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Generalized Dynkin games and doubly reflected
BSDEs with jumps

Roxana Dumitrescu* Marie-Claire Quenez'  Agnés Sulem *

Abstract

We introduce a game problem which can be seen as a generalization of the classical
Dynkin game problem to the case of a nonlinear expectation £, induced by a Backward
Stochastic Differential Equation (BSDE) with jumps with nonlinear driver g. Let &,
be two RCLL adapted processes with £ < (. The criterium is given by

\.77',0 = 537TN, (g‘rl{TSo'} + Co‘l{o-<7'}) )

where 7 and o are stopping times valued in [0, 7]. Under Mokobodzki’s condition,
we establish the existence of a value function for this game, i.e. inf,sup, Jro =
sup, infs J;,-. This value can be characterized via a doubly reflected BSDE. Using this
characterization, we provide some new results on these equations, such as comparison
theorems and a priori estimates. When £ and ¢ are left upper semicontinuous along
stopping times, we prove the existence of a saddle point. We also study a generalized
mixed game problem when the players have two actions: continuous control and
stopping. We then study the generalized Dynkin game in a Markovian framework and
its links with parabolic partial integro-differential variational inequalities with two
obstacles.
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1 Introduction

The classical Dynkin game has been widely studied: see e.g. Bismut [5], Alario-
Nazaret et al. [1], Kobylanski et al. [31]. Let £ = (&), = ({;) be two right continuous
left-limited (RCLL) adapted processes with ¢ < ( and &7 = (r a.s. The criterium is given,
for all pair (7, o) of stopping times valued in [0, T], by

JT,U =F (ng{Tga} + C01{0<‘r}) .
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Generalized Dynkin games and DRBSDEs

Under Mokobodzki’s condition, which states that there exist two supermartingales such
that their difference is between ¢ and ¢, the Dynkin game is fair, i.e. inf,sup, J,, =
sup, inf, J; .. When the barriers ¢, ¢ are left upper semicontinuous, and & < (;, t < T,
there exists a saddle point.

Using a change of variable, these results can be generalized to the case of a criterium
with an instantaneous reward process g(t), of the form

TNO
Jro i =FE (/ g(t)dt +§7‘1{7—§0} + Cgl{g<7}> . (1.1)
0

In the Brownian case and when £ and ¢ are continuous processes, Cvitani¢ and Karatzas
have established links between these Dynkin games and doubly reflected Backward
stochastic differential equations with driver process ¢(t) and barriers £ and ¢ (see [9]).

In this paper, we introduce a new game problem, which generalizes the classical
Dynkin game to the case of £9-expectations (or g-evaluations in the terminology of Peng
[33]). Given a Lipschitz driver g(t, y, z, k), a stopping time 7 < T and a square integrable
Fr-measurable random variable 7, the associated conditional £9-expectation process
denoted by (£/,(n),0 < t < 7) is defined as the solution of the backward stochastic
differential equation (BSDE) with driver g, terminal time 7 and terminal condition 7. We
thus consider here a generalized Dynkin game, where the criterium is given, for each
pair (7, o) of stopping times valued in [0, 7], by

\77,(7 = gg;/\g (ng{TSO'} + Cal{o<7'}) 5

with &, ¢ two RCLL adapted processes satisfying £ < (.

When the driver g does not depend on the solution, that is, when it is given by a
process ¢(t), the criterium Jr,e coincides with J; ; given in (1.1). It is well-known that
in this case, under Mokobodzki’s condition, the value function for the Dynkin game
problem can be characterized as the solution of the Doubly Reflected BSDE (DRBSDE)
associated with driver process ¢(t) and barriers £ and ¢ (see e.g. [9], Hamadéne-Lepeltier
[25], Lepeltier-Xu [32], Hamadene-Ouknine [27]). We generalize here this result to the
case of a nonlinear driver g(¢,y, z, k) depending on the solution. More precisely, under
Mokobodzki’s condition, we prove that

inf sup J- » = supinf J; »,
o T ! T o

and we characterize this common value function as the solution of the DRBSDE as-
sociated with driver ¢ and barriers £ and (. Moreover, when £ and ( are left-upper
semicontinuous along stopping times, we show that there exist saddle points. Note that,
contrary to the previous existence results given in the case of classical Dynkin games, we
do not assume the strict separability of the barriers. We point out that the approach used
in the classical case cannot be adapted to our case because of the nonlinearity of the
driver. Using the characterization of the solution of a DRBSDE as the value function of a
generalized Dynkin game, we prove some results on DRBSDESs, such as a comparison
and a strict comparison theorem and a priori estimates which complete those given in
the literature.

Moreover, we introduce a mixed game problem expressed in terms of £9-expectation/
g-evaluation, when the players have two possible actions: continuous control and stop-
ping. The first (resp. second) player chooses a pair (u,7) (resp. (v,o)) of control and
stopping time, and aims at maximizing (resp. minimizing) the criterium. This problem
has been studied by [25] and [21] in the case of a classical expectation, that is when the
criterium is given, for each quadruple (u, 7, v, o) of controls and stopping times, by

TNAC
EQ“'V” |:/ g(tvutvvt)dt + STI{TSO'} + 401{0<T} ) (1.2)
0
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where Q" are a priori probability measures, and g(t, u, v;) represents the instantaneous
reward process associated with controls u,v. In [25], Hamadene and Lepeltier (see also
Hamadeéene [21]) have established some links between this mixed game problem and
DRBSDEs. Here, we consider a generalized mixed game problem, where, for a given
family of nonlinear drivers g*:*(¢,y, z, k) := g(t, ut, vt, y, 2, k) depending on the controls
u, v, the criterium is defined by

Eotne (Erlir<ay + Colioery) s (1.3)

evaluated under the nonlinear expectation £“" = £9"" . Note that the criterium (1.3)
corresponds to a criterium of the form (1.2) when the drivers ¢"-¥ are linear. We general-
ize the results of [25] and [21] to the case of nonlinear expectations. We provide some
sufficient conditions which ensure the existence of a value function of our generalized
mixed game problem, and show that the common value function can be characterized as
the solution of a DRBSDE. Under additional regularity assumptions on ¢ and ¢, we prove
the existence of saddle points.

The paper is organized as follows. In Section 2 we introduce notation and definitions
and provide some preliminary results. In Section 3 we consider a classical Dynkin game
problem and study its links with a DRBSDE associated with a driver which does not
depend on the solution. We provide an existence result for this game problem under
relatively weak assumptions on £ and (. Note that Section 3, although it contains new
results, mainly situates our work and introduces the tools used in the sequel. In Section 4,
we introduce the generalized Dynkin game with g-evaluation. We prove the existence of
a value function for this game problem. We show that the common value function can be
characterized as the solution of a nonlinear DRBSDE with jumps and RCLL barriers ¢ and
(. We then study in Section 5 a generalized mixed game problem when the players have
two actions: continuous control and stopping. In Section 6, using the characterization of
the solution of a DRBSDE as the value function of a generalized Dynkin game, we prove
comparison theorems and a priori estimates for DRBSDESs. Finally in Section 7, we study
the generalized Dynkin game in a Markovian framework and its links with parabolic
partial integro-differential variational inequalities (PIDVI) with two obstacles. We prove
that the value function of the generalized Dynkin game is a viscosity solution of a PIDVI.
A uniqueness result is obtained under additional assumptions. Additional results and
detailed proofs are given in the Appendix.

Motivating applications in mathematical finance As shown in El-Karoui-Quenez
[18], in a market model with constraints such as taxes or large investor impact, the
dynamics of the wealth process of an investor investing in this market can be written
via a nonlinear driver g. In [18], a nonlinear price system (later called g-evaluation) is
defined as follows: for each S € [0, 7] and each n € L?(Fs), the initial (hedging) price of
an European option with maturity S and payoff 7 is given by 55’7 s(m).

In the case of an American option associated with a payoff process ¢ € S?, the
buyer has the choice of the exercise (stopping) time 7. The g-value of the American
option, defined as sup,, 53,7(57), is characterized as the initial value of the reflected BSDE
associated with driver g and obstacle & (see [18] for a proof in a Brownian framework and
Quenez-Sulem [36] for the generalization to the case with jumps and irregular payoff).
In [14], we show that this price is the super-hedging price of the American option.

Game options are an extension of American options introduced by Kifer in the case
of a perfect market model (see [29]). Beside the holder’s ability to exercise at any
(stopping) time 7, the issuer of the option also cancel the option at any (stopping) time
o and then pay the holder a cancellation fee (,. The cancellation fee ( is greater than
or equal to the exercise payoff ¢ at all time. The difference (, — &, > 0 is interpreted
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as a penalty that the seller pays to the buyer for the cancellation of the contract.
Hence, the game option consists for the seller to select a cancellation time ¢ and for
the buyer to choose an exercise time 7, so that the seller pays to the buyer at time
T A o the amount I(7,0) = & 1,<s + (s1o<,. The main result of the present paper
yields that, under Mokobodzki’s condition, the g-value of the game option, defined as
inf, sup, 56’77 ro(I(1,0)), is equal to the common value of a generalized Dynkin game,
and is characterized as the initial value of the solution of the doubly reflected BSDE
associated with driver g and barriers ¢ and ¢ (see (2.2)).! This result, which is new even
in the Brownian case, can be seen as the analogous, in the case of a game option, of the
characterization of the g-value of an American option (i.e. sup, 5(‘3117(57)), via a reflected
BSDE. In [14], using this result, we show that the g-value of the game option is equal to
the super-hedging price, that is the minimal initial wealth which allows the seller to be
super-hedged.

2 Notation and definitions

Let (Q2, F P) be a probability space. Let W be a one-dimensional Brownian motion.
Let E := R* and B(E) be its Borelian filtration. Suppose that it is equipped with a o-finite
positive measure v and let N(dt, de) be a Poisson random measure with compensator
v(de)dt. Let N(dt, de) be its compensated process. Let IF' = {F;,t > 0} be the completed
natural filtration associated with W and N.

Notation 2.1. Let P be the predictable o-algebra on 2 x [0,T]. For each T > 0, we
introduce the following sets:

e L?(Fr) : the set of random variables ¢ which are Fr-measurable and square
integrable;

e IH? : the set of real-valued predictable processes ¢ with ||§||%,. == F {fOT (ﬁdt} < 00;

e S2 : the set of real-valued RCLL adapted processes ¢ with
H¢||?gz = E(supg<s<r |¢e[*) < o0;
e A? (resp. A') : the set of real-valued non decreasing RCLL predictable processes
A with Ag = 0 and E(A%) < oo (resp. E(Ar) < o).
* L2 : the set of Borelian functions { : E — R such that [, |{(e)|*v(de) < +oc.
The set L? is a Hilbert space equipped with the scalar product
(0,01, = [gl(e)l'(e)v(de) foralll, ¢ € L x L2, and the norm ||{||2 := [ |¢(e)|*v(de).
e IH? : the set of all mappings | : Q x [0,T] x E — R that are P @ B(E)/B(R)
measurable and satisfy HZH%{E =F UOT 2:]1% dt} < oo, where l;(w, e) = l(w, t,e) for
all (w,t,e) € Qx[0,T] x E.
Moreover, Ty is the set of stopping times T such that € [0,T] a.s. and for each S in
To, we denote by Tgs the set of stopping times 7 such that S < 7 < T a.s.
Definition 2.2 (Driver, Lipschitz driver). A function g is said to be a driver if
e g:0Ox[0,T] xR?2x L2 - R
(w,t,y,2, () = glw, t,y, 2, k(-)) is P ® B(R?) ® B(L2)— measurable,
e 9(.,0,0,0) € H?.
A driver g is called a Lipschitz driver if moreover there exists a constant C' > 0 such that
dP ® dt-a.s., for each (y1, 21, k1), (y2, 22, k2),

l9(w,t,y1, 21, k1) — g(w, t, Y2, 22, k2)| < C(ly1 — yo| + |21 — 22| + [|[k1 — k2|l..)-

1Note that in the literature, this characterization has only been proven when g is linear with respect to
y, z, k. The proof is based on a change of probability measure and an actualization procedure (see [21]). This
approach cannot be adapted to the nonlinear case.
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Recall that for each Lipschitz driver g, and each terminal condition ¢ € L2(Fr), there
exists a unique solution (X9,79,19) € 8? x IH? x IH? satisfying

—dX(t) :g(t7Xf,77r9(t)7lg(t)(-))dt—wg(t)th—/Elg(t)(e)N(dude); Xr =€ (2.1)

The solution is denoted by (X9(¢,T),79(¢,T),19(¢,T)). The operator X9 : (¢,T) —
XY(&,T), called nonlinear pricing system (associated with driver g), was first introduced
in [18]. In [33], this operator XY is called the nonlinear evaluation (associated with
driver g) and is denoted by £9. In the sequel, we say that £7,.(¢) is the SfT-conditional
expectation process of £ (or the g-evaluation of (¢,T)). When there is no ambiguity on
the driver, £9 will be simply denoted by £. Recall that this notion can be extended to
the case where T is replaced by a stopping time 7 € 73 and ¢ by a random variable
n e L*(Fr).

