Frontiers of Mathematical Finance
Vol. 6, 2025, pp. 16-65 &l
doi:10.3934/fmf.2025010 &

i

THE SECOND-ORDER ESSCHER MARTINGALE DENSITIES
FOR CONTINUOUS-TIME MARKET MODELS

TAHIR CHOULLI*!| ELLA ELAZKANY™ ! AND MICHELE VANMAELE>®?
IMathematical and Statistical Sciences Department University of Alberta, Edmonton, Canada

2Department of Mathematics, Computer Science and Statistics,
Ghent University, Ghent, Belgium

(Communicated by Wim Schoutens)

ABSTRACT. In this paper, we introduce the second-order Esscher pricing notion
for continuous-time models. Depending whether the stock price process S or
its logarithm is the main driving noise/shock in the Esscher definition, we
obtained two classes of second-order Esscher densities called linear class and
exponential class. Using the semimartingale characteristics to parametrize S,
we characterize the second-order Esscher densities (exponential and linear)
using pointwise equations. The role of the second-order concept is highlighted
in many manners and the relationship between the two classes is singled out
for the one-dimensional case. Furthermore, when S is a compound Poisson
model, we show how both classes are related to the Delbaen-Haenzendonck’s
risk-neutral measure. Afterwards, we restrict our model S to follow the jump-
diffusion model, for simplicity only, and address the bounds of the stochastic
Esscher pricing intervals. In particular, no matter what is the Esscher class,
we prove that both bounds (upper and lower) are solutions to the same linear
backward stochastic differential equation (BSDE hereafter for short) but with
two different constraints. This shows that BSDEs with constraints appear
also in a setting beyond the classical cases of constraints on gain-processes
or constraints on portfolios. We prove that our resulting constrained BSDEs
have solutions in our framework for a large class of claims’ payoffs including
bounded claims, in contrast to the literature, and we single out the monotonic
sequence of BSDEs that “naturally’ approximate them as well.

1. Introduction. The Esscher transform is a time-honoured concept in actuarial
sciences, which was suggested by the Swedish actuary Esscher in [22], and it is also
statistically known as exponential tilting. Then, the idea of changing the probability
measure to obtain a consistent positive linear pricing rule, which appeared in the
actuarial literature in the context of equilibrium reinsurance markets in [7], gave
to the Esscher transform an important role in actuarial sciences. Afterwards, the
Esscher transform was extended by Gerber and Shiu in [25] to the case where
the logarithm of the stock is a stochastic process with stationary and independent
increments. The impact of the latter extension was huge in both actuarial sciences
and finance as well, see [26] and the references therein for more details and related

2020 Mathematics Subject Classification. 60G48, 91B05, 91B24, 91G20, 60H10, 60H20.

Key words and phrases. Esscher pricing densities, martingales measures, pricing bounds and
intervals, models with jumps, semimartingale characteristics, constrained BSDEs.

*Corresponding author: Tahir Choulli.

16


http://dx.doi.org/10.3934/fmf.2025010
mailto:tchoulli@ualberta.ca
mailto:elazkany@ualberta.ca
mailto:michele.vanmaele@ugent.be

THE SECOND-ORDER ESSCHER MARTINGALE DENSITIES 17

discussions. The third key milestone in the evolution of the Esscher concept was
elaborated by Biithlmann-Delbaen-Embrechts-Shiryaev in [8]. Here, the authors
derive the dynamical Esscher transform, for discrete-time models, and coined it
as the conditional Esscher transform. In fact, for any ¢ = 1,...,T, the Esscher
parameter 6; is obtained based on the information up to time ¢ — 1, and hence it is
stochastic and the obtained density process Z takes the form of

n n
Zy = exp (Z Op (X — Xp—1) + ZKi> with K; being observable at time i — 1,
k=1 i=1

where X is the logarithm of the stock price, and K is called the exponential cumu-
lant. This interesting formulation of the dynamical Esscher led Kallsen and Shiryaev
to extend the dynamical Fsscher to the general continuous-time semimartingale set-
ting in [31]. In this latter paper, which is the first to define the general continuous-
time version of the Esscher, the authors singled out two classes, exponential and
linear Esscher, depending whether X or S is used as the “underlying” process in
the Esscher definition. For further developments about the continuous-time Esscher
and its numerous applications, we refer the reader to [3, 21, 28, 29, 39] and refer-
ences therein to cite a few. [31] gives various sufficient conditions on the cumulant
process to guarantee the uniform integrability of the resulting density process, while
it did not address the necessary and/or sufficient condition for the existence of those
Esscher densities nor their relationship.

