,n >0,|00"| < Mygn
where [b, 0| denotes the Lie bracket of b and o.

Remark 3.1. Hypothesis (HO) on the positivity of o on the support of X; is not a loss
of generality. In fact, we only need o to keep the same sign on the support of X;. The
case where o is negative was included neither in the proofs nor in the hypotheses for
the sake of clarity and readability of the paper. However this case can be addressed
(without any further difficulties) by using the following transformations: ¢ — 6 := —0o
and W — W := —W. After performing those tranformations, it suffices to consider X to
be the solution of

t t
X = xo—l—/ b(Xs)ds—l—/ 7 (Xs)dWs.
0 0

This brings the problem back to the above set of hypotheses and it can be dealt with by
the exact same arguments.

Here are some examples of coefficients b and o satisfying hypotheses (HO) — (H2).

Example 3.2. Consider the particular case where (X¢)i>o is the drifted Brownian motion,
i.e. o =0, b(x) =b and o(x) = o # 0. It is clear that [b,o] =0 = 00", supp(Xy) = R,
and that hypotheses (HO) — (H2) are satisfied.
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Example 3.3. Consider the particular case where (Xi)i>o is an Ornstein- Uhlenbeck pro-
cess, i.e. b(x) =bx, b € R and o(x) =0 # 0 Thus, [0,b] = bo, oo’ =0, supp(X;) = R,
and hypotheses (HO) — (H2) are satisfied.

Example 3.4. Consider the particular case where (Xi)i>o is a geometric Brownian mo-
tion, i.e. xy # 0, b(x) = bx, b € R and o(x) = ox, 0 # 0 with oxg > 0. Thus,
[b,0] =0 = od”, if 9 > 0 then supp(X;) = [0,00) and we suppose that o > 0 (resp. if
zo < 0, then supp(X;) = (—00,0] and we suppose that o < 0). The hypotheses (HO) —
(H2) are satisfied.

3.2. Main result (Existence and estimates for the density of X). The following
result provides upper and lower estimates for the solutions to (3.1).

Theorem 3.5. Consider equation (3.1) and let G be an antiderivative of é Under the
hypotheses of Subsection 3.1, for t € (0,T] the random variable Xy has a density px,.
Furthermore, there exist strictly positive constants ¢ and C' such that, for almost all x € R,
px, satisfies the following:

E|G(X:) — E(G(X _ (G@)—E(G(Xy)))?
x(0) 2 L o) A - s (33

and

— z)— 2
E|G(X}) E(G(Xt))|e,<c<> B

20 (z)ct (34)

PX: (1‘) < lsupp(Xt) (.%')

Note that G|gpp(x,) is invertible and that supp(X;) = Im({G\supp(Xt)}fl) does not de-
pend on the antiderivative G.

Remark 3.6. Note that the support of the density px, is not necesseraly R, but supp(X3).
Here are some examples of bounds derived on classical processes using Theorem 3.5.

Example 3.7. Consider the particular case where Xy = xg + oWy + bt, i.e. xg € R,
b(x) =b and o(x) = 0. We have G(x) = % + cst and Xy(Q2) = R. Thus the bounds (5.3)
and (3.4) become

1 _(x—bt—2xo)2 - ( ) - 1 _(x—bt—;0)2
e 2%t < px,(v) < ——e 2002
2C ot PXi 2cot

Example 3.8. Consider the particular case where (Xi)i>o is an Ornstein- Uhlenbeck pro-
cess, i.e. b(x) =bx, b € R* and o(z) = o € R. Then Xy ~ N <xoebt, %(e%t*l)). We
have G(z) = £ + cst and X(2) = R. Thus the bounds (3.3) and (3.4) become

T o
/e2bt _ 1 _(ac—xoebt)2 /e2bt _ 1 _ (x—acoebt)2

- e 202ct < r) < —e¢ 202Ct
20Ct\Vb < pxie) < 20ctvVb

Example 3.9. Consider the particular case where (Xi)i>o is a geometric Brownian mo-
tion, i.e. xy # 0, b(z) = bz, b € R and o(z) = ox, 0 # 0 with oxg > 0. We have, for
x #0, Gx) = M + est and if ko > 0, X¢(Q) = 0, +o00[ (resp. X¢(Q) = ]—00,0] if

xo < 0). Thus the bounds (3.3) and (3.4) become

(lnuz\)—ln(\zo\)—(b—z—Q)t)Q
2C02t

(lnuz\)—ln(\zo\)—(b—%)t)Q
2ca?t < PX: (x) <

Loupp(x,) () _
4oxCt

Let us first prove the following Lemma that will be useful for the proof of Theorem 3.5.

