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related deterministic problems
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Abstract. We focus on a class of BSDEs driven by a cadlag martingale
and corresponding Markov type BSDE which arise when the randomness of
the driver appears through a Markov process. To those BSDEs we associate a
deterministic problem which, when the Markov process is a Brownian diffusion,
is nothing else but a parabolic type PDE. The solution of the deterministic
problem is intended as decoupled mild solution, and it is formulated with the
help of a time-inhomogeneous semigroup.

MSC 2010 Classification. 60H30; 60H10; 35505; 60J35; 60J60; 60J75.

KEY WORDS AND PHRASES. Decoupled mild solutions; Martingale
problem; cadlag martingale; pseudo-PDE; Markov processes; backward stochas-
tic differential equation.

1 Introduction

Markovian backward stochastic differential equations (BSDEs) are BSDEs in
the sense of [28] involving a forward dynamics described by a Markov (often
a diffusion) process X. Those are naturally linked to a parabolic PDE, which
constitute a particular deterministic problem. In particular, under reasonable
conditions, which among others ensure well-posedness, the solutions of BSDEs
produce viscosity type solutions for the mentioned PDE. In this paper we focus
on Pseudo-PDFEs which are the corresponding deterministic problems associated
to the case of a Markovian BSDE when this is driven by a cadlag martingale
and when the underlying forward process is a general Markov process. In that
case the concept of viscosity solution (based on comparison theorems) is not
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completely appropriated. For this we propose a new type of solution called
decoupled mild which extends the usual notion of mild solution which is very
familiar to the experts of PDEs. We establish an existence and uniqueness
theorem in the class of Borel functions having a certain growth condition.

In the Brownian framework, BSDEs were introduced first by E. Pardoux
and S. Peng in [28]. An interesting particular case appears when the random
dependence of the driver generally denoted by f comes through a diffusion
process X and the terminal condition only depends on X7. The solution, when
it exists, is usually indexed by the starting time s and starting point x of the
forward diffusion X = X*®7 and it is expressed by

X" = a+ [Tuln Xe®)dr + [Lo(r, X27)dB,, te€[0,T)
YO = g(Xp) + [ Xpe Ve, 230 dr — [ Z3edB,, e [0,T),
(1.1)
where B is a Brownian motion. In [30] and in [29] previous Markovian BSDE
was linked to the semilinear PDE
{ o % > (O—O—T)iqjagﬂju + > 0z u+ f((,),u,0Vu) =0 on [0, T[XRd
i,j<d i<d

u(T, ) =g.

(1.2)
In particular, if (1.2) has a classical smooth solution w then (Y*%, Z5%) =
(u(-, X5*),0Vu(-, X*")) solves the second line of (1.1). Conversely, only un-
der the Lipschitz type conditions on p,o, f, g, the solution of the BSDE can
be expressed as a function (u,v) of the forward process, i.e. (Y% Z5%) =
(u(-, X7%),v(-, X>)), see [19]. When f and g are continuous, u is a viscosity
solution of (1.2). In chapter 13 of [5], under some specific conditions on the
coefficients of a Brownian BSDE, one produces a solution in the sense of dis-
tributions of the parabolic PDE. Later, a first notion of mild solution of the
PDE was used in [2]. In [23] v was associated with a generalized form of oVu.
Excepted in the case when previous u has some minimal differentiability prop-
erties, it is difficult to say something more on v. To express v in the general
case, for instance when u is only a viscosity solution of the PDE, is not an easy
task. Some authors call this the identification problem.

In [4] the authors introduced a new kind of Markovian BSDE including a
term with jumps generated by a Poisson measure, where an underlying forward
process X solves a jump diffusion equation with Lipschitz type conditions. They
associated with it an Integro-Partial Differential Equation (in short IPDE) in
which some non-local operators are added to the classical partial differential
maps, and proved that, under some continuity and monotonicity conditions on
the coefficients, the BSDE provides a viscosity solution of the IPDE. Concerning
the study of BSDEs driven by more general martingales than Brownian motion,
we have already mentioned BSDEs driven by Poisson measures. In this re-
spect, more recently, BSDEs driven by marked point processes were introduced
in [13], see also [3]; in that case the underlying process does not contain any
diffusion term. Brownian BSDEs involving a supplementary orthogonal term
were studied in [19]. A notion of BSDE driven by a martingale also involving



a supplementary orthogonal martingale has appeared, see for instance [10], [12]
and references therein.

In this paper, we consider a BSDE whose given data are a continuous in-
creasing process V, a square integrable martingale M , a terminal condition &
and a driver f . A solution will be a couple (Y, M) verifying

B Tl d<M,M>T - B
Y—§+/ f(r,,Yr,idV ())d% (Mg — M), (1.3)

where Y is cadlag adapted and M is a square integrable martingale. We show
existence and uniqueness of a solution for (1.3).

We will then be interested in a canonical Markov class (Ps’m)(sﬁz)e[oyT]XE
with time interval [0, T'] and state space E being a Polish space. This will be sup-
posed to be a solution of a martingale problem related to an operator (D(a), a)
and a non-decreasing function V', meaning that for any ¢ € D(a), and (s,z) €
0,T] x E, M[¢]>* := 151 (qb(-,X.) —¢(s,x) — fs a(o)(r, XT)dVT) is a P%7%-
square integrable martingale. We will fix some function ¢ := (¢1, - ,1q) €
D(a)? and at Notation 5.7 we will introduce some special BSDEs driven by a
martingale which we will call Markovian type BSDEs.

Those will be indexed by some (s, z) € [0,T] X E, defined in some stochastic
basis (€, F>%, (F{*)iepo, 7], P**) and will have the form

d(M>", M[y]*7)
v

T
Yo = g(Xr) +/ f (r, X, Y (r)) dV, — (M7" — M>*"),

(1.4)
where X is the canonical process, g is a Borel function with some growth con-
dition and f is a Borel function with some growth condition with respect to the
second variable, and Lipschitz conditions with respect to the third and fourth
variables. Those Markovian BSDEs will be linked to the Pseudo-PDE

a(w)+ f (- u,I%(w) = 0 on[0,T]xE
{ ) = 0 5)

where TV (u) = (a(uvy;) — ua(ih;) — Yia(u));eq1,qp, see Definition 5.3. We in-
troduce the notion of classical solution has to be an element of D(a) fulfilling
(1.5). We call 'V the 1)-generalized gradient, due to the fact that when E = RY,
a =0 +3A and 1; : (t,x) —> x; for all i € [1,d] then I'Y(u) = Vu. In
this particular setup, the forward Markov process is of course the Brownian
motion. In that case the space D(a) where classical solutions are defined is
CH2([0,T) x RY).

We show the existence of a Borel function u in some extended domain D(a)
such that for every (s,z) € [0,T] x E, Y% is, on [s,T], a P**-modification of
u(+, X.). At Definition 5.9 we will introduce the notion of martingale solution for
the Pseudo-PDE (1.5). We then show that previous w is the unique martingale
solution of (1.5), which means that it solves (1.5) where the maps a and I'¥ are
respectively replaced with some extended operators a and &¥. We also show



that previous u is the unique decoupled mild solution of the same equation. We
explain below that notion of solution which is introduced at Definition 5.14.
A Borel function u will be called decoupled mild solution if there exists an

R-valued Borel function v := (v, -- ,v4) such that for every (s,x),
u(s,x) = PsT[ +fTPM f (e uv)( )] (@)dV,
W/’l(S,x) = P T[91/)1 f P, Ul + Ua(lbl) — U1 f ('7 LU, U)) (7"7 )] (:c)d%
upg(s,x) = Psrlgva(T f P, [(va +va(pq) — af (-, - u,v)) (r,-)] (x)dV,,

(1.6)
where P is the time-dependent transition kernel associated to the Markov class
and to the operator a, see Notation 5.12. v coincides with &% (u) and the couple
(u,v) will be called solution to the identification problem, see Definition 5.14.
The intuition behind this notion of solution relies to the fact that the equation
a(u) = —f(-,-,u,T%(u)) can be decoupled into the system

alv) = —f(,,uv
{ 7(%') = F””((U), i)e [1;d], (L.7)

which may be rewritten

a’(u) = *f('a'auvv)
{ alu;) = v +ua(y) — i f(-,-u,v), i€ [l;d]. (1.8)

Martingale solutions were introduced in [6] and decoupled mild solutions in [7],
in relation to a specific type of Pseudo-PDE, for which v was one-dimensional
and which did not include the usual parabolic PDE related to classical BSDEs.
A first approach to classical solutions to a general deterministic problem, associ-
ated with forward BSDEs with applications to the so called Féllmer-Schweizer
decomposition was performed by [27].

The paper is organized as follows. In Section 3 we introduce an alternative
formulation (1.3) for BSDEs driven by cadlag martingales discussed in [12]: we
formulate in Theorem 3.3 existence and uniqueness for such equations. In Sec-
tion 4, we introduce a canonical Markov class and the martingale problem which
it is assumed to solve. We also define the extended domain D(a) in Definition
4.11 and the extended operator a (resp. &%) in Definition 4.13 (resp. Notation
4.16). In Section 5, we introduce the Pseudo-PDE (1.5) (see Definition 5.3),
the associated Markovian BSDEs (1.4), see Notation 5.7. We introduce the no-
tion of martingale solution of the Pseudo-PDE in (5.9) and of decoupled mild
solution in Definition 5.14. Propositions 5.16 and 5.17 show the equivalence
between martingale solutions and decoupled mild solutions. Proposition 5.18
states that any classical solution is a decoupled mild solution and conversely
that any decoupled mild solution belonging to D(I'¥) is a classical solution up
to what we call a zero potential set. Let (Y% M) denote the unique solution
of the associated BSDE (1.4), denoted by BSDE®**(f,g). In Theorem 5.19 we
show the existence of some v € D(a) such that for every (s,z) € [0,7] x E,



Y*®® is a P®”*-modification of u(-, X.) on [s,T]. Theorem 5.21 states that the
function (s, x) — Y >® is the unique decoupled mild solution of (1.5). Propo-
sition 5.24 states that if the functions (u, v) verify (1.6), then for any (s, z), the

processes (u(t,Xt), u(t, Xt) — u(s, ) +fst f, - u,v)(r, XT)dVT) o) has a
tels,

P#®-version which solves BSDE®**(f,g) on [s,T]. Finally in Section 6 we study
some examples of applications. In section 6.1 we deal with parabolic semi-linear
PDEs and in Section 6.2 with parabolic semi-linear PDEs with distributional
drift.

2 Preliminaries

In the whole paper we will use the following notions, notations and vocabulary.
For any integers k < n, [k; n] will denote the set of integers ¢ verifying k < i < n.
A topological space E will always be considered as a measurable space with its
Borel o-field which shall be denoted B(E). If (F,dr) is a metric space, C(E, F)
(respectively Cy(E, F), B(E, F), By(E, F')) will denote the set of functions from
E to F which are continuous (respectively bounded continuous, Borel, bounded
Borel). T will stand for a real interval, of type [0, 7] with "€ R* or Ry.

On a fixed probability space (2, F,P), for any p > 0, L? will denote the set of
random variables with finite p-th moment. A probability space equipped with
a right-continuous filtration (Q, F, (F;):cT, P) will be called called a stochas-
tic basis and will be said to fulfill the usual conditions if the probability
space is complete and if Fy contains all the P-negligible sets. We introduce now
some notations and vocabulary about spaces of stochastic processes, on a fixed
stochastic basis (Q,F, (Ft):cT,P). Most of them are taken or adapted from
[25] or [26]. We will denote V (resp V1) the set of adapted, bounded variation
(resp non-decreasing) processes vanishing at 0; VP (resp V»T) the elements of
V (resp V1) which are predictable, and V¢ (resp V1) the elements of V (resp
V7T) which are continuous; M will be the space of cadlag martingales. For
any p € [1,00], HP will denote the Banach space of elements of M for which

[ M][pp = E[|su%Mt|p]% < oo and in this set we identify indistinguishable
te

elements. H} will denote the Banach subspace of HP of elements vanishing at
Zero.

If T = [0,77] for some T' € R, a stopping time will take values in [0, T|U{+o0}.
Let Y be a process and 7 a stopping time, we denote by Y7 the stopped pro-
cesst+— Yiar. If C is a set of processes, we define its localized class Cj,. as the
set of processes Y such that there exist a localizing sequence (7,)n>0 such that
for every n, the stopped process Y7 belongs to C. By localizing sequence
of stopping times we mean an increasing sequence of stopping times (7, )n>0
such that there exists N € N for which 75 = +o0.

For any M, N € Mj,., we denote [M, N| their quadratic covariation and
simply [M] if M = N and if moreover M, N € HZ ., (M, N) will denote their
(predictable) angular bracket, or simply (M) if M = N.



Pro will denote the o-field generated by progressively measurable processes de-
fined on [0,77] x .

From now on, we are given 7' € R} . Until the end of Section 3, we also
fix a stochastic basis (Q, F, (ft)te[o,T} , P) fulfilling the usual conditions.

