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In this paper, we study the existence of densities (with respect to the
Lebesgue measure) for marginal laws of the solution (Y, Z) to a quadratic
growth BSDE. Using the (by now) well-established connection between these
equations and their associated semi-linear PDEs, together with the Nourdin—
Viens formula, we provide estimates on these densities.

1. Introduction. Inrecent years, the field of Backward Stochastic Differential
Equations (BSDEs) has been a subject of growing interest in stochastic calculus,
as these equations naturally arise in stochastic control problems in Finance, and
as they provide Feynman—Kac type formulae for semi-linear PDEs [25]. Before
going further, let us recall that a solution to a BSDE is a pair of regular enough (in
a sense to be made precise) predictable processes (Y, Z) such that

T T
(1.1 Y,=§+/ h(s, YS,ZS)ds—/ ZsdWs, tel0,T],
t t

where W is a one-dimensional Brownian motion, # is a predictable process and &
is a Fr-measurable random variable [with (F;);¢[0,7] the natural completed and
right-continuous filtration generated by W]. Since it is generally not possible to
provide an explicit solution to (1.1), except for instance when £ is a linear map-
ping of (y, z), one of the main issues, especially regarding the applications is to
provide a numerical analysis for the solution of a BSDE. This calls for a deep
understanding of the regularity of the solution processes ¥ and Z. The classical
regularity related to obtaining a numerical scheme for the solution (Y, Z) is the
so-called path regularity for the Z component originally studied in [20]. In this
paper, we aim at studying another type of regularity namely, we focus on the law
of the marginals of the random variables Y;, Z; at a given time ¢ in (0, T'). More
precisely, we are interested in providing sufficient conditions which ensure the ex-
istence of a density (with respect to the Lebesgue measure) for these marginals
on the one hand, and in deriving some estimates on these densities on the other
hand. This type of information on the solution is of theoretical and of practical
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interest since the description of the tails of the (possible) density of Z; would pro-
vide more accurate estimates on the convergence rates of numerical schemes for
quadratic growth BSDEs (qgBSDEs in short), that is, when /4 in (1.1) has quadratic
growth in the z-variable, as noted in [8].

Before reviewing the results available in the literature and the one we derive
in this paper, we would like to illustrate with the two following simple examples
that the existence and the estimate of densities issues for BSDEs are very different
from the one concerning the classical (forward) SDEs. For instance, consider the
following very particular case of (1.1) given by:

T T
12 Y, =W —I—f (s —Wy)ds —/ ZsdWg, tel0, 1L, (T =1).
t t

This equation should be extremely simple in the sense that the driver 4 does not
depend on (Y, Z), and indeed it can be solved explicitly to get that

Y, =W, ! 2 & 0,1
=Wy +u-5) re
Hence, Y; is a Gaussian random variable for every time ¢ in (0,2 — V/3), then
Yz_ﬁ =0, and for 7 in (2 — +/3, 1], Y, is Gaussian distributed once again. This
illustrates the difficulty of the problem and somehow shows how it is different
from the study of forward SDEs. This example, even though it is very simple
is pretty insightful and will be studied as Example 3.1 in Section 3. Concerning
the density estimates, the backward case brings here also, significant differences
with the forward case as the following example illustrates. Consider the following
equation:

T T
(1.3) Y,=W13+/ 3Wsds—/ ZsdWs, te[0,11,(T =1),
t t

which can be solved explicitly:
Y =W>+6W,(1—1),  Z, =3W?4+6(1-1), 1e€[0,1],

from which we deduce that both Y; and Z; admits a density with respect to the
Lebesgue’s measure for 7 in (0, 1]. However, it is clear that neither the law of
Y; nor the one of Z; admits Gaussian tails. This example will be considered in
Section 5 as Example 5.1.

Coming back to the general problem of existence of densities for the marginal
laws of Y and Z, it is worth mentioning that this issue has been pretty few studied
in the literature, since up to our knowledge only references [1, 3] address this
question. The first results about this problem have been derived in [3], where the
authors provide existence and smoothness properties of densities for the marginals
of the Y component only and when the driver /4 is Lipschitz continuous in (y, z).
Note that two kinds of sufficient conditions for the existence of a density for Y
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are derived in [3]: the so-called first-order (cf. [3], Theorem 3.1) and second-order
(see [3], Theorem 3.6) conditions. Concerning the Z component, much less is
known since existence of a density for Z has been established in [1] only under the
condition that the driver is linear in z. This constitutes, to our point of view, a major
restriction since up to a Girsanov transformation this case basically reduces to the
situation where the driver does not depend on z. Nonetheless, in [1], estimates on
the densities of the laws of Y; and Z; are given using the Nourdin—Viens formula.

In this paper, we revisit and extend the results of [1, 3] by providing sufficient
conditions for the existence of densities for the marginal laws of the solution Y;, Z;
[with ¢ an arbitrary time in (0, 7')] of a qgBSDE with a terminal condition &
in (1.1) given as a deterministic mapping of the value at time 7 of the solution
to a one-dimensional SDE, together with some estimates on these densities. The
results concerning the Lipschitz case, that is, when the generator % is Lipschitz,
are presented in Section 3. As recalled above, the case where 4 is Lipschitz con-
tinuous in (y, z) has been investigated in [3] for the ¥ component only, where
the authors have derived two types of sufficient conditions. However, we provide
as Example 3.1 a counterexample to [3], Theorem 3.6, which is devoted to the
second-order conditions. This is due to an inefficiency in the proof that can be
easily fixed by making a small change in a key quantity in the statement of the
result. Hence, we propose a new version of this result as Theorem 3.2. Then we
gather in Section 3.3 the first existence results of a density for the Z component for
Lipschitz BSDEs. Concerning the quadratic case, studied in Section 4, we propose
sufficient conditions for the existence of a density first for the ¥ component of qg-
BSDE:s (in Section 4.2), then for the Z component of qgBSDEs (in Section 4.3).
We would like to stress once more at this stage that concerning the existence of a
density for the ¥ component, only the Lipschitz case was known and concerning
the control variable Z, only the case of linear drivers in z was studied (see [1],
Theorem 4.3) up to now, which makes our result a major improvement on the ex-
isting literature. Finally, we derive in Section 5, density estimates for the marginal
laws of Y and Z using the Nourdin—Viens formula, and taking advantage of the
connection between the solution to a Markovian BSDE and the solution to its as-
sociated semi-linear PDE. Note that contrary to [1], we do not assume that the
Malliavin derivative of Y (or Z) to be bounded which is, from our point of view,
a too stringent assumption (as illustrated in Example 5.1) both from the theoretical
and practical point of view. Indeed, such an assumption leads to Gaussian tails for
the densities of ¥ or Z. However, even in seemingly benign situations, we will
see that it is not generally the case for BSDEs, and unlike most of the literature,
we have obtained tail estimates which are not Gaussian. This might be seen as a
significant difference between BSDEs and diffusive equations (i.e., with an initial
condition) like SDEs or SPDEs for instance [18, 19, 24].

Before going further, we would like to explain why our results are quite relevant
for financial applications and some stochastic control problems. Most of problems
in portfolio management, utility maximization or risk sensitive control (see, e.g.,
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[9], Section 4.2) can be essentially reduced to study a qgBSDE. Let us present two
examples.

1. Assume that a financial agent wants to maximize her utility under con-
straints, that is, her investment strategies are restricted to a specific closed set C, it
was proved in [27] and [12] that her optimal strategies are essentially given through
the Z component of a qgBSDE of the form

T T
Yz=5+/ h(S,Zs)ds—/ ZsdW; vVt € [0, T], P-a.s.
t t

with
AR
2a

where « denotes the risk aversion of the investor and 6 is the market price of
risk, and where dist¢ (x) denotes the Euclidean distance between x and C. Hence,
if one obtains a criterion providing density existence for the Z component solu-
tion to a qgBSDE with estimates on its tails, then one gets crucial information to
study the behaviors of optimal strategies for utility maximization problems. For
example, since Z essentially gives the optimal quantity of money which should be
invested in the risky asset, being able to estimate the probability that Z becomes
large is particularly meaningful in risk management. Besides, the control of the
tails of the density of Z could give important information concerning the rate of
convergence for numerical schemes to solve numerically BSDEs, so as to com-
pute optimal strategies (see [6, 13]). For instance, one can check directly that if 6
above is deterministic, C is smooth (that is its boundary is a C 2 Jordan arc), and
& = g(Wr), where g is any bounded function such that its second-order derivative
is nonnegative almost everywhere and positive on a set of positive Lebesgue mea-
sure (e.g., a smoothed butterfly spread), then Theorem 4.2 below applies and Z;
admits a density for all # € (0, T'].

2. Assume now that a controller, sensitive to risk, wants to maximize on the
control set U

T
1.4  Jw):= E”[exp(@/(; H(s,X.,uy)ds —i—g(XT))}, uelu,

where 0 denotes the sensitiveness of the controller with respect to risk and X de-
notes a solution to a classical SDE. This is the classical risk sensitive control prob-
lem introduced in [15]. Hence, this risk sensitive control problem can be rewritten
in term of the well-known risk entropic measure (see [4] for more details). Then,
according to [9], Theorem 4.3, one can find a maximizer u* of (1.4) which is es-
sentially given by a process Z* which is the second component of the solution to
the following qgBSDE:

o 0
h(s,z):=—z6 — —di t2< —S>,
(s, 2) z0s —1—2 ist z+a

T 1 T
Y,*=g(XT)+/ h(s,x.,Z;,u;)+§}Z;|2ds—/ Zr dW;
t t

vVt €0, T], P-a.s.,
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where i is the Hamiltonian process (which is given explicitly in terms of H),
which is such that z — h(s, x., z, us) + %Izl2 has a quadratic growth for every
s € [0, T] and u € U. Again, our results give information on the density of Z* and
thus on the law of the optimal control which is important for obtaining qualitative
properties of this optimal control as well as for numerical approximations.

2. Preliminaries.

2.1. General notation. In this paper, we fix T € (0, 00). Let W := (W;)s¢0,1]
be a standard one-dimensional Brownian motion on a probability space (€2, F, P),
and we denote by I := (F;):¢(0,7) the natural (completed and right-continuous)
filtration generated by W. We denote by A the Lebesgue measure on R and we set
for any p € [1, +00], L?(P) := L?(2, Fr,P) and denote by || - ||, the associated
norm. We denote by C(R") (n > 1) the set of functions from R"” to R which are
infinitely differentiable with bounded partial derivatives. Similarly, for any n > 1
and any p € N*, we denote by C”(R") the set of functions f : R” — R which
are p-times continuously differentiable. For f in Cp(R"), we set fxilmxm the nth
partial derivative with respect to the variables x;,, ..., x;, withij+---+4i; = n. For
a differentiable mapping f : R —> R, we denote f’ its derivative in place of f.
Let us denote, for any (p, ¢) € N2, by C”4 the space of functions f : [0, T] xR —
R which are p-times differentiable in ¢ and g-times differentiable in space with
partial derivatives continuous [in (¢, x)].