Loupp(xe) (z) o
doxct
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Lemma 3.10. For every T > 0, x € R*, there exist positive constants ¢ and C such that
for every t € [0,T7,

Proof: If x > 0, Taylor’s formula implies that for ¢ € [0, 77,

xt 1 t
p< & — / e*ds < teT .
0

- x

Similarly, if x < 0, we have, for t € [0,T], te ol < e -1 *1 <t 0

Proof of Theorem 3.5: Recall that G denotes an antiderivative of % Then G is

strictly increasing on supp(X;) and we denote by G~! the inverse map of G : supp(X;) —
G(supp(Xy)). Let Uy be defined by

Ui = G(Xy) & Xy = G HUy). (3.5)

Remark 3.11. Note at first that G’ does not depend on ¢ (as an antiderivative of %), and
that (HO) implies that the restriction of G to the support of X; is invertible since supp(X;)
is assumed to be an interv%l independent of t. The invertibility of G reduced to the interior
of the support of X3, supp(Xy), is the only assumption that is required for the proof.

Applying 1t6’s formula to G(X;) and using the identity G'(x) = ﬁ, we obtain
1
dU; =G’ (Xy)dX; + —G”(Xt)d (X),
G,(Xt)b( ) G”(Xt) ( t) dt + G,(Xt)O'(Xt)th

=B o G~HUy)dt + dW;,
where 3 is defined by

8(z) = (@)bla) + 20" (@) w) = (o) - T (3.0
Thus,
o) / BoG Y (U)ds + W,
and for 6 € [0, 1] we have
DUy =1+ /gt(ﬁ o G~ YY(U,)DyUs,ds = exp Ugt(ﬁ o G H(U,)ds| . (3.7)

Deriving the identity G o G='(z) = = on G(supp(X;)) yields (G~1)(x ) = oo0G ().
Using this fact we get (830G~ 1) (2) = B oG~ 1 (2)(G™1) (x) = (8'0) oG~ !(z). In addition,
it is easy to check that on G(supp(Xy)),

[0, bl(z) _ (00")(x)

(Bo)(r) = Top 5~ T (33)

Gathering those results and using hypotheses (H1) and (H2) of Subsection 3.1 immediatly
yields on G(supp(Xy))

M, n M_
—(Ml—i- ;0 )g(,@OG_l),§<Ml+ ;0 >




DENSITY ESTIMATES FOR SOLUTIONS TO SDE’S AND BSDE’S 7

Using (3.7), we deduce, P-a.s,

— (M- Mo

M+ Moo )(tfe)

0<e )0 < pou, < el (3.9)

Write DoU; = @, (W) with a measurable function @7, : RE*(0T) — 12(0,T)). Then
(3.9) becomes, for 6 < t,

M__n M_ s

)e=0) oY (W) < o (M =5 ) (=) (3.10)

O<e <Ml+

Define @7 (W) = @, (¢ W + V1 — e=2uW’) for u € [0, +00|, where W' stands for an
independent copy of W and is such that W and W’ are defined on the product probability
space (2 x Q' F @ F',P x P'). Using (3.9), it is clear that the following holds, for 6 < t,
u € [0,00)

M 7 - ]\Jo'o'" —
0 < o (e )0y op (W) < (M=) 0-0) (3.11)

Using Proposition 2.2 for g(z) = <(DUt, —DL~ Ut>L2( 0,7] ‘Ut E(U;) = :U) we have

g(x) :/o e 'E <E/( v, (W), e (W)>L2([0,T]))|Ut —E(U) = ﬂ:) du

(07
— [ ¢ UE ( (/Ot 9“( )d9> U, — E(U,) = x> du.

Using the bounds in (3.10) and (3.11), we obtain, P-a.s,

0 </ / @M+ Mo )(E=0) gy, < g(a / / (M4 M) (t=0) gp gy,

which leads to, P-a.s,

1 _ 67(2MI+MO_O_//)25 e(2Ml+MO_O_//)t _ 1
0< <g(x) <
2]\4’1 + Maa” 2]\4’1 + Maa”

Lemma 3.10 implies the existence of strictly positive constants ¢ and C such that, for

€ (0,717,

0<ct<g(x)<Ct P-—a.s.

