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Abstract. For a step process X with respect to its natural filtration [, we denote by G the smallest
right-continuous filtration containing ' and such that another step process H is adapted. We investig-
ate some structural properties of the step process X in G. We show that Z = (X, H) possesses the weak
representation property with respect to G. Moreover, in the case H = 1|; ;..), where 7 is a random
time (but not an F-stopping time) satisfying Jacod’s absolute continuity hypothesis, we compute the
G-predictable compensator v&X of the jump measure of X. Thanks to our theoretical results on v&X,
we can consider stochastic control problems related to model uncertainty on the intensity measure of
X, also in presence of an external risk source modeled by the random time 7.

1. Introduction

Let (X,F) and (H,H) denote two step processes with respect to their natural filtration, respectively.
By G we denote the smallest right-continuous filtration containing IF and H. If 7 is a random time but
not an F-stopping time and H is the associated default process, i.e., H = 1|; ;..), then the filtration G
is called progressive enlargement of I by 7.

In the present paper we investigate some structural properties of the semimartingale (X,IF) in the
filtration G. For example, we show that the G-semimartingale Z = (X, H) possesses the weak rep-
resentation property (from now on WRP) with respect to G, see Theorem 3.1. This extends the
results obtained in Di Tella and Jeanblanc (2021), in which X and H are simple point processes. The
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weak representation property for marked point processes has also been recently studied in the article
Calzolari and Torti (2022). However, the results of Calzolari and Torti (2022) are very general and go
beyond the semimartingale context, while here we give a concise independent proof of the WRP in
the special case of step processes.

Furthermore, in the special case of the progressive enlargement by 7, we compute the G-predictable
compensator vV&X of the jump measure u* of X under Jacod’s absolute continuity hypothesis, see
Section 4. These latter results extend those recently obtained by Gapeev, Jeanblanc and Wu in Gapeev
et al. (2021), where the stronger Jacod’s equivalence hypothesis is assumed. Thanks to our theor-
etical results, we can consider stochastic control problems under model uncertainty and in presence
of an external risk source. The additional risk source is modeled here by the occurrence time 7 of
a completely external shock event, such as a default time or the death time of an agent, that cannot
be inferred using the information available in . The model uncertainty affects the G-predictable
compensator V& of u¥, that is not a-priori fixed but it rather depends on the G-predictable control
processes u. To every G-predictable compensator v&X# corresponds a different probability measure
P,.

Denoting by 1*(X) = (I'(X)):c[o,r] @ G-measurable (that is, a defaultable) cost functional, where
T > 0 is a fixed maturity and u an admissible control, we address the problem of optimizing the
expected cost functional J(u) = E,[I%(X)], where E, denotes the expectation under PP,,. In our model
the class of the admissible G-predictable compensators of ¥ is dominated by v&* and the optimizer
controls the G-predictable density of v&X#. Notice that a special example of a G-measurable cost
functional is obtained if 1“(X) itself is F-measurable but the optimization problem is pursued only up
to 7, that is, the expected cost functional to optimize becomes J*(u) := E,[I}, .(X)]. Hence, in this
article, we consider both the problems of optimizing the expected value of a defaultable cost functional
at maturity 7 > 0 as well as the problem of optimizing the expected value of a non-defaultable (i.e.,
F-measurable) cost functional up to the exogenous random time 7" A 7. This latter problem has the
interpretation of the one of an agent who only disposes of the information available in the reference
filtration [F but, for some reasons as her death (as it happens, for example, in life insurance) or the
default of part of the market (as it happens, for example, in credit risk), she has only access to the
market up to 7. We stress that our model for /“(X) is very general and covers classical cases as
the exponential utility function. A possible frame of application of these control problems could be
the one of an insurance company who, given a risk model represented by X, a G-measurable (or FF-
measurable) running and terminal costs, has to determine the best or worst case for the expected cost
up to maturity (or up to default), see Section 6.

To represent the value function associated to these class of control problems, we follow a dynamical
approach based on a class of BSDEs with a G-predictable Lipschitz-continuous generator of sub-
linear growth and driven by the jump measure u? of the semimartingale Z = (X,H). Existence and
uniqueness of the solution of the involved BSDEs relay on the theory developed in Confortola and
Fuhrman (2013). In Confortola and Fuhrman (2013) the authors assume that the driving marked
point process is quasi-left-continuous, i.e., its compensator is continuous. This assumption is crucial:
Indeed, it is shown in Confortola et al. (2016, Remark 10.1) that if the compensator is not continuous,
one cannot expect that the corresponding BSDE admits a solution, in general. On the other side, in
Di Tella and Jeanblanc (2021, Counterxample 4.7) the authors show that the F-quasi-left continuity of
the marked point process uX is not preserved in G, that is, in particular, v®* need not be continuous.
Therefore, the theoretical results in Section 4, together with the martingale representation theorem
obtained in Theorem 3.1, are crucial to ensure that these BSDEs admit a unique solution also with
respect to the enlarged filtration G.
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We stress that the theory of BSDEs in progressively enlarged filtrations and the related dynamical
approach to optimal control problems has known important developments in the last decade. For
instance, in Pham (2010), Pham studied an optimal investment problem for an agent delivering the
defaultable claim at maturity 7. Similar problems have been addressed in Lim and Quenez (2011),
Ankirchner et al. (2010) and Jiao and Pham (2011).

Further results concern expected utility optimization problems with random terminal time, where
the progressively enlarged filtration is used to handle the time 7 of a shock that affects the market or
the agent. These problems can be solved by introducing a suitable BSDE over [0, 7 A 7]. In Kharroubi
and Lim (2014) and Kharroubi et al. (2013) the authors consider optimization problems on [0, 7 A 7]
in a progressively enlarged Brownian filtration G reducing the study of the BSDEs on [0, T A 7] to the
one of an associated BSDEs with deterministic horizon T in the reference Brownian filtration F. This
method is often called in the literature reduction method. Following the approach of Kharroubi et al.
(2013), Jeanblanc et al. (2015) study an exponential utility maximization problem over [0,7 A 7] in a
progressively enlarged Brownian filtration. In both Kharroubi et al. (2013) and Jeanblanc et al. (2015)
the random time 7 avoids stopping times and satisfies the immersion property. More general BSDEs
over [0,7 A 7] have been considered in the recent paper Aksamit et al. (2023) where 7 is a random
time satisfying some mild conditions.

In the present paper, relying on the martingale representation theorem in G and following the
approach in Di Tella (2020), we show that the problem up to default (i.e., up to 7' A T) can be solved
as a problem with a G-measurable cost functional up to maturity (i.e., up to 7). Furthermore, we
prove that the value function of the problem up to default coincides with the one of the problem up to
maturity. Additionally, we establish an explicit relationship between the two optimal control processes
(see Theorem 5.17). We also notice that the control problems from the literature mentioned before are
different from those considered here. Indeed, the agent here controls the probability measure and the
G-predictable compensator of uX with the goal of determining the worst/best case for the expected
cost functional rather then the optimal strategy.

The present paper has the following structure: In Section 2 we recall same basic notions. In Section
3 we obtain a martingale representation theorem in the enlarged filtration of a step process. Section 4
is devoted to the study of the G-quasi-left continuity of the step process Z = (X, H), if H = 1|7 1),
and to the computation of v®Z. The applications to different kinds of control problems both on [0, T
and [0,7 A 7] are presented in Section 5. In Section 6 we provide an example on optimization of the
expected exponential utility of the terminal wealth under the worst-case scenario. Finally, the proofs
of technical results of Sections 4 and 5 are postponed to the Appendices A and B, respectively.

2. Basic Notions

Let (Q,.7,P) be a probability space. We denote by F = (.%;),>¢ a right-continuous filtration of
subsets of .% and by O'(F) (resp. Z(IF)) the F-optional (resp. F-predictable) c-algebra on Q x R
We define o := \/,~0%:.

Let X be a stochastic process. We sometimes use the notation (X,F) to mean that X is F-adapted.
By FX we denote the smallest right-continuous filtration such that X is adapted. If X is cadlag, we
denote by AX the jump process and use the convention AXy = 0.

We say that an F-adapted cadlag process X is F-quasi-left-continuous if AXs = 0 a.s. for every
finite-valued F-predictable stopping time ©.
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Random measures. For a Borel subset E of R?, we introduce Q := Q x R, x E and the product
-algebra O(F) := O(F) ® B(E) and 2 (F) := P (F) ® B(E). If W is an 0 (F)-measurable (resp.
2 (F)-measurable) mapping from Q into R, it is called an F-optional (resp. F-predictable) function.

Let u be a random measure on R x E (see Jacod and Shiryaev (2003, Definition 11.1.3)).

For a nonnegative F-optional function W, we write W« u = (W % l;);>0, where W 1, (®) :=
f(o,z]x W(w,s,x)u(w,ds,dx) is the process defined by the (Lebesgue—Stieltjes) integral of W with
respect to i (see Jacod and Shiryaev (2003, II.1.5) for details). If W x u is F-optional (resp. [F-
predictable), for every optional (resp. F-predictable) function W, then u is called F-optional (resp.
F-predictable).

