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Abstract

We consider Backward Stochastic Differential Equations (BSDEs) with generators that grow
quadratically in the control variable. In a more abstract setting, we first allow both the
terminal condition and the generator to depend on a vector parameter x. We give sufficient
conditions for the solution pair of the BSDE to be differentiable in x. These results can be
applied to systems of forward-backward SDE. If the terminal condition of the BSDE is given
by a sufficiently smooth function of the terminal value of a forward SDE, then its solution pair
is differentiable with respect to the initial vector of the forward equation. Finally we prove
sufficient conditions for solutions of quadratic BSDEs to be differentiable in the variational
sense (Malliavin differentiable).
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Introduction

Problems of stochastic control treated by the crucial tool of backward stochastic differential
equations (BSDFEs) have been encountered in many areas of application of mathematics in recent
years. A particularly important area is focused around optimal hedging problems for contingent
claims in models of financial markets. Recently, a special class of hedging problems in incomplete
financial markets has been considered in the area where finance and insurance concepts meet.
At this interface problems of securitization arise, i.e. insurance risk is transferred to capital
markets. One particularly interesting risk source is given by climate or environmental hazards
affecting insurance companies or big branches of the economy that depend on weather such as
agriculture and fishing, transportation and tourism. The public awareness of climate hazards
such as floods or hurricanes is continually increasing with the intensity of the discussion about
irreversible changes due to human impact.

BSDEs typically appear in the following setting. On a financial market some small investors are
subject to an external risk source described for instance by weather or climate influences. There
may also be big investors such as re-insurance companies that depend in a possibly different way
on the same risk source. In this situation market incompleteness stems from the external risk not
hedgeable by the market assets. One may complete the market either by making the external
risk tradable through the introduction of an insurance asset traded among small agents, or by
introducing a risk bond issued by a big agent. In this setting, treating the utility maximization
problem for the agents under an equilibrium condition describing basically market clearing for
the additional assets, leads to the determination of the market price of external risk through a
BSDE which in case of exponential utility turns out to be quadratic in the control variable (see
[7], [3] and [4]). Alternatively, instead of maximizing utility with respect to exponential utility
functions we might minimize risk measured by the entropic risk measure. In this setting we
again encounter a BSDE with quadratic nonlinearity, of the type

T T
Yt=5+/ f(s,Ys,Zs)ds/ ZdW., 0<t<T
t t

where W is a finite-dimensional Wiener process of the same dimension as the control process Z,
with a generator f that depends at most quadratically on Z, and a bounded terminal condition &.
In the meantime, the big number of papers published on general BSDEs is rivalled by the number
of papers on BSDEs of this type of nonlinearity. For a more complete list of references see [5]
or [9]. In particular, there are papers in which the boundedness condition on ¢ is relaxed to an
exponential integrability assumption, or where the stochastic integral process of Z is supposed
to be a BMO martingale.

In a particularly interesting case the terminal variable ¢ is given by a function g(X7) at terminal
time T" of the solution process X of a forward SDE

t t
Xf:x—i—/ b(s,Xf)ds—i—/ o(s, X)dWs, 0<t<T,
0 0

with initial vector « € R. Similarly, the driver f may depend on the diffusion dynamics of X?.
Via the famous link given by the generalized Feynman-Kac formula, systems as the above of
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forward-backward stochastic differential equations are seen to yield a stochastic access to solve
nonlinear PDE in the viscosity sense, see [9].

In this context, questions related to the regularity of the solutions (X7, Y*, Z%) of the stochastic
forward-backward system in the classical sense with respect to the initial vector « or in the sense
of the stochastic calculus of variations (Malliavin calculus) are frequently encountered. Equally,
from a more analytic point of view also questions of smoothness of the viscosity solutions of the
PDE associated via the Feynman-Kac link are seen to be very relevant.

For instance, Horst and Miiller (see [7]) ask for existence, uniqueness and regularity of a global
classical solution of our PDE from the analytic point of view. Not attempting a systematic
approach of the problem, they use the natural access of the problem by asking for smoothness
of the solutions of the stochastic system in terms of the stochastic calculus of variations. But
subsequently they work under the restrictive condition that the solutions of the BSDE have
bounded variational derivatives, which is guaranteed only under very restrictive assumptions on
the coefficients.

The question of smoothness of the stochastic solutions in the parameter x arises for instance in
an approach of cross hedging of environmental risks in [1]. Here the setting is roughly the one
of an incomplete market generated by a number of big and small agents subject to an external
(e.g. climate related) risk source, and able to invest in a given capital market. The risk exposure
of different types of agents may be negatively correlated, so that typically one type profits from
the risky event, while at the same time the other type suffers. Therefore the concept of hedging
one type’s risk by transferring it to the agents of the other type in a cross hedging context makes
sense. Mathematically, in the same way as described above, it leads to a BSDE of the quadratic
type, the solution (Y*, Z*) of which depends on the initial vector = of a forward equation with
solution X*. Under certain assumptions, the cross-hedging strategy can be explicitly given in
a formula depending crucially on z, and in which the sensitivity with respect to x describes
interesting quality properties of the strategy.

In this paper, we tackle regularity properties of the solutions (Y*, Z%) of BSDEs of the quadratic
type such as the two previously sketched in a systematic and thorough way. Firstly, the particular
dependence on the starting vector x of the forward component of a forward-backward system
will be generalized to the setting of a terminal condition £(x) depending in a smooth way to be
specified on some vector z in a certain Euclidean state space. We both consider the smoothness
with respect to x in the classical sense, as well as the smoothness in the sense of Malliavin’s
calculus.

The common pattern of reasoning in order to tackle smoothness properties of any kind starts with
a priori estimates for difference and differential quotients, or for infinite dimensional gradients in
the sense of variational calculus. In the estimates, these quantities are related to corresponding
difference and differential quotients or Malliavin gradients of the terminal variable and the driver.
To obtain the a priori estimates, we make use to changes of probability of the Girsanov type, by
which essentially nonlinear parts of the driver are eliminated. Since terminal conditions in our
treatment are usually bounded, the exponential densities in these measure changes are related
to BMO martingales. Known results about the inverse Hoélder inequality allow to show that
as a consequence the exponential densities are r-integrable for some r > 1 related to the BMO
norm. This way we are able to reduce integrability properties for the quantities to be estimated
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to a natural level. In a second step, the a priori inequalities are used to derive the desired
smoothness properties from corresponding properties of driver and terminal condition. To the
best of our knowledge, only Malliavin differentiability results of this type have been obtained so
far, with strong conditions on the coefficients restricting generality considerably (see [7]).

After finishing this work we found out that there exists a paper by Briand and Confortola
(see [2]) with related results based on similar techniques. The two studies were carried out
simultaneously and in a completely independent way.

The paper is organized as follows. In section [1 we fix the notation and recall some process
properties needed in the proofs of the main body of the paper. Section 2| contains the main
results on classical differentiability. In sections|3}/4 and[5 we give a priori bounds for classes of
non-linear BSDEs. Section 6/ contains the proofs of the theorems stated in Section Section
[7lis devoted to the application of the proven results to the forward-backward SDE setting. In
Section |8 we state and prove the Malliavin differentiability results.

1 Preliminaries

Throughout this paper let (£2,F,P) be a complete probability space and W = (Wy)i>0 a
d—dimensional Brownian motion. Let {F;};>0 denote the natural filtration generated by W,
augmented by the P—null sets of F.

Let T > 0, £ be an Fr-measurable random variable and f : Q x [0,7] x R x R — R. We will
consider Backward Stochastic Differential Equations (BSDEs) of the form

T T
Yimet /t F(t. Y, Zy)dt /t Z,dW,. (1)

As usual we will call £ the terminal condition and the function f the generator of the BSDE
(1). A solution consists of a pair (Y, Z) of adapted processes such that (1) is satisfied. To be
correct we should write ftT<Zt,th> or Zle ftT ZidW! instead of ftT ZydWy, since W and Z
are d—dimensional vectors; but for simplicity we use this notation as it is without ambiguity.
It is important to know which process spaces the solution of a BSDE belongs to. We therefore
introduce the following notation for the spaces we will frequently use. Let p € [1, 00]. Then, for
m € N*

e LP(R™) is the space of all progressively measurable processes (X¢).e[o,r) With values in R™

p/2
such that [|X;||?, = E[(fOT |Xs|2ds) ] < oc.

e RP(R™) is the space of all measurable processes (X¢)e[o,7] With values in R™ such that

| X% = E[(supte[O,T] ]Xt]>p] < 0o0. Note that R*°(R™) is the space of bounded measur-
able processes.

ya
e HP(R™) is the class of all local martingales X such that || X||,,= EF[(X)2] < cc.

o LP(R™; P) is the space of Fp-measurable random variables X : Q — R™ such that || X ||} ,=
EP[|X|P] < oco. We will omit reference to the space or the measure when there is no
ambiguity.
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Furthermore, we use the notation 9, = &, V = (8%1, e ,a%d) for (t,x) € [0,T] x RZ.
Suppose that the generator satisfies, for a > 0 and b,¢ > 0

F(t2y.2)] < a(L+bly)) + 5] (2)

Kobylanski has shown in [9] that if £ is bounded and the generator f satisfies (2), then there
exists a solution (Y, Z) € R>® x L2. Moreover, it follows from the results in [11], that in this
case the process Z is such that the stochastic integral process relative to the Brownian motion
Jo ZdW is a so-called Bounded Mean Oscillation (BMO) martingale.
Since the BMO property is crucial for the proofs we present in this paper we recall its definition
and some of its basic properties. For an overview on BMO martingales see [8].
Definition 1.1 (BMO). Let M be a uniformly integrable (F;)-martingale satisfying My = 0.
For 1 < p < oo set
» 1/p
IMlyo,=  sup  (B[[Mu - M PPIF])
T stopping time

The normed linear space {M : || M| pro,< oo} with norm | M| garo, is denoted by BMO,,. If
we want to stress the measure P we are referring to we will write BMO(P).

It can be shown that for any p, ¢ € [1, 00] we have BMO,, = BMO, (see [8]). Therefore we will
often omit the index and simply write BMO for the set of BMO martingales.
In the following Lemma we state the properties of BMO martingales we will frequently use.

Lemma 1.2 (Properties of BMO martingales).

1) Given a BMO martingale M with quadratic variation (M), its stochastic exponential
1
E(M)r = exp{Mr — o (M)r}

has integral 1, and thus the measure defined by dQ = E(M)rdP is a probability measure.

2) Let M be a BMO martingale relative to the measure P. Then the process M = M — (M)
is a BMO martingale relative to the measure Q (see Theorem 3.3 in [8]).