Definition 2.1. Let A and B be in V™. We will say that dB dominates dA in
the sense of stochastic measures (written dA < dB) if for almost all w,
dA(w) < dB(w) as Borel measures on [0,T].

We will say that dB and dA are mutually singular in the sense of stochastic
measures (written dALdB) if for almost all w, the Borel measures dA(w) and
dB(w) are mutually singular.

Let B € V*. dB ® dP will denote the positive measure on
(Qx[0,T],F2B([0,T])) defined for any F € F @ B([0,T]) by
dB®dP(F)=E UOT 1p(w,r)dB, (w)] . A property which holds true everywhere
except on a null set for this measure will be said to be true dB ® dP almost
everywhere (a.e.).

The proposition below was the object of Proposition 3.2 in [6].

Proposition 2.2. For any A and B in VP, there exists a (non-negative
dB ® dP a.e.) predictable process % and a process in VPt ALB such that

dATBP 1 dB and A = AB + ALB 4.

where AP = d g—g(r)dBr. The process A+B is unique up to indistinguishability
dA

and the process 45 1s unique dB @ dP a.e.

The predictable process Z—g appearing in the statement of Proposition 2.2
will be called the Radon-Nikodym derivative of A by B.

If A belongs to V, we will denote by Var(A) (resp. Pos(A), resp Neg(A))
the total (resp. positive, resp. negative) variation of A, meaning the unique pair
of elements V* such that A = Pos(A) — Neg(A), see Proposition 1.3.3 in [26]
for their existence. If A isin VP, and B € VP". We set g—g = dPZ;(A) - dN;%(A)
and ALP ;= Pos(A)*B — Neg(A)+B.

Below we restate Proposition 3.4 in [6].

Proposition 2.3. Let Ay and Ay be in VP, and B € V", Then,
dtA) _ Ay | dde B ) dP a.c. and (A, + A)tB = A{B 4 AFB.

The following lemma was the object of Lemma 5.12 in [6].

Lemma 2.4. Let V be a non-decreasing function. If two measurable processes
are P-modifications of each other, then they are also equal dV ® dP a.e.



3 An alternative formulation of BSDEs driven by
a cadlag martingale
We are now going to introduce here an alternative formulation for Backward

Stochastic Differential Equations driven by a general cadlag martingale investi-
gated for instance by [12].

Given some V € Vo, we will indicate by £2(dV @dP) the set of (up to indistin-
guishability) progressively measurable processes ¢ such that E| fOT qbfdf/r] < 00.
£2cadlag (4 @ dP) will denote the subspace of cadlag elements of £2(dV & dP).

We will now fix a bounded process Ve Y&+ an Fp-measurable random vari-
able ¢ called the final condition, a square integrable reference martingale

M = (M1,~~~ ,Md) taking values in R¢ for some d € N*, and a driver
f:([0,T] x Q) xRxR? — R, measurable with respect to Pro@B(R)@B(R4).
We will assume that (&, f, M) verify the following hypothesis.

Hypothesis 3.1.
1. £€ L?;
2. f(-,-,0,0) € L2(dV @ dP);

3. There exist positive constants KY , K% such that, P a.s. for allt,y,y', 2, 2,

we have
|f(t7 ',y,Z) - f(tv '7ylvz/)| S KY|y - y/| + KZ”Z - Z/Ha (31)
d(M) .
4. s bounded.

We will now formulate precisely our BSDE.

Definition 3.2. We say that a couple (Y, M) € £L>¢d199(dV @ dP) x H2 is a
solution of BSDE(E, f,V, M) if it verifies

B T . d(M, M) - B
Yf§+/ f(r,,Yr,idV (r)>dw (Mp — M) (3.2)

in the sense of indistinguishability.

The proof of the theorem below is very similar to the one of Theorem 3.22
in [6]. For the convenience of the reader, it is therefore postponed to Appendix

A.

Theorem 3.3. If (§,f, V,M) verifies Hypothesis 3.1 then BSDE(f,f,V,M)

has a unique solution.



Remark 3.4. Let (§,f,V,M) satisfying Hypothesis 3.1. We can consider a
BSDE on a restricted interval [s,T] for some s € [0,T[. Previous discussion
and Theorem 3.3 extend easily to this case. In particular there exists a unique
couple of processes (Y, M*), indexed by [s,T] such that Y* is adapted, cadlag
and verifies E[fST(YTS)QdVT] < oo, such that M* is a martingale vanishing in

s and such that Y* = £ + fo(r, SYE %(T)) AV, — (M3 — M?#) in the

sense of indistinguishability on [s,T].

Moreover, if (Y, M) denotes the solution of BSDE({,f,V,M) then (Y, M. —
M) and (Y, M?) coincide on [s,T]. This follows by an uniqueness argument
resulting by Theorem 3.3 on time interval [s,T)].

4 Martingale Problem and Markov classes

In this section, we introduce the Markov process which will later explain the
random dependence of the driver f of our BSDE driven by a cadlag martingale.
For that reason that BSDE will be called Markovian.

For details about the exact mathematical necessary background for our
Markov process, one can consult Section C of the Appendix. That process
will be supposed to solve a martingale problem described below.

Let E be a Polish space. From now on, (Q,f, (Xt)te[o,T],(ft)te[o,T]) de-
notes the canonical space defined in Definition C.1. We consider a canonical
Markov class (P*%)(, 2)e[0,1]x £ associated to a transition kernel measurable in
time as defined in Definitions C.5 and C.4, and for any (s,z) € [0,T] x E,
(Q, F>* (F)iefo,r), P*) will denote the stochastic basis introduced in Defi-
nition C.7 and which fulfills the usual conditions.

Our Martingale problem will be associated to an operator, in a close formalism
to the one of D.W. Stroock and S.R.S Varadhan in [35].

Definition 4.1. Let V : [0,T] — Ry be a non-decreasing continuous function
vanishing at 0.

Let us consider a linear operator a : D(a) C B([0,T]|x E,R) — B([0,T]xE,R),
where the domain D(a) is a linear space.

We say that a family of probability measures (P*") s o1ef0,1)xE defined on
(Q, F) solves the martingale problem associated to (D(a),a,V) if, for any
(s,x) € [0,T] x E, P5* verifies the following.

(a) P5*(Vt € [0,s], X: = x) = 1;

(b) for every ¢ € D(a), ¢(-, X.) — [, a(¢)(r,X;)dV;, t € [s,T], is a cadlag
(P>, (Ft)te[s,1)) Square integrable martingale.

We say that the Martingale Problem is well-posed if for any (s,z) € [0,T] x E,
P** is the only probability measure satisfying those two properties.



We anticipate that well-posedness for the martingale problem will not be an
hypothesis in the sequel.

Notation 4.2. For every (s,x) € [0,T] x E and ¢ € D(a), the process
te pem(8) (68 X0) = 6(s,) = [ a(6)(r, X,)dV, ) will be denoted M),

M[¢]>* is a cadlag (P*, (Ft)e[0,r7) square integrable martingale equal to
0 on [0, s], and by Proposition C.8, it is also a (P**, (F{"*)sc(0,r]) square inte-
grable martingale.

Notation 4.3. Let ¢ € D(a). We set, for 0 <t <u<T

g = { K= 000 X0) = [0 XV f o) X%, <
0 otherwise.

(4.1)
M{¢] is a square integrable Martingale Additive Functional (in short MAF), see
Definition C.9, whose cadlag version under P5% for every (s,x) € [0,T] X E, is
Mg,

From now on we fix some d € N* and a vector ¢ = (¢1,...,14) € D(a)?.
For any (s, ) € [0, T]x E, the R¢-valued martingale (M [1;]*%, - - -, M[1)4]*%)
will be denoted M [y]**.

Definition 4.4. For any ¢1, 92 € D(a) such that ¢1¢2 € D(a) we set T(d1, ¢=2) :=
a(p102) — p1a(d2) — paa(pr). T will be called the carré du champs operator.

We set D(I'V) := {¢ € D(a) : Vi € [1;d], 9" € D(a)}. We define the linear

operator TV : D(TY) — B([0,T] x E,R%) by

I(¢) = (Fwi(gb))ie[[l;d]] = (a(gvs) — dalih) — 1/%'!1(‘25))1-6[[1;,1]] : (42)

'Y will be called the 1-generalized gradient operator.

We emphasize that this terminology is justified by the considerations below
(1.5). This operator appears in the expression of the angular bracket of the
local martingales that we have defined.

Proposition 4.5. If ¢ € D(I'Y), then for any (s,z) € [0,T] x E and i € [1;d]
we have

Vs
(Mg M) = [T @) XV, (1.3
in the stochastic basis (0, F5, (F;)eecpo,1), P¥%).

Proof. The result follows from a slight modification of the proof of Proposition
4.8 of [6] in which D(a) was assumed to be stable by multiplication and M|[¢]**
could potentially be a local martingale which is not a martingale. o

We will later need the following assumption.



Hypothesis 4.6. For every i € [1;d], the Additive Functional (M[y;]) (see
Proposition C.10) is absolutely continuous with respect to dV, see Definition
C.9.

Taking ¢ = 1); for some i € [1;d] in Proposition 4.5, yields the following.
Corollary 4.7. If? € D(a) for all i € [1;d], then Hypothesis 4.6 is fulfilled.

We will now consider suitable extensions of the domain D(a).

For any (s,z) € [0,T] x E we define the positive bounded potential mea-
sure U(s,z,-) on ([0,T] x E,B([0,T]) ® B(E)) by
B([0,T]) © B(E) — [0, V7]

U -): X
(8;$; ) A s ES® {IST]I{(LXt)eA}dV;&} -

Definition 4.8. A Borel set A C [0,T] x E will be said to be of zero potential
if, for any (s,z) € [0,T] x E we have U(s,z, A) = 0.

Notation 4.9. Let p > 0. We introduce

L8, = L (U(s,w,)) = {J € B0, T) x B,R) : B [T [fIP(r, X,)aV;] < oo}
For p > 1, that classical LP-space is equipped with the seminorm

1
I llpsa:fr (ES’I UST |f(r, XT)|pdVTD " We also introduce

L0, = LOU(s,,-)) = {f € B(0,T) x E,R): [T |f|(r, X,)dV; < 00 P57 as.
For any p > 0 we set

= () £, (4.4)

(s,2)€[0,TxE

Let N be the linear sub-space of B([0,T] x E,R) containing all functions which
are equal to 0, U(s,x,-) a.e. for every (s,x).
For any p > 0, we define the quotient space L5 = L% /N .
Ifp>1, L% can be equipped with the topology generated by the family of semi-
norms (|| - | p.5.2) (s,0)e(0,7)x . Which makes it a separate locally conver topological

vector space, see Theorem 5.76 in [1].
We recall that Proposition 4.14 in [6] states the following.

Proposition 4.10. Let f and g be in LS. Then f and g are equal up to a
set of zero potential if and only if for any (s,z) € [0,T] x E, the processes
[, f(r,X3)dV, and [ g(r, X,.)dV, are indistinguishable under P**. Of course

in this case f and g correspond to the same element of L% .

We introduce now our notion of extended generator starting from its
domain.

Definition 4.11. We first define the extended domain D(a) as the set of
functions ¢ € B([0,T] x E,R) for which there exists
X € LY such that under any P** the process

L <¢<-,X.> o5 - [ X»dvr) (45)

S

10



(which is not necessarily cadlag) has a cadlag modification in HE.
A direct consequence of Proposition 4.16 in [6] is the following.

Proposition 4.12. Let ¢ € B([0,T] x E,R). There is at most one (up to zero
potential sets) x € L% such that under any P*%, the process defined in (4.5)
has a modification which belongs to H?.

If moreover ¢ € D(a), then a(p) = x up to zero potential sets. In this case,
according to Notation 4.2, for every (s,x) € [0,T] x E, M[$]>® is the P*
cadlag modification in HE of L 1y (gb(,X) — ¢(s,x) — fs x(r, XT)dVT).

Definition 4.13. Let ¢ € D(a) as in Definition 4.11. We denote again by
M([@)>®, the unique cadlag version of the process (4.5) in H3. Taking Propo-
sition 4.10 into account, this will not generate any ambiguity with respect to
Notation 4.2. Proposition 4.10, also permits to define without ambiguity the
operator
D(a) — L%
¢ — X

a will be called the extended generator.

Remark 4.14. a extends a in the sense that D(a) C D(a) (comparing Defini-
tions 4.11 and 4.1) and if ¢ € D(a) then a(p) is an element of the class a(p),
see Proposition 4.12.

We also introduce an extended 1-generalized gradient.

Proposition 4.15. Assume the validity of Hypothesis 4.6. Let ¢ € D(a) and
i € [1;d]. There exists a (unique up to zero-potential sets) function in B([0,T] X
E, R) which we will denote &¥(¢) such that under any P>, (M[p]*%, M[1;]5%) =
f;vs &Yi(¢)(r, X, )dV; up to indistinguishability.