Finally, we introduce the following norms and spaces for any p > 1. S? is the
space of R-valued, continuous and [F-progressively measurable processes Y s.t.

1¥1%, :==E[ sup 1¥,1"] < +oo.
0<t<T
S° is the space of R-valued, continuous and F-progressively measurable pro-
cesses Y s.t.

[Yllsee := sup [[¥i]loo < +o00.
0<t<T

HP is the space of R-valued and [F-predictable processes Z such that
T 5 p/2
1Zl5z5 :=E[</O 12| dz) }<+oo.

BMO is the space of square integrable, continuous, R-valued martingales M
such that
| MlBmo = ess sup|Ec[(M7 — M)*]| o, < +oo,
re76T
where for any ¢ € [0, T'], 7;T is the set of F-stopping times taking their values in
[, T']. Accordingly, HZBMO is the space of R-valued and F-predictable processes
Z such that

< 4o0.
BMO

ZI%, = /'z,dB
1213, = | [ Z.as,
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2.2. Elements of Malliavin calculus and density analysis. In this section, we
introduce the basic material on the Malliavin calculus that we will use in this pa-
per. Set §) := L2([0, T1, B([0,T]), A), where B([0O, T']) is the Borel o-algebra on
[0, T'], and let us consider the following inner product on j:

T 2
(f.g) = /O FOgydr  V(f.g) e 5

with associated norm || - ||g. Let S be the set of cylindrical functionals, that is, the
set of random variables F in L2(PP) of the form

Q1) F=fWi.....W,),  (t1,....ta) €[0,T]", f €Cp(R"),n > 1.

For any F in S of the form (2.1), the Malliavin derivative DF of F is defined as
the following $)-valued random variable:

n
(2.2) DF =) fu (Wi, ..., W)l
i=1
It is then customary to identify D F with the stochastic process (D; F);¢[0,7]- De-
note then by D!+ the closure of S with respect to the Sobolev norm || - | 1,2, defined
as

T
||F||1,2:=E[|F|2]+E[/O |DtF|2dr].

In an iterative way, one may define D" F (for n > 1) as the following $©"-valued
random variable:

D"F :=D(D""'F),

where " denotes the n-times symmetric tensor product of §. We refer to [23]
for more details.

We recall the following criterion for absolute continuity of the law of a random
variable F' with respect to the Lebesgue measure.

THEOREM 2.1 (Bouleau—Hirsch, see, e.g., Theorem 2.1.2 in [23]). Let F be
in DV2. Assume that IDF|g > 0, P-a.s. Then F has a probability distribution
which is absolutely continuous with respect to the Lebesgue measure on R.

Let F such that | DF||g > 0, P-a.s., then the previous criterion implies that F
admits a density pr with respect to the Lebesgue measure. Assume there exists in
addition a measurable mapping ® r with O : RY — ©, such that DF = ® (W),
then we set

gr(x) = /0 e E[EF[(@p (W), ®4(W))g ]|F — E(F) = x]du,

(2.3)
x eR,



DENSITY ANALYSIS OF BSDES 2823

where &D%(W) = ®p(e W + /1 — e 2W*) with W* an independent copy of
W defined on a probability space (Q2*, F*,P*), and E* denotes the expectation
under P* (® r being extended on €2 x 2*). We recall the following result from [22].

THEOREM 2.2 (Nourdin—Viens’ formula). F has a density p with the respect
to the Lebesgue measure if and only if the random variable gr(F — E[F]) is pos-
itive a.s. In this case, the support of p, denoted by supp(p), is a closed interval of
R and for all x € supp(p):

_ E(F —E[F]) <_/x—E[FJ udu)
0

PO = G —ELF] P 7 ()

2.3. The FBSDE under consideration. In this paper, we consider a FBSDE of
the form

t t
X, =Xo+f b(s, X,) ds +/ o (s, Xy) dW,,
0 0
t €[0, T], P-as.,
2.4) T T
Y, = g(X1) +/ h(s, Xy, Yy, Zy) ds —/ Z, dW,,
t t
te[0,T], P-as.,

with X a given real constant. We denote by G(X;) the support of the law of X;
under P, that is to say the smallest closed subset A of R such that P(X; € A) = 1.
Throughout this paper, we will make the following standing assumption on the
process X in (2.4).

Standing assumptions on X .

X) b,0:10,T] x R — R are continuous in time and continuously differen-
tiable in space for any fixed time ¢ and such that there exist kp, k, > 0 with

|bx(t,x)| <kp, |0x(t,x)| <ks for all x € R.

Besides b(z, 0), o (¢, 0) are bounded functions of ¢ and there exists ¢ > 0 such that
forallt € [0, T]

O<c<lo(t,)

, A(dx)-a.e.

REMARK 2.1. According to Theorem 2.1 in [11], (X) implies that for all ¢ €
(0, T], the law of X;, denoted by L£(X), has a density with respect to the Lebesgue
measure.

Our results will obviously need conditions on the parameters g, & which appear
in the backward component of (2.4). More precisely, one can distinguish between
two regimes which call for two different analyses: the case where /4 exhibits Lip-
schitz growth in its variables (developed in Section 3), and the case where & has
quadratic growth in the z variable (studied in Section 4). We start with the Lips-
chitz situation.
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3. The Lipschitz case. In this section, we focus on the solution (Y, Z) of
FBSDE (2.4) under a Lipschitz-type assumption on the driver /4. The problem of
existence of a density for the marginal laws of Y has been first studied in [3],
when the generator 4 is assumed to be uniformly Lipschitz continuous in y and z.
We first recall in Section 3.1 some general results on Lipschitz FBSDEs, then
we review in Section 3.2 the results from [3]. Next, we point out an inefficiency
in [3], Theorem 3.6, by providing a counterexample to this result, and we make
precise how this small flaw can be corrected, and propose a precise version of it
as Theorem 3.2. Finally, in Section 3.3, we study the existence of a density for the
marginal laws of Z when the generator / of the BSDE satisfies assumption (L).

3.1. Generalities on Lipschitz FBSDEs. We start by making precise as as-
sumption (L) the Lipschitz condition on 4 and the associated condition on the
terminal condition g. We set:

(L) (i) g:R —> Rissuch that E[g(X7)?] < +00.
(i) h:[0, T]x R?® —> R is such that there exist (ky, ky, k;) € (R% )3 such
that for all (¢, x1, X2, y1, ¥2, 21, 22) € [0, T] x R,

\h(t, x1, y1.21) — h(t, X2, y2, 22)| < kx|x1 — x2| + kyly1 — Y2l + k|21 — 22|
(iii) fy (s, 0,0,0)*ds < +o0.

Before going to the density analysis of the ¥ and Z components we recall briefly
well-known facts about existence, uniqueness and Malliavin differentiability for
the system (2.4) which can be found in [10, 26].

PROPOSITION 3.1 ([10, 26], Existence and uniqueness). Under assumptions
(X) (that we recall is given in Section 2.3) and (L), there exists a unique solution
(X,Y,Z)inS* x S* x H? to the FBSDE (2.4).

Concerning the Malliavin differentiability of (X, Y, Z), it can obtained (see [26]
and [10], Remark of Proposition 5.3) under the following assumptions:

(D1) (i) g is differentiable, £L(X7)-a.e., g and g’ have polynomial growth.
(i) (x,y,z)+— h(t,x,y,z) is continuously differentiable for every ¢ in
[0, T].

(D2) (i) g is twice differentiable, £(X7)-a.e., g, ¢’ and g” have polynomial
growth.
(i) (x,y,z)+— h(t,x,y,z) is twice continuously differentiable for every
tin [0, T].

Note that (D1) ensures that Y is Malliavin differentiable, whereas (D2) ensures
it is twice Malliavin differentiable. As it will be made more clear below, since Z
can be represented as a Malliavin trace of Y, the fact that Y is twice Malliavin
differentiable entails that Z is Malliavin differentiable.
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PROPOSITION 3.2 (Malliavin differentiabiliy). Under (X), (L) and (D1), we
have for any t € [0, T] that (X;, Y;) € (D"2)2, Z, e D}2 for almost every t, and
forallO<r<t<T:

t t
D, X =o(r, Xr)+/ by (s, Xs)DrXsds+/ ox (s, Xg) Dy X5 d Wy,
r r

T
(3.1 DrYt:g/(XT)DrXT"i‘f H(s, Dy X5, D, Y5, Dy Zs)ds
t

T
- / D,Z;dWs,
t

Where H(va7y7z) = hx(SsXSaYS?ZS)x + hy(s’XS7YSaZS)y + hZ(s7XS9
Yy, Zs)z.

Notice that BSDE (3.1) is a linear BSDE, whose solution can be computed using
the linearization method (see [10]).

We will need extra properties on the Malliavin derivative of ¥ and Z for which
the following result will be crucial. These results rely heavily on the Markovian
framework with which we are working.

PROPOSITION 3.3 ([14, 21]). Let assumptions (X), (L) and (D1) hold, then
there exists amap u : [0, T] x R— R in C"2 such that

Y, =u(t, X;), t€[0,T], P-a.s.
In addition, Z admits a continuous version given by

3.2) Z: =u,(t, Xp)o(t, Xy), t €0, T], P-a.s.

In view of Proposition 3.3, the chain rule formula implies that ¥; belongs to
D?? and

(3.3) DY, = u,(t, X,)D*X; + urx (¢, X)) (DX,)®?, P-ass.

Note that by definition, Z is an element of H?. As a consequence, for any fixed
element ¢ in [0, T], the random variable Z; is not uniquely defined, which makes
the density analysis ill-posed. However, by the previous proposition, Z admits in
our framework a continuous version. From now on, we will always consider this
version.

The following lemma is due to Ma and Zhang in [21], Lemma 2.4 and to Par-
doux and Peng [25] for the representation of Z as a Malliavin trace of Y [see (3.4)
below].
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LEMMA 3.1. Let assumptions (X), (L), (D1) and (D2) hold. Then there exists
a version of (D, X;, D, Y;, D Z;) for all 0 < r <t <T which satisfies
D, X; =VX(VX,) "o (r, X,),
DY, =VY (VX)) lo(r,X,),  D,Z,=VZ(VX,) o X)),
(3.4 Z; = DY, = }1}‘1} DY, P-a.s., fora.e.t €10, T],

where (VX, VY, VZ) is the solution to the following FBSDE:

t t
VX[ :/ bx(S,XS)VXst+v/‘ O’x(svx‘Y)VXSdWS’
0 0
(35) T T
VYt:g/(XT)VXT+f Vh(s, ®s)-V®sds—/ VZ, dW,.
t t

REMARK 3.1. Assumptions (D1) and (D2) are linked to the existence of
first- and second-order Malliavin derivatives for the ¥ component of the solu-
tion of (2.4). We would like to point out to the reader that we only require the
differentiability of g, £(X7)-a.e. Such a relaxation will be particularly useful in
the quadratic case (i.e., in Section 4). We emphasize that when we work under as-
sumption (X), the law of X7 is absolutely continuous with respect to the Lebesgue
measure and X7 has finite moments of any order. Thus, thanks to standard approx-
imation arguments, we can show that the usual chain rule formula of Malliavin
calculus (see Proposition 1.2.3. in [23]) still holds for the random variable g(X7),
under assumptions (D1) or (D2).