Semimartingales. When we say that X is a semimartingale, we always assume that it is cadlag. For
an R?-valued F-semimartingale X, we denote by u* the jump measure of X, that is, u* (®,dt,dx) =
Yo=0 Lax, ()0} O(s,Ax, (w)) (d2, dx), where, here and in the whole paper, d, denotes the Dirac measure at
point a. From Jacod and Shiryaev (2003, Theorem I1.1.16), uX is an integer-valued random measure
on R, x R with respect to IF, see Jacod and Shiryaev (2003, Definition 11.1.13). Thus, ,uX is, in par-
ticular, an [F-optional random measure. According to Jacod and Shiryaev (2003, Definition II1.1.23),
uX is called an R?-valued marked point process (with respect to F) if u*(@;[0,¢] x R?) < -0, for
every ® € Q and t € R,. By vX we denote the F-predictable compensator of uX, see Jacod and
Shiryaev (2003, Definition 11.2.6). We recall that v¥ is a predictable random measure characterized
by the following properties: For any F-predictable function W such that |W | u* € 4271;;( ), we have
(W|xvX € gt (F) and W+ uX —W xvX¥ € 4} (F), /4L (F) denoting the space of F-local martin-
gales and ;zfi;’C (F) the space of F-adapted locally integrable cadlag increasing processes starting at
zero. We recall that X is quasi-left continuous if and only if there exists a version of VX that satisfies
identically vX (@, {t} x R?) =0, ¢ > 0, see Jacod and Shiryaev (2003, Corollary I1.1.19).

IfX =Y —ZwithY,Z € & (F), we then write X € Hoc(F). For X € #o(F) we denote by XPF
the F-dual predictable projection of X, that is the unique [F-predictable process in 2o (IF) such that
X —XPF € AL(F).

An R?-valued semimartingale X is a step process with respect to F if it can be represented in
the form X = Y. | &1, 4), Where (7,), is a sequence of F-stopping times such that 7, T +oo,
T, < Tyy1 on {17, < +oo} and (&,),>1 is a sequence of R?-valued random variables such that &, is
Fr,-measurable and &, # 0 if and only if 7, < +oo (see He et al. (1992, Definition 11.48)). The
process NX = Y1 l[g, +o0) is called the point process associated to X. If X is a step process with

respect to F, we then obviously have 7, = inf{r > 7, : X, ZX; _,} (10 :=0), §, = AX;, 1z, <o} and

X(dr,dx) = Z Lz, < s 8, &) (df, ). (2.1)

We say that a semimartingale X is a sum of jumps with respect to I if X is [F adapted, of finite
variation and X = } o<, AX;. If X is a sum of jumps, then X = Id u* holds, where Id(x) :=
Furthermore, it is evident, that u* is a marked step process if and only if X is a step process (see
Jacod and Shiryaev (2003, III.1.21 and Proposition 11.1.14)), that is, if X has finitely many jumps over
compact time intervals.

3. Martingale Representation

For an R“-valued step process (X,F¥) and a o-field X, called the initial c-field, we denote by
F = (%),>0 the filtration FX initially enlarged by %%, thus .%, := #% v .ZX. It is well-known that
F is right-continuous and clearly, (X,[F) is a step process. We stress that non-trivial initial o-field
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#% allows to include in the theory developed in the present paper, without any additional effort,
also step processes with .#j-measurable semimartingale characteristics, that is, step-processes with
conditionally independent increments with respect to I given .%.

We now consider an Rf-valued step process H and introduce H = (J4);>0 by 74 := [72:8V ,%H ,
t >0, where Z! denotes a o-field.

We denote by G = (%;),>0 the progressive enlargement of I by H, where

%::ﬂﬁs\/%’g t>0.

s>t

It is evident that G is the smallest right-continuous filtration containing FX, F, %X and #" (i.e., F
and H).

As a special example of H, one can take the default process associated with a random time 7, i.e.,
Hy () := 17 1) (®,1), where 7 is a (0, +oo]-valued random variable. In this case (H,H) is a point
process. If # is trivial, G is called the progressive enlargement of IF by 7 and it is the smallest
right-continuous filtration containing F and such that 7 is a G-stopping time.

We now introduce the R? x Rf-valued G-semimartingale Z = (X,H) . Clearly, Z is a sum of jumps
with respect to G, hence it is a G-semimartingale. The jump measure p? of Z is an integer-valued
random measure on R, x R? x R and satisfies

1 (o,dt,dx;,dxa) = Y 1iaz, ()20} 8(s.az,(w)) (df,dx1, dxa).

s>0

Theorem 3.1. Let (X,FX) and (H,F™) be step processes taking values in R? and R’ respectively
and consider two initial -fields #% and #". We define the filtrations F, H and G as above and set
Z:= (X,H)". We then have:

() p? is an RY x R'-valued marked point process, that is (Z,G) is a step process.

(ii) G is the smallest right-continuous filtration containing % = %%\ %" and such that u? is
optional.
If furthermore F = 4., then every Y € )

loc
Y =Yg+ Wxu? —wxv? (3.1)

where (@,t,x1,%2) — W(@,t,x1,x2) is a P(G) @ B(R?Y) @ B(R")-measurable function such that
|W|*u? e b@flsz(@) and v# denotes the G-dual predictable projection of the jump measure u? of Z.

(G) can be represented as

Proof: We start proving (i). Since Z is a sum of jumps, it is sufficient to show that pZ is a marked
point process with respect to G. To this aim, we observe that u*X and p’ are an R¢-valued and an R’-
valued marked point process with respect to G, respectively, (X,G) and (H,G) being an R?-valued
and an R’-valued step processes, respectively. Therefore, we have

PO, xRIXR) = Y Tiazz0p= Y, Liax20juian.20)

0<s<t 0<s<t

< Y (lax200 + Lan20))

0<s<t

= X ((0,4] x RY) + 7 ((0,1] x RY) < oo,

meaning that p? is an RY x Rf-valued marked point process with respect to G. This concludes the
proof of (i).

We now come to (ii). Let us denote by G’ the smallest right continuous filtration such that u? is
optional. We first show the identity G’ = FZ. Since Z is an F#-semimartingale, u# is an FZ-optional
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integer-valued random measure. So, G’ C FZ holds. We now show the converse inclusion G’ D FZ.
We denote g; (x1,x2) = x; and g2(x1,x2) = x. By definition of u? we have

g1l xuf =Y, |AX[1{az 20}

0<s<t

= Y |AX|(1ax,20.am-0) + Liax—0.am20) + L{ax,20.a0,0))
0<s<t
= Y |AX|1{ax, 20y < Var(X), < oo,
O0<s<t
where Var(X),(®) denotes the total variation of s — X;(®) on [0,7]. Hence, the integral g; * u? is
well defined and satisfies X = g * u?. Analogously, H = g, * u? holds. This yields that X and H are
G'-optional processes. Since G is right-continuous, we get G’ O FZ. From Jacod (1979, Proposition
3.39 (a)) the filtration Z \V G’ is right-continuous. Therefore, VG’ and G coincide: They are both
the smallest right continuous filtrations containing FX, F¥, %X and %!. The proof of (ii) is complete.
We now come to (3.1). If we assume .% = ¥, this is an immediate consequence of (i), (ii) and
Jacod and Shiryaev (2003, Theorem I11.4.37). The proof is complete. O

As an application of Theorem 3.1, we can easily show by induction the following result.

Corollary 3.2. We consider the R -valued step processes (X',FX') and the initial c-fields #%', i =
1,...,n. Weset Fl:=TFX v %X and denote by G the smallest right-continuous filtration containing
{Fi, i=1,...,n}. Then the E := R% x --. x R%-valued semimartingale Z = (X',...,X")T satisfies:
(i) u? is an E-valued marked point process with respect to G, that is Z is an E-valued step process
with respect to G. .
(ii) G is the smallest right continuous filtration containing % = \/_, X' and such that u? is an
optional random measure.
If furthermore F = 4., then everyY € )

loc

Y =Yg+ WsuZ —wsv? (3.2)

(G) can be represented as

where (@,t,x1,...,%,) = W(o,t,x1,...,x,) is a P(G) ® B(E)-measurable function such that |W | *
u? e 7 (G) and vZ denotes the G-dual predictable projection of the jump measure u? of Z.

4. The dual predictable projection in the enlarged filtration

Consider an R’-valued step process H and introduce H = (J#),>0 by 5 = %" v .ZH, t >0,
where %! denotes a o-field. We denote by G = (%, ),>0 the progressive enlargement of F by H.

The next result, which holds for general step processes, gives the structure of v&Z if H and X have
no common jumps. Its proof, as well as all those one of other technical results from this section, is
postponed to the Appendix A.

Theorem 4.1. Let (X,F) be an R?-valued step-process and let (H,H) be an R'-valued step-process.
If AXAH = 0, then the following identities hold for the R? x R-valued G-step process Z = (X ,H).
(1) uz(w7d[7dxladx2) = ‘LLX((O,d[,dXI)SO(dxz) +.UH(wvdt7dx2)60(dxl)-
(i) V&2 (@, dt,dx,dx2) = vEX (@,dt, dx1 ) o (dx2) + vEH (w,dt, dxa) So(dxy ).