Proof. We fix i € [1;d]. Let MI;] be the square integrable MAF (see Defi-
nition C.9) presented in Notation 4.3. We introduce the random field M[¢] =
(M[9]%,)(0<t<u<r) as follows. We fix some x in the class a(¢) and set

Mg, = { o(u, Xu) — o(t, X¢) — [ x(r, Xp)dV; if [ [x|(r, X;)dV; < 00,t < u,
0 elsewhere,

(4.6)
We emphasize that, a priori, the function y is only in £% implying that at fixed
t <u, [["|x|(r, X;(w))dV; is not finite for every w € €2, but only on a set which
is P5%-negligible for all (s,z) € [0,¢] x E.
According to Definition C.9 M[¢] is an AF whose cadlag version under P*7 is
M(p]**. Of course M[1;]** is the cadlag version of M[i);] under P5%.
By Definition 4.13, since ¢ € D(a), M[¢]** is a square integrable martingale for
every (s, x), so M[¢] is a square integrable MAF. Then by Corollary 4.7, the AF
(M[1;]) is absolutely continuous with respect to dV. The existence of &¥i(¢)
now follows from Proposition C.11 and the uniqueness follows by Proposition
4.10. O

11



Notation 4.16. If 4.6 holds, we can introduce the linear operator

D(a) — (L)
¢ — (@d’l (¢)a 7Qj¢d(¢))7

which will be called the extended )-generalized gradient.

B (4.7)

Corollary 4.17. Let ¢ € D(I'Y). Then IT'¥(¢) = &¥(¢) up to zero potential
sets.

Proof. Comparing Propositions 4.5 and 4.15, for every (s,z) € [0,T]x F and i €
[1;d], [ T%(8)(r, X,)dV, and [."° &% ($)(r, X, )dV; ave P**-indistinguishable.
We can conclude by Proposition 4.10. O

&Y therefore extends I'¥ as well as a extends a, see Remark 4.14.

5 Pseudo-PDEs and associated Markovian type
BSDEs driven by a cadlag martingale

5.1 The concepts

In this section, we still consider 7" € R, a Polish space E' and the associ-
ated canonical space (Q, F, (Xt)tefo,175 (ft)te[o,T])7 see Definition C.1. We also
consider a canonical Markov class (P*%), 2)e[0,77x £ associated to a transition
kernel measurable in time (see Definitions C.5 and C.4) which solves a martin-
gale problem associated to a triplet (D(a), a, V'), see Definition 4.1.

We will investigate here a specific type of BSDE driven by a cadlag martin-
gale, denoted by BSDE(¢, f , V, M ) which we will call of Markovian type,
or Markovian BSDE, in the following sense. The process V will be the (de-
terministic) function V introduced in Definition 4.1, the final condition & will
only depend on the final value of the canonical process Xr and the random-
ness of the driver f at time ¢ will only appear via the value at time ¢ of the
forward process X. Given a function f : [0,7] x E x R x R? — R, we will set
f(t,w,y,z) = f(t, X¢(w),y, 2) for t € [0,T],w € Q,y € R,z € R4,

Given d functions 91, - - - , %4 in D(a), we will set M = (M[1])%%, -+, M[pa]®®).

That BSDE will be connected with the deterministic problem in Definition 5.3.

We fix an integer d € N* and some functions 1, - ,1%4 € D(a) which in
the sequel, will verify the following hypothesis.

Hypothesis 5.1. For any i € [1;d] we have the following
e Hypothesis 4.6 holds;
L4 a(’l/)z) S E%{;
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o ®YVi(y);) is bounded.
In particular, for every i € [1;d], previous hypothesis implies the following.
Proposition 5.2.

e For any (s,x) € [0,T] x E, M = M[]5* verifies item 4. of Hypothesis
3.1 with respect to' V :=V.

o for every (s,z) € [0,T] x E, sup |¢;(t, X;)|? belongs to L' under P*%;
te(s, T

° wieﬁi.

Proof. The first item follows form the fact that for any (s,x) € [0,7] x E,
(M) = [ &¥i(;)(r, X,)dV, (see Proposition 4.15), and the fact that
®¥i(1);) is bounded. Concerning the second item, for any (s,z) € [0, 7] x E, the
martingale problem gives ¥ (-, X) = ¢i(s,x) + [, a(v;)(r, X;-)dV, + M[1);]*", see
Definition 4.1. By Jensen’s inequality, we have sup |v;(t, X;)|? < C(¢2(s,z)+

te[s,T)
fST a®(;)(r, X, )dV,.+ sup (M [1h;];")?) for some C' > 0. It is therefore L' since
te(s,T)
a(i) € L% and M[y;]>* € H?. The last item is a direct consequence of the
second one. O

Definition 5.3. Let us consider some g € B(E,R) and

f€B(0,T] x E xR x R,R9).

We will call Pseudo-Partial Differential Equation related to (f,g) (in short
Pseudo — PDE(f,g)) the following equation with final condition:

{ a(w)+ f(Hu,I%w) = 0 on[0,T]xE (5.1)

uw(T,) = g.

We will say that u is a classical solution of Pseudo— PDE(f,g) if u,ut;,i €
[1;d] belong to D(a) and if u verifies (5.1).

The connection between a Markovian BSDE and a Pseudo — PDE(f,g),
will be possible under a hypothesis on some generalized moments on X, and
some growth conditions on the functions (f,g). Those will be related to two
fixed functions ¢,n € B(E,R4).

Hypothesis 5.4. The Markov class will be said to verify H™™((,n) if
1. for any (s,z) € [0,T] x E, E>®[¢*(X7)] is finite;
2. for any (s,x) € [0,T] x E, ES® UOT UQ(XT)dVT} is finite.

Until the end of this section, we assume that some (,n are given and that
the Markov class verifies H™°™(¢,n).
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Hypothesis 5.5. A couple of functions f € B([0,T] x E x R x R4, R) and
g € B(E,R) will be said to verify H'P((,n) if there exist positive constants
KY K%, C,C" such that

1. Vz: |g(x)] < C(+((2)),
2. Y(t,x):  |f(t,2,0,0)] < C'(1+n(x)),
3.Vt 2y, 2,2 | fta,y, 2)—fta,y, 2| < KY|ly—y'|[+KZ||z—2|.

(f,g) will be said to verify HI " (¢ n) if the following lighter Hypothesis
hold. There exist positive constants C,C’ such that

1. Vo |g(z)| < C(1+((x));
2. Ytz y,2) 0 |f(t 2y, 2)] < C'(1+n() + [yl + [|=])-

Remark 5.6. We fiz for now a couple (f,g) verifying H'P(¢,n). For any
(s,x) € [0,T]x E, in the stochastic basis (Q, F*, (F;" )iejo,r), P*) and setting

V=1V, the t?”ipl@tf = g(XT); f : (tvwvyaz) — f(t,Xt(W),y,Z), M =
M[]** verifies Hypothesis 3.1.

With the equation Pseudo— PDE(f,g), we will associate the following fam-
ily of BSDEs indexed by (s,z) € [0,T] x E, driven by a cadlag martingale.

Notation 5.7. For any (s,z) € [0,T] x E, we consider in the stochastic basis
(0, F> (FD " )epo,r), P7) and on the interval [0,T] the BSDE(E, f,V, M)
where § = g(Xr), f: (t,w,y,2) — ft, Xo(w),y,2), M = M[]>").

This BSDE will from now on be denoted BSDE®*(f,g) and its unique solution
(see Theorem 3.3 and Remark 5.6) will be denoted (Y%, M%),

If H"P(¢,n) is fulfilled by (f,g), then (Y*¥ M*®?) is therefore the unique
couple in £2(dV @ dP**) x H2 verifying

A", My]*7)
v

T
Y5 = g(Xr) —|—/ f (r, X, Y7 (r)) dV, — (M7* — M>7).

(5.2)

Remark 5.8. FEven if the underlying process X admits no generalized moments,
given a couple (f,g) such that f(-,-,0,0) and g are bounded, the considerations
of this section still apply. In particular the connections that we will establish
between the BSDE**(f,g) and the corresponding Pseudo— PDE(f, g) still take
place.

The goal of our work is to emphasize the precise link under general enough
conditions between the solutions of equations BSDE**(f, g) and of Pseudo —
PDE(f,g). In particular we will emphasize that a solution of BSDE®**(f,g)
produces a solution of Pseudo — PDE(f, g) and reciprocally.

We now introduce a probabilistic notion of solution for Pseudo— PDE(f, g).
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Definition 5.9. A Borel function u : [0,T] x E — R will be said to be a
martingale solution of Pseudo — PDE(f,g) if u € D(a) and

a(u) = _f(" 5 Uy Qﬁw(u))
5.3

{ U(T’ ) = g ( )
Remark 5.10. The first equation of (5.3) holds in L%, hence up to a zero
potential set. The second one is a pointwise equality.

Proposition 5.11. Let (f,g) verify HI"°“*"(¢,n). Let u be a martingale so-
lution of Pseudo — PDE(f,g). Then for any (s,z) € [0,T] X E, the couple of
processes

¢

(ute. 0. wle X0 = uls0) + [ JCnwe X)) )

s te[s,T)

has a P**-version which is a solution on [s,T)] of BSDE*"(f,g), see Remark
3.4,

Moreover, u € L%.
Proof. Let u € D(a) be a solution of (5.3) and let (s,z) € [0,T] x E be fixed.
By Definition 4.11 and Remark 3.4, the process u(-, X.) under P** admits
a cadlag modification U** on [s,T], which is a special semi-martingale with
decomposition

Us* = u(s,x)+ fé a(u)(r, X,.)dV, + M[u]**
u(s,z) — [, f (r, X, u(r, X,.), &% (u)(r, XT)) AV, + M[u]®*
= u(s,x)— [ f (7"7 X, U, d(M[u]Sv;‘}M[w]s,w)) AV, + M[u]*=,
(5.5)
where the third equality of (5.5) comes from Lemma 2.4 and Proposition 4.15.
Moreover since u(T,-) = g, then Up" = w(T, X7) = g(Xr) a.s. so the couple
(U=, M[u]®") verifies the following equation on [s, T| (with respect to P*%):

8

d(M [u]**, M{y]**)
av

0 = g+ 'y (roxe v (1)) Vi (AT M1]>).

(5.6)
M[u]*?® (introduced at Definition 4.13) belongs to HZ but we do not have a priori
information on the square integrability of U**. However we know that M [u]*?
is equal to zero at time s, and that US® is deterministic so square integrable.
We can therefore apply Lemma A.12 which implies that (U**, M[u]®*) solves
BSDE®**(f,g) on [s,T]. In particular, U** belongs to £L2(dV @ dP*%) for every
(s,), so by Lemma 2.4 and Definition 4.9, u € £%. O

5.2 Decoupled mild solutions of Pseudo-PDEs

In this section we introduce an analytical notion of solution of our Pseudo —
PDE(f,g) that we will denominate decoupled mild since it inspired by the mild
solution of partial differential equation. We will show that it is equivalent to
the notion of martingale solution introduced in Definition 5.9.
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Notation 5.12. Let P denote the transition kernel of the canonical class (see
Definition C.3). Let s,t in [0,T] with s <t, x € E and ¢ € B(E,R), if ¢ is
integrable with respect to Ps ((x,-), then Py [¢](x) will denote its integral.

We recall two important measurability properties.
Remark 5.13.

o Let ¢ € B(E,R) be such that for any (s,z,t), ES?[|¢(Xy)|] < oo, then
(s,x,t) — Ps4[¢p](x) is Borel, see Proposition A.12 in [7].

o Let ¢ € LY, then (s,z) — fST P »[¢](x)dV, is Borel, see Lemma A.11
in [7].
Our notion of decoupled mild solution relies on the fact that the equation
a(u) + f (-, u, TV (u)) = 0 can be naturally decoupled into

a(u) = —f(,-u,v)
{ v; = I%i(u), ic[l;d]. (5.7)

Then, by definition of the carré du champ operator (see Definition 4.4), we
formally have i € [1;d], a(ut;) = T'Yi(u) + ua(;) + ¥ia(u). So the system of
equations (5.7) can be rewritten as

a’(u) = *f('a'auvv)
{ a(uy;) = v +uay;) — i f(-, - u,v), i€ [l;d]. (5.8)

Inspired by the usual notions of mild solution, this naturally leads us to the
following definition of a mild solution.

Definition 5.14. Let (f,g) be a couple verifying HI™"*"((,n). Let
u € B([0,T] x E,R) and v € B([0,T] x E,R%).

1. The couple (u,v) will be called solution of the identification problem
determined by (f,g) or simply solution of IP(f,g) if u,v1, - ,vq
belong to L% and if for every (s,z) € [0,T] x E,

u(s,z) = Pyrlgl( +fTPM IACE uv)( )] (z)dV,
uy(s,x) = sT[gwl — [T Py (o1 +ua(yn) — i f (-,
de(sax) = ST[gwd f Psr Ud+ua(wd)_wdf ('a'a

(5.9)

2. The function u will be called decoupled mild solution of Pseudo —
PDE(f,g) if there exist a function v such that the couple (u,v) is a
solution of IP(f,g).

