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Abstract

The aim of this paper is twofold. First, we extend the results of Matoussi et al. (2013) concerning
the existence and uniqueness of second-order reflected 2BSDEs to the case of two obstacles. Under some
regularity assumptions on one of the barriers, similar to the ones in Crépey and Matoussi (2008), and
when the two barriers are completely separated, we provide a complete wellposedness theory for doubly
reflected second-order BSDEs. We also show that these objects are related to non-standard optimal stopping
games, thus generalizing the connection between DRBSDEs and Dynkin games first proved by Cvitani¢ and
Karatzas (1996). More precisely, we show under a technical assumption that the second order DRBSDEs
provide solutions of what we call uncertain Dynkin games and that they also allow us to obtain super
and subhedging prices for American game options (also called Israeli options) in financial markets with
volatility uncertainty.
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1. Introduction

The theory of Backward Stochastic Differential Equations (BSDEs for short) was initiated
by Bismut in [6], where their linear version appeared as an equation for the adjoint process in
the stochastic version of Pontryagin maximum principle. This notion was then generalized by
Pardoux and Peng in [35], where they were the first to consider these equations in their full
generality. Since then BSDEs have been widely used in stochastic control and especially in
mathematical finance, as any pricing problem by replication can be written in terms of linear
BSDE:s, or non-linear BSDEs when portfolios constraints are taken into account as in El Karoui,
Peng and Quenez [17].

On a filtered probability space ({2, F, (F;)o<:<r, P) carrying a Brownian motion B, solving
a BSDE consists in finding a couple (Y, Z) of progressively measurable processes such that

T T
Y,=s+f fsm,zs)ds—/ Z.dB,. 1€0.T]. Pas.
t t

where f (also called the generator) is progressively measurable and & (the terminal condition)
is a Fr-measurable random variable. When f satisfies a uniform Lipschitz assumption and both
f and & are square-integrable, Pardoux and Peng [35] obtained a wellposedness theory for these
equations.

A few years later, the five authors El Karoui, Kapoudjian, Pardoux, Peng and Quenez in [15],
introduced the notion of reflected BSDEs (RBSDEs for short). Now, in addition to the generator
f and the terminal condition &, they also consider another progressively measurable process S
which will play the role of a barrier. In that framework, we look for a triple of progressively
measurable processes (Y, Z, K), where K is furthermore non-decreasing, such that

T T

Y =$+/ fs Y5, Zs)ds + Kt — K; —/ Z.dB;, t€][0,T], P-a.s.
t t

Yt > Stv 1t e [O, T], P-a.s.

T
/ (YI — S[)dK[ = 0, P-a.s.
0

The role of the process K here is to push upward Y in order to keep it above the barrier S.
The last condition is known as the Skorohod condition and guarantees that the process K acts
in a minimal way, that is to say only when the process Y reaches the lower barrier S. The
development of RBSDEs has been motivated by the problem of pricing American contingent
claim by replication, especially in constrained markets (see [16,14] for more details), and for
their natural connection with variational inequalities and the obstacle problem for deterministic
and/or stochastic quasilinear PDEs (see [1,15,32]).

Building upon these results, Cvitani¢ and Karatzas [11] have then introduced the notion of
BSDEs with two reflecting barriers. Roughly speaking, in [11] (see also [14,25] to name but a
few) the authors have looked for a solution to a BSDE whose Y component is forced to stay
between two prescribed processes L and U, (L < U). More precisely, they were looking for
a quadruple of progressively measurable processes (Y, Z, K™, K~), where K* and K~ are in
addition non-decreasing such that

T T
Y, =¢ +f fs(Ys, Zo)ds + Ky — K, — K + K" — / Zd B,
t t
te[0,T], P-a.s.
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L[ < Y[ < U[, t e [O, T], P-a.s.
T T
/ (Y, — L)dK;, = / (U, —Y)dK} =0, P-as.
0 0

These BSDEs have been developed especially in connection with Dynkin games, mixed
differential games and recallable options (see [14,23,24,21]). It is now established that under
quite general assumptions, including in models with jumps, existence of a solution to a (simply)
reflected BSDE is guaranteed under mild conditions, whereas existence of a solution to a doubly
reflected BSDE (DRBSDE for short) is equivalent to the so-called Mokobodski condition. This
condition essentially postulates the existence of a quasimartingale between the barriers (see
in particular [22]). As for uniqueness of solutions, it is guaranteed under mild integrability
conditions (see e.g. [22, Remark 4.1]). However, for practical purposes, existence and uniqueness
are not the only relevant results and may not be enough. For instance, one can consider the
problem of pricing convertible bonds in finance using the DRBSDE theory (see [4,5,10]). In
this case, the state-process (first component) ¥ may be interpreted in terms of an arbitrage price
process for the bond. As demonstrated in [5], the mere existence of a solution to the related
DRBSDE is a result with important theoretical consequences in terms of pricing and hedging the
bond. Yet, in order to give further developments to these results in Markovian set-ups, Crépey
and Matoussi [10] have established bound and error estimates and comparison theorem for
DRBSDE, which require more regularity assumptions on the barriers.

More recently, motivated by numerical methods for fully non-linear PDEs, second order BS-
DEs (2BSDE:s for short) were introduced by Cheridito, Soner, Touzi and Victoir in [9]. Then
Soner, Touzi, Zhang [41] proposed a new formulation and obtained a complete theory of exis-
tence and uniqueness for such BSDEs. The main novelty in their approach is that they require that
the solution verifies the equation P-a.s. for every probability measure [P in a non-dominated set.
Their approach therefore shares many connections with the deep theory of quasi-sure analysis
initiated by Denis and Martini [12] and the G-expectations developed by Peng [38].

Intuitively speaking (we refer the reader to [41] for more details), the solution to a 2BSDE
with generator F and terminal condition £ can be understood as a supremum in some sense of the
classical BSDEs with the same generator and terminal condition, but written under the different
probability measures considered. Following this intuition, a non-decreasing process K is added
to the solution and it somehow pushes (in a minimal way) the solution so that it stays above the
solutions of the classical BSDEs.

Following these results and motivated by the pricing of American contingent claims in markets
with volatility uncertainty, Matoussi, Possamai and Zhou [31] used the methodology of [41] to
introduce a notion of reflected second order BSDESs, and proved existence and uniqueness in
the case of a lower obstacle. The fact that they consider only lower obstacles was absolutely
crucial. Indeed, as mentioned above, in that case, the effects due to the reflection and the second
order act in the same direction, in the sense that they both force the solution to stay above
some processes. One therefore only needs to add a non-decreasing process to the solution of
the equation. However, as soon as one tries to consider upper obstacles, the two effects start
to counterbalance each other and the situation changes drastically. This case was thus left open
in [31]. On a related note, we would like to refer the reader to the very recent article [13], which
gives some specific results for the optimal stopping problem under a non-linear expectation
(which roughly corresponds to a 2RBSDE with generator equal to 0). However, since it is a
“sup—sup” problem, it is only related to the lower reflected 2BSDEs. Even more recently and
after the completion of this paper, Nutz and Zhang [33] managed to treat the same problem of
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optimal stopping under non-linear expectations but now with an “inf-sup” formulation, which,
as shown by Proposition 3.10, is related to upper reflected 2BSDEs.

The first aim of this paper is to extend the results of [31] to the case of doubly reflected second-
order BSDEs when we assume enough regularity on one of the barriers (as in [10]) and that the
two barriers are completely separated (as in [20,22]). In that case, we show that the right way
to define a solution is to consider a 2BSDE where we add a process V which has only bounded
variations (see Definition 2.11). Our next step towards a theory of existence and uniqueness is
then to understand as much as possible how and when this bounded variation process acts. Our
key result is obtained in Proposition 3.5, and allows us to obtain a special Jordan decomposition
for V, in the sense that we can decompose it into the difference of two non-decreasing processes
which never act at the same time. Thanks to this result, we are then able to obtain a priori
estimates and a uniqueness result. Next, we reuse the methodology of [31] to construct a solution.

We also show that these objects are related to non-standard optimal stopping games, thus
generalizing the connection between DRBSDEs and Dynkin games first proved by Cvitanic¢
and Karatzas [11]. Finally, we show that the second order DRBSDEs allow to obtain super and
subhedging prices for American game options (also called Israeli options) in financial markets
with volatility uncertainty and that, under a technical assumption, they provide solutions of what
we call uncertain Dynkin games.

The paper is organized as follows. After recalling some notations and definitions, in Section 2,
we treat the problem of uniqueness in Section 3. Section 4 is then devoted to the pathwise
construction of a solution, thus solving the existence problem. Finally, we investigate in Section 5
the aforementioned game theoretical and financial applications. The Appendix is devoted to some
technical results used throughout the paper.

2. Definitions and notations
2.1. The stochastic framework

Let 2 = {a) e C(0,T1,RY) : wy = O} be the canonical space equipped with the uniform
norm [wl|o = supy<,<7 ||, B the canonical process, Py the Wiener measure, [ := {(Filo<t<r
the filtration generated by B, and F+ := {.7-';r }0< ;7 the right limit of F. A probability measure
P will be called a local martingale measure if the canonical process B is a local martingale
under PP. Then, using results of Bichteler [3] (see also Karandikar [27] for a modern account),
the quadratic variation {B) and its density @ can be defined pathwise, and such that they coincide
with the usual definitions under any local martingale measure.

With the intuition of modeling volatility uncertainty, we let Py denote the set of all local
martingale measures P such that

(B) is absolutely continuous in ¢ and @ takes values in Sjo, P-a.s., 2.1

where S;O denotes the space of all d x d real valued positive definite matrices.

However, since this set is too large for our purpose (in particular there are examples of
measures in Py which do not satisfy the martingale representation property, see [43] for more
details), we will concentrate on the following subclass Pg consisting of

t
P :=Pyo(X¥)~" where X* :=/ al?dB,, tel0,T],Py-a.s., (2.2)
0
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for some F-progressively measurable process « taking values in S;O with fOT loy|dt < o0,
Py-a.s.

This subset has the convenient property that all its elements do satisfy the martingale
representation property and the Blumenthal 0-1 law (see [43] for details), which are crucial
tools for the BSDE theory.

2.2. Generator and measures

We consider a map H;(w, y,z,y) : [0, T] x 2 x R x RY x Dy — R, where Dy C R4>d
is a given subset containing 0, whose Fenchel transform w.r.t. y is denoted by

1
Ft((,(), Y, Zaa) ‘= Sup {_Tr(ay) - Ht((,(), Y, Z, V)} fora € S;O’
y€Dy

Fi(y.2)=F(y.2.a@) and F:=F(0,0).

We denote by Dp,(y,7) = {a, Fi(w, Yy, z,a) < +oo} the domain of F ina for a fixed (¢, w, y, z).
As in [41] we fix a constant « € (1, 2] and restrict the probability measures in P}, C Py.

Definition 2.1. P}, consists of all P € P such that

a® <a<a®, dr x dP-a.s. for some a*, a" € S;O, and ¢12_1’K < 400,
where
2
2 wel [T 0 g
¢7* = sup E¥ |esssup” (E, : [/ |Fy |"dsi|>
PePy 0<t<T 0

Definition 2.2. We say that a property holds P}, -quasi-surely (P};-q.s. for short) if it holds IP-a.s.
forall P € Pj,.

We now state the main assumptions on the function F which will be our main interest in the
sequel.

Assumption 2.3. (i) The domain Dp,(, ) = Dp, is independent of (w, y, z).
(ii) For fixed (y, z, a), F is F-progressively measurable in Dp,.
(iii) We have the following uniform Lipschitz-type property in y and z

Y(y,y,z,7.,t,a,0), |Fi(w,y,z,a) — F(w,y,7, a)’
< C(|y—y/| + ‘al/z(z—z/) )

(iv) F is uniformly continuous in w for the | - ||oc norm.
(v) Pj; is not empty.