4.1. Progressive enlargement by a random time. We now denote by G the progressive enlargement
of F by a random time 7 : Q — (0,+o0]: G is the smallest right-continuous filtration containing F
and such that 7 is a G-stopping time.
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For a given random time 7, we denote by H = 1|; ,..) the default process of 7 and by A = °(1—
H) = °1 ;) the F-optional projection of (1 —H) = 1|y 1) (see Dellacherie (1972, Theorem V.14 and
V.15)). The process A is a cadlag F-supermartingale, called Azéma supermartingale, satisfying A, =
Pt > t|.%] as., for every t > 0. It is well-known that {A_ > 0} C [0, 7] (see, e.g., Aksamit and
Jeanblanc (2017, Lemma 2.14)), so the process il[o,r} is well defined.

The G-dual predictable projection H”'® of H is denoted by A and, by Aksamit and Jeanblanc
(2017, Proposition 2.15) it satisfies

c_ [ 1 F
AC— [T anr® (@.1)
0o As_

HP¥ denoting the F-dual predictable projection of H.
Because of the special structure of the enlarged filtration, the following result holds.

Lemmad4.2. Let (@,t,x) —W(w,t,x) be a G-predictable function. Then, there exists an F-predictable
function (@,t,x) — W(®,t,x) such that W(@,t,x) 1 z(@,1) = W(@,t,x) 11 ;) (@,1). If furthermore
W is bounded, then W is bounded too.

4.2. Quasi-left continuity in the enlarged filtration. From here on, X is an R¢-valued step process
and F = (.%,);>0 where .%; := .ZX. In particular, .%, is trivial, since Xo = 0, X being a step process.
Moreover, T : Q — (0, +o] denotes a random time and H := 1[; .., the default process associated
with 7. Then we set Z := (X,H). We indicate by G the progressive enlargement of IF by 7. We also
use the notation vFX (resp. v&X) for the F-dual (resp. G-dual) predictable projection of uX, while
v&Z denotes the corresponding G-dual predictable projection of jump measure p? of Z.

Assume that X € oo (F) is F-quasi-left-continuous. We are interested in the following question: Is
X G-quasi-left-continuous? In general, this is not true: Intuitively, the larger filtration G supports more
predictable stopping times than [F. To see this we recall Di Tella and Jeanblanc (2021, Counterexample
4.8):

Counterexample 4.3. Let X be a homogeneous Poisson process with respect to FX and let (7, ),>1 be
the sequence of the jump-times of FX. The process X is not quasi-left-continuous in the filtration G
obtained enlarging FX progressively by the random time 7 = %(rl + 7). Indeed, the jump-time 7, of
X is announced in G by (9,),>1, Oy := %r—% (1— %)‘L’z, and 9, > T is a G-stopping time for every
n > 1 by Dellacherie (1972, Theorem II1.16). Hence, 7, is a G-predictable jump-time of X.

Notice that the quasi-left continuity of X can get lost only over (7,+eo|, as the following result
shows.

Proposition 4.4. If X is F-quasi-left continuous, then the G-adapted stopped process X (defined by
X' :=Xirr, t > 0) is G-quasi-left-continuous.

We now state sufficient conditions for the G-quasi-left continuity of Z.
Avoidance of F-stopping times. The first property we are going to recall is the avoidance of F-stopping
times, from now on referred as assumption (.2).

(¢/)  The random time 7 is such that P[T = 0 < 40| = 0 for every F-stopping time ©.

The interpretation of assumption (<) is the following: The random time 7 carries an information
which is completely exogenous: Nothing about 7 can be inferred from the information contained in
the reference filtration .
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Proposition 4.5. Let T satisfy (o). We then have:
(i) H quasi-left continuous and 7t is a G-totally inaccessible stopping time.
(i) AXAH = 0.
(iii) HZ((L), dt, dx; R dXQ) = ‘LLX((I), dl, dx1)60(dx2) + dHt(a))61 (dx2)6o(dx1 ), and

vEZ(@,dr,dx;,dxs) = vEX (@, dt, dx; ) 8o (dxy) + dAS ()8 (dxa) 8o (dxy). (4.2)

Proof: Let 7 satisfy (&). To see (i), we observe that (/) is equivalent to the continuity of the F-dual
optional projection HOF of H (see, e.g., Aksamit and Jeanblanc (2017, Lemma 1.48(a)) or Di Tella
and Engelbert (2022, Lemma 3.4)). Hence, the identity HOF = HPF holds. Because of (4.1), this
yields the continuity of A®. We now show (ii). By the definition of [X, H], we get

[X’H]t = ZAXSAHS = ZAXSAHSI{AXﬁéO}ﬁ{AHﬁéO}- (43)

s<t s<t

Let now (0,),>1 denote a sequence of F-stopping times exhausting the thin set {AX # 0}. We ob-
viously have {AX # 0} N {AH # 0} = U, _,[0,) N [7], where for a stopping time 17 we denote by [n]
the graph of 1. By (&), the random set [0,] N [7] is evanescent, for every n > 1. Hence, (4.3) yields
[X,H| = 0 and therefore AXAH = A[X,H| = 0. The statement (iii) follows by (ii) and by Theorem
4.1, using the special form of H. The proof is complete t

Immersion property. By Proposition 4.5 (i), if T satisfies assumption (.<7), then the process H is G-
quasi-left continuous. This however, does not imply that the joint process Z = (X, H) is G-quasi-left
continuous. Indeed, the random time 7 from Counterexample 4.3 avoids [F-stopping times. However,
X is not G-quasi-left continuous. So, we need further assumptions to ensure the G-quasi-left con-
tinuity of Z. We now therefore recall the immersion property, from now on referred as assumption

().
() The random time 7 is such that F-martingales remain G-martingales.

The following proposition is an immediate consequence of Jacod and Shiryaev (2003, Theorem
2.21).

Proposition 4.6. If T satisfies assumption (), then vCX = vFX holds.
As a consequence of the above discussion, we deduce the following result, whose proof is omitted.

Theorem 4.7. Let T be a random time satisfying both assumptions (<7 ) and (). Then
vEZ(@,dt,dxy,dxz) = V¥ (@,dr, dx; ) 8y(dxa) + &) (dxa) G (dxy )dAT ().
In particular, if X is F-quasi-left continuous, then Z is G-quasi-left continuous as well.

We stress that, although assumption (#) is of technical nature, it is equivalent to require that

the o-fields %, and %, are conditionally independent given .%; (see Aksamit and Jeanblanc (2017,
Theorem 3.2)). Furthermore, because of the Cox construction (see Aksamit and Jeanblanc (2017,
§2.3.1)), it is easy to construct random times 7 satisfying the assumptions (<7) and (.7¢), see Di Tella
and Engelbert (2022, Remark 3.8) for details.
Jacod’s absolute continuity condition. Let 1) denote the law of the random time 7, that is, 1(B) :=
P(t~!(B)), for every B € #(R). We denote by P,(®,B) a regular version of the conditional distri-
bution P[t € B|.%], B € B(R). We assume that 7 satisfies Jacod’s absolute continuity condition,
ie.,

n is a diffused probability measure. 4.4)
P,(du) is absolutely continuous with respect to 1 (du). 4.5)
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We stress that random times satisfying Jacod’s absolute continuity condition can be constructed fol-
lowing the approach presented in Jeanblanc and Le Cam (2009, §5).

Definition 4.8. We say that 7 fulfils hypothesis (_# ) if it satisfies Jacod’s absolute continuity condi-
tion.

Remark 4.9. Let 7 fulfill hypothesis (_# ). Then:

(i) (&) holds true, see El Karoui et al. (2010, Corollary 2.2).

(ii) There exists a nonnegative and &'(F) ® ([0, +o0])-measurable function (@,?,u) — p;(@,u)
such that (p;(u)),>o is an F-martingale for every u € [0, +o0] and

Blf(@l#] = [ fpun(du), =0 (4.6)

for every bounded Borel function f, see Aksamit and Jeanblanc (2017, Proposition 4.17).

Notice that hypothesis (_#') for T does not imply, in general, that 7 satisfies assumption (7). This
is true if and only if p,(u) = p,(u) n-as., if u < t, see Aksamit and Jeanblanc (2017, Proposition
5.28).

Remark 4.10. Let (o,t,u) — p;(®,u) be the optional function from Remark 4.9 (ii). Since p.(u) is
an F-martingale for every u, we can represent it as p.(u) = W** uX — W*x vFX_ As in the proof of
Jacod (1985, Proposition 3.14 and Theorem 4.1), the function (®,t,x,u) — W*(®,t,x) can be chosen

P (F)® A(]0,4o<])-measurable and such that the following two properties are satisfied:
(HW*(w,t,x)+ p;—(w,u) > 0.
) If p;_(u) = 0, then W* (@, t,x) = 0.

0.
3

W' (o,t.x)

So, using the convention § := 0, one can define V*(®,?,x) := p,,(a;t;t) which satisfies 1+ V* > 0.

Then

W) (@, t,x)

U(o,t,%) =V (@,1,x)1 (5o (@,1) = — 22"
( ) ( ) (7,4 )( ) p,,(a),f(a)))

1(T7+°°) (CO, t)
is a G-predictable function satisfying 1 +U > 0.