3) For any BMO Martingale, it is always possible to find a p > 1 such that E(M) € LP,
i.e. if |M|lpmo,< V(p), then E(M) € LP (see for example Theorem 3.1 [8]). Where
1

U(z) = {1 + %2 log 22(5:%) }5 —1 for all 1 < x < oo and verifies lim,_,1+ ¥(z) = oo and
lim, oo ¥(x) = 0.

2 Differentiability of quadratic BSDEs in the classical sense
Suppose that the terminal condition and the generator of a quadratic BSDE depend on the

Euclidean parameter set R™ for some n € N*. We will show that the smoothness of the terminal
condition and the generator is transferred to the solution of the BSDE

T T
YF = (o) - / ZEAW, + / f(s,2,Y?, 20)ds, =€ R, 3)

where terminal condition and generator are subject to the following conditions
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(C1) f:Qx[0,T]xR"xRxR? — R is an adapted measurable function such that f(w,t,z,y, z) =
lw,t,z,y,2) + a|z|?, where l[(w,t,z,y, z) is globally Lipschitz in (y,z) and continuously
differentiable in (z, v, 2); for all » > 1 and (t,y, z) the mapping R — L", z + l(w, t,z,v, 2)
is differentiable and for all x € R™

T T
lim EP[(/ (s, 2, Y, Z2) —l(s,x,igx,zg)yds) } =0  and
0

T’ —x

: P o 1yl 9 T T "

lim E [( gl Y 22 = s Y ,ZS)\ds> ] =0,

(C2) the random variables £(z) are Fr—adapted and for every compact set X C R™ there exists
a constant ¢ € R such that sup,cx [|£(2)||ec < ¢; for all p > 1 the mapping R” — LP,
x +— &(x) is differentiable with derivative V&.

If (C1) and (02) are satisfied, then there exists a unique solution (Y*, Z%) of Equation (3)). This
follows from Theorems 2.3 and 2.6 in [9]. We will establish two differentiability results for the
pair (Y*, Z%) in the variable x. We first consider differentiability of the vector valued map

z— (Y7, Z7)

with respect to the Banach space topology defined on RP(R') x LP(R%). This will be stated in
Theorem [2.1. A slightly more stringent result will be obtained in the subsequent Theorem [2.2.
Here, we consider pathwise differentiability of the maps

z = (Y (w), Z¢ (W)

in the usual sense, for almost all pairs (w,t). In both cases, the derivatives will be identified
with (VY®, VZ¥) solving the BSDE

VYS = Ve(z) - [ VZEAw,
- J Bal(s, 2, Y2, Z2) + By1(s,2, Y2, ZE)VYE + 0.1(s,,YE, ZE)\V 22 + 2025V Z2] ds.
(4)
We emphasize at this place that it is not immediate that this BSDE possesses a solution. In
fact, without considering it as a component of a system of BSDEs also containing the original
quadratic one, it can only be seen as a linear BSDE with global, but random (and not bounded)
Lipschitz constants.

Theorem 2.1. Assume (C1) and (C2). Then for allp > 1, the function R* — RP(R') xILP(RY),
x+— (Y*,Z7), is differentiable, and the derivative is a solution of the BSDE (4).

Under slightly stronger conditions one can show the existence of a modification of Y* which is
P-a.s. differentiable as a mapping from R™ to R. Let e; = (0,...,1,...,0) be the unit vector
in R™ where the ith component is 1 and all the other components 0. For x € R™ and h # 0 let
C(x, h,e;) = +[6(x+he;) —&(x)]. For the existence of differentiable modifications we will assume
that

(C3) for all p > 1 there exists a constant C' > 0 such that for all i € {1,...,n}, z, 2’ € R" and
h,h' € R\ {0}

E[I&(ﬂerhei) — &+ W) + [, hye) — (@ W) || < Ol — 2|2+ [h = W'P)P.
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Theorem 2.2. Suppose, in addition to the assumptions of Theorem 2.1, that (C3) is satisfied
and that I(t,x,y, z) and its derivatives are globally Lipschitz continuous in (x,y, z). Then there
exists a function Q x [0,T] x R® — R (w,t,x) — (Y, ZF)(w), such that for almost all w,
Y/® is continuous in t and continuously differentiable in z, and for all x, (Y7, ZF) is a solution

of (3)-

3 Moment estimates for linear BSDEs with stochastic Lipschitz
generators

By formally deriving a quadratic BSDE with generator satisfying (U1) and (C2) we obtain a
linear BSDE with a stochastic Lipschitz continuous generator. The Lipschitz constant depends
on the second component of the solution of the original BSDE. In order to show differentiabil-
ity, we start deriving a priori estimates for this type of linear BSDE with stochastic Lipschitz
continuous generator. For this purpose, we first need to show that the moments of the solution
can be effectively controlled. Therefore this section is devoted to moment estimates of solutions
of BSDESs of the form

T T
Ui=¢= [ VWt [ s U V) + HLV+ A ds. (5)
t t
We will make the following assumptions concerning the drivers:

(A1) For all p > 1, ¢ is Fr—adapted and we have ¢ € LP(R'),

(A2) H is a predictable RY—valued process, integrable with respect to W, such that f HdW is
a BMO-martingale,

(A3) 1 : Q x[0,T] x R x R? — R is such that for all (u,v), the process l(w,t,u,v) is (F})-
predictable and there exists a constant M > 0 such that for all (w, ¢, u,v),

[l(w, t,u,0)] < M(Jul +[v]),
(A4) A is a measurable adapted process such that for all p > 1 we have E[( fOT |A,|ds)”] < oo.
Moreover, we assume that (U, V) is a solution of (5) satisfying
(A5) [fOT U2|V,[2ds]z and fOT |UsAs|ds are p-integrable for all p > 1.

Under the assumptions (A1), (A2), (A3), (A4) and (A5) one obtains the following estimates.

Theorem 3.1 (Moment estimates). Assume that (A1)-(A5) are satisfied. Let p > 1 and r > 1
such that E([ HAW)p € L"(P). Then there exists a constant C > 0, depending only on p, T,
M and the BMO-norm of [ HAW), such that with the conjugate exponent q of r we have

e [ 107 -8 )] = cer it ([ iaia)™ ] o

Moreover we have

2

IEP[/OT|U3|2dS]+EP[/OT|VS|2dS} . CEP[|<|2"2+(/0T|AS|2ds)"]q? ;
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The proof is divided into several steps. First let § > 0 and observe that by applying It6’s formula
to ePtU2 we obtain

T
AUt = PTU2 -2 / P UV, dW,
t

T
+/ eﬂS[_ﬂUSQ +2U5(Z(S,US,VS) + H,V, +As) _ |Vs|2]d5.
t

By (A2), the auxiliary measure defined by Q = E(H - W) - P is in fact a probability measure.

~

Then Wy =W, — fg H,ds is a Q-Brownian motion, and
T ~
eﬁtUt2 < eﬁTUr_% - 2/ UV, dW;
t

T
+/ (=5 + 2M)UZ + 2M|Us||Va] = |Vaf* + [Us Ao ]ds
t
By choosing /3 = M2 +2M, we obtain

T T T
eﬁtU3+/ A5 (M|U,| — [Vi])2ds < eﬁTU%—z/ eﬁSUSVSdWS+/ O |U, A, |ds. (8)
t t t

We therefore first prove moment estimates under the measure Q.

Lemma 3.2. For all p > 1 there exists a constant C, depending only on p, T and M, such that

(/OTst)p: < CEQf|cpr+ ( /OTrAs|ds)2p] (9)

EQ{ sup \Ut|2p} + E%
te[0,7)

Moreover we have

T T h T
EQ[/O |Us|2ds}+EQ [/0 Vi2ds| < CEQ[|C|2+/O |AS|2ds] (10)

Proof. Throughout this proof let C1,Cs, ..., be constants depending only on p, T and M.
Inequality (8) implies

T T
e’gth < eBTU%—Q/ eﬁSUSVSdWS+/ 668|U5A5’d5, (11)
¢ ¢

and (A5) together with the existence of the rth moment for ([ HdW )y yield fOT U2|V,|2ds €
LY(Q). Hence, since e*U? is (F;)-adapted,

T
P < eﬁTEQ[|<|2+/ eﬁs|UsAs|ds|ft] (12)
t

Integrating both sides and using Young’s inequality, we obtain

T
E?| / UZ2ds]
0

IN

T
C1E?[|¢|? +/ U, Ag|ds]
0

IN

T 1 T
C1EQ[¢? +201/0 | Ag|?ds] + 2EQ[/0 U2ds],
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and hence
T T
59 [ UZas < CEOIGP + [ [4.Pdsl (13)
0 0

Inequality (12), (A5) and Doob’s L? inequality imply for p > 1
T

ciB?( (P + [ wiailas)’]
0

catfens g [ i)

E®[ sup |U;]*]
t€[0,T]

IN

IN

By Young’s inequality, (supycpo,n ]Ut|p)(f0T |Aslds)? < ﬁ SUPye(o,7] |U)?P + 204(f0T | Aglds)?P,
and hence

T 2
B9 sup (U] < G521 + ([ 14.jas) ) (14)
te[0,7 0

In order to complete the proof, note that (8] implies

T
/ P3|V, |2ds
t

T T T
geﬁTU%—z/ eﬂSUSVSdWSH/ eﬂSM|U5|va|ds+/ e3|U,||Aqlds.  (15)
t t t

By Young’s inequality, 2 ftT s MU, || Vs|ds < %ftT 5|V, |2ds + 8 M? ftT e#5U2ds, and hence

seel [ el

IN

T T
EQ[ePTUZ + 8M? / P U2ds + / P U2 + P4 A, ds
0 0

T
< CsE9[¢? + / | Ag|2ds]
0

which, combined with (13) leads to the desired Inequality (10).