Lemma 5.15. Letu,v1,--- ,vq € L%, let (f, g) be a couple satisfying HI™V (¢, n)

and let 1, -+ ,1q verify Hypothesis 5.1. Then f(-,-,u,v) belongs to L% and
for every i € [1;d], ¥if (-, u,v), and ua(1y;), belong to LY. For any (s,z) €
[0,T] x E, i € [1;d], g(X7)¢:(T, X7) belongs to L' under P$*. In particular,
all terms in (5.9) make sense.
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Proof. Thanks to the growth condition on f in HI™°%*"({,n), there exists a
constant C' > 0 such that for any (s,z) € [0,7] x E,

Es® |:J"tT fQ(r’ Xr, 'U/(T, Xr); ’U(T’ XT))dVr:|

5.10)
< CE»* [ff(f?(r, X,,0,0) + u?(r, X,.) + ||v||2(r, XT))dvT} o

Previous quantity is finite since we have assumed that w,vq,--- ,vg belong to
L%, taking into account Hypothesis 5.4 and H97owth(¢ n). This means that
f2(+,-,u,v) belongs to L. All the other assertions are easily obtained taking
into account Hypothesis 5.1, H97°"*"({,n) and the classical inequality 2|ab| <
a’® + b O

Proposition 5.16. Let (f,g) verify HI°""((,n). Let u be a martingale solu-
tion of Pseudo — PDE(f,g), then (u,®¥(u)) is a solution of IP(f,g) and in
particular, u is a decoupled mild solution of Pseudo — PDE(f,g).

Proof. Let u be a martingale solution of Pseudo — PDE(f, g). By Proposition
5.11, u € L% . Taking into account Definition 4.13, for every (s, x), M[u]*® € HE
under P**. So by Lemma A.2, for any i € [1;d], d(M[“]S’Z"yW]Sﬂ belongs
to L2(dV @ dP%®). Taking Proposition 4.15 into account, this means that
®Vi(u) € L% for every i. By Lemma 5.15, it follows that f (-,-, u, &% (u))
belongs to £3% and so for any i € [1;d], ¥;f (~, -y Uy ij(u)) and wua(1;), belong
to L.

We fix some (s,z) € [0,7] x E and the correspondent probability P**, and we
are going to show that

u(s,z) = Psrlgl(z)+ [ ST s [fT( u, &Y (u)) (r,-)] (x)dV,
u’l/)l(S,SC) = ST[gq/)l T,- ](:C fs 5,7 [( 1/)1)+Ua(1/11) 1 f ('a'au
wpa(s,z) = Psrlgpa(T f o [(B(u,1a) + ua(a) — paf (- u

(5.11)

Combining Definitions 4.11, 4.13, 5.9, we know that on [s,T], the process

u(+, X.) has a modification which we denote U®*?® which is a special semimartin-
gale with decomposition

Us™ = u(s,z) — / F(u, 8% (w) (r, Xp)dV, + M[u]™, (5.12)

and M [u]®® € H3.
Definition 5.9 also states that u(T,-) = g, implying that

T
u(s,x) = g(Xr) —|—/ f (-, U, Qﬁw(u)) (r, X, )dV, — M[u]7" as. (5.13)
Taking the expectation, by Fubini’s theorem we get

u(s,z) = ES [ XT +fo(, L u, &Y (u)) (T,XT)dVT}

(5.14)
= +f Psr[ ( Ty ,u(r,-),@w(u)(r,-))] (‘r)d‘/r
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We now fix i € [1;d]. By integration by parts, taking (5.12) and Definition 4.1
into account, we obtain

d(Utsymwi(taXt)) = 71/}i(t7Xt>f (~,~,u,6¢(u)) (tht)th+wZ( ) [ ]
+UP a(i)(t, Xe)dVe + U dM [i]3" + d[M Tu ]”( [3#] “Jt,

so integrating from s to T', we get

uh; (s, x)

= L¥ﬂ¢xTﬁ&)+fTwtiUf(,Mz®¢()(TX'dV IE i, X ) dM [u)3
—flﬁl@MerV Jrusramy)p® — [M[u)>* My

= g(Xp)ei(T, Xr) = [ (ua(ws) = i f (- u, & (u ))TAX YaVy — [ abi(r™, X, )dM [u]s®

— [ U AM il — [M[ul", M) ")r,
(5.16)
where the latter equality is a consequence of Lemma 2.4.
The next step will consist in taking the expectation in equation (5.16), but be-
fore, we will check that [, U™*dM[p;]3* and [, p;(r~, X,-)dM[u]&* are mar-
tingales.
By Proposition 4.15, (M[;]5%) = f‘vs BYi( 1/11)(7“ X,)dV,. So the angular
bracket of [ U”*dM[1p;]3* at time T is equal to f u? &% (1;)(r, X, )dV;. which
is an mtegrable r.v. since 8% (¢);) is bounded and u € L% Therefore [ U"dM[1;]5"

is a square integrable martingale.

Then, by Hypothesis 5.1 and Proposition 5.2, sup [|¢;(t, X;)|> € L', and by
tels,T]

Definition 4.13, M [u]** € H? so by Lemma 3.15 in [6], [ ¥;(

is a martingale.

s X )dM [u]3

We can now take the expectation in (5.16), to get

= B |g(Xr)i(T, Xr) — [ (ua(hi) — if (- u, 8 (w))) (r, X,)dV, — [M[u]**, M[1h;]**]7
= E* g(XT)wi(T’ XT) - fsT (ua(wl) + BYi (u) - lﬁzf (" 5 Uy in(u))) (7“, XT)dV;“} )

(5.17)
since u and v; belong to D(a). Indeed the second equality follows from the fact
[M[u]®*, M[);]5%] — (M [u]®®, M[¢;]*") is a martingale and Proposition 4.15.

Since we have assumed that u € £%, Lemma 5.15 says that f (~, u, BY (u)) €
L3, Hypothesis 5.1 implies that ¢; and a(¢;) are in £%, so all terms in the in-
tegral inside the expectation in the third line belong to £. We can therefore
apply Fubini’s theorem to get

ui(s, &) = Pslgi(T, -)](w)—/ Py [(ua(thi) + &Y (u) = 4if (- u, 6% (w)) (r,-)] (x)dV;.

(5.18)
This concludes the proof. O

Proposition 5.16 admits a converse implication.
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Proposition 5.17. Let (f,g) verify HI"°'" (¢, n). Every decoupled mild solu-
tion of Pseudo— PDE(f,g) is a also a martingale solution. Moreover, if (u,v)
solves IP(f,g), then v =&Y (u), up to zero potential sets.

Proof. Let u and v;, i € [1;d] in L% verify (5.9). We observe that the first line
of (5.9) with s =T, gives u(T,-) = g.

We fix (s,z) € [0,T] x E and the associated probability P**. On [s,T], we
set U :=u(-,X) and N :=u(-, X) — u(s,z) + fs for, X ulr, X)), v(r, X,.))dV,.

For some t € [s,T], we combine the first line of (5.9) applied in (s, x) = (¢, X¢)
and the Markov property (C.3). Since f(-,-,u,v) belongs to £% (see Lemma
5.15) we get the a.s. equalities

Ut = U(t,Xt)
= Pt,T[g](Xt) + ftT Pt,r [f (T’ ) U(T’ ')’ U(T, ))] (Xt)dVT
= BN o) + [ 10 X ulr, X,), 0, X))V ] (5.19)

= B [g(Xp) + f)] F X u(r, X0, 0(r, X)) AV, R

from which we deduce that N; = E$® {g(XT) + fST I, Xpyul(r, X)), v(r, XT))dVT|]-'t] —

u(s,z) a.s. and so N is a martingale. We can therefore consider on [s,T] and
under P*® the cadlag version N%% of N. We extend now N,  to ¢ € [0,T],
putting its value equal to zero on [0, s], and consider the special semi-martingale

US® = u(s,z) — / fr, Xp,u(r, X)), v(r, X,))dV, + N*%, (5.20)

indexed on [s,T] which is obviously a cadlag version of U.
By Jensen’s inequality, we have

ESe[(NS%)2] = B [(Q(XT) + fsTf(r, Xy u(r, X)), v(r, X,.))dV, — u(s,x))Q]
< Bul(s, ) + 3B [g(X)] 4+ 3B | [T 25, X, ulr, X,), v(r, X))V, |
< 00,
(5.21)

where the second term is finite because of H™°™((,n) and H9™ "t (¢, n), and
the third one because f (-, -, u,v) belongs to £%, see Lemma 5.15. So N7 is
square integrable. We have therefore shown that under any P®®  the process
(u(-, X.) —u(s,z) + [, f(r, Xp,u(r, X;),v(r, X;))dV;) 15 ) has a modification
in H3 . According to Definitions 4.11 and 4.13 we have u € D(a), a(u) =
—f(-,-,u,v) and for any (s,x) € [0,T] x E, M[u]>* = N*% in the sense of
P#*-indistinguishability.

So to conclude that u is a martingale solution of Pseudo — PDE(f,g), there is
left to show &Y (u) = v, up to zero potential sets. By Proposition 4.15, this is
equivalent to show that for every (s,z) € [0,7] x E and i € [1;d],

<Ms,m[u],Msaw[wi]> — / SUZ-(T, X )dV,, (5.22)
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in the sense of indistinguishability.

We fix again (s,z) € [0,T] x E, the associated probability, and some i € [1;d]
Combining the (i 4+ 1)th line of (5.9) applied in (s,z) = (¢, X;) and the Markov
property (C.3), taking into account the fact that all terms belong to £ (see
Lemma 5.15, Hypothesis 5.1) we get the a.s. equalities

u’l/)z(taXt) - Pt,T[g’l/)i(Tv )] ft Pt T 'Uz + Ua(l/fz) ’l/)z ( 5"y ﬂv>> ( )] (Xt)d‘/T
- EbX [g(XTm(T, Xr) = ;7 (v +ua(i) =i (- u.0)) (r, X,)dv,
= B [g(Xn) (T, Xr) = [ (0i + (@) = if (5 0,0)) (r, X, )V, |ft}.
(5.23)
Setting, for t € [s,T], N{ = u;(t, X;) ft (vitua() = f (-, -, u,v))(r, XT)dV

S

from (5.23) we deduce that, for any t € [s,T],

Ntl =E>" [g(XT)wi(T’ XT) _/ (Ui + ua(wl) wzf( 5 Uy )) (7“, XT)dV;“ Fi

a.s. So N' is a martingale. We can therefore consider on [s,T] and under P*?,
the cadlag version N“%% of N*.

The process

/ (’U’i + Ua(i/%) ’l/)’bf( y 5 Uy )) (Tv X’l“)d‘/T + NL&I) (524)
is therefore a cadlag special semi-martingale which is a P*®-version of u; (-, X)
on [s,T]. But we also had shown, see (5.20), that

Us* =u(s,x) — [, f(r, X, u(r,X;),v(r, X;.))dV; + N5 is a version of u(-, X)
which by integration by parts on the process U**1);(-, X.) implies that

m/}z(s,x) + fs US®a(;)(r, XT)dVT + fs UszdMs’””[i/)i]r
- fs wif('a 5 U, ’U)(Ta XT)d‘/T + fs wi(r_aXr*)dMSJ[u]r + [Mé I[ ] M* m[

5

is another cadlag semi-martingale which is a P*®-version of uw;(-, X) on [s, T'.
Now (5.25) equals _ _
M+ VYV (5.26)

where

M = U¢i(57$)+/ Uf;szSvI[¢i]r+/ $i(r™, Xp- )dM>*[ul,
+ (M7 [u], MPT[]]e = (M [u], MPT[i])e,

is a local martingale and

t t
Vi = (M**[u], M”[wi])ﬁ/ U a(i)(r, Xp)dVe— [ i f (- u,0)(r, X,p)dV,
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is a predictable with bounded variation vanishing at zero process. Now (5.26)
and (5.24) are two cadlag version of ui);(-, X) on [s,T].

By the uniqueness of the decomposition of a special semi-martingale, iden-
tifying the bounded variation predictable components and using Lemma 2.4 we
get

/'(vi Fouals) — B f e 0))(r X0 )dV,
= (M*"u], M*"[tp]) +/‘UG(¢i)(T7Xr)dVr */ﬂif(',',uvv)(ra X;)dV.,

This yields (M*%[u], M**[;]) = f;vs vi(r, X,.)dV, as desired, which implies
(5.22).
O

Proposition 5.18. Let (f, g) verify HI""*" (¢, n). A classical solution of Pseudo—
PDE(f,g) is also a decoupled mild solution.

Conversely, a decoupled mild solution of Pseudo — PDE(f,g) belonging to
D(I'Y) is a classical solution of Pseudo— PDE(f,g) up to a zero-potential set,
meaning that it verifies the first equality of (5.1) up to a set of zero potential.

