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DENSITY ESTIMATES FOR SOLUTIONS TO ONE DIMENSIONAL
BACKWARD SDE’s

Omar Aboura* and Solesne Bourguin'

Abstract: In this paper, we derive sufficient conditions for each component of the solution to
a general backward stochastic differential equation to have a density for which upper and lower
Gaussian estimates can be obtained.

Keywords: Backward stochastic differential equations, Malliavin calculus, density estimates.
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1 Introduction

In [NV09], 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 led to several research papers, such as those by D. Nualart and L. Quer-Sardanyons
(INQO9a], [NQO9b]), 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 conditions on
the coefficients, each component of the solution (X, Y;, Z;) to a backward stochastic differential
equation

Xt =x0+ /Ot b(Xs)ds + /OtJ(Xs)dWs (1.1)

T T
Y, =¢ +/ f(Xs, Y, Zs)ds — / ZsdWy (1.2)
t t

has a density for which upper and lower Gaussian bounds can be derived. This implies to study
the relation between the coefficients of the diffusion equation (1.1) and the coefficients of the
backward SDE (1.2).

Our paper is organized as follows: in a first part, we study the component Y; of the solution and
in a second and last part, we focus on the component Z; (for which, up to our knowledge, no
density existence results exist). We will not develop a specific study of the first component X;
of the solution to the BSDE due to the fact that 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
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studied and we refer the reader to [Nua06] for an extensive survey of the existing litterature and
results on this topic.

Equations of the type (1.2) were introduced in [PP90] and are closely related with viscosity
solution to PDEs. These equations have been intensively studied and have many applications in
control theory and financial methods among others.

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 [AKO05], using
the 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 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 [AKO05].
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 first give an overview of some elements of Malliavin calculus in
Section 2, and the corresponding notations. Section 3 is dedicated to the component Y; of the
solution to the BSDE. Section 4 deals with the question of the existence of a density for Z; and is
organized in two subsections, dealing respectively with the question of the existence of a density
and conditions for this density to be bounded by Gaussian upper and lower estimates.

2 Framework, main tools and notations

2.1 Elements of Malliavin calculus

Consider the real separable Hilbert space L2([0, T]) and let (W (), ¢ € L?([0,T])) be an isonormal
Gaussian process on a probability space (2,2, P), that is, a centered Gaussian family of random
variables such that E (W (@)W (¥)) = (p,9¥)r2(j0,r)- For any integer n > 1, denote by I,, the
multiple stochastic integral with respect to W (see [Nua06] for an extensive survey on Malliavin
calculus). The map I, is actually an isometry between the Hilbert space L?([0,7]") equipped
with the scaled norm ﬁ” “|lz2(jo,r)m) 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,T]), lellz2 o) = 1 and
H,, is the Hermite polynomial of degree n > 1, that is defined by

H,(z) = (_n1!)n exp (%) Ci—nn <exp (-?)) ., zeR.

The isometry of multiple integrals can be written as follows: for positive integers m,n,

E (I,(f)Im(g9)) = nl{f, 9>L2([0,T}”) if m =n,
E (In(f)Im(g)) = 0 ifm#n.

It also holds that



where f denotes the symmetrization of f defined by

1
f(x17"' 71'71) = E Z f(xa(l)a--- 71'0(71))'

’ oSy

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

F=> I(f) (2.1)

n>0
where f,, € L?([0,T]") are (uniquely determined) symmetric functions and Ip(fo) = E [F].
Let L be the Ornstein-Uhlenbeck operator defined by LF = =3 onl,(fy) if F is given by
(2.1) and satisfies n?n!||ful|> < oo. For p > 1 and a € R we introduce the Sobolev-

Watanabe space D%P as the closure of the set of random variables of the form (2.2) (see (1.28)
in [Nua06]) with respect to the norm defined by

[Fllap = (I = L) FllLr(),

where I represents the identity. We denote by D the Malliavin derivative operator that acts on
smooth random variables of the form