Equation , Young’s inequality, Doob’s LP-inequality and the Burkholder-Davis-Gundy in-
equality imply

EC [(/()Teﬁsyvsﬁds)p]

i ficP+ (1 sy 0F) ¢ ([ i) ([ v

IN

IN

- T g T P
CsE@ |C|2p+ sup e’gtp\Ut]2p+ (/ 6265U3|V5]2d3> + sup ]Ut|p(/ 6B8|A5|d8> }
- te[0,T] 0 t€[0,7] 0

_ P T P
< GEQ[|Cr + sup PO+ (sup e UF)* ( / e |Vif2ds)*
- t€[0,T] t€[0,T] 0

T 2p
+ sup \Ut|2p+(/ eﬂS|As|ds> ]
t€[0,T] 0
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By Young’s inequality,

(om0 ([ e vieas)

which implies

P
2

1 T p
<20s( sup *U? p+7 / AR
N 8(te[0%] t) 208( 0 . )

T p T 2p
EQ ( / eﬁﬂvﬁds) < B¢+ sup Ui+ ([ 1a,jas)”]
0 t€[0,7] 0
< CuEQ [+ (/T ]A5|ds)2p].
B 0
Thus, with Inequality (14), the proof is complete. O

Proof of Theorem|3.1. Notice that by the second statement of Lemmal1.2] the process f HdW =
[ HdW — [; H2ds belongs to BMO(Q), and hence — [ HdW also. Moreover, £( HdAW)~' =
E(-[H dW) Consequently, by the third statement of Lemma [1.2] there exists an r > 1
such that E(H - W) € L"(P) and E(H - W);' € L™(Q). Throughout let D = max{||E(H -
W)rllr(p)s |E(H-W) |zr(q)}- Holder’s inequality and Lemma/3.2/imply that for the conjugate
exponent ¢ of r we have

EP[ sup |Uy|?P] = EQ[(‘:(H‘W);l sup |Uy|?] < DEQ[ sup \US\qu]%
$€[0,7T s€[0,7 s€[0,7
T 2pq 1
< chEQ[!CPPH(/ 4,lds) ]
0
T 2pgy 1
- ClDEP[é’(H-W)T(|C|2pq+</ Alas) "))
0
T 2 2
< CQDTEPUQW+(/ Aglds) 7
0

where C, Cs represent constants depending on p, M, T and the BMO norm of [ HdW. Sim-
1

2 2
ilarly, with another constant Cs, EP[fOT |Vi|?Pds] < C3 DI%(I]EPHq?qu + <fOT |As\ds> e )]qQ,
and hence (6). By applying the same arguments to we finally get (7).

4 A priori estimates for linear BSDEs with stochastic Lipschitz
constants

In this section we shall derive a priori estimates for the variation of the linear BSDEs that play
the role of good candidates for the derivatives of our original BSDE. These will be used to prove
continuous differentiability of the smoothly parametrized solution in subsequent sections. Let
(¢,H,l1,A) and (', H',l2, A’) be parameters satisfying the properties (A1), (A2), (A3) and (A4)
of Section [3] and suppose that I; and Iy are globally Lipschitz continuous and differentiable in
(u,v). Let (U, V) resp. (U’, V') be solutions of the linear BSDE

T T
Ui=(— / VedW + / (11(s,Us, Vs) + HsVs + Aglds (16)
t t
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resp.
T T
Uéz(’—/ Vs’dWs+/ lla(s, UL, V!) + HLV! 4+ A’]ds
t t
both satisfying property (A5). Throughout let 06Uy = Uy — U, 6V, =V, = V/, 6¢ = ¢ — (',
Ay = Ay — A} and 6l(t, u,v) = l1(t,u,v) — la(t, u,v).

Theorem 4.1 (A priori estimates). Suppose we have for all § > 1, fOT SU2|6Vs|2ds € LP(P)

and fOT 0Us0As|ds € LP(P). Let p > 1 and r > 1 such that E([ H'dW)r € L"(P). Then there
exists a constant C > 0, depending only on p, T, M and the BMO-norm offH’dW, such that
with the conjugate exponent q of r we have

o ] o )]

< C{EP“5C|2W2 + (/T |61(s, UL, V) + 5As|d8>2pq2:| P

+ I (/ [AsJds) ") B [(/OT H, ~ H§|2ds)w] 212}

We proceed in the same spirit as in the preceding section. Before proving Theorem [4.1 we
will show a priori estimates with respect to the auxiliary probability measure () defined by
Q=E&([ H'dW)p - P. Note that W, = W; — fot H!ds is a Q-Brownian motion.

Lemma 4.2. Let p > 1. There exists a constant C' > 0, depending only on p, T and M, such
that

E? tes[%%]wmy?p] < C{EQ[W% (/ 161(s, UL, V!) + 6 A, yds) } (17)
(e e [ 1aa09]) o[ [ i )]
0
EQ[</T\5VS|2ds) < ofe?fiac + (/T|5l(s UL V!) + 6 A, |ds) "] (18)
0

(el f ) 2o - )T

Proof. The difference 6U satisfies

T T
5U, = 54—/ 61/;dWS+/ (HLVs — HV!) + 11(s, Us, Vi) — Io(s, UL, V') + 6.A,]ds
t t

T T
= 65— 5V;dWs+/ [ (s, UL V! = Io(s, UL V!) + H. 5V, + 6 A]ds
t t
EREREC)

T
+/ [(Hy — H)Vq + 11(s, Uy, Vi) — 1y (s, UL, V)] ds.
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Let 3 > 0. Applying Ito’s formula to e®*6UZ,t > 0, yields the equation

T T
PoUt = PToUZ -2 / I3 5U 6V, AW + 2 / eP6U, H, 6V,ds
t t

CREME-]

T
b [ e[ 9002~ BV + 210 (5. U Ve) — (s, UL V))OU | ds
t

T T
+2 / P 0U,(H, — H.)Vids + 2 / eP30U, (015 + 0 As)ds, (19)
t t

where 8l = 11(s, UL, V) — lo(s,U., V). Using the Lipschitz property of I we obtain

T
PoUt < PTSUZ +/ e’ [(—5+2M)5U3 — |6V|2 + 2M |5U| |6Vs|]ds
t

T T
+2 / P SU[(Hy — H))V; + 0l 4 §A)ds — 2 / P 5U 0V dW,.
t t

If 3 = (M?+ 2M), then

T T
ePLoUR + / P (M|SU,| — |6Vs|)2ds < PToUZ +2 / eP6U[(Hs — HY)V, + 615 + 6 A,)ds
t t

T
-2 / 55U, 0V, dW. (20)
t

We will now derive the desired estimates from Equation (20). First observe that by taking
conditional expectations, we get

T
PloU? < PTRQ [5U% +2 / ePU[(Hs — H.)V, + 6l + 5As]ds\ft] :
t

Let p > 1. Then for some constants C1, Cs, ..., depending on p, T" and M, we obtain

T
sup |6U* < C) sup {(EQU(SUTIZLE] +E[/ |5US[(HS—Hé)Vs—l—(Sls—i—&As]]ds‘ft])p}
te[0,7] te(0,7 0

and by Doob’s LP inequality we get

T
EQ[ sup |[6U%*] < C {EQ[|6UT|QP] +E[</ |6Us[(Hs — H.) Vs + 6l +5As]|ds)p]}.
t€[0,T] 0
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By using Young’s and Hélder’s inequalities we have

EQK/OTMUS[(HS — H)V, +5ls+6As]yd5)p]

T z T
<] swp o | ([ 1 - pas) ([ i)
t€(0,T 0 0

1
< —E9| sup |[6U;*

+4C4EQ[(/OT|HS_H;des)”(/oT|Vs|2ds))p+ (/OT|5ZS+5As|ds)2p}

2C1;,4EQ L:[%?T} o 7) + C5{EQ(/OT 81, + 54, ds) o

v ([, mpas) YR ([ wapas) ] ). en

Therefore, we may further estimate

b
2

+ (/DT 160 + 5As\ds>p] }

IN

T
EQ[ sup [6U;|?] < 06{EQ[|6C|2”]+IEQ[(/ 1614 + 5A4|ds)*]
0

te[0,T]
(- mpas) e ([ weras) )}
0 0

T 2p1 3 T 3 o
Due to Lemma [3.2) EQ [(fo ]Vs\st) ] < C7E° [|C|2p + (Jo ]As]ds)zf"} < 00, which implies
the 6Us part of Inequality (17).
In order to prove the second inequality, note that (20) also implies

T T
/ eP5|6V,|2ds < ePToUZ +2 / ePSU[(Hs — H.)V, + 615 + 6 A )ds
t t

T T
+2M / 5 |6U,| |6V;|ds — 2 / P 5U 6V, dW. (22)
t t

Equation (22), Doob’s LP-inequality and the Burkholder-Davis-Gundy inequality imply

b
2

T » T T
B9 [ laviPas)”) < 08{(1@@[y5g\2p+/ su.ras) +B9|( [ susvifras) )
0 0 0
T
+B2I( [ 160, ~ V. + 61, + sy .
0
Consequently, Young’s inequality allows to deduce

T T
B( [ toviPas)] < cofE@lacrr+ [ 1av.as] + E9] sup (50
0 0 te[0,T

T
+E9(( [ suil(at, ~ V. + 1.+ 54 j0s))
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Finally, (17) and (21) imply
T T 9
EQ[(/ |5Vs|2ds>p] < CO1oEQ [|5g|2p+ (/ |6ls+6As|ds) p}
0 0
1

T T opq L
4Ol + ([ A aspiee ([ 1. - Hpas)”]”
0 0

and hence the proof is complete. O

Proof of Theorem |4.1. This can be deduced from Lemma [4.2| with arguments similar to those
of Theorem We just have to invoke Lemma [1.2. O

5 A priori estimates for quadratic BSDEs

Consider the two quadratic BSDEs

T T
Ytzf—/ ZSdWSJr/ [11(s,Ys, Zs) + aZ?]ds (23)
t t

and T .
Yi—¢ - / ZLAW, + / la(s, Y/, Z0) + o(Z]))ds, (24)
t t

where ¢ and ¢ are two bounded Fp-measurable random variables, and I; and Iy are globally
Lipschitz and differentiable in (y, z). Put now 0Y; =Y, =Y/, 02, = Z; — Z], 6§ = £ — &' and
0l = 1 — ly. The a priori estimates we shall prove next will serve for establishing (moment)
smoothness of the solution of the quadratic BSDE with respect to a parameter on which the
terminal variable depends smoothly. Note first that by boundedness of ¢ and £ we have that
both [ ZdW and [ Z'dW are BMO martingales, so that we may again invoke the key Lemma
1.2.

Theorem 5.1. Suppose that for all f > 1 we have fg|5l(s,Ys,ZS)|ds € LP(P). Letp > 1
and choose r > 1 such that E(a(Zs+ ZL) - W)p € L"(P). Then there exists a constant C > 0,
depending only onp, T, M and the BMO-norm of (o [(Zs+Z%)dW ), such that with the conjugate

exponent q of r we have
T p
( / 5252013)
0

T
<C <IEP [ ’5£|2Pq2 4 (/ 161(s, Y, Zs)]ds)2p‘12}>
0

EP[ sup ](SYHQP] +EP
te[0,7

L
pY)

Moreover we have

1
2

T T N T 2q2 q
P 2 P 2 P 2g
E [/0 0¥, ds] + E [/0 0Z,2ds] < c(E [wsw +(/0 51(s, Ve, Z)ds ) ])
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We give only a sketch of the proof since the arguments are very similar to the ones used in the
proofs in Sections([3 and [4.