Finally, set the following assumption:
(M) There exists a function f € C%(R) such that for all 7 € [0, T']:
Xy = f(t, Wy).

We obtain the following proposition.

PROPOSITION 3.4. Under assumptions (M), (L) and (D2), forall 0 <r,s <
t <T wehave D,.Y; = D;Y; = Z; and D, Z; = D, Z;, P-a.s.

PROOF. Once again we set Oy := (X, Y5, Z5). We know that forall 0 < r <
t<T:

T
D, Y, = g/(XT)f,(T, Wr) +/t (hx(s’ ®s)f,(s’ Ws) + hy(sa O;) D, Y

T
+ hy(s, @s)D,ZS)ds—f D, Zs dW;.
t

Then (D, Y, D, Z) satisfies a linear BSDE which does not depend on r and by
the uniqueness of the solution we deduce that for all 0 < r,s <t < T we have
D,.Y; = DsY; and D, Z; = DsZ;, P-a.s. Finally, D, Y; = Z; by (3.4). U
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3.2. Existence of a density for the Y component. We focus in this section on
the existence of a density for the marginal laws of the process Y in the Lipschitz
case, pursuing the study started in [3]. Toward this goal, we recall first the so-called
first-order conditions introduced in [3], which are only sufficient, as illustrated in
Example 3.1. We then turn our attention to the second-order conditions of Theo-
rem 3.6 in [3]. We point out a (small) inefficiency in the proof of [3], Theorem 3.6
and provide a corrected version of this result as Theorem 3.2.

As in [3], we set for any A € B(R) (i.e., the Borel o-algebra on R), and ¢ in
[0, T] such that P(X7 € A|F;) > O:

g = inf g'(x), g% = inf g’ (x),
- xeR = xeA
3.6) B ) 4 /
g :=supg (x), g =supg(x),
xeR xeA
h(t) = lnf hx(sa-xay9 Z)’
selt,T],(x,y,z)eR3
3.7)

E(t): Sup hx(S,xay»Z)-
selt,T],(x,y,z)eR3

THEOREM 3.1 (First-order conditions [3], Theorem 3.1). Assume that (X),
(L) and (D1) hold. Fix some t € (0, T| and set K := kj, + ky + ks k;. If there exists
A € B(R) such that P(X7 € A|F;) > 0 and one of the two following assumptions
holds:

T
ge—sgn(g)KT_*_h(t)/ efsgn(ﬁ(s))Ks ds >0,
H - t
() A —sgn(gMKT T —sgn(h(s))K
gle SEME +h(t)/ e~ MBS go 5 0,
- t
o e T T o N
ge—sgn(g)KT_i_h(t)/ o= S B6)Ks g <
H_ t
=) —A —sen(@HKT | T T —sgn(h(s)K
gle M8 +h(t)/ e SEMNIRS g5 <0,
t

then Y; has a law absolutely continuous with respect to the Lebesgue measure.

REMARK 3.2.  Notice that g (resp., g) could be equal to —oo (resp., +00).

Then assumption (H+) [resp., (H—)] cannot be satisfied. Therefore, there is no
problem if we allow the extrema of g to take the values +oo.

REMARK 3.3. In view of the proof of [3], Theorem 3.1, one can show that
under (X), (L) and (D1) and if g’ > 0 and A(t) > 0 [resp., g’ <0 and h(t) < 0]
fort €[0,T], then forall 0 <r <t <T, D,Y; >0 (resp., D, Yy <0) and the in-
equality is strict if there exists A € B(R) such that P(X1 € A|F;) > 0 and gl/ 4>0

(resp., g[, <0).



2828 T. MASTROLIA, D. POSSAMAIL AND A. REVEILLAC

Note that neither condition (H+) nor condition (H—) are necessary for getting
existence of a density as illustrated in the following example.

EXAMPLE3.1. LetT =1,g(x)=x,X=W, h(s,x,y,2) = (s —2)x. In this
case, K =0and hy(s,x,y,z) =s—2forall (x,y,2) € R3. For any ¢ in (0, 1], we
have

g=g=1, h(t)=t-2,  h(@t)=-1,

so that assumption (H—) is not satisfied. Indeed,
T _
ge WOKT Ty [ e EOK gy —1 - (1 =ty =1 0.
t
Similarly, (H+) is not satisfied for any ¢ € (0, (3 — V3) /2) since
T

ge SEKT 4 h(p) / e SEOIKs g — 1 4 (1 —2) 1 —1) = —1> 31— 1,
- t

which is negative for ¢ € (0, (3 — \/5)/2). We deduce that for ¢ € (0, (3 — «/5)/2)
neither assumption (H+) nor assumption (H—) is satisfied. However, we know
that

1
Y,:IE[W1 +f (s—Z)Wvds‘]-",}
(3.8) !
1 1 t2
= Wt<1 +/ (s — Z)ds) — W,(-5 +2f — E) Vi € [0, 1], P-a.s..
t

which admits a density with respect to the Lebesgue measure except when ¢ = 0
andt =2 — /3.

Notice that in the previous example, the generator does not depend on z. In that
setting, another result is derived [3], involving so-called second-order conditions.
There, the authors of [3] benefit from the absence of z in the driver to make a higher
order expansion of the Malliavin norm fOT | D, Y;|?dr. The price to pay is that the
condition involves a mapping h [see (3.9) below], which is essentially a sum of
derivatives of the driver 4, which goes beyond the simple derivative /,. However,
Example 3.1 provides a counterexample to [3], Theorem 3.6. Indeed, the second-
order conditions proposed in [3], Theorem 3.6, entails that Y; admits a density,
when ¢ £ %, so in particular at t =2 — /3. However, from (3.8), Yz_ﬁ = 0. This
example proves that [3], Theorem 3.6, has to be modified. The proof of [3], Theo-
rem 3.6, is essentially correct, except that in their proof the original Brownian mo-
tion W is not a Brownian motion any more under the new measure Q defined in [3],
page 275, and need to be replaced by the process W := W. — [, o, (s, X) ds which
is a Q-Brownian motion. This leads to the two extra terms — (0 0/, + 20y hyy)
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in the expression of the mapping (3.9) below, compared Ld to the original expres-
sion of / in the statement of [3], Theorem 3.6. We refer the reader to Example 3.2
below and we propose a corrected version of [3], Theorem 3.6, as Theorem 3.2
(whose proof exactly follows the original one up to the introduction of W’), in
which the modified second-order conditions are sufficient, and necessary in the
special situation of Example 3.1.

Consider the FBSDE (2.4) when & does not depend on z and define

h(s,x,v,2)
(3.9) = —(hxs + bhxx — hhxy + $(02hyrx + 220 hixy + 22 haxy)) (5, X, )
— ((hy 4+ bx)hy + 00y hyx + z20xhyy) (s, x, ),
g(x) =g (x) + (T = )hx (T, x, g(x)),

¢ :=min g(x), 2 :=max 2(x),

g xeRg( ) 8 -=max g(x)

- . —A -

g" :=ming(x), g =maxg(x),

- xeA xeA

h(Hy:= min h(s.x.y,2),  h(t):= max h(s,x,y,2).
[£,T]1xR3 [, T]1xR3

The following theorem corrects Theorem 3.6 in [3].

THEOREM 3.2 (Second-order conditions [3], Theorem 3.6). Fix some t €
(0, T, assume that h does not depend on z, that assumptions (X), (L) and (D1)
hold and set K := ky + kp. If there exists A € B(R) such that P(X7 € A|F;) >0
and one of the two following assumptions holds:

i . T
) e SE@KT +h(t)f oS BOIKs (7 _ o) 4650,
(A+) '
~A fsgn(gA)KT ” T -5 n(ft(s))Ks
gle g +h(@) | e M2 (T —s)ds >0,
- t
_ = = T =
ge— sgn(g)KT + h(l‘)/ e—sgn(h(s))Ks(T _ s)ds < O,
ﬁ— t
= =A ghkT T r h(s)K
g e Sen(g) +h(t)/ e sen(h(s)) S(T —s)ds <0,
t

then the first component Y; of the solution of BSDE (2.4) has a law which is abso-
lutely continuous with respect to the Lebesgue measure.

EXAMPLE 3.2. We go back to Example 3.1 with g = Id. and h(s, x, y,z) =
(s — 2)x which does not depend on z. On the one hand, we know from (3.8) that
for all £ € (0, 1], the law of ¥; has a density except when r =0 or t =2 — +/3. On
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the other hand, our conditions in Theorem 3.2 read
g=g=g0 =1, htxy)=h0=hn)=-1, K=0,

from which (H+) becomes

t—fl(l—S)dS=t—(1—t)+l—i=—ﬁ+2t—l>o,
t 2 2 2 2
and (H—) becomes
t_/l(l_S)dszt_(l—f)+l—f=—ﬁ+2t—1<0.
t 2 2 2 2

We hence conclude, in view of Theorem 3.2, that the law of Y; has a density
with respect to the Lebesgue measure for every 7 € (0, 1]\ {2 — +/3}.

In this particular example, notice that Theorem 3.2 is more accurate than Theo-
rem 3.1 since condition (I:I+) and condition (I:I—) are sufficient and necessary to
obtain the existence of a density for Y. Finally, we emphasize once more that the
counterpart of condition (H-) in [3], Theorem 3.6, gives that whenever 2r — 1 < 0,
Y; admits a density, which is clearly satisfied for r = 2 — /3. However, we know
that YZ— Vel 0.

3.3. Existence of a density for the control variable Z. We now turn to the
problem of existence of a density for the marginal laws of Z. This question was
studied in [1] when the generator is linear in z, that is to say h(¢,x,y,z) =
h(t, x, y)+az, which is from our point of view a too stringent assumption since by
a Girsanov transformation this equation basically reduces to a BSDE with a gener-
ator which does not depend on z. We focus here on a general function £ satisfying
assumption (L). Consider the two following assumptions:

(C+) hx,hyx,hyy, hzzyhyy >0and by, =hy, =0,
(C—) hy,hyy, hyya hzz, hxy <0and hy, = hyz =0.

Letz € (0,7T] and A € B(R). We set:

" . ” . ”
= min X), = min X),
g— xEG(XT)g ( ) g— xEG(XT)ﬂAg ( )
/ . / /A N /
= min X), = min X),
g_ XGG(XT)g ( ) g_ xeG(XT)ﬂAg ( )
hyx (1) = min hxx(S,X,y,Z)-

selt,T],(x,y,z)eR3
THEOREM 3.3. Let assumption (X), (L) and (D2) hold. Let 0 <t < T and
assume moreover:

e There exist (a,a) € (0, +00), such thata < D, X, <a, forall0 <r <u <T.
e There exists b > 0, such that 0 < thXu < E,for all0<r,t<u<T.
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o (C+) holds.
o hyy=00r (hyy>0and g’ >0, L(X7)-a.e.).