In the next result we give the form of the G-dual predictable projection of u*. To the best of our
knowledge, this result is new and of independent interest.

Theorem 4.11. Let X be an F-quasi-left continuous step process and let T be a random time satisfying
hypothesis (_# ). Then

veX (w,dr,dx) =

(1[0,11 (@,1) (1 + (4.7)

W' (w,t,x)

i) Tl (@01 U(@,1.0) )y (0,dr,do),

where W' is an F-predictable function such that A_ +W' > 0 and U is the G-predictable function
given in Remark 4.10. In particular, X is a G-quasi-left continuous step process.

The following result is a direct application of (4.2), Theorem 4.11, and (4.1).
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Theorem 4.12. Let X be an F-quasi-left continuous step process and let T satisfy hypothesis (_7 ).
Then the G-predictable compensator V&% of the jump measure u? of Z = (X,H) is given by

VG7Z(w7dt7d-x17d~x2)
W (w,t,x
= (1[077}(0),1‘) (1 + A(t(w)l)

+ Lo, (@, 1)dAF (@) So(dx1) 8 (dxp),

where W’ is an F-predictable function such that A_ +W' > 0 and U is the G-predictable function
given in Remark 4.10.

)+ e (@) (1 U(@,1,10)) )V (@, dxr ) ()

We remark that, if 7 fulfils condition (_#), then, by Remark 4.9 (i) it satisfies (.27), therefore
AC is continuous, see Proposition 4.5 (i). Therefore, under the assumptions of Theorem 4.12, Z is
G-quasi-left continuous.

5. Applications to stochastic control theory

Let T > 0 be a fixed maturity and let X be a marked point processes with respect to F = FX. In this
section we consider the problem of optimizing the value at 7' of an expected cost functional related
to X under model uncertainty and in presence of an additional exogenous risk source that cannot be
inferred from the information available in F. The occurrence time of the additional risk source is
modeled by an external random time 7. The uncertainty affects the model because, to each probability
measure [P,, under which the expectation of the cost functional is taken, corresponds a different G-
compensator V&% of uZ. The compensator v&Z# is absolutely continuous with respect to v&Z and
its density is controlled.

We shall represent the value function associated to these control problems by means of suitable
BSDEs and relying on the theory developed in Confortola and Fuhrman (2013). In order to apply it
to the present context, the fundamental tools are our results about the G-compensator of uX and the
G-WRP for Z, provided respectively in Theorem 4.7, Theorem 4.12 and Theorem 3.1.

Notice that, according to Jacod and Shiryaev (2003, Theorem I1.1.8), one can always consider the
decomposition

vEX(dr, dvp) = ¢ (der)dG
where ¢ is a transition probability from (Q x [0,T], Z(F)) into (R, Z(R¢)), and C*X € &7} (F)
is a predictable process. Analogously,

vEX(dr, du) = 97 (dx A,

where ¢©X is a transition probability from (Q x [0,7], 2 (G)) into (RY, B(R¢)) and C®X € o7},
is G-predictable.
We state the following assumptions.

(©)

Assumption 5.1. The process X is F-quasi-left continuous.
Assumption 5.2. 7 satisfies (&) and (7).
Assumption 5.3. 7 satisfies (_7) (hence (<), see Remark 4.9 (1)).

In the present section we always assume Assumption 5.1 together with Assumption 5.2 or altern-
atively together with Assumption 5.3. This, in particular, implies that (27) is always assumed.
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Proposition 5.4. Under Assumption 5.1 together with Assumption 5.2 or Assumption 5.3, Z is a G-
quasi-left continuous step process with

VEZ(@,dr,dxy, dxy) = 8o(dxa) ¢ (@,dx1 )dCT (@) + So(dx1) 81 (dxa)dAF (@) (5.1)
In particular, under Assumptions 5.1-5.2,
o0 (0,dx) = ¢ * (0,dx1), G (0) = dC ¥ (),
while under Assumptions 5.1-5.3,

B D(w,t,x1)
fRdD(wataxl)q)lEX(wvdxl)

4t (@)= [ Dl 1) 87 (0.4) 46 (o),

07 (@, dxy) ¢ " (o,dx)),

where
W/(C(),t,xl)
A (@)

is the density function appearing in Theorem 4.1 1.

D(@,1,x1) 1= Tg.(@,1) (1+ ) g sm(@0)(1+U(0,1,3))

Proof: By Assumption 5.1, C™X is a continuous process. On the other hand, thanks to condition (.«7),
by Proposition 4.5-2 we have (5.1), where A;G’ is continuous by Proposition 4.5-1. Finally, thanks to
Assumption 5.1 together with Assumption 5.2 or Assumption 5.3, C®X is a continuous process by
Proposition 4.6 or Theorem 4.1 1, that also specify the forms of ¢©X and C®X. O

We notice that, according to Jacod and Shiryaev (2003, Theorem II.1.8), (5.1) can be rewritten as

vEZ(,dr,dxy,dxs) = 7% (@, dxy,dxo )dCEZ (o) (5.2)
with
¢ (@) =GN (0)+Af (@), (5.3)
o7 (@, dxy,dxy) := dy (0,)80(dx2) 9 (0, dxy ) + do (@,1) 8o (dx; ) &1 (dx2), (5.4)
where d},d, are non negative processes such that d; +d, = 1, and
di(@,)dCE% (0) = dC** (w), (5.5)
dr(®,1)dCE% (@) = dAC. (5.6)

5.1. The control problem up to maturity. The data specifying the optimal control problem are an
action space U, a running cost function /, a terminal cost function g, and another function r specifying
the effect of the control process. They are assumed to satisfy the following conditions.

Assumption 5.5. (U,%/) is a measurable space.

Assumption 5.6. The functions r,/ : Q x [0,T] xR x U — R are Z(G) ® %(RY) @ % -measurable
and there exist constants M, > 1, M; > 0 such that, P-a.s.,

0<r(xi,u) <M, |Lxj,u)]<M;, t€[0,T], xR ucl. (5.7)
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Assumption 5.7. The function g : Q x R? — R is % @ (R?)-measurable. Furthermore, there exists
a constant 3 such that > sup |r — 1| and the following estimates hold:

E[ePCr] < foo, (5.8)
E|g(Xr) P < too. (5.9)

With every admissible control process u € 6" we associate the cost functional

J(u) =E, [/OTZZ(Xhuz)dCF”X +g(Xr)|, (5.10)

where [, denotes the expectation under a probability measure P, that is absolutely continuous with
respect to P and will be specified below.

The control problem consists in minimizing J over all admissible controls. Because of the structure
of the control problem, it is evident that in general it cannot be directly solved in the filtration F.
Therefore, we have to allow G-predictable strategies: The set of admissible control processes, denoted
¢, consists of all U-valued and G-predictable processes u(:) = (u);e(o,7]-

Remark 5.8. In (5.10) one can consider for example a defaultable terminal cost g : @ x R — R of the
form g(®,x1) = g1(x1)1{7<r(w)} +82(x1) 1 {7>7(w)}- In this case, g; is the terminal cost if the default
does not occur before the maturity 7 while g, is the cost to pay in case of default up to maturity.
Similarly, one can allow a defaultable running cost /. We can also regard the minimization problem
associated to (5.10) as the problem of an insider who disposes of private information about 7 and
whose strategies are U-valued and G-predictable.

With every control u € €, we associate the predictable random measure
Ve (@, dr,dxy,dxa) = ry (@, x1,u(®)) S(dx2) 97 (@,dx1 )G (@) + 81 (dxz) 8 (dx1 )AL (o)
= Ri(®,x1,%2,u (0))vEZ(@,dr,dxy, dxy), (5.11)
where
Ri(@,x1,x2,u) 1= ri(@,x1,u) Li,—oy + 1,205, @EQ, x1 € RY, x,€{0,1}, ucU. (5.12)

We denote by (7,),>; the sequence of jump times of Z and, for any u € &, we consider the process

t
Ktu = €xp (/ / (1 _Rs(xlax2>u;Y))VGZ(dsvdxl?de)) H RTn (XTn7HTn7uTn)7 (5.13)
0 JRa+!

n>1:T,<t

with the convention that the last product equals 1 if there are no indices n > 1 satisfying 7, <t. We
notice that x* is a Doléans-Dade stochastic exponential and it is the solution to

t
=t [ R R ) — 1) (87— V) (ds, v ).
0 JRd+1

Hence, x* is a G-local martingale, for every u € %'. Furthermore, k* is nonnegative, see Jacod (1975,
Proposition 4.3) for details. Thus x* is a nonnegative G-supermartingale. Taking into account (5.12),
we remark that

t 1
L L (= R Ve s e den) = [ (1 (0o1.)) B ) 0¥ (A
0 JRd+1 0 JRY JR
so that (5.13) reads
t
c—exp ([ [ (1= nom))o8  @ndcE) T (g () g o+ Lt o))
0 JRY n>1:T,<t
(5.14)
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The result below follows from Confortola and Fuhrman (2013, Lemma 4.2) with y = 2.

Lemma 5.9. Assume that

E[eCM)Cr] < 4o, (5.15)
Then, for every u € €, sup,c(o 71 E[| K“|?] < oo and E[k%] = 1. In particular, K" is a square integrable
G-martingale for every u € 6.