First observe that

y T8 )89

T T
5, = 8¢ - 5ZSdWS+/ (5, Ys, Zs) — (s, YL, Z0) + 61(s, Y., Z2) + a(Zs + Z.)5Z4)ds.
t t

By applying Itd’s formula to e”|§Y;|? we obtain

eP6Y;|? — €162

T T
:2/ eﬁs(sYs(zl(s,Ys,zs) I (s,YS’,Z’)+51(3,Y;,’,2;))ds—2/ eP5(BI8Y;)2 + 162 |?)ds
t t

T T
+2 / eP50Y,a(Zs + Z1)0 Zds — 2 / P2 8Y,6 Z,dW. (25)
t t

We start with a priori estimates under the auxﬂlary probability measure ) defined by Q =
E(a [(Zs+ Z[)dW) - P. Note that W, = fo a(Zs + Z!)ds is a Q-Brownian motion.

Let § > 0. Equality (25) and the Lipschltz property of 11 yield

T
Aoy 2 < eﬂT\(ng—z/ eﬁsaysazsdmm/ e%55Y,01(s,Y!, Z!)ds

s L g
t t

T
+/ eﬁS((—ﬁ +2M)|0Y,|? — |62 + 2M|5Y9|I5Zsl)ds.
t
By choosing 3 = M? 4 2M we obtain the general inequality

T
ePt5Y;)? +/ %5 (162, — M|6Y5))%ds
t

s L s

T
< PT5¢)? +/ eP36Y,0l(s,Y!, Z!)ds — 2/ eP58Y, 6 Z, AW, (26)
t t

Note that the process fg ePs §Y, 5ZSdWs is a strict martingale because dY; is bounded and
(6Z - W) is BMO relative to Q.

Notice that Equation is of similar but simpler form than Equation . This is because
the (Hs — H) term in (20) has been completely absorbed by the Girsanov measure change. As
a consequence, following the proof of Lemma (4.2, we obtain the following estimates:

Lemma 5.2. For all p > 1 there exists a constant C > 0, depending only on p, M and T, such

that
T P
( / \525\2(13)
0
Moreover we have

T T T 9
EQ[/O \5Yt|2ds]+EQ[/0 6Z,%ds] < CEQ[\5§|2+(/O \51(5,3@,28)\@)]. (27)

IEQ[ sup \51/}]27’} +E@

T
< CEO[ g + ( / 81(s. Vs, Z2)[ds)].
¢€[0,T) 0

Proof of Theorem|5.1. The arguments are similar to those of the proof of Theorem Just
make use of Lemma [1.2. O
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6 Proof of the differentiability

We now approach the problem of differentiability of the solutions of a quadratic BSDEs with
respect to a vector parameter on which the terminal condition depends differentiably. We start
with the proof of the weaker property of Theorem[2.1l Our line of reasoning will be somewhat
different from the one used for instance by Kunita [10] in the proof of the diffeomorphism prop-
erty of smooth flows of solutions of stochastic differential equations. He starts with formally
differentiating the stochastic differential equation, and showing that the resulting equation pos-
sesses a solution. The latter is then used explicitly in moment estimates for its deviation from
difference quotients of the original equation. The estimates are then used to prove pathwise
convergence of the difference quotients to the solution of the differentiated SDE. We emphasize
that in our proofs, we will have to derive moment estimates for differences of difference quotients
instead. They will allow us to show the existence of a derivative process in a Cauchy sequence
type argument using the completeness of underlying vector spaces, which of course will be the
solution process of the formally differentiated BSDE. So our procedure contains the statement
of the existence of a solution of the latter as a by-product of the proof of the Theorem[2.1. It is
not already available as a good candidate for the derivative process, since, as we stated earlier,
the formally differentiated BSDE is a globally Lipschitz one with random Lipschitz constants
for which the classical existence theorems do not immediately apply. Throughout assume that
ft,z,y,2) =1l(t,z,y,2) + a|z|? and &(z) satisfy (C1) and (C2) respectively.

For all x € R" let (Y}*, Z}) be a solution of the BSDE (3)). It is known that the solution is
unique and that (Y%, Z%) € R®(R!) x L2(R?) (see [9]).

It follows from Lemma 1 in [11] that there exists a constant D > 0 such that for all x € R"
we have ||(Z% - W)r||Bpmo, < D. Now let > 1 be such that U(r) > 2aD (see property 3) of
Lemma [1.2), and denote as before by ¢ the conjugate exponent of r.

Proof of Theorem[2.1. To simplify notation we assume that M > 0 is a constant such that £(z),
x € R™, and the derivatives of [ in (y, z) are all bounded by M. We first show that all the partial
derivatives of Y and Z exist. Let z € R™ and ¢; = (0,...,1,...0) be the unit vector in R"
the ith component of which is 1 and all the others 0. For all h # 0, let U}! = %(Yf“"h -Y®),
VI =327 = Zp) and ¢* = F(E(e + hei) — €(x)).

Let p > 1. Note that for all h # 0

T T
1
U =¢" - / VAW, + / 5 F (s, hey, Y0, 200 — f(s, 2, Y], Z9)]ds.
t t

To simplify the last term we use a line integral transformation. For all (w,t) € Q xR, let s, =
szn(w,t) : [0,1] — R+ be defined by s, 4 (0) = (z+0he;, YE40(Y ey ze g (Z e —
ZF)). Though s, j, depends on i we omit to indicate this dependence for ease of notation. Note
that £ ,(0) = (es, U, V). Moreover, A7 = [ 2 (s,4,(0))d0, Gy = [ L (s4,,(6))d6 and

— Jo Ox; 0 Jy
Itx’h = 01 %(sx7h(9))d0 are (F;)-adapted processes satisfying
1 . _ !
Bl hes Y 20 (e YE 2 = [ (V0.5 000

S MR AR P e A
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Since the derivatives of | are bounded by M, Gf’h and I}/ " are bounded by M as well. However,
we stress that A”" is not necessarily bounded. We define two random functions m¥"(u,v)
and ms(u, v) from R to R such that (u,v) — m&"(u,v) = (G2 u + I¥"v) and my(u,v) =
[Oyl(s, Y, Z¥)u + 0,1(s, YT, Z¥)v]. Observe that these functions satisfy (A3) and that they are

Lipschitz continuous and differentiable in (u,v). In these terms,

T T
Uk == [ VWL [ UV + AT a2 2V,
t t

and thus we obtain an equation as modelled by (5). Notice that for all h, A’ # 0 the pairs
(UM, VY and (U" — U, VP — V') satisfy assumptions (A4) and (A5). Therefore Theorem 4.1
. . . z,h x,h’

implies with 04; = A," — A,

[ sup U701 ]
te[0,T

1

T 2pq*
SC{E[rch—ch’12pq2+< /O rmi’hwf,v?)—mﬁ“h’(US",V;h)MAAds) [ e

B |2pg? RN b T o jerhe Wei2 2
FE[|¢M e +(/ 477 ]as) "] E[</ o2|ZEthes _ gihe) ds) &8
0 0

Condition (C2) implies that E[|¢" — ¢"'|2P7°] converges to zero as h, h' — 0. Moreover, for some
open set O containing 0 we have supco\ (0} (E|¢"|2P”) < oo. Due to Condition (1), we may

2pq?

also assume that sup,co\ (o} E[(fOT |AZ" |ds)2Pe°] < 0. Moreover,

T
}lLin%IE(/ ll(s, 2+ he;, Y, Z%) — (s, 2, YZE, Z%)|ds)? = 0
- 0

for all B > 1, and therefore, with Theorem 5.1, the third summand on the right hand side of
(28) converges to zero as h, h' — 0.

In order to prove convergence of the second summand let P ® A be the product measure of P
and the Lebesgue measure A on [0, T]. It follows from Theorem [5.1 that Z*+"¢ converges to Z*
in measure relative to P ® A. Moreover, for all ¢ € [0, 7], Y;Hhei converges to Y,* in probability.

Since the partial derivatives [, and [, are continuous and bounded, dominated convergence
2

2pq
implies limy, o EF (fOT|m§’h(U£’,VSh) —mAUf,Vf)]ds) = 0. Condition (C1) guarantees

2pg? ,
limp,_o EP ( i |5A3|ds) " — 0, and hence, limhﬁ/_,oE[supte[o’T} Uk — U] y?p] —0.
Finally, Theorem [4.1 and an estimation similar to yield

T , p
lim E (/ Vi v |2ds> = 0.
h,h/—0 0

Now let (h,) be a sequence in R\ {0} converging to zero. Then, since R?’(R') and L2P(R%)
are Banach spaces, the sequence U™ converges to a process %Y?, and V' to a process

%Zf with respect to the corresponding norms. By convergence term by term for the difference
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quotient version of the quadratic BSDE and its formal derivative, which follows from our a priori
estimates, we see that the pair (%Y}x, %Zf) is a solution of the BSDE

oY o) T oze /T
- - AW, [a 1(s,z,Y®, 22
awi 8.%'@5(1:) . 0 + T (S Z S S)
oY 0z? YA
POy s, VI Z) G0+ DLl VI ZD) G 4 200 ]ds
Similarly to the first part one can show that hmh_)oE[supteOT] |Up — 8 ]QP] = 0 and
limy, o E ( Sk - %Z;SPds) = 0, and thus R® — R?(R!) x ]L2p(Rd) — (Y, ZF) is

partially differentiable. The a priori estimates of Theorem [4.1] imply that the mapping z —
(VYZ,VZF) is continuous and hence, (Y;*, ZF) is totally differentiable. Since differentiability
with respect to 2pth moments implies differentiability with respect to all inferior moments above
1, we have established the result. O

As a byproduct of the previous proof we obtain that for every x € R™ there exists a solution
(VY*,VZF) of the BSDE (4).

We now proceed with the proof of Theorem in which we claim pathwise continuous differ-
entiability. To be consistent with the previous proof, we will again compare difference quotients
varying in h. To this end we need the following estimates.

Lemma 6.1. Suppose (C3) is satisfied and that | and the derivatives of | are all Lipschitz
continuous in (x,y,z). Then for all p > 1 there exists a constant C > 0, dependent only on p,
T, M and D, such that for all x,x’ € R™, h,h' € R andi € {1,...,n},

2p T It P
+ <A ‘Z§+h€z_Z§+h81|2d8>

C(lz— 2+ [h— 1?)".