If there exists a set A € B(R) such that P(X7 € A|F;) > 0 and such that
l{g_~<0}g_//52 +g_/1{g_r<o}g+ (l{g_ﬂzo}g_ﬁ + hax (O(T — l‘))g2 >0,

and

nA

A A
(l{g_,/A<0}g a +g/ 1g<0 b)+(1{g_”A20}g_// +hﬁ(l‘)(T—t))22>0,
then, the law of Z; has a density with respect to the Lebesgue measure.

PROOF. Under the assumptions of Theorem 3.3, we obtain for 0 < r,s <
t<T:

D}.Y,=g"(X7)D, X7 Dy X1 + g (X7)D} XT—/ D} Z,dW,

+ / [t ©) D2, X,y + B (1, ©4) D, X, Dy X,
t

+ hxy(us ©u)Ds Xy DYy + hy(ua ®u)D;%sYu + hxy(u, Ou) Dy X, DsYy
+ hyy(ua ©u) DY, DYy, + h (u, ®u)D;%sZu
+hyy(u,©,)DyZyDsZ, ] du.

Let P be the probability equivalent to IP such that

dp T 1 (7 5
(3.10) d—PzeXp/(; hz(s,G)s)dWs—E/O h,(s, ©5)| ds ),

where %, is bounded thanks to assumption (L). Under P defined by (3.10), we
obtain

D}Y, =E* [g”(XT)DrXTDSXT +&'(X7)D} X7
T 2
# [ T, 0D, X, + hr . 00D, Xu Dy X,
t
+ hxy(us ©u)Ds Xy DYy + hy(ua ®u)D;%sYu + hxy(u, Ou) Dy Xy DsYy
+ hyy(ua ©u) DYy DsYy + hyy(u, ®u)DrZuDsZu]du‘~Ft:|-
By standard linearization techniques, we obtain

D2, EIP’|: I hy(u. @, D4 (g" (X 1) D, X7 Dy X1 + 8 (X7) D2 X1)

T u
[l IO w4, ©,)DF X, + e, ©) D, X, DX,
t
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+ hxy (u, ®y)(DrXu DY, + DX, D,Y,)

+ hyy(u, ©,) D, Y, Dy Yy + h(u, ©,) Dy Z, Dy Z, ] du‘]—",]
Then, using Remark 3.3, Lemma 3.1 and our assumptions we obtain

T ©
el OO (" (x 1) D, X7 Dy X1 + ¢/ (X1) D2, X7)

T u
+/ ef[ h‘v(w@U)dU[hx(u’ ®M)D;%SXM + hyx(u, ®,)D. X, Ds X,
t

+ hxy(u, ®y)(DrXuDsYu + DX, D,Y,)
—I—hyy(u, ®uD,Y,DsY, + h;,(u, @u)DrZuDsZu]du

T _
> el W ONA (1 018" + gy c0yh + (11gr208” + hax (VT — 1))a?)
> 0.
We deduce that

D} Y, > E* [eff Iy @.O0duy 4 (¢"(XT)D X1 Ds X1 + &' (X7) D2 X7)

T
Flupen [ KO w00 du 7 |
t

- A_ A e
> e KT (118" @ + 8 g <0p)P(XT € A|Fy)

+e KT (1 a8 + hax (T = 0)a®P(X7 € AIF).

Using the fact that D?Y, is symmetric, the chain rule formula, (3.2) and (3.3)
and the fact that limy ~ D%SX; =o/(t, X;)D,X,, we have that lim; ~, D%SY, =
D, Z;, from which we deduce that D,Z; > 0, P-a.s. Then according to Bouleau
and Hirsch’s theorem, we conclude that the law of Z; has a density with respect to
the Lebesgue measure. [

REMARK 3.4. Notice that the sign assumption on D?X can be obtained under
the following sufficient conditions:

(X+) For any t € [0, T], the maps x —> b(t, x) and x —> o (¢, x) are respec-
tively in C>(R) and C3(R), and there exists ¢ > 0 such that
o>c>0, o' >0, o",6" <0 and [o,lo,b]]>0,
where [b, o] denotes the Lie bracket between b and o defined by [b, o] :=b'c +
o'b.
(X—) Forany ¢ € [0, T], the maps x —> b(t, x) and x —> o (¢, x) are respec-
tively in C>(R) and C3(R), and there exists ¢ < 0 such that

o<c<0, o' <0, o",6”>0 and [o,lo,b]]<0.
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Indeed, according to the first step of the proof of Theorem 4.3 in [1], condition
(X+) [resp., (X—)] ensures that D?X is nonnegative (resp., nonpositive).

REMARK 3.5. One can provide an alternative version of the previous result,
whose proof follows the same lines as the one of Theorem 3.3. Fix ¢ in (0, T'],
let assumptions (L), (X) and (D2) hold and assume that there exists A € B(R)
such that P(Xr € A|F;) > 0, and such that one of the two following conditions is
satisfied:

(a) (X+) and (C+) hold true and g” > 0, gl’;‘ >0and g’ >0, L(X7)-ae.
(b) (X—) and (C—) hold true and g” <0, gl/;x <0and g’ <0,L(X7)-ae.,
then, for all ¢ € (0, T'], the law of Z; has a density with the respect to Lebesgue

measure.

When assumption (M) holds, Theorem 3.3 takes a different form as shown be-
low in Theorem 3.4, mainly because of Proposition 3.4. Indeed, consider the fol-
lowing assumptions:

(C+) hy; >0and hy, = hy, =0.
(C—) hy<0and hy, =hy, =0,

Under assumption (é+) or (é—), we recall that

D, Z = g"(Xp)| f/(T, Wr)|* + &' (X,) f/(T, Wr)
T
+f [, ©,) " (u, W) + hy(u, ©,) D7, Y, ] du
t
T
+/ [|f/(u, Wu)}zhxx(lfh Oy)
t
+ (hxy(uv . DY, + DtYuhxy(uv ®u))f/(uv Wu)] du

T
—|—f [hyy(u, ©y) DYy DYy + D Zy Dy Zyy hyz(u, ©,)] du
t

:|Zu|2 :|Drzu|2

T 5
- [ D2 ziaw,
t
with W := W — [ h (s, ©y)ds. We set 6 = (x, y, z), and

Rt w,x,y,2,2) 7= haa (6, O £/, w)|* + b (1,0) £ (1, w)
+ (hyy(t,0)z + 2hyy (1, 0) £/ (1, w))z + hy(t,0)Z,
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h(t) = min h(s,w, x,y,2,%),
(s,w,x,y,2,2)€[t, T1xR3
ft(t) = max ft(s,w,x,y,z,Z),

(s,w,x,y,z,2)€[t, TIxR>

THEOREM 3.4. Assume that (M), (L) and (D2) are satisfied and that there
exists A € B(R) such that P(Xt € A|F;) > 0 and one of the two following as-
sumptions holds:

(a) Assumption (C+), ((g' o £)f) +(T —t)h(t) = 0and ((§' o f) f')y + (T —
Hh(t) > 0. B
(b) Assumption (C—), (" o ) fV +(T —=)h(t) < 0and ((g' o f) f)y +(T —
Hh(t) < 0.

Then the law of Z; is absolutely continuous with respect to the Lebesgue measure
on R.

PROOF. Using Proposition 3.4, we recall that

D, Z; = ¢"(Xp)|f/(T. Wr)[* + g (X)) £ (T, Wr)

T .
+/ h(u, Wy, Xu, Yu, Zy, Dy Z,) + |DrZu|2hzz(u) du
t

r )
—/ D2,Z,dW,.
t

where W := W — Johz(u, ®,)du. Then the proof follows exactly the same line as
the one of Theorem 3.3. [

4. The quadratic case. We now turn to the quadratic case and provide an ex-
tension of both Theorems 3.1 and 3.3. Note, however, that the assumptions of these
theorems do not find immediate counterparts in the quadratic setup since the latter
involves the Lipschitz constant of # with respect to the z variable (see Remark 4.2).
We also emphasize that existence of densities for the ¥ and Z components in the
quadratic case that we consider here was open until now. We first make precise the
quadratic growth setting together with existence, uniqueness and Malliavin dif-
ferentiability results for these equations in the next section. Then we investigate
respectively in Sections 4.2 and 4.3 the existence of density for respectively Y
and Z.

4.1. Generalities on quadratic FBSDEs. In contradistinction to the previous
section, we will now assume that / exhibits quadratic growth in the z variable. As
noted in the Introduction, this case is particularly useful for applications, especially
in finance where any pricing and hedging problem on an incomplete market which
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can be translated into a BSDE analysis will lead to a quadratic BSDE. The precise
assumption for dealing with quadratic BSDEs is given as:

(Q) (i) g:R — R is bounded.
(i) h:[0, T] x R?> — R s such that:

> There exists (K, K, K,) € (]Ri)3 such that for all (z,x,y,z2) €
[0, T] x R?

h(t,x,y, )| < K(L+ 1yl +1z%),  |holt,x,y,2) < K (1+z),
|hyl(t, x,y,2) < K.

> There exists C > 0 such that for all (¢, x, y, z1, z2) € [0, T] x R4
4.1 \h(t,x,y,21) —h(t,x,y,22)| < C(1 +|z1] + |z2]) |21 — 22l
(iii) Jy |h(s,0,0,0)*ds < +oo.

Existence and uniqueness of a solution triplet (X, Y, Z) under assumption (Q)
has been obtained in [17]. More precisely, we have the following.

PROPOSITION 4.1 ([17], Existence and uniqueness of BSDEs). Under as-
sumptions (X) and (Q), there exists a unique solution (X,Y, Z) in S* x S® x

2
HBMO'

Note that condition (4.1) on the generator 4 in assumption (Q) in the one that
ensures uniqueness of the solution. Hence, it can be dropped and one can then
consider the maximal solution Y of the BSDE, for which our proofs still apply.