Remark 2.4. Assumptions (ii), (iii) are completely standard in the BSDE literature since the
paper [35]. Similarly, (i) was already present in the first paper on 2BSDEs in a quasi-sure
formulation [41] and is linked to the fact that one does not know how to treat coupled second-
order FBSDEs. The last hypothesis (iv) is also proper to the second order framework, and allows
us to not only give a pathwise construction for the solution to the 2RBSDE, but to recover the
very important dynamic programming property. We refer the reader to Section 4 for more details.
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2.3. Quasi-sure norms and spaces

The following spaces and the corresponding norms will be used throughout the paper. With
the exception of the space IL2;*, they all are immediate extensions of the usual spaces to the
quasi-sure setting.

For p > 1, L[;[’ “ denotes the space of all Fr-measurable scalar r.v. £ with

IE17 ). = sup E¥ [|&]7] < +oo.
H PeP},

HZ’K denotes the space of all FT-progressively measurable R¢-valued processes Z with

P

T 2

”Z”pp./c = Sup EP / fl\t]/zZ,|2dt < +00.
Hy PePy 0

]D)I;,’K denotes the space of all F*-progressively measurable R-valued processes Y with
Pj;-q.s. cadlag paths, and ||Y||$,,.K ‘= sup EP sup |Y:|P | < 400,
H PePy 0<r<T

where cadlag is the French acronym for “right-continuous with left-limits”.
]IZ’K denotes the space of all F*-progressively measurable R-valued processes K null at 0
with

PY;-q.s., cadlag and non-decreasing paths, and ||K||]';p,K ‘= sup EP [(KT)p] < +o00.
H PeP},

V‘Z’K denotes the space of all F+-progressively measurable R-valued processes V null at 0 with
paths which are Pj;-q.s. cadlag and of bounded variation, and such that

||V||€,Z,K = Ps%) EP [(Varg,7(V))"] < +oo.
€Py

For each £ € LIF}K, P € Pj; and r € [0, T] denote

EfPle] .= esssup” ]E?/[S] where P, (17, P) := {P' € Pf; : P =Pon F,"}.
P/ePY (t+,P)

Here ]E],p[s] = E]P’[.f,E | F¢]. Then we define for each p > «,
L2 {g e Ly*  gllype < +oo}
P
where IIEIIHl:p,K ‘= sup EP |:ess supp (EF’P[|§|"]){| .
H PeP}, 0<t<T

We denote by UC,,(§2) the collection of all bounded and uniformly continuous maps & : 2 — R
with respect to the ||-||5o-norm, and we let

LZ’K := the closure of UC ({2) under the norm ||~||]LZK ,forevery 1 <« < p.

Finally, for every P € PY;, and for any p > 1, LP(P), H”(P), D?(P), I”(IP) and V7 (P) will
denote the corresponding usual spaces when there is only one measure P.



A. Matoussi et al. / Stochastic Processes and their Applications 124 (2014) 2281-2321 2287

2.4. Obstacles and definition

First, we consider a process S which will play the role of the upper obstacle. We will always
assume that S verifies the following properties.

Assumption 2.5. (i) S is F-progressively measurable and cadlag.
(i1) S is uniformly continuous in w in the sense that for all ¢

1) = Si@)] < p (lo—all,), Y &) e 22,

for some modulus of continuity o and where we define |||, := supg<<, l@(s)|.
(iii) S is a semimartingale for every P € P%,, with the decomposition

t
S = So +/ PydBs + AT, P-a.s., forallP € P¥, (2.3)
0
where the AF are bounded variation processes with Jordan decomposition A"+ — AP~ and

T 2 K/2 p 2
;é’" = sup [EF|esssup” EAF </ ds) + (A?’J“)
PeP}, 0<t<T t

< +00.

~1/2
as/ Py

(iv) S satisfies the following integrability condition

i
wif ‘= sup EP | ess supP EIH’P sup |Ss|¢ < +o00.
]P’eP[’; 0<t<T 0<s<T

Remark 2.6. We assumed here that S was a semimartingale. This is directly linked to the fact
that this is one of the conditions under which existence and uniqueness of solutions to standard
doubly reflected BSDEs with upper obstacle S are guaranteed. More precisely, this assumption
is needed for us in the proof of Lemma A.11, and it will be also crucial in order to obtain a priori
estimates for 2BSDEs with two obstacles. This assumption is at the heart of our approach, and
our proofs no longer work without it. Notice however that such an assumption was not needed
for the lower obstacles considered in [31]. This is the first manifestation of an effect that we will
highlight throughout the paper, namely that there is absolutely no symmetry between lower and
upper obstacles in the second-order framework.

Remark 2.7. The decomposition (2.3) is not restrictive. Indeed, with the integrability assump-
tion (iv), we know that for each P € P¥,, there exists a P-martingale M* and a bounded variation

process AT such that
S, =So+MF + A, Pas.

Then, using the martingale representation theorem, there exists some P,]P> € H?(P) such that

t
P P
M! =/0 PFaB;.
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Then, since S is cadlag, by Karandikar [27], we can aggregate the family (P]P)pep; into a
universal process P, which gives us the decomposition (2.3).

Next, we also consider a lower obstacle L which will be assumed to verify the following.

Assumption 2.8. (i) L is a F-progressively measurable cadlag process.

(i1) L is uniformly continuous in  in the sense that for all # and for some modulus of
continuity p

ILi(@) — L(@)| < p(lo—al,), Yo, o) e

(ii1) Forall ¢ € [0, T'], we have
Li <S8 and L, <S-, Py-q.s.

(iv) We have the following integrability condition
KN\ &
(pi,"‘ = sup E” | ess supp EIH’P sup (Lg)* < +o00. 2.4
]P’eP,’; 0<t<T 0<s<T

Remark 2.9. Unlike for S, we did not assume here that L was a semimartingale, and we cannot
interchange the roles of S and L, that is to say that the wellposedness results do not hold if we
assume that L is a semimartingale instead of S.

We shall consider the following second order doubly reflected BSDE (2DRBSDE for short)
with upper obstacle S and lower obstacle L

T T
Yi=§ +/ Fs(Ys, Zs)ds _/ ZydBs+Vr =V, 0=<t=T, PZ-C].S. 2.5)
t t

In order to give the definition of the 2DRBSDE, we first need to introduce the corresponding
standard doubly reflected BSDEs. Hence, for any P € P%,, F-stopping time 7, and F;-
measurable random variable & € L2(P), let

OF BT ) = 6 (r, ), 2 (r, 8), kD (1, 8), K5 (x, ©)),

denote the unique solution to the following standard DRBSDE with upper obstacle S and lower
obstacle L (existence and uniqueness have been proved under these assumptions in [10] among
others)

T T
o~ _ P.— P
y?’=§+/ Fg(y?,z?f’)ds—/ FdBy + kT — kT kPt kT
t t
0<t<rt,P-a.s.

L; < ylp <S8, P-a.s.
t t
/0 (yf"_ - LA.—) dkP = /0 (SS— - yf"_) dkBt =0, P-as., ¥t e[0,T).

(2.6)
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Remark 2.10. Notice that the assumption that L; < S; and L,- < S,- implies that the non-
decreasing processes k™ and k>~ never act at the same time. This will be important later. This
hypothesis is already present in [20,22].

Everything is now ready for the following.

Definition 2.11. We say (Y, Z) € D} x H% is a solution to the 2DRBSDE (2.5) if

L4 YT = ‘%‘7 P?['q‘s'
e VIP € P}, the process VP defined below has paths of bounded variation P-a.s.

t t
VZP =YY —/ Fy(Ys, Zy)ds +/ ZidBs, 0<t<T,P-a.s. 2.7
0 0
e We have the following minimum condition for0 <t < T
VE kPt kP = essinff EF [VP’ F R kﬂ””‘] :
t t t Pepatp T T T
P-a.s.,VP € P};. (2.8)

(] L[ < Y[ < SZ,PZ—Q.S.

Moreover, if there exists an aggregator for the family (VF IPePE,» that is to say a progressively
measurable process V such that for all P € ’Pfl,

V,=VE, 1el0,T] Pas.,

then we say that (Y, Z, V) is a solution to the 2DRBSDE (2.5).

Remark 2.12. Definition 2.11 differs from the rest of the 2BSDE literature. Indeed, unlike
in [41] for instance, the process V' that we add in the definition of the 2BSDE is no longer non-
decreasing, but is only assumed to have finite variation. This is mainly due to two competing
effects. On the one hand, exactly as with standard RBSDEs with an upper obstacle, a non-
increasing process has to be added to the solution in order to maintain it below the upper obstacle.
But in the 2BSDE framework, another non-decreasing process also has to be added in order to
push the process Y to stay above all the y* (as is shown by the representation formula proved
below in Theorem 3.1). This emphasizes once more that in the second-order framework, which
is fundamentally non-linear, there is no longer any symmetry between a reflected 2BSDE with
an upper or a lower obstacle. Notice that this was to be expected, since 2BSDEs are a natural
generalization of the G-expectation introduced by Peng [38], which is an example of sublinear
(and thus non-linear) expectation. We also would like to refer the reader to the recent paper by
Pham and Zhang [39], whose problematics are strongly connected to ours. They study some norm
estimates for semimartingales in the context of linear and sublinear expectations, and point out
that there is a fundamental difference between non-linear submartingales and supermartingales
(see their Section 4.3). Translated in our framework, and using the intuition from the classical
RBSDE theory, when the generator is equal to 0, a 2RBSDE with a lower obstacle should be
a non-linear supermartingale, while a 2RBSDE with an upper obstacle should be a non-linear
submartingale. In this sense, our results are a first step in the direction of the conjecture in Section
4.3 of [39].
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2.5. DRBSDE: s as a special case of 2DRBSDEs

In this subsection, we show how we can recover the usual theory. If H is linear in y, that is to
say

1
Hi(y.2.7) = 5Te[aly | = £i03.2).

where a” : [0, T] x 2 — S;O is F-progressively measurable and has uniform upper and lower
bounds, then as in [41], we no longer need to assume any uniform continuity in o in this case.
Besides, the domain of F is restricted to a” and we have

F(y.2) = fi(y, 2).

If we further assume that there exists some P € 55 such that @ and a° coincide P-a.s. and
EP [fOT 1 £,(0, 0)|2dz] < 00, then P¥, = (P},
Then, we know that V' 4 klp’+ — k?’_ is a P-martingale with finite variation. Since P satisfy

the martingale representation property, this martingale is also continuous, and therefore it is null.
Thus we have

0=k"T kP 4+ VP Pas.,

and the 2DRBSDE is equivalent to a standard DRBSDE. In particular, we see that V' now
becomes a finite variation process which decreases only when Y;- = S,- and increases only
when Y,- = L,-. This implies that V' satisfies the usual Skorohod conditions. We would like
to emphasize this fact here, since it will be useful later on to have a deeper understanding of the
structure of the processes {VP}JP’eP,“,'

3. Uniqueness, estimates and representations
3.1. A representation inspired by stochastic control
We have similarly as in Theorem 4.4 of [41].

Theorem 3.1. Let Assumption 2.3 hold. Assume & € ]L?f and that (Y, Z) is a solution to the
2DRBSDE (2.5). Then, for any P € Pf; and 0 <t; <t < T,

Y, = esssup” yl (12.Y,), P-as. (3.9)
P'ePs (1, P)

Consequently, the 2DRBSDE (2.5) has at most one solution in Di}'( X Hi‘{".