By Lemma 5.9 we can define an absolutely continuous probability measure PP, by setting
dP, () = k7 (0)dP(w).

It can then be proven (see e.g. Jacod (1975, Theorem 4.5)) that the G-compensator v of u? under
P, is given by (5.11). We consider the control problem

T
inf J(u) = inf E, [/ (X, u)ACEX + g(X7) | - (5.16)
ue® Ue® 0

Notice that in the optimal control problem (5.16) the action under P, consists in multiplying by
r:(x1,u;) the density with respect to C®X of the G-predictable compensator of u*. At the same
time, the G-predictable compensator of H under PP, remains unchanged, see (5.11).

Remark 5.10. The cost functional J in (5.10) is finite for every admissible control. Indeed, we have
E.[|g(X7)|] = B[ e(Xr)|] < (B[] (Ellg(Xr) )/ < o, (5.17)
where the latter estimate follows from (5.9) in Assumptions 5.7. This shows that g(X7) is P,-
integrable. Moreover, under Assumption 5.6, by (5.5) and (5.7), we get
T T
E, { /0 l,(X,,u,)dC,G’X] =E, [ /O 1,(X,,u;)d, (z)dct@vz} < M;E,[Cr] < oo.

The associated BSDE. We next proceed to the solution of the optimal control problem formulated
above. A fundamental role is played by the following BSDE

r T
Yf*/, /RM®S<x17x2>WZ_VGZ)(ds,qudXz)=g(Xr)+ [ F(5,X,,04())dCEX  (5.18)

whose generator is the Hamiltonian function
f(a)at)yla 9()) = I,}g[f} {lt(w7ylau) +/]Rd 9()61,0) (l’t((l),XI,M) - 1) ¢IGTX(w7dx1)}7 (519)

for every @ € Q, 1 € [0,T], y1 € RY, y, € Rand 6 € LN (R, B(RIT), % (w,dx,dxy)), where
L' denotes the usual space of integrable functions.

For 8 > 0, we look for a solution (¥,0(-)) to (5.18) in the space L%,’rgg(ﬂ x [0, T],G) x L*B (u?,G),
where L%’f,g (Qx 0, T],G) denotes the set of real-valued G-progressively measurable processes ¥ such
that E[ eﬁCF‘Z]YIIZdC,G’Z] < oo, and L>P(u?,G) the set of 2(G) @ B(R4*!)-measurable functions
© such that E[ ] fps P57 10, (x1,0) Po= (dvy )dCEX] + E[ i S 7|©,(0, 1) 2dAF] < oo.

The set of 2(G) ® B(RY"!)-measurable functions @ satisfying

IE[/OT L, 11(x1, 019 @r)ac] +IE[/OT ©,(0,1)|dAF] < e

is denoted by L'*(u?,G). Notice that the inclusion L>F (u?) C L'0(u?) holds, for all B > 0, see
Confortola and Fuhrman (2013, Remark 3.2-2).
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To ensure the existence of the optimal control, we are going to work under the following additional
assumption:
Assumption 5.11. For every ® € L''0(u? G) there exists a G-predictable U-valued process (i.e., an
admissible control) 4® : Q x [0,T] — U, such that, for d; (®,7)dC>* (w)P(dw)-almost all (,1), we
have

flo,t,X% (0),0,(0,) =L(0,X_ (0),u®(0,1)) (5.20)

+/Rd ©,(,x1,0) (ry(@,x1,u®(@,1)) — 165X (@, dx,).

Remark 5.12. Using appropriate measurable selection theorems, it is possible to state general suffi-
cient conditions ensuring Assumption 5.11. For example, this is the case if U is a compact metric
space and [;(®,x,-),r;(@,x,-) : U — R are continuous functions, see Confortola and Fuhrman (2013,
Proposition 4.8)).

From here on we will denote
L:=esssup (sup{|r(®,x1,u) — 1| : t €[0,T],x; e R), u € U}) (5.21)
[0]

Thanks to the WRP for Z with respect to G provided in Theorem 3.1, one can show the existence and
the uniqueness of the solution of BSDE (5.18). The proof of the proposition below is postponed to
Appendix B.

Proposition 5.13. Let Assumptions 5.1, 5.5, 5.6 and 5.11 hold true. Assume that Assumption 5.2 or
5.3 holds true. Let Assumption 5.7 hold true with B > L. Then BSDE (5.18) admits a unique solution
2,

(Y,0() € Lph (2% [0, T],G) x L*F (u?,G).

Solution to the optimal control problem. At this point we can give the main result of the section.
Theorem 5.14. Let Assumptions 5.1, 5.5, 5.6 and 5.11 hold true. Assume also that Assumption 5.7
holds true with 3 > L?, and that condition (5.15) holds true. Let Assumption 5.2 or 5.3 holds true,
and let (Y,0(-)) € 2P (Qx [0, T],G) x L*B(u?,G) denote the unique solution to BSDE (5.18), with

Prog
corresponding admissible control u® € € satisfying (5.20). Then u® is optimal and Y, is the optimal
cost, i.e.

Yo =J(u®) = inf J(u).
ues

Proof: The proof consists in proving the so-called fundamental relation. We first recall that, by
Lemma 5.9, for every u € ¢ we have sup,c( 1) E[| K"|?] < 0. Moreover, by (5.17), E,[|g(X7)|] < +eo.

Let u € % be fixed. Then, Holder’s inequality and Assumption 5.6 yield ©(-) € L'"%(u?,G) under
P,. Setting r = 0 and taking the expectation E,[-] in BSDE (5.18), we get

Yo +Eu[/oT/Rd O (x1,0) (rs(x1,u) — 1) SG’X(Xm)dC?’X] -

e+, [ f.0,0)ac7 ],

Then, adding and subtracting E, [ [ 1;(X;,u)dC}"®], we obtain
Y() = J(u)

+E, /OT [f(s,xs,@)s(.))ls(xs,u)/Rdcas(xl,o) (ro(xt,u) — 1) F’X(dxl)]dcglx
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where we have also used the continuity of C. The conclusion follows from the definition of f in (5.19),
noticing that the term in the square brackets is non positive, and it equals 0 if u(-) = u®(-). O

5.2. The control problem up to default. We now consider the problem of an agent for whom the
available information is exclusively given by F (that is, she pursues F-predictable strategies) but, for
some reasons, she has only access to the market up to the occurrence of the exogenous shock event,
whose occurrence time is modeled by 7. For example, the problem over [0, 7 A 7] can be regarded as
the optimization problem of an agent who minimizes running costs not up to the maturity 7 > 0, but
onlyupto T AT.

We still consider a measurable space (U, %) satisfying Assumption 5.5. The other data specifying
the optimal control problem are a running cost function / and function 7 that are Z(F) ® (R?) @ % -
measurable, and a terminal cost g that is ¥y, @ B (]Rd)—measurable. We assume that / and 7 verify
(5.7) and that 7 and g verify (5.8)-(5.9) with B > L2, with L the constant in (5.21) where r = 7.

Let € be the set of admissible strategies for the optimization problem introduced in Section 5.1.
For any u € ¢, we define ii := 1)o7 qu. Clearly 4 € ¢". We then introduce the new set of admissible
strategies as

C:={ucC: lpru=0CF. (5.22)

Since F-predictable and G-predictable processes coincide on [0, 7] (see Jeulin (1980, Lemma 4.4. b))),
the set € given in (5.22) consists of strategies which are morally F-predictable.

For any 7 € %, we consider then the Doléans-Dade exponential martingale x” defined as in (5.14)
with r replaced by 7, and we introduce the absolutely continuous probability measure P; defined as
dP;(®) = k& (w)dP(w). We then take a cost functional of the form

B TAT _ A
J(ﬁ) = ]Eﬁ |:/0 lt (Xhﬁt)dc?‘vx +g(XT/\T):| 5 ﬁ E cg’ (5.23)
where [E; denotes the expectation under P;. The control problem is now
_ TAT _ F.X
inf J(i) = inf E, [/ L(X;,d,)dC,” +g(XTM)] . (5.24)
et et 0

Remark 5.15. For simplicity, in the present section we consider only the case where Assumptions
5.1-5.2 are satisfied, so that, according to Proposition 5.4, dCTX = dC®X and ¢FX (dx;) = ¢CX (dx;).
This seems to be a natural assumption here. Indeed, let Jacod’s assumption hold for 7. Then, by
Jeanblanc and Le Cam (2009, Corollary 3.1), 7 satisfies (.#) if and only if p.(u) is constant after u,
that is, p;(u) = p;(t), t > u, a.s. As observed in El Karoui et al. (2010, p.1016), this is substantially
equivalent to say that the “information contained in the reference filtration after the default time gives
no new information on the conditional distribution of the default”. But, since we restrict our attention
to [0,7 A 7], that is, before the default, we are neglecting all information after default.

Remark 5.16. The control problem in (5.24) can be interpreted as the one of an agent who only
controls X using F-predictable strategies but only up to the occurrence 7 of an external risky event.
Hence, because of the exogenous risk source, this control problem cannot be solved in F.