Certainly the Esscher risk-neutral measures, when they exist, give a nice and
clear linear arbitrage-free pricing rule in incomplete markets besides other optimal
neutral-risk measures. However, as noted in [5] for instance, the Esscher rule might
not be as efficient as one can wish for the practical and the computational aspects.
In this spirit, the second-order Esscher transform was introduced in [35], where
they show that this two-parameters Esscher transform adds an important flexibility
compared to the one parameter Esscher for pricing derivatives. For given histori-
cal dynamics which are estimated using stock return data and under no-arbitrage
conditions, the two-parameters Esscher contrary to the one parameter Esscher still
provides free parameters to match derivative prices.

What are our achievements? We introduce the Esscher martingale densities/
deflators of order-two for any d-dimensional continuous-time semimartingale model
S. We single out, as in [31], that there are exponential and linear classes of Esscher
densities of order-two, and we characterize them using pointwise equations involving
the characteristics of the underlying model S (Theorem 3.4 and Theorem 3.13-(a)).
We elaborate the exact relationship between the first-order Esscher and our second-
order Esscher for each class, where the change of priors plays a central role (Theorem
3.8 and Theorem 3.13-(b)). For the class of linear Esscher of order-two, we single
out necessary and sufficient conditions for its existence in various manners. In fact,
in an equivalent manner, we use some local viability of the market or equivalently a
non-arbitrage condition, or the existence of a solution to an optimization problem
dual to an optimal portfolio optimization (Theorem 3.6). For the one-dimensional
case of S, we single out the exact relationship between the exponential Esscher
and the linear Esscher (Theorem 3.15). For the case when S is one-dimensional
and In(.5) follows a jump-diffusion model, we describe the upper and lower Esscher
price processes, and find that they are the smallest solution to constrained linear
backward stochastic differential equations (BSDE hereafter for short). The obtained
constrained linear BSDEs are new as they are involved with Skorokhod conditions



18 TAHIR CHOULLI, ELLA ELAZKANY AND MICHELE VANMAELE

even though the value process does not appear in the constraints. These latter
results and other related developments are summarized in Theorems 4.6 and 4.8.

The paper has four sections including this introductory section. The second
section presents the mathematical model and gives some of its preliminary analysis
that will be useful throughout the paper. The third section introduces the second-
order Esscher deflators/densities for the most general d-dimensional continuous-
time market models. The last section focuses on the class of one-dimensional jump-
diffusion models, for simplicity, and addresses the bounds resulting from the second-
order Esscher pricing for any claim that is “nicely integrable”. The paper has three
appendices, where the proofs for the technical lemmas are detailed therein, and
some useful results are recalled.

2. The mathematical model and preliminaries. Throughout the paper, we are
given a filtered probability space (2, F, (F;)i>0, P). Here, the filtration is supposed
to satisfy the usual condition, i.e. it is right-continuous and complete.

2.1. General notations. Throughout the paper, for any probability @ on (€, F),
we denote A(Q) (respectively M(Q)) as the set of right-continuous with left limits
(RCLL hereafter) and F-adapted processes with Q-integrable variation (respectively
uniformly @Q-integrable martingales). When the probability measure is not men-
tioned, then by default we are using the probability measure P. The set VT denotes
the set of all RCLL, nondecreasing, and F-adapted processes with finite values. For
any process Y, we denote by **(Y) (respectively »H(Y)) the F-optional (respec-
tively F-predictable) projection of Y. For an increasing process V', we denote Vo
(respectively VP¥) as its dual F-optional (respectively F-predictable) projection.
O, P, and Prog represent the F-optional, the F-predictable, and the F-progressive
o-fields respectively on Q x [0, +oc[. For a semimartingale Y, we denote by L(Y")
the set of all Y-integrable processes in the It6 sense, and for H € L(Y'), the resulting
integral is a one-dimensional semimartingale denoted by H - Y := fo H,dY,. If C
is a set of F-adapted processes, then Cy, is the set of processes, Y, for which there
exists a sequence of F-stopping times, (7},),>1, that increases to infinity and Y=
belongs to C for each n > 1.

2.2. The model and its parametrization. We consider a d-dimensional quasi-

left-continuous semimartingale X = (X W X (d))tr which is described mathe-
matically using the predictable characteristics as follows:

X=Xo+X+B+h(z)*(p—v)+ (x — he(x)) * p. (2.1)
Here, u is the random measure associated with the jumps of X, and is defined by
p(dt,dx) := Z d(s,ax,)(dt, dx) I ax, 20 (2.2)

s>0

X°¢ is the continuous local martingale part of X, B is a predictable process with
finite variation, the random measure v is the compensator of the random mea-
sure p, he(x) := wl{z<c) is the canonical truncation function with e € (0,00)
fixed throughout the paper, and C' is the matrix with entries C¥ := (X% X 7).
Furthermore, we can find a version of the characteristics satisfying

B=b-A, C=c-A,

v(w,dt,dz) = dAs(w)F(w,dz), F;({0}) =0, /(\m|2 A1) Fi(dz) <1, (23)
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where A is a right-continuous, nondecreasing, and predictable process, which we
choose to be continuous because we assume that X is quasi-left-continuous, and b
and c are predictable processes. The decomposition (2.1) is known as the canonical
representation of X, while (b, ¢, F, A) is called the predictable characteristics of X.
For more details about these and other related results and topics, we refer the reader
to [27, 30].