Proof. Let u be a classical solution of Pseudo — PDE(f,g). Definition 5.3 and
Corollary 4.17 imply that u(T,-) = g, and the equalities up to zero potential
sets

a(u) = a(u) = *f('a 'auvrw(u)) = *f('a 5 U, ij(u))a (527)

which shows that u is a martingale solution and by Proposition 5.16 it is also a
decoupled mild solution.

Similarly, the second statement follows by Proposition 5.17, Definition 5.9,
and again Corollary 4.17. O

5.3 Existence and uniqueness of a decoupled mild solution

In this subsection, the positive functions ¢, n and the functions (f, g) appearing
in Pseudo— PDE(f, g) are fixed. We still assume that the Markov class verifies
H™m(C,1).

Using arguments which are very close to those developed in [6], one can
show the following theorem. For the convenience of the reader, we postpone the
adapted proof to Appendix B.

Let (Y**, M*7) be for any (s,z) € [0,7] x E the unique solution of (5.2),
see Notation 5.7.

Theorem 5.19. Let (f,g) verify H'"P(¢,n). There exists u € D(a) such that
for any (s,z) € [0,T] x E

Vi e s, T]:Y" = wu(t,X:) P5%as.
Ms,m — M[u]s,z’
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and in particular % =6Y(u)(-, X.) dV®dP** a.e. on[s,T]. More-
over, for every (s,z), Y57 is P>* a.s. equal to a constant (which we shall still
denote Y2 ) and u(s,x) = Y>* for every (s,z) € [0,T] x E.

Corollary 5.20. Let (f,g) verify H"((,n). For any (s,x) € [0,T] x E, the
functions u obtained in Theorem 5.19 verifies P>* a.s. on [s,T)

T
u(t, X¢) = g(XT)Jr/t f(r X u(r, X,), 8% (u)(r, X)) dVe— (M [u] 3" — M[u];"),

and in particular, a(u) = —f(-, -, u, &B¥(u)).
Proof. The corollary follows from Theorem 5.19 and Lemma 2.4. O

Theorem 5.21. Let (P*%) »yejo.1)x e be a Markov class associated to a tran-
sition kernel measurable in time (see Definitions C.5 and C.4) which solves a
martingale problem associated with the triplet (D(a), a, V). Moreover we suppose
Hypothesis H™*™((,n) for some positive ¢,n. Let (f,g) be a couple verifying

HYP (¢, m).

Then Pseudo — PDE(f,g) has a unique decoupled mild solution given by
(5.28)

where (Y% M%) denotes the (unique) solution of BSDE®**(f,q) for fixed
(s,x).

Proof. Let u be the function exhibited in Theorem 5.19. In order to show that

u i.e. a decoupled mild solution of Pseudo— PDE(f,g), it is enough by Propo-
sition 5.16 to show that it is a martingale solution.

In Corollary 5.20, we have already seen that a(u) = —f(-, -, u, ¥ (u)).

Concerning the second line of (5.3), for any = € E, we have

u(T,x) = u(T, X1) = g(X7) = g(z) PT* as., so u(T,-) = g, in the determinis-
tic pointwise sense.

We now show uniqueness. By Proposition 5.17, it is enough to show that
Pseudo — PDE(f,g) admits at most one martingale solution. Let w,u’ be
two martingale solutions of Pseudo— PDE(f,g). We fix (s,z) € [0,T] x E. By
Proposition 5.11, both couples, indexed by [s, T,

(u(-, X), u(,X)—u(s,z)+ [ f(, - u, 8% (u))(r, X,)dV,) and

(W, X), o(,X)—d(s,2)+ [, f(-,-, v, 8% (u))(r, X;)dV;) admit a P*"-version
which solves BSDE®**(f,g) on [s,T]. By Theorem 3.3 and Remark 3.4, BSDE®**(f, g)
admits a unique solution, so u(-, X.) and v'(-, X.) are P®*-modifications one of
the other on [s,T]. In particular, considering their values at time s, we have
u(s,z) = u/'(s,x). We therefore have v’ = u. O

Corollary 5.22. Let (f,g) verify H'((,n). There is at most one classical
solution of Pseudo — PDE(f,g) and this only possible classical solution is the
unique decoupled mild solution (s,x) — Y%, where (Y**, M**) denotes the
(unique) solution of BSDE**(f,g) for fized (s,x).
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Proof. The proof follows from Proposition 5.18 and Theorem 5.21. O

Remark 5.23. The function v such that (u,v) is the unique solution of the
identification problem IP(f,g) also has a stochastic representation since it ver-
ifies for every (s,x) € [0,T) x E, on the interval [s, T,

W =v(-, X.) dV ® dP*% a.e. where M** is the martingale part of
the solution of BSDE**(f,g).

The existence of a decoupled mild solution of Pseudo — PDE(f, g) provides
in fact an existence theorem for BSDE®*?(f, g) for any (s,z). The following
constitutes the converse of Theorem 5.21.

Proposition 5.24. Assume (f,g) verifies H™™({,n). Let (u,v) be a solution
of IP(f,g), let (s,z) € [0,T] x E and the associated probability P>* be fived.
The couple

(u(t,Xt), u(t, X¢) —u(s,x) + /St Fy s u,v)(r, XT)dVT> (5.29)

te(s, T

has a P**-version which solves BSDE**(f,g) on [s,T).

In particular if (f,g) verifies the stronger hypothesis H'P((,n) and (u,v) is

the unique solution of IP(f,g), then for any (s,z) € [0,T] x E,

(ult,X0), ult, Xo) = uls,2) + JL s 0)(r, X,)aV,) gy 8 0 P modi
te

)

fication of the unique solution of BSDE®**(f,g) on [s,T].

Proof. Tt follows from Propositions 5.17, and 5.11.

6 Examples of applications

We now develop some examples. In all the items below there will be a canonical
Markov class with transition kernel being measurable in time which is solution
of a Martingale Problem associated to some triplet (D(a),a, V') as introduced
in Definition 4.1. Therefore all the results of this paper will apply to all the
examples below. In particular, Propositions 5.17, 5.18, Theorem 5.21, Corollary
5.22 and Proposition 5.24 will apply but we will mainly emphasize Theorem 5.21
and Corollary 5.22.
In all the examples T' > 0 will be fixed.

6.1 A new approach to Brownian BSDEs and associate
semilinear PDEs

In this subsection, the state space will be E := R¢ for some d € N*.
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Notation 6.1. A function ¢ € B([0, T|xR%, R) will be said to have polynomial
growth if there exists p € N and C > 0 such that for every (t,z) € [0,T] x R,
lp(t, z)| < C(l + ||z[|P). For any k,p € N, C*?([0,T] x RY) (resp. Cf’p([O,T] X
R), resp. Cp(’fl’([O T]xR%) ) will denote the sublinear algebra of C([0, T]xR%, R)
of functions admitting continuous (resp. bounded continuous, resp. continuous
with polynomial growth) derivatives up to order k in the first variable and order

p in the second.

We consider bounded Borel functions p € By([0,7] x R4, RY) and a €
By([0,T] x R%, ST (R)) where S (R) is the space of symmetric non-negative
d x d real matrices. We define for ¢ € C12(]0, 7] x R%) the operator a by

1
a(¢) = Oupt 5 Y ;070,06 + D pids . (6.1)

i,j<d i<d
We will assume the following.

Hypothesis 6.2. There exists a canonical Markov class (PS’I)(&E)E[O,T]XRQ

which solves the Martingale Problem associated to (Cg’Q([O,T] x RY),a,V; = t)
in the sense of Definition 4.1.

We now recall a non-exhaustive list of sets of conditions on u, @ under which
Hypothesis 6.2 is satisfied.

1. « is continuous non-degenerate, in the sense that for any t,z, a(t,z) is
invertible, see Theorem 4.2 in [34];

2. p and « are continuous in the second variable, see Exercise 12.4.1 in [35];

3. d =1 and « is uniformly positive on compact sets, see Exercise 7.3.3 in
[35].

Remark 6.3. When the first or third item above is verified, the mentioned
Markov class is unique, but if the second one holds, uniqueness may not hold.
We therefore fix a Markov class which solves the martingale problem. We wish
to emphasize that given a fired Markov class, we will obtain some uniqueness
results concerning the martingale solution and the decoupled mild solution of an
associated PDE, but that for every Markov class solving the martingale problem
may correspond a different solution.

In this context, for ¢, 1 in D(a), the carré du champs operator (see Definition

4.4) is given by T'(¢, 1)) = > o j0r, 0z, 0.

i,j<d
Remark 6.4. By a localization procedure, it is also clear that for every (s,x) €
[0, T]xR4, P** verifies that for any ¢ € C2([0, T]xR%), ¢(-, X.)— [, a(¢)(r, X, )dr €
H? . and that Proposition 4.5 extends to all ¢ € C12([0,T] x RY).

o
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We set now D(a) = C;’O%([O, T] x RY).
For any ¢ € [1;d], the function Id; denotes (t,z) — x; which belongs to
D(a) and Id := (Idy,--- ,Idg).
It is clear that for any 4, a(Id;) = p;, and for any 4,7, Id;Id; € D(a) and
I'(Id;,Id;) = o4 ;. In particular, by Corollary 4.7, (Idi,---,Idq) verify Hy-
pothesis 4.6 and since u, « are bounded, they verify Hypothesis 5.1.

For any i we can therefore consider the MAF M[Id;] : (t,u) — X! — X} —

J 1i(r, X, )dr whose cadlag version under P*? for every (s,z) € [0,7] x R? is

M[Id;]** =L (X' — 2 — [ ps(r, Xy )dr) and we have for any i, j (M [Id;]%, M[Id;]5") =
f'vs a; ;(r, X, )dr.

S

Lemma 6.5. Let (s,z) € [0,T] x R? and associated probability P>, i € [1;d]

and p € [1,+o0[ be fized. Then sup |X[|P € L.
tels,T]

Proof. We have X* = z; + fs wi(r, Xy )dr + M[Id;]** where p; is bounded

so it is enough to show that sup |[M[Id;];"|P € L'. Since (M[Id;]>*) =
te(s,T)

fs'vs o i(r, Xy )dr, which is bounded, the result holds by Burkholder-Davis-

Gundy inequality. O

Corollary 6.6. (P*%) ;ycjo,7xRe solves the Martingale Problem associated

to (C;ﬁ([o, T) x R%),a,V; =t) in the sense of Definition 4.1.

Proof. By Remark 6.4, for any ¢ € C;(’)%([O,T] x R%) and (s,x) € [0,T] x R4,
o( X)) = [,a(¢)(r, X, )dr is a P**-local martingale. Since ¢ and a(¢) have
polynomial growth, Lemma 6.5 and Jensen’s inequality imply that it is also a

square integrable martingale. O

We now consider a couple (f, g) verifying H"P(|| - |7, ] - ||P) for some p > 1.
In this case Hypothesis 5.5 can be retranslated into what follows.

e g is Borel with polynomial growth;

e f is Borel with polynomial growth in z (uniformly in ¢), and Lipschitz in
Y, 2.

We consider the PDE

du+1 > ;05 w4 30 0w+ f (s u,aVu) =0
i.j<d i<d (6.2)

u(T,-) =g.

We emphasize that for v € C;’j([(),T] x R?), aVu = I'4(u). The associated

decoupled mild equation is given by
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T
u(s,r) = PsT[g]( z)+ g Porlf Crw,0) ()] (2)dr
U(S,ZL'):CZ' = PST (ZL' fTPsr U1+U/L171d1f ('7'7“51))) (Tv')] (ZE)dT,iE Hlad]]a
(6.3)
(s,2) € [0,7] x R, where P is the transition kernel of the Markov class.

Proposition 6.7. Assume that Hypothesis 6.2 is verified and that (f, g) verifies
HY(|| - ||P, ]| - |P) for some p > 1. Then equation (6.2) has a unique decoupled
mald solution wu.

Moreover it has at most one classical solution which (when it exists) equals
this function w.

Proof. (P*%) (s 2)c(0,mxRe Vverifies a martingale problem in the sense of Defi-
nition 4.1 and has a transition kernel which is measurable in time. Moreover
(Idy,---,Idg) verify Hypothesis 5.1, (P*%) ;yejo,7)xRe verifies (by Lemma
6.5) H™™(|| - |7, ]| - ||P) for some p > 1 and (f, g) verifies H'P(|| - ||P, | - ||?). So
Theorem 5.21 and Corollary 5.22 apply. O

Remark 6.8. The unique decoupled mild solution mentioned in the previous
proposition admits the probabilistic representation given in Theorem 5.21.

Remark 6.9. In the classical literature, a Brownian BSDE is linked to a slightly
different type of parabolic PDE, see the introduction of the present paper, or [29]
for more details.

The PDE which is generally considered is of the type

8tu+ > (JJT)”82 w4+ > w0, u+ [+, u,0Vu) =0
1,j<d i<d (6.4)

U(T’ ) =9,

(where o = \/a in the sense of non-negative symmetric matrices) rather than
(6.2). In fact, the only difference is that the term oVu replaces aVu in the
fourth argument of the driver f.