Using (3.9) we deduce that U; € D2, Hence Proposition 2.1 implies that U; has a density
pu, and that there exist constants ¢ and C' such that 0 < ¢ < C and for u € G(supp(Xy)),

E|U, - E(U) (u — B(U,))* E|U, — E(U)) (u — B(U,))*
2ot o (‘T) S pui(u) £ === exp (‘T) :

We now prove that for any ¢ € (0,7], X; has a density, which we compare to that of
U;. For any bounded Borel function f, (using the change of variable z = G~!(u)) for all
x € supp(Xy), we deduce

oG(x
BUG) =B(FoG @) = [ foa = [ j@)tog,
G(supp(Xt)) supp(Xt) o(z)
Using this, we can recover that X; has a density px, such that
pu, © G(x)
PX (1’) = tO’(%‘) 1supp(Xt) (.YJ)

Hence, the upper and lower estimates of py, yield

E|G(X;) — E(G(X _ (G(@)—E(G(x))?
pXt('r) > lsupp(Xt)(CC) | ( ;L(x)ét ( t))|€ Gy
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and
E|G(X;) — E(G(X}))| _(c@-EGExn)?
20(x)ct ‘ - '
This concludes the proof of Theorem 3.5. O

PXy (1‘) < lsupp(Xt) (.%')

4. GAUSSIAN DENSITY ESTIMATES FOR ONE DIMENSIONAL BACKWARD SDES

4.1. Preliminaries. The following backward stochastic differential equation was intro-
duced in Pardoux and Peng [6] (see also [7]) and was also studied in [1]:

{ X = a0+ Jib(X ds—i—fo dWS,

4.1
Y= ¢(XT) +ft XSaYSaZ - ft ZsdWs. ( )

In this section, we give conditions for the random variables Y; and Z; to have a density
which can be bounded from above and below by Gaussian ones. We will first focus on the
case of Y; for which we have to impose strict ellipticity conditions on the coefficients of X
along with some additional hypotheses on the coefficients of Y. The case of Z; requires
stronger assumptions on the coefficients of X and Y that will be detailed in the dedicated
subsection. Note that, as opposed to the case of the diffusion process X;, the estimates
we obtain for the backward part (Y, Z) of equation (4.1) are always Gaussian.

4.2. Notations. We introduce here some notations in use in this section. Let By ’Jr(R)
be the space of bounded C"(R) functions which are bounded positively away from 0 such
that their derivatives up to order n are bounded, i.e., f € Bg’Jr(R) if and only if there
exist positive constants ¢,C' and My, i =1,..,n, such that 0 < ¢ < f < C and for
each i = 1,...,n, |f(i)| < M. Let By (R) be the space of C" (R) functions such that
—f € By (R) and B (R) = By (R)U By~ (R).

4.3. Density of Y; : existence and Gaussian estimates. We first give the set of
hypotheses (in terms of the diffusion’s coefficients and the backward equation’s coefficients)
that will be needed in the main theorem on the density of Y;.

4.3.1. Hypotheses. Consider equation (4.1). On the diffusion part, we still consider b and
o to be appropriately smooth functions to ensure the existence and uniqueness of solutions
to the first equation in (4.1). We also need to impose these two additional conditions on
b and o:

{ H3: 3 M >0, |[bo]l <M,
H4 : 0 € BT (R)
where [b, o] denotes the Lie bracket between b and o.

Remark 4.1. Recall that o € B§’+(R) implies that there exist two strictly positive con-
stants that will be refered to as m, and M, such that 0 < m, <o < M,.

Hence if 0 € 32 (R), the assumption (H1) is equivalent to |[b,o]| < M for some
positive constant M. Clearly, (HO) and (H2) are also satisfied if o € BY'™" ( ).
On the backward part of (4.1), we make the following assumptions:

H5 : 3 qu,cqy, 0<cy < |(;5/| < qu

0<cs, <|fel <C;
H6 : J¢s,Cr, M, My, fo =z @
far & oy M fy s M, {|fy|§Mfy |fz|§MfZ

HT7 : Yu,v, ¢'(u)fe(v) >0
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4.3.2. Main result (Existence and estimates for the density of Y;). Under the above as-
sumptions, we have the following Gaussian estimates for the density of Y.