The functional cost in optimal control problem in (5.24) can be equivalently rewritten in the form

T A
Eﬁ |:/0 lI(thﬁt) I[OvT/\’L'] (t)dCtF,X +g ’ 4 c Cg’
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with

(@, x1,u) := L (@,x1,u) Lo 7 p7(0)) (1), (5.25)
g(@) = g(®,x1) := g(0, Xrp:(0)). (5.26)

Clearly [ in (5.25) is 2(G) ® B(R?) ® % -measurable and g in (5.26) is %r-measurable, so that the
control problem in (5.24) can be seen as one of the type studied in Section 5.1 (where the subclass 4
of admissible controls is considered).

Let us now consider the enlarged optimal control problem obtained from (5.24) by taking the
infimum over all the G-predictable processes u(-):

inf J(u [/ L (X uyr) dC —i—g} (5.27)
uce

According to Section 5.1, one can solve optimal control problem (5.27) by considering the following
BSDE: P-a.s., forall € [0, 7],

T T
N [ Ol (4 v s dnde) = g+ [ f5.X,0.()dC, (528

with fin (5.19) with r = 7 and ¢G X ¢FX Notice that / in (5.25) and g in (5.26) satisfy respectively

Assumptions 5.6 and 5.7 with > L. Then, under Assumption 5.1 1, there exists by Proposition 5.13
a unique solution (Y,0(-)) € lz,rgg(Q x [0, T],G) x L*# (u?,G) of BSDE (5.28) with corresponding

admissible control u® € €. Moreover, under (5.15), by Theorem 5.14
Yo = J(u®) = inf J(u).
UE?
Let us now go back to optimal control problem (5.24): we aim at finding an admissible process

e % such that
J(4) = ianJ_(ﬁ).

nee
We show below that such an optimal control process exists and is provided by
0®:=u®lprp €, (5.29)

and that the value functions of the optimal control problems (5.24) and (5.27) coincide (the corres-
ponding prof is provided in Appendix B).

Theorem 5.17. Let Assumption 5.11 hold true and assume the validity of condition (5.15). Then
Yo = J(4®) = inf J(&) = inf J(u). (5.30)
ﬁe(f uce

6. An Example

In this section we give an example on the optimization of the expected exponential utility of the
terminal wealth under the worst-case scenario. To this aim, we assume that X is a compound Pois-
son process, F = [FX, and the random time 7 satisfies assumptions (.7)-(%#). The G-predictable
compensator A is of the form

G tIAT()
M) = [ a(w)ds,

where A is a bounded and F-predictable process. Denoting by p the Lévy measure of X, we have
"X (dx;) = p(dx;)p~'(R) and aciX = p(R)dz. So, by Theorem 4.7, the G-dual predictable projec-
tion of u? is
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vEZ(@,dr,dx;,dxs) = p(dxy)8o(dxs)dr + & (dxa) 8o (dx; )AL ().

X F.X
X _ .

Finally, by Proposition 4.6, we have C; . Therefore,

Gz tAT(®)
C5(0) = p(R)r + /0 A,(@)ds.

Notice that, because of the boundedness of A, C? obviously satisfies (5.8) for every 3.

We now follow Becherer et al. (2019, §5.1.2) and consider a stock price of the form S = Sy&’ (L)
(&(+) denoting the stochastic exponential), where, for an [F-predictable bounded process b and an
F-predictable bounded function G, we set

t
L, ::/ bsds+G*(,uX —v]F’X),
0

We also assume G > —1, so that S > 0 holds. Let us consider an agent who maximizes the expected
exponential utility of the terminal wealth under the worst-case scenario in presence of a bounded and
defaultable (that is %r-measurable) claim & which may represent a liability & > 0 or an asset £ < 0.
An admissible trading strategy 7 is a G-predictable process taking values in a compact set D C R.
We denote by & the set of admissible strategies. The wealth process associated to & € &, and with
the initial endowment w > 0, is defined by W"" := w+ [, m,dL,. The optimization problem becomes

sup infEu[—exp(—a(W}v’”—é))}, o >0, (6.1)
neg UEC

meaning that the agent first selects the worst-case model and then she optimizes over the trading

strategies. The inner problem

uigéEu[—exp(—oc(WTw’”—ﬁ))], o> 0, 6.2)

corresponds to (5.10) with / = 0 and g(@,x) = g(®) = —exp (— a(W;" (0) — &(w))).
Observe that g satisfies (5.9). Indeed, for every 8 > 0, since 0 < A, (w) < ¢, for a certain ¢ > 0, we
have

Ble ) < B exp (~ 20 (W - )]0 < oo

where, in the last estimate, we have used Morlais (2010, Lemma 2) because D is compact, & is
bounded and puX — vX is a compensated Poisson random measure under the reference probability PP.
To ensure the existence of an optimal control ® satisfying (5.20), we require that U is a compact
subset of R (see Assumption 5.5), and hence we assume % = Z(U ). Furthermore, the G-predictable
function r;(x1,u) that rules the model uncertainty on the compensator of uX under P, (see (5.11)), is
assumed to be bounded (see (5.7)), and continuous in u, see Remark 5.12.
According to Theorem 5.14, we can then represent the value function of (6.2) as

Y =Ee [—exp(—a(W}V’”—é))},

where Y7 is the first component of the solution of BSDE (5.18) with the generator given in (5.20) with
[ =0and ¢&X = ¢FX. Therefore, to solve (6.1), it is now sufficient to solve

supEH@[—exp(—a(WTw’”—é))]. (6.3)

ey
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To this aim, we observe that, since ’;e < P, the step process Z = (X, H) has the WRP with respect
to G also under P e, see Jacod and Shiryaev (2003, Theorem IIL.5.24). Furthermore, under o the

G,Zu®

G-dual predictable projection v of u? is given by (5.11) and, from Theorem 4.7, we get

VG’Zﬂ@(w,dt,dxhdm) = CIG’ﬂe(w,xl,xz)n(dxhdxz)dt,

where
Gu® _ )
gt (a)7x1 ,X2) - rt(wvxl u ) l{xl#O,XZZO} + 7@(0)) 1 [0,7] ((0, t) 1 {x1=0,x,#0}»
n(dx1,dx2) = p(dx1)p(dx2) + Go(dx1) 81 (6x2).

To represent the value function of (6.3), we aim at constructing a family {R™,w € Z} of processes
satisfying the martingale optimality principle, that is, such that: (1) R™ is a supermartingale whose
initial value R does not depend on 7 and (2) there exists 7* € & for which R™ is a true martingale.
In this way, one can show that 7* is optimal and the value function in (6.3) equals Rg*.

To this end, we set

RY = —exp(—a(W"" -1))),
where Y is the first component of the solution of the BSDE

t T
Y, =¢ +/ f(s,Vs('))der/ /R RVS(xl,xz)(,uZ—VG’Z’EG)(ds,dxl,dxz) (6.4)
t t X
with generator

ga (v(x1,x2) — TG (@, x1,x2)) C,G’ZG (@,x1,x0)1 (dx1, dxz)) :
(6.5)

f(@,1,9()) = inf ( —ah(@)+ [

where

(e —ax—1)
a

Thanks to Becherer (2006, Theorem 3.5), BSDE (6.4) admits a unique bounded solution (Y,V(-)).

By a standard computation relaying on Jacod and Shiryaev (2003, Theorem I1.8.10), we obtain the

representation

ga(x) = ) él‘(waxlrxz) = Gl‘(wvxl)]{m:O}'

R} = M AT exp(—o(w —Yy)),
with

MF— 5(/;/1[% (exp (@(Vy(x1,32) = 2, (x1,32)) 1) (0 VG’Z”‘@)(dxl,dxz)>,

AT = —exp [a / (/. Vs() = mby+ /ga (Vo(xr.22) =76 (x1,22) ) 654 o) (i dz) ) ds} .
0 RxR

So, M™ is a uniformly integrable martingale by Izumisawa et al. (1979, Theorem 2)' and A” is decreas-

ing. Therefore, R” is a supermartingale for every @ € 2. By dominated convergence the mapping

~ (]
T —%bz(w)+/]Rgoz(Vz(wm,Xz)—7er((1>,)61,Xz))C,G’H (@,x1,x2)1 (dx1,dxy)

'ndeed, by the boundedness of a(V — 71:5)), 1 being a finite measure, we get that exp(ot(V — 1G)) — 1) x (u% — VG*Z’EQ)
is a true martingale in BMO(G) over [0,T] under P,0, and its jumps are bounded away from —1.
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is continuous, for every (z,®). Hence, by optimal selection (see e.g. Bertsekas and Shreve (1996,
Proposition 7.33)), we find a G-predictable process ©* € 2 such that R* = —MF exp(—a(w —Yp)).
Therefore, {R”, 7t € Z} satisfies the martingale optimality principle under IP 0, and we finally get

sup inf E, [—exp(—a(W}V’”—é))} ZEE@)[—GXP(—(X(W;‘}’”*—é))} =—exp(—a(w-Y)).

neg UEE

We stress that, if we introduce & = {1[07T AT, T E 2}, we can solve the problem

sup inf E; [— exp (—a(Wy — 5))} , oa>0, ¢&bounded and ¥y, ; measurable

reg 0€?
exactly in the same way. The main difference is that now (6.4) has to be considered over the random
time interval [0,7 A 7] and the generator f in (6.5) must be replaced by 11 74 f-
Appendix.