Throughout the paper, the following notation will be useful

e(x) = (e"1,e%2,...,e")" € RY, For any z = (x1,s,...,2q4)" € RY,
diag(r) := the diagonal matrix associated to the vector x € R9.

For any d-dimensional semimartingale Y, we define the stochastic exponential £(Y")
as the unique solution to the following SDE:

dZ = diag(Z_)dY, Zo=1,:=(1,1,...,1)"" € R

1
The d-dimensional process X, introduced in (2.1), represents the driving shock
process for the d-risky assets S as follows

e(X) = diag(Sp)™'S.

The following lemma expresses S as the stochastic exponential of a d-dimensional
process, hereafter denoted X, that is related to X.

Lemma 2.1. Let X be given by (2.1), (2.2), and (2.3). Then, the following asser-
tions hold. _ _ _
(a) There exists a unique d-dimensional semimartingale X = (XM, ... X @)
such that

tr

tr
)

e(X) = £(X) = diag(Sy) 15 = (5()?“)), . ,5(}?<d>)) (2.4)
and is given by
X=X+ %A A+ (e(r) =Ty —x)*p, where A:=(ci1,c29,..., cdd)tr . (2.5)
Furthermore, X has the following canonical decomposition given by
X = Xo+ X+ he(x) % (F—0) + b+ A+ (x — he(z)) % i, (2.6)
where (b, Ji, F, ) is given (for any F @ B(RY)-measurable W) by

bi=b+ a —l—/(he(e(aj) —1Ig) — he(z)) F(dz), Wxp:=W(-,e(x)—1y) * p,

2 . (2.7)
/ Wit 2) B, (dx) = / Wt e(x) — L) Fy(dz), #(dt,dz) = Fy(dz)dA,.
(b) If X is locally bounded, then we have
X=Xo+X4ax(p—-v)+b-Aand X = Xog+ X +ax(i—0)+b A,
N (2.8)

A
where b := b+ /x1{|\x|\>5}F(dx), b =0+ 5+ /(e(x) — Iy — z)F(dz).
The proof of this lemma follows directly from Itd’s formula, see [31, Lemmas 2.6
and 2.7] for the one-dimensional case, and hence it will be omitted hereafter. We end
this preliminary section by defining some sets of local martingale densities/deflators,
which appear naturally in our analysis.
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Definition 2.2. Let Y be a d-dimensional semimartingale, Z be a process, and @
be a probability.

(a) Z is a local martingale density/deflator for (Y, Q) if Z > 0 and both ZY and Z
are Q-local martingales. The set of local martingale densities/deflators for (Y, Q)
will be denoted by Z,.(Y;Q), and Z2'°6" (Y, Q) denotes the set of Z € Z;,.(Y; Q)
such that Z1n(Z) is a Q-local submartingale. When @ = P, we simply omit the
probability and write Z;,.(Y") and ZlﬁclogL(Y), respectively.

(b) Let L be a positive local martingale, and let (7},),>1 be the sequence of stopping
times that increases to infinity such that LT» € M and Q,, := Lra7, - P. Then, we

define
Zioe(Y,L):={Z: Z" € Z1,.(Y",Q,), n>1},
zlloely 1) .— {Z: 7T ¢ zEosliyTe ), n> 1}.

loc loc

3. Esscher pricing densities of order-two for continuous-time. The second-
order Esscher transform was introduced in [35] as the measure

Q = exp(0Y1 + Y{" Y1) (Elexp(0™Y: + Y{myvi)]) - P,
where Y] is a d-dimensional random variable, § € R? and v is d x d-matrix of real
numbers. Thus, by extending this notion to the conditional Esscher setting d la
Biithlmann-Delbaen-Embrechts-Shirayev, we obtain the following density Z:

ﬁ exp (01" AY; + AY T AY;) -
L Elexp(07 AY; + AV 9 AY) | Fia] T

where 6; and 1; are F;_i-measurable vectors for any ¢ > 1. This extension seems
to be tailor-made for the multi-period models. By considering the predictable pro-
cess K = (K,), given by K,, := Y | In(E[exp(§""AY; + AY;'"; AY;)|F;_1]), the
above equality takes the form of

n n
Z, = exp (Z O AY; + ) (AY) " AY; — Kn> . n=01....

i=1 i=1
This allows us to introduce the notion of second-order Esscher in the continuous-
time setting. To this end, for any d-semimartingale Y, we define

0cL(Y) and } .

o d dxd_ ; .
oY) := {(9, ) R x R**“-valued predictable process : 4 is locally bounded

Definition 3.1. Let Z be a positive, RCLL, and adapted process.
(a) Z is called a second-order exponential Esscher density for (S,F) if there exist
(0,¢) € ©(X) and an RCLL predictable process K with finite variation such that