) Iy h e
E ’}/;$+hez - Yf +h'e;

sup
te[0,7

Proof. This follows from Theorem [5.1, where we put l1(s,y, 2) = l(s,x + he;,y, 2), la(s,y, z) =
l(s,x' + ey, 2). O

The preceding Lemma immediately implies a first pathwise smoothness result in x for the process
Y?*. In fact, Kolmogorov’s continuity criterion applies and yields a modification of Y* which is
continuous in x. More precisely:

Corollary 6.2. There exists a process Y such that for all (t,w) € [0,T] x Q, the function
x +— Y7 (w) is continuous, and for all (t,z) we have Y;* =Y almost surely.

Let e; be a unit vector in R”. For all # € R™ and h # 0, let U™" = %(YIHW Y7), VA =
Lzt — Zp) and (W0 = }(&(x+hei)—&(x)). I h = 0, then define U = 2y, V0 = L z2
and ¢*V = 3%{ (). The proof of Theorem 2.2 will be based on the following result on the usual

difference of difference quotients. Knowing a ”good candidate“ for the derivative from Theorem
2.1 we allow h = 0 this time, by replacing the difference quotient with this candidate.
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Lemma 6.3. Let p > 1 and O C R™! be an open set contained in a ball of radius k. Suppose
that Condition (C3) holds and that | and the derivatives of | in (x,y, z) are Lipschitz continuous
in (x,y,z) with Lipschitz constant L > 0. Then there exists a constant C, depending on k, L,
p, T, M, D, such that for all (x,h) and (', h') € O,

E| sup |US" - Uf,’h/|2p} < Oz — 2> 4 |h — W?)P. (29)
te[0,7)

Proof. Throughout the proof, C1,Cs, ... are constants depending on k, L, p, T', M, D.
Since O is bounded, (C3) implies that for every r > 1 there exists a constant C such that for all
(z,h) € O we have E(sup,cp 7 |Cf’h|2”) < Cy. Now let s, p, m®h, A®P G@h [2h and U be

defined as in the proof of Theorem 2.2, and denote A% = %(x, Y Z%), G*0 = g—é(x, Y® Z%),
etc. Then the estimate (29) will be deduced from the inequality

B[ sup (07"~ U7 ) )
t€[0,T
1

CofEj¢m — ¢ o]
1
2

T /! Y 217‘12
b B[([ e U VER) - gt @ VIR Azt - a2 as)
0

IN

1)

T i T
+ E[Kz’,h"quQ + (/ ‘Ag’,h"ds)2pq2:| 2q2E[ </ a2’Z§’+h’ei _ Zsz+hei‘2ds>
0 0
which follows from Theorem [4.1. We first analyze the order of the convergence of

2pg?

T 1
By(w,@/, b, 1) = E| ( / | (UEh vk - mi»h<U§vh,v&h>\ds) [ as h.w —o0.
0

To this end notice that

T 20>\ 2
Bi(z, 2/, h, k') < 03{ IE</O ]Gf’h—Gf’hHUf’h\dt>

T 2w\ 7
+<E</ I g var) ) }
0
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T
< sup |07 [ 16T~ G

< wpcﬂﬂ/ (/Hﬂswm %K%Mwww)a
t€[0,T]

< sup ]Uxh\/ / L|sy p(0) — s5.5(0)|dOdt

t€[0,T)]

< Cy sup [UPM|(Ja' = ol + W = Bl + sup |V = V7| + sup |y e yprthe
te[0,7) te[0,7) te(0,7)

T
+ [0z =z iz =z ),

and, by applying Hoélder’s inequality we obtain with Lemma 6.1

T N
(E (/ |G} h_ Gtx’hHUtx’h|dt> ) < Cs (|h . - $/|2)P.
0

1
2pg?

Similarly, <IE UOT P Itx’hHVtx’ﬂdt} < Co (|[h =W+ |z —2/1*)", and so we con-

clude By(x,2',h,h') < Cr (|h — WP+ |z — $/|2)p'

By using similar arguments we get

1 X 1
T /I 2pg27 42 T 1 2pq 2
E [(/0 \Af,h — A7 h \dt) Pq ] a < E [(/0 /0 |02(520 1 (0)) — 8zl(sx7h(0))\d9dt> ]
T rl 294> 7
< CG3E </ / |0 1 (0) — sx,h(e)]dedt> ]
0 0
< (KP4 aP)

Theorem [5.1] and the Lipschitz continuity of [ imply

T 2pg? L
he; "+h'e; 2
E|:</t |Z§+e _Z;v-i- e|2ds> :| q

< CyE [|(£(:c + he;) — (@’ + Bep)| e
+(/T I(s, x4 he;, YEThei zothesy (s, o’ + Ble;, Yothei Zz+hei)\d3>4pq4} i
< qam—gﬂ+m—mﬁﬂ
Finally, (C3) yields (E|¢*" — C"”l’h/\zmz)q% < O]z — 2']? 4+ |h — W'|?)P, and hence

E[ sup [UP" = U7 7] < Cuglla— o/ [P+ | = WP,
t€[0,T]
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O]

Proof of Theorem[2.2. To simplify notation we may assume that is satisfied for O = R**1,
Assume that Y;* is continuous in z (see Corollary[6.2). Lemma|6.3 and Kolmogorov’s continuity
criterion imply that U;° " has a modification Uf " continuous in (x,h). Define 8%1,}? = Uf A
and note that we obtain thus a continuous version of the solution of the BSDE (4). For all
(z,h) € Q" let N(x,h) be a null set such that for all w ¢ N(x,h) we have Ufh(w) = Uf’h(w).
Then, N = U, pjegn+r N (2, ) is a null set such that for all w ¢ N the following implication
holds: If g € Q" and 7, € Q\ {0} are sequences with limy_,o g = € R" and limg_,o 7 = 0,
then

1 . 0
lim 7(}/;%4‘7"1@81 _ Y'tQk) _ Y;aﬂ
k—o0 T'L 8.%'2
As a consequence of this and the subsequent Lemma Y;*(w) is continuously partially differ-
entiable relative to z; if w ¢ N. Since we can choose such a null set for any i € {1,...,n}, total
differentiability follows and the proof is complete. O

Lemma 6.4. Let f : R® — R be a continuous function and g : R® — R" a continuous vector
field. Suppose that for all sequences q € Q™ with g, — x € R™ and r, € Q\ {0} with r, — 0 we
have

lim —(F(gr +rees) — Flan)) = gi(x),

k—oo Tk
where 1 < i <n. Then f is differentiable and Vf = g.

Proof. To simplify notation assume that n = 1. Let x; € R with 2 — z € R and h, € R\ {0}
with hxy — 0. Since f is continuous we may choose ¢ € Q and r; € Q \ {0} such that

f(ar) — f)] < B0 f (g + ) — flan+ )| < 2 ana 5= — - < 35+ Then

1

|h*(f(90k + hi) — f(zg)) — g(@)]
k

< |+ ) = Faw) = (Flaw+ ) - fa)|

+|(hlk - é)(f(qk +r) = faw)| + \:k(f(qk +ri) = fla)) = 9(@)]
< 2p + gelfla+ 7 = Fan)|+ -+ ) = Sae)) — g(a)

- 0, (k—o0)

and hence f is partially differentiable. Since the partial derivatives g; are continuous, f is also
totally differentiable. O

7 Differentiability of quadratic Forward-Backward SDEs

In this section we will specify the results obtained in the preceding sections to BSDEs where
the terminal conditions are determined by a forward SDE driven by the same Brownian motion
as the BSDE. When considering BSDEs with terminal condition determined by a forward SDE
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we will need regularity of the forward equation. This will be guaranteed if the coefficients are
functions belonging to the following space.

Throughout this section let again n be a positive integer and W a d-dimensional Brownian

motion.

Definition 7.1. Let k, m > 1. We denote by BXX™ the set of all functions h : [0,7] x R" —
RFX™ (¢, 2) + h(t,z), differentiable in x, for which there exists a constant C' > 0 such that

SUD (1,2)€[0,T]xR" 2 i1 ‘%;x) < C; and for all t € [0,7] we have sup,cpn \’115:[?\ < C and
T — % is Lipschitz continuous with Lipschitz constant C.

With any pair & € B™! and ¢ € B™*4 we associate the second order differential operator

2
L= hi()gm + 5202110071 () o
We will consider Forward-Backward SDEs (FBSDEs) of the form

X{ = a+ [yb(s, X2)ds + [y o(s XDAW,, xR,
V¥ = (X8 + [] f(s, X2, YE, Z8)ds — [ ZEAW,

where the coefficients satisfy the following assumptions:

(D1) o € B**4 b c B**1,

D2) f: Qx[0,7T] xR* x RxRY - R and g : R* — R are measurable functions such
that f(w,t,z,y,2) = l(w,t,2,y,2) + a|z|?, where I(w,t,z,y, 2) is globally Lipschitz and
continuously differentiable in (z,y, 2),

(D3) g:R™ — R is a twice differentiable function such that Vg -o € B'*4 and £g € B1*¥1,

It follows from standard results on SDEs and from Theorem 2.3 in [9] that there exists a solution
(X*,Y* Z7%) of Equation (31). As we will show, the results of Section 2/imply that (X*,Y* Z%)
is differentiable in = and that the derivatives (VX*, VY* VZ?) solve the FBSDE

VXF = 1+ [l 0,b(XH)VXZds + [} 0,0(XE)VXEAW,
VY? = 0,9(XF)VXE — ft VZEdW, —I—ft {5‘ U(s, X2, YF, ZZ)VXE + 0yl(s, XT, YT, ZE)VYT
O.(s, XT, YT, ZE)\VZT + 2azgvzg} ds.
(32)
Our first result parallels Theorem [2.1 in which differentiability with respect to vector space
topologies is treated.

Theorem 7.2. Let (D1) and (D2) be satisfied and assume that g : R" — R is bounded and
differentiable. Moreover, suppose that al st x,y, 2 z) 1is Lipschitz continuous in x. Then for all
p > 2, the function R™ — RP(R™) x Rp(Rl) x LP(RY), x +— (X, Y", Z%), is differentiable, and
the derivative is a solution of the BSDE (32).