F= g(W(QDl), T W(Son))’ (22)

where ¢ is a smooth function with compact support and ¢; € L?([0,T]), as follows:

-(W(p1)s s W(en)) @i

The operator D is continuous from D*? into D*~ 7 (L?([0,71])) . The adjoint of D is denoted
by ¢ and is called the divergence (or Skorohod) integral. It is a continuous operator from
D*? (L?([0,T7])) into D**1P. More generally, we can introduce iterated weak derivatives of order
k. If F'is a smooth random variables and k is a positive integer, we set

Dy F=DyD..Dy,F.
We have the following duality relationship between D and ¢ for F € DY? and u € dom §

For adapted integrands, the divergence integral coincides with the classical It6 integral. We will
use the notation

T
o(u) = / usdWs.
0
Note that the following integration by parts relation between D and § holds

T
Dt(5(u)) = Uyt + / Dtudes,
0

where u € D2(L2([0,T])) is such that §(u) € DH2.



2.2 Density existence and Gaussian estimates

A classical density existence result is the celebrated Bouleau-Hirsch theorem (see [Nua06] for an
extensive survey on this result). This result provides conditions in term of Malliavin derivatives
for a random variable to have a density.

Theorem 2.1 (Bouleau-Hirsch). Let F be a random variable of the space D2 and suppose that
IDF|lr2o,r) > 0 a.s. Then the law of F is absolutely continuous with respect to the Lebesgue
measure on R.

In [NV09], 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 2.2. Let F be in D2 and let the function g be defined for all x € R by
g@%:E«DR—DLAFhAMﬂyF—E@U:m» (2.3
If there exist positive constants Ymin, Ymax Such that, for all x € R, almost surely
0 < Yonin < 9(2) < Vinax

then F' has a density p satisfying, for almost all z € R

E|F - E(F z—E(F))? E|F - E(F z—E(F))?
P =B o (LB ¢ ¢ BEZBU (= BORY,

2 Wmax 2r}/m1n 2 r}/min 27max
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 2.3. Let F be in D2 and write DF = ®p(W) with a measurable function ®p :
REX(OTY) — 12([0,T)). Then, if g(x) is defined by (2.3), we have
@)= [ e B (B (@ V). SV )agomy) P~ B(F) = o) du

where @}(W) = Op(e "W 4+ 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 x P') and E’
denotes the mathematical expectation with respect to P'.

2.3 Notations

We denote by Cj'(RP) the space of n-times differentiable functions on R? with bounded partial
derivatives up to order n.

Let f be a three times differentiable function of three variables z, y and z. We will use the
: - b 0 ) 82 52 52

following notations : 8_£ = fu, 8—5 = [y, 6_J; = f. a_mls = fozs a—y];(g:,y) = fyy: am_afy = fuys

’f

dyoxr fym-

We will also use the following notation for the Lie bracket : [h, g] = hg’ —gh’, where h, g : R — R.

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



3 Density of Y; : existence and Gaussian estimates

The following backward stochastic differential equation was introduced in Pardoux and Peng
[PPI0] (see also [PP92]) and density properties of its solutions were investigated in [AKO05]:

X =mo+ /Ot b(Xs)ds + /OtJ(Xs)dWs (3.1)

T T
Y, =¢ +/ f(Xs, Y, Zs) ds — / ZsdWy (3.2)
t t

In this section, we give conditions for the random variable Y; to have a density which can be
bounded from above and below by Gaussian ones.

3.1 Hypotheses

We consider b, o and f to be appropriately smooth functions to ensure the existence and unique-
ness of solutions to equations (3.1) and (3.2). We also impose additional conditions needed to
state our main result:

H1: £ L2(Q,Fpr)NDY? and VO<ST, 0<c< D¢ <C a.s.
H2: fcC/(R® and 0< f, <C.
H3: bcC(R), ccC}R), 0<o<C and |pbo]<Mo.

where [b, o] denotes the Lie bracket between b and o.