Proof. The proof is exactly the same as the proof of Theorem 3.1 in [31], so we will only
sketch it. First, from the minimal condition (2.8), we deduce that for any P € Pfl, the process
VP4 kiP,+ - k? "~ is a P-submartingale. By the Doob—Meyer decomposition and the martingale
representation property, its martingale part is continuous with finite variation and therefore null.
Hence VT + k?’Jr - k;Pﬁ is a non-decreasing process. Then, the inequality

P P
Y, > esssup Vi (t,Yy,), P-as.,
P'ePs (1, P)
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is a simple consequence of a classical comparison theorem. The reverse inequality is then
obtained by standard linearization techniques using the Lipschitz properties of F, see [31] for
the details. [

Remark 3.2. Let us now justify the minimum condition (2.8). Assume for the sake of clarity
that the generator F is equal to 0. By the above theorem, we know that if there exists a solution
to the 2DRBSDE (2.5), then the process Y has to satisfy the representation (3.9). Therefore, we
have a natural candidate for a possible solution of the 2DRBSDE. Now, assume that we could
construct such a process Y satisfying the representation (3.9) and which has the decomposition
(2.5). Then, taking conditional expectations in ¥ — y*, we end up with exactly the minimum
condition (2.8).

Finally, the following comparison theorem follows easily from the classical one for DRBSDEs
(see for instance [30]) and the representation (3.9).

Theorem 3.3. Let (Y, Z) and (Y', Z') (resp. (3, 28, ktE k=F) and (B, 2%, kF k=)
be the solutions of the 2DRBSDEs (resp. DRBSDEs) with terminal conditions & and & !, upper
obstacles S and S', lower obstacles L and L' and generators F and F' respectively. Assume that
they both verify Assumption 2.3, that Py, C Py, and that we have Py -q.s.

g<g,  FROFD<FEOFRYH, Li<L, and S >5.
ThenY <Y', Pf-q.s.

Remark 3.4. Unlike in the classical framework, even if the upper obstacles S and S’ and the
lower obstacles L and L’ are identical, we cannot compare the processes VF and V'F. This is due
to the fact that these processes are not assumed to satisfy a Skorohod-type condition. This point
was already mentioned in [31].

3.2. A priori estimates

We will now try to obtain a priori estimates for the 2DRBSDEs. We emphasize immediately
that the fact that the process VT are only of finite variation makes the task a lot more difficult
than in [31]. Indeed, we are now in a case which shares some similarities with standard doubly
reflected BSDEs for which it is known that a priori estimates cannot be obtained without some
regularity assumptions on the obstacles (for instance if one of them is a semimartingale). We
assumed here that S was a semimartingale, a property which will be at the heart of our proofs.
Nonetheless, even before this, we need to understand the fine structure of the processes VP, This
is the object of the following proposition.

Proposition 3.5. Let Assumption 2.3 hold. Assume & < Lé’" and (Y,Z) € ]D)%;K X Hi}'( is a
solution to the 2DRBSDE (2.5). Let {(y]P, 2L kP, k_’P)}PeP" be the solutions of the corre-
H

sponding DRBSDEs (2.6). Then we have the following results for all t € [0, T] and for all P
e Py

@) V,IPH_ = f(; lyn» <s dVY[P is a non-decreasing process, P-a.s.
s s ’

(i1) V,P’_ = fé lynm _ dVYIED = —kEPH_, P-a.s., and is therefore a non-increasing process.
sTO ST X
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Proof. Let us fix a given P’ € Py;.

(i) Let 71 and 1 be two [F-stopping times such that for all ¢ € [, 12), y?, < 8;-, P-a.s.

(i) Then, we know from the usual Skorohod condition that the process kP does not increase
between t; and 7. Now, we remind the reader that we showed in the proof of Theorem 3.1,
that the process V¥ 4+ k™F — k—F is always non-decreasing. This necessarily implies that
VP must be non-decreasing between 71 and 7;. Hence the first result.

(iii) Let now 71 and 1, be two F-stopping times such that for all 7 € [z, 12), yF, = S;-, P-a.s.

First, since the two obstacles are separated, we necessarily have y}P, > L,-, P-a.s. for every

t € [11, 1), which in turn implies that k¥~ does not increase. Next, by the representation
formula (3.9), we necessarily have Y;- > y?,, P-a.s. for all t. Moreover, since we also have
Y; < S; by definition, this implies, since all the processes here are cadlag, that we must have

Y,- = y;PL =S;-, te[r,n),Pa.s.

Using the fact that ¥ and y® solve respectively a 2BSDE and a BSDE, we also have P-a.s.

u u
S-4+AY, =Y, =Y, +f Fy(Ys, Zs)ds —f ZdB,+VE—VE t<i<u<n
t t

u u
_ .
S- + AyF =yF =P +f F,(vF, 25ds — f FdBy — kPt kT
t t
711<t<u<nn.

Identifying the martingale parts above, we obtain that Z; = zf’, ds x P — a.e. Then, identifying
the finite variation parts, we have

u
Y. — AY, +/ Fy(Ys, Zy)ds + VE —vF

t

u
=y — Ay + / FOF ds — kit + 107 (3.10)
t

Now, we clearly have

u ~ u —~

| Ezods= [ Rof s

t t
since Z; = zf’, dt x P —a.e. and Y- = yip, = ;- for all s € [t,u]. Moreover, since
Y- = y?_ = §,- for all s € [¢, u] and since all the processes are cadlag, the jumps of Y
and y¥ are equal to the jumps of S. Therefore, (3.10) can be rewritten

VP —VE = kBt kT

which is the desired result. [

The above proposition is crucial for us. Indeed, we have actually shown that
V,P = V,]per — k],P‘Jr, P-a.s.,

where VPF and k™%t are two non-decreasing processes which never act at the same time.
Hence, we have obtained a Jordan decomposition for VF. Moreover, we can easily obtain
a priori estimates for k** by using the fact that it is part of the solution of the DRBSDE
(2.6). Notice that these estimates hold only because we assumed that the corresponding upper
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obstacle S was a semimartingale. This is this decomposition which will allow us to obtain the
estimates.

Remark 3.6. The above result is enough for us to obtain the desired a priori estimates. However,
we can go further into the structure of the bounded variation processes V' Indeed, arguing as in
Proposition 3.2 in [31], we could also show that

1Y1_=Ll_thP = ly,_le_dk?’_.

Notice however that we, a priori, cannot say anything about V¥ when L,- = ytp, < Y-, even
though we showed that it could be known explicitly when S,- = ylp_. This emphasizes once more
the fact that the upper and the lower obstacle in our context do not play a symmetric role.

We can now prove the following theorem.

Theorem 3.7. Let Assumptions 2.3, 2.5 and 2.8 hold. Assume & € IL%{’K and (Y, Z) € ID)%;K XHIZL}K
is a solution to the 2DRBSDE (2.5). Let {(yP, 22, kP, kP'_)}PeP“ be the solutions of the
H

corresponding DRBSDEs (2.6). Then, there exists a constant Cy depending only on «, T and
the Lipschitz constant of F such that

2 2
+[]

Y|? Z|1? s H P‘
I¥13se + 12050 + sup ¢ 57|

2.k 2,k
Dy By pepy,

87 [ (v + () ()]}

<C, (nasu2 + oy U eyt + s‘?i“) :

H2(P)

2.k
]LH

Proof. First of all, since we assumed that S was a semimartingale, we can argue as in [10] to
obtain that

1?;0 + |18 +

~1/2
Clt/ Pt

dkPt < FH(S,, Pyde +dAPT < © ( )dt +dAPT,
Hence,

p T p T 1 K/2
Ef [(kﬂ;*) ] < CE/ /t ds + ( /t jas Py |2ds)
K P,—\"
+ sup |Sy] +(AT’ )
t<s<T

1/2 T
<o ()"
t
Let us now define

E=c—kpt. =) kP Ro.o=F (y i z).

P

s

P

N

K
ds+ sup |S“1).
t<s<T

Then, it is easy to see thgt (&P, kP »1) is the solution of the lower reflected BSDE with terminal
condition &, generator F and obstacle L — k>. We can then once again apply Lemma 2 in [26]



2294 A. Matoussi et al. / Stochastic Processes and their Applications 124 (2014) 2281-2321

to obtain that there exists a constant C, depending only on «, T and the Lipschitz constant of F,

such that for all P
~n|K +\
FO" ds + sup <(Ls—ksp’+) >
t<s<T

~|K T

< CE/ ‘S‘ +/

t

P r K +\& P,+\*

C, B! |s|K+/ ds+ sup (L) + (k7)
t t<s<T

. ((;“}‘;*“)”2 + B [w o

This immediately provides the estimate for y*. Now by definition of the norms, we obtain from
(3.11) and the representation formula (3.9) that

v

IA

Fy

PO

N

IA

t<s<T t<s<T

K
ds + sup |Sg|* + sup (L:F)K:|)

(3.11)

Y12, < Ce (usuﬁz,x A R 4,3“) : (3.12)
H H

Now apply 1t6’s formula to | yP |2 under P. We get as usual for every € > 0

EP ! ‘Al/2 p|? P 2 ’
a2 ar | < cEP | j)? + (
0 0
T
+EP UO d (k' +k?'_)}

2 2
=C (IISIIW +EF [ sup ‘yﬂ + (k?*)

oF | (|B2] + |vF |+ [ar<F

)

ylp

0<t<T
T 2 T 1/ 2 2
+ </ ‘f}”‘dr) +E]EP|:/ a2 dz+)k§'+”
0 0
c? 2
+—EP[ sup ‘yﬂ } (3.13)
€ 0<t<T
Then by definition of the DRBSDE (2.6), we easily have
2 2 2
EP Uk“}”*‘ ] < CoEF [|.§|2+ sup [vf |+ (k57)
0<t<T

1
P

5,2 < I’;;O

T 2 T 2
+/ dt + <f dt) } (3.14)
0 0

for some constant Cy, independent of €. Now set € := (2(1 + Cp))~! and plug (3.14) in (3.13).
We obtain from the estimates for y* and k>~

i

sup
PePy

z <C (nsn2 Lo UL+ ont + g’i’”) :

H(P) ~ i

Then the estimate for %"+ comes from (3.14). Now that we have obtained the desired estimates

for yIFD , ZF , kE o+ KB~ and Y , we can proceed further.
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Exactly as above, we apply Ito’s formula to |Y|? under each IP € Py, . We have once more for
every € > 0 and using Proposition 3.5

T T 1
EF U @} z, |2dr] < CEF [|§|2+/ |Y,|( +|Yt|+|ﬁfzt|>dr}
0 0
T T
+EP U YthtP’+—f Ytdk?*}
0 0
2
dt) D

T
< C Il 20 +EF| sup |Y,|2+</
H 0<t<T 0
‘2

T 1 2
+6EP|:/O |afz,|2dt+)k$+‘ +)V}3’*+

E

F?