Proof. By standard results, the mapping R” — RP(R!), z — X* has a continuous version (which

we assume being identical to the given one), and for all p > 1 there exists a constant C' € R
such that for z, 2’ € R” we have E(| X% — X7'|?) < C|z — z'|?. See for example Lemma 4.5.4
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and Lemma 4.5.6 in [10]. In order to be able to apply Theorem 2.1, we need to verify Condition
((1). For this purpose, note that

T ) 2p
E [( |t xeve 2~ 16 x e Zi”)ldt> ]
0

T ) 2p
</ LIX}! - X} |dt>
0

where L is a Lipschitz constant of [. Similarly,

<E §C~’(L,T,C')|x—x’]2p,

L) ) , 2
E| (/ | =—1(t, X", Y* Z%) — —I(t, X" ,Yx,Zx)dt|> | <Clla—a 1.
0

Ox Ox
This proves (CI). Moreover, notice that {(x) = g(X7) satisfies Condition (C2)). Thus the
statement follows from Theorem [2.1. O

If in addition Condition (D3) is satisfied, we again obtain a sharper result stating pathwise
continuous differentiability of an appropriate modification of the solution process.

Theorem 7.3. Assume that (D1), (D2) and (D3), and suppose that the partial derivatives of 1
in the variables (x,y, z) are Lipschitz continuous. Then there exists a function Q x [0, T] x R™ —
R (¢ 2) v (XE,YE, ZF)(w), such that for almost all w, XF and Y* are continuous in
t and continuously differentiable in x, and for all x, (X7, Y, Z¥) is a solution of (31).

Let M > 0 be a constant such that g, the derivatives of g, b and o, and the partial derivatives
of I in (z,y, z) are all bounded by M. For all z € R let (X[, Y*, ZF) be the solution of the
FBSDE (31). To correspond formally to Theorem|[2.2| in the setting of our FBSDE we have to
work with

l(w,t,z,y,2) = l(w, t, X (w),y, 2).

But this functional fails to be globally Lipschitz in x. This is why we have to modify slightly
the proof of Theorem [2.2, and cannot just quote it. We start by showing that {(z) = g(X7F)
satisfies Condition (C3).

Lemma 7.4. Forallz € R", h # 0 andi € {1,...,n}, let (*M = %(g(X%”Lhei) —g(X%)). Then
for every p > 1 there exists a C > 0, dependent only on p and M, such that for all z, 2’ € R"
and h, h' #0,

E[lc — ¢ 42] < Cfe — o/ 2 + b — 2.
Moreover, for all t € [0,T],

' B
x,hi Iy z\2p| EVAY
E[1c# — g (XF) - X5] < C(Jo - P

Proof. Note that by Ito’s formula g(X}) = g(X¥) + fg Vg(XZ) - o(s, XZ)dWs + fot Lgds. Thus
g(X¥) is a diffusion with coefficients (s, ) = Vg(z) - o(s,z) and b(s, ) = 31, bi(s, z)2) 4

ox;
% szzl oij(s, ) 32%(2 By (D3) we have 5 € B9 and b € B, Therefore, by using standard
results on stochastic flows (see Lemma 4.6.3 in [10]), we obtain the result. O
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Proof of Theorem |7.3. First note that it is well-known that X* may be chosen to be continuous
in ¢ and continuously differentiable in x (see for example Theorem 39, Ch. V, [13]). In order to
prove that Y* has such a modification as well, note that Lemma [7.4/ implies that {(x) = g(X7)

satisfies Condition (C3). Now let again U, oh (YIJ“he" Y7, v, h (Zx+h61 ZF) for all
2 € R" and h # 0. If h = 0, then define Uf“ = 82 ve, Vch 2 Z% and (™0 = 2 g(X7). Tt
is enough to show that for all open bounded sets © ¢ R"**! there ex1sts a constant C' such that
for all (z,h) € O

E| sup (07" = UFYPP] < Ol — o' 2+ h - WP,
te[0,T

As in Lemma 6.3 we will derive this estimate from Inequality (30). Notice that the assumptions
of Theorem guarantee that all the terms appearing in (30), satisfy the same properties
and thus provide the same estimates. There is one essential difference which is due to the
appearance of X? instead of z in the first component of the line described by the integral
Yen(0) = (X* + (X¥the — X7) V7 4+ (Ve — Y2), ZF 4+ 0(Z8 T — ZF)). We therefore
have to replace the prior A" by A" = Bf’h%(X"’*hel X*) with B™" = 01 AL (yu,n(6))do.
Therefore we only need to show for (x,h) € O

T ' X
E[( / ADP — AT )P < oo — o' |h— WP (33)
0
In fact, with A%" = L (X*+hei — X% if b # 0 and A™" = VX7, we have
T ’ 2pg2
E(/ | AT — AT |ds) ™
0
T VNG T / / ! /
< [ Azt = B s [ Azt - AT B s
The first summand satisfies

E(/OT\

ol 2
<E / azh / % (en(®)) — e ()] d0ls)

S(E(/O ’Axh\d3)4pq> ( //!’Yxh Vm/,h'(9)|d9d3)4pq2);

Lemma 4.6.3 in [10] implies sup, p)co E( fOT |A§’h]ds)4pq2 < 00. Besides,

T rl 2
E(/O /0 Va0 (6)) — Vx’,h/(0)|d9d8)4pq

< CE( sup |X7' = X7|+ sup |X7 M- X7 4 sup 1 - vy
te(0,7) te[0,7) te[0,7)

2
oh _ B;ﬂ’,h’ ’ds)%q

/ /. . T / ’ /. . 4pq2
+ S[lé%] |Y;z +h'e; Y;ac+hez| _|_/O (|th _ th| + |Ztac +hle; Zt;t-&-hez‘)dt)
te|0,
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1
/ot 273
|BE" — BYM |ds) } T <Oz —a' P+ |- PP

1

/BN BN 2
Similarly, E [(fOT |ATh _ AT BER |ds)2pq } < O(|lz — 2')2 + |h — '|?)P, hence follows
and the proof is finished. O

From this we can easily deduce E [( fOT |AT!

8 Malliavin differentiability of quadratic BSDEs

In this section we shall ask for a different type of smoothness for solutions of quadratic BSDEs,
namely differentiability in the variational sense or in the sense of Malliavin’s calculus. Of course,
this will imply smoothness of the terminal condition in the same sense. If the terminal condition
is given by a smooth function of the terminal value of a forward equation, it will also involve
variational smoothness of the forward equation.

Let us first review some basic facts about Malliavin calculus. We refer the reader to [12] for
a thorough treatment of the theory and to [6] for results related to BSDEs. To begin with,
let C°(R™*?) denote the set of functions with partial derivatives of all orders defined on R"*¢
whose partial derivatives are bounded.

Let S denote the space of random variables £ of the form

T . T .
§= F((/ hy ' dW i ) 1<icn, - ,(/ hg’lde)lgz‘Sn))v
0

0

where F € C°(R™4), pt ... 'h" € L?([0,T); R?). To simplify the notation assume that all h?
are written as row vectors.

If £ € S of the above form, we define the d-dimensional operator D = (D',--- , D% : S —
L2(Q2 x [0, T])? by

n T T
1 § oF 1 n 2% ;
J=1 '

For £ € § and p > 1, we define the norm

o= (B[je + ([ 1pocian) )"

It can be shown (see for example [12]) that the operator D has a closed extension to the space
DUP, the closure of S with respect to the norm ||-||1,. Observe that if ¢ is F;—measurable then
Dgé =0 for 6 € (t,T).

We shall also consider n-dimensional processes depending on a time variable. We define the
space L ,(R") to be the set of R"—valued progressively measurable processes u(t,w)e(0,1],weq
such that

i) For a.a. t € [0,T], u(t,-) € (D'P)";

ii) (t,w) — Dyu(t,w) € (L([0,T]))™*" admits a progressively measurable version;

1442



p
2

i) [lulg,= E[(foT|u(t)|2dt)g + (Jo' Sy 1Dou(t)Pasat) "> < oo,

Here, for y € R we use the norm |y> = 3=, 5(yi ;).

We also consider the space
DY = M, D'

We cite for completeness a result from [12] that we will use in the next section.

Lemma 8.1 (Lemma 1.2.3 in [12]). Let {F,, n > 1} be a sequence of random variables in D'
that converges to F' in L?(Q) and such that

sup E[||DF,| 2] < oo.
neN*

Then F belongs to DY2, and the sequence of derivatives {DF,, n > 1} converges to DF in the
weak topology of L*(Q x [0,T]).

Let us now consider the BSDE
T T
Y, =¢ —/ ZsdWy +/ f(s,Ys, Zs)ds. (34)
¢ t
Our assumptions on driver and terminal condition this time amount to

(E1) f:Qx[0,T] xR x R? — R is an adapted measurable function such that f(w,t,v,z) =
l(w,t,y,2) + a|z|?, where [(w,t,y,2) is globally Lipschitz and continuously differentiable
in (y, 2); for all p > 1 we have EP[(fOT [l(w,t,0,0)|?ds)?P] < oo;

(E2) for all (¢,y, z), the mapping Q — R, w — I(w, t,y, z) is Malliavin differentiable and belongs
to L{ ,(R) for all p > 1.
For any (w,t,y,2) and 0 € [0,T], the (a.e. valid) inequality holds true

| Dol(w, t,y,2))| < Ko(w,t) + Ko(w,t)(|yl +|2])

where Ky and Ky are positive adapted processes satisfying for all p > 1

E[( sup /T|K9(t,w)|2d0>p] <oo and E[(/OT/OT\Kg(t,w)|2d0dt>p] < 00

tef0,7]J0
(E3) the random variable ¢ is bounded and belongs to D'>°,

We first consider the case where the terminal variable has no further structural properties, such
as depending on the terminal value of a forward equation. For notational simplicity we shall
treat the case of one dimensional z and Wiener process and so may omit the superscript i in D*
etc. We will this time use the typical Sobolev space approach, hidden in Lemma(8.1, to describe
Malliavin derivatives, which are in fact derivatives in the distributional sense. In this approach
we shall employ an approximation of the driver of our BSDE by a sequence of globally Lipschitz
continuous ones, for which the properties we want to derive are known.
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Let us therefore introduce a family of truncated functions starting with describing their deriva-
tives by

—2n ,z<—n

gn(z) = 2z |z| <n

2n L,z >n.
Then we have g,(z) = 22 for |z| < n, gn(2) = 2n|z| — n? for |z| > n, and thus |g,(z)| < 22 and
gn(2) — 2% locally uniformly on R for n — oco. A similar statement holds for the derivative of
gn(2): 195, (2)| < 2|z| and g/,(z) — 2z locally uniformly on R for n — oo.

With these truncation functions we obtain the following family of BSDEs:
T T
yr—¢ / Zraw, +/ (.Y, Z0) + aga(ZM)]ds, n €N, (35)
t t

From Proposition 2.4 of [9] we obtain that there exists (Ys, Zs) € R®(R) x L?(R) such that
Y — Y, uniformly in [0,7] and Z” — Z, in L2(R).