Remark 3.1. Note that it is natural to have a condition on the Lie bracket between b and o
as this quantity is the one that appearing in the classical density and smoothness results (e.g.
Hormander’s brackets condition).

Remark 3.2. The hypotheses on the positivity of o and f, are made in order to make the proofs
as readable as possible. In fact, one only needs o and f, to have the same sign to draw to same
conclusions.

3.2 Main result

Under the above assumptions, Y; has a density for which the following Gaussian estimates can
be derived.

Theorem 3.3. Under the above hypotheses, for t € (0,T) the random wvariable Y; defined in
(3.2) has a density py,. Furthermore, there exist strictly positive constants ¢ and C' such that, for
almost all y € R and all t € [0,T], py, satisfies the following:

ElYi ~E(D| (- B ElYi ~B(D| (v E(1)?
P o () <t < B ey (O ).

The rest of this section is devoted to the proof of Theorem 3.3 which is divided in three steps.
In the first step, we will prove that the Malliavin derivative of X; is bounded and non-negative.
This property will be necessary in Step 2 (as DX, appears in the Malliavin derivative of Y;).



In the second step, we will derive upper and lower bounds for the Malliavin derivative of Y;.
Indeed, our purpose is to use the Nourdin—Viens formula (Proposition 2.2) in which one needs
to bound a function of the Malliavin derivative of random variable for which density results are
investigated. We will make use of the properties of DX; prooved in Step 1.

In the third step, we will use the bounds obtained on DY; and the Nourdin—Viens formula to
conclude the proof.

Proof of Theorem 3.3:
Step 1: Boundedness and positivity of DX,
Consider equation (3.1). Using a Lamperti transform (see [Lam64] or [KS91] pp. 294-295 exer-

cise 2.20), we compute the Malliavin derivative of X;. The Lamperti transform of Xy, hereafter
denoted by Uy, is given by

t
w:%m+/ﬁofW®®+m,
0

where

o) = [t ) = 2w - .

o(u)

Computing the Malliavin derivative of U yields, for 6 € [0, ],

DyUy =1+ /9 (Bog ') (Us)DyUsds = exp [ /6 (Bog ") (Us)ds| . (3.3)

Deriving the identity go g~!(z) = = on g(supp(X;)) yields (¢~ 1) (z) = 00 g~!(x). Using this fact
we get (Bog 1) (z) =B og Hx)(g ) (z) = (o) og !(x). In addition, it is easy to check that
on g(supp(Xy)),

o) - 8@ (00" @)
(o)) = TE - O, (3.4)

Gathering those results and using hypothesis (H3) of Subsection 3.1 immediately yields on
g(supp(Xt))

—C<(BoGYY <C,
where C' is a positive constant. Using (3.3), we deduce, P-a.s,
0<ec< DU <C. (3.5)
Furthermore, as X; = g~ (Uy), it holds that, for 0 < 0 <t < T,

DXy = (g7 (Up) DgUy = 0 0 g1 (U;) DyUs. (3.6)



Combining (3.5) and (3.6) with the fact that o is bounded and non-negative yields, P-a.s,
0< DyX, <C. (3.7)

Step 2: Computation of bounds on DY;

We at first represent DyY; by means of an equivalent probability; this is similar to [AKO05] and
the proof is included for the sake of completeness. It is well known (see for example Theorem 2.2
in [AKO05]) that, for every ¢t € (0,T], Y; € D' and Z € L? (O,T;ID)LQ). Furthermore, since 6 < t,
we have