We introduce a notion of mutually singular random measures associated with non
decreasing RCLL predictable processes, which can be seen as a probabilistic version of
a classical notion in analysis.

Definition 2.3. Let A = (A;)o<i<r and A’ = (A})o<i<7 belonging to A'. We say that the
random measures dA; and dA} are mutually singular (in a probabilistic sense), and we
write dA; L dAj, if there exists D € P such that:

T T
E[/ 1pedAy] :E[/ 1pdA}] =0,
0 0

which can also be written as fOT 1p:dA; = fOT 1p,dA, =0 a.s., where for eacht € [0,T],
D is the section at time t of D, that is, D; := {w € Q, (w,t) € D}.2

We define now DRBSDEs with jumps, for which the solution is constrained to stay
between two given RCLL processes called barriers £ < (. Two nondecreasing processes
A and A’ are introduced in order to push the solution Y above ¢ and below ( in a minimal
way. This minimality property of A and A’ is ensured by the Skorohod conditions
(condition (iii) below) together with the additional constraint dA; L dA;} (condition (ii)).

Definition 2.4 (Doubly Reflected BSDEs with Jumps). Let T' > 0 be a fixed terminal time
and g be a Lipschitz driver. Let £ and ( be two adapted RCLL processes with (7 = &1
as.,£e€8%,(e8% &<, 0<t<Ta.s.

A process (Y, Z,k(.), A, A") in 8? x H? x H? x A% x A? is said to be a solution of the
doubly reflected BSDE (DRBSDE) associated with driver g and barriers &,  if

Y, = gt Vs, Zo, ko))t + dA, — dA, — Z,dW, — / ka(e) N (dt, de); Vi = r, 2.2)
E

with
(i) & <Y, <, 0<t<T as.,
(i6) dA, L dA]

T T
(m)/ (V; — &)dAS =0 a.s. and / (¢ — Yy)dAY =0 a.s.
0 0

AA? = AAf-l{Yf:E,f} and AA/Y = AA/le{YT—:CT—} a.s. Vr € Ty predictable.

Here A° (resp A’°) denotes the continuous part of A (resp A’) and A? (resp A’?) its
discontinuous part.
Remark 2.5. When A and A’ are not required to be mutually singular, they can simul-
taneously increase on {;- = (;- }. The constraint dA; | dAj} allows us to obtain the

2Note that if the random measures dA; and dA) are mutually singular in the above probabilistic sense,
then, for almost every w, the deterministic measures on [0, 7] dA;(w) and dA}(w) are mutually singular in the
classical analysis sense. The converse is not straightforward. However, it holds by Proposition A.7.
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uniqueness of the non decreasing RCLL processes A and A’, without the usual strict
separability condition £ < ( (see Theorem 3.5).

We introduce the following definition.
Definition 2.6. A progressively measurable process (¢;) (resp. integrable) is said to be
left-upper semicontinuous (l.u.s.c.) along stopping times (resp. along stopping times in
expectation ) if for all T € 7y and for each non decreasing sequence of stopping times
(1) such that ™ 1 71 a.s.,

¢r > limsup ¢, a.s. (resp. E[¢p.] > limsup E[¢;,]). (2.3)

n—oo n—oo

Remark 2.7. When (¢,) is left-limited, then (¢;) is left-upper semicontinuous (l.u.s.c.)
along stopping times if and only if for all predictable stopping time 7 € Ty, ¢, > ¢, a.s.

3 Classical Dynkin games and links with doubly reflected BSDEs
with a driver process

In this section, we suppose that the driver g does not depend on (y, z, k), that is
g(w,t,y,2,k) = g(w,t), where g € H2. Let ¢ and ¢ be two adapted processes only
supposed to be RCLL with (; = ¢r a.s., £ €82, (€82, 6 <(, 0<t<Ta.s.

We prove below that the doubly reflected BSDE associated with the driver process
g(t) and the barriers ¢ and ¢ admits a unique solution (Y, Z, k(-), A, A"), which is related
to a classical Dynkin game problem. The results of this section complete previous works
on classical Dynkin games and DRBSDEs (see e.g. [9, 22, 25, 7, 27, 26]). In particular,
we provide an existence result of saddle points under weaker assumptions than those
made in the previous literature.

For any S € 7 and any stopping times 7,0 € Tg, consider the gain (or payoff):

ONT
IS(Ta 0) = / g(u)du+§rl{7§a} +<0'1{0'<7‘}' (3.1)
S
For any S € 7y, the upper and lower value functions at time S are defined respectively by

V(S) := essinf esssup E[Is(r,0)|Fs] (3.2)

o€Ts TETs

V(S) := esssup essinf E[Is(7,0)|Fs]. (3.3)

reTs o€Ts
We clearly have the inequality V(S) < V(9) a.s. By definition, we say that the Dynkin
game is fair (or there exists a value function) at time S if V(S) = V/(9) a.s.

Definition 3.1 (S-saddle point). Let S € Ty. A pair (7*,0*) € 7'S2 is called an S-saddle
point if for each (7,0) € T2, we have

ElIs(r,0")|Fs] < E[Is(7*,0%)|Fs] < E[Is(7",0)|Fs] a.s.

We introduce the following RCLL adapted processes (which depend on the process
9):

T . T
& .— ¢ — Bler +/ o(s)ds|F], &= ¢ — Bler +/ g(s)ds|F], 0<t<T. (3.4)

_ Note that since g € H* and ¢ € S, ¢9 and (! belong to S2. Moreover, we have
&= =0 as.

Definition 3.2. An optional process ¢ valued in [0, 4] is said to be a strong super-
martingale if for any 0,0’ € Ty such that 6 > 0" a.s., E[¢g | Fo'] < ¢pr  a.s.
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Set J9° =0 and J. 9 0 — 0. We define recursively for all n € IN, the RCLL supermartin-
gales J?" and J'9" satisfying for all § € T, the equalities 3

JP = esssup B | JL?" + €9|Fp| as. and J)0" = esssup E [Jf’" — 9| Fy| as.
T€To €Ty
(3.5)

Lemma 3.3. The sequences of processes (J?"),en and (J'9"),en are non decreasing.

Moreover, the processes J? and J'Y defined for allt € [0,T] by J/ := lim, o0 J7"
and J;? :=lim,_, ., J;9" are strong supermartingales valued in [0, +oc]. They satisfy
J4. = Jr? =0a.s. and forall € Ty,

JY = esssup E {J;g +£§z|f9] as. and J) = esssup E {Jg —§§|]-'9} as.  (3.6)
TE€To oc€To

If J§ < 400 and J}? < oo, then J9 and J'Y are RCLL supermartingales.
Proof. See Appendix. O

Using this lemma, we derive that if J9 and J'Y belong to S2, then there exists a
solution of the DRBSDE (2.2) associated with the driver g(t).

Theorem 3.4. Let ¢ and ¢ be two adapted RCLL processes in S? with (1 = {7 a.s. and
& < ¢, 0<t<T a.s. Suppose that J9, J'"Y € S?. LetY be the RCLL adapted process
defined by

T
Yi:=J - J+El¢r —|—/ g(s)ds|F]; 0 <t <T. 3.7)
¢

There exist (Z,k, A, A’) € H? x H?> x A? x A? such that (Y, Z,k, A, A') is a solution of
DRBSDE (2.2) associated with the driver process ¢(t).

Proof. As usual in the literature on DRBSDESs (see e.g. [9, 22, 7]), the proof is based
on some results of Optimal Stopping Theory. By assumption, the processes J¢ and J'’
are finite. Hence, the difference J9 — J'Y and thus the process Y are well defined. By
Lemma 3.3, we have J% = J,.7 a.s. Hence, Y7 = &1 a.s. By (3.6), we have J9 > J'9 + &9
and J'? > J9 — (9. Using the definitions of £, (¢ and Y, we derive that £ <Y < (.

Moreover, by the last assertion of Lemma 3.3 and the assumption J9, J'? € 82, we
obtain that J9 and J'Y are indistinguishable from RCLL supermartingales. We thus can
apply the Doob-Meyer decomposition, and derive the existence of two square integrable
martingales M and M’ and two processes B and B’ € A? such that:

dJ? = dM, —dB, ; dJ)°=dM|— dB,. (3.8)

Set T
M, := M; — M + Elép +/ g(s)ds|Fi].
0

By (3.8), (3.7), we derive dY; = dM,; — day — g(t)dt, with a := B — B'.
Now, by the martingale representation theorem, there exist Z € H? and k € H2 such
that dM = Z;dW; + [ ki(e)N (de, dt). Hence,

—dY; = g(t)dt + deyy — ZydWy — / ki (e)N(dt, de).
E
By the optimal stopping theory (see [28, Appendix Sect. D] in the case of a continuous
reward process, and [30, Proposition B.7, B.11] in the right-continuous case), the
process B¢ increases only when the value function J9 is equal to the corresponding

3Note that these processes exist by aggregation results (cf. [17]).
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reward J'? + £9. Now, {J¢ = J/ + &9} = {Y; = &}. Hence, fOT(Vt —&)dBf = 0 a.s.
Similarly the process B’“ satisfies fOT (Y; — ¢;)dB;° = 0 a.s. Moreover, thanks to a result
from optimal stopping theory (cf. [17, Proposition 2.34] or [30]), for each predictable
stopping time 7 € 7o we have ABY = 1,4 _;s ;s ABY = 1y AB¢ as. and
ABY =1y _. ABas. T

By the canonical decomposition of an RCLL predictable process with integrable total
variation (see Proposition A.7), there exist A, A’ € A2 such that « = A—A’ with dA; L dA;.
Also, dA; << dB;. Hence, since fOT 1y ¢ dB; = 0as., we get j;)T Iy, ¢ dA; =0

a.s. Similarly, we obtain fOT 1y _. dAj=0as. The processes A and A’ thus satisfy

conditions (2.2)(iii) (with Y replaced by Y). The process (Y, Z, k, A, A’) is thus a solution
of DRBSDE (2.2). O

From this result, we derive the following uniqueness and existence result for the
DRBSDE associated with the driver process g(t), as well as the characterization of the
solution as the value function of the above Dynkin game problem.

Theorem 3.5. Let ¢ and ¢ be two adapted RCLL processes in S? with (v = {7 a.s. and
& < ¢, 0 <t <T as.Suppose that J9, J'Y € S?. The doubly reflected BSDE (2.2)
associated with driver process g(t) admits a unique solution (Y, Z,k, A, A") in 8% x H? x
H? x (A?)2.

For each S € 7y, Ys is the common value function of the Dynkin game, that is

Ys =V(S)=V(S) a.s. (3.9)
Moreover, if the processes A, A’ are continuous, then, for each S € 7y, the pair of
stopping times (7, c%) defined by

o =mnf{t>8, Y, =¢(} ré=imf{t >S5, Y =&} (3.10)

is an S-saddle point for the Dynkin game problem associated with the gain Ig.
A short proof is given in the Appendix.

Remark 3.6. The condition dA; | dA} ensures that for each predictable stopping time
7€ To, AAY AA'Y = 0 a.s. Now, since Y satisfies (2.2), we have AY, = AA'? — AA? as.
We thus have AAY = (AY,)” and AA/? = (AY;)" a.s. for each predictable stopping time
T € 7.

We now provide a sufficient condition on £ and ( for the existence of saddle points.
By the last assertion of Theorem 3.5, it is sufficient to give a condition which ensures
the continuity of A and A’.

Theorem 3.7 (Existence of S-saddle points). Suppose that the assumptions of Theorem
3.5 are satisfied. Let (Y, Z, k(.), A, A’) be the solution of DRBSDE (2.2). We have

(i) If € (resp. —() is L.u.s.c. along stopping times, then the process A (resp. A’) is
continuous.

(ii) When £ and —( are lLu.s.c. along stopping time, for each S € 7y, the pair of
stopping times (74, 0%) defined by (3.10) is an S-saddle point.
Remark 3.8. For (ii), the assumptions made on £ and ( are weaker than the ones made
in the literature where it is supposed & < (;,t < T a.s. (see e.g. [1, 9, 31]).

Proof. Suppose that £ is l.u.s.c. along stopping times. Let 7 € 7; be a predictable
stopping time. Let us show AA, =0 a.s.

Since dA; 1 dA}, we have AA, = (AY;)™ a.s. (see Remark 3.6 above). Since A
satisfies the Skorohod condition, we have a.s.