Theorem 4.2. Under the hypotheses of Subsection 4.3.1, for t € (0,T) the random vari-
able Yy defined in (4.1) has a density py,. Furthermore, there exist strictly positive con-
stants ¢ and C such that, for almost all y € R, py, satisfies the following:

ElY; - E(Y})| (y — E(}))’ ElY; — E(Y3)| (y —E(}))?
ot ¥ <_ ’ 201 >Spy’f(y)§ °ct P <_ ’ 2t )

Before proving Theorem 4.2, we will first prove the following Proposition that will play a
key role in the upcoming proof of this Theorem.

Proposition 4.3. Suppose that the conditions (H3)— (H7) hold. Then for0 < <t <T,
there exist some strictly positive constants ky,1(6,t), ky2(0,t) such that P-a.s,

0 < ky,1(0,) < |DgYi| < ky2(0,1) (42)
with
ky,1(0,1) =C¢'moembv"(T*€)foy (=1
cfszerytfmb,ge <e(mb,o_Mfy)T B e(mw_Mfy)t)
my,e — Mg,
and

ky2(0,1) =C¢>'Mo—eMb"’(T_0)+Mfy (T-1)

Cfoo-e_Mfyt_Mb’ag
Mbﬂ + Mfy

where my, , and My, , are constants depending only on b and o.

(e(Mb,a+Mfy>T _ e(Mb,a+Mfy)t) 7

Proof: We at first represent DyY; by means of an equivalent probability; this is similar
to [1] and the proof is included for the sake of completeness. It is well known (see for
example Theorem 2.2 in [1]) that, for every ¢ € (0,T], ¥; € D"? and Z € L* (0, T; D"?).
Furthermore, since 6 < t, we have

T
DyYs =6 (Xr) DoXy — [ DaZedW,
t

T
+ / [fm (Xsa Y:‘?a Zs) DGXS + fy (X87 }/S) Zs) DGY; + fz (Xs, YVs, Zs) DGZS] ds.
t
(4.3)

The product efot fy(XS’YS’ZS)dSD(;Y} yields a more suitable representation of DyY}; indeed,
fort € (0,T],and 0 <60 < ¢

d {efot fy(stYsZs)dsDeyt] = [Dthefot PXs Yo Za)ds ¢ (X, Yy, Z4)
t
—eho VXY Zds (£ (X, Y, Z,) Do Xy + fy (X, Ya, Z) DoYs
+fz (Xt, }/2’ Zt) DGZt)i| dt _|_ efot fy(XmYs,Zs)dSDthth.
Integrating from ¢ to T yields, for 6 < t,

T
ef()T fy(XS,YS,Zs)dsDGY—T_ef(;5 fy(XS’YS’ZS)dsDQYt _ _/ efo Sy (X0 Ye, Zy)dr [fg; (XS’ Ys, Zs) Dy X,
t

T
+f2: (XS; YVS’ Zs) DGZS] ds _|_ / efo fy(Xryyryzr)dT‘DHstWs.
t
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Note that DpYy = ¢’ (X1) Dy X7; therefore, for ¢ € (0,71,

T
DyY; =elt fvXeYorZo)ds 4t (X 1) Do Xy + / ele T X Yo Zodr (¢ (XY, Z,) Dy X,
t

T
1. (Xa Yo Z2) Dy Za) ds — / Iy B Y2 Dy 7 AW
t

Let Wt =W, — f(f f2(Xs,Ys, Zg) ds. Because |f.| < My, , Novikov’s condition is verified

and W is a Brownian motion under some equivalent probability P. Girsanov’s theorem
yields

T
DyY; =eli fo(XeXouZ)ds 6/ (X)) Dy X + / e X Yo Z)dr (XY, 7)) Do Xeds
t

T
- / Ji XY 2 Dy 7 G
t

Conditionning by F; under P and taking into account the fact that Y; and DyY; are adapted
with respect to F; while fts fy (X0, Yy, Z,) dr and Dy Z, are Fe-adapted for 6 <t < s <T,
we obtain

DG}Q :E (eftT f’y(Xs,Ys,Zs)dqul (XT) DQXT‘ ft)

T
+E (/ el o XY Ze)dr ¢ (XYL 7.) Do Xods
t

]:t) . (4.4)

At this point, we need to make use of the random variable U; introduced in the proof
of Theorem 3.5. Recall that U, = G(X;) where G is an antiderivative of % We have
established in (3.7) that if G~! is the inverse function of G restricted to supp(X3),