T
DpY: =Dgg —/ Dy ZsdWs
t
T
+/ [fm (XSaY:‘HZS) DGXS +fy (XSaY:‘HZS) DGYVs"’fz (XS,}/S,ZS) DGZS] ds. (3'8)
t
The product o/ v(XsYs.Zs)ds Dy, yields a more suitable representation of DyY;; indeed, for ¢t €
(0, T],and 0 <0 <t
d [efg fy(xs,ys,zs)dsDHYt] _ [Dmefg fy(XS,YS,ZS)dey (X, Yy, Zy)
t
—elo VXY Z)ds (£ (X, Yy, Z4) Do X + fy (X4, Ya, Z4) DgYs
1. (X1, Yi, Z1) DoZy) | dt + elo X200 Dy 7,4,

Integrating from ¢ to T yields, for 6 < t,

T
ef()T fy(XS,YS,Zs)dsDGYT_ef(;5 fy(XS,YS,ZS)dsl)Gy;f _ _/ efo Jy (X3 Y, Zy)dr [fg; (XS’ Y, Zs) Dy X,
t

T
+/- (X87 Ys, Zs) DGZS] ds + / efo fy(XT’YT’ZT)dTDGstWs.
t
Note that DyYr = Dy&; therefore, for ¢ € (0,71,

T
DyY; :eftT fy(XS7YS7Zs)dSD9§ + / et fu(Xo Yo, Zr)dr [f2 (X4, Yy, Zs) Dy X,
t

T
1. (Xa, Yo Z2) Dy Za) ds — / eJi T Xr Yo 20 Dy 7 AW
t

Let Wt =W, — fg I (Xs,Ys, Zs) ds. Because f, € CE(R), Novikov’s condition is verified and W
is a Brownian motion under some equivalent probability P. Girsanov’s theorem yields

T
DyYy =eli fr(XeVeZds pye / ele WX YA f (X, Y, Z5) Do X sds
t

T
_ / efts fy(XhYT’ZT)dTD@ZSdWS.
t



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

DHY; :E <6ftT fy(Xs,Y57Zs)d5D6£‘ ]:t>

~ T S
+E </ eft fy(XT’YT’ZT)dex (X37 Ys, Zs) DyXsds
t

]—"t> . (3.9)

Using hypotheses (H1) and (H2), the first summand in (3.9) can be bounded by two positive
constants ¢ and C in the following manner:

0<c<E <eftT fy(stYs’Zs)dSDgg‘ .7-}) e (3.10)

Using the results on DX proved in Step 1 along with hypothesis (H1), we deduce that the second
summand in (3.9) is bounded and non-negative: there is a positive constant C' such that

~ T s
0 S E </ eft f’y(Xryyrer)dex (XS,YS, Zs) D@Xsds
t

]:t> <C. (3.11)

Combining the bounds (3.10) and (3.11), we immediately deduce that there exist two positive
constants ¢ and C such that

0<c¢< DpY, <C. (3.12)

Step 3: Conclusion of the proof by the Nourdin—Viens formula

Write DoY; = @}, (W) with a measurable function ®}, : RE*(0T) — 12(j0,T)). Then the
bounds obtained in (3.12) yield, for 6 < t,

0<c< @y (W)<C.

Define 3*(W) = @3, (e "W + V1 —e=2uW’) for u € [0, 4o00[, where W’ stands for an inde-
pendent copy of W and is such that W and W’ are defined on the product probability space
(Qx Q' FeF P xP). It is clear that, for § < ¢, we have for any u € [0, c0),

0<c< P (W) <C.

Combining the two previous bounds yields, for § < ¢, u € [0, c0),

0<c? < @ (W)Y (W) < C2 (3.13)

Using the notation from Propositions 2.2 and 2.3, we define

[oe} t —
9(y) = / e "E (E’ ( / o7, (W)@Q“(W)d&) ‘Yt -E(\;) = y> du.
0 0
The bounds obtained in (3.13) immediately yield

0<ct<gy) <Ct,

with strictly positive constants ¢ and C'. Thus, Propositions 2.2 and 2.3 conclude the proof of
Theorem 3.3. O



4 Density of Z; : existence and Gaussian estimates

We consider equations (3.1) and (3.2) with a function f* that only has a linear dependency on
Z, i.e.

t t
Xt:x0+/ b(Xs)ds—l—/ o(Xs)dWs (4.1)
0 0
T T
Yt=§+/ I (XS,YS,Zs)ds—/ ZsdWs (4.2)
t t

where f*(z,y,2) = f(x,y) + az, a € R.