AA, =1y e (Vo =Y) =1y e 36 —Y)" <1y e 3(& —Y0)T,
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where the last inequality follows from the inequality &,.- < & a.s. (see Remark 2.7).
Since £ <Y, we derive that AA, <0 a.s. Hence, AA, =0 a.s., and this holds for each
predictable stopping time 7. Consequently, A is continuous. Similarly, one can show that
if —( is l.u.s.c. along stopping times, then A’ is continuous, which completes the proof of
().

The assertion (ii) follows from (i) since, by the second assertion of Theorem 3.5, the
continuity property of A and A’ ensures the existence of saddle points. O

Definition 3.9 (Mokobodzki's condition). Let ¢ and ¢ be adapted RCLL processes in S?
with (7 = &r a.s.and & < (;, 0 <t < T a.s. Mokobodzki’s condition is said to be satisfied
when there exist two nonnegative RCLL supermartingales H and H' in S? such that:

& <H —H{<( 0<t<T as. (3.11)

Note that Mokobodzki’s condition holds, for instance, when £ or ( is a semimartingale
satisfying some integrability conditions (see Remark A.8 for details).

Proposition 3.10. Let g € IH2. Let ¢ and ¢ be two adapted RCLL processes in S? with
(r=¢&ras.and& < (;, 0<t<T a.s. The following assertions are equivalent:

(i) J9 € S?
(i) J° € S?
(iii) Mokobodzki’s condition holds.
(iv) DRBSDE (2.2) with driver process ¢(t) has a solution.

A short proof is given in the Appendix. Note that the equivalence between (iii) and
(iv) is well-known.

4 Generalized Dynkin games and links with nonlinear doubly re-
flected BSDEs

In this section, we are given a Lipschitz driver g.

Theorem 4.1 (Existence and unigueness for DRBSDEs). Suppose ¢ and ( are RCLL
adapted process in S? such that {7 = (r a.s.and & < (;, 0 < t < T a.s. Suppose that
JO € 8? (or equivalently that Mokobodzki’s condition is satisfied).
Then, DRBSDE (2.2) admits a unique solution (Y, Z, k(.), A, A’) € S?x H?*x H?2 x (A?%)?.
If £ (resp. —() is Lu.s.c. along stopping times, then the process A (resp. A’) is
continuous.

Remark 4.2. Note that the solution Y of the DRBSDE (2.2) coincides with the value
function of the classical Dynkin game (3.2) and (3.3) with the gain:

ONT
Is(t,0) = / 9(u, Yo, Zu, ku)du + E 1 r <oy + Codioery, (4.1)
s

where Z, k are the associated processes with Y. However, this classical characterization
of Y (see e.g. [9]) is not really exploitable because the instantaneous reward process
9(u,Yy, Z,, k,) depends on the value function Y (and Z, K) of the associated Dynkin
game.

The proof of the existence and uniqueness of the solution is based on classical
contraction arguments and is given in the Appendix.

We now introduce a game problem, which can be seen as a generalized Dynkin game
expressed in terms of £9-expectations.

In order to ensure that the £9-expectation is non decreasing, we make the following
assumption.
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Assumption 4.3. Assume that dP ® dt-a.s for each (y, z, k1, k2) € R? x (L2)2,

g(t7y7'zvk1) - g(t»y72,k2) 2 <’V§J7z’kl’k2 ) kl - k2>u7

with ~:[0,7] x Q x R? x (L2)? = L2; (w, t,y, 2, k1, ko) — 425FF2 ()
P - ®B(R?) @ B((L2)?)-measurable and satisfying the inequalities
W e) > 1 and |4, < K, (4.2)

for each (y,z,k1,ke) € R? x (L2)?, respectively dP ® dt @ dv(e)-a.s. and dP ® dt-a.s.
(where K is a positive constant).

Assumption 4.3 is satisfied for example when g is C! with respect to k with Vg > —1
and |V,g| < 9, where ¢ € L2. Assumption 4.3 is also satisfied when g is of the form
g(w,t,y, 2, k) ==g(w, t,y, z, [ k( v(de)) where 1) is a nonnegative function in L2 and
7:0x[0,T] xR3 — R is Borehan and non-decreasing with respect to k, (see Proposition
A.2 in the Appendix for details).

Assumption 4.3 ensures the non decreasing property of £9 by the comparison theorem
for BSDEs with jumps (see [35, Theorem 4.2]). When in (4.2), 7+ > —1, the strict
comparison theorem (see in [35, Theorem 4.4]) implies that £9 is strictly monotonous.
For each 7,0 € 7Ty, the reward (or payoff) at time 7 A ¢ is given by the random variable

I(1,0) =& 1< + (o lo<r 4.3)

Note that I(1,0) is F,r,-measurable. Let S € 7j. For each 7 € 75 and ¢ € Tg, the

associated criterium is given by £§ . (I(7,0)), the g-evaluation of the payoff I(7, o).
Recall that €7, ,,(I(7,0)) = X7, where (X7, #"7,17) is the solution of the BSDE

associated with driver g, terminal time 7 A o and terminal condition I(r, o), that is

—dX77 =g(s, X7, w710 ds — w3 dW, — /l”’ N(ds,de); X0, =1I(t,0).

To simplify notation, £9 is denoted by £ in the sequel.
For each stopping time S € 7j, the upper and lower value functions at time S are
defined respectively by

V(S) := essinf esssup Es no(I(7,0)); (4.4)

o€Ts  1e€Tg

V(S) := esssup essinf Es rn,(I(7,0)). (4.5)
TETS o€Ts
We clearly have the inequality V (S) < V(S) a.s. By definition, we say that the game is
fair (or there exists a value function) at time S if V(S) = V(9) a.s.
We now give the definition of an S-saddle point for this game problem.

Definition 4.4. Let S € Ty. A pair (7*,0*) € T2 is called an S-saddle point for the
generalized Dynkin game if for each (t,0) € TZ we have

SS,T/\U* (I(Ta U*)) S 55,7’*/\0’* (I(T*a U*)) S ES,T*/\U<I(T*7 U)) a.s.

We provide a sufficient condition for the existence of an S-saddle point and the
characterization of the common value function as the solution of the DRBSDE. We first
introduce the following definition.

Definition 4.5. Let Y € S%. The process Y is said to be a strong £9-supermartingale
(resp £9-submartingale), if £J (Y;) < Y, (resp. 4. (Y;) > Y,) a.s. ono < 7, for all
o, 7 €7Ty.
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Lemma 4.6. Suppose that the driver g satisfies Assumption (4.3). Let £ and ( be RCLL
adapted processes in S? such that &7 = (r a.s. and & < (, 0 <t < T a.s. Suppose
that Mokobodzki’s condition is satisfied. Let (Y,Z, k(-),A, A’) be the solution of the
DRBSDE (2.2). Let S € To. Let (7,6) € TZ. Suppose that (V;, S < t < 7) is a strong
E-submartingale and that (Y;, S <t < 6) is a strong £-supermartingale with Y; = £; and
Y; = (s a.s.

The pair (7,06) is then an S-saddle point for the generalized Dynkin game (4.4)-(4.5)
and

Ys =V(S)=V(9) a.s.

Remark 4.7. A well-known sufficient condition for a pair of stopping times (7, &) to be
a saddle point for the classical Dynkin game (3.2)-(3.3) is that 7 (resp. &) is an optimal
stopping time for the optimal stopping problem JZ (resp. Jgg ) (see e.g. [1, Theorem
2.4] or [31, Proposition 3.1]). In the nonlinear case, we cannot have an analogous
sufficient condition since there is no coupled optimal stopping problem associated with
our generalized Dynkin game. Note also that in the classical linear case, the sufficient
condition given in Lemma 4.6 is weaker than the one given in the literature.

Proof. Since the process (Y;, S <t < 7 A ) is a strong £-martingale (see Definition 4.5)
and since Y; = &; and Y; = (s a.s., we have

Ys = Es:n6(Yins) = Eszne(§ili<s +(s1o<s) = Esens(I(7,5)) as.
Let 7 € Ts. We want to show that for each 7 € Tg
Ys > Esrns(I(1,6)) a.s. (4.6)
Since the process (Y;, S <t < 7 A ) is a strong £-supermartingale, we get
Yg > 5377/\&(3/7/\&) a.s. (4.7)
Since Y > ¢ and Y; = (s a.s., we also have
Yine =Y lics +Yslocr > & 1i<s + (515« = I(7,6) as.

By inequality (4.7) and the monotonicity property of £, we derive inequality (4.6).
Similarly, one can show that for each o € Tg, we have:

YS < 557.f/\g(.[(7ﬁ,0')) a.s.

The pair (7, ) is thus an S-saddle point and Yg = V(5) = V(S) a.s. O

We now provide an existence result under an additional assumption.

Theorem 4.8 (Existence of S-saddle points). Suppose that g satisfies Assumption (4.3).
Let ¢ and ¢ be RCLL adapted processes in S? such that & = (r a.s.and & < (;, 0 <t < T
a.s. Suppose that Mokobodzki’s condition is satisfied.

Let (Y,Z,k, A, A’") be the solution of the DRBSDE (2.2). Suppose that A, A’ are
continuous (which is the case if ¢ and —( are l.u.s.c. along stopping times). For each S €
To, let

té=inf{t > S, Vi =&} os:=inf{t >S9, ;=)
Ts:=inf{t > S, A, > Ag}; Ts:=inf{t > S, A, > Ay}
Then, for each S € 7Ty, the pairs of stopping times (75,0%) and (Tg,05) are S-saddle
points for the generalized Dynkin game and Ys = V(S) = V(5) a.s.

Moreover, Yy: = (o, Yoz = &7z, Arz = Ag and A;g = Al a.s. The same properties

hold for7s,0g.

EJP 21 (2016), paper 64. http://www.imstat.org/ejp/
Page 11/32


http://dx.doi.org/10.1214/16-EJP4568
http://www.imstat.org/ejp/

Generalized Dynkin games and DRBSDEs

Remark 4.9. Note that ¢§ <og and 7¢ < 75 a.s. Moreover, by Proposition A.6 in the
Appendix, (V;, S <t <7Tg) is a strong £-submartingale and (Y3, S <t < 7g) is a strong
E-supermartingale.

Proof. Let S € Ty. Since Y and ¢ are right-continuous processes, we have Yo: = oz and
Y:: = & a.s. By definition of 75, for almost every w, we have Y;(w) > §;(w) for each
t € [S(w), 7é(w)[. Hence, since Y is solution of the DRBSDE, the continuous process
A is constant on [S, 7] a.s.because A is continuous. Hence, A.: = Ag a.s. Similarly,
Afyg = A5 a.s. By Lemma 4.6, (75, 0%) is an S-saddle point and Ys = V(5) = V(S) a.s.

It remains to show that (Tg,7s) is an S-saddle point. By definition of 75, &5, we have
A7g = As a.s. and AL = A a.s. because A and A’ are continuous. Moreover, since
the continuous process A increases only on {Y; = &}, we have Yz, = &, a.s. Similarly,
Y5s = (55 a.s. The result then follows from Lemma 4.6. O

In the case of irregular payoffs £ and (, there does not generally exist a saddle point.
However, we will now see that it is not necessary to have the existence of an S-saddle
point to ensure the existence of a common value function and its characterization as the
solution of a DRBSDE.

Theorem 4.10 (Existence and characterization of the value function). Suppose that g
satisfles Assumption (4.3). Let ¢ and ¢ be RCLL adapted processes in S? such that
ér=(ras. and & < (, 0 <t <T a.s. Suppose that Mokobodzki’s condition is satisfied.
Let (Y, Z,k, A, A’") be the solution of the DRBSDE (2.2). Then, the generalized Dynkin
game is fair, and for each stopping time S € 7y, we have

Ys =V(S)=V(S) as. (4.8)

Proof. For each S € 7j and for each € > 0, let 7§ and o§ be the stopping times defined by

te=inf{t >S5, V;<&+e} and og:=inf{t >S9, V; > —<}. (4.9)
We first prove two lemmas.
Lemma 4.11. » We have
Y-,—g < ng +¢e a.s. (4.10)
Ygg 2 ng — & a.s. (411)

* Moreover A;: = Ag a.s. and A;Eg = A} as.
Remark 4.12. By the second point and Proposition A.6 in the Appendix, the process
(Y:, S <t < 71§)is a strong £-submartingale and the process (Y;, S <t < 0%) is a strong
E-supermartingale.