C2
+— sup |Y,|2:|. (3.15)
€ 0<t<T

Then by definition of our 2DRBSDE, we easily have
P ||y P+ P g2 2 (R P.+|?
E ‘VT’ ’ < CoE" [ ]+ sup Y|+ ; [a?Z; | d;+‘kT’ ’

0<t<T

T 2
- </ |f,°|dt> ] (3.16)
0

for some constant Cy, independent of €.
Now set € := (2(1 + Cg))~ ! and plug (3.16) in (3.15). One then gets

T 2 2 T 2
([ el a] e ot g b ([ 19

0<t<T
From this and the estimates for ¥ and k¥, we immediately obtain

1Zllz < € (nsn2 o U ot + cé’“) :

2.k
I[‘H

Moreover, we deduce from (3.16) that

2
sup B [(V}f’**) } <C (nsniu + 5 VR o+ ;?f) : (3.17)
PP}, H

Finally, we have by definition of the total variation and the fact that the processes V> and k¥>+

are non-decreasing
2 2
CEF [Var (V]P"") + Var (kp’+> ]
0,7 0,7

<[y ()]
— CEF [(v}”’*)z + (k?*)z]

2 2 2
C (nsuiu + O Y e+ c,f) :
H

IA

A

where we used the estimate for <*>*+ and (3.17) for the last inequality. [
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Theorem 3.8. Let Assumptions 2.3, 2.5 and 2.8 hold. For i = 1,2, let (Y', Z') be the solutions
to the 2DRBSDE (2.5) with terminal condition &', upper obstacle S and lower obstacle L. Then,
there exists a constant C,. depending only on k, T and the Lipschitz constant of F such that

Yl_Y2’ SCH$1_52
H D3¢ LA
1_ 2| P Pl P+2]? P—1 _ yP-2|?
HZ —Z‘zk—i—supE sup |V, =V, "% 4+ sup Vl”—Vt”‘
Hy™  pepy 0<t<T 0<t<T
<CH 1_ g2 H 1 H 1 2,6671/2

+(wIZ_I,K)]/2+(¢2K)1/2_i_(g_zl,l()l/Z).

Remark 3.9. We emphasize that in Theorem 3.8, we control the norm of both VtP’+’] - V,]P”J“2

P,—,1 P
and V," ' =V,

=2 _This is crucial in our main existence Theorem 4.5.

Proof. As in the previous proposition, we can follow the proof of Lemma 3 in [26], to obtain
that there exists a constant C,, depending only on «, T and the Lipschitz constant of F', such that
for all P

K
w2 s B [l €7 . (3.18)
Now by definition of the norms, we get from (3.18) and the representation formula (3.9) that

Hyl_yz‘z gl _ g2 2

< Cy

2.k —
DH

(3.19)

2.6 "
]LH

Next, the estimate for VIIP’*’1 — V,P’f‘2 is immediate from the usual estimates for DRBSDEs (see

for instance Theorem 3.2 in [10]), since we actually have from Proposition 3.5

VZ]P’,—,l _ VZIP’,—,Z P2 k?”“l.

Applying It6’s formula to |Y1 —v? ’2, under each PP € Py, leads to

e[ o] st
0

T
+EF [ fo (¥, = ¥)Hdv," - v}"”z)]

+CIEP[/OT (

1
+ a7 (z} - Z?)|) dr]

1
ar(z! -zh

v -2 |v)} - r?

2

<C (Hél — &

i HYI _y?

: )
2,
]D)HK

2.k
H‘H
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1 T 2
+ -EF [/ dti|
2 0

1
2 N 2
e Hyl - Y2’ y (EP [ZVarO,T (vﬂ”v’) ]) .
DH i=1

The estimate for (Z' — Z?) is now obvious from the above inequality and the estimates of
Theorem 3.7. Finally, we have by definition for any ¢ € [0, T']

~1/2
a*z! - 22

EP |: sup ‘V[IP’,—hl B VIIP’,+,2‘2i| <EP |:’El B 52‘2 + sup { y! -y 2
0<t<T 0<t<T
T 2
+ f (z! - z»Hd By ”
t
T, _ ~ 2
+E" [ f Fy(Y),Z)) — F,(Y2, z2)| ds
0

2
+ sup V,P’_’I—V,P’_’z‘
0<t<T
2 2
<c(fer-efy |-l
Ly Dy
2
sz 2], ).
Hy

where we used the BDG inequality for the last step.
By all the previous estimates, this finishes the proof. [

3.3. Some properties of the solution

Now that we have proved the representation (3.9) and the a priori estimates of Theorems 3.7
and 3.8, we can show, as in the classical framework, that the solution Y of the 2DRBSDE is
linked to some kind of Dynkin game. We emphasize that such a connection with games was
already conjectured in [31]. After that, Bayraktar and Yao [2] showed in a purely Markovian
context, that the value function of stochastic zero-sum differential game could be linked to the
notion of 2DRBSDEs, even though these objects were not precisely defined in the paper (see
their Section 5.2). For any ¢ € [0, T'], denote 7, 7 the set of F-stopping times taking values in
[z, T].

Proposition 3.10. Let (Y, Z) be the solution to the above 2DRBSDE (2.5). For any (t,0) €
To.1, define

R? =S:lr<o + Lo 105r,0<T + &l po=T-
Then for each t € [0, T], for all P € Py;, we have P-a.s.

TAC
Y, = esssup’ essinf esssup EIP/ |:/ FGY, zf/)ds + R‘T’i|
PePs i+ P) T€Tr oeTi r t

TAO
= esssup’ esssup essinfEL |:/ F(Y, 25 )ds + R;’i|
t

PePf,(tt.P) o€ 1 €Tyt
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Moreover, for any y € [0, 1], we have P-a.s.

TAO
Y, = essinf ess sup]E],P |:/ Fo(Ys, Z)ds + K,P’X; - K,P’y + Rfi|
t

el oeT;

TAO
= esssup essinfE} [/ E(Ys. Zds + Ky — K7 + Rf} ;
t

oeTr €L

where
t t
P,
K, V.= )//0 1y?_<SS7stP+(1 — ]/)/0 1YJ—>L5—dVSP‘

Furthermore, for any P € P, the following stopping times are g-optimal

&, P

T, = inf{s > t, ygb > S — ¢, ]P’—a.s.} and

of = inf{s >t Yy <Ls+e, Pfl-q.s.}.
Remark 3.11. Notice that the optimal stopping rules above are different in nature. Indeed, rf’P
depends explicitly on the probability measures PP, because it depends on the process y*, while
o/ only depends on Y. This situation shed once more light on the complete absence of symmetry
between lower and upper obstacles in the second-order framework.

Remark 3.12. The second result in the proposition above may seem peculiar at first sight
because of the degree of freedom introduced by the parameter . However, as shown in the
proof below, we can find stopping times which are e-optimizer for the corresponding stochastic
game, and which roughly correspond (as expected) to the first hitting times of the obstacles.
Since the latter are completely separated, we know from Proposition 3.5 that before hitting S,

P_
avF=1p .

and that before hitting L,
dvi=1y -, .

Thanks to this result, it is easy to see that we can change the value of y as we see fit. In particular,
if there is no upper obstacle, that is to say if § = +o0, then taking y = 0, we recover the result
of Proposition 3.1 in [31].

Proof. By Proposition 3.1 in [30], we know that for all P € P%,, P-a.s.

TAC
y© = essinf esssupEX |:/ F(OF, 2Dds + Rfi|
1

t€T; oeTir

TAO

= esssup ess ianE]tP |:/ Fsv(yip, zip)ds + Rfi| .
6677'7‘ TEI];,T t

Then the first equality is a simple consequence of the representation formula (3.9). For the second

one, we proceed exactly as in the proof of Proposition 3.1 in [30]. Fix some P € P}; and some

t € [0, T] and some ¢ > 0. It is then easy to show that for any s € [¢, tf’P], we have ylp, < S-.
In particular this implies that

avi=1p ¢ dVi, selt ']

s
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Letnow o € 7, 7. On the set {rf"" < o}, we have

aArf’P N rf’P .
/ Fy(Ys, Zg)ds + R:s,[P’ = / Fy(Ys, Zg)ds + STMF’
t 4 t !
&P

T —~
< [ R zods 4T te
t t
rts,]P’ .
< / Fi(Ys, Z)ds + Y oz +
t 1

&P &P

Tt T
—7Y, +/ Z.d B —/ 1 s dVi+e.
t t sTF

Then, notice that the process (ly]P s —ly >p )d VSIP7 is non-decreasing. Therefore, we deduce
s s s s

&P &P

GAT,S’ A 7 T
/ FS(YS7 Zs)ds + RZE,]P = Yt +/ Zdes _f lyP <S 7dVSP
t t t t s s
T,S’P
(1 - y)/ (1},p7<5 - 1YS_>LA__) dvF +e
t s s
rf’]P
=Y, +/ ZsdB; — (K%, — K/) +¢.
t T
Similarly on the set {rf’P > o}, we have
N o __
f Fs(Ys» Zs)ds + st,[P’ = f Fs(YSa Zs)ds + EIU:T + Y010<T
t ' t

o o o
=Y, +f Zd By —/ L g dVi <Y, +/ Z,dBs — (K — K]).
t t s t

With these two inequalities, we therefore have

e, P
ONT
EF / Fs(Ys, Zg)ds + R?.p + K7 o, — K,y] —e<Y,, Pas. (3.20)
t ' T’
We can prove similarly that for any t € 7; 1
Utsyp/\f ~ Gs,]P’
EF / F,(Ys, Zs)ds + RS+ KVP_SA —K/|+e>vY, Pas. (3.21)
¢ o, AT

Then, we can use Lemma 5.3 of [30] to finish the proof. [

Then, if we have more information on the obstacle S and its decomposition (2.3), we can give a
more explicit representation for the processes V', just as in the classical case (see Proposition
4.2 in [16]).

Assumption 3.13. S is a semimartingale of the form

t t
S, = So +/ Usds +/ PidBs + Cy,  Pi-q.s.
0 0
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where C is cadlag process of integrable variation such that the measure dC; is singular with
respect to the Lebesgue measure d¢ and which admits the following decomposition C; = C,+
— C;, where CT and C~ are non-decreasing processes. Besides, U and V are respectively R
and R?-valued F; progressively measurable processes such that

T
/ (|U;| + |Pl|2)dt+C}r+C; <+4o00, Pj-q.s.
0

Proposition 3.14. Let Assumptions 2.3, 2.5, 3.13 and 2.8 hold. Let (Y, Z) be the solution to the
2DRBSDE (2.5), then for all P € P},

Z; = Py, dt x P-a.s. on the set {Y;- = S;-}, (3.22)

and there exists a progressively measurable process (Ollp)OgST such that 0 < «a < 1 and

g dVF=af1p o ([f,(sl, P+ U] dr + dcj) .
=t =t

Proof. First, forall P € Pfl, the following holds P-a.s.
t t
Si—Y, =S8 —Yo +f (Fs(Yy, Zo) + Ug) ds — f (Zy — P)dBs + Vi + CF = Cr .
0 0
Now if we denote L; the local time at O of S; — Y3, then by It6—Tanaka formula under P

t
(S — Y0t = (S0 — Yoyt + /0 1y s (Fu(Y,. Z0) + Us) ds

t t
1
- / ly s (Zy— P)dB, + / Iy, <5 d(VF +CF =€)+ 5L,
0 0

+ ) S =Yt = (S =Yt =1y o5 AS - Yy).

0<s<t
However, we have (S; — Y;)T = S; — Y;, hence by identification of the martingale part
ly_—s_(Z;— P)dB; =0, Py-q.s.
from which the first statement is clear. Identifying the finite variation part, we obtain

ly__s_ (F(Yy, Zo) + Us)ds +1y__s_d(VE +C} — ;)

1
= ELs + ((Sv - Ys)+ - (Ss* - Ys*)+ - IYF <S§,— A(Sv - Y?)) .

By Proposition 3.5, we know that lyx_p_ —s,_ d VSP is a non-increasing process, while 1 VP <5, d VSIP’

is a non-decreasing process. Furthermore, we have

ly_y_zss_stP = ly]P_zSA,_stP + 1y]p_<YS_=SA__stIP'

Since we also know that the jump part, L and C~ are non-decreasing processes, we obtain

—1y31=33__dv§” <lp . ((Fs(Yy, Zy) + Uy) ds + dC})

ey s (R0 20+ 0 ds+dey +vT).
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Since, 1},3»7:SrdVSP and 1)‘?7<Y.r:5r ((Fy(Yy, Z) + Uy) ds +dC; + dVF) never act at the

same time by definition, the second statement follows easily. O

Remark 3.15. If we assume also that L is a semimartingale, then we can obtain exactly the same
type of results as in Corollary 3.1 in [31], using the exact same arguments.