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 Theorem 3.3). 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, =20+ /0 t b(X,)ds + /O t o (X,)dW, (4.3)

T T
Y}:§+/t f(XS,YS)ds—/t Z,dWs, (4.4)

which is the one that will be referred to in the proofs of the upcoming results.

In the following subsections, we will prove our two main results concerning Z;. We will be-
gin by giving sufficient conditions for Z; to have a density. Up to our knowledge, this is the first
result on density existence for the component Z of the solution to equation (4.2). We will then
study in what framework and under what conditions this density can be bounded by Gaussian
estimates.

4.1 Existence of a density for Z;

We list in the next section the full set of hypotheses we need in this section.

4.1.1 Hypotheses

We consider b, o and f* to be appropriately smooth functions to ensure the existence and unique-
ness of solutions to equations (4.1) and (4.2). We also impose additional conditions needed to
prove Theorem 4.3.

H4 : € LX(Q,Fr)ND*? VO < T, Dgé >0 a.sandV 0 <t <T, Dg,&>0as.

H5: fe€ CQ(RQ) and f:vafyaf:vyaf:mafyy >0a.s.
H6 : be C*R), 0 € C*(R), 0,0',—0",—0" >0 a.s and [0,[0,b]] >0 a.s.

where [b, o] denotes the Lie bracket between b and o.



Remark 4.1. Note that it is natural to have a condition on the iterated Lie bracket [o,[o,b]]

between b and o as second order Malliavin derivatives appear in the expression of Z;.

Remark 4.2. The hypotheses on the signs of ¢ and f, are made in order to make the proofs as
readable as possible. It is possible to have more complex hypotheses for the signs of the products
of derivatives of ¢ and derivatives of f.

The following theorem states that under the above hypotheses, Z; has a density on R

Theorem 4.3. Under the above hypotheses, for t € (0,T) the law of the random variable Z; is
absolutely continuous with respect to the Lebesgue measure on R.

Before proving Theorem 4.3, 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 D2 (for example, see [Nua06], p.36,
exercice 1.2.12).

Lemma 4.4. (i) Let s,t € [0,T] and F € DY?; then we have E (F|F;) € D2 and
DE (F|Fy) = E(DF|F) Lo<y.
(ii) If F,G € DY2 are such that F and |DF||r2(j0,r) are bounded, then FG € DY? and
D(FG) = FDG + GDF,

The rest of this section is devoted to the proof of Theorem 4.3 which is divided in three steps.
In the first step, we will prove that under the conditions of subsection 4.1.1 the second-order
Malliavin derivatives of X and Y are non-negative. This will be of importance in Step 2 (as these
second-order derivatives appear in the expression of DZ;.

In the second step, we will show that DZ; is positive almost surely. This will ensure that
||DZtHL2([O,T]) > 0 a.s.

In the third and last step, we will use the Bouleau-Hirsch Theorem to conclude the proof (see
Theorem 2.1).

Proof of Theorem 4.3:
Step 1: Non-negativity of D>X and D?Y
We start by proving that for 0 < 0 <t < s <T, P-a.s Dths is non-negative.

Applying the Malliavin derivative to (3.6) and using the second point in Lemma 4.4, we deduce
for 6,t < s <T, since Us = g(X5s),

Dg,th =(oo 971)/(U8)D9UsDtUs + (0o 971)(U8)D3,tU8
=(0'0)(Xs)DgUs DU, + 0(X,) Dj ,Us. (4.5)

Hypothesis (H6) ensures that the term (0/0)(X;)DyUs DUy is non-negative. It remains to prove
that the second summand in (4.5) is also non-negative. As o is non-negative, we focus on proving

10



that DgtU s 1s too. Applying once again the Malliavin derivative operator to (3.3) and using the
second point in Lemma 4.4, we deduce for 6 < t < s,

Dy = [ (B9 YWD DUdr + [ (8097 (U)DF Urdr
= / elr (Bog™V W (g o g=1Y!(U1,) D,U, DyU,.dr
t

/ (Bog H"(U,)D,U,D;U,DgU,dr.