Proof. The first point follows from the definitions of 7§ and og and the right-continuity
of £, ( and Y. Let us show the second point. Note that 7& € 7s and ¢§ € 7g. Fix
e > 0. Fora.e. w, if t € [S(w), 7§(w)[, then Y (w) > & (w) + € and hence Y;(w) > & (w). It
follows that almost surely, A° is constant on [, 7] and A? is constant on [S, 75[. Also,
Y(rz)- = §(+z)- T a.s. Since € > 0, it follows that Y(,<)- > {;¢)- a.s., which implies
that AAﬁg = 0 a.s. Hence, almost surely, A is constant on [S,75]. Similarly, A’ is a.s.
constant on [S, 0%]. O

Lemma 4.13. Lete > 0. Forall S € Ty and (1,0) € T2, we have
Esrnos(I(1,05)) — Ke < Ys < Esreno(l(75,0)) + Ke as., (4.12)
where K is a positive constant which only depends on T and the Lipschitz constant C of

g.
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Proof. Let T € Tg. By Remark 4.9, the process (Y3, S <t < ¢%) is a strong £-supermartin-
gale. Hence,
YS > SS,T/\O‘E(YT/\O'E) a.s. (413)

Since Y > £ and Yag > ng — e a.s. (see Lemma 4.11), we have:
YT/\G’% > grlrgag + (Ca'g - E)]-U§<T 2 I(Ta Ug) —¢& as.

where the last inequality follows from the definition of (7, o). Hence, using (4.13) and
the monotonicity property of £9, we get

YS > 55‘,7’/\17% (I(T, O'gv) — {:‘) a.s. (414)
Now, by a priori estimates on BSDEs (see [35, Proposition A.4]), we have
|8577/\g§ (I(r,0%) —¢) — Es.rros (I(r,0%))] < Ke a.s.

It follows that
YS > 5577AU§(I(7’, Ug)) — Ke a.s.

Similarly, one can show that Yg < 5577-5/\0([(7'5, o)) + Ke. O

End of proof of Theorem 4.10. Using Lemma 4.13, we derive that for each ¢ > 0,

esssup Es rnos, (I(1,05)) — Ke < Yg < essinf &g po(I(7,05)) + Ke a.s.,
TETs o€Ts 5
which implies
V(S)—Ke < Ys < V(S)+Ke as.

Since V(S) < V(9) a.s., we get V(S) = Ys = V(S) a.s. The proof of Theorem 4.10 is
thus complete. O

Remark 4.14. Inequality (4.12) shows that (75, 0%) defined by (4.9) is an ¢’-saddle point
at time S with ¢/ = Ke.

Remark 4.15. Note that contrary to the classical Dynkin game with payoff (4.1) (see
Remark 4.2), the generalized Dynkin game is well-posed in the sense that the criterium
does not depend on the value function. This new characterization of the solution Y of
the nonlinear DRBSDE (2.2) in terms of the value function of the generalized Dynkin
game is thus more interesting and exploitable than the one given in the literature. We
will see in Section 6 that this result allows us to show a comparison theorem and a
strict comparison theorem for DRBSDESs, as well as some new estimates with universal
constants.

5 Generalized mixed game problems

We now introduce a game problem, which can be seen as a generalization of a mixed
game problem studied in [4, 25, 21] to the case of £9-expectation/g-evaluation. The
players have two actions: continuous control and stopping. Let (¢*¥; (u,v) € U x V) be a
family of Lipschitz drivers satisfying Assumption (4.3). Let S € 7. For each quadruple
(u, T, v,0) € UXTs xV x T, the criterium at time S is given by £g7/, . (I(7, 7)), where £**
corresponds to the g*'¥-evaluation. The first (resp. second) player chooses a pair (u, 7)
(resp. (v,0)) of control and stopping time, and aims at maximizing (resp. minimizing)
the criterium.

For each stopping time S € 7, the upper and lower value functions at time S are
defined respectively by

V()= gpinf, essup E5on(1(n0)); 5D
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V(S):= esssu essinf & I(1,0)). 5.2

V(S) uel, rer’;s veEV,0€Ts 5.0 1(7.)) ©2)
We say that the game is fair (or there exists a value function) at time S if V(S) = V/(9)
a.s. We now introduce the definition of an S-saddle point for this game problem.

Definition 5.1. Let S € 7. A quadruple (u,7,7,7) € Ux TsxV xTg is called an S-saddle
point for the generalized mixed game problem if for each (u,7,v,0) €U X Ts X V X Tg
we have

Esrnz(I(1,7) < E52,:(I(TAT)) < E52,,(I(T,0)) as.

We prove below that when the obstacles are l.u.s.c. along stopping times, there exist
saddle points for the above generalized mixed game problem.
Theorem 5.2. Let (¢""; (u,v) € U x V) be a family of Lipschitz drivers satisfying As-
sumptions (4.3). Let ¢ and ¢ be RCLL adapted processes in S? and l.u.s.c. along stopping
times, such that &0 = (r a.s. and & < (;, 0 <t < T a.s. Suppose that Mokobodzki’s
condition is satisfied and that there exist controls w € U and v € V such that for each
(u,v) €U XV,

gUU(t, Yy, Zi k) < gVt Yy, Ziy k) < gV Yy, Z, k) dt ®dP as. (5.3

~

where (Y, Z,k, A, A’) is the solution of the DRBSDE (2.2) associated with driver g%".
Consider the stopping times

=inf{t >S5:Y;=¢&} ; o5:=inf{t>85:Y; =}

The quadruple (u,74,7,0%) is then an S-saddle point for the generalized mixed game
problem (5.1)-(5.2), and we have Ys = V(S) = V(9) a.s.

Proof. By the last assertion of Theoreom 4.8, the process (Y;, S <t < 7§ Aco§) is a strong
E%Y.-martingale and Y, : =&z, Yor = (ox @.s., which implies

Vs = £57. e (Vrznos) = E50 v (s Lrsos + Con Logcrs) = E50, (I(75.03)) @
Let 7 € Tg. Since Y > ¢ and Ygg = Cag a.s., we have

YT/\ag = YT]-TSUS +Y 1 o5<T > ET 70§ +C0'*1 <7 _I(T US) a.s.

Moreover, by Theorem 4.8, A/ag = A a.s., which implies that:
—dY, = §5U(t, Y, Zy, ky)dt + dA, — ZidW, —/ ki(e)N(dt,de); S<t<ol, dt®dPas.
E

Hence, (Yt)sgtgfmg is the solution of the BSDE associated with generalized driver
g"?(-)dt + dA, and terminal condition Y, .+ . By using Assumption (5.3), the inequality
Yraoz > I(7,0%) and the comparison theorem for BSDEs with jumps, we obtain that for
eachu € U:

Ys > €47, (I(r,03)) as.

Similarly, one can prove that for each v € V, 0 € Tg, we have:
YS < 5;: /\U(I(Tg«,O')) a.s.
The quadruple (@, 7%,7,0%) is thus an S-saddle point and Ys = V(S) = V(S) a.s. O

Under less restricted assumptions on the obstacles, we prove below that the above
game problem is fair, and the common value function can be characterized as the solution
of a DRBSDE.
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Theorem 5.3 (Existence and characterization of the value function). Let (¢*¥; (u,v) €
U x V) be a family of drivers satisfying Assumptions (4.3) and uniformly Lipschitz with
common Lipchitz constant C. Let ¢ and ¢ be RCLL adapted processes in S? such that
E&r=(ras.and & < (;, 0 <t <T a.s. Suppose that Mokobodzki’s condition is satisfied
and that there exist controlsu € U and v € V such that for eachu € U,v € V:

g“j(t,Yt,Zt,kt) S gﬂ’i(t,Yt,Zt,kt) S gﬂ’v(t,Yt,tht), dt@dp a.s. (54)

where (Y, Z,k, A, A) is the solution of the DRBSDE (2.2) associated with driver g®°.
Then, the generalized mixed game problem (5.1)-(5.2) is fair, and for each stopping
time S € 7y, we have
Ys =V(S)=V(S) as.

Proof. For each S € 7 and for each € > 0, let 7¢ and o§ be the stopping times defined by
te=inf{t > S, Vi <& +e}; og:=inf{t >S5, V> (G —e}
Let 7 € Tg. Since Y > ¢ and Yag > g‘gg — e a.s. (see Lemma 4.11), we have:
Yinos = &rlr<os +(Cog —€)log<r > I(7,05) —€  as.
By Lemma 4.11, A:,g = A a.s. which implies that:

—dY, = g% (t, Yy, Zy, ky)dt + dA, — Z,dW, —/ ki(e)N(dt,de), S<t<o5 dt®dP as.
E

Hence, (Y:)s<i<rro= is the solution of the BSDE associated with generalized driver
f(-)dt+dA; and terminal condition Y; »,<. Using Assumption (5.4), the inequality Y, roe >
I(7,0%) — € and the comparison theorem for BSDEs with jumps, we obtain

Ys > ExV(I(,0%) —¢) > E47(I(T,0%)) — Ke as.,

where the second inequality follows from a priori estimates for BSDEs with jumps.
Here, the constant K only depends on 7" and C, the common Lipschitz constant.
Consequently, we get

Ys > essinf esssup E5r, (I(1,0)) — Ke as.
veEV,0€Ts weU,T€Ts ’

Similarly, one can prove that for each € > 0,

Ys < esssup essinf g7 (I(1,0))+ Ke as.
weU, 7€ Ty veEV,0€Ts )

Hence, V(S) < V(S) a.s. Since V(S) < V(S) a.s., the equality follows. O

Remark 5.4. Theorem 5.3 still holds if ¢“? is replaced by any Lipschitz driver g which
satisfies (5.4).

Application: the case of control processes Let U,V be compact Polish spaces. In
the following, {2 is the canonical space defined in [13] (in Section 2). We are given a map
F:QOx[0,T]xUxVxR?x L2 - R, (w,t,u,v,y,zk)— F(wtuwv,y,zk), supposed to
be measurable with respect to P@B(U)®B(V)@B(R?)®B(L2), continuous, concave with
respect to u and convex with respect to v, and uniformly Lipchitz with respect to (y, z, k).
Suppose that F is C! with respect to k¥ with V,F > —1, and that F(w,t,u,v,0,0,0) is
uniformly bounded. Let U/ (resp. V) be the set of predictable processes valued in U (resp.
V). For each (u,v) € U x V, let g™ be the driver defined by

gu,’u(w’ ta Y, =z, k) = F(w7 ta ut(w)’ Ut(w)7 Y, z, k) (55)
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Let ¢ and ¢ be RCLL adapted processes in S? such that é7 = {(r a.s.and & < (, 0<t < T
a.s. Suppose that Mokobodzki’s condition is satisfied. Let us consider the associated
generalized mixed game problem. Define for each (t,w, v, 2, k) the map
g(t,w,y, z, k) = sup inf F(t,w,u,v,y,zk). (5.6)
welU VEV

Since U and V are Polish spaces, there exist some dense countable subsets U (resp. V)
of U (resp. V). Since F' is continuous with respect to u, v, the sup (resp. inf) can be
taken over U (resp. V). Hence, g is a Lipschitz driver.

Let (Y, Z,k, A, A’) € 8% x H? x H2 x (A?)? be the solution of the DRBSDE associated
with driver ¢ and obstacles £ and (. By classical convex analysis, for each (¢,w) there
exist (u*,v*) € (U, V) such that

Fw,t,u,v*, Y- (w), Zt(w), ki (w)) < F(w,t,u*,v*, Y- (w), Zi(w), ki(w)) (5.7)
< Fw, t,u*,v0, Y (W), Ze(w), ki (w)), Y(u,v) € U x V;
g(w,t, Y- (w), Zy(w), kt(w))) = F(w,t,u*,v*, Y- (), Z¢(w), ke(w))

Let (u,v) € U x V. Since the processes Y; ,Z; and k; are predictable, the map
(w, t,u*,v*) = (w, t,u,v*, Y- (w), Z¢(w), ki (w)) is measurable with respect to the o-alge-
bras PoB(U)®@B(V) and P B(U)®B(V)®@B(R?*) ®B(L2). Using the measurability prop-
erty of F, it follows by composition that the map (w, t, u*,v*) — F(w,t, u,v*,Y;- (w), Z¢(w),
ki(w)) is P ® B(U) ® B(V)-measurable, and similarly for the other maps which appear
in (5.7). Hence, the set of all (w, t,u*,v*) € Q x [0,T] x U x V satisfying conditions (5.7)
belongs to P ® B(U) ® B(V). Since 2 is a Polish space for the Skorohod metric (see
[13] sect. 2), by applying a measurable selection theorem (see e.g. Section 81 in the
Appendix of Ch. IIT in [10]) and Lemma 1.2 in [8], we derive the existence of a pair of
predictable process (u*,v*) € U x V such that dt ® dP a.s., for all (u,v) € U x V we have:

F(tvut7vr7nazt;kt) S F(t,uf,vf,Yt,Zt,kt) S F(tvu:avta}/tvztvkt)

and g(t,Yy, Zy, k) = F(t,uf,v;, Yy, Zy, k). Hence, Assumption (5.3) is satisfied. By apply-
ing Theorems 5.3 and 5.2, we derive the following result:

Proposition 5.5. The generalized mixed game problem, associated with the controlled
drivers g** given by (5.5), is fair. Let Y be the solution of the DRBSDE associated
with obstacles &, ¢ and the driver g defined by (5.6). For each stopping time S € Ty, we
have Ys = V(S) = V(S) a.s. Suppose that ¢ and ¢ are Lu.s.c. along stopping times, and
consider the stopping times

tei=nf{t>5:Y, =&} ; og:=inf{t>85:Y, =}

The quadruple (u*,75,v*, 0%) is then an S-saddle point for this generalized mixed game
problem.