4. A constructive proof of existence

We have shown in Theorem 3.1 that if a solution exists, it will necessarily verify the
representation (2.8). This gives us a natural candidate for the solution as a supremum of solutions
to standard DRBSDEs. However, since those DRBSDEs are all defined on the support of
mutually singular probability measures, it seems difficult to define such a supremum, because
of the problems raised by the negligible sets. In order to overcome this, Soner, Touzi and Zhang
proposed in [41] a pathwise construction of the solution to a 2BSDE. Let us describe briefly their
strategy.

The first step is to define pathwise the solution to a standard BSDE. For simplicity, let us
consider first a BSDE with a generator equal to 0. Then, we know that the solution is given by
the conditional expectation of the terminal condition. In order to define this solution pathwise,
we can use the so-called regular conditional probability distribution (r.p.c.d. for short) of Stroock
and Varadhan [44]. In the general case, the idea is similar and consists of defining BSDEs on a
shifted canonical space.

Finally, we have to prove measurability and regularity of the candidate solution thus obtained,
and the decomposition (2.5) is obtained through a non-linear Doob—Meyer decomposition. Our
aim in this section is to extend this approach in the presence of obstacles. We emphasize that most
of the proofs are now standard, and we will therefore only sketch them, insisting particularly on
the new difficulties appearing in the present setting.

4.1. Shifted spaces

For the convenience of the reader, we recall below some of the notations introduced in [41].

e For0 < < T,denote by 2' := {w € C ([t, T],R?) , w(r) = 0} the shifted canonical space,
B! the shifted canonical process, IP’f) the shifted Wiener measure and I’ the filtration generated
by B'.

e For0<s <t <Tandw € 2%, define the shifted path ' € 2’

o =w, —w, Vrelt, T
eForO0<s <t <Tandw e 2, @ € ' define the concatenation path w ®; @ € 2° by
(0 ®; ®)(r) == wrls,n(r) + (0 + &)1, 71(r),  Vrel[s, T

eForO<s<t<Tanda f}—measurable random variable & on 2%, for each w € (2%, define
the shifted F7.-measurable random variable £ on 2’ by

ENOD) = E(w® D), Yoe .

Similarly, for an F¥-progressively measurable process X on [s, 7] and (¢, ) € [s, T] x 2%,
the shifted process {X Lerelr, T]} is F’-progressively measurable.
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e For a [F-stopping time 7, the r.c.p.d. of P (denoted P?) is a probability measure on Fr such
that

EF[£)(w) = EF7[€], for P-a.e. w.

It also induces naturally a probability measure P™“ (that we also call the r.c.p.d. of P) on .7-'}(‘”)
which in particular satisfies that for every bounded and Fr-measurable random variable &

EP(;) [é] — EPT"U [E‘L’,w] .

e We define similarly as in Section 2 the set P, by restricting to the shifted canonical space 2,
and its subset P},
e Finally, we define the “shifted” generator

F””(a)yz)—F(a)@,a)yz (@), VY(s,o)elt,T]x 2.

Notice that thanks to Lemma 4.1 in [42], this generator coincides for P-a.e. w with the shifted
generator as defined above, that is to say Fy(w ®; @, y, z, ds(w ®; @)). The advantage of the
chosen “shifted” generator is that it inherits the uniform continuity in @ under the L>° norm
of F.

4.2. A first existence result when & is in UCp(§2)

Let us define for all w € 2, A* () = supy,; 4s (), where

A (w) = sup EP|:|$”"| +/ |EL®(0,0) |2 ds
PeP},

+ sup |S§"”|2+ sup ((Lg’w)+)2:|.

t<s<T t<s<T
By Assumption 2.8, we can check directly that
A (w) < oo forall (r,w) € [0,T] x f2. (4.23)

To prove existence, we define the following value process X; pathwise

X (@) = sup YIIO(T, &), forall (1, w) €[0,T] x £2, (4.24)
PeP},

where, for any (t;, w) € [0, T] x 2, P € Pg, 1 € [t1, T], and any F;,-measurable n € L2 (P),
we denote y}f*’l*‘” (tz,n) = y]P 1 Where (yP’”’w, e pPtnoe kP'_”l"") is the solution of
the following DRBSDE with upper obstacle $1'¢ and lower obstacle L' on the shifted space
2" under P

15}
Pt ,@ fH,w ot  (Pit,o ]P’ta)
SR +/F,‘ (v, 220 ) ar
s

_ft Ptldetl_kP+t1w+k]P+tlw

kT — kT Paas. (4.25)

1,0 P, 1w
LW <y <§5"", P-as.
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& t P,t P &
1,0 LW .,
/ (S = yPe) ke = f
5] t

1

N

(e = LIC) a0 =0, Pas. (426)

Notice that since we assumed that S was a P-semimartingale for all P € P}, then for all

(t,w) € [0,T] x £2, §"“ is also a P-semimartingale for all P € P;f. Furthermore, we have
the decomposition

N
st = 5o 4 / PIedB! + AP Pas. forall P e P, 427)
t

where A™"® is a bounded variation process under . Besides, we have by Assumption 2.8

12
r 2 2
ch® = sup [EF|esssup” BT |:/ ‘(Zz\;)]/sz"‘" ds + (AHTD’I"”’JF) :|
t<s<T t

PePyf
< —+o00.

In view of the Blumenthal zero—one law, y}”’ 1@ (T &) is constant for any given (¢, w) and

Pe 77;1. Let us now answer the question of measurability of the process X.

Lemma 4.1. Let Assumptions 2.3 and 2.8 hold and consider some & in UCy(§2). Then for all
(t,w) € [0, T] x 2 we have |X; (w)] < C(1 + C;i’w + A; (@)). Moreover, for all (t, w, a)’) €
[0, T]1x 22,
te€[0,T].

X () — X, (a)’)| <Cp (Ha) —o ”z) Consequently, V; is F;-measurable for every

Proof. (i) For each (¢, w) € [0,T] x 2, since S"*® is a semimartingale with decomposition
(4.27), we know that we have

dkip’_‘_at,w < (Fg,w(si,a)’ P;‘,a)))+ ds +dAE)’tvw»+
<C (|F;’w(0)| + |S§w| + )(Zlﬁ)lﬂpsﬁco’) ds +dAISP’t’w’+.

Hence,

ey se i em | [ imors )
T — H K p N .
t t<s<T

Let now o be some positive constant which will be fixed later and let € (0, 1). By It&’s formula
we have using (4.26)

2 T 2
' 2
y;}”,t,w‘ +/ %’ (’a\;)l/ZZE”,t,w‘ ds SeotT |$t,a)|
t
! P
+2c/ e il (
t
T P T T
-2 / ey O d B 42 / e S0k — 2 / e Lk
t t t

T
—Ol/ P
t

T T
2 = 2
< el |ghe) +/ e |FL2(0)|” ds —2f eyt Pog pt
t t

N

eOll

T
yﬁ?’”»w‘ |1 0)| ds +2C /
t

yi?,z,w‘ + ‘@)I/ZZ?,t,was

2
yip”"“‘ ds
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T 2 T
2 5 C
+n/ e’ ds+(2C+C +——a>/
t n t

+2 sup &% ‘S;’w| (k$,+,t,w . kil",+,t,w) +2 sup oS (Lé,w)-i-(k?f,l,w B k}’,*,t,w).

1<s<T 1<s<T

2
~t\1/2 _P, P,t,
(as) / <s " yS w’ ds

Now choose « such that v := o — 2C — C% — %2 > (). We obtain forall ¢ > 0

at

T
e v e
t

2
2
(a\;)l/2zgj’,t,w‘ ds < T |$l,a)|

2
T s 1
+ /t e | F1(0, 0)]st+g sup e (LE)T) ety T — k)2

t<s<T

2
T
4 ( Sup eOtS |S€,w|> + (kI}P,-Q—,t,w _ klp,"r,l‘w)Z _ Zf e(xsy?f,t,wz‘lf’,l,de;. (428)
t

t<s<T

Taking expectation and using (4.28) yields with 1 small enough

2
yre| +EP [/ @)t ds} < ¢ (@ +(°))
t

+eRP [(k?"f"” - k?’_”"")z] .

Now by definition, we also have for some constant C( independent of €

r 2
B [y k] < ¢ (A%(w) +(ch°) +EF [ / yie] dsD
t

T 2
+ CoEP |:/ ‘(ﬁé)l/zz?l’w’ dsi| }
t

Choosing € = zc 5, Gronwall inequality then implies | y? Lo

follows by arbltrarmess of P.

(i1) The proof is exactly the same as above, except that one has to use uniform continuity in w
of £1®, Fl-@, §'@ and L' Indeed, for each (¢, ) € [0, T] x 2 and P € Pt ' let « be some
positive constant which will be fixed later and let n € (0, 1). By It&’s formula we have, since F
is uniformly Lipschitz

P.tw IP’ta)’z To(s
D7 P ‘ + e
t

[2 < C(1 + A,(w)). The result then

ot

2 2
~t\1/2 0 P t,w Pt ol |et,w t,o
e DR — FeCds < T [ — ¢

/ IP’tw yith (ylP’tw P“‘"—l—‘(a )Z(ZIP’tw_ P’“’)Dds
/ th y?tw Fta)(y]P’tw’Zstw) Ftco(yIP’tw,Zstw)‘ds

as o Pt P,t,0f P,—.t,w P,—.t,0 P,+.t,0 P,+.t,0
+ 2/ (G N ) <ks — kg — ks + ks )
t

T
_af
t

Pt,w P.t,o

T
P.t,w Pt \, P, P,t,0 t
Vi =y 2 / e (2 =y )zt =z )d By
t
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aT | gt,w ta 2 ’
<ol
t
2 T
, C
+|(2C+C+ — —«
n t
T
+77/ %
t

T
P.t,w P\, P, P.t,o t
—2/ e (2 =y Ozt =z )d By
t

2
IP’ 1, w7 E”,t,w) Ft ,w (yIP’ t, a)7 E”,t,w) ds

2
P.t,w Pt
Syt — oy ds

1 ;12
a2 (e — e )‘ ds

s
r P,z P, P P / P,+ P,+.t,0
N N0 Lo ,—, 1, , =1, , 1 ,+.1,
+2/ s (yEre — b )d(ks R e A w).
t
By the Skorohod condition (4.26), we also have
T
/ eas(yf’;t,w P t,o )d (k]P’ —,t,w kiP’,—,t,w _ kAlyP’,—&-,t,w + kE",+,t,w )
t
T / /
< / S (LEY — LE)d (kg =" — kg )
t
T , ,
- / e (S — SEYd (kY — kT,
t
Now choose « such that v := o« — 2C — C? — %2 > (). We obtain for all ¢ > 0
at

;12
y;}”tw y;P’tw + (l _ 77)/ (ZI\;)]/Z(ZED'I’Q) _ Z;P,t,a) )) ds

otT‘%.tw Stw‘Z_i_/
t

2
1 / _ _ / _ _ /
4= ( sup eO{S(L?w o L;,w )+) + e(kI}P’ Lo k?’ g k}P’, tw . k?’ o )2

€ \r<s<T

~ 2
IP’ Lo, P,t,w) _ Fre (yiP’,t,w, Zf’,t,w)‘ ds

2
1 , , ,
+ g ( supT el S;,w _ S§,w ‘) +6(k¥’+'l’w _ kﬂ;,+,hw _ kF'Jr'lw +k?’+’t’w )2
1<s=<
T P,t, P,t, P P.t,0
2] o' St .1, t
—2/ e (P _ By P _ Pl (4.29)
t

The end of the proof is then similar to the previous step, using the uniform continuity in w of &,
Fand S. 0

Then, we show the same dynamic programming principle as Proposition 4.7 in [42] and Propo-
sition 4.1 in [31]. The proof being exactly the same, we omit it.