S
Since the truncated equations have Lipschitz continuous drivers, Proposition 5.3 of [6] guarantees
that (V;*, Z') € D12 x DY? with the following Malliavin derivative

DoY® = 0 and DypZ!=0, iftec]0,0),

T
Dy = Dyt +/ 0,0V, Z2)DgY + 00V, Z1) Dy 22
t
T
+Dyl(s, Y, Z7) + ag;L(Z?)DgZ;L} ds — / Do Z7dWs, ift € [0,7]. (36)
t

Now we aim at showing that the sequences DY™ and DZ" are bounded in D'2, in order to
use Lemma [8.1. This will be done by deriving a priori estimates in the style of the preceding
sections, this time uniform in n. We therefore first show boundedness relative to the auxiliary
measures Qy, := & (a [ ¢/,(Z™)dW) - P, in the form of the following a priori inequality.

Lemma 8.2. Let p > 1. If the driver and terminal condition satisfy hypotheses (E1), (E2) and
(E3), then the following inequality holds for the BSDE (36):

B[ /OT Doy )| + 12 ( /OT / Dy zza005)"]

< cmo[( [“1pagpan)+ ([ [ ipat vz 22 Pasas’|

Proof. We will derive these estimates by proceeding in the same fashion as for Lemma [3.2.
Again, C1, Cs, ... are constants depending on the coefficients and p.

Applying Ttd’s formula to €| DyY;"|?, using Equation and simplifying as we did in the
former sections we obtain (choosing 8 = M? + 2M)

T
MDY+ [ MDY - D2 s
t

T T
< P Dye|? — 2/ P DY Do 21 AW, +2/ P | DgY "Dyl (s, Y, Z)|ds, (37)
t t
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where W; = W; — fot agh(ZMds, t € [0,T], is a @,— Brownian motion.

We remark that since E sup;¢jo 7 |DgY;"? < 0o we have E[(fOT |D9Y’S”|2|D9Z§]2d3)%} < o0 and
hence the process ftT eﬂngYS"DngdWS is well defined.

From (37) we obtain by taking conditional Q,-expectations

T
DoV < CE (Dot + [ Doy Dul(s, Y7, 22)/ds | ).
0

Next, integrating in 6, using Fubini’s Theorem and Doob’s LP?— inequality, we get

B[ sup [ ipavepas)]

< CEQn[ o (EQ[/T|Dgg|2d9+/T/T|Doié”\ IDel(s,Y?vZ?)ldedS|ftDp}

tel0,T
< CEQ"[(/ ypgg\Qde / / DY || Dol(s, Y. Z”)|d0ds) }

The last term on the right hand side of the preceding inequality can be simplified using Holder’s
and Young’s inequalities with the result

T T
| [ ipavzipaits. v z2javas
0 0
T T 1 T 1
< n|2 2 n rrn\|2 2
<[] povepas)* ([ paits. vz z2)Ra0) as
T 1 T T 1
< swp ([ 1pavppan)” [ ([ 1DaiGs vz, ZRa0) s
te[0,7 0 0 0
1 T T T
< — Sup/ |D9Yt"|2d0+02/ / |Dgl(s, Y, Z™)|?dfds.
Ch tejo,r) Jo o Jo

Since for a,b > 0 we have (a + b)? < C3(aP + bP), by choosing C conveniently we obtain

= [( s | 1o

< 041@@”[(/ |D9§]2d6 / / |Dgl(s, Y, Z7)[2ds de) } (38)

which provides the desired bound for the part of the Malliavin derivatives of Y". Concerning
the inequality for the Malliavin derivatives of the Z™ part, we consult again Equation (37), from
which we derive

T T
/ e DgZ"?ds < €PT|Dyél? — 2 / P DY Do Z AW,
0 0

T T
+2/ eﬁs|D9YS”\|D9l(s,YS”,Z§)|ds+2/ MeP#|DpY || Dy Z7|ds.
0 0
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Further estimate

T T T
1
2/0 MeP*| DY || Do Z"|ds < 4]\42/0 eﬁS|D9Y8”12ds+2/0 5| Dy 2 ds,

T T T
2/ P DY || Dol (s, Y, Z™)|ds < / eﬁS|D9YS"12ds+/ P3| Dyl (t, Y, Z7)|2ds.
0 0 0

Hence the initial estimate leads to

17 T .
5 /0 e DgZ"2ds < €PT|Dpel? — 2 /0 e?* DY Do Z AW,

T T
+(1+4M2)/ eﬁs\Dm"Fder/ €% | Dyl (s, Y, Z11)|ds.
0 0

Now for p > 1 integrate in 8, take @Q,—expectations, using Fubini’s Theorem as well as a
stochastic version of it to estimate

Q K/OT/OT|DQZQ,2deds)p}
< Cs{EQ" [(/OT IDefldG)p + (tes[%%] /OT\DaYt”FdG)p
+(/0T /0T|D9l(s,Y5",Z§)|2d9ds)p+ (/OT/OTDQYS” Dgzgdedws)p]}. (39)

We estimate the last term using Burkholder-Davis-Gundy’s inequality, which results in

EQn[(/OT /OTDgxganzgdedWS)p} < C6EQn[(/OT{/(]Typgig"\yDgzg\da}st)

Using Cauchy-Schwarz’ inequality, we estimate further by
g y

T T 1 1
/ |DgY|| Dy 2716 < (/ D9Y8”|2dc9>2(/ |DyZ7[26)".
0 0

Then, with another application of Young’s inequality, we obtain

r
2

p

EQn[(/OT{/0T|D91@n|ypgzg|d9}2ds)2}
1 1

<o [T, mosrony{ [ ozt T

SEQHHQBPT]/ 1Dy Y| 2d0 / / 1Dy 2" Qdeds”

< éEQn[{tesB%] /0T|D9Yt”|2d0}p} +C7EQn[{/O /0 \D9Z§|2d0ds}p].

Using this last estimate with C7 chosen properly in conjunction with (38) in (39), we obtain

Q [(/OT/OT|DQZ§]2d9ds>p}

gCg]EQ"[(/OT|D9§\d9)p+ (/OT/OT|D91(s,1g”,zg)|2d9ds)p] (40)

r
2

]
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Combining inequalities (38) and (40) yields the desired estimate and proves the Lemma. O

In the same fashion as in Section 3| we can now combine the result of the a priori inequality
under Q,,n € N*, with the inverse Hélder inequality in disguise of Lemma [1.2 to upgrade the
a priori estimates to the following one. In fact, we observe |g/,(z)| < 2|z| for z € R,n € N*.
Moreover, a careful analysis of the demonstration of Lemma 1 of [11] shows that each [ Z"dW
is also BM O and there exists a constant K such that

sup | [ 91(2")aW |uso,< sup| / Z°W |l 5310,+ / ZAW |paoy= K < oo, (41)
neN* neN*

So by Lemma [1.2] there exists a 1 < r such that E([ ag,,(Z™")dW)r and E([ aZdW )y are in
L"(P) for all n € N* with r-norms bounded in n. So, again we may apply the argument based
on the third statement of Lemma 1.2, uniformly in n. This, together with a similar argument
applied to the sequence (Y, Z") leads to the following a priori estimate.

Lemma 8.3. Let p > 1 and r > 1 such that E([ ag),(Z™)dW ) € L"(P) for all n € N* with a
uniform bound. Then there exists a constant C' > 0, depending only on p, T and K (from[41),
such that with the conjugate exponent q of r we have

T T P T T p
P[/ / |D9Yt”]2d9dt +EP U / ]Dng|2d9ds}
0 0
1

gc{EP[(/ ]D9§]2d6+/ / (w, 1) d@dt) }

o[ [ o) P [ o)™ <o

Proof. The proof of the lemma is achieved in three steps.

)

We start by applying the third statement of Lemma 1.2 as in the proof of Theorem [3.1 to the
result of Lemma (8.2, from which we obtain with a constant C not depending on n

T T P T T p
P[ / / yDQYt”\?dedt} +EP / / |DyZ"[2d0ds
0 0 0 0

T T T p
gClEPK/ \D9§\2d0+/ / |D91(s,y;”,zg)|2deds)
0 0 0

2 1
Q:|qﬁ

In a second step, we have to estimate the last term of the preceding equation. From Condition
(E2) we obtain with another universal constant

T T
|| b, v, 2z pasas
0 0

T T
<0 / / Ko, O + Ko, ) 2(Y? + | 202)]dédt

T T
<c2 / / | Kp(w, t)|2dOdt + Sup/ |K9(w,t)]2d9/ |1g”]2+\2312ds}.
0

tefo,1] Jo
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Hence an application of Holder’s inequality results in

2
/ / | Dol(s, Y, Z7)[2 deds J<c / / |Ky(w,1)] 2d9ds> ]

+OaE[( Sup/ Ky (w, t)]?d@) 1R [(/ Y7 P+ |2 Pds) P

te(0,7]J0

NG

(42)

2
In a last step, we need to provide a bound for the E[(fOT Y22 + |Z§‘\2ds> i | term. For
this purpose, we shall use another application of Theorem [3.1, uniformly in n. It requires
the intervention of a different family of measure changes depending on n, which can again be
controlled by the BMO property of the intervening martingales and the third statement of
Lemma(1.2! In fact, comparing (35) with (5), we see that the analogue of H has to be given by
hn(Z™), where
n(2 z ,if [z <n

which is obviously well defined for all z. In this situation, the stochastic integrals of h,(Z™)
generate BMO martingales with uniformly bounded norms. More precisely, since g,(z) < 22,
we have sup,en= |hn(2)| < |2|, 2 € R. A careful analysis of the demonstration of Lemma 1 of
[11] shows that each Z™ is also BMO and there exists a constant K such that

sup | Z”dW||BM02+H/ZdWHBM02— K < 00,
neN*
Due to the definition of h,, we may extend (41) to

sup || [ ho(Z")dW ||Brpo,< sup || | Z"dW || pmo, < K.
neN* neN*

By Lemma [1.2 we may assume that &([ ah,(Z")dW)r and E([ aZdW )y are in L"(P) for
all n € N* with r-norms bounded in n. So, again we may apply the argument based on the
third statement of Lemma [1.2, uniformly in n. We obtain from Theorem with the settings
A = l(w,t,0,0), l~(w,t, Y Z1) = l(w, t, Y, Z}) — l(w,t,0,0), ¢ =& and Hy = hy,(Z]"), for all
~v > 1 the inequality

sup EP[( sup |1Q”\2+/OT|Z;‘\2ds>q gC4EP[(|512+/0T|Z(w,s,o,0)|2ds)”q2};2. (43)

neN* te[0,T]

Plugging this inequality into (42) terminates the proof of the Lemma. O

Our main result can now be proved.