A. Proofs of technical results of Section 4.

Proof of Theorem 4.1: Let us start by proving (i). We have

p?(o,dt,dx;,dx;) = ;)I{AZ 120y 8(5.47,(w)) (A1, dxy, dx2)
5
Zgolwsw#o.,m( )70} 8(s,(AX, ().t (0))) (dF, dx1, dxp)
+§)1{Ax )2£0,01,()=0} 8(s, (%, (),0)) (A, dx1, dx2)
+ ;} L{AX, (0)=0,aH, (0)£0} O(s,(0,0H, (w))) (df, dx1, dx2).

Now we notice that, since by assumption AXAH = 0, we have {AX # 0} N {AH # 0} = 0. Therefore,
noticing that moreover {AX # 0} C {AH =0} and {AH # 0} C {AX = 0}, previous expression reads

¥ (o,de,dxy,dxa) = Y Tax, ()20} O(s.ax, () (A2, dx1) o (dx)

s>0

+ Y 1am(0)20y Os.am, (@) (df, dxz) So(dx2)

s>0
= ¥ (@,dt,dx1) 8o(dxz) + p" (@, dr, dxz ) So(dx ).
Let us now prove (ii). Set

vEZ(@,dr,dx;,dxs) := vEX (@,dr,dx; )& (dxa) + vEH (@, dt, dxy) Sp (dox; ).

We have to prove that v is the G-dual predictable projection of u?. To this end it is sufficient to
show that, for every G-predictable function W satisfying W > 0 and W * u? € | (G), the process
W u? —W xv&Z € S (G). So, let us consider such a G-predictable function W. We then have

t !
Wt = [ [ Wo.s.n,0u (@.ds.dn)+ [ [ w5000 (@,ds.do)
0 JR 0 JRS

and

1 t
W*V;G’Z:/ dW(w,s,xl,O)vG’X(a),ds,dxl)—|—/ /éW(w,s,O,xz)vG’H(w,ds,dxz).
0 JR 0 Jr!



114 Elena Bandini, Fulvia Confortola and Paolo Di Tella

Since W x u? € & (G) and W > 0, we get

// W(s7x1,0)ux(ds7dxl)7/'/ W (s,0,x) ™ (ds, dxy) € 4 (G)
0 JR4 0 JR¢
and therefore

// W(S,_X17O)VG7X(dS,dX1),/./[W(S,O,xZ)VG’H(dS,d.Xz) E‘Q{loc(G)
d 0 R

(G). It remains to show that W % u% — W x v6Z € J£! (G). By definition

loc

that yields W+ v&Z € o7
of V&< we have

W s u? —W s v® —/ dW ,s xl,O)/.LX(a),ds,dxl)—/4/dW(w,s,xl,O)vG’X(a),ds,dxl)
R 0 Jr

/ /( ®,s,0,x)1 (a),ds,dxz)—/./[W(a),s,07xz)vG7H(w’dS’dx2)_
R RY

By linearity, it follows that W x u? — W x v&Z € £ (G), v&X and vE# being the G-compensator
of uX and u*, respectively. Let now W be an arbitrary G-predictable function such that [W|* u? €
1 (G). Applying the previous step to W' and W~ we get that [W|* v® € &/} (G) and W * p? —

loc (G) O

WaVeL e,

Proof of Lemma 4.2: Let W be a G-predictable bounded function of the form W (w,7,x) = f(x)J;(®),
where f is a bounded % (R?)-measurable function and J is a bounded G-predictable process. Then,
by Jeulin (1980, Lemma 4.4 (b)) we have W (w,,x)1j (®@,7) = f(x)J:(@)1o7(®,1), where J is
an F-predictable bounded process. By a monotone class argument we get the statement for arbitrary
bounded G-predictable functions. Then, by approximation, we get the statement for arbitrary G-
predictable functions. 0

Let m be the martingale defined by
=EH + 11| F] as., >0, (A1)

where HF denotes the F-dual optional projection of H. For every F-local martingale Y, the pro-
cess [Y,m] belongs to .. (IF). Therefore, the F-dual predictable projection [Y,m]”F of [Y,m] is well
defined and we set (Y, m)" := [Y,m]P¥.

Proof of Proposition 4.4: Because of the F-quasi-left continuity of X, X”F is an F-adapted continu-
ous process, see He et al. (1992, Corollary 5.28 (3)). Furthermore, by Aksamit and Jeanblanc (2017,
Theorem 5.1), the process

d(X—X”’IF,m>ISF

XT—(xPF)" —/M.
0

is a G-local martingale, where m is the martingale defined in (A.1). This means that (X?F)7 4
N i d(X —XPF m)F is the G-dual predictable projection of X. We denote this process by (X7:®)?.

Since X is F-quasi-left continuous, (X — X pF m)F is a continuous process. Indeed, be the property of
the dual predictable projection, for every F-predictable finite valued stopping time ¢ we have
AX —XPE m)E = B[AIX — XPF m|s|Fo_] = B[AXgAms|Fs_] =0.

Hence, by the predictable section theorem, (X — X?¥ m)F being F-predictable, A(X — XP¥ m)F =0
up to an evanescent set. Therefore, (X”F)? being continuous, we deduce that (X”©)7 is continuous
as well. Hence, by He et al. (1992, Corollary 5.28 (3)), X© is G-quasi-left continuous. g

§—
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Proof of Theorem 4.11: Let (®,t,x) — W(,t,x) be a G-predictable bounded and nonnegative func-
tion. We then have that that W  uX is locally bounded, and hence belongs to %;(G), because of the
estimate W x u*X < ¢cNX, where ¢ > 0 is such that W (@, ,x) < ¢ and N¥ is the point process associated
to X. Because of Lemma 4.2 there exists a bounded F-predictable function W such that

W = WI[O’T] + Wiz foo)-

We now analyse separately the two integrals W1 [0,7] * u*X and Wiz o) * ux.

We start with Wl ;) u*. We observe that W« u* is locally bounded and hence it belongs to
1 (F), W being an F-predictable bounded function. Hence, (W % u*)PF exists and is equal to
W x vEX _ So, the process W  uX — W % vi*X is an F-local martingale and, by Aksamit and Jeanblanc

(2017, Theorem 5.1),

o o TA-
Wl[O,T] *‘llX — Wl[O,T] * VIF’X _/()

is a G-local martingale. Let m be the martingale defined in (A.1). Since m is an F-martingale, we
find an F-predictable function W™ such that m = mg +W" % uX — W™ % vF:X Furthermore, m is in the
class BMO. So, the F-predictable covariation (W * u* — W x vi"* m)F is well defined and satisfies
(W uX —W s vEX m)F = WWw™ 5 vEX where we used Jacod and Shiryaev (2003, Theorem I1.1.13)
and that vi*X is non-atomic in 7, X being F-quasi-left continuous, see Jacod and Shiryaev (2003,
Proposition 11.2.9). So, by linearity we deduce that

1

N

d(W s+ uX — W vEX m)F

m

— — w
Wl[o’f] *[JX —W(l + A7) 1[0’1-] * VF’X

is a G-local martingale. We also have that Am = W"(-,-,AX) 1 {xx0; = AA. Therefore, we obtain
A+ W"(o - AX) 1 jax 20y =A- +AA=A>0.

We now introduce the ﬁ(F)—measurable set D= {(0,1,x) € Q: A,_ (@) +W"(®,1,x) < 0}. We
denote by M,x the Doléans measure induced by uX, that is, M, wx (B) =E[1p* uX], forevery B € . ®
B(Ry) @ B(RY). We then have M,x (D) = 0. Therefore, we can define the F-predictable function
W'(w,t,x) := W"™(@,t,x)1pc(®,¢,x) which again satisfies m = W’ % uX — W’ x vFX and moreover
A— (o) +W'(w,t,x) > 0 identically. We now define the G-predictable measure
W' (@,t,x)

Ar— (o)

We then clearly have that W1 1) * uX —W % v&=7 is a G-local martingale.

We now come to the integral W1 ; .. *u*. To begin with, we introduce the filtration G* = (¢,7);0
by 47 1= Ne=0-Z1+e V 0(7), that is, G” is the initial enlargement of IF by 7. It is clear that G C G*
and that G = GT over the stochastic interval (T, +oo]. Following the proof of Jacod (1985, Proposition
3.14 and Theorem 4.1) we can show that there exists a G®-predictable function U such that 1 +U >0
and

VO (@, dr,dx) = 1.5 (1 + )v]F’X(a),dt,dx).

V(o,dt,dx) = (1+U(w,t,x)v"™ (0,dt,dx)
is the G®-dual predictable projection of u*. In particular, W 1 (7,400) * uX being G*-adapted and locally
bounded, we deduce that W1 ; . * uX — W (1 400 * v is a G® local martingale. We now observe that
the function 1(; ;. (1+U) is indeed G-predictable, since G and G* coincides over (7, +oo]. This im-
plies that the G- local martingale W1 ; ) uX — Wig o) * v is actually G-adapted. Furthermore,
this is a martingale with bounded jumps, the process W1 ; o * V being continuous and Wiz o)
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being bounded. We can therefore apply Jacod (1979, Proposition 9.18 (iii) and the subsequent com-
ment) to obtain that W1 ; . * uX —wi (,400) * v is indeed a G-local martingale. We now define the

G-predictable random measures V&> (@, dt,dx) := Lz o) (0,0) (1 + U (@,1,x))VF ¥ (@,dt, dx) and

vE(w,dt,dx) = v& =" (@,dr,dx) + v& % (o, dt, dx)

- <1[O’T](w,t) (1 + W> 1 ey (@,0)(1 +U(a),t,x))> VEX (@, dr, dx).