Proposition 4.2. Under Assumptions 2.3, 2.8 and for &€ € UCy(§2), we have for all 0 < t; <
ty < T andforall w € (2

Xy (@) = sup Yy "2, X0,
IP’ePth
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Define now for all (¢, ), the F™-progressively measurable process
Xt=lim X, (4.30)
reQN(,T1,rit

We have the following result whose proof is the same as the one of Lemma 4.2 in [31].

Lemma 4.3. Under the conditions of the previous proposition, we have

Xt = lim X, 7P5-g.s.
L reonG, Tt H

and thus X is cadlag Pi;-q.s.

Proceeding exactly as in Steps 1 and 2 of the proof of Theorem 4.5 in [42], we can then prove
that XV is a strong doubly reflected F-supermartingale (in the sense of Definition A.6 in the
Appendix). Then, using the Doob—Meyer decomposition proved in the Appendix in Theorem A.8

for all P, we know that there exists a unique (P-a.s.) process 7P e H2(P) and unique non-
decreasing cadlag square integrable processes AT, BY and CT such that
o X\ =X} — [l Fy(X, Zy)ds + L Z,dBy + BY — AP + CF, P-a.s., VP € P,
° Lt < Xl+ < St’ P-a.s.,V]P’ € PZ
o Ji(S-—X")dAT = [ (X} — L,-)dB} =0,P-as.,VP € P},
We then define VP = AF — BP — CP. By Karandikar [27], since XT is a cadlag

semimartingale, we can define a universal process Z which aggregates the family {7P, P e Py }
We next prove the representation (3.9) for X and X .

Proposition 4.4. Assume that & € UCy({2) and that Assumptions 2.3 and 2.8 hold. Then we
have

X, = esssup]p y}”/(T,g) and Xf: esssup]P y}’/(T,g:), P-a.s.,VP € Py,.
P'eP%, (1,P) P'ePy, (i+,P)

Proof. The proof for the representations is the same as the proof of Proposition 4.10 in [42],
since we also have a stability result for RBSDEs under our assumptions. [

Finally, we have to check that the minimum condition (2.8) holds. However, this can be done
exactly as in [31], so we refer the reader to that proof.

4.3. Main result
We are now in a position to state the main result of this section.

Theorem 4.5. Let & € [31"‘ and let Assumptions 2.3, 2.5 and 2.8 hold. Then

(1) There exists a unique solution (Y, Z) € ID)%}K X Hi’,'( of the 2DRBSDE (2.5).
(2) Moreover; if in addition we choose to work under either of the following model of set theory
(we refer the reader to [19] for more details)
(i) Zermelo—Fraenkel set theory with axiom of choice (ZFC) plus the Continuum Hypothesis
(CH).
(ii) ZFC plus the negation of CH plus Martin’s axiom.

Then there exists a unique solution (Y, Z, V) € ]D)%f X H%f X V%}K of the 2DRBSDE (2.5).
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Proof. The proof of the existence part follows the lines of the proof of Theorem 4.7 in [41], using
the estimates of Theorem 3.8, so we only insist on the points which do not come directly from
the proofs mentioned above. The idea is to approximate the terminal condition £ by a sequence
(E")n>0 C UCy({2). Then, we use the estimates of Theorem 3.8 to pass to the limit as in the
proof of Theorem 4.6 in [41]. The main point in this context is that for each n, if we consider the
Jordan decomposition of VP into the non-decreasing process V" and the non-increasing
process V>~ then the estimates of Theorem 3.8 ensure that these processes converge to some
VP+ and VP~ which are respectively non-decreasing and non-increasing. Hence we are sure
that the limit V¥ has indeed bounded variation.

Concerning the fact that we can aggregate the family (V]P)]P, Py it can be deduced as follows.

First, if £ € UC,({2), we know, using the same notations as above that the solution verifies
t t
X =xg —/ Fo (X}, Zy)ds +/ ZydBy — K., P-as. VP e PY.
0 0
Now, we know from (4.30) that X is defined pathwise, and so is the Lebesgue integral

t
/ Fu(XF, Z,)ds.
0

In order to give a pathwise definition of the stochastic integral, we would like to use the recent
results of Nutz [33]. However, the proof in this paper relies on the notion of medial limits, which
may or may not exist depending on the model of set theory chosen. They exists in the model (i)
above, which is the one considered by Nutz, but we know from [19] (see statement 220(1) page
55) that they also do in the model (ii). Therefore, provided we work under either one of these
models, the stochastic integral fot Zd B, can also be defined pathwise. We can therefore define
pathwise
t

t
V= X4 - X - f Fo (X}, Zy)ds +/ Zd By,
0 0

and V is an aggregator for the family (V]P)P cpr » that is to say that it coincides P-a.s. with VE,
H
for every P € Pj;.

In the general case when & € E%_}'(, the family is still aggregated when we pass to the
limit. O

Remark 4.6. For more discussions on the axioms of the set theory considered here, we refer the
reader to Remark 4.2 in [31].

5. Applications: Israeli options and Dynkin games
5.1. Game options

We first recall the definition of an Israeli (or game) option, and we refer the reader to [28,
21] and the references therein for more details. An Israeli option is a contract between a broker
(seller) and a trader (buyer). The specificity is that both can decide to exercise before the maturity
date T. If the trader exercises first at a time ¢ then the broker pays him the (random) amount L;.
If the broker exercises before the trader at time ¢, the trader will be given from him the quantity
S; > L;, and the difference S; — L; as to be understood as a penalty imposed on the seller
for canceling the contract. In the case where they exercise simultaneously at ¢, the trader payoff
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is L; and if they both wait till the maturity of the contract 7', the trader receives the amount
&. In other words, this is an American option which has the specificity that the seller can also
“exercise” early. This therefore a typical Dynkin game. We assume throughout this section that
the processes L and S satisfy Assumptions 3.13 and 2.8.

To sum everything up, if we consider that the broker exercises at a stopping time 7 < T and
the trader at another time o < T then the trader receive from the broker the following payoff:

H(o, 1) = St1i<6 + Lalafr +Elopr=rT.

Remark 5.1. We could have chosen a slightly more general payoff function as in [21], but we
prefer to concentrate here on the uncertainty context.

Before introducing volatility uncertainty, let us first briefly recall how the fair price and the
hedging of such an option is related to DRBSDEs in a classical financial market. We fix a
probability measure P, and we assume that the market contains one riskless asset, whose price is
assumed w.l.o.g. to be equal to 1, and one risky asset. We furthermore assume that if the broker
adopts a strategy 7 (which is an adapted process in H?(PP) representing the percentage of his
total wealth invested in the risky asset), then his wealth process has the following expression

T T
xF—¢ +/ b(s, XF, xByds — / nfodW,, P-as.
t t

where W is a Brownian motion under P, b is convex and Lipschitz with respect to (x, 7). We
also suppose that the process (b(t, 0, 0));<r is square-integrable and (o;);<r is invertible and
its inverse is bounded. It was then proved in [28,21] that the fair price and an hedging strategy
for the Israeli option described above can be obtained through the solution of a DRBSDE. More
precisely, we have the following.

Theorem 5.2. The fair price of the game option and the corresponding hedging strategy are
given by the pair (y*, n%) € D2(P) x H?(P) solving the following DRBSDE

T T
v =£ +/ b(s,yE, 7l)ds —/ nlosdWs +kF —kF,  P-a.s.
t t
Ll‘ < y}P < Sla P-a.s.

T T
/0 O = L )dky ™ = /O (S~ = ydky ™t =0.

Moreover, for any € > 0, the following stopping times are €-optimal after t for the seller and the
buyer respectively

DleF = inf|s >1,yF > 8 — s] . DT = inf{s >1,)F < Ly +s] :
Let us now extend this result to the uncertain volatility framework. We still consider a financial

market with two assets and assume now that the wealth process has the following dynamic when
the chosen strategy is

T T
Xo=e+ [ b Xomods = [ man.. Phas.
t t

where B is the canonical process and b is assumed to satisfy Assumption 2.3, and where &
belongs to Ei’,'(. Then, following the ideas of [31], it is natural to consider as a superhedging



A. Matoussi et al. / Stochastic Processes and their Applications 124 (2014) 2281-2321 2309

price for the option the quantity

Y, = ess supP y;P/.
PePy, (t+,P)
Indeed, this amount is greater than the price at time ¢ of the same Israeli option under any
probability measure. Hence, if the seller receives this amount, he should always be able to hedge
his position. We emphasize however that we are not able to guarantee that this price is optimal
in the sense that it is the lowest value for which we can find a super-replicating strategy. This
interesting question is left for future research.
Symmetrically, if the seller charges less than the following quantity for the option at time #,
Y, = essinf Py,P,,
P'ePl (1+,P)
then it will be clearly impossible for him to find a hedge. Y appears then as a subhedging price.
Hence, we have obtained a whole interval of prices, given by [Y;, Y;], which we can formally
think as arbitrage free, even though a precise definition of this notion in an uncertain market is
outside the scope of this paper. These two quantities can be linked to the notion of second-order
2DRBSDE:s. Indeed, this is immediate for Y, and for Y, we need to introduce a “symmetric”
definition for the 2DRBSDE:.

Definition 5.3. For & € ]L%}K, we consider the following type of equations satisfied by a pair of
progressively-measurable processes (Y, Z)

L4 YT = ‘%‘3 P?['q‘s'
o VIP € P}, the process V¥ defined below has paths of bounded variation P-a.s.

t t
vE=Yy-v, —/ Fy(Ys, Zy)ds +/ Z,dBs, 0<t<T,P-as. (5.31)
0 0
e We have the following maximum condition for0 <t < T
vE+ k;P’J” - k?’_ = esssup’ IE],P/ [V}F, + k?* - k?’_] ,
PPyt P)
P-a.s.,VP € P};. (5.32)

(] L[ < Y[ < S[,P;I'q.s.

This definition is symmetric to Definition 2.11 in the sense that if (¥, Z) solves an equation
as in Definition 5.3, then (—Y, —Z) solves a 2DRBSDE (in the sense of Definition 2.11) with
terminal condition —&, generator g(y, z) := —g(—y, —z), lower obstacle —S and upper obstacle
—L. With this remark, it is clear that we can deduce a wellposedness theory for the above
equations. In particular, we have the following representation

Y, = essinf y¥, P-a.s., forany P € PX. 5.33
‘T pepsarp Y " 639

We then have the following result.

Theorem 5.4. The superhedging and subhedging prices Y and Y are respectively the unique
solution of the 2DRBSDE with terminal condition &, generator b, lower obstacle L, upper
obstacle S in the sense of Definitions 2.11 and 5.3 respectively. The corresponding hedging
strategies are then given by Z and Z.
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Moreover, for any ¢ > 0 and for any P, the following stopping times are e-optimal after t for
the seller and the buyer respectively

Dl = inf{s >ty =S —e, IP’-a.s.} ’

D,Z’g =inf{s >, ¥y < L, +¢, Pjj-q.5.}.