We give now an example of application of the above proposition.

Example 5.6 (the classical linear case). Consider the particular case when F' takes
the following form: F(t,w,u,v,y, 2z, k) = B(t,w,u,v)z+ < y(t,w, u,v,-), k >, +c(t,w,u,v),
with 8, ~, c bounded. By classical results on linear BSDEs (see [35]), the criterium can
be written

TNO

EG i na(I(1,0)) = Equ.v [/ c(t,ug, v)dt + I(r,0)|Fs |,
s

with Q™" the probability measure which admits Z;*” as density with respect to P, where
(Z,"") is the solution of the following SDE:

Azt = ZV B, ut, ve) dW; +/ v(t, ug, ve, e)N(dt,de)]; Z" =1.
E
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The process c(t, us, v;) can be interpreted as an instantaneous reward associated with
controls u,v. This linear model takes into account ambiguity on the model via the
probability measures Q" as well as ambiguity on the instantaneous reward. This case
corresponds to the “classical” mixed game problems studied in [4, 25, 21].

6 Comparison theorems for DRBSDEs with jumps and a priori
estimates

Thanks to the characterization of the solution of the nonlinear DRBSDE as the value
function of a generalized Dynkin game (Theorem 4.10), we now establish a comparison
theorem and a strict comparison theorem for DRBSDEs, as well as some new estimates
with universal constants.

6.1 Comparison theorems

Theorem 6.1 (Comparison theorem for DRBSDEs). Let ¢!, €2, ¢!, (2 be processes in S?
such that &8 = (% a.s. and & < (},0<t<T a.s. fori =1,2. Suppose that fori = 1,2,
&8, (' satisfies Mokobodzki’s condition. Let g'and g? be Lipschitz drivers satisfying
Assumption (4.3). Let (Y, Z% k', A', A'") be the solution of the DRBSDE associated with
(¢1,¢ ¢Y) , i =1,2. Suppose that

() & <& and(F<(¢,0<t<Tas.
(i) ¢*(t, Y2 Z2, k) < g*(t, Y2, Z2,k?), 0<t<T dP®dt— as.

We then have:
Y2<YH 0<t<T as.

Remark 6.2. A comparison theorem has been provided in [7] in the case of jumps under
stronger assumptions, with a different proof based on Ito’s calculus.

Proof. We give a short proof based on the characterization of solutions of DRBSDEs
(Theorem 4.10) via generalized Dynkin games.

Step 1: Let us first suppose that condition (i) holds and that ¢g' and g¢* satisfy:
g2 (t,y,z, k) < gl (t,y, 2 k) for all (y,2,k) € R? x L2 dP @ dt-a.s. (which is a stronger
assumption than (i7)). Let ¢ € [0, 7. For each 7,0 € T, let us denote by £, ,(I*(7,0)) the
unique solution of the BSDE associated with driver ¢’, terminal time 7 A ¢ and terminal
condition I'(1,0) := £'1,<, + (.15, for i = 1,2. Since g*> < ¢*, and I?*(r,0) < I'(7,0),
by the comparison theorem for BSDESs, the following inequality

Elrno(I(7,0)) < Eiopo(T'(7,0)) aus.

holds for each 7, ¢ in 7;. Hence, by taking the essential supremum over 7 in 7; and the
essential infimum over o in 7;, and by using Theorem 4.10, we get

Y;? = essinf esssup Eﬁma(IQ(ﬂJ)) < essinf esssup 5,}7 (I'(r,0)) =Y, as.

A
o€T: TeT, oeT; reT, TNAO

Step 2: Suppose that conditions (¢) and (i¢) hold. Let dg be the process defined by dg; :=
g*(t, Y2, Z2 k?) — g'(t,Y2, Z2,k?). Note that (Y2, Z2 k?) is the solution the DRBSDE
associated with barriers ¢2,¢? and driver ¢'(¢,y,z,k) + dg;. Now, by (ii), we have
gt(t,y,z, k) + 8g: <g*(t,y, z k) for all (y, 2, k). By Step 1 applied to the driver ¢g' and the
driver g'(t,y, 2, k) + dg; (instead of g2), we get Y2 < Y. O

We now provide a strict comparison theorem for DRBSDEs. Note that no strict
comparison theorem exists in the literature even in the Brownian case. The first assertion
addresses the particular case when the non decreasing processes are continuous and
the second one deals with the general case.
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Theorem 6.3 (Strict comparison for DRBSDEs.). Suppose that the assumptions of Theo-
rem 6.1 hold and that the driver g1 satisfies Assumption 4.3 with v, > —1 in (4.2). Let S
in Ty and suppose that Yd = Y2 a.s.

1. Suppose that A*, A", i = 1,2 are continuous. Fori = 1,2, let
Ti =748 —1nf{s>S Al >A’}andol—als —1nf{s>S Al > AL}, Then

}/t :}/t, S<t<T1AToAT1 ATy a.s.
and
Pt Y2 ZE kD) = g' (t, Y2, Z2 k}) S <t<TIAT2AGI AT, dP@dt—a.s. (6.1)

2. Consider the case when A?, A", i = 1,2 are not necessarily continuous. Fori = 1,2,
define for each e > 0,

=inf{t>8, YV} <& +e}; of i=inf{t > S, V> —e).
Setting 7; = lim. o T 77 and ; := lim. o T o, we have
Y} =Y? S<t<FATAGI NGy as. (6.2)
Moreover, equality (6.1) holds on [S,71 A T2 A 1 A ).

Proof. We adopt the same notation as in the proof of the comparison theorem.

1. Suppose first that A?, A%, i = 1,2 are continuous. By Theorem 4.8, for i = 1,2,
(74,0;) is a saddle point for the game problem associated with g = ¢%, ¢ = ¢ and ¢ = ¢°.
By Remark 4.9, (Y}, S <t < 7; A7;) is an £ martingale. Hence we have

6‘2

t,TiNT;

( (7'1;,51‘)), S S t S 77; /\Ei a.s.
Setting @ = 71 A T2 A 31 A Go, we thus have
51 S(Y2), §<t<0 as. fori=1,2

By hypothesis, Yd = Yg a.s. Now, we apply the strict comparison theorem for non
reflected BSDEs with jumps (see [35, Th 4.4]) for terminal time . Hence, we get
Yt1 = Y;Q, S<t<6 a.s.,as well as equality (6.1), which provides the desired result.
2. Consider now the general case.
Let ¢ > 0. By Remark 4.12, (Y}, S <t < 7f A of) is an £ martingale. Hence we have

Yz-fi = ti,‘rf/\af (I(Tisao—ie))v S S 3 S TiE /\o—ig a.8.

By the same arguments as above with 7,75 and 07,05 replaced by 77,75 and 05,05
respectively, we derive Y,! = Y2, S <t < 7§ A5 Ao Aos as., and equality (6.1) holds
on [S, 75 AT5 Ao§ Ao§], dt@dP-a.s. By letting ¢ tend to 0, we obtain the desired result. O

We now give an application of the comparison theorem to a control game problem for
DRBSDEs.

Proposition 6.4 (Control game problem for DRBSDEs). Suppose that the assumptions of
Theorem 5.3 hold. For each (u,v) €U x V), let Y be the solution of the DRBSDE (2.2)
associated with driver g*:*. Then, for each S € Ty, Y¢"' <YY" <Y as.

Proof. By using Assumption (5.3) and by applying the comparison theorem for DRBSDEs
(Theorem 6.1), we get that for each u € U, Yg" v < Y¢" a.s.Similarly, for all v € V, we
have V" < Y$" as. O

Remark 6.5. We point out that the above control game problem for DRBSDEs is different
from the generalized mixed game problem studied in Section 5. However, from the
above proposition, it follows that, under Assumption (5.3), the value functions of these
two game problems coincide.

EJP 21 (2016), paper 64. http://www.imstat.org/ejp/
Page 18/32


http://dx.doi.org/10.1214/16-EJP4568
http://www.imstat.org/ejp/

Generalized Dynkin games and DRBSDEs

6.2 A priori estimates with universal constants

Using Theorem 4.10, we now prove the following estimates on the spread of the
solutions of two DRBSDEs, where the constants are universal (i.e. they only depend on
the terminal time 7" and the common Lipschitz constant C).

Proposition 6.6 (A priori estimates for DBBSDESs). Let ¢!, £2, (1, (? € 82 such that &L =
¢t as. and & < ¢}, 0 <t < T as. Suppose that for i = 1,2, ¢ and (' satisfy
Mokobodzki’s condition. Let g', g> be Lipschitz drivers satisfying Assumption 4.3 with
common Lipschitz constant C > 0. Fori = 1,2, let Y* be the solution of the DRBSDE
associated with driver ¢* and barriers £¢, (°.

— _ _ 1
LetY :=Y!' —Y? €:=¢' —¢2,(=¢'— (% Letn,B >0 with3 > ~ 3 +2C andn < ook
n
Let 6gs = g*(t, Y2, Z2, k%) — g*(t,Y2, Z2,k?). For each t, we have
Y, <fT-OE [Slipfs + sup (:S | 2] —|—77E[/ P (6g,)%ds| Fy]  as. (6.3)
s>t s>t

Proof. The proof is divided into two steps.

Step 1: Fori = 1,2 and for each 7,0 € Ty, let (X*™7, 7879 [47:9) be the solution of the
BSDE associated with driver ¢, terminal time 7 Ao and terminal condition I(7, o), where
I'(1,0) = € lrco + Cilper. Set X7 := X170 — X270 and T 7 := I'(1,0) — I*(1,0) =
5 1<, + C 1,.-. By an estimate on BSDES (see Proposition A.4 in [36]), we have a.s.:

T
(X, )2 < PTVEI(r,0)* | Fi] + nE[/ PEI[(gh — ) (s, X277, 72T T Pds | Fi

t
(6.4)
from which we derive that

T
(X ) < PT- t)E[supf +sup§ |.7:t]—|—77E[/ eﬁ(s_t)gidﬂ]:t] a.s., (6.5)
¢

s>t

where g, := sup, 9" (s,y,2,k) — g°(s,y, 2,k)|. Now, by using inequality (4.12), we
obtain that for each € > 0 and for all stopping times 7, o,

VY2 < X7 - XPT 4 9K,
Applying this inequality to 7 = 7§, 0 = 05 we get
1 2 1,757,035 2,71,05 1,757,035 2,71,05
Y -Y <X, - X; +2Ke < |X; - X; | + 2Ke. (6.6)

By (6.5) and (6.6), we have:

s>t s>t

T
VAR \/ A0 BlsupE,” +supCy |F] +1E] / eBs=Ng2ds|F) + 2Ke.
By symmetry, the last inequality is also verified by Y2 — Y;'. We thus derive that

T
Y < efT- t)E[supfs +sup (s |]-'t] + nE[/ PE=D52ds| Fy) a.s. (6.7)
s>t s>t

This result holds for all Lipschitz drivers ¢' and g2 satisfying Assumption 4.3.

Step 2: Note that (Y2, Z2, k?) is the solution the DRBSDE associated with barriers £2, (2

and driver g'(¢,y, z, k) + dg;. By applying the result of Step 1 to the driver g'(¢,y, z, k)
and the driver g'(¢,v, 2, k) + dg; (instead of g°), we get the desired result. O
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Remark 6.7. The arguments of the above proof are different from those used in the
literature. Based on Theorem 4.10, they allow us to obtain universal constants, which is
not the case for the a priori estimates on DRBSDEs given in the literature (for details
see Remark A.5 in the Appendix). This new estimate with universal constants is useful to
study the Markovian case (see the next section), in particular to obtain the continuity
of the value function. Moreover, this estimate is a powerful tool which allows us to
study a mixed generalized Dynkin game problem (see [15]), in particular to obtain a
weak dynamic programming principle under mild assumptions and a classical one in the
regular case.

We also state the following estimate on the common value function Y of our gen-
eralized Dynkin game problem (4.4)-(4.5) (or equivalently the solution of the DRBSDE
associated with driver g).

Proposition 6.8. Let g be a driver satisfying Assumption (4.3). Let ¢ and ( be RCLL
adapted processes in S? such that {7 = (r a.s.and & < (;, 0 <t < T a.s. Suppose that
Mokobodzki’s condition is satisfied.