Concerning the Malliavin differentiability of the processes (X, Y, Z), it has been
obtained in the quadratic case in [2] under the assumptions (D1) and (D2) (that are
defined in Section 3.1). Note that Proposition 3.3 still holds true if assumption (L)
is replaced by assumption (Q). However, although the above proposition is com-
pletely proved in [21] in the Lipschitz case, we did not find a proper reference in
the quadratic case, except for [14] which proves the result under assumption (Q),
with the exception that u is only shown to be in C!*!. Nonetheless, one can still ob-
tain the required result by proving that Theorem 3.1 of [21] still holds for a BSDE
with a driver which is uniformly Lipschitz in y and stochastic Lipschitz in z with a
Lipschitz process in H]23M0 (which is exactly the case of the BSDE satisfied by the
Malliavin derivative of Y). This can be achieved by following exactly the steps of
the proof of Theorem 3.1 in [21], where the a priori estimates of their Lemma 2.2
have to be replaced by those given in Lemma A.1 of [14]. As in the Lipschitz case,
relation (3.3) still holds true under (Q). In addition, as for Proposition 3.3, the
proof of Lemma 3.1 can be extended to the quadratic setting. Finally, Propositions
3.2 and 3.4 are valid if one replaces assumption (L) by assumption (Q).
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PROPOSITION 4.2 (Malliavin differentiabiliy). Under (X), (Q) and (D1), we

have for any t € [0, T] that (X;, Y;) € (Dl’z)z, Z; € }D)l’zfor almost every t, and
forallO0 <r <t <T:

t t
DX, =o(r, X)) +/ by (s, Xs) Dy X ds +/ o (5, X5) Dy Xy dW,,
r r

T
@2) DY =g (Xr)D X7+ / H(s, DXy, D, Yy, Dy Zs) ds
t

T
—/ D, Z;dWs,
t

Where H(Saxay$z) = hx(S’XS7YSsZS)x + hy(ssX.S"YS’ZS)y + hZ(SsXSa
Ys, Zs)z.

4.2. Existence of a density for the Y component.

THEOREM 4.1. Fix t € (0, T] and assume that (X), (Q) and (D1) hold. If
there is A € B(R) such that P(Xt € A|F;) > 0 and one of the following assump-
tions holds [see definitions (3.6)—(3.7)]

(Q+) g’ >0and g/, >0, L(XT)-a.e. Cﬁ”ld h(t) >0,

(Q-) g'<0,84 <0, L(X7)-a.e. and h(t) <0,

then Y; has a law absolutely continuous with respect to the Lebesgue measure.

PROOF. To simplify the notations for any s in [0, T'], we set Qg := (Xj, Y5,
Zs). We set K :=kp, V ky V k;. We assume that (Q+) is satisfied (the proof with
(Q—) follows the same lines, so we omit it). According to Bouleau—Hirsch’s crite-
rion, it is enough to show that yy, := fOT | D, Ytl2 dr > 0, P-a.s. As in the proof of
[3], Theorem 3.6, we have for 0 <r <t < T, that D, Y; writes down as

T
DY =g (XDID X1 + [ hals, 0D, X, + 1y (5, 0D, Y, ds
t
4.3) -
+/ D, Z,dW;.
t

From (4.3), and following the expression of yy, given in [3], page 271, we deduce
that

T 2
= (E[gCengrvr + [ v 006.ds|7 ]

t
X (w,—l)Z/O ¢ o(r, X)) dr,
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with

w;‘é‘t — ef(;(bx(s,X.v)—i-hy(s,@‘g)-i—ax(S,Xs)hz(s,(%))ds

=E;

0O (5. Xs)+hz(5,05)) dWs—=1/2 [ (0 (5. X;) +h:(5.05))* ds

:ZMt

Let Q the probability measure equivalent to IP with density fl% := Mr. Indeed, M
is a martingale as [, (ox (s, X) + h;(s, ©;)) d W is a BMO martingale due to the
boundedness of o, [by (X)] and the fact that |k, (s, ®;)| < C(1 + |Zs|) [by (Q)]
and from the BMO property of [, Z; d W (by Proposition 3.1). We therefore have

T
B¢ rwrcr + [ whiGs, 006 5|7 |

T
= MEC| X Er+ [ i, 00 B ds|F |
t

Using (Q+), we know that

T T
¢ (XP)Er + / hy(s, ©5)Esds > gEr + h(t) / E,ds > 0.
t - t

Thus,
T
E[g/(XT)¢T§T+l Yshy (s, ®s)§sds‘f}i|

T
> ME? Lyea(g' X Er + [ huts. 00 E.ds )|
t
> Mt(gAe—2KTEQ[1XTeAe—Kf0T \hz(s,@;)ldsl]_—t]

+ h(l)e_ZKT(T _ I)EQ[IXTGAe_K fOT |h;(s,0O5)|ds |f’l])
> Mt(gAe_ZKTIE@[IXTeAe_Kﬁ‘/fOT |hz(s,@s)‘zds|]_-t]

T
+h([)€_2KT(T _ I)EQ[IXTGAe_Kﬁ fO \hz(s,®s)|2dslf‘t])’

where the last inequality is due to Cauchy—Schwarz inequality. Besides, ac-
cording to assumption (Q), |A (s, ®y)] < C(1 + |Zs|). Then we deduce that
fOT |h, (s, ®S)|2ds < 400, P-a.s., since Z € H2. Hence, M, > 0, P-a.s. Given that
the law of X7 is absolutely continuous with respect to the Lebesgue measure, we
deduce that E[g'(X7)¥rir + [tT Yshy (s, ©5) s ds| Fy] > 0, P-a.s. We conclude
using Theorem 2.1. [J
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REMARK 4.1. Similarly to Remark 3.3, the proof of Theorem 4.1 shows that
under (X), (Q), (D1) and if g’ > 0 and h(¢) > O [resp., g’ <0and h(t) < 0] fort €
[0,T],thenforall 0 <r <t <T, D, Y; >0 (resp., D, Y; <0) and the inequality
is strict if there exists A € B(R) such that P(X7 € A|F;) > 0 and g|/A > 0 (resp.,

g4 <0).

REMARK 4.2. Conditions (Q+) and (Q—) are stronger than (H+) and (H—),
due to the unboundedness of A;, which prevents us from reproducing the same
proof than in [3]. Indeed, in this framework the quantity appearing for instance in
(H+) becomes

T .
2K Sm@T (=K sgn() Ji 1h=()lds (1) =2K sen()T / o~ K sen(0) [§ Ihz(s)1ds
t

8

whose sign for every K > 0 depends strongly on those of g’ and .. This is why
we must use the stronger conditions (Q+) and (Q—).

REMARK 4.3. In [7], Corollary 3.5, comonotonicity conditions on the data
of a BSDE under assumption (Q) are given so that Z; > 0, P-a.s., V¢ € [0, T]. In
addition, the authors claim that strict comonotonicity entails that Z;, > 0, which
implies by Bouleau—Hirsch criterion that the law of Y; has a density with respect
to the Lebesgue measure. However, we do not understand their proof and it is not
true that an increasing mapping which is differentiable has a positive derivative
everywhere (even if one relaxes it by asking for a positive derivative Lebesgue-
almost everywhere) and one needs an extra assumption to prove that the derivative
does not vanish. Indeed, take any closed set of positive Lebesgue measure with
empty interior (e.g., the Smith—Volterra—Cantor set on R). By Whitney’s extension
theorem, there exists a differentiable increasing map whose derivative vanishes on
this set.

4.3. Existence of a density for the control variable Z. In this section, we ob-
tain existence results for the density of Z under assumption (Q). We actually have
exactly the same type of results as in the Lipschitz case with similar proofs, which
highlights the robustness and flexibility of our approach. Let us detail first the
changes that we have to make.

Under (Q), using the fact that for all s € [0, T] |h (s, Q)| < C( + |Zs))
and according to Proposition 3.1 we deduce that [,k (s, ©5) dW; is a BMO-
martingale. Then, according to Theorem 2.3 in [16], the stochastic exponential
of fyh;(s, ®s)dW; is a uniformly integrable martingale and we can apply Gir-
sanov’s theorem. We also emphasize that in (Q), g is not assumed to be twice con-
tinuously differentiable. Indeed, to recover the BMO properties linked to quadratic
BSDEs (and thus in order to be able to apply the above reasoning), g needs to be
bounded, which is incompatible with g convex (or concave). Nevertheless, there
exist terminal conditions g which are twice differentiable almost everywhere on
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the support of the law of X7 (which is some closed subset of R), such that their
second-order derivative have a given sign there. As an example, take X = W and
g(x) == f(xX)xea,p)+ f(@)li<q+ f(b)1<p With f atwice differentiable convex
function and a, b € R.

THEOREM 4.2. Let assumptions (X), (Q) and (D2) hold. Let 0 <t < T and
assume moreover:

There exist (a,a) s.t.,0<a <D, X, <a,forall0 <r <u<T.
There exists b s.t., 0 < D%SXM < E,for allO<r,s <u <T.
(C+) holds and hy > 0.

hyy=0o0r(hyy,>0and g’ >0, L(X7)-a.e.).

If there exists A € B(R) such that P(Xt € A|F;) > 0, and such that
1{g7~<0}g_”52 +g_’1{&/<0}5+ (l{gzo}g_ﬁ + hﬁ(l‘)(T — t))gz >0,

and
(L 08 @+ 1y ob) + (1, ohz08" A f i (O(T = 1))a® > 0,

then the law of Z; has a density with respect to the Lebesgue measure.
PROOF. Asin the proof of Theorem 3.3, we notice thatforall0 < r,r <s <T:

D2.Y, = Ep[g’%XT)D XrD,X7 +g'(X7) D2 X7

T
+/ [hx(u7 ®u)D,%qu 4+ hyxx(u, ©,)D, X, Ds Xy,
t
+ hy(u» Ou) DY, DY, + hyy(ua ®u)D;%sYu
+heo (0, ©) Dy Zu Dy Z,] du\f,},

where P is the equivalent probability measure to P with density

;l—i —exp(/ h,(u, ®,)dW, ——/ \ho(u, ©,)] du)

given that [,k (u, ®,)dW, is a BMO-martingale and using Theorem 2.3 in [16].
Then the proof is similar to that of Theorem 3.3. [

REMARK 4.4. In order to satisfy the condition in Theorem 4.2, there are ba-
sically two types of sufficient conditions:

e First of all, if the support of the law of X7 is bounded from above, then one can
take g to continuously differentiable everywhere, nondecreasing, convex and
bounded on this support. Then it suffices to take 4 to be convex in x as well.
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e However, when the support of the law of X7 is no longer bounded from above,
then it is no longer possible to find g which is nondecreasing, bounded and
convex on this support. We must therefore allow g”’ to become nonpositive, and
the role of &, becomes then crucial, as it has to be sufficiently positive in order
to balance g”. As an example, take X := W. Then @ =a = 1 and b = 0. One

can choose g(x) := ﬁ Then there exists a positive constant M such that

—2 < g"(x) < M and by choosing & such that & satisfies the assumptions in

Theorem 4.2 and ¢ € (0, T) such that hyy (1)(T —t) > 2, we deduce that Z;

admits a density.
We give also a theorem under assumption (M).

THEOREM 4.3. Assume that (M), (Q) and (D2) are satisfied and that there
exists A € B(R) such that P(Xt € A|F;) > 0 and one of the two following as-
sumptions holds:

(a) Assumption (C+), ((g' o f)f) +(T —t)h(t) = 0and ((§' o f) f))y+ (T —
Hh(t) > 0. B

(b) Assumption (C—), ((§" o f) Y +(T —)h(t) <0and (g’ o f) )y +(T —
Dh(t) < 0.

Then the law of Z, is absolutely continuous with respect to the Lebesgue mea-
sure.

The proof is the same as the proof of Theorem 3.4 using the BMO property
of [y Zs dWy, we therefore omit it. We now turn to the simplest case of quadratic
growth BSDE and verify that it is covered by our result.