5.2. A first step towards Dynkin games under uncertainty

It is already known that doubly reflected BSDE are intimately connected to Dynkin games
(see [11] for instance). More generally, since the seminal paper by Fleming and Souganidis [18],
two person zero-sum stochastic differential games have been typically studied through two
approaches. One uses the viscosity theory and aims at showing that the value function of the
game is the unique viscosity solution of the associated HIBI equation, while the other relates the
value function to the solution of a BSDE. We are of course more interested in the second one.
To name but a few of the contributions in the literature, Buckdahn and Li [7] defined precisely
the value function of the game via BSDEs, while more recently Bayraktar and Yao used doubly
reflected BSDEs. Before specializing the discussion to Dynkin games, we would like to refer the
reader to the very recent work of Pham and Zhang [40], which studies a weak formulation of two
person zero-sum game and points out several formal connections with the 2BSDE theory.

We naturally want to obtain the same kind of result with 2DRBSDEs, with an additional un-
certainty component in the game, which will be induced by the fact that we are working simul-
taneously under a family of mutually singular probability measures. We will focus here on the
construction of a game whose upper and lower values can be expressed as a solution of 2DRB-
SDE. We insist that we prove only that a given solution to a 2DRBSDE provides a solution to
the corresponding Dynkin game described below. However, we are not able, as in [11], to con-
struct the solution of the 2DRBSDE directly from the solution of the Dynkin game. Moreover,
we also face a difficult technical problem related to Assumption 5.7, which prevents our result to
be comprehensive.

Let us now describe what we mean precisely by a Dynkin game with uncertainty. Two players
P1 and P2 are facing each other in a game. A strategy of a player consists in picking a stopping
time. Let us say that P1 chooses t € 7p.r and P2 chooses ¢ € 7y r. Then the game stipulates
that P1 will pay to P2 the following random payoff

TAG
Ri(t,0) :zf gsds + Stlico +Lola§t,a<T +&lipo=T,
t

where g, S and L are F-progressively measurable processes satisfying Assumptions 2.3, 3.13
and 2.8. In particular, the upper obstacle S is a semimartingale.

Then naturally, P1 will try to minimize the expected amount that he will have to pay, but
taking into account the fact that both P2 and the “Nature” (which we interpret as a third player,
represented by the uncertainty that the player has with respect to the underlying probability
measure) can play against him. Symmetrically, P2 will try to maximize his expected returns,
considering that both P1 and the Nature are antagonist players. This leads us to introduce the
following upper and lower values of the robust Dynkin game

V, = essinf ess sup ess supP IE],P [Ri(z,0)], P-a.s.
€l oeTr P'ePs (t+,P)
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V, :=-esssup essinf ess inf" ]E%P/[R,(r, 0)], P-a.s.
oeT, r €l PEPLET.P)

Remark 5.5. In order to be completely rigorous, we should have made the dependence in P of
the two functions above explicit, because it is not clear that an aggregator exists a priori. Nonethe-
less, we will prove in this section, that they both correspond to the solution of 2DRBSDE, and
therefore that the aggregator indeed exists. Therefore, for the sake of clarity, we will always omit
this dependence.

V is the maximal amount that P1 will agree to pay in order to take part in the game. Symmet-
rically, V is the minimal amount that P2 must receive in order to accept to take part to the game.
Unlike in the classical setting without uncertainty, for which there is only one value on which the
2 players can agree, in our context there is generally a whole interval of admissible values for the
game. Indeed, we have the following easy result.

Lemma 5.6. We have fort € [0, T']
V[ ZKZ’ P?_]'q.s.
Therefore the admissible values for the game are the interval [V ,, Vil

Proof. Let t € [0, T],P € P§, and P’ € Py, (+7,P). For any (tr,0) € 7, 7 x T; 7, we have
clearly
P )i : - (P P
esssup.  E; [R;(r,0)] > essinf essinf® K, [R;(7,0)], P-a.s.
P’E'Pz t+,P) tel;r ]P’/E'P}f, (t+,P)

Then we can take the essential supremum with respect to o on both sides of the inequality, and
the result follows. [

Now, in order to link the solution of the above robust Dynkin game to 2DRBSDEs, we will
need to assume a min—max property which is closely related to the usual Isaacs condition for the
classical Dynkin games. Given the length of the paper, we will not try to verify this assumption.
Nonetheless, we emphasize that a related result was indeed proved in [31] in the context of a
robust utility maximization problem. Even more in the spirit of our paper, Nutz and Zhang [34]
also showed such a result (at least at time r = 0 and under sufficient regularity assumptions, see
their Theorem 3.4) when there is only one player. We are convinced that their results could be
generalized to our framework and leave this interesting problem to future research.

Assumption 5.7. We suppose that the following “min-max” property are satisfied. For any
P e Py

essinf esssup ess supP IEI,P)/[R,(I, o)]
el ol r PePyt.P)

= esssupP ess inf ess sup E?/[Rt(t,o)], P-a.s. (5.34)
PPy i+, P) €T oeTir

ess sup essinf essinf’ Eltp [R:(z,0)]
oeT,r T€hir PePRET.P)

= essinf’ ess sup essinf E?/[R[(‘L',O')], P-a.s. (5.35)
P'ePy, 1+, P) oeTi s telir
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It is clear from Proposition 3.10 that the right-hand side of (5.34) can be expressed as the solution
of 2DRBSDE with terminal condition &, generator g, lower obstacle L and upper obstacle S. We
deduce immediately the following result.

Theorem 5.8. Let Assumption 5.7 hold. Let (Y, Z) (resp. (? , Z) ) be a solution to the 2DRBSDE
in the sense of Definition 2.11 (resp. in the sense of Definition 5.3) with terminal condition &,
generator g, lower obstacle L and upper obstacle S. Then we have for any t € [0, T]

Vt = Y[, PZ-(].S.
V, =Y, Pqs.

Moreover, unless Py, is reduced to a singleton, we have V>V, Pl-q.s.

Proof. The two equalities are obvious. Moreover, if for each P € P¥;, we let yP be the solution
of the DRBSDE with terminal condition &, generator g, lower obstacle L and upper obstacle S,
we have by (5.33)

/ . /
V:= esssup yfp, P-a.s., and V,= essinf y}P, P-a.s.,
P'eP¥, (t+,P) P'ePy (T, P)

which implies the last result. [
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Appendix A. Doubly reflected g-supersolution and martingales

In this section, we extend some of the results of [36,31] concerning g-supersolution of BSDEs
and RBSDE:s to the case of DRBSDEs. Let us note that many of the results below are obtained
using similar ideas as in [36,31], but we still provide most of them since, to the best of our
knowledge, they do not appear anywhere else in the literature. Moreover, we emphasize that we
only provide the results and definitions for the doubly reflected case, because the corresponding
ones for the upper reflected case can be deduced easily. In the following, we fix a probability
measure [P.

A.l. Definitions and first properties

Let us be given the following objects.

e A function g(w, y, 7), F-progressively measurable for fixed y and z, uniformly Lipschitz in
(v, 7) and such that EF [/OT 125 (0, O)|2ds] < +00.

e A terminal condition & which is Fr-measurable and in L2(P).
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e Cadlag processes V, S, L in I>(P) such that S and L satisfy Assumptions 2.5 and 2.8 (in
particular S is a semimartingale with the decomposition (2.3)), and with Ep[supOS,ST | V; |2]
< +00.

We study the problem of finding (y, z, k*, k™) € D?(P) x H2(P) x I2(P) x I2(P) such that

T T
=& +/ 8s(ys, z5)ds _/ 2sd W +k; — k; —k; +kt+ +Vr —V:, P-a.s.
t t

L <y, <58, P-as.
T T
/ (Ss- — yg-) dkf = / (ys- — Lg-)dk; =0, P-a.s. (A.36)
0 0
We first have a result of existence and uniqueness.

Proposition A.1. Under the above hypotheses, there is a unique solution (y,z,kT, k™) €
D?(P) x H2(P) x I2(P) x I2(P) to the doubly reflected BSDE (A.36).

Proof. Consider the following penalized RBSDE with lower obstacle L, whose existence and
uniqueness are ensured by the results of Lepeltier and Xu [29]

T T
W =¢ +f (7, s —/ AW, + K™ — K K LV — VL
t t

where k""" = nf(;(Ss — y")~ds. Then, define y" = y!' + V,, £ = £+ Vrp, o=z},
kt"’jE = kt"’i, 2 (y,2):=g(y—V,z)and L; := L; + V;. Then
0 =s+/ gS@;’,z?;)ds_/ AW, + R B R B
t t

Since we know by Lepeltier and Xu [30], that the above penalization procedure con-
verges to a solution of the corresponding RBSDE, existence and uniqueness are then simple
generalization. [

We also have a comparison theorem in this context.

Propo_sition A2. Let & and & € L2(P), Vi, i = 1,2 be two adapted,_cddldg processes
and g (w, y,z) two functions, which verify the above assumptions. Let (y',z', k", k"7) €
D*(P) x HA(P) x I*(P) x [*(P), i = 1,2 be the solutions of the following DRBSDEs with
upper obstacle S* and lower obstacle L'
. . T . . . T . . .
y =& +f 85 (. 29)ds —/ 2 dWs + ki~ — k'~
t 1
— Kt kT VE -V, Pas,i=1,2,

respectively. If it holds P-a.s. that & > &, vi_—vZis non-decreasing, Sl <82 L'> L? and
glyl 2 > g2y}, 2b), then we have for all t € [0, T]

Y,1 > Ytz, P-a.s.

Besides, if S' = §? (resp. L' = L?), then we also have dk" > dk>% (resp. dk"~ < dk>~).
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Proof. The first part is classical, whereas the second one comes from the fact that the penalization
procedure converges in this framework, as seen previously. Indeed, with the notations of the proof
of Proposition A.1, we have in the sense of weak limits

) t N~
Kt = lim n/ (Ss—y;”) ds.
n— 400 0

Moreover, using the classical comparison theorem for RBSDEs with the same lower obstacle,
we know that y"! > y*2 and dk™"'~ < dk™*~. This implies that dk™" " > dk*™. Passing
to the limit yields the result. [

Of course, all the above still holds if 7 is replaced by some bounded stopping time 7. Following
Peng’s original ideas, we now define a notion of doubly reflected g-(super)solutions.

Definition A.3. If y is a solution of a DRBSDE of the form (A.36), then we call y a doubly
reflected g-supersolution on [0, t]. If V = 0 on [0, t], then we call y a doubly reflected g-
solution.

We have the following proposition concerning the uniqueness of a decomposition of the form
(A.36). Notice that unlike in the lower reflected case considered in [31], the processes V, kT and
k™ are not necessarily unique.

Proposition A.4. Given y a g-supersolution on [0, T], there is a unique z € H>(P) and a
unique couple (kT,k=,V) e (I2(P))? (in the sense that V — k+ + k~ is unique), such that
(v, 2, kT, k=, V) satisfy (A.36).

Proof. If both (y, z, kT, k=, V) and (v, z', kT!, k=1, V1) satisfy (A.36), then applying Itd’s
formula to (y; — y;)* gives immediately that z = z! and thus V — kT 4k~ = V! —kt! 4 k1,
P-a.s. O

Remark A.5. We emphasize once more that the situation here is fundamentally different from
[31], where reflected g-supersolution were defined for lower reflected BSDEs. In our case, in-
stead of having to deal with the sum of two non-decreasing processes, we actually have to add
another non-increasing process. This will raise some difficulties later on, notably when we will
prove a non-linear Doob—Meyer decomposition.

A.2. Doob—Meyer decomposition
We now introduce the notion of doubly reflected g-(super)martingales.

Definition A.6. (i) A doubly reflected g-martingale on [0, T'] is a doubly reflected g-solution
on [0, T].

(ii) A process (Y;) such that Y; < S; is a doubly reflected g-supermartingale in the strong (resp.
weak) sense if for all stopping time t < T (resp. all t < T), we have EP[|Y;|*] < +o0
(resp. EP[IYtlz] < 4-00) and if the doubly reflected g-solution (ys) on [0, 7] (resp. [0, t])
with terminal condition Y; (resp. Y;) verifies y, < Y, for every stopping time o < 7 (resp.
ys < Y, forevery s <1t).