Let (Y, Z,k, A, A") be the solution of the DRBSDE (2.2). For each t € [0,T], we have:

T

Y2 < PTDElsup £, + sup (2| Fi] + nE[/ P g(5,0,0,0)%ds| Fy] a.s. (6.8)
s>t s>t t

Proof. Let X™“ be the solution of the BSDE associated with driver g, terminal time 7 A o

and terminal condition (7, ¢). By applying inequality (6.4) with ¢! =g, & =&, (1 = ¢,

¢>=0,¢ =0and (? =0, we get:

T
(X77)? < "I VEI(7,0)%|F] + nE / 7 (g(s,0,0,0))*| ). (6.9)

t
By using the same procedure as in the proof of Proposition 6.6, the result follows. O

7 Relation with partial integro-differential variational inequali-
ties (PIDVI)

We consider now the Markovian case, and we study the links between Markovian
generalized Dynkin games (or equivalently DRBSDESs) and obstacle problems.
Letb: R — R, 0 : R = R be continuous mappings, globally Lipschitz and g :
R x E — R a measurable function such that for some nonnegative real C', and for all
ec E
|B(z,e)] < Cople), [B(z,e) = B(a',e)| < Clo—a'lp(e), »,2" €R,

where ¢ is a bounded map belonging to L2. For each (¢,z) € [0, T] xR, let (X%t < s < T)
be the unique R-valued solution of the SDE with jumps:

Xto gt / B(X1)dr + / (X)W, + / / B(X', )N (dr, de),
t t t E

and set X* = x for s < t. We consider the DRBSDE associated with obstacles &%, (t®
of the following form:

E7 = ha(s, XDP), 07 = ha(s, X07), s <T; €57 = (7% = g(X7).

We suppose that g € C(R), h1,h2 : [0,T] x R — R are continuous with respect to ¢ and
Lipschitz continuous with respect to x, uniformly in ¢ and that g, hy, ho have at most
polynomial growth with respect to . Moreover, the obstacles ¢* and (** are supposed
to satisfy Mokobodzki’s condition, which holds for example when h; or hs is C1? (see
[15] for details).
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We consider two functions v and f satisfying Assumption 2.1 in [12]. More precisely,
letv: R x E — R be a B(R) ® K-measurable map, such that |y(z,e) — y(z/,e)| < Clz —
2'|p(e) and —1 < y(z,e) < Cp(e) forall z,2' € R,e € E,and let f: [0,T] x R® x L2 - R
be a map, continuous in ¢ uniformly with respect to z,y, z, k, uniformly Lipschitz with
respect to z,y, z, k uniformly in ¢, such that f(¢,z,0,0,0) has at most polynomial growth
with respect to z, and such that for all ¢, z, y, z, k1, ko, f(t,2,y,2, k1) — f(t, 2,9, 2, k) > <
y(x,-), k1 — ko >,. The driver is defined by f(s, X!*(w), v, z, k).

By Theorem 4.1, for each initial conditions (¢, x) € [0,T] x R, there exists an unique
square integrable solution (Y*, ZL* Kb* AL* A'b), - 7 of the associated DRBSDE.
Note that Y,;m is constant.* By Theorem 4.10, Y% is the value function process of the
associated generalized Dynkin game. We define:

u(t,z) :=Y", t€0,T], z€R (7.1)

which is a deterministic function. Thanks to the a priori estimates for DBBSDEs with
universal constants (see Propositions 6.6 and 6.8) and the same arguments as those used
in the proofs of Lemma 3.1 and Lemma 3.2 in [12], we derive that u is continuous in (¢, x)
and has at most polynomial growth at infinity. It follows that the process Y% = u(s, X5*)
admits only totally inaccessible jumps. Hence, the processes A**, A’®* are continuous.

A solution of the obstacle problem is a function « : [0,7] x R — R which satisfies the
equality u(T,x) = g(z) and

hi(t,z) < wu(t,z) < ha(t,x),
if u(t,x) < ha(t,z) then Hu > 0, (7.2)
if hi(t,x) < u(t,z) then Hu <0,

where L := A+ K and

o A6(r) = 50%(a) T 2 (w) 4 b(a) 02 ()
B¢(t,£)() = ¢(t7x + 5(*% )) - (b(t,(ﬂ),

o Ko(o) = f (604 Blae)) - 0(0) = 203w, ) vide)

o Ho(t,x) := —g—f(t,x) — Lo(t,x) — f(t,x, (¢, x), (a%)(t,x), Bo(t, x)).

Definition 7.1. ¢ A continuous function u is said to be a viscosity subsolution of (7.2)
if u(T,z) < g(z),z € R, and if for any point (¢9,x¢) € [0,7) x R, we have h;(to,xo) <
u(to, 7o) < ha(to, zo) and, for any ¢ € CH2([0,7] x R) such that ¢(to, z¢) = u(to, zo) and
¢ — u attains its minimum at (o, zo), if u(to, zo) > h1(to, o), then (Heo)(to, z0) < 0.

e A continuous function u is said to be a viscosity supersolution of (7.2) if u(T,z) >
g(x),x € R, and if for any point (f9,z0) € [0,T) x R, we have h;(to,zo) < u(to,zo) <
ha(to, zo) and, for any ¢ € C12([0, T] x R) such that ¢(tg, x¢) = u(to, zo) and ¢ — u attains
its maximum at (to, .’IJ()), if u(to, .To) < hg(tm xo) then (H(b)(to, xo) > 0.

Theorem 7.2. The function u defined by (7.1) is a viscosity solution (i.e. both a viscosity
sub- and supersolution) of the obstacle problem (7.2).

Proof. We propose a short direct proof, contrary to the previous literature on doubly
reflected BSDEs where an approach by penalization is used (see [6]). We prove that u is
a viscosity supersolution of (7.2), the proof in the case of subsolution being similar.

4Indeed, the DRBSDE can be solved with respect to the t-translated Brownian motion Wt := (Ws — Wt)szt
and the ¢-translated Poisson random measure N := N(J¢, s], -)s>¢. The solution is thus adapted to the filtration
Ft, t < s < T equal to the completion of o(W,, N, < r < s), t < s < T. Hence, Y, is measurable with
respect to J-'f = Fo, which implies that it is constant up to a P-null set.
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Let (to, xo) €

(0,T) x R and ¢ € C12([0,T] x R) be such that ¢(ty, x¢) = u(to, zo) and
o(t,x) < u(t,z), V(

,x) € [0, T] x R. Suppose that u(ty, xo) < ha(to, o) and that

—%¢(to,$0) — Lo(to, o) — g <t07$07¢(t0,$0)> (U?ﬁ)(to,xo)’Bﬂto,ﬂﬁo)) <0.

By continuity, we can suppose that there exists ¢ > 0 and 7. > 0 such that: V(¢, z) such
that to <t <to+n. < T and |z — z¢| < 7., we have: u(t,z) < ha(t,z) — e and

(t,x) — Lo(t,z) — g (t,x, o(t, ), (U%)(t, x), qu(t,x)) < —e. (7.3)

_9
ot ox

Let 6 be the stopping time defined as follows:
0 := (to +ne) Ainf{s > to/| X "0 — 20| > n.}.
By this definition, we have
u(s, X10%0) < hy(s, XL0™0) — € < ho(s, X[0™0),tg < s < 0 a.s.

Hence, the process (Yo% = u(s, X!%) s € [to,0]) stays strictly below the upper
barrier. It follows that the continuous process A.%-% is constant on [t, §]. The process
(Yio-¥o s € [to,0]) is thus the solution of the classical BSDE associated with terminal
condition Y, = u(f, X;>"°) and the generalized driver

g(s, Xm0 vy > q)ds + dA"0.

Our aim now is to use the comparison theorem. We apply as above It6’s lemma to

0
¢(s, Xto-®0) and we get that (¢(s, Xltowo), (aa—(b)(s7 Xtow0) B(s, X127 )5 € [to, 9]) is the
x
solution of the BSDE associated to the terminal value ¢(6, X,°°) and driver —¢(s, X‘0:%0),
where (s, x) := g—f(s, x)+L(s, z). By assumption (7.3) and the definition of the stopping

time, we have :

— (s, XL00)ds < (g(s, X170, (s, X100),

0 :
(Ug)(S,Xgo’lo), Bg(s, XL0"0)))ds + dA'" —eds, Vs € [to,0)].
x
The above inequality gives a relation between the drivers of the two BSDEs. Moreover,
(0, X;O’wo) < u(6, X;O’””D) = YZO’CEO. By applying the extended comparison theorem for
BSDEs with jumps given in [12, Proposition A.3] we get:

¢(t0,.’L‘0) = ¢(t0aXfc?7wo) < YZJOJO = ’U/(to,xo),

which provides a contradiction. O

Uniqueness of the viscosity solution In the sequel, we suppose that the function ¢
is defined by ¢(e) := 1 A |e| and belongs to L2. We also suppose that g, h; and hy are
bounded, and that Assumption 4.1 in [12] holds. More precisely, we assume:

(7’) f(SiX.z.'z(w)a Y,z k) = 7 (57 X?m(w% Y, 2, fR* k(e)'y(X;’x(w)v e)V(de)) 1o,

where f : [0,7] x R* — R is a map which is continuous with respect to ¢ uniformly in
x, 9, z, k, continuous with respect x uniformly in y, 2z, k, uniformly Lipschitz with respect
to y, z, k and the map f(t,z,0,0,0) is uniformly bounded.

The map k — f(t,z,vy, 2, k) is also non-decreasing, for all t € [0,T], z,y, z € R.

(#4) For all R > 0, there exists a continuous function mp : Ry — R with mg(0) = 0 and
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|?(ta T, Y, z, k) - ?(t,l‘l, Y, =z, k)| < mR(|x - :17/|(1 + |ZD)7 forall ¢ € [O7T]'
R, z,k € R.
(iii)  |y(z,e) —v(y,e)] < Clz —y|(1 Ae?); 0 < vy(x,e) < C(LAe]), z,y € R,e € R*.
(iv)  f(t,z,y,2,0) — f(t,z,y,2,0) > r(u—v), u>wv,tel0,T], z,u,v,p,1 €R, where r > 0.
To simplify notation, in the sequel, f is denoted by f.
The operator B has now the following form: B¢(z) = [g.(o(x + B(z,e)) —

o)) (2, e)v(de).

Theorem 7.3 (Comparison principle). Suppose that Assumptions (i) to (iv) hold. If U is a
bounded viscosity subsolution and V is a bounded viscosity supersolution of the obstacle
problem (7.2), then U(t,z) < V(t,z), for all (¢t,z) € [0,T] x R.

T<Ryl <

Proof. The proof is similar to the proof given in [12] (in the case of one barrier). For the
convenience of the reader, we give a sketch of proof, where we draw attention to some
points which differ from the proof in [12]. Set

jz—y® Jt—sf
2 - 2 7772(|I|2+|y‘2)5

we’n(ta S7I7y) = U(t,IE) - V(Sa y) -

€ €

where ¢, are small parameters devoted to tend to 0. Let M%7 be a maximum of
Ye"(t, s,x,y). This maximum is reached at some point (¢7, s, 25", y©"7). We define:

o=y = sep

Uy (t, @) = V(s yo") + 12— — + (e + [y

€ €

[z —y|* |t — s]?
= (PP + [y
As (t,z) — (U — ¥4)(t, z) reaches its maximum at (¢",2%") and U is a subsolution,
we have the two following cases:
o t¢" =T and then U(t", z¢") < g(x*7),
o 91 £ T, hy(t&", 29 < UM, x%") < ho(t", 2%") and, if U (tS", &™) > hy (t7, 257),
we then have:
0
ot

Wo(s,y) :=U",2%") —

€ €

——= (", 2% — LU (t5", 2™

ov,

— t€1777 E1"7’[] tfvn’ 57"],
£ (v, e, o

)4 a), B 10 ) £0. (70

As (s,y) = (P2 — V)(s,y) reaches its maximum at (s”,y“") and V is a supersolution, we
have the two following cases:

e s =T and V(s©",y") > ( )
o s FET, hy(s9M,yo") <V (s, y") < ha(s97,y<") and, if V(s©7,y=") < ha(s7,y*")
then
ov
SO ) — DOy
€ € € € anQ €
- f(S ’nvy ’"7V(s ’nay 777)7 (0 O )(S ’77 777)) B\IIQ( 777) > 0.

C C
As in [12], we have: [z97 — y©"| + [t97 — 57| < Ce, |27 < — and |[y©"| < —.

Extracting a subsequence if necessary, we may suppose that for each 7 the sequences
(t©"), and (s"). converge to a common limit ¢", and the sequences (z%"), and (y©"),
converge to a common limit 2”. Here, we have to consider four cases.

1st case: there exists a subsequence of (") such that ¢” = T for all 7 (of this subse-
quence)

EJP 21 (2016), paper 64. http://www.imstat.org/ejp/
Page 23/32


http://dx.doi.org/10.1214/16-EJP4568
http://www.imstat.org/ejp/

Generalized Dynkin games and DRBSDEs

2nd case: there exists a subsequence of (¢7) such that ¢” # T and for all  belonging to
this subsequence, there exist a subsequence of (z"). and a subsequence of (t©7),, such
that U (t57, 27) — hy (&7, 267) = 0.