Z =270% = exp (9-}( + ) AXIPAX, - K) € Z1,e(5).  (3.1)
0<s<-

The pair (#,v) is called the Esscher parameters of the density Z(@%). If Z(®:¥) is
uniformly integrable, then @Q := Z, - P is called a second-order exponential Esscher
pricing measure for S. The set of these pricing densities (respectively measures) is
denoted by ZFF(9) (respectively QFF(S)).
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(b) Z is called a second-order linear Esscher density for S if there exist (6,) € ©(5)
and an RCLL predictable process K with finite variation such that

Z=270% .= exp <9 S+ Y ASIpAS, - f{) € Z10e(S). (3.2)

0<s<-

The set of second-order linear Esscher pricing densities (respectively measures) for
S is denoted by ZLF(S) (respectively QFF(S)).

In the definition of the set ©(Y"), we forced 9 to be locally bounded for the sake
of simplifying the analysis and avoiding technicalities only. Indeed, this assump-
tion on 7 can be replaced by the condition Y [(AY)"pAY| € V. When Y is
locally bounded, the local boundedness assumption of ¢ tremendously simplifies
the statements of the results and their proofs as well. Furthermore, when looking
for the upper and lower prices, or when working in the practical framework, this
assumption is not restrictive at all. In fact, in Section 4, we will allow @ to span
the set of all predictable and bounded processes.

Lemma 3.2. Z is a second-order linear Esscher density for S if and only if there
eist (0,7) € ©(X) and an RCLL predictable process K with finite variation such
that

7 = exp (9-5{ + > AXIYAX, - f{) € Zi0e(5).

0<s<-

Proof. As the two d x d-dimensional processes diag(S_) and diag(S_)~! are locally
bounded, then it follows from relation (2.4) between X and S that L(X) = L(S)
and ©(S) = ©(X). Furthermore, for any (8,1) € O(S), we set 6 := diag(S_)f and

¥ = diag(S_)ydiag(S_), and derive
0-S=0-X and AS"PAS =AX"YPAX.

Thus, the proof of the lemma follows immediately from combining these facts and
(3.2). O

Remark 3.3. 1) Clearly, our second-order Esscher pricing density generalizes the
Esscher pricing density as the former reduces to the latter by setting ¢ = 0.

2) For (6,v¢) € ©(X) and an RCLL predictable process K’ with finite variation, we
consider the process

d

7% = exp <9 X 3 XD g X0 - K’). (3.3)

i,j=1

Then, we can also define a second-order Esscher pricing density by any process
taking the form of Z(H’w) such that 7(9,1&) € Z16c(S). In fact, these two definitions,
in (3.1) and (3.3) respectively, are equivalent. Indeed, it can be proven that we have
7% = 200) with K = K" = ¥4 _ [(X@)e, 9 « X)), which is a predictable
process with finite variation.
3) When X is a continuous process, then the second-order Esscher pricing density
coincides with the Esscher pricing density. Indeed, in this case, it is enough to write
exp(f+ X +¢+[X,X]— K")=exp(f+ X — K) with K = K" — ¢+ [X, X] being a
predictable process with finite variation.
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3.1. Linear Esscher martingale densities of order-two. In this subsection,
we address the second-order linear Esscher martingale densities, give their char-
acterization, single out the necessary and sufficient conditions for their existence,
and show how they can be connected to the classical (first-order) linear Esscher
martingale densities as well.

Theorem 3.4. Let Z be a positive, RCLL, and adapted process. Consider X given
by (2.5) or (2.6), and (b, F, [, v) defined in (2.7). Then, the following assertions
are equivalent.

(a) Z is a second-order linear Esscher density for S.
(b) There exists a pair (0,1) € ©(S) satisfying

exp(0""z + 2" ) (HxHI{”w”X} + I{€<|9f,%|}) *xpu €A, for some e>0, (3.4)

b+ch+ / (:z: exp(0"x + 2" px) — he(x)>ﬁ(daz) =0, P®A-ae, (3.5)

and

Z = 5(0 - X+ (exp(0”z + 2" Yx) — 1) * (5 — 5)) (3.6)
(c) There exists a pair (0,v) € ©(S) such that the condition (3.4) is fulfilled, and
7 = 5(9 « X+ (exp(0'z + z'px) — 1) x (1 — ﬁ)) belongs to Zje(S).

The proof will be given in Subsection 3.3.

Remark 3.5. Suppose S is locally bounded, and consider a predictable and locally
bounded . Then, the condition (3.4) is equivalent to

UE = eetrzf{|gtrw|>€} *ﬁ S Al—t—)c’ €€ (O, OO) (37)

Indeed, due to the local boundedness of S and that of 1, the process |z'" x| x [ is
locally bounded.