DyUy; = exp U;(ﬁ o G_l)’(US)ds] , (4.5)

where 3 is defined by (3.6). Finally, recall that (30G~!)" = (8'c)oG~! where §'c is given
by (3.8). Using hypotheses (H3) and (H4) of Subsection 4.3.1 as well as (3.9), we deduce
the existence of two constants my, , and M , such that for 0 <0 <t < T,

0< emb,a(tf'g) S DGUt S eMb,o(tf'g)_ (46)
Futhermore, as X; = G~1(U,), it holds that, for 0 < 8 <t < T,
Dy X = (G (Ur) DUy = 0 0 G~ (Uy) DyUs. (4.7)

Combining (4.6) and (4.7) with the fact that 0 < m, < o < M, yields, P-a.s (and P-a.s

since P and PP are equivalent),
0 < mge™e (=9 < Dy X, < MyeMoo(t=0), (4.8)

For every t € [0,T), DyX; is positive and using (H7), we deduce that ¢'(Xr) and
fz(Xs, Ys, Zs) have the same sign. Hence both terms in the right hand side of (4.4) have
the same sign. Using this fact along with hypotheses (H5), (H6) we estimate both terms

in the right hand side of (4.4) and hence their sum; this yields P-a.s for 0 < 0 <t < T,

0 < ky1(0,t) < |DgYs| < ky2(6,1) (4.9)
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with
ky1(0,t) :%/moemb’”(T_g)_Mfy (T=1)
My, t—my, o0
cpmge fut T <e(mb’U—Mfy)T _ e(mb,o—Mfy)t)
mpyo — Mfy
and
ky2(6,t) =Cy M, Moo (T=0 Mz, (T—0)
—My, t—M, 0
Cr, Mye vt =20 (e(Mb,[,Jery)T _ e(Mb’U—l—Mfy)t).
]\4},7(7 + Mfy
This concludes the proof of Proposition 4.3. O

We are now ready to prove Theorem 4.2.

Proof of Theorem 4.2: Write D,Y; = ®} (W) with a measurable function ®}, :
RE*(0T)) 5 12([0,T)). Then Proposition 4.3 yiclds, for 6 < t,

0 < ky1(6,t) < (@&(W)‘ < ky2(6,1). (4.10)

Define ®3(W) = @3, (e "W + V1 — e~ 2¢W') for u € [0, +o00[, where W' stands for an
independent copy of W and is such that W and W’ are defined on the product probability
space (2 x Q' F @ F',P x P'). Using Proposition 4.3, it is clear that, for § < ¢, we have

< kyz2(6,t). Noticing that @&(W) and

for any u € [0,00), 0 < ky;1(0,1) < ‘(PGYtu(W)

@@’:‘(W) have the same sign and combining the two previous bounds yields, for 6 < t,
u € [0,00),
0ot
0 < ky1(0,1) < O, (W)RP (W) < ki o(6, ). (4.11)

Using the notation from Propositions 2.1 and 2.2,

9(y) = /0 T B (E ( /0 t <I>&(W)<I/>§/§‘(W)d9> ‘Yt —E(Y,) = y> du.

The bounds obtained in (4.11) immediatly yield
t t
0< / ky1(0,6)d6 < g(y) < / kyo(6,)d6. (4.12)
0 0
We will now give lower (resp. upper) estimates of A; = f(f k:%,’l(ﬂ,t)dﬁ (resp. Ay =
f(f k:%,’Q(H,t)dH). The constants ¢ and C' appearing in the calculations may change from

line to line. We start by calculating a lower bound of A;. Since both summands in ky;;
are positive, we have

k%,l (97 t) Z C€2mbvf" (Tf‘g)*QMfy (T*t) ‘

Thus,

eme,oT — eme,o (T_t) e(me,U_QMfy)(T_t)

Ay > ce 2Mpy (1Y) (2myp, ct),

me,a 2mb,a

where we used the fact that e¥(z — y) < e* —e¥ if x > y. Because e2moo —2My, )J(T=4) ig
_2|Mfy_mb,U|T

lower bounded by e , we finally obtain for some constant ¢ depending on b,
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o, fyand T,

t
A = / ky1(6,t)d6 > ct. (4.13)
0

It remains to prove that As < Ct for some constant C. Using Young’s lemma, we can
write

o2My o T _ ,2My o (T—t)

2My,

t
+Cez(z\/fleery)T/ o~ 2My o 0-2My t 49
0

—2Myt e—Q(Mb’U-',—Mfy)t]