Putting together the two previous steps, we get that the process W * uX — W x v® is a G-local martin-
gale, for every bounded nonnegative G-predictable function W.

Let now W be a nonnegative G-predictable function and define W"(@,t,x) := W(®,t,x) An. Be-
cause of the previous step, the process W uX —W” x v€ is a G-local martingale. Let (o,), be a
localizing sequence. For every n >0 we get E[W" 11 5,1 % uX] =E[Ww"1 [0,0,] * vE]. Since W"1 0,5,] CON-
verges monotonically to W, by monotone convergence we obtain the identity E[W x uX] = E[W x vZ],
for every nonnegative G-predictable function W. By Jacod and Shiryaev (2003, Theorem II.1.18
(1)) we deduce the identity v¢ = v®X. In particular, since vi"*({t} x RY) = 0 for every #, X be-
ing F-quasi-left continuous, we deduce that v&X ({t} x R?) = 0 for every ¢, meaning that X is also
G-quasi-left continuous.

B. Proofs of technical results of Section 5.

Proof of Proposition 5.13: To show the result we apply Confortola and Fuhrman (2013, Theorem
3.4) to the present framework. Let us then check that all the hypotheses of the above-mentioned
theorem are satisfied. More precisely, setting
F(wat?XI(w)a ®t(w)) = dl(w>t)f((oatvxt(a))a®t(w))7
with d; the function appearing in (5.5), we have to verify that:
(1) The terminal cost g(Xr) is ¥r-measurable and there exists > 0 such that

T 5
E[eP|g(Xr)[?] < oo and IE[/O P |F (1,%,,0)2dCE7] < oo,

(2) Forevery w € Q,1 € [0,T], ©(-) € L*P (u?,G), the mapping (¢, ®) — F(®,t,X;(®),0;(®,-))
is G-progressively measurable.

(3) Forevery ® € Q, ¢t € [0,T], and {,{’ € LR BRI, ¢ (w,dx;,dx,)), there exists a
constant Lg > 0 such that

F(1,0,X,(0),6) = F(r,0,X(0),6) <L [

1/2
[ 18 0) = 2 x) 95 (o, dx.da))
(B.1)

Point (1) follows from Assumption 5.7 with 8 > L?, being
T T
E[ / eBCr ’Z|F(r,x,,o)\2dc§’=z] < E[ / eBC| inf l,(X,,u)\de;G’Z] < M?BVE[PCT] < oo,
0 0 ue

Concerning (3), by the boundedness conditions (5.7) in Assumption 5.6, it is easy to check that es-
timate (B.1) holds with Ly = L. Finally, the measurability requirements in (2) for the Hamiltonian
f hold thanks to Assumption 5.11. By (5.20), for every O(-) € L>#(u?,G) (recalling the inclusion
L¥P(u?) € L'O(u?) for all B > 0), the map (t,@) — f(@,t,X;_ (@), 0,(®,-)) is G-progressively
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measurable; since by Proposition 5.4 the process C®Z is continuous and X has piecewise constant
paths, the same holds (after modification on a set of measure zero) for (,7) — F (0,1, X, (®),0,(®,-)).

Proof of Theorem 5.17: We divise the proof into two steps.
Step 1. The BSDE

T_ -
o [ [ Outrnme) (07 - V) sy de) =8Kae) + [ 7556, 0,00) L () AT
' (B.2)
with
F@.1.51,00)) = inf {F(@y1.0+ [ 01,0 (F(0,01.00 = 1) 9" (@,dx) |
uc R4

admits a unique solution (7,0(-)) € L2P (@ x [0, T],G) x L>B(uZ,G) for B > L*. Moreover, ¥ =

rog

¥.re. P(do)-ae. and @ = Oljg 7q, 077 (@, dx1,dxr) dC (0) P(dw)-ae
Step 2. (Y,0(+)) coincides with (V,0()).
Step 3. Identity (5.30) holds true.

Proof of Step 1. The well-posedness of BSDE (B.2) follows from Confortola and Fuhrman (2013,
Theorem 3.4), recalling the assumptions on /, 7 and g, and noting that the map

F(wvt’Xt(w)a®l(a))) = dl((D,l‘)f((l),l‘,xt(a)),@,((0))1[07]"/\1(60)] (1)

is G-progressively measurable, E [ f e’ |F (t,X,,O)]de,G ’Z} is finite for every 8 > L2, and

Fl0,0.%(0).8) ~ F,0.%(0), Ol < L( [ 18010) - 107 (0,dn,d0))

Let us now prove that ¥ = ¥.x, and ® = ®1(g 7. The process ¥ is defined as

%]~ [ F6.X.000) g (s)4CT (B3)
0

T _ _
7, =B [g0e) + [ 705X 040)) Horag s) 4

and moreover

T _
#(Xrne) + /0 F5,X5,0,()) 1o, 1 rg) (5)dCEX

T
:E[g(XT/\T)_'_/O f(s7XY7®S('))1[O,T/\T] / / @ x17x2 .u —V )(ds dxladxl)

where the last integral is a martingale. Consequently, for all z € [0, T],
T - -
T, = E[g(Xrns) + / F(5:X,04()) 1p.700) () A

[ B (4 = Vo) s din) — [ 75X 040 Toag (5) AT,

By Doob’s stopping theorem and (B.2), previous expression gives
TAT

Ve =B[8(rne)+ [ F(5,X,0y())dCF¥] (B.4)

+/ / @ X],)Cz ,u —V )(ds dX1,dXQ / f SXS,@) ( ))dC?X.
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Now we notice that for# =0 and t = T A 7 in (B.3) we obtain respectively

_ TAT _ _
To=E[g(ria)+ [ Fls. X8 AT, Trne = glXrnc).

Then,
_ TNt _
Yine + O, (x1,%2) o, 7y (8) (7 — vEZ)(ds, dxy, dxy)
INT Rd+1
TAT _ _
—80rno)+ [ F5. X8 grng () ACHY, 10,7,

or, equivalently,
et [ ] O0la10) Lo 5) (47 Vo) s, )

=&(Xrac) +/t F(5.X,04() Lo 7051 (8)) Lo 7pg) (8)ACY, £ €0, T].

Proof of Step 2. 1t is enough to show the identity

f((l),S,XS((D),és(CO, )) 1[07T/\7:(a))] (S) = f((L),S,XS((J)),és(CO, ))7 dl(w,s)dC§*Z(w)P(dw)—a (Z“B 5

As a matter of fact, plugging (B.5) in BSDE (B.2) we would get BSDE (5.28). Then, by the uniqueness
of the solution, (¥,0(+)) would coincide with (¥,0(-)) and, by Step 1., ¥ = Y.»;, P(dw)-a.e. and
© =0O1ljg.rnq. ¢ (,dx1, dx) dC () P(do)-ae

Let us thus prove (B.5). By Step 1,

f((l),S,Xs((D), @S((}), ) I[O,T/\’L'((D)] (S)) = f(a)a S)Xs(w)ﬂ(:)s(wv )) (B6)
On the other hand, recalling (5.19), we have that, d; (@, s)dCﬁg’Z(a))P(dw)—almost surely on Q x [0, T,

£ (,5.X(),04(@,) 1o rre(a) (5))

:325{ZY(waXY(w)>u)l[OTATa) (s)+ @xho)l[orm(w)](s) (Fs(o,x1,u) — 1) SIF’X(@Xm)}
~ ety (1) inf {I(@.X /R ,6(x1,0) (7 (@,x1,10) — 1) 65 (0,dv1) |

= fl@,s,X,(0),0,(®,")) Lo Trt(w )]( (B.7)
Collecting (B.6) and (B.7), we get (B.5).

Proof of Step 3. Recalling the proof of Theorem 5.14, it is enough to show that, for almost all (o, )
such that t < T A 7(®) with respect to the measure d; (w,t)dCf}’Z(w)P(dw),

flo,,X,_(0),0;(0,) =L(®,X_(0),u°(0,1)) (B.8)
+ [ 0(@.1,0) (7(0.0,6°(0,0) = 1) ¢ (@,dx)
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Identities (B.5) and (5.20), together with Step 1, yield

f(w,t,X,(co),@,(w,-)) 1[0,T/\‘L'(a))](t) = f((l),t,X,(CO),@t((D,'))

= l[O,T/\r(a))] (t)l_l(waxl‘— (w)7E®(w7t))

+ [, 00010 1o 7150 (1) (@216 (0.0)) = 1) 0 (@,

- 1[0,T/\T(CD)](I){ E((O,X,_(CO),Q®((D,Z‘)) +/Rd ®t(wv~x170) (ft(waxhﬂ@(a)v[)) - 1) ¢tF’X(wadxl)}'

O
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