We recall that the Markovian BSDE was given in (1.1).

Under the probability P5® (for some fized (s,x)), one can introduce the
square integrable martingale M[Id)*>® = L (0™t (r, X, )dM[Id)5* where A —
AT denotes the Moore-Penrose pseudo-inverse operator, see [9] chapter 1. The
Brownian BSDE (1.1) can then be reexpressed here as

- -
s s AM>T, M[Id]*7), s, 8,
Y, :g(XT)+/ f(?“,Xr,YT’, < dr[ 1) )dr—(MT’ - M>").
¢

(6.5)
Under the assumptions of Proposition 6.7 where oo = oo ), it is possible to show
that (6.5) constitutes the probabilistic representation of (6.4) performing similar
arquments as in our approach for (6.2). In particular we can show existence and
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uniqueness of a function u € L% for which there exists vi,--- ,vq € L% such

that for all (s,x) € [0,7] x R4,

u(s,@) = Purlgl(@) + [ Por [f ooy (07)F0) ()] (2)dr
u(s, )i Porlgldi)(@) = [ Por (s +upss = Idif (-, u, (07)0)) (r, )] (2)dri € [15d],
(6.6
and that this function u is the only possible classical solution of (6.4) in C;’O?([O, T]x
R%). (6.6) constitutes the “good” version of decoupled mild solution for the (6.4).
This technique is however technically more complicated and for purpose of illus-
tration we prefer to remain in our set up (which is by the way close to (6.4)) to

keep our notion of decoupled-mild solution more comprehensible.

~

Remark 6.10. It is also possible to treat jump diffusions instead of continu-
ous diffusions (see [34]), and under suitable conditions on the coefficients, it is
also possible to prove existence and uniqueness of a decoupled mild solution for
equations of type

{ O+ STr(aV?u) + (1, V) + [ (ul,+y) = u— 70 ) K (- dy) + S (0w, T w) = 0
U(Ta ) =9,

(6.7)
where K is a Lévy kernel: this means that for every (t,z) € [0, T} xR?, K(t,x,-)

2
is a o-finite measure on R\{0}, sup [ %K(t,x,dy) < oo and for every
t,x

Borel set A € B(R\{0}), (t,z) — [, %K(t,x,dy) is Borel. In that
framework we have

D g aVe+ (/yz-w(-, ) — o, NEC -,dy>) o 68)

i1€[1;d]

6.2 Parabolic semi-linear PDEs with distributional drift

In this subsection we will use the formalism and results obtained by in [21] and
[22], see also [32] and [14] for more recent developments in dimension 1. Those
authors make reference to stochastic differential equations with distributional
drift whose solution are possibly non-semimartingales. Those papers introduced
a suitable framework of Martingale Problem related to a PDE operator involving
a distributional drift  which is the derivative of a continuous function. [20]
established a first work in the n-dimensional setting, later developments were
discussed by [11]. Other Markov processes associated to diffusion operators
which are not semimartingales were produced when the diffusion operator is in
divergence form, see e.g. [31] or Markov processes associated to singular PDEs
involving paracontrolled distributions introduced in [11].

Let b0 € C°(R) such that ¢ > 0. By a mollifier, we intend a function
¢ € S(R) with [ ®(z)dz = 1.
We denote ®,(x) = n®(nz), 02 = 02 % &, b, = bx* D,,.
We then define L,,g = ég” +b.g. feC'(R)issaid to be a solution to Lf = |
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where [ € CO(R), if for any mollifier ®, there are sequences (f,,) in C2(R), (I,)
in C°(R) such that

c®

We will assume that 3(z) = lim 2 foz %(y)dy exists in C°(R) independently

n— o0
from the mollifier.

By Proposition 2.3 in [21] there exists a solution h € C*(R) to Lh = 0, h(0) =
0, h'(0) = 1. Moreover it verifies b’ = e~ *.

Dy, is defined as the set of f € C*(R) such that there exists some [ € C°(R)
with Lf = [ and it is a linear algebra.

Let v be the unique solution to Lv = 1, v(0) = v’(0) = 0 (see Remark 2.4 in
[21]), we will assume that

v(—00) = v(400) = +00, (6.10)

which represents a non-explosion condition. In this case, Proposition 3.13 in [21]
states that a certain martingale problem associated to (Dy,, L) is well-posed. Its
solution will be denoted (P**), 2)c[0,7)xRe -

X is a P**-Dirichlet process for every (s,z) and (P*%) (s z)c[0,rxRe defines
a Markov class and Proposition B.2 in [7] implies that its transition kernel is
measurable in time.

We introduce the domain that we will indeed use.

Definition 6.11. We set
2,0

DM (q) = {qﬁ e CH([0,T] x R) : € ([0, 7] x R)} (6.11)

On D™ (a), we set Lo := 022}1/ 896(6;5,‘1’) and a(¢) := Opp + Lo. We then define

the smaller domain

D(a) = {¢ € D™ (a) : 00,6 € C0((0,T] x R)} . (6.12)

pol

We formulate here some supplementary assumptions that we will make, the
first one being called (TA) in [21].

Hypothesis 6.12.
e There exists c1,C1 > 0 such that ¢y < oh’ < Cy;
e 0 has linear growth.

The first item states in particular that oh’ is bounded so h € D(a). Proposi-
tion 3.2 in [21] states that for every (s,z), (M[h]**) = ["*(oh')?(X,)dr. More-
over the AF (M[h])!, = ["(ch/)*(X,)dr is absolutely continuous with respect
to V; = t. Therefore Hypothesis 4.6 is verified (for ¢ = h) and &"(h) = (oh’)2.
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Since this function is bounded and clearly a(h) = 0 then h verifies Hypothesis
5.1.

We will therefore consider I'" the h-generalized gradient associated to a, and
Proposition 4.23 in [7] implies the following.

Proposition 6.13. Let ¢ € D(I'"), then T"(¢) = 0210, 6.

Remarking that b’ is a distribution, the equation that we will study in this
section is the following.

{ Opu + %028§u +00u+ (-, u,0?h0,u) =0 on [0,T] x R (6.13)
u(T,")=g. ’
The associated PDE in the decoupled mild sense is given by
u(s,x) = Prolgl@) + [, Poslf (nw0) (r,0)] (@)dr
U(Sa x)h(x) = PT—S[gh](w) - fs P_s [(U - hf (" H U, 'U)) (T’ )] (.T)d?“,
(6.14)

(s,x) € [0,T] xR, where P is the (homogeneous) transition kernel of the Markov
class.

In order to consider the BSDE®**(f,g) for functions (f,g) having polynomial
growth in z, we had shown in [7] the following result, stated as Proposition 4.26.

Proposition 6.14. We suppose that Hypothesis 6.12 is fulfilled. Then, for any
p € N and (s,z) € [0,T] x R, E>*[|X7|P] < oo and Es’””[fsT | X, [Pdr] < oo.

In other words, for any p > 1, the Markov class (Ps’m)(&x)e[O’T]XRd verifies
H™o™(] - |P |- |P), see Hypothesis 5.4.

Proposition 6.15. We suppose that Hypothesis 6.12 is fulfilled. Then (P*), oye[o,7]x R
solves the Martingale Problem associated to (a,D(a), Vi =t) in the sense of Def-
inition 4.1.

Proof. Let (s,xz) € [0,T] x R be fixed. Proposition 4.24 in [7] implies that
for any ¢ € D(a), ¢(-, X.) — [, a(¢)(r, X, )dr is a (continuous) P**-local mar-
tingale, so taking Definition 4.1 into account, it is enough to show that this
local martingale is a square integrable martingale. Considering Definition 4.22,
Proposition 4.23 and Proposition 2.7 in [7], we know that the angular bracket
of this local martingale is given by [ (08,¢)*(r, X,.)dr. Since ¢ € D(a) then

00, ¢ has polynomial growth, so by Proposition 6.14, fST(J[?ng)Q(r, X, )dr € L*
and this implies that the overmentioned local martingale is a square integrable
martingale. O

We can now state the main result of this section.

Proposition 6.16. Assume that the non-explosion condition (6.10) is verified,
that Hypothesis 6.12 is fulfilled and (f, g) verifies H'P(|-|P,|-|P) for somep > 1,
see Hypothesis 5.5. Then equation (6.13) has a unique decoupled mild solution
u. It has at most one classical solution which can only be equal to u.
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Remark 6.17. The unique decoupled mild solution uw can be of course repre-
sented by (5.28), Theorem 5.21.

Proof. The assertions come from Theorem 5.21 and Corollary 5.22 which applies
thanks to Propositions 6.15, 6.14, and the fact that h verifies Hypothesis 5.1. 0O

Remark 6.18.

1. [33] has made a first analysis linking elliptic PDEs (in fact second order
ODEs) with distributional drift and BSDEs. In those BSDEs the final

horizon was a stopping time.

2. [24] have considered a class of BSDEs involving distributions in their
setting.

Appendices

A  Proof of Theorem 3.3 and related technicali-
ties

We adopt here the same notations as at the beginning of Section 3. We will
denote L2(dV ® dP) the quotient space of £2(dV ® dP) with respect to the
subspace of processes equal to zero dV @ dP a.e.

L2(d‘7 ® dP) is a Hilbert space equipped with its usual norm.

L2cadlag (@ dP)) will denote the subspace of L2(dV ®@dP)) of elements having
a cadlag representative. We emphasize that L2?cedlag (dV ® dP) is not a closed
subspace of L2(dV & dP).

The application which to a process associate its class will be denoted ¢ — qﬁ

Proposition A.1. If (Y, M) solves BSDE(E, f,v, M), and if we denote
f(r, LY, %(r)) by fr, then for any t € [0,T], a.s. we have
Y, = El¢+ [] faVi|F

PN I Al
M, = B¢+ [) fraVi|F| —B ¢+ [ fab; Ay

7.

Proof. Since Y; = & + ftT frdV, — (Mp — M;) a.s., Y being an adapted process
and M a martingale, taking the expectation in (3.2) at time ¢, we directly get
Y; = E {g 4 ftT frdV, }}} and in particular that Yy = E [5 + foT frdv, ]-'0].
Since My = 0, looking at the BSDE at time 0 we get

T T
MT:§+/ frd‘A/rfE §+/ frd‘A/r-FO .
0 0

Taking the expectation with respect to F; in the above inequality gives the
second line of (A.1). O
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Lemma A.2. Let M € H? and ¢ be a bounded positive process. Then there
exists a constant C > 0 such that for any i € [1;d],

i 2 . o
fOT br (%(T)) av, < CfOT ¢rd(M),.. In particular, % belongs to
L2(dV @ dP).

Proof. We fix i € [1;d]. By Hypothesis 3.1 <dM 05 is bounded; using Proposition
B.1 and Remark 3.3 in [6], we show the existence of C' > 0 such that

I ¢T( MM>(T))2dVT < [T 6 20 () 40D (1) gy,
< Cfo ¢ 820 )dV (A-2)
< Cfo érd(

i 2 .
In particular, setting ¢ = 1, we have fOT (%(r)) dV, < C(M)r which

belongs to L! since M € H3. O

We fix for now a couple (U,N) € L*(dV ® dP) x M2 and we consider a
representative U of U. Until Proposition A.6 included, we will use the notation

foi= (o U, L0801

Proposition A.3. For anyt € [0,T], [ f2dV; belongs to L' and ( I f}df/r)
is in L2.
Proof. By Jensen’s inequality, thanks to the Lipschitz conditions on f in Hy-

pothesis 3.1 and by Lemma A.2 there exist positive constants C,C’,C” such
that, for any ¢ € [0,T], we have

(f featr) < [ jeav,
< (J;T 720,007, + [T U2aV, + 3 [ (10 ) ‘m)
=1
< 0 (7 72 0,00 Vs + T U2V, + ((N)r — (N))

(A.3)
All terms on the right-hand side are in L'. Indeed, N is taken in H2, U in
L?(dV @dP) and by Hypothesis 3.1, f(-,-,0,0) is in £2(dV ®dP). This concludes
the proof. O

We can therefore state the following definition.

Definition A.4. Let M be the cadlag version of the martingale t — E [,5 + fOT JETd\A/T
Ble+ Jy frdVi| 7).

M is square integrable by Proposition A.3. It admits a cadlag version taking
into account Theorem 4 in Chapter IV of [16], since the stochastic basis fulfills
the usual conditions. We denote by Y the cadlag process defined by

}_

31



Y = &+ ftT deIA/T — (Mr — My). This will be called the cadlag reference
process and we omit its dependence to (U, N).

Proposition A.5. Y and M take square integrable values.