Theorem 3.4 gives us a complete and explicit characterization for the second-
order linear Esscher pricing densities in terms of pointwise equations. It is clear that
when ¢ = 0, our second-order linear Esscher reduces to the classical first-order linear
Esscher. This latter density coincides with the minimal entropy-Hellinger martin-
gale density as noticed in [39] for the continuous-time setting and in [12, Theorem
5.1] for the discrete-time framework. Recall that the minimal entropy-Hellinger
martingale density introduced in [13] is the local martingale deflator/density that
minimizes the entropy-Hellinger process. Thus, in the spirit of [13], we assume S
is locally bounded (for technical and exposition simplicity only) and derive various
deep characterizations.

Theorem 3.6. Suppose S is locally bounded, and consider (Eﬁ,ﬁ, ,U) and v de-
fined by (2.6)-(2.7) and (2.8), respectively. Then, the following assertions are equiv-
alent.

(a) ZLE(S) #£0, i.e. S admits a second-order linear Esscher pricing density.

(b) ZLI8E(S) # 0, d.e. there exists Z € Z100(S) such that ZIn(Z) is a local sub-
martingale.

(¢c) For any locally bounded and predictable v, the pointwise minimization problem

-1 -
nbin (9"1)’ + 50”09 + / (exp(@”x + a2t pr) — 1 — 9”x> F(dx)) , (3.8)



THE SECOND-ORDER ESSCHER MARTINGALE DENSITIES 23
admits a solution 0 = 5(1/}) satisfying

0 ch+ A+ f1, 1ogL(eXp(§trx + 2 p) — 1) * € Al (3.9)
where

frogr() =W+ 1)In(l+y)—y, Vy>-L

(d) There exists a locally bounded and predictable ¢ such that the pointwise mini-
mization problem (3.8) admits a solution 0 satisfying (3.9).

The proof of the theorem is relegated to Subsection 3.3, while herein we discuss
the well posedness of its ingredients and its meaning afterwards.

Remark 3.7. (a) If S is locally bounded, then the integral in (3.8) is well defined
for any pair (6,%). In fact, by stopping, we can assume without loss of generality
that S is bounded, and in this case we have ||z|| < C' dF-a.e. for some C € (0, 00).
Hence, we obtain

/ | et VT g F(da)
gexp(Cllﬂll+CQII¢II)(IIwH+02||sz+H9||2>/|Ix|\215(dw) < oo, P-as..

This proves the claim.
(b) Suppose S is locally bounded, and let (6,4) be a pair of predictable processes

1/2
such that © is locally bounded and ((exp(@"a: + i) — 1)2*;7) € Af_. Then,
we deduce that

2" z| (1+ exp(0x + 2" Ya)) o € A,
or equivalently |2 x| (14 exp(0™x + 2" yz)) x v € Af .

Theorem 3.6 gives various necessary and sufficient conditions for the existence of
a second-order linear Esscher martingale density (i.e. ZFF(S) # () when S is locally
bounded. On the one hand, the condition ZLF(S) # ) is completely characterized
via the arbitrage condition Ziiog L(8) # 0, which conveys the existence of a deflator
for S belonging locally to the space of Llogl-integrable martingales. This arbitrage
condition is equivalent to the existence of a “local” solution to the exponential utility
maximization from terminal wealth, or equivalently to the “local” viability of the
market whose agents are endowed with exponential utility. For further discussions
and details about these claims, we refer the reader to [10, Lemma 3.3]. The second
characterization is via a minimization problem which has a striking similarity with
the minimization problem intrinsic to the minimization of Hellinger processes in
[13]. This conveys the existence of possible intimate link between second-order
linear Esscher and the classical linear Esscher densities somehow. This is the aim
of the following theorem.

Theorem 3.8. Suppose S is locally bounded, and for any locally bounded and pre-
dictable ¢ we denote

ZW) .= 5((0Xp(3:"1/):c) — 1)*(;7—5)), P W (dt, dx) = exp(x'"x)v(dt, dz). (3.10)
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(a) If Z is an RCLL and adapted process, then Z € ZLE(S) if and only if there
exists a pair (0,1) of predictable processes such that
Y is locally bounded, (0,) fulfills (5.9), and
Z
Z@)
(b) ZEE(S) # 0 if and only if Zlf)clogL(S, ZW)) £ O for any locally bounded and
predictable 1.

3.11
=& (9 CXC 4 (T~ 1) % (- D(w))) and belongs to Z1,e(S, Z¥)). (3.11)

The proof of the theorem is relegated to Subsection 3.3. The theorem simulta-
neously conveys two main ideas which are intimately related. On the one hand,
it says that any second-order linear Esscher martingale density, when it exists, co-
incides with the “classical” (first-order) linear Esscher martingale density under a
specific local change of measure. In fact, consider any predictable locally bounded
1 such that Z(¥) given in (3.10) belongs to M. Then, put Q) := ng) - P, and
hence Z is a linear-Esscher density of-order-two with parameters (6,) if and only
if there exists a “classical” linear-Esscher density Z (given by Z:=2Z /ZW)) for the
model (S,Q™)) (i.e. first-order linear Esscher for S under the probability Q(*)).
On the other hand, by virtue of (3.11), one can interpret the second-order linear
Esscher as a linear Esscher under a class of equivalent priors, and this connects the
second-order Esscher to the first-order Esscher via uncertainty modeling.