Further calculations yield the following expression

(os) @ = (o (B - L2A7) 2oy o) oy it

Again, Hypothesis (H6) ensures that the term (ﬁ o g_l)” (z) is non-negative and thus that DZ Uy
is too. We have finally obtained that DgtUs >0 a.s.

We will now focus on DgtYs and prove that for 0 < 6§ < t < s < T, P-a.s it is also non-

negative. Applying once more the Malliavin derivative operator to DyYy in (3.8) and using the
second point in Lemma 4.4, since f does not depend on Z we obtain, for 0 <0 <t <s<T,

T
DY, =Dj & — / DG ZpdW,
S

T
+ / {far (X0, 0) DyX, DX + £ (X0, Y2) D} X,
S
+ fyu (X0, Yy) (DaYeDi X, + Dy X, DY)
+ Jyp (X0, Y2) DgYe DY+ £ (X0, Yy) D3, Y, fr.

Since Dath solves a linear equation and is Fs-measurable, we have that, for 0 <6 <t < s < T,
Dg,tY; —E <efsT fy(Xr,Yr)eratf‘fs)
T
4 E(/ K fy(Xu,Yu)du{fm (X,,Y,) DoX, Dy X, + fo (X, Y,) D} X,
S

+ Jye (X0, Y2) (DoYo DyXo 4+ DyXp DY) + fyy (X0, Yy) DyYoDyYy b

F ) (4.6)

Using hypotheses (H4) and (H5) along with the fact that for 0 < § <t < s < T, P-a.s D3, X,
is non-negative, we obtain that for 0 < 0 <t < s <T, P-a.s Dg .Y is non-negative.

Step 2: Positivity of DZ,

Using a representation of Z, we compute its Malliavin derivative and show that under the hy-
potheses of Subsection 4.1.1, it is almost surely positive. We begin by giving a representation of

11



Z. We do not use the one from [PP92] 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
Z;=FE (Dtg - Dt/ f(Xs,Ys) ds(ft> e D'2, (4.7)
0
Using this fact, we get for ¢ € [0, 7]
T
2 =8 (D6 + [ {0 (XY DX, 4 £, (X0 Y2 DY) sl ).
t

Let 6 < t. We use both points of Lemma 4.4 in order to calculate the first order Malliavin
derivative of Z;. This leads, for 0 < t:

T
Du2 =B(D3& + [ { s (XY DX.DOX, o+ fyo (X, Vo) (DUY.DUX, + DaX. DY)
t

 fy (Xo, Yo) DoYoDiYs + fo (X, Y2) D3 X+ fy (X, Y:) D3Y, bds

}"t>. (4.8)

Using Hypotheses (H4) and (H5) along with the results obtained in Step 1, we obtain that for
0<O0<t<T,P—a.s, DyZ; > 0.

Step 3: Conclusion of the proof by the Bouleau—Hirsch Theorem

For all ¢ < T, we have
T
IDZi 720,17 = /0 (DgZ;)?do.