3rd case: there exists a subsequence such that ¢”7 # T, and for all 7 belonging to this
subsequence, there exist a subsequence of (y"). and a subsequence of (s"),, such that
V(s9M,y&") — ha(s©7,y*") = 0.

Last case: we are left with the case when, for a subsequence of n we have t7 # T, and
for all  belonging to this subsequence, there exists a subsequence of (z¢")., (y*").,
(t") and (s*"). such that

U, ) = (157, 27) > 0 ha(s7, ") — V(57 y) > 0.

We are thus in the case when the solution if strictly between the barriers, that is when
there is no reflection. We can then use the same arguments as in the case of one barrier
when there is no reflection. For convenience of the reader, we recall below the main
arguments. We argue by contradiction by assuming that M > 0. We set

r—y|? t — s|?
olt,s,y) = T T e ), 7.5)

We know that he maximum of the function . ,, := U(t,z) —V(s,y) —¢(t, s, , y) is reached
at the point (7, 5", 2" "), We can thus apply a generalized Jensen-Ishii’s lemma °
(see [3]), which leads to the desired result, by using the same arguments as in [12] (see
Theorem 4.1, last case).

Note that the first, second and fourth case are identical to the three cases considered
for reflected BSDEs (see [12]). The third one, which didn’t appear in the case of reflected
BSDESs, can be treated similarly to the second one. O

Corollary 7.4. We derive that under Assumptions (i) to (iv), there exists an unique
solution of the obstacle problem (7.2) in the class of bounded continuous functions.

Conclusion and perspectives We have introduced a game problem which can be seen
as a generalization of the classical Dynkin game problem to the case when the linear
expectation in the performance is replaced by a nonlinear £9-expectation/g-evaluation.
Our main result is the characterization of the value of this game problem as the solution
of a nonlinear DRBSDE. An interesting application concerns the pricing of a game option
associated with payoffs £ and ¢ in a market with imperfections. In [14], we prove that
under a regularity assumption on the upper barrier {, which corresponds to the payoff at
cancellation time, the value of the generalized Dynkin game is equal to the super-hedging
price of the game option, defined as the minimal initial amount which allows the seller
to be hedged.

In the Markovian case, our results provide a new probabilistic interpretation of semi
linear PDEs with two barriers in terms of game problems. A Markovian approach is also
studied in [15] in a more general setup allowing for an additional control.

A Appendix

Remark A.1. Note that L2 is a separable Hilbert space. Indeed, by a result of Measure
Theory (see e.g. Proposition 3.4.5 of Cohn’s book on Measure Theory [8]), given a
measurable space (Y, B, u), if p1 is o-finite and B is countably generated, then L2(Y, B, )

5Jensen-Ishii’s lemma (also called Ishii’s lemma) is the main tool to prove the comparison theorem for
viscosity solutions of HJB equations (without integro-differential operators). The extension to HJB equations
with integro-differential operators is due to Barles and Imbert (see [3]).
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is separable. Applying this property to Y = E (where E = R*), B = B(E) and p = v, since
B(E) is countably generated, it follows that L2= L?(E, B(E), v) is separable.

Using this remark, we now prove an analysis result which provides some sufficient
conditions ensuring that a given driver satisfies the technical Assumption 4.3, which is
essential in the case of jumps. These conditions are more tractable than Assumption 4.3.

Proposition A.2. Let (X, A) be a measurable space. Let f : (X x L2, A® B(L2) —
(R,B(R)); (a,k) = f(a, k). Suppose that f satisfies one of the three following conditions:

1. f is of class C* with respect to k such that for all (o, k) € X x L2,
IVef(a, k)|, <C and Vif(a,k)(e) > —1 dv(e)— as. (A1)

where C' is a positive constant.

2. f is convex (resp. concave) with respect to k and Gateaux-differentiable with
respect to k such that the Gateaux-gradiant V7 f(w, k), which is also the sub- (resp.
super-) differential with respect to k, sat1sﬁes (A.1).

3. f of the form f(a, k) o, [5 k( v(de)), where 1) is a nonnegative function
in L? and f:XxR— IR is a measurab]e map, supposed to be non-decreasing with
respect to its second variable and Lipschitz continuous with Lipschitz constant denoted
by C'.

Then, there exists a measurable map v : (X x (L2)*, A® B((L2)?)) — (L2, B(L%));
(o, k1, k2) — (o, k1, ko) such that ||y(.)|, < C, where C > 0; v(.)(e) > —1 wv(de) — a.s.
and

floy ko) — flayky) > < y(a ki, ko), ko — k1 >, V(o ky, ko) € X x (L2)2

Proof. 1. Since L? is a separable Hilbert space, it admits a countable orthonormal basis
{e',;i € N}. Let (a,k) € X x L2. Since f is differentiable at k, for each h in V we
have: f(a,k+h) = f(o, k)+ < Vif(a,k),h >, +||h|[,e(||h||,), where lim,_,o e(z) = 0. By
taking h = te;, t € R, 7 € IN we obtain that

fla,k+te;) — fla, k)
; .

Hence, the map 0; defined for each (a,k) € X x V by (o, k) =< Vif(o,k),e; >
is A ® B(L2) -measurable. We thus obtain that Vif(.,.) : (X x L2, A ® B(L%) —
(L2,B(L2)); (a, k) — Vif(a k) =3, 0i(a, k)e; is measurable.

Now, for each (o, k1, k2) € X x (L2)?, the map ¢ +— f(«a, ki + t(ka — k1)) is C'. Hence,
by the mean value theorem, we have that

< Viflayk),e; >,= }5% (A.2)

1
f(a, k2) — f(Oé, kl) = ‘/O < ka(Oé, k1 + t(kz — k‘l)) R ko — k1 >, dt

/kafak1+t(k2 k1)) (kb — k)dt.

1€IN

where for each | € L2, we have denoted its coordinates in the basis (e*);ew by (I*);en.
()]|» is uniformly bounded. Using this property and Fubini’s
theorem, one can show that

f(a7k2) - f(aakl) =< 7(@,]{1,]{72) 3 k2 - kl >y,

where y(a, k1, ko) = fol Vif(la ki + (k/’g — k1))dt. Here, for each continuous map F:

[0,1] — L2; t — F(t), the integral fo t)dt is defined as fo t)dt ==, e ( fo ‘(t)dt)e;.
The desired result follows.
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2. Suppose f is convex. By [16, Proposition 5.4], since f is convex and Gateaux-
differentiable, f is sub-differentiable. By [16, Proposition 5.3], the Gateaux-gradient
V4 f(a, k) coincides with the sub-differential at k. Hence, for each k,h in L2, we have:
fla,k+h) > fla,k)+ < V{f(e,k),h>, . By definition of the Gateaux-gradiant (see
f(aa k+ tei) - f(avk)

Definition 5.2. in [16]), we have < Vi f(a, k), e; >, = limy_,g ;

each i € IN. Setting v(c, k1, k2) := V7 f(a, k1), the result follows.

Suppose f is concave. By applying the previous property to the convex map —f and
with (kg, kl) instead of (kl, kg), we get —f(a, 1{31> + f(Oé, kg) > < —VZf(Oé, kg) L ki —ko >y,
for each (a, k1, ko) € X x (L2)2. Setting (v, k1, k2) := VY f(a, k2), the result follows.

3. Setting y(a, k1, k2) := CY(€)L([_(ka(e)—ki(e))d(e)v(de) < 0} the Tesult follows. O

, for

Sketch of proof of Lemma 3.3. Here we omit the exponent g in J9" and J'¥" for sake
of simplicity. By classical results of optimal control theory, for each n, J* and J'" are
RCLL supermartingales belonging to S?. We also have

JHL =R+ &) I =R = ), (A.3)

where R is the classical Snell envelop operator. It can be shown recursively, using the
equalities £ = (% = 0 a.s., that J} = J# = 0 a.s. for each n. Hence, J" and J'" are
non negative since they are supermartingales. Let us now prove that (J") and (J/'")
are non decreasing sequences of processes. The arguments are classical and are given
for the convenience of the reader. We have J! > 0 = J° and J'' > 0 = J'°. Suppose
that J* > J* ! and J" > J’ "~1 Since the operator R is non decreasing, it follows that
RI™+E9) > R 4+ €9) and R(J™ — ¢9) > R(J" ! — (9). Hence, J™! > J" and
J'"L > pm which gives the desired result.

The processes J? :=lim 1 J" and J/Y :=lim 1 J'" are optional and valued in [0, +00].
Since for each n, Ji: = Jj* = 0 a.s. we have JJ = J;/ = 0 a.s. Using the monotone
convergence theorem, one can show that J? and J/¢ are strong supermartingales valued
in [0, +00].

We now show that the processes J? and J' satisfy equalities (3.6). In the following,
we use the Snell envelope operator R which acts on admissible families of random vari-
ables (r.v.). The reader is referred to [31, Section 1.1] for the definition of an admissible
family of r.v. indexed by stopping times, as well as the definition of a supermartingale
family. Recall that for each admissible family ¢ = (¢(0),0 € Ty) valued in R U {+o0}
with E [esssupger ¢(0) 7] < 400, R(¢) is defined as the smallest supermartingale family
greater than ¢. By some results of optimal stopping (see [31, Section 1.1]), we have

R(p)(0) = ess %Elp El¢p(1)| Fo] aus. (A.4)
TE o

for each stopping time 6. In the following, for each optional process ¢. = (¢¢)o<i<T
valued in RU {400}, we denote by ¢ = (¢(6),0 € Tp) its associated family of r.v. defined
for each 6 € Ty by ¢(0) := ¢y. If ¢. € S%, we then have

R(9)(0) = esssup E[¢p, | Fo] = R(¢.)g a.s. (A.5)

TETo

for each stopping time 6. This property and equalities (A.3) lead to the following
equalities written in terms of families and the operator R:

T =R+ E9) 5 T =R - (). (A.6)

Since J? = lim 1 J", we derive that for each 6 € 7y, we have Jj = lim 1 J§ a.s. Hence,
J9 = lim 1 J". Similarly, we have J'Y = lim 1 J'". Note that the supermartingale
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property of the families J9 and J'? corresponds to the strong supermartingale property
of the optional processes J? and J'?. This formulation in terms of admissible families
allows us to let n tend to co in (A.6) even if the limits J9 and J'Y are not necessarily
finite. We use below some arguments used in the proof of Theorem 2.3 in [31]. As R is
nondecreasing, for each n € IV, we have J" ! = R(J"™ + £9) < R(J'? + £9). By letting
n tend to +oo, we get that J9 < R(J'? + £9). Now, for each n € IN, J*+1 > J" 4 £9. By
letting n tend to +o0, we derive that JI > J'9 +§~9 . Since J9 is a supermartingale family, it
follows that J9 > R(J'? +£9). Since J9 < R(J'? +£9), we get J9 = R(J'Y +£9). Similarly,
J9 =R(J9 — (9), which, by (A.5), leads to J? = R(J'? +£7) and J'? = R(J? — (?), which
gives the equalities (3.6).

Moreover, if J§ < 4+oc and J)? < o0, by [11, Theorem 18, Chapter VI, J? and J'?
are indistinguishable from nonnegative RCLL supermartingales, as the non decreasing
limits of nonnegative RCLL supermartingales. O

Remark A.3. By [31, Proposition 5.1], we derive that (J7) and (J;?) are the smallest
strong supermartingales valued in [0, +oc] satisfying J? > J/? + ¢ and J}¢ > J? — (7,
0<t<Ta.s.

Remark A.4. The proof of Theorem 3.4 together with Lemma 3.3 ensures that B = A.
Indeed, set H; := E[Ar — A|F:] (resp. H] := E[A}. — Aj|F]). Since dA; << dB; (resp.
dAy << dBj), we have H; < J} = E[Br — By|F] (resp. H; < Tl = E[Br — Bi|F)]).
Moreover, H — H' = J9 — J'Y. Hence, we have H > H' + &9 and H' > H — (9. By the
minimality property of J9, J'Y, we derive that J9 = H (resp. J'9 = H').

Proof of Theorem 3.5. Theorem 3.4 gives the existence. Let (Y, Z, k, A, A’) be a solution
of the DRBSDE associated with driver process ¢(t) and obstacles (&, {). Let us prove that
it is unique. We first show the uniqueness of Y. For each S € 7; and for each ¢ > 0, let

e :=inf{t > S, Vi <& +e} og:=inf{t>S5, V> —e}. (A.7)

Note that 0% and 7§ € 7s. Fix € > 0. By the same arguments as in the proof of Lemma
4.11, the function ¢ — A, is constant a.s. on [S, 75] and Yre <&z +e as. Similarly, Ais
constant on [S,05] and Y,z > (2 —¢ a.s.