A, < Ceszy(T—t)[

eZMfy (T—t) e

< Moo T (o0, Ct) + C
- 2Mb,a ‘ ( b )+

2My &

This upper estimate and the fact that e — eV < e®(x — y) for x > y yields
t
Ay = / kyo(0,t)d6 < Ct. (4.14)
0

The inequalities (4.12) — (4.14) yield, P-a.s,
0<et<gly) <Ct,

with strictly positive constants ¢ and C'. Thus, Propositions 2.1 and 2.2 conclude the proof
of Theorem 4.2. O

4.4. Density of Z; : existence and Gaussian estimates. In this subsection, we will
prove that under some conditions on the coefficients, Z; has a density with Gaussian upper
and lower bounds. We begin by listing those conditions in the upcoming subsection.

4.4.1. Hypotheses. We need to make additional assumptions with respect to those in sub-
sections 3.1 and 4.3. More precisely, we assume (H1) and that the following holds on the
diffusion process Xy,

H8: 0 € BT (R), o >0
H9 : 3 M;, My >0, |b,o]l < Mo, 0<]o,|o,b]] < Mgo.

where [¢, 1] denotes the Lie bracket between ¢ and .

Remark 4.4. Recall that o € BS”+(R) implies that there exist strictly positive constants
that will be refered to as m, and M, such that 0 < m, < o < M,,. It also implies, along
with the fact that ¢’ > 0, that there exist strictly positive constants that will be refered
to as M/, Myn and M, such that 0 < o’ < M, |0”| < Myn and |0 < M.

On the backward process (Y, Z), we need the following conditions on the functions ¢ and
f, where f : R? — R does not depend on z:

H10 : There exist constants ¢y, Cy, Cyr such that 0 < ¢y < ¢' < Cyr, 0 < ¢y < ¢ < Cy
H11 : There exist constants my,, My, , My, , My, My, My, My ~such that
0<myp, < fo < My lfyl S My, 0< foo < My, 0< fuy < My, 0< fy, < My,

Note that (H10) and (H11) imply (H5)-(HT).
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4.4.2. Main result (Existence and estimates for the density of Z;). We consider equation
(4.1) with a function f* that only has a linear dependency on Z, i.e.

Xy =x0+ [T b(Xs)ds + [} o(Xs)dW,
Y = ¢ (Xr) +ft I ( Xs,Ys,Z )ds — ftZdW
where f*(z,y,2) = f(z,y) + az, a € R.

Remark 4.5. Because of the dependency of f on Z, the Malliavin derivative DZ will
depend on D?Z, which is not suitable for analyzing it within our framework. One can
circumvent the above mentioned issue by using the Girsanov theorem to dispose of the
impeding terms (similarly as done in the proof of Propositon 4.3). In order to clarify
the proofs and to improve readability, we will consider that this step has already been
performed in all of our proofs. This procedure leaves us with an equation of the type

X =m0+ [y b(X d8+f0 s) AW
Y, = ¢ (Xr) —i—ft (Xs,Y5) ds ft ZsdWy,
which is the one that will be referred to in the proofs of the upcoming results.

The following theorem provides Gaussian estimates for the density of Z;.

Theorem 4.6. Under the hypotheses of Subsection 4.4.1, fort € (0,T) the random vari-
able Z; has a density pz,. Furthermore, there exist strictly positive constants ¢ and C' such
that, for almost all z € R, pz, satisfies the following:

E|Z; — E(Zt)]exp <_ (z — E(Zt))2> < pple) < E|Z; — E(Zt)]exp <_ (z — E(Zt))2> |

2ct 201 20t 2ct

Before proving Theorem 4.6, we will first give a technical Lemma and a Proposition which
will play a key role in the upcoming proof of this Theorem. First recall a lemma used to
calculate the Malliavin derivative of a product of random variables in D%? (for example,
see [3], p.36, exercice 1.2.12).

Lemma 4.7. (i) Let s,t € [0,T] and F € D'2; then we have E (F|F;) € D2 and
DE (F|F) = E(DsF|F;) 1s<t.
(ii) If F,G € DY2 are such that F and I DE||r2(j0,m)) are bounded, then FG € DY2 and
D(FG) = FDG + GDF.

The following Proposition ensures that under the hypotheses of Subsection 4.4.1, the
second order Malliavin derivatives of X and Y are positive and bounded from above.

Proposition 4.8. Under the assumptions of section 4.4.1, there exist two positive con-
stants Mp2x and Mp2y such that for 0 < 0 <t < s <T, P-a.s,

0<Dj,Xs<Mp2x and 0<Dj,Yy<Mpey.