Proof. We already know that M is a square integrable martingale. As we have
seen in Proposition A.3, ftT frdV, belongs to L2 for any t € [0,7] and by
Hypothesis 3.1, £ € L2 So by (A.1) and Jensen’s inequality for conditional
expectation we have

E[y?] = BB [5+];T £.dv, ]-'tr]
< E E[(ﬁﬁﬁd%ﬂﬂ”
< B2t +2 ) 20,
which is finite. u

Proposition A.6. sup |Y;| € L? and in particular, Y € £2¢*99(qV @ P).
t€[0,T]

Proof. Since dY, = — f}df/r + dM,, by integration by parts formula we get
Ad(V2e™ V) = 2"V Y, fdV, + 27 VY, dM, + e~V d[M], — e~ VY2V,
So integrating from 0 to some ¢ € [0,T], we get

V2V — y2 -2 Jye Arnﬂdt\z +2 fye Y, dM,

+ /5 e—tVrd[M]T = o e—‘t@yfdyr A

R N LA T
+2| [ e VY, dM, | + [7 eV dIM], — [} e VY2V,
< Z42 ’fot e=VrY,_dM,

IN

)

where Z = Y + fOT e~V f2av;, + fOT e=Vrd[M],. Therefore, for any t € [0,T]
we have (Yte’Vf)2 < Yfe’Vf < Z+2 ’fot e~ ATYrdMT’. Thanks to Propositions
A3 and A.5, Z is integrable, so we can conclude by Lemma 3.16 in [6] applied

to the process Ye~V, and the fact that V is bounded.

Since Y is cadlag progressively measurable, sup |Y;| € L? and since Vs
te[0,T]

bounded, it is clear that Y € EQ’Cadlag(dV ® dP) and the corresponding class Y’
belongs to L?*9(JV @ dP). O

Thanks to Propositions A.5 and A.6, we are allowed to introduce the follow-
ing operator.
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Notation A.7. We denote by ® the operator which associates to a couple (U, N)
the couple (Y, M).

o L2(dV @ dP) x HZ — L>c0dlag(qV @ dP) x H2

' (U,N) — (Y, M).

Proposition A.8. The mapping (Y, M) — (Y, M) induces a bijection between
the set of solutions of BSDE(, f,V, M) and the set of fized points of ®.

Proof. First, let (U, N) be asolution of BSDE(, f,V, M), let (Y, M) := ®(U, N)
and let Y be the reference cadlag process associated to U as in Definition A.4.
By this same definition, M is the cadlag version of

to B e+ [ f (e Un 2S00 ) ali | ] - e+ [ F (., U, 2820 ) ) av,

but by Proposition A.1, so is N, meaning M = N. Again by Definition A.4,

Y = §—|—f f ( U, dUJ‘L/N[) (r)) dV, — (Nz— N.) which is equal to U thanks to

(3.2),s0 Y = U in the sense of indistinguishability. In particular, U =Y, imply-
ing (U,N) = (Y,M) = @(U,N) Therefore, the mapplng (Y, M) — (Y M)
does indeed map the set of solutions of BSDE(E, f,V, M) into the set of fixed
points of ®.

The map ® is surjective. Indeed let (U, N) be a fixed point of @, the couple
(Y, M) of Definition A.4 verifies Y = £+ f f ( U,, d<N M) (r ) — (Mg —

M.) in the sense of indistinguishability, and (Y, M) = <I)( N) = (U,N), so by

Lemma 3.9 in [6], f f( T,CW;;‘;M)( )) dV, and f_Tf( r, Uy, du;[VM) (r)) v,

are indistinguishable and Y = £ + f f ( Y., d“;[‘l/M) (r))

meaning that (Y, M) (which is a preimage of (U, N)) solves BSDFE

— (Mp — M),
(& £, V, M),
We finally show that i’E is ir}jective. Let us consider two solutions (Y, M) and
(Y',M) of BSDE(, f,V,M) with Y = Y’. By Lemma 3.9 in [6] the pro-
cesses f_T f (r, LY, dug‘l/M) (T)) dV, and f_T f( r, Y, %(r)) dV, are indis-
tinguishable, so taking (3.2) into account, we have Y =Y.

Proposition A.9. Let A € R, let (U,N), (U',N') € L*(dV ® dP) x HZ,
let (Y,M), (Y',M’") be their images through ® and let Y)Y’ be the cadlag
representatives of Y, Y’ introduced in Definition A.4. Then fo VY. dM,,
Jo etV Y/ _dmM], [;erVY,—dM] and [, e*V"Y!_dM, are martingales.

Proof. V is bounded and thanks to Proposition A.6 we know that sup |Yi|

te[0,T]
and sup |Y/| are L2 Moreover, since M and M’ are square integrable, the
te[0,T]
statement yields therefore as a consequence Lemma 3.15 in [6]. O
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Starting from now, if (Y, M) is the image by ® of some
(U,N) e LQ(dV ® dP) x HE, by default, we will always refer to the cadlag
reference process Y of Y defined in Definition A.4.

For any A > 0, on L(dV ® dP) x H2 we define the norm

(Y, M)|3 := E[ T ’\VTYQdV} [ OT e/\VTd(M)T] Since V is bounded,
these norms are all equivalent.

Proposition A.10. There exists A\ > 0 such that for any

. A . 2 .

(U,N) € L2(dV © dP) x 12, q)(U,N)Hk < i||@.m
contraction in L*(dV @ dP) x H2 for the norm || - ||x.
Proof. Let U, N) and (U, N') be two couples belonging to L2(dV @ dP) x H2,
let (Y, M) and (Y’, M") be their images via ® and let Y,Y” be the cadlag refer-

ence process of Y, Y’ introduced in Definition A.4. We will write Y for Y — Y’
and we adopt a similar notation for other processes. We will also write

foom £ (800 S0 1)) - f (1,07, L0 1))

By additivity, we have d¥; = —f,dV; + dM,. Since Yp = & — ¢ = 0, apply-
Y2 AVf

2
\ In particular, ® is a

ing the integration by parts formula to between 0 and T we get

T o T . B T R B T . .
1?02—2/ eWTYTdeVH—Q/ e’\VTYrdMT-i-/ e’\Vrd[M]T—i—)\/ MV Y2dv, = 0.
0 0 0 0

Since, by Proposition A.9, the stochastic integral with respect to M is a real
martingale, by taking the expectations we get

T _ T
/ eAVTd<M>7~ / e)\VT K‘QdVr
0 0

So by re-arranging previous expression, by the Lipschitz condition on f stated
in Hypothesis 3.1, by the linearity of the Radon-Nikodym derivative stated in
Proposition 2.3 and by Lemma A.2, we get

T > — —_ A
E [Y{]—2E V VY, frdVe | +E +AE
0

XE | X2V, | 4B

0T e’\VTd<M>T}

< 9E fOTe’\VT|}7||ﬁ|dV}

< 2KVE [} VY, |0, aV; ] +2KZZEUT AV |1 | 48525 ()| al |

< (KYa+dK?B)E {fTe/\VTY%lV}—i—K—E [fTeAVrU2dV}
KZZE[ T AV, (%(T)) dVr:|

< (KYa+dKZBE | [} AV T2an] + KB [ [) V-02av]

+CdK E{ T Ade<N>T}’
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for some positive C' and any positive o and S. The latter equality holds by
Hypothesis 3.1 4. Then we pick o = 2K and 3 = 20dK?#, which gives us
AE [ T eWrYEdVT} +E { I eWrd<M>T}
< (KYP+ CUK?B[f) AVy2av, |
+ LB [f) V02| + B[S PN, .
We choose now A = 1+ 2((KY)2 + C(dK#)?) and we get

B[f, AVv2av,| + B[ eXan),|
< LB [f) Q02|+ B[S AP, ],

(A4)

which proves the contraction for the norm || - ||x. O

Proof of Theorem 3.3.

The space L? (dV ® dP) x H2 is complete and ® defines on it a contraction
for the norm [|(-,-)||x for some A > 0, so ® has a unique fixed point in
L2(dV ® dP) x H2. Then by Proposition A.8, BSDE(E, f,V, M) has a unique
solution. O

Remark A.11. Let (Y, M) be the solution of BSDE(E, f,V,M) and Y the
class of Y in L?(dV ® dP). Thanks to Proposition A.8, we know that

(Y, M) = ®(Y, M) and therefore by Propositions A.6 and A.9 that sup |Y;| is
te[0,T]

L? and that [ Y,-dM, is a real martingale.

The lemma below shows that, in order to verify that a couple (Y, M) is the

solution of BSDE(, f, V.M ), it is not necessary to verify the square integra-
bility of Y since it will be automatically fulfilled.

Lemma A.12. In this lemma we consider (¢, f,V, M) such that £, M wverify
items 1., 2. of Hypothesis 3.1 but where item 5. is replaced by the weaker
following hypothesis on f. There exists C' > 0 such that P a.s., for all t,y, z,

|f(tw,y,2)| < C(L+ [yl + [12])- (A.5)

Assume that there exists a cadlag adapted process Y with Yy € L? | and
M € HE such that

B ol d(M,M)T - B
Y_€+/ f <T, Y, dV ( )) dv; (MT M‘)’ (A6)

in the sense of indistinguishability. Then sup |Y:| is L2. In particular,
t€[0,T]

Y € L2(dV ® dP) and if (€, f,V, M) verify Hypothesis 3.1 (Y, M) is the unique
solution of BSDE(E, f,V, M) in the sense of Definition 3.2.
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On the other hand if (Y, M) verifies (A.6) on [s,T] with s < T, Ys € L? and

Mg =0 then sup |Yi| is L2
te[s, T

In particular if (§,f, V, M) verify Hypothesis 3.1 and if we denote (U, N) the
unique solution of BSDE(E, f,V,M), then (Y, M) and (U, N. — N;) are indis-
tinguishable on [s,T).

Proof. Let A > 0 and t € [0,T]. By integration by parts formula applied to

V262V between 0 and ¢ we get

N7 t o AVey 7 d(M,M y t AV,
Ve o vE = <2 [ ey f (n Y, S (1)) 4V, 42 [ e AV, al,

+ [ e AV d[M], — A [T e AV Y2V

By re-arranging the terms and using the Lipschitz conditions item 3. of in
Hypothesis 3.1, we get

Yth*AVf + /\fot e*A‘A/TYTQd‘A/T

< Y@+ 2y e VI (v Vo, S ) ) T 42| [y e MY,
T
ey S
< VG fy eV F2(r,,0,00dV, + 2KY + 14 K7) [f e MY RV,

d R gy 2 R X
FKZY [y eV (L0 (3) " av, + 2| [y e Y, dMy | + fy e Ve d[M],
=1

Picking A = 2KY 4+ 1 + KZ and using Lemma A.2, this gives

Yt2e—wf, < Y2 +f0t e—,\VT|f|2(r,.,0’0)dVT +chf0t e—,\VTd<M>T
2|y e MY, dMy | + [y e Nl

for some C' > 0. Since V is bounded, there is a constant C’ > 0, such that for

any t € (0,7
t
/ Y, dM,||.
0

By Hypothesis 3.1 and since we assumed Yy € L? and M € H?, the first four
terms on the right-hand side are integrable and we can conclude by Lemma 3.16
in [6].

T
Vi< <Y02 +/ /12 (r,-,0,0)dV; + (M)7 + [M]r +
0

An analogous proof also holds on the interval [s,T] taking into account Re-
mark 3.4. In particular, if (U, N) is the unique solution of BSDE(E, f,V, M)
then (U, N — N;) is a solution on [s,T]. The final statement result follows by
the uniqueness argument of Remark 3.4. O

Notation A.13. Let ® : L*(dV ® dP) x H2 be the operator introduced in
Notation A.7.
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In the sequel we will not distinguish between a couple (Y,M) n LQ(dV &
dP) x HE and (Y, M), where Y is the reference cadlag process of Y, according
to Definition A.4. We then convene the following.

1. (YO, M%) :=(0,0);
2. Yk € N*: (YK, MF) .= (YF—1 MF-1),
meaning that for k € N*, (Y* MPF) is the solution of the BSDE

vieer [ ( yEe C“MTM><>> av, - (ME - M¥). (A7)

Definition A.14. The processes (Y*, M¥)eN will be called the Picard itera-
tions associated to BSDE(E, f, v, M)

We know that ® is a contraction in LQ(dV ® dP*®) x H2 for a certain norm,
so that (Y* M*) tends to (Y, M) in this topology. The proposition below also
shows an a.e. corresponding convergence, adapting the techniques of Corollary
2.1 in [19].

Proposition A.15. Y* Y dV @ dP a.e. and for any i € [1;d],
— 00

d(M" NM*) d{M,N*) %
e kjo = dV ® dP a.e.

Proof of Proposition A.15.
. k i . Ot
For any i € [1;d] and k € N we set Z%F = MM and Z¢ = %.
By Proposition A.10, there exists A > 0 such that for any k € N*

E UOT e*’\VT|YTkH . }/Tk|2d‘7r T foT e*’“’fd(M’““ . Mk»}
< %E UOT e—,\f/rly;k _ Yrk—1|2dVT n foT e—)\VTd<Mk _ Mk—1>r} :
therefore
TE UOT e”\V*|YTkH . YTk|2dVT} I E UOT e*“’fd(MkH _ Mk»}
E>0
< g (B e R B [f e ), ])
< oo
(A.8)
For every fixed (i, k), the linearity property stated in Proposition 2.3) says that

. . k k i
Zbk+l _ Zik = UMPT=MENM') - Therefore combining equation (A.8) and

Lemma A.2, we get
N N d - . ) N
Z (E UOT 67/\VT|YTk+1 _ }/rk|2d‘/r:| + ZE UOT ef)\VT|Z;,k+1 _ Zf«’k|2dVrD < 00.
k>0 i=1
So by Fubini’s theorem we have

. d N
g [foT e (z (e = v+ Sizpen - sz'w?)) av;

k>0 =1

< 00.
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d
Consequently the sum Y <|Yrk+1(w) —YFWw)?+ 2|z (w) — Zﬁvk(w)|2>
k>0 i=1

is finite on a set of full dV ® dP measure. So on this set of full measure, the
sequence (Y*(w), (ZZ’k(w))ie[[l;d]]) converges, and the limit is necessarily equal
to (Yi(w), (Z{(w))ieqisa)) dV ®@dP a.e. Indeed, as we have mentioned in the lines
before the statement of the present Proposition A.15, we already know that Y*
converges to Y in L2(dV®dP). Since by Lemma A.2, E [fOT e~ AVe| Zik — 71124V | <
CE {fOT e_)‘VTcKMk — M), |, for every (i,k), where C is a positive constant

which does not depend on (4, k), the convergence of M ¥ to M in H3 also implies
the convergence of Z%* to Z¢ in L*(dV ® dP).
O

B Proof of Theorem 5.19

Lemma B.1. Let f € L. For every (s,z) € [0,T] x E, let (Y>%, M*%) be the
unique (by Theorem 3.8 and Remark 3.4) solution of

T
vor—g(t)+ [ U (nF (rXo)V, - (7 - N (B)

in (Q, F5 (F Veo,r) Po%) . Then there exist @ € D(a)
such that for any (s,z) € [0,T] X E

Vie s, T]: Y" = a(t,X,) P*%a.s.
Ms,m — M[a]s,m’

and in particular w =6Y(a)(-, X.) dV ® dP5* a.e. on [s,T).

Proof. We set @ : (s,z) — E57 {g(XT) + fSTf(r, X,) dVT] which is Borel by
Proposition A.10 and Lemma A.11 in [7]. Therefore by (C.3) in Remark C.6,
for every fixed t € [s,T] we have P**- a.s.

a(t, X)) = BN g(Xe) + f) F(r, X,) dvi]
= B g(Xn) + [T F (r, X,) dV, ft}
L
— 5};5,1.
By (B.1) we have dY;>* = —f(t, X;)dV; + dM}", so for every fixed t € [s,T],
a(t, X¢) = a(s,x) — fst f(r, X,)dV, — MJ" P**- as. Since M** is square in-
tegrable and since previous relation holds for any (s,z) and ¢, Definition 4.13

implies that @ € D(a), a(i) = —f and M*>* = M[a]** for every (s, ), hence
the announced results. O
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Notation B.2. For a fived (s, ) € [0, T]x E, we will denote by (Y*5% M*s), N
the Picard iterations associated to BSDE**(f, g).

Proposition B.3. For each k € N, there exists ur, € D(a), such that for every
(s,z) € [0,T] x E
Ve s, T]: Y5 = wun(t,Xy) Po%a.s. (B.2)
Mk,s,:n — M[uk]s,z .

Remark B.4. In particular, (B.2) implies that w =&Y (ug)(-, X.)
dV @ dP** a.e. on [s,T].

Proof. We proceed by induction on k. It is clear that uy = 0 verifies the assertion
for £ = 0.

Now let us assume that the function uj_1 exists, for some integer k > 1, verifying
(B.2) and in particular Remark B.4, for k replaced with k& — 1.

We fix (s,x) € [0,7] x E. By Lemma 2.4, (Y*~Ls2 d<Mk71’Z;M[’/’}S’I>) =
(up—1, &% (up—1))(-, X.) dV @ P*® a.e. on [s,T]. Therefore by (A.7), on [s,T]
Yhsr = g(Xp) + [T f (r, Xp upo1 (r, X,), 8% (ug_1)(r, X)) AV, — (MES* —
M.k,s,x).

Since ®*® maps L*(dV ® dP*®) x H3 into itself (see Definition A.7), obviously
all the Picard iterations belong to L?(dV ®dP*?) x HZ. In particular, by Lemma
A.2 YE=15% and for every i € [1;d], d<Mk71'S;‘}M[w"]m> belong to

L2(dV @ dP*%). So, by recurrence assumption on ug_1, it follows that ug_;
and for any i € [1;d], &% (ur_1) belong to L3 .

Combining H™°™((,n) and the growth condition of f (item 3.) in H'P((,n)
(see Hypotheses 5.4 and 5.5), f(-,-,0,0) also belongs to £3%. Therefore thanks
to the Lipschitz conditions on f assumed in H'P(¢,n), f(-, - up—1, 8% (up_1)) €
L£5%.

The existence of u; now comes from Lemma B.1 applied to f := f(-, -, ug_1, &% (up_1)),
which establishes the induction step for a general k£ and allows to conclude the
proof.

O

Proof of Theorem 5.19. We set u := hms]%]p ug, in the sense that for any
ke
(s,x) € [0,T] x E, u(s,x) = limsl%p ug(s,z) and v := 1ims$ vg. @ and v are
ke ke
Borel functions. Let us fix now (s,z) € [0,T] x E. We know by Propositions

B.3, A.15 and Lemma 2.4 that

w(,X) > Y AV @dPH ae. on [s,T]
—00

&Y (ur) (-, X.) v Z5* dV @ dP*" a.e. on [s,T],
—00

where Z57% ;= w. Therefore, and on the subset of [s,T] x E of full
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dV ® dP®” measure on which these convergences hold we have

alt, (W) = s out K@) =l X(@) = @)
ke €
v(t, Xe(w) = hr}::ﬁ &Y (ug)(t, Xp(w)) = EgNéd}(Uk)(t,Xt(w)) = Z;"(w).
(B.3)

Thanks to the dV ® dP*%® equalities concerning v and @ stated in (B.3),
under P*%* we actually have

T
Yo =g(Xr) +/ [, X u(r, X)), v(r, X)) dV, — (Mp" — M>®).  (B.4)

Now (B.4) can be considered as a BSDE where the driver does not depend
on y and z. Y% and Z%% belong to £L2(dV @ dP*?®) (see Lemma A.2), then
by (B.3), so do u(-, X. )17 and v(-, X.)1[; 7], meaning that @ and v belong
to L£3%. Combining H™°™((,n) and the Lipschitz condition on f assumed in
HY%(¢,n), f(-,-,u,v) also belongs to £%. We can therefore apply Lemma B.1
to f:= f(-,-,@,v), and conclude.

Concerning the last statement of the theorem, for any (s,x) € [0,T] x E, we
have Y% = u(s, Xs) = u(s,z) P5% a.s. so Y% is P*? a.s. equal to a constant
and w is the mapping (s, z) — Y%, O

C Markov classes and Martingale Additive Func-
tionals

We recall in this Appendix section some basic definitions and results concerning
Markov processes. For a complete study of homogeneous Markov processes, one
may consult [17], concerning non-homogeneous Markov classes, our reference
was chapter VI of [18]. Some results are only stated, but the interested reader
can consult [8] in which all announced results are carefully proved in our exact
setup.

The first definition refers to the canonical space that one can find in [25],
see paragraph 12.63.

Notation C.1. In the whole section E will be a fixed Polish space (a separable
completely metrizable topological space). It will be called the state space.

We consider T € Ri. We denote Q2 := D(E) the Skorokhod space of func-
tions from [0,T] to E right-continuous with left limits and continuous at time
T (for which we also use the french acronym cadlag). For any t € [0,T] we

denote the coordinate mapping X; : w — w(t), and we introduce on Q the o-field
F:=o(X,|r €1[0,T)).

On the measurable space (Q, F), we introduce the canonical process

(t,w) — w(t)

X (0,1 x B0, T) © F) — (E,B(E)),
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and the right-continuous filtration (Fi)icjo,r) where Fy:= [ o(Xy|r < s) if
s€|t, T
t<T, and Fr :=o(X,.|r € [0,T]) = F.

(Q,]—', (Xt)eep, 17> (]:t)te[O,T]) will be called the canonical space (associated to
T and E).

For any t € [0,T] we denote Fyr := o(X,|r > t), and for any 0 <t <u < T

we will denote Fy o := () o(Xy|r € [t,u+ 1]).
n>0

Remark C.2. Previous definitions and all the notions of this Appendiz, extend
to a time interval equal to Ry or replacing the Skorokhod space with the space
of continuous functions from [0,T] (or Ry ) to E. but since our goal is to work
on a finite time interval, we will not consider this situation.

Definition C.3. The function

P (s,t,z,A) +—— Psyi(x,A)
' —

0,T]? x E x B(E) [o,’t1],

will be called transition kernel if, for any s,t in [0,T], x € E, A € B(E), it
verifies the following.

1. Ps4(-, A) is Borel,

2. P, (x,-) is a probability measure on (E,B(E)),

3. if t <s then Py (z,A) = 1a(z),

4. if s < t, for any u>t, [, Ps(x,dy)Pru(y, A) = Psy(z, A).

The latter statement is the well-known Chapman-Kolmogorov equation.

Definition C.4. A transition kernel P for which the first item is reinforced sup-
posing that (s,x) — Psi(x, A) is Borel for any t, A, will be said measurable
in time.

Definition C.5. A canonical Markov class associated to a transition kernel
P is a set of probability measures (PS’I)(Sﬁz)e[OyT]XE defined on the measurable
space (Q, F) and verifying for any t € [0,T] and A € B(E)

Po* (X, € A) = Py 1(z, A), (C.1)
and for any s <t <u
Ps’m(Xu S A|J_'.t) = Pt,u(Xh A) P%% a.s. (02)

Remark C.6. Formula 1.7 in Chapter 6 of [18] states that for any F € Fyr
yields
P> (F|F;) = PYX(F) = P**(F|X;) P*"a.s. (C.3)

Property (C.3) will be called Markov property.
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For the rest of this section, we are given a canonical Markov class (P*%)(, »)cj0,1)xE
which transition kernel is measurable in time.

Definition C.7. For any (s, x) € [0, T|x E we will consider the (s, x)-completion
(Q, F>7 (F " Vieo.r), P) of the stochastic basis (Q,F, (Fi)iejo,r), P>*) by
defining F** as the P**-completion of F , by extending P** to F>* and fi-
nally by defining F;'* as the P5*-closure of F; for every t € [0,T).

We remark that, for any (s,z) € [0,T] x E, (Q, F**, (F;"")icpo,1], P*7) is a
stochastic basis fulfilling the usual conditions.
We recall the following simple consequence of Remark 32 in [15] Chapter II.

Proposition C.8. Let (s,z) € [0,T] X E be fized, Z be a random variable and
€ [s,T], then E>*[Z|F] = ES®[Z|F;"] P5* a.s.

We now introduce the notion of non-homogeneous Additive Functional that
we use in the paper.

Definition C.9. We denote A := {(t,u) € [0,T)?|t < u}. On (Q,F), we define
a non-homogeneous Additive Functional (shortened AF) as a random-field
A= (AZ)(t,u)eA with values in R verifying the two following conditions.

1. For any (t,u) € A, Al is F; ,-measurable;

2. for any (s,x) € [0,T] x E, there exists a real cadlag F*-adapted process
AT (taken equal to zero on [0, s] by convention) such that for any x € E
and s <t <wu, Al = AS* — AP" P q.s.

A>T will be called the cadlag version of A under P**.

An AF will be called a non-homogeneous square integrable Martingale
Additive Functional (shortened square integrable MAF) if under any P>% its
cadlag version is a square integrable martingale. More generally an AF will
be said to verify a certain property (being non-negative, increasing, of bounded
variation, square integrable, having L' terminal value) if under any P*% its
cadlag version verifies it.

Finally, given an increasing AF A and an increasing function V, A will be said
to be absolutely continuous with respect to V if for any (s,z) € [0,T] x E,
dA®* < dV in the sense of stochastic measures.

The two following results are proven in [8].

Proposition C.10. Let M, M’ be two square integrable MAFs, let M** (re-
spectively M'* ) be the cadlag version of M (respectively M') under P**. Then
there exists a bounded variation AF with L* terminal condition denoted (M, M')
such that under any P%%, the cadlag version of (M, M’) is (M*® M's*). If
M = M’ the AF (M, M’) will be denoted (M) and is increasing.
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Proposition C.11. Let V' be a continuous non-decreasing function. Let M, N
be two square integrable MAFs, and assume that the AF (N) is absolutely con-
tinuous with respect to V.. There exists a function v € B([0,T] x E,R) such that
for any (s, ), (M*% N&%) = f'vsv(r, X )Vy.
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