Remark A.7. The above definition differs once more from the one given in [31]. Indeed, when
defining reflected g-supermartingale with a lower obstacle, there is no need to precise that Y
is above the barrier L, since it is implied by definition (since y is already above the barrier).
However, with an upper obstacle, this is not the case and this needs to be a part of the definition.
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As usual, under mild conditions, a doubly reflected g-supermartingale in the weak sense
corresponds to a doubly reflected g-supermartingale in the strong sense. Besides, thanks to the
comparison theorem, it is clear that a doubly reflected g-supersolution on [0, T] is also a doubly
reflected g-supermartingale in the weak and strong sense on [0, T']. The following theorem
addresses the converse property, which gives us a non-linear Doob—Meyer decomposition.

Theorem A.8. Let (Y;) be a right-continuous doubly reflected g-supermartingale on [0, T] in
the strong sense with

EF sup |Y,|2 < +o00.
0<t<T

Then (Y:) is a doubly reflected g-supersolution on [0, T, that is to say that there exists a
quadruple (z, kT, k=, V) € H2(P) x I>(P) x I?(P) x I>(P) such that
T T
Y, =Yr +f gs(Ys,z0)ds + Vi — Vi +kp —k; — ki + k& — / 2 d W
t t
L[ < Y[ < S[, P-a.s. (A37)

T T
/ (Sy- — Yooy dkF = / (Y- — Ly-)dk; = 0.
0 0

We then have the following easy generalization of Theorem 3.1 of [37] which will be crucial for
our proof.

Theorem A.9. Consider a sequence of doubly reflected g-supersolutions

T T

i =¢ +/ g (0. ZNds + Vi = V! + iy ™ — kT —kpT kT - / ZgdWs

t t
L, < y;n <& (A.38)
T ~ T _
[ s —smyart = [ o -y =o
0 0o
where the V" are in addition supposed to be continuous. Assume furthermore that
e (y")n=0 increasingly converges to y with EP [supOS,ET |9t|2] < 4o00.
~ ~ ~ - ~.\2

o dk™t < dkP" forn < p and k™ converges to k* with EF |:<k}r> ] < +o0.

° dlE?’_ > dlztp’_for n < p and k"~ converges to some k™.
e (Z")n>0 weakly converges in H2(P) (along a subsequence if necessary) to %.

Then y is a doubly reflected g-supersolution, that is to say that there exists V € I2(P) such that

T T
Ve =E+/ gs(ysazs)ds"'VT_Vf+k7_"_kt__k7-t+k;|—_v/‘ ZgdWy, P-a.s.
y t
¥ <8, P-as.
T ~
/ (Sg- — y5-)dks =0, P-a.s.,Vt €0, T].
0

Besides, 7 is strong limit of 2" in HP (P) for p < 2 and V, is the weak limit of th in L*(P).
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Proof. All the convergences are proved exactly as in Theorem 3.1 of [37], using the fact that
the sequence of added increasing process k'~ is decreasing. Moreover, since the sequence y” is
increasing it is clear that we have

Li <y <58, tel0,T] Pa.s.

We now want to show that we also recover the Skorohod conditions. The proofs being similar,
we will only show one of them. We have

T T T
0< fo Sy — 5o ) dks = /O (8- — ) dfs + /0 G = 5 ) s
T ~ 5 T B
= / (Ss* - 5};17) d (ks - k:l) +f (5’;!7 - ys*) dks
0 0
T » o T i N
= /O (Sx— _ys—)d(ks _k?) +'/(; (y:— _ys_)dks-

By the convergences assumed on 7" and k", the right-hand side above clearly goes to 0 as n goes
to 400, which gives us the desired result.  [J

Let now Y be a given doubly reflected g-supermartingale. We follow again [36] and we will
apply the above theorem to the following sequence of DRBSDEs

T
v =17 +/ (805 2) +nOf = Y)T)ds + k™ — k"™
t

T
— kT kT - / 2y dW;
t
Li<y' <5

T T
/0 (Ss= = yy) ™ = /0 (i = L) dk ™ =0.

Our first result is the following.

(A.39)

Lemma A.10. For all n, we have Y; > y['.
Proof. The proof is exactly the same as the proof of Lemma 3.4 in [36], so we omitit. [

We will now prove some estimates which will allow us to apply Theorem A.9.

Lemma A.11. There exists a constant C > 0 independent of n such that the processes defined
in (A.39) verify

T
EF [ sup |y [’ +[ |22 2 ds + (VIO + (k)2 + (k’}’_)z:| <C.
0<t<T 0

Proof. First of all, let us define (y, Z, IE+, IE_) the unique solution of the DRBSDE with terminal
condition Yr, generator g, upper obstacle S and lower obstacle L (once again, existence and
uniqueness are ensured by the results of [10] or [30]). By the comparison Proposition A.2, it is
clear that we have foralln > 0

=y, tel0,T],Pa.s.
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Consider now (y, Z, IEJF, I;’) the unique solution of the doubly reflected BSDE with terminal
condition Y7, generator g, upper obstacle S and lower obstacle Y, that is to say

T T
&IZYT'F/ gs(ymzs)ds‘l‘k;_k;_k;'i‘kf_/ Zsd W,
t t
Y <y =S, (A.40)
T } T ;
/0 (8- — 5]5*) dkj = /0 s— = Y5-) dk; =0.

Notice that since the upper obstacle S is a semimartingale satisfying

EP|: sup ((S,)_)z] < 400,
0<t<T

we know from the results of Crépey and Matoussi [10] (see Theorem 3.2 and Proposition 5.2)
that the above doubly reflected BSDE has indeed a unique solution and that we have for some
constant C > 0

5| (1) <c

Moreover, it is clear that since y; > Y;, we also have

T T
v =Yr +/ 8s(Vs, Z5)ds + n/ (s — Yy) " ds
t t

T
thy —k7 — ki + k' —/ ZdW;. (A41)
t

Notice also that since Y is a doubly reflected g-supermartingale, we have y > L. Thus we can
use now the comparison theorem of Proposition A.2 for doubly reflected BSDEs with the same
upper obstacles. We deduce that

Y <3, and dk't <dk'.
Hence, this implies immediately that for some constant C independent of n

2 - N2
EP|: sup |y,"|2+ (k;*) :| < IEP|: sup |12+ sup |5:1> + (k}r) :| <C. (A42

0<t<T 0<t<T 0<t<T
Define then V" := n [, (7 — ¥;)~ ds. We have
T

T
Vi kT = yS—y'T'—/ gs(yf,Z?)ds+k'%’++/ g d W
0 0

T T T
SC(sup |y,"|+/ |z§’|ds+/ Igs(0,0)|ds+k§+'/ z?dWs>.
0<t<T 0 0 0

(A.43)
Using (A.42) and BDG inequality, we obtain from (A.43)

T T
EF [(V}l)z + (k;**)ﬂ < Co (1 +EF [/ |g5(0,0)|* ds +/ |z?}2ds]) . (A44)
0 0
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Then, using [td’s formula, we obtain classically for all € > 0
T 5 T
EX U |z dS] <E" [(ﬁ)z +2/ v 8s vy 25)ds
0 0

T
+ 2/ y:_d(VS" — k;”+ + k;”_)i|
0
T n|2
Z
< EP |:C(1+ sup |y,"|2)+f u
0

ds
0<t<T 2

+e(VEP + Ikp TP+ |k’}’|2>] :

Then, from (A.44), we obtain by choosing € = 4%0 that

T
¥ [/ |z’;y2ds] <C.
0
Reporting this in (A.44) ends the proof. [

Finally, we can now prove Theorem A.8.

Proof of Theorem A.8. We first notice that since Y; > y;* for all n, by the comparison theorem
for DRBSDEs, we have

<yt Ak~ > dk" T and dkt < di T

By the a priori estimates of Lemma A.11, they therefore converge to some processes y, k™ and
k™. Moreover, since z" is bounded uniformly in n in the Banach H?(P), there exists a weakly
convergent subsequence, and the same holds for g;(y;’, z}'). Hence, all the conditions of Theo-
rem A.9 are satisfied and y is a doubly reflected g-supersolution on [0, T'] of the form

T T
yt:YT+/ gs(ys’Zs)ds‘FVT_Vt_k;_+k1++k;—k;—/ zsd Wy,
t t
where V; is the weak limit of V" :=n fot (yi — Y5)"ds. From Lemma A.11, we have
’ 2
EF[(Vi)?] = n’E" [/ |F =Y~ | dsi| <C.
0

It then follows that Y; = y; (since we already had Y; > y;' for all n), which ends the proof. [
A.3. Time regularity of doubly reflected g-supermartingales

In this section we prove a downcrossing inequality for doubly reflected g-supermartingales
in the spirit of the one proved in [8]. We use the same notations as in the classical theory of
g-martingales (see [8,36] for instance).

Theorem A.12. Assume that g(0,0) = 0. Let (Y;) be a positive reflected g-supermartingale in
the weak sense and let 0 =ty <t < --- < t; = T be a subdivision of [0, T]. Let 0 < a < b,
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then there exists C > 0 such that DZ[Y, n), the number of downcrossings of [a, b] by {Y,j },
verifies

C
ETMDGLY, nl] < &M Yo A B,
—a
where ( is the Lipschitz constant of g.

Proof. Consider for all i = 0 .. n the following DRBSDEs with upper obstacle S and lower
obstacle L on [0, ;]

) T
y,’zYt,-—f (M v
. t

Li<y <8, P-as.

/ n (vi =Ly )aki™ = / ' (S =3l )dkit =0, Peaus,
0 0

By the comparison theorem of Proposition A.2, we know that we have for all i, yti > &f for
t € [0,¢], where (yi, Fa /E") is the unique solution of the RBSDE on [0, #;] with the same
generator and terminal condition as above and upper obstacle S, that is to say

&,"=Yzi—/ (n
. t

i <S8, P-as.

ti . -
/ (Ss— — y;_) dii =0, P-as.
0

We define a} = —p sgn(z})1;;_ <5<, and a; := Y ]_yal. Let Q“ be the probability measure
defined by

a T
4Q =£ (/ ade5> .
dP 0

We then ha\_fe easily that yf > 0 since Y;, > 0. We next define )7" = ﬁi — Kk, Vi=y — k.
Then, (', z') solves the following BSDE on [0, #;]

t; . . L/
5= i /u(y;.wc;) /z;dws.
t t

It is then easy to solve this BSDE to obtain

ti .
P = IE(,Q2 |:e“‘(t"’) Y, — u/ e“(S’)kéds:| .
t

Define now the following cadlag process k; = Z?:i kf 1y ,<i<y and Y=Y —k We clearly
have fort = t;_

li
)A]tliq — ]E(t?_l |:e—u(ti—t,-_1)yti _ M/ e—M(s—t,-_l)ksti| .
ti—1

; . . i
)ds + k' Tk T kT kT - / ZLdWP-a.s.
t

[/
k' + k' f Z.dWP-a.s.
t

J’v

Now, since Y is a doubly reflected g-supermartingale (and thus also a doubly reflected g=#-
supermartingale where g5 "“(y, z) := —u(|y| + |z|) by a simple application of the comparison
theorem), we have

<y -k <7Y.
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Hence, we have obtained

14
E?_l I:e_,u(ti—ti—l)Yti _ M/

e_“(s_t"—])ksdsi| < IAG,.?I.
ti—1

This actually implies that the process X := (X;,)o<i<n Where

X, = e Mi Y, — ;Lf e Mkds,
0

is a Q“%-supermartingale. Then we can finish the proof exactly as in the proof of Theorem 6
in[8]. O
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