Using the fact that for 0 < 8 < ¢t < T, P — a.s, DyZ; > 0 proved in Step 2, we deduce that
|DZt 120,y > 0 a.s. Applying the Bouleau-Hirsch Theorem (see Theorem 2.1) concludes the
proof. O

Remark 4.5. Theorem 4.3 has been proven under a set of hypotheses (those of Subsection 4.1.1)
based on the fact that o is positive. The case where o 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 4.2, this case can be addressed (without any further difficulties) by
using the following transformations: o — & := —o and W — W := —W. After performing those
tranformations, it suffices to consider (X,Y,Z) = (X,Y,—Z) to be the solution of

t t
Xt::c0+/ b(Xs)ds—i—/ a(Xs)dWs
0 0
=g+ [ (% T)ar- [ Zai,
t t

This brings the problem back to the set of hypotheses of Subsection 4.1.1 and it can be dealt
with using the techniques presented in the last section.
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4.2 Gaussian bounds for the density of Z;

In this section, we study a particular case of equations (4.3) and (4.4) and show that under proper
conditions, the density of Z; can be bounded from above and below by Gaussian estimates. The
backward equation we study is the following:

T T
VoW + [ foas— [ zaw, (4.9)

4.2.1 Hypotheses

We consider f to be an appropriately smooth function to ensure the existence and uniqueness of
solutions to equation (4.9). We also impose additional conditions needed to prove Theorem 4.6.
{ H7 : ¢ € CZ(R) and ¢" > ¢ > 0.
H8 : f cC/R) and f, f" > 0.
The following theorem states that under the above hypotheses, Z; has a density that can be

bounded from above and below by Gaussian estimates.

Theorem 4.6. Under the above hypotheses, for t € (0,T) the random wvariable Z; defined in
(4.9) has a density pyz,. Furthermore, there exist strictly positive constants ¢ and C such that,
for almost all y € R, pz, satisfies the following:

E|Z, - E(Z)| (: — B(Z))? E|Z, - B(Z)| (z — B())?
o P (‘T) Spz(2) S =—5a e (‘T) :

Proof: We will proceed in two steps, the first one being dedicated to proving that the Malliavin
derivative of Z; is bounded and bigger than a positive constant. The second step will be to use
the Nourdin—Viens formula to conclude the proof.

Step 1: Boundedness and positivity of DZ,

Y; being defined as in equation (4.9), equation (3.9) becomes
Dy = B (el 1000t ()| 7)

and equation (4.6) becomes

T
Dz,tY; =R <efsT fl(Yr)dr(b”(WT)‘fg) + E</ efs fl(Yu)duf”(YT‘)DGYT‘DtYT‘dT‘fS) )

S

Using hypotheses (H7) and (H8), we obtain that 0 < [DpY;| < C and 0 < ¢ < D3,Y, < C. We
finally compute DyZ; from equation (4.8) and we get

T

Do =B("(Wr) + /t {F(0Q)DeY. DY, + f/ (V) DF, Y, }ds| 7).

Using Hypotheses (H7) and (H8) again, we finally get
0<c<DyZ <C. (4.10)
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Step 2: Conclusion of the proof by the Nourdin—Viens formula

Write DeZ; = ®% (W) with a measurable function ®%, : RE*(0T) 5 12(0,T]). Then (4.10)
yields, for 6 < t, 0 < ¢ < @} (W) < C. As previously done, define i):Z?(W) = 0% (e "W +
@’) for u € [0, +o0o[. Using (4.10), it is clear that, for § < ¢, we have for u € [0, +00),
0<c< QQZZ‘(W) < C. Combining the bounds on <I>QZt and @%ﬁ“ yields, for § < t and u € [0, +00),

0<c? <@ (W)eH (W) < C2 (4.11)

Finally, let

9(2) = /0 "B (B (@3, (1), 957 (W) 2oy )| 2 — B(Z) = =) du
_ /OOO R <E’ </Ot @%t(W)CIDAGZ’JZL(W)M) 7~ B(2) = z> du.

The bounds obtained in (4.11) immediatly yield 0 < ¢t < g(z) < Ct. Thus, Proposition 2.2
concludes the proof of Theorem 4.6. U

Remark 4.7. 1t is also possible to derive Gaussian density estimates for more complex equations
than the one dealt with in this section. Hypotheses have to be changed in each case, making it
difficult to state a general result with reasonable hypotheses covering most cases.
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