Corollary 3.9. Consider Z > 0 and let (b/,0,7) be a triplet of predictable and
bounded processes such that 1/|v| is bounded as well. Suppose S is one-dimensional,
given by

S = Spexp(X), X:/b;ds+a-W+7-N, and N;:= N, — . (3.12)
0

Here, Sy is a positive constant, W is a Brownian motion and N is a Poisson process
with rate X which is independent of W . N

Then, ZLE(S) #£ 0, and Z € ZLE(S) if and only if there exists (6,1) € O(X)
such that

/ exp(070)dt € A, V4007 + 7 (ee‘HW - 1) =0, P@dt-ae.,
0

and Z =& (95-W+ (fTHT" 1) -N) :

Here, the triplet (137, 7,7) is given by

2
b’::b’Jr%Jr/\(evfl—fy), og:=0 and 7:=¢€ —1. (3.13)

Proof. Remark that in this case, as v is bounded, we have

~ 1 [ T ~
X:X+§/ofds+(e"’—1—7)-N:/b’sds—kaoW—f—(e”—l)oN
0 0

:/ bds+o+W +75-N.

0

Thus, by using the canonical decomposition of X and that of X , we derive
c=0% Fi(dz):= )\, (dr), A =t,

~ 2 ~
V=t + T+ AT — 1= 7). fildt, dz) = AN, (da), Fy(dw) = A, (do).
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Therefore, by combining these with Theorem 3.4, the corollary follows immediately.
This ends the proof of the corollary. O

Example 3.10. Let (b,0,7) € R? be such that ¢ > 0 # 7, and suppose that
S; = Sgexp (b/t + oWy + 'y]\~ft), t € [0,T], where N is given by (3.12) and Sp > 0.
Then, for any ¥ € R, there exists a unique 6 € R solution to
W+ 002 + Ay (60%1M2 - 1) =0,

where the triplet (¢, 7,7) is constant in (w,t) and is given by (3.13).
Furthermore,

9 T
Z7v .= ¢ (09W 4 (DTHT 1)N) e ZLE(§)n M.

For more discussions about this case, especially the applications of the second-
order Esscher pricing method for this case, we refer the reader to [11]. We end this
subsection by illustrating the linear Esscher pricing measure of order-two on the
compound Poisson process and its variants. It is worth mentioning that these latter
models are often used in modeling risks in actuarial sciences.

Corollary 3.11. Suppose S is a one-dimensional compound Poisson process given
by

N
S:=Spexp(X) and X := Z J. (3.14)
k=1
Here, Sy is a positive constant, and (Ji)k>1 i a sequence of independent and iden-
tically distributed random variables satisfying Elexp(J1)] < oo, and are independent
of the Poisson process N with rate A. Let ¢ € R (i.e. real number) such that

E [|jl|exp(1/1jlz)} < oo, where Jy:=elt —1. (3.15)

Then, Z is a second-order linear Esscher martingale density for S with parameter
1 iff there exists a unique 0 € R satisfying

kO, Y)+1:=F

exp(9j1 + 1/)?)] <oo, FE

7 exp(ef1 n %7%)] —0, (3.16)
and

N
Zy = exp (Z (ij + wj,f) —)\7{(971/})15), where Ji = e’ —1, k € N\ {0}. (3.17)
k=1

The filtration F for this model is the completed filtration generated by the two
processes N and Jy := (Jn,)s>0, where Jo = 0, and by convention }, = 0, and
[Ip = 1. Then, the proof of the corollary is a direct consequence of Theorem 3.4
and the easy fact that Jy, 41 is independent of F;_ for any ¢ > 0, and hence it
will be omitted. It is worth mentioning that the equation in (3.16) has a root if and

only if min(P(J; > 0), P(J; < 0)) > 0.

Example 3.12. Consider the model given by (3.14). Suppose that there exists a
finite sequence (a;)?_; in R such that

{a1a~'~van}m(ovoo)7é®7 {al,...,an}ﬂ(—oo,());é@, and

P(Ji=a)=p; €(0,1), for i=1,...,n, with Zm:l-
i=1
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Then, for any ¢ € R, (3.15) is fulfilled, and for any (6,v) € R?, the integrability
condition in (3.16) is also satisfied automatically. Furthermore, for any ¢ € R, there
exists a unique 0(¢) € R solution to

0= pile" — Dexp (B(e% — 1) + (e —1)?).
=1

and Z given by (3.17) is a second-order linear Esscher martingale density for S with
parameter 1.