EXAMPLE 4.1. Let us consider the following BSDE:

Ty, T
Yt=g(wT>+/ S12,] ds—f Zs dW,,
t t

where g is bounded. According to Theorem 4.2 witha =a = 1,b =0and s, =0,
we deduce that for all ¢ € (0, T'], the law of Z; has a density with respect to the
Lebesgue measure if g”7 > 0, A(dx)-a.e. and if there exists A € B(R) with positive
Lebesgue measure such that g > 0.

We emphasize that, as a sanity check, this can be verified by direct calculations.
Indeed, using the fact that if F € D'2, then D, (E[F|F;]) = E[D, F|F 10,1 (r)
(see [23], Proposition 1.2.4), We deduce that if 0 <r <t < T. Then

Dby, — Bl Wr)esMr 7]
T ElesOIR]
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which does not depend on r. Then according to Proposition 3.4,

, _ El'Wp)es"| 7]
LT EesWD)|F]

Take O <r <t < T, then
D, Z, = (E[g" (Wr)ef WD) 4 | g/ (Wr)|?et VD | 7 E[e8 VD) F ]

_ |E[g/(WT)eg(WT)|ft]|2)/(]E[88(WT)|]_‘[])_

Using Cauchy—Schwarz inequality, if g” > 0, A(dx)-a.e. and if there exists A €
B(R) with positive Lebesgue measure such that gl/ ", > 0, we deduce that for all
t € (0, T], Z; has a density with respect to the Lebesgue measure by Theorem 2.1.

5. Density estimates for the marginal laws of Y and Z. Up to now, the den-
sity estimates obtained in the literature relied mainly on the fact that the framework
considered implied that the Malliavin derivative of ¥ was bounded. Hence, using
the Nourdin—Viens formula (or more precisely their Corollary 3.5 in [22]), it could
be shown that the law of Y has Gaussian tails. Although such an approach is per-
fectly legitimate from the theoretical point of view, let us start by explaining why,
as pointed out in the Introduction, we think that this is not the natural framework
to work with when dealing with BSDEs. Consider indeed the following example.

EXAMPLE 5.1. Let us consider the FBSDE (2.4), with T =1, g(x) := x3,
h(t,x,y,z):=3x,b(t,x)=0,0(t,x) =1and Xo = 0. Then simple computations
show that the unique solution is given by

X, =W,  Y,=W>+6W,(1—-1), Z,=3W?+6(1—1).

Then, both Y; and Z; have a law which is absolutely continuous with respect to the
Lebesgue measure, for every ¢ € (0, 1], but neither Y; nor Z; has Gaussian tails.

Moreover, when it comes to applications dealing with generators with quadratic
growth, assuming that the Malliavin derivative of Y is bounded implies that the
process Z itself is bounded as Z; = D;Y;, which is seldom satisfied in applications,
since in general, one only knows that Z € ]HIZBMO.

One of the main applications of the results we obtain in this section is the precise
analysis of the error in the truncation method in numerical schemes for quadratic
BSDE:g, introduced in [13] and studied in [6]. We recall that according to Proposi-
tion 3.3 there exists a function v : [0, 7] x R —> R in C!2 such that ¥; = v(¢, X;)
and Z; = v, (¢, Xy)o (¢, X;). Since we want to study the tails of the laws of Y
and Z, we will assume from now on that the support of these laws is R, which
implies that neither v nor v’ is bounded from below or above. Moreover, we em-
phasize that throughout this section, we will assume that ¥; and Z; do have a law
which is absolutely continuous, so as to highlight the conditions needed to obtain
the estimates. Throughout this section, we assume that X; = W; in (2.4) (that is
Xo=0,0=1,b=0).
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5.1. Preliminary results. We will have to study the asymptotic growth of v
and v, in the neighborhood of +o00. To this end, we introduce for any measurable
function f : R — R the following two kinds of growth rates:

AC))

xOl

f(x)' < +oo}.
xOl

LEMMA 5.1. Let f € C'(R). Assume that for all x € R, f'(x) > 0. If 0 <
oy < +00 then for all positive constant 0 < n < o :

1
ap=n

af .= inf{a > 0, limsup
|x|— 400

<+oo},

af = inf{a > 0, liminf
— |x|—+o00

Ap-n =

where Y is the inverse function of f.

PROOF.  Using the definition of « ¢, we deduce that for all n > 0,

f®) f®)

x 2N x 2N

liminf =
|x| =400

=+OO

|x]—>+400

Since f and f(~ are increasing and unbounded from above and below, we
deduce that there exists X > 0 such that for all x > X, f(x) and £~ are positive.
Then, for all M > 0, there exists xg > x such that for all x > x¢ > 0 and for all

P
y>M xo—f ! VX

_ —1\1/(an—
FO 2 M e (M) 2y
/(- _
= (MY = D),
.o . . . (1 .
This implies directly that limsup,_, | |f1/(a7)f(,y,]))| < +400. The proof is similar
y /et

when y goes to —oo. [J

It is rather natural to expect that for well-behaved functions f € C (R, aF=oayr
and @7 = @7 + 1. However, the situation is unfortunately not that clear. First of
all, this may not be true if f is not monotone. Indeed, let f(x) := xZsin(x), then
oy = ay = 2. Furthermore, the strict monotonicity of f is not sufficient either.
Without being completely rigorous, let us describe a counterexample. Consider a
function f defined on R, equal to the identity on [0, 1], which then increases as
x* until it crosses x —> x2 for the first time, which then increases as x!/Z until it
crosses x —> x for the first time and so on. Finally, extend it by symmetry to R_.
Then it can be checked that oy =2, ar =1, a7 =3, ap =0.

A nice sufficient condition for the aforementioned result to hold is that f’ is a
regularly varying function (see [5] and [28]).
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LEMMA 5.2. Assume that ' is equivalent in +00 (resp., in —o0) to a regu-
larly varying function with Karamata’s decomposition xP L1 (x) where L1 is slowly
varying [resp., xP Ly(x) where Ly is slowly varying] and where B > 0. Then:

(1) f is equivalent in +00 (resp., in —00) to a_regularly varying function
with Karamata’s decomposition x5+1L1(x) where Ly is slowly varying (resp.,
xPH1 Lo (x) where Ly is slowly varying).

(11) af —Olf—afr-i-l—afr-i-l.

PROOF. By Karamata’s theorem (see Theorem 1.5.11 in [5] with o = 1), for
any xp € R:

5.1 ﬂ — B+1 when x —> +00.

J(x) = f(xo)

In addition, f’ is equivalent to a regularly varying function with Karamata’s de-
composition xP L1 (x) when x —> 400, hence in view of (5.1), there exists a func-
tion L; (equivalent to a constant times L at +00) slowly varying such that f is
equivalent when x — 4-00 to a regularly varying function with Karamata’s de-
composition xPHIL, (x). The same result holds when x —> —o0.

We now show (ii). According to Proposition 1.3.6(v) in [5] and (i), we deduce
that

W:ﬂ-ﬁ—l:a_f and oz_]wzﬁ:ﬁ. O

5.2. A general estimate. From now on, for a map (¢, x) —> v(¢, x), v'(¢, x)
will denote for simplicity the derivative of v with respect to the space variable.
Before enunciating a general theorem which gives us density estimates for the
tails of the law of random variables of the form v (¢, W;) and will be used to obtain
estimates for the laws of Y; and Z;, we set some constants in order to simplify the
notation in Theorem 5.1 below.

List of constants. Let a € (0, +00), o’ € Ry and & > 0. For ¢ > 0, we set

lvu(t, x)| '
Cepa:= sup —————, 8y :=max(1,2%),
ST eRuero.ry L+ |x|etE “ ( )
o'T((1+a)/2) ~ ¢ (2)
o =, u(a) = =
27 R 14 |z]*
82 FUETCIE B
Dy :=max<1—|—8a/caf+ %(ca/+(l+a) ) ’§+ 1+oe/>’

where I' is the usual Euler function and ¢ the distribution function of the normal
law, defined by

=
=

<5

'(x):= fm e Ve x>0 and ¢(x):= Le—xz/z x eR.
0 ’ V27 ’



2844 T. MASTROLIA, D. POSSAMAIL AND A. REVEILLAC

We emphasize that the following theorem can be applied in much more general
cases, and it is clearly not limited to the context of BSDEs. It could for instance be
used to provide non-Gaussian tail estimates for the law of solutions to some SDEs.
Therefore, it has an interest of its own.

THEOREM 5.1. Fixt € (0,T]. Letv:[0,T] x R — R in C"! and let P; =
v(t, Wy). Assume furthermore that P; € LY(P), that v is unbounded in x both from
above and from below, that v' > 0, ay € (0, +00), & < +00 and that there exist
a > 0 and K > 0 such that

(5.2) <K(1+|x|%  forallxeR.

V(t,x) T

Then the law of P; has a density with respect to the Lebesgue measure, denoted
by p¢, and for all €, &' > 0 and for every y € R

E[|P; — E[P]]]

< 1 25{(0{1)(_1)-{-8/)
. pr(y)_—zM(g,)t (1+1yl )
' y—E[P,] (M'(e, &))"\ x dx
(=) X+ E[Pt]|2(“v/+8><%<—l>+f’>)’
and
@M’ (e, et)"'E[| P, — E[P]]]
p[(y) 2 2(&7-}-8)(&7-%8/)
L+ [y[7% v(=D
(5.4) S
Y=EIP] x (1 4 |x + E[P]]2* @07y 4y
X exp —/ ),
( 0 M (et
with
2(a,+e)
M’((C,‘, 8/) = Cg,v/,TI/D(X_U’Jré‘(l + C8,7(Z(_1)87av(_1>)32(0(—”,_;_8),
and
M(S/) — - Zl;(a) ’
K-(1+ Cex’v(71),av(7l)52&)

using the aforementioned definitions of the constants.

PROOF. Notice immediately that since the map x — v(¢, x) is in CYR) and
increasing, the law of P; clearly has a density. We prove inequalities (5.3) and
(5.4) using Nourdin and Viens’ formula (see Theorem 2.2). The rest of the proof
is divided into three steps.
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Step 1. Given that for all 0 <r <t < T, D,P; =V'(t, W;), the function gp,
defined by (2.3) becomes

w ~
gn ) i= [ e E[E(0n (W), 8%, (W), ]IP ~EIP1=)]da.  yeR,
with? Op, (W) :=0'(t, W;) and where &D‘A(W) = ®p (e W + V1 —e2aW¥)

with W* an independent copy of W defined on a probability space (2%, F*, P*)
where E* is the expectation under P* (& p, being extended on € x Q). Letting

#$(2) = \/%me_zz/(zt), we get that
Oo ~
gn () = [ e E[E(@r (W), &5, (W) ]IW, = o0y + EIR)] da

=1'(t, v(_l)(t, y +E[P]))

X /0 e /R v'(t, e_”v(_l)(t, y+E[P])+1—e22)p(z)dzda,

yeR.