Theorem 8.4. Assume that driver and terminal condition satisfy hypotheses (E1), (E2) and
(E3). Then the solution processes (Yi, Zi), of (34) belongs to D2 x (DY) and a version of
(DgYi, DgZy) satisfies for 1 <i<d

DyY; = 0, DjZ; = 0, t €10,0),

T
DiY, = D;g+/ [8yl(s,Y5,Zs)DéYs+8Zl(s,Y;,Zs)DgZS+D(§l(s,Y;,Zs)—l—2aZngZs ds
t
T .
_ / DiZ,AW,,  te[9,T). (44)
t
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Moreover, {D;Y; : 0 <t <T} is a version of {Z;: 0 <t <T}.

Proof. Again, we simplify notation by just considering the case of one dimensional Z and
Wiener process. We first apply Lemma /8.3 to obtain a bound of the L?-norms of the pro-
cesses (DgY/", DpZ{"), which is uniform in n. Lemma furthermore allows an appeal to a
weak compactness result to deduce the existence of a pair of processes (Ugy, Vp+),0 < 6, < T,
and a subsequence (n;) such that (DgY," (w), DpZ;" (w)) converges to (Upt(w), Vyp+(w)) in the
weak topology of the L? space of random variables with values in L2([0, 7] x [0, T]).

For almost all ¢, Lemma [8.1] implies that (Y3, Z;) is Malliavin differentiable and the equality
(DgY:, DoZi) = (Ugy, Vo) holds almost everywhere in 2 x [0, 7.

It remains to use these convergence properties to deduce convergence term by term in to

(4).

We first show that the stochastic integral terms converge weakly in L?(€2). To this end let
U € L?(Q) be Fr-measurable. Then there exists a predictable ¢ € L2(Q x [0,T]) with ¥ =

E(¥) + fOT 1sdWy, and hence

T T T
lim E [\If / Dezgidws] = lImE [ / ¢3Dezgids] =E [ / ¢SD(,ZSds}
1—00 0 1—00 0 0

T
- E[\If / Dezsdws],
0

which shows that [© Dy Z%dW, converges weakly to r Dy Z,dWy in L2(Q2 x [0,T)).
0 s 0

Next observe that for any bounded Fp-measurable random variable B we have
T . .
BB [ (g, (27)Du2 ~ § (Z)Ds 20
0
T ’ ‘ T '
= E[B/ (9n, (Z") = §'(Z1)) Do 2" dt] + E[B/ 9'(Z:)(DeZ}" — DoZy)dt]  (45)
0 0

The first summand on the RHS of Equation (45) is bounded by

sssup [5)) sup (& [ ' De<Z;”>2dt); (2] () - g’<zt>>2dﬂ); ,

which converges to 0 as i — oo. The second summand on the RHS of Equation converges
also to 0 since Bg'(Z;) € L?(2 x [0,T]) and DyZ]"* converges weakly to DyZ;. Since B was
arbitrary we have shown that f(;f G (Z")DyZ" dt converges to fOT §'(Zy)DgZydt in the weak
topology of LY(Q x [0, T]).

Finally we come to the various derivative terms of . The boundedness of the partial derivatives
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of I as well as Condition (F2) and Inequality (43) imply

T T
supE/ / [Dy(I(s, Y, ZM))]?ds df
n 0 0

IN

T T
CosupE [ [ 0,1 Z2) DY 4+ 00V 22D+ (Dal) (s Y, 23
n 0 0

IN

T T
CQ{SupE/ / IDeY™|? + | Dy 272 + | Ko (s)[2ds 6
n 0 0

+supE
n

T T
| s [Kats)ae [ (v jzz)Pas)| | < oc.
0 0

s€[0,T7]

Thus, by Lemma 8.1} for almost all s € [0,77, I(s, Ys, Zs) belongs to D2, and Dy(I(s, Y, Z7))
converges to Dy(l(s,Ys, Zs)) weakly in L?(Q x [0,7]). Since the partial derivatives of I are
continuous we have Dy(I(s,Ys, Zs)) = 0yl(Ys, Zs)DgYs + 0.1(Ys, Zs) Do Zs + (Dgl)(s,Ys, Zs). O

We next assume more structural properties for the terminal variable. More precisely, we will
turn to the framework of forward-backward systems. Given a d—dimensional Brownian motion
W and an z € R", we denote by X; = (X}, -+, X}') the forward part given by

¢ t
X = a:—i—/ b(s,Xs)ds—i—/ [o(s, Xs)]*dWs. (46)
0 0
The coeflicients are supposed to satisfy

(P1) b,0; : [0,T] x R® — R™, are uniformly Lipschitz; b(-,0) and o;(-,0) are bounded for
1<i<d;o(t,X;)is ad x n matrix and [o(t, X;)|* represents its transpose.

For the backward part we consider

T T
Y, = g(X7) / ZodW, + / (s, Xs, Yo, Z0) + | Zo)ds,  te€[0,T] (47)
t t
where the driver and the terminal conditions are supposed to satisfy the following assumptions

(P2) 1:]0,7] xR" xR xR? — R is globally Lipschitz and continuously differentiable in (z,y, 2);
[(-,0,0,0) and 0,l(t,z,y, z) are bounded by a constant M.

(P3) g:R"™ — R is a bounded differentiable function with bounded first partial derivatives.

Before stating the main theorem we recall that the processes X,Y and Z all depend on the
variable x. For ease of notation we omit the corresponding superscripts. In this setting our
main result is the following.

Theorem 8.5. Suppose that the coefficients of the SDE (46) and the driver and terminal con-
dition of the BSDE (47) satisfy conditions (P1), (P2) and (P3). Then the solution processes
(X,Y, Z) possess the following properties.
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e Forany0<t<T,z€eR, (Y, 7)ecD"?x (]D)l’Q)d, and a version of {(DéYt,DéZt); 0<
0,t < T} satisfies for 1 <i<d

Dy, = 0, D} Z; =0, t€10,0),

T
DiY, = 8ug(X7)DiXrp + / [axZ(s,YS,ZS)Dz,XS+ayz(YS,ZS)DgYS
t
T
+aZZ(Y5,ZS)DgZS+2aZngZS}ds—/ (DY Zs, dWS), te[0,T]. (48)
t

Moreover, {D:Y;0 <t < T} defined by the above equation is a version of {Z;;0 <t <T}.
o The following set of equations holds for any 0 <0 <t < T and x € R", P-almost surely,

DoX; = 0,X:(0,X9) 1o(6, Xp)
Doy = 0,Yi(0:Xp) 1o(, Xp)
Zy = 0.Y1(0:.X)  o(s, Xy);

and DpZy = 0,7Z4(0:Xg) L0 (6, Xg) for almost all (w,t).

Proof. Theorem 2.2.1 of [12] assures existence, uniqueness and Malliavin differentiability of
solutions of SDE (46) under Hypothesis (P1). Moreover the solution processes satisfy X; €
(DY) for any t € [0,7] and 1 <4 < d and the following equation holds:

DyX; = 0, t€0,0),

t . t .
DiX, = 0(9,X9)+/ axb(s,Xs)D},Xsds—i—/ 0,0(s, Xs) D X, dW,,  t€1[0,T),
6 0

(see f.ex. Theorem 2.2.1 of [12]).

Let us next check the validity of hypotheses (E1)-(E3) for the driver of our BSDE, for sim-
plicity in the one dimensional case. From Condition (P3) it follows that the function g and
its derivative are bounded. In combination with the fact that X; € D" this implies that
g(Xr) € D ie. in the setting of Theorem [8.4] Condition (E3) is verified. From Condition
(P2), we have |I(t, X;,0,0)| < M(1 4+ |X;|) for t € [0,T]. The fact that X; € D then entails
E[(fOT \l(t,Xt,0,0)|2ds)p] < oo for all p > 1. Hence (E1) is satisfied. Condition (P2) includes

the statement that 0,0(-,x,-,-) is bounded. Therefore we have
’Del(tv Xt) Y, Z)| = |azl(t7 Xt7 Y, Z)DGXt| < M|D6'Xt|

P
with some constant M. Using the fact that X; € D1* we obtain E[( fOT fOT |M DgXﬁd@dL‘) | <
oo for p > 1, which means Condition (E2) also holds.

With conditions (E1), (E2) and (E3) verified we can apply Theorem 8.4, which implies the
Malliavin differentiability of (Y, Zs) and proves the first block of results.

For the second part of the theorem, the representation formula of DX is standard (see f.ex.
Chapter 2.3 in [12]). The representation of Z by the trace of DY being granted, we only
have to prove the representation formulas for DY and DZ. For this purpose, we apply Ito’s
formula to 0,Y;(0,Xg) 1o (6, Xp), then use (4) to represent the 9,Y; term. We further use the
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representation of DX to account for the terminal condition. This way we obtain (48) with
DgY; = 0,Y:(0.X9) '0(0,Xy) and DpZ; = 0,Z:(0:Xg) '0(0,Xp). The representation follows
from uniqueness of solutions for the BSDE. O

Example:

We finally study a specific setting of Theorem [8.5. We assume that £ and D¢ are bounded by
M. Assume further that the driver does not depend on y. Then, choosing 6 = t, representation
(48) can be simplified to

T T
Z, = D+ / [8ZZ(ZS)DtZS+2aZsDtZs]ds— / Dy Z,dW,.
t t

Since [ ZdW € BMO and if we further assume [ 9,1(Z)dW € BMO we may change the measure
toQ=¢& ( Jo.U(Z) + 2aZdWT> - P. Hence we obtain, by applying conditional expectations

Z; = EQ[DyE|F) < MER[1]F] < M.

This means Z € L. This way we recover the Malliavin differentiability results of [7] from our
main result.
Remarks:

1. The methods of proof of this Section, building upon a truncated sequence of Lipschitz BSDEs,
could also be used in the treatment of the differentiability problem in Section[6l This sequence
would allow the use of the results in [6], which, combined with the a priori estimates of sections
3land [4 would imply differentiability.

2. Our main results allow less restrictive hypotheses. For example in Section 3, we assume for
our a priori estimations that ¢ € LP for all p > 1. An analysis of the proof clearly reveals that
to obtain estimates in R? or L we only need that ¢ € LP for all p € (2, 2pq?]. We chose to write
¢ € LP for all p > 1 not to produce an overload of technicalities in a technically already rather
complex text.

Acknowledgement: We thank the anonymous referee for a very careful reading and for many
helpful remarks.
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