Remark 4.9. Here we obtain large inequalities since the basic example of standard Brow-
nian motion shows that the second Malliavin derivative of X; may be null.

Proof: We start by proving the inequalities on Dg +Xs. Applying the Malliavin derivative

to (4.7) and using the second point in Lemma 4.7, we deduce for 6,t < s < T, since
Us = G(Xs),

Dj Xy =(00 G (Ug)DgUs DyUs + (0 0 G™1)(Us) Dj ,Us
=(0'0)(Xs)DgUs DU, + 0(X) Dj Us. (4.15)
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The hypotheses (H8) and (H9) along with (3.9) ensure that the term (0/c)(Xs)DgUs D Us
is non negative and can be bounded from above by a constant given by

Mo M_y

0 < (0/0)(Xa) DgUs Dyl < Moy Mye (M7 ) 257t=0) (4.16)

It remains to prove that the second summand in (4.15) is also non negative and bounded
from above. As o is non negative and bounded, we focus on proving that DatUS is too.
Applying once again the Malliavin derivative operator to (3.7) and using the second point
in Lemma 4.7 as well as (4.5), we deduce for § <t <'s,
S S
Dj U =/ (8o G™Y'(U,) DU, DU, dr + / (8o G™Y (U Dy Updr
t t
S
— / el (BoGT1) (Uo)dv (g o G=1Y"(U,) DU, DU, dr
t
S
:/ (8o GHY"(U,)D,U,D;U, DyU,dr.
t

Further calculations yield the following expression

(BoG™)" (2) = <0 <["’ o Lol “l> - % (a/'a)’c;) oG (z)

o o?
(L roys) e

Using hypotheses (H8), (H9), the fact that D,Up, > 0 for a < b and (3.9), we immediatly
obtain for 6 <t < s,

0 < o(X,)Dg Uy <

2 (Mdl + %M(O-NO-)IMO') e(MlJriMJ]QM””)@sf@ft) B e(MlJrAIJJQVIU//)(Sf@)
2M; + My M i

(4.17)

Combining (4.15) and (4.17), it is clear that there exists a positive constant Mp2x such
that 0 < Dths < Mp2y with, for § <t <s,

2 (Mg + 3 Moy M, MoMyyN o
Mp2x = (MO,MU+ ( dl 2" (0" 0) 0)) G(MZJF )(23 t—0)

2
2M; + My Mo

2 (M + 5 MgroyMy) (aiso3fa" ) (5-0)
2M; + My Mo ’

We will now address the second part of the Proposition, i.e., the inequalities on DatYQ.
Let 6 < t < s. Applying once more the Malliavin derivative operator to DyY; in (4.3)
and using the second point in Lemma 4.7, since f does not depend on Z we obtain, for
0<O<t<s<T,

T
DYy =¢' (X1) D§ X1+ ¢" (X7) Do X7 Dy X1 — / Dj  ZpdW,
S
T
4 [ {en (XY DX, DX, + £ (XY DR X,
S

+ fya: (XT‘7 Yr) (DGY;’DtXr + DGXrDtY;’)
+ fyu (X0, Y3) DoYy DiY, 4 fy (X0, Y7) D3 Y, b
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Since Dg Y solves a linear equation and is F,-measurable, we have that, for 0 <0 <t <
s < T,

T
Dat}/; :E <efs fy(Xr,Yr)dT{(b/ (XT) DatXT + (b/I(XT)D@XTDtXT} ‘.7:5>
T
+B( / el et f (X, V) DoXoDyX, + fo (X, Yy) D] X,
S

+ Fyo (X0 V) (DY, Dy Xy + DpXo DiYy) + fuy (X, V) DgYTDtYT}dr‘.FS).