(5.5)

Step 2. Upper bound for gp,.
Recall that for all € > 0:

0<v'(t,x) <Copar(1+x")  VxeR.
Then, using (5.5) we get

8P, ()7) < Cg’v/,a_v/t(l + |U(71)(y +E[Pt])|(¥_v/+8)
+o00
Xf e_af<1+|e‘“v(‘”(t,y+E[Pt])
R

0
+ 1 —e 207" V¢ (2) dzda
<C?, _t(1+ "D (y+E[P])] ")

E,V,0,

+00 - _

X/ e—a/(1+Sa_l/+8(e—a(av/+s)’v(—l)(t’y+E[Pt])|aur+s
0 R

+ 12/ ")) ¢ (z) dzda

<2, _t(1+ vV (y +E[P])" )

&0, 0y

Sar,y - @ =
) (1 e P O EIPD b WN)

< C2 it Dare (1 4+ 0V (v + B[RS 9).

p—
E,V,0,y

2Knowing that Dy Py does notdependonr, ®p, (W) : [0, T] — LZ(Q, F,P) is arandom process
which is actually constant on [0, #].
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By Lemma 5.1, &, 1) belongs to (0, +00), hence by the definition of o, 1) it
holds for all &’ > 0 that

(56) gPt(y) SM/(E,‘,S/)Z(] + ’y—|—E[P,]‘Z(Tv/+8)(a(”)7l+8,))-

Step 3. Lower bound for gp,.
Using assumption (5.2) and (5.5), we have that
t

K2(1+ v, y + E[P])]Y)

gr,(y) =

/‘+OO 761‘/- 1
b R @ ey FERPDF VT e e
X ¢(z)dzda.

Noticing that [/1 — e=24z|% < |z|%, and that

(1+1x1%)¢(2)

R T x4 g (2T H@  VxeR

we deduce that

gr(y) > @) =
K2(1+ [vED (@, y + E[P]|)

+00 1
x/ e - 5 da
0 1 +e-ay=D(t, y +E[P])|¥
Hence,

p(a)t
K21+ D@, y +E[PD*Y)

We finally get relation (5.4) for

gr(y) >

’ (o)
M = - .
(&) K2(14C* 823)

&/ v @

We conclude using Nourdin and Viens’ formula. [

COROLLARY 5.1. Let the assumptions in Theorem 5.1 hold, with the same
notations. Assume moreover that 0 < o < oy < +00. Then there exist &, 86 > 0,
yo > 0 and y € (0, 1) such that for any |y| > yo:

E[| Py — E[P]]]
2M (gt

ly — E[P]12177) — |yg — E[P]21 -7
X exp(— — ; ; >,
4(1 — y)tM' (g0, &)

pr(y) < (1+ |y PA@ED )y

(5.7)
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and
E[| Py — E[P]]]
Pr(Y) =
2M' (g0, et (1 + |y[7)
_E[P.112@@,nte)+) o R p 1 2@@cnteg)+D
(5.8) ><exp(_Iy [P1]] v 1o /[r]l )
Mgt (a(o,-n +€p) + 1D

lyo — E[P] 2@y +e))
X exp(—W(l yO =h™% ))
0

PROOF. Let us define for any ¢, &’ > 0

y(e, &) := @y + &) (ay,cn + ¢').

Since we assumed that 0 < @,/ < oy < +00, we can deduce using Lemma 5.1 that
there exist some &g, s(/) > 0 such that

y =v(e0,50) < 1.
We start with (5.7). We have from Theorem 5.1

E[| P, — E[P]]]
2M (g}t

y—E[F] xdx
X exp(—/ ; 7 D) >
0 M’ (g0, eg)t (1 4 |x + E[P]]27)

pi(y) < (1+ |y 4@+

‘We notice that

1
lim ; * X ; =1,
xl=>+o0 M/ (g0, £g)t (1 + |x +E[P]I2) ~ x/(M'(e0, eg)t|x[|?7)

so that there exists xg large enough such that

X X
>
M’ (g0, e)t (1 + |x + E[P][2) ~ 2M/ (g0, e)t|x|*

when |x| > xo. Hence, since y € (0, 1), we know that we can find some yg > 0
large enough such that if |y| > yo

y—ElF] xdx
‘/yo_E[Pt] M'(gg, gt (1 + |x + E[P1]?7)
y=E[F] xdx
B fyo—lE[P,] 2M' (g0, £t |x|?Y
1
T 41— )M (50, )

(ly = E[P*") = |y — B[R],
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from which (5.7) follows directly. Similarly, increasing yq if necessary, we have
that for |y| > yo

y—E[F] o
/o " x(1+ |+ ELPYEET) dx

yo—E[P] .,
=/O‘ " x(1+ |x + ELPYEET) dx

Z:Il

y—E[P] P
+ f x(1 4 |x + ELPP¥ 00 g
yo—E[P]

=D

Using the fact that the function x —— 1+ [x +E[P;] |25‘(“v<*')+86) is convex, we
deduce that for yg large enough

26@ 1) +¢))
I < |y0 —E[P,]|2(1 +y0a Qy(=1)T€y )
Moreover, since limy_s 400 X (14 |x +E[P,]2PE@nte0te)y L

2a(@ 1y +eg)+1
. X v
we obtain for x large enough

x(1+|x + E[pt]|25’(°‘U(71)+56)+86)) < 2x 2@, =nteg)+l
Then we have that for |y| > yo
ly — E[Pl]lz(&(av(—1)+€6)+1) —lyo — E[Pz]lz(&(av(—1)+66)+l)

L=< —
a(@,—n +¢&y) + 1

Hence,
y—E[F] S
/ x(1+ |x + BLPACE0T0) g
0
2 2a(@ (1) +ep)
<[y —EPIF(1+y ")
|y = E[PIPEECTHHD — |yg — B[R] PE@CO+HOTD
+ P —
a(@,—n +¢p)+1
from which the second inequality (5.8) follows directly using (5.4).
Finally, we have the following theorem, which is a simple application of the
results obtained above in the special cases where we take the random variables

(Y;, Z;) solutions to the BSDE (2.4) when they can be written Y; = v(¢, W;) and
Z[ = U,(t, Wt) Il

’

THEOREM 5.2. Let (Y, Z) be the solution to the BSDE (2.4) (which is as-
sumed to exist and to be unique). Assume that there exists a map v € C'-2 such that
Yt = U(t, W[)
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(i) If in addition, v' > 0, 0 <@y < ay < +00 and there exist K > 0, @ > 0
such that v'(t,x) > 1/(K(1+ |x|5‘)) then, denoting py, the density of the law of Y;,
there exist yo > 0, C1,C2 > 0, p1 € (0,2) and py > 0 (which are given explicitly
in Theorem 5.1) such that for any |y| > yo

E[Y; — E[Y/]| |y — E[Y; 112720 — |y — E[Y,]|?(P2+D
PY;()’) > 1—p1/2 exp(_ )»
Cot (1 4 |yt =P1/2) (p2+1)Cat
E[Y; — E[Y:] 2lyo — E[Y;]]?
pr ) = =Sy exp(- T (14 ) )
Cit Cot
( ly = E[Y:11P' — |yo —E[Yz“p')
X exp| — .
p1Cat

(i) If in addition, v" > 0, 0 < &y’ < ayy < 400 and there exist K >0, & > 0
such that v"(t,x) > 1/(K(1 + |x|%)) then, denoting pz, the density of the law
of Z;, there exists Zg > 0, C1,Cy > 0, p1 € (0,2) and py > 0 (which are given
explicitly in Theorem 5.1) such that for any |z| > zo

E[1Z, — E[Z,]| ( |z = ELZ]PP2 D — |20 — IE[Z:]I2(”2“))
Pz, - )

Z) > ex
@ = T =i P (2 + D)Cat

E[|Z; — E[Z,]] ) < 2|z0 — E[Z]]?
<— (1 p2 - -
pz,(y) < it (14 1z|°7*) exp oot

« ex (_ |z = E[Z]|P" — |z0 — E[Z]]" >
P p1Cat '

(1+ zé”z))

5.3. Verifying the assumptions of Theorem 5.2. In this subsection, we give
some conditions which ensure that the assumptions in Corollary 5.1 hold. We
recall that under assumptions (X), (L) or (Q), (D1) and according to Proposi-
tion 3.3, there existsamap u : [0, T] x R — R in C'2 suchthat ¥, = u(t,W;),t e
[0, T],P-a.s., and Z admits a continuous version given by Z, = u'(t, W;),t €
[0, T], P-a.s., assuming that 0 = 1 and b = 0 in the studied FBSDE (2.4). More-
over, we suppose for simplicity that the generator 4 of BSDE (2.4) depends only
on z, and that u’ and u” are’ in C>. By a simple application of the nonlinear
Feynman—Kac formula (see, e.g., [25]), and by differentiating it repeatedly, it can
be shown that u, u” and u” are respectively classical solutions of the following
PDEs:

—uy(t,X) — sty (t, ) — h(t,ux(t,x)) =0,  (t,x)€[0,T) x R,

(59 u(T,x)=gx), x eR,

3This assumption is satisfied if g and A are smooth enough.
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—ut(t x) — 2 xx(t X)

(5.10) — hy(t,u/ (2, x))ul (2, x) =0, (t,x)€[0,T) xR,
u'(T,x)=g'(x), x €R,
—uj (t,x) — —u Lt x) = (2,0 (2, x))ul (2, x)

(5.11) — ezt ' (8, 0)) | (2, ) [P =0, (t,x)€[0,T) xR,
u (T, x)=g"(x), x eR.

We show in the following proposition and its corollary that under some con-
ditions on g, g/, ¢” and h, h,, the assumptions in Theorem 5.2 are satisfied. We
emphasize that this is only one possible set of assumptions, and that the required
properties of u and its derivatives can be checked on a case by case analysis.

PROPOSITION 5.1. Let u, u’ and u” be respectively the solution to (5.9),
(5.10) and (5.11) and assume that a comparison theorem holds for classical super
and subsolutions of these PDEs, in the class of functions with polynomial growth.
Assume that there exist (¢, C, C) € (0, 1) x (0, +00)3, such that for all x e R

C(1+1x'7%) < g(x) <C(1+|x['79),
Assume, moreover, that h is nonpositive and that there exist (¢', D, D) € (0, &) x
(0, +00)? s.t.
D(1+xI”) = g'(x) = D(1 + x[°),
Assume that there exist (B, B) € (0, +00)? such that for all x e R

1
B<g <B and 0<h,(t,x) < ——.
B=<g"(x) < < hg (2, x) BT
Assume finally that there exist ) € (0, e~ — 1] and C > 0 such that lh (t, 2)| <
C(1+ |z|*), then for all (t,x) € [0, T] x R,

ay €[l —¢, 1+¢], o, o €€ e], @y =0,

W'(t,x)>D and u"(t,x) > B.