It is clear that Example 3.12 gives us a concrete model for S where the inte-
grability conditions in Corollary 3.11, namely the integrability conditions (3.15)
and (3.16), are fully satisfied without any further assumptions. In this spirit, it is
worth mentioning that without any assumptions on the jump sizes (Ji)g>1, for any
Y € (—00,0), those integrability conditions are also fully satisfied.

Herein, for the general model (3.14), we will discuss the connection between
linear Esscher measures and the existing pricing measures. In fact, it is clear that
the linear Esscher pricing measure differs tremendously from the Gerber-Shiu risk-
neutral measure, which is more related to the exponential Esscher addressed in the
next subsection. However, the second-order linear Esscher measure falls into the
family of Delbaen-Haezendonck’s pricing measures, see [17] for more details about
this family of measures and its application in pricing. Indeed, for model (3.14),
Delbaen and Haezendonck introduced the risk-neutral measure

Ny
ZPH .= exp (Z B(Jn) — \ME [er) - 1} ) >0, (3.18)
n=1

where (3 is a Borel-measurable function. Thus, the linear Esscher measure of order-
two is a particular case of the Delbaen-Haezendonck measure by setting the function
B to B(z) = 0(e* — 1) +1p(e® — 1)2, z € R.

3.2. Exponential Esscher martingale densities of order-two. This subsec-
tion treats the exponential Esscher pricing densities.

Theorem 3.13. Suppose S is locally bounded, and let b be given by (2.8). Then,
the following hold.

(a) Let Z be a positive RCLL and adapted process. Then, Z is a second-order
exponential Esscher density for S if and only if there exists (6,v) € O(X) satisfying

exp(@”x)I{gtrm>a} *xu € AL, for some o> 0, (3.19)

0=0+ch +/ <exp(9”m + 2 px) — 1) (e(z) —14)F(dx), P®dA-—a.e., (3.20)
and
Z = 5(9 C X 4 (exp(6'x + 2t pa) — 1) * (1 — V)). (3.21)
(b) Z € ZEE(S) if and only if there exists a predictable and locally bounded 1) such
that Z/Z(w) is an exponential Esscher density (i.e. of order-one) for S under AL
defined by
7% —¢ ((exp(z"va) — 1) * (u —v)) . (3.22)
Furthermore, in this case, we have

7=7%¢ (9 < X+ (69th — 1) *(p— VW))) with v (dt, dz) := exp(z" ) (dt, dz).
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For the case of one-dimensional models, the expressions and notation in Theorem
3.13 simplify, as illustrated in the following example.

Example 3.14. Suppose that the assumptions of Theorem 3.13 hold and d = 1.
Then, Z € ZFE(S) if and only if there exists a pair (6,v) € O(X) satisfying

eezl{gz>1/2}*u € AL, 0:5’+c€+/ (exp(@erwmQ)fl) (e"—1)F(dx), PQdA—a.e.,

and
Z:S(H-XC+ (exp(bz + Ya®) — 1)*(u—y)).

The proof of Theorem 3.13 is relegated to Subsubsection 3.3.2. Similarly as
for the linear Esscher case, the connection between the first-order and second-order
exponential Esscher is fully described via a “local” change of probability in Theorem
3.13-(b). However, for the other aspects of our analysis on the exponential Esscher
deflators (such as the necessary and sufficient condition(s) for its existence or its
relationship to an optimal portfolio problem), the higher dimension (i.e. d > 2)
brings serious difficulties in treating this exponential Esscher case. In fact when
d > 2, in contrast to the linear Esscher case, there are difficulties in connecting the
condition ZEF(S) # 0 to some known non-arbitrage condition. Again, when d > 2,
the equations (3.5) and (3.20) sound non-comparable at all. The one-dimensional
case, however, allows us to overcome all these obstacles.

Theorem 3.15. Suppose X is a one-dimensional (i.e. d = 1) locally bounded semi-
martingale, and let (S, Z,V) be given by
~ = = 1
S:=&X), X:= §c-A+X,

(3.23)

= e’ —1

Z=6((f~Dx(u—v), fla):=

Then, the following assertions hold.
(a) Let Z be an RCLL and positive adapted process. Then, Z € ZPE(S) with
parameters (0,1) € O(X) if and only if the process

7 o
Z = 3 € ZLE(S,Z)  with the same pair of parameters (0,1)).

— Lazoy + o0}

Furthermore, we have
AR S(G-XC—F(ew“”Qd’—1)*(u—1’))> where V(dt,dx) := f(z)v(dt,dx). (3.24)

(b) ZEE(S) £ 0 if and only if ZE°5T(S) # 0 if and only if ZLE(S, Z) # 0.

loc

The proof of the theorem is relegated to Subsubsection 3.3.2. It is worth men-
tioning that Theorem 3.15 has two important messages, and we strongly believe
(we conjecture) that these messages hold true in general, while up to now the di-
mensionality of S has posed serious challenges towards this goal. The first message
conveys that the exponential Esscher densities for S are linear Esscher for “equiva-
lent” transformed models (7(S), @) with equivalent prior (). The second message
lies in claiming that the “arbitrage” condition of ZX1°8(S) # () is equivalent to the
existence of an exponential Esscher density. We end this subsection by illustrating
the above theorem on the particular cases of jump-diffusion models and compound
Poisson models in two corollaries.
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Corollary 3.16. Let Z > 0 and be an RCLL process, and suppose S is one-
dimensional and given by (3.12).