Since 0 > ¢ > 0, (4.8) proves D, X, > 0 for u < v. Furthermore, (4.4) and (H10)-(H11)
prove that D, Y, > 0 for u < v. Since (H8)—(H11) imply (H5)—(H?7), the results in (4.2)
and (4.8) remain valid. Thus, we immediatly obtain the positivity and an upper bound
for Dg,tY;. This concludes the proof. O

Proof of Theorem 4.6: The outline of the proof is as follows: using a representa-
tion of Z, we compute its Malliavin derivative and show that under the hypotheses of
Subsection 4.4.1, it is strictly bounded away from zero. This allows us to conclude using
Proposition 2.1. We begin by giving a representation of Z. However, we do not use the
one from [7] in terms of gradient, that is Z; = o (X;) (VX;) "' VY, but rather use the fact
that Z; can be represented by use of the Clark-Ocone formula. Indeed, by the uniqueness
of the solution (Y, Z), Z; can be written as

T
Zi=E <Dt¢(XT) + Dt/o [ (X, Ys)ds

}'t> e D', (4.18)

Using this fact, we get for ¢ € [0, 7]

T
Z; =E (gb/ (X71) D X7 + / {fo (X, Ys) DX + fy (X, Y5) DiYs} d5|-7:t> .
t

Let 6 <t. We use both points of Lemma 4.7 and Proposition 4.8 in order to calculate the
first order Malliavin derivative of Z;. This leads, for 6 < ¢:

DyZ: =E(¢ (Xr) DyXrDi X + ¢ (Xr) D X1
T
+ / {fmar (X57 Ys) DGXsDth + fyx (X87 Yts) (DG}/;Dth + DGXSDtYS)
t

o fyy (X, o) DoYoDiYs o+ fi (X, Yo) D3 X + fy (X, Ys) D3 Y fds| Fr).
(4.19)

We now need to bound from above each summand of this expression; in what follows,
¢ and C denote strictly positive constants that may vary from line to line. Recall that
under the assumptions (H8)—(H11) using (4.7) and (4.4), we deduce that D, X, > ¢ >0
and D,Y, > 0 for v < v. The hypothesis (H10) on ¢ (along with (H8) and (H9)
on the diffusion X), (4.7) and Proposition 4.8 ensure that there exist strictly positive
constants such that 0 < ¢ < ¢" (Xp) DgXrDiXp < C and 0 < ¢ (X7) Dg’tXT < C.
Using hypothesis (H11) on f and its derivatives and Proposition 4.8 again allows us to
bound the remaining terms in (4.19) by positive constants, i.e.

0< fu(Xs,Ys) Dj Xs <C, 0< fy(Xs,Ys) Dg Yy < C,
0 S f:m: (XS’Y:‘?) DGXsDth S C, 0 S fyy (XSaYs) DGYVsDtYVS S C,
0 S f:l:y (XSaYs) DGXsDtYs S Ca 0 S fy:v (XS,Y;) DGYVsDth S C.
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Gathering all of these immediatly gives us the existence of two strictly positive constants
mpyz and Mpy such that for 0 <0 <t <T, P — a.s,

0<mpy <DyZ; < Mpy. (4.20)

Write DeZ; = ®% (W) with a measurable function ®% : RE2(OT]) L?([0,T]). Then
(4.20) yields, for 8 < ¢, 0 < mpyz < ‘1>9Zt(W) < Mpgz. As previously done, define

Ci;'Z?(W) = @Y (e7"W + V1 —e2uW’) for u EA[(} +oo[. Using (4.20), it is clear that,

for 6 < t, we have for u € [0, +00), 0 < mpz < @%Z‘(W) < Mpyz. Combining the bounds

on <1>92t and @%ﬁ“ yields, for 6 < t and u € [0, 4+00),

0,u
0<mpy < O (W)RLH (W) < Mp,. (4.21)
Finally, let

9(2) = /0 "B (B (@3, (1), 95 W)) 2oy ) | 2 — B(Z) = =) du

_ /OOO ¢ (E’ (/Ot <I>92t(W)<I/>5ZEL(W)d0> (Zt _E(Z) = z> du.

The bounds obtained in (4.21) immediatly yield 0 < m% ,t < g(z) < M3 ,t. Thus, Propo-
sition 2.1 concludes the proof of Theorem 4.6. ]

Remark 4.10. Theorem 4.6 has been proved under a set of hypotheses (those of Subsection
4.4.1) based on the fact that o is positive. The case where ¢ is negative was included neither
in the proof nor in the hypotheses for the sake of clarity and readability of the paper.
However, as already mentioned in Remark 3.1, this case can be addressed (without any
further difficulties) by using the following transformations: ¢ — & := —o and W — W :=
—W. After performing those tranformations, it suffices to consider (X,Y, Z) = (X,Y, —Z)
to be the solution of

% = b(X)dt+5 (%) aw,

v, = ¢ (XT> + [Ty <XY) dr — [T Z,dW,
This brings the problem back to the set of hypotheses of Subsection 4.4.1 and it can be
dealt with using the techniques presented in the last section.
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