PROOF. Let ¢(¢,x) := C'(T — 1) 4+ Ckg(x), where ke (x) is in C*®(R), coin-
cides with the function (1 + |x|'*#) outside some closed interval centered at 0 and
is always greater than (1 + |x|11%). We show that @ is a (classical) super—solutlon
to (5.9) for some positive constant C large enough. Indeed we can choose C > 0
such that for any (¢, x) €[0,T) x R

— @i (t, %) — 3@xx (1, ) — h(t, 0x (2, %)) = C — JCk(x) — h(t, 9 (1, x)) > 0,

since & < 0 and limjy|— o0 1/ (x) =
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_Moreover, by the assumption made on g, we clearly have for all x € R, g(x) <
Ck¢(x), so that we deduce by comparison that for all (z, x) € [0, T] x R:

u(t,x) < Chke(x) + C(T —1).

Now, we let ¢ (¢, x) := —él(T — 1)+ Cke(x) for (¢, x) € [0, T) x R, where k. (x)
is in C*°(R), coincides with the function (1 + |x|'~¢) outside some closed interval
centered at 0 and is always smaller than (1 + |x|'~¢). We show that ¢ is a classical
subsolution to (5.9) for some positive constant Ci large enough. We have

— ¢y (t,x) — S (t, X) — h(t, Px (2, 1))
(5.12) y
= —C1 + 1Ck/ (x) — h(t, s (t, x)).

Given that the quantity h(t, ¢, (t,x)) = h(t,Ck.(x)) is bounded because
lim|x| o0 k. (x) = 0 and A is continuous, we can always choose C; so that (5.12)is
nonpositive. Then, since we clearly have for all x € R, g(x) > Ck,(x), we deduce
by comparison that for all (¢, x) € [0, T] x R:

u(t,x) = Cre(x) + C (T —1).
To sum up, we have showed that for all (z, x) € [0, T] x R:
Cre(x) = Ci(T —1) <u(t,x) < Cke(x) + C(T —1).

In other words, [y, o] C[1 —¢,1+¢].
We now study (5.10). Define for some constant C> > 0 to be fixed later

Y (t,x):=Co(T — 1) + DYe(x),

where Y¢(x) is in C*°(R), coincides with the function (1 + |x|?) outside some
closed interval centered at O and is always greater than (1 4 |x|?). We then have

— i (1, %) = 3Yx (, %) = he (8, Y (2, X)) P (7, )
=Co— ADY/(x) — h.(t, ¥ (t,x)) DY, (x).
Next, for some constant C > 0 which may vary from line to line
[t v, ) < C(L+ Y@, ") < C1+ x ™),
and since A < % — 1 we deduce that
|ho(t, ¥ (2, x))DYL(x)| < C(1 + x|*F¢71)  which is bounded.

Since in addition we have Y/'(x) —> 0 as |x| goes to 400, we can always choose
C» large enough so that

Y (t, %) = Aa (t, %) — ho (t, Y (2, X)) e (2, x) > 0.
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By the assumption we made on g, we can use once more the comparison theorem
to obtain

u'(t,x) <yt x).

Similarly, we show that DY/ (x) — 63(T — t) is a subsolution of (5.10) for some
positive constant C3, since A < e~ ! — 1 <& ~! — 1. Then, by comparison, we
deduce that @7, a, € [¢, €]. Moreover, we notice that D < g’(x) for all x € R,
so D is a subsolution of (5.10). Thus, using once more the comparison theorem
u'(t,x)> D forall (¢, x) € [0, T] x R.

We now study (5.11). Given that h,, is nonnegative and B < g”(x) for all
(t,x) e[0,T] x R, we deduce directly that B is a subsolution of (5.11). Next,
let w (¢, x) _E+ Tl -

ho (t,x) < F Thus,

(T —1)!=" where n € (0, 1) is chosen small enough so that

— @, (t, x) — %wxx(t, x) = ho(t ' (t, )@y (1, x) — hoo (1,0 (1, ) | (2, %)

T1-n

_ N
=( 17) B (T—t) "—h(t,u'(t,x))B ( +&)
B o 1=n— (T —p)l=m\2
_ n__ 1 > 7

t) T B(1+ )

> (

Yl
> (.

We deduce that z is a super solution of (5.11), which by comparison, implies
that u” is bounded, so a7 = 0. [

COROLLARY 5.2. Consider the FBSDE (2.4) and assume that for all t €
[0,T] X; = W; and h depends only on z. Let u(t, X;) := Y; and assume that
ueCl? u eCh? and u' € C'-2. Let the assumptions of Proposition 5.1 hold,
and assume moreover that ¢ € (0, %). Then the assumptions of Theorem 5.2 hold.

PROOF.  According to Proposition 5.1, a, > 1 — ¢, @,/ < ¢ and u'(t,x) >
D, (t,x) € [0, T] x R. From the fact that ¢ is smaller than 1/2, we deduce that
0 <@, <a, <-+oo. Moreover, 0 =a,7 <&’ <a,. O

APPENDIX: TABLE OF ASSUMPTIONS-RESULTS

In this Appendix, we recall the different assumptions made within this paper
and we give a summary table of some most significant results on BSDEs including
ours.
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Assumption for X.

(X) b,0:[0,T] x R— R are continuous in time and continuously differen-
tiable in space for any fixed time ¢ and such that there exist kp, ks > 0 with

]bx(t,x)] <kp, ]ax(t,x)| <ky for all x € R.

Besides b(z, 0), o (¢, 0) are bounded functions of ¢ and there exists ¢ > 0 such that
forallr € [0, T]

, A(dx)-a.e.

O<c< |0(t,~)

List of assumptions for BSDEs.

(L) (i) g:R —> Ris such that E[g(X7)?] < +o0.
(i) A :[0, T]x R® —> R is such that there exist (ky, ky, k) € (R*Jr)3 such

that for all (¢, x1, x2, y1, ¥2, 21, 22) € [0, T] X RO,
\h(t, x1, y1,21) — h(t, x2, 2, 22)| < kx|x1 — x2] + kyly1 — yal + k|21 — 22].
(iii) fy |h(s,0,0,0)*>ds < +o0.

(Q) (i) g:R — R is bounded.
(i) h:[0, T] x R® — R is such that:

> There exists (K, K, K,) € (Ri)3 such that for all (¢,x,y,z) €
[0,T] x R3

At x,y, )] < KL+ Iyl +121%) Jheltx,y,2) < Ko (14 2),
|hyl(t,x,y,2) < K.
> There exists C > 0 such that for all (¢, x, y, z1, z2) € [0, T] x R4

\h(t,x,y,21) —h(t,x,y,22)| < C(1 + |z1| + |z2]) 121 — z2l.

(iii) fy |h(s,0,0,0)|*ds < +o0.

List of assumptions for Malliavin differentiability of (X, Y, Z).
(D1) (i) g is differentiable, £(X7)-a.e., g and g’ have polynomial growth.
(i) (x,y,z) — h(t,x,y,z) is continuously differentiable for every ¢ in
[0, T].
(D2) (i) g is twice differentiable, £(X7)-a.e., g, ¢’ and g” have polynomial

growth.
(i) (x,y,z)+ h(t,x,y,z) is twice continuously differentiable for every

tin [0, T].
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List of assumptions for the existence of densities for Y and Z:

g = inf g'(x), 5’4 := inf g’(x), g :=sup g’ (x), g4 = supg'(x),
xeR xeA xeR x€eA
h(t) := inf hy(s,x,y,2), ﬁ(t) = sup hy(s,x,y,2),
SE[Z,T],(X,y,Z)ER3 se[t,T],(x,y,z)€R3

and K :=kp, + ky + ko k;. There exists A € B(R) such that P(X7 € A|F;) > 0 and
such that

T
ge—sgn(g)KTJrh(,)/ o= sEn)Ks g 5 ()
H - t
() A —sgn(gMKT s n(h(s))K
gle ENE —{—ﬁ(t)/ e SENIES g6 5 0,
- t
— J— T T o o
ge—sgn(g)KT_i_h(t)/ e sen6Ks g <
H_ t
() —A —sen(@HKT | T T n(i(s)Ks
gle %8 +h(t)/e entEDES ds < 0.
t
Set

;l(sa X,y,2):= _(hxt + bhyy — hhxy + %(Uzhxxx + 2Zo'hxxy + Zzhxxy))(sv x,y)
- ((hy +by)hy +00xhyx + Zaxhxy)(S, x,y),
g('x) = g/('x) + (T - t)hX(Ta X, g('x))7

and
~ . ~ = ~ ~A . ~ TA ~
:= min , :=ma , :=min , ‘=ma ,
& xeRg(X) § xelé(g(X) & xeA §() & xef)\(g(X)

h(H):= min h(s.x.y.2),  h(t):= max h(s,x.y,2),
[t,T1xR3 [, TIxR3

and set K := ky, + k. There exists A € B(R) such that P(X7 € A|F;) >0

T 3
ge SO®KT 4 hir) / e~ senbEKs (7 _ 5y ds > 0,
(H+) g
~A - . ~
gAe— sgn(g™)KT +h(t)f e—sgn(@(s))Ks(T . s)ds >0,
- t
— — T =
e S@KT +i~z(t)/ e sei)Ks (7 _ o) gs <0,
(H=) ! _
A _sanGYKT | T [T senGi(s)Ks
g e + h(t) e (T —s)ds <O.
t

(Q+) g’'>0and g, >0, L(X7)-a.e. and h(t) > 0,
(Q-) g <0,g/4, <0, L(Xr)-ae. and h(t) <0,
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TABLE A.1
Summary table of results

Cases
Results Lipschitz case (L) Quadratic case (Q)
Existence and uniqueness Proposition 3.1 (X) Proposition 4.1 (X)
of solutions of BSDEs
Malliavin differentiability Proposition 3.2 (X) and (D1) Proposition 4.2 (X) and (D1)

of (X, Y, Z)

Density existence for Y~ Theorem 3.1 (X), (D1) and (H+) or (H—) Theorem 4.1 (X), (D2)

and (Q+) or (Q—)
Theorem 3.2 (X), (D1) and (H+) or (H—)

Density existence for Z Theorem 3.3 (X), (D2) and (Z+) Theorem 4.2 (X), (D2)
and (Z+)

(Z+) o There exist (a,a) s.t.,0<a <D, X, <a,forall0<r<u<T.
e There exists b s.t.,, 0 < D%SX <b,forall0<r,s<u<T.
® hy,hyy,hyy,hyz,hyy >0and hy; =hy, =0 [and i, > 0 under (Q)]
e i,y =0o0r (hyy>0and g’ >0, L(X7)-ae.).
e We have

Lig<018"@” + 'Ly <opb + (Ligr=018" + hax ()(T = 1))a® = 0,

and
{ ”A<0}_g ¢ & Hg'<0 ) ( {g” ZO}—g —"'C( )( ))— =4

We give the following summary table (Table A.1) which sums up significant re-
sults for BSDEs in both the Lipschitz case and the quadratic case with assumptions
made and references.

Acknowledgements. The authors thank an Associate Editor and two anony-
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