Then, Z is a second-order exponential Esscher density for S if and only if there
exists (0,1) € ©(X) such that

/ exp(fyy)dt € Afoc, v+ 002 + )ﬁ(exp(@'y + w’yQ) — 1) =0,
0

and

Z:£<00-W+ (exp(6y + ¥y?) — 1)-]\7), where N; = N, — AL.

The proof of the corollary follows directly from Theorem 3.13, and hence it will
be omitted.

Example 3.17. Consider the model in (3.12) and assume that (V',0,v) € R3, i.e.,
they are constant in (w,t) such that o > 0 # ~. Then, for any ¢ € R, there exists
a unique 6 € R solution to

Y+ 002 + w<exp(97 +9y?) — 1) =0,
and
7= 5(90W + (exp(6y + ¥y?) — 1)]?7)

0202 U + o020
4+ —
2 Y

= exp <90W— ( )t+(9'y+1/ryz)N> € ZFE(9).

For more details and illustrations of this model, we refer the reader to [11].

Corollary 3.18. Suppose S is one-dimensional and follows the model defined in
(3.14) such that Elexp(J1)] < oo, and let p € R such that

E [|exp(J1) — 1] exp(1J7)] < oo. (3.25)

Then, Z is a second-order exponential Esscher density for S associated with 1 if
and only if there exists a real number 0 satisfying

k(0,9)+1:= E [exp(0.J1 + ¢J7)] < oo, E[(e‘]1 —1)exp (01 + z/JJf)} =0, (3.26)

and

Ny
Z; = exp (Z(@Jn +J3%) — \&(6, 1/))15) .
n=1

The proof of the corollary is a direct consequence of Theorem 3.13. A model
similar to that in Example 3.12 can be easily treated herein. For this latter model,
it is clear that the integrability conditions in (3.25) and (3.26) are always fulfilled,
and equation (3.26) always has a solution for any given value for ¢ € R.

On the one hand, it is clear that for model (3.14), our exponential Esscher pricing
measure extends Gerber-Shiu’s measure. This measure was introduced in [24], see
also [25, 26] for related works, and can be deducted from ours by putting ¢» = 0. On
the other hand, the exponential Esscher measure is a particular case of Delbaen-
Haenzendonck’s pricing measure introduced in [17], see (3.18). In fact, by choosing
the quadratic form B(x) = 6z + ¢2? instead, Delbaen-Haenzendonck’s measure
coincides with the exponential Esscher.

We end this section by the proof of its main theorems.
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3.3. Proof of Theorems 3.4, 3.6, 3.8, 3.13, and 3.15. The proof of these
theorems relies on the following lemmas which are interesting in their own right,
and for which the proof can be found in Appendix B.

Lemma 3.19. Let Y be a d-dimensional semimartingale, (b¥,c¥, FY) be its pre-
dictable characteristics, uy be the random measure of its jumps with the compen-
sator vy, and 6 € L(Y). Consider the following RCLL processes with finite varia-
tion:

U(Y) =) AYT{grayise or |ay|se, Z°(YV):=Y =U’(Y),

(3.27)
UPNY) =Y AYIaysesjorayyy,  UPP(Y) =) AYIgray e
Then, the following assertions hold.
(a) We always have
/th(l')||I{5<‘9trx‘}FY(dx) < o0, P AY -a.e.,
(3.28)
b (Y):=b" — /hg(x)f{edgm-z”FY(dx) € L(AY),
and Z%(Y) admits the following canonical decomposition.:
ZG(Y) =Y+ xl{max(llz‘|7|0t1'm|)ge} * (,uY - VY) —l—be(Y) <AY. (329)

=:M?(Y)

(b) 6 € LY (Y) N LWUP2(Y)) N L(Y®) N L(MO(Y)), and 0+ Z°(Y) is a special
semimartingale having the following canonical decomposition:

0+ 2°(Y) =0V + he(0"2) Lo <y * (0" = v7)

3.30
+ <9thY - /9”.’);‘[“m||<€<|9wm|}FY(dx)> < AY. ( )
(¢c) 0+Y has the following canonical decomposition:
0V =0-Y°+ h(07x) % (u¥ —vY)
(3.31)

+ <9trb9(Y) + / he(HtT'x)I{e<|m|}FY(dx)) < AY +0- UG’Q(Y).

The following lemma gives equivalent integrability conditions to (3.4) and (3.19),
respectively. These equivalences simplify the proofs of the main