Let 7 € 7s. Since A’ is constant on [S, 0%, the process (Y; + jot g(s)ds, S <t<TA0Y)
is a supermartingale. Hence

TAGS

Yg > E[Y-,—/\gg +/ g(s)ds | fs] a.s.
s

We also have that Yinoe = Yrlr<os + Yoeloscr > & 1li<os + (ng — e)lggq a.s. We

get Yg > E[Ig(1,05) | Fs] — ¢ a.s. Similarly, one can show that for each o € Tg,

Ys < E[Is(7§5,0) | Fs] + ¢ a.s. It follows that for each ¢ > 0,

esssup E[Ig(r,05) | Fs] —e < Ys < essinf E[Is(7§,0) | Fs]+¢ a.s.,
T€Ts o€Ts

which implies V(S) —¢ < Ys < V(S) +¢ a.s. Since V(S) < V(S) a.s. we get
V(S)=Ys=V(S) a.s. This equality holds of each stopping time S € 7y, which implies
the uniqueness of Y. It remains to show the uniqueness of (7, k, A, A’). By the uniqueness
of the decomposition of the semimartingale Y; + fot g(s)ds, there exists an unique square
integrable martingale M and an unique square integrable finite variation RCLL adapted
process a with ap = 0 such that dY; + g(t)dt = dM; — do;. The martingale representation
theorem applied to M ensures the uniqueness of the pair (Z, k) € IH? x IH2.

The uniqueness of the processes A, A’ follows from the uniqueness of the canonical
decomposition of an RCLL process with integrable variation (see Proposition A.7).

Suppose that A and A’ are continuous. Since Y and ¢ are right-continuous, we
have Y,: = (ox and Y;; = &: a.s. By definition of 75, on (S, 7], we have Y; > &
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a.s. Since (Y, Z,k(.), A, A’) is the solution of the DRBSDE, A is constant on [S, 74| a.s.
and even on [S, 7§] because A is continuous. Similarly, A’ is constant on [S, 03] a.s.
The process (Y; + fo s)ds,S <t < 75 A oyg) is thus a martingale. Hence, we have
Ys = E[Is(75,0%) | Fs] a.s. By similar arguments as above, one can show that for each
1,0 € Tg, E[Is(1,0%) | Fs] < Ysand Yy < E[I5(7§,0) | Fs] a.s., which yields that (7§, o)
is an S-saddle point. O

Proof of Proposition 3.10. Since J? > J'9 4 &% and J'Y > J9 — (9, J9 € §2 & J'Y € 82
Using the minimality property of J and J’ given in Remark A.3, one can show that
J9 € S? if and only if there exist two non-negative supermartingales H9, H'9 € §? such
that

¢ <HI-H'< 0<t<T as. (A.8)
Since this equivalence holds for all g € IH?, in particular when g = 0, we get (ii) < (iii).

To prove (i) & (ii), it is sufficient to show that (3.11) is equivalent to (A.8). Suppose
that (3.11) is satisfied. By setting

HY == H, + El¢;|Fi) + Bl g~ (s)ds|F],,0 <t <T
H)? := H} + E[¢}|F] +Eft (s)ds|F;],0 <t < T,

(A.8) holds. Similarly, (A.8) implies (3.11). We have that (i) implies (iv). It remains
to prove that (iv) implies (i). Let (Y, Z,k, A, A’) be the solution of the DRBSDE (2.2)
associated with driver process g( ). Let HY := E[Ay — Ay|F;] and H,? := E[A}, — A}| 7.
We have HY — H? =Y; — ft (s)ds|Fi]. Since £ <Y < ¢, condition (A.8) holds. O

Proof of Theorem 4.1. For § >0, ¢ € H?, and | € IH, we introduce the norms ||¢||3 :=
Elfy ¢#*¢2ds], and [|U|2 ; == B[, 7L, ds).

Let H3 , (below simply denoted by IH3) the space IH? x IH? x IH} equipped with the
norm [[V, 2 k()3 = Y3 + 1215 + 4112,

We define a mapping ¢ from H; into itself as follows. Given (U,V,l) € IH2, by
Theorem 3.5 there exists a unique process (Y, Z, k) = ®(U, V, ) solution of the DRBSDE
associated with driver process g(s) = g(s, Us, Vs, ls). Note that (Y, Z, k) € ZH% Let A, A’ be
the associated non decreasing processes. Let us show that ¢ is a contraction and hence
admits a unique fixed point (Y, Z, k) in ng which corresponds to the unique solution of
DRBSDE (2.2). The associated finite variation process is then uniquely determined in
terms of (Y, Z, k) and the pair (A4, A’) corresponds to the unique canonical decomposition
of this finite variation process. Let (U2, V?,1%) be another element of /Hj and define
(Y2,2% k?) = ®(U%,V2,1?). Let A%, A”? be the associated non decreasing processes. Set
U=U-U%* V=V-V? I=1-Pand, Y=Y -Y?% Z=7-27° k=k—Fk> Byltd's
formula, for any 8 > 0, we have

Yo—i—E/ (Y + Za + |Fallds + E Y P (AA, — AA? — AL+ AAR)?
0<s<T

T
= 2E/ eP5Y Jg(s, Us, Vi, 1s) — g(s, U2, V2 13)] ds
0
T - T o
+ 2F] / ePY - dA, — / ePY — dA?
0 0
T o T -
—2F] / P Y, dAL — / 7Y dA?). (A.9)
0 0

Now, we have a.s. Y dA¢ = (Y, — &)dAS — (Y2 — &)dAS = —(Y2 — &)dAS < 0, and by
symmetry, Y ,dA%¢ > 0 a.s. Also, we have a.s.
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Y- AAL = (Y- — & )AAL — (Y2 —&-)AAL = —(V2 —£,-)AAT <0
and Y,- AA%d > (0 a.s. Similarly, we have Y dA* = —(Y2 — (;)dA > 0and Y- AA? =
—(YZ = (-)AA? > 0 a.s. By symmetry, Y ,dA?° < 0and Y,- AA2? < 0as.
Consequently, the second and the third term of (A.9) are non positive. By using the
Lipschitz property of g and the inequality 2Cyu < 2C?%y* + 1u?, we get

_ _ _ _ 1 _ _
BIYIE +1Z1% + Ikl 5 < 6C*[Y 3 + §(HUII% VIS + 112117, 6)-

Choosing 3 = 6C2 + 1, we deduce ||(Y, Z, k)| < 3[(U, V, D)3
The last assertion of the theorem follows from Theorem 3.7 (i) and Remark 4.2. [

Remark A.5. By similar arguments as above (see [7, proof of Theorem 3.2]), one can
show the following estimate, which is expressed in terms of the associated increasing
processes. More precisely, under the assumptions of Proposition 6.6, we have

J— —2 _ — -
1713 < K (BER + g%l + A% + A3 22 [€lls2 + 147 + AZ||z=[[Cls2) . (A10)

In [7], in the particular case when for each i = 1,2, the lower barrier fi is of the
form ¢ = M? 4 B?, where M’ is a square integrable martingale and B’ is a square
integrable RCLL predictable non decreasing process with B} = 0, the authors derive

. . - =2 _ = =
from (A.10) the following estimate: [[Y|%. < K (E[gT] + 17212 + o€l s> + ||§||Sz)),
where the constant ¢ > 0 is not necessarily universal, depending in particular on ||£?|s2,
1< 52, 119%(s,0,0,0)| 7> and B¢, fori = 1,2 (see [7, estimate (14) of Theorem 3.2]).

We now easily show an £9-Doob-Meyer decomposition of £9-supermartingales, which
generalizes the results given in [37] under stronger assumptions. Moreover, our proof
gives an alternative short proof of this result.

Proposition A.6. Suppose that g satisfies Assumption (4.3).

 Let A be a non decreasing (resp non increasing) RCLL predictable process in S?
with Ay = 0. Let (Y, Z, k) € 8§ x H? x H? following the dynamics:

—dYs = g(s,Ys, Zs, ks)ds + dAs — ZsdW — / ks(e)N(ds,de). (A.11)
E

Then the process (Y;) a strong £9-supermartingale (resp £9-submartingale).

e (£9-Doob-Meyer decomposition) Let (Y;) be a strong £9-supermartingale (resp.
&9-submartingale). Then, there exists a non decreasing (resp non increasing) RCLL
predictable process A in S? with Ay = 0 and (Z,k) € IH? x IH? such that (A.11)
holds.

Proof. Suppose A is non decreasing. Let (X7,77,l") be the solution of the BSDE as-
sociated with driver g, terminal time 7, and terminal condition Y,. Since g satisfies
Assumption 4.3 and since g(s, y, z, k)ds + dAs > ¢g(s,y, 2, k)ds, the comparison theorem
for BSDEs (see [35, Theorem 4.2]) gives that Y, > X7 = &7 _(Y;) a.s. on {0 < 7}. The
case when A is non-increasing can be shown similarly.

Let us show the second assertion. Fix S € 7. Since (Y;) is a strong £9-supermartingale,
we derive that for all 7 € Ts, we have Ys > £§_(Y;) a.s. We get Ys > esssup, 7, €5, (Y7)
a.s. Now, by definition of the essential supremum, Vs < esssup,c7, &4 (Y7) a.s. because
S € Ts. Hence, Ys = esssup, 7, €& (Y7) a.s.By [36, Theorem 3.3], the process (Y;)
coincides with the solution of the reflected BSDE associated with the RCLL obstacle (Y;).
The result follows. O

We now show a result on RCLL adapted processes with integrable total variation,
which can be seen as a probabilistic version of the well-known existence and uniqueness
result of the canonical decomposition of a function of bounded variation on [0, T].
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Proposition A.7. Let (), F, P) be a probability space equipped with a completed right-
continuous filtration (F;)o<i<1. Let & = (ay)o<i<r be a RCLL predictable process with
integrable total variation, that is, E(|a|r) < oo, where |«|r is the total variation at time
T. There exists an unique pair (A, A’) € (A')? such that o« = A — A’ with dA; 1 dA}. This
decomposition is called the canonical decomposition of the process a. If E(|a|%) < oo,
then Ar and A}, € L?.

Moreover, if (B, B') € (A')? satisfies « = B — B’, then dA, << dB, in the (prob-
abilistic) sense, that is, for each K € P with foT 1xdB; = 0 a.s., then fOT 1xdA; =0
a.s.

An analogous result holds in the optional case (that is replacing predictable by
optional and P by the optional c-algebra in the above properties).

Proof. By classical results, the process « can be written as o = B — B’ with B, B’ € A'.
Let C; := B, + B,. This process belongs to A!. For almost every w, the measures
dB.(w) and dB!(w) on [0,T] are absolutely continuous with respect to dC.(w). By using
the Radon-Nikodym Theorem for predictable RCLL non decreasing processes (see [11,
Theorem 67, Chap. VI]), there exist nonnegative predictable processes H and H’ such
that for each ¢t € [0,7], B; = fot H,dC; and B; = fot H!dCs a.s. Let A and A’ be the
processes defined by

¢ ¢
Ay = / (Hy — H))TdCy, and A} := / (Hs — H.)~dCs.
0 0

They belong to A'. Now, the set D := {(t,w), H;(w) — H/(w) > 0} belongs to P. We
have [ 1pedA; = [ Lim,—mi<o(Hy — H})TdC; = 0 a.s. Similarly [) 1p,dA; =0 as.,
which implies that dA; 1 dA}. It remains to show the uniqueness of this decomposition.
Since dA; L dAj, it follows that, for almost every w, the deterministic measures dA;(w)
and dAj(w) are mutually singular in the classical analysis sense. Hence, for almost
every w, the non decreasing maps A(w) and A’(w) correspond to the unique canonical
decomposition of the RCLL bounded variational map «.(w) by a well-known analysis
result. This implies the uniqueness of A, A’. Note that since |a|r = Ar + A%, if |a|r €
L?, then A7 and A/ belong to L?. Moreover, since (H; — H])" < H,, the last assertion
holds. O

Remark A.8. Let ¢ be an adapted RCLL process in S2. Suppose that ¢ is a semimartin-
gale of the form &; := M; + o4, where M a square integrable martingale and « is an
RCLL adapted process with ag = 0 and with square integrable total variation, that is
E(Jal%) < co. Let us show that ¢ can be written as the difference of two non negative
square integrable supermartingales. By the above Proposition A.7, there exists an
unique pair (4, A’) of square integrable non decreasing RCLL adapted processes with
Ap = A, =0, and such that « = A’ — A with dA; 1 dA}. The processes H and H' defined
by H; = E[¢f + Ar — AR and H] := E[¢; + A, — A)|F,] are non negative RCLL
supermartingales belonging to S?. Moreover, we have & = E[ér + ar — ay|F| = Hy — HY,
which gives the desired result.

From this property, we derive that if ¢ is an adapted RCLL process in S? with (7 = ér
and ¢ < ¢, Mokobodzki’s condition (3.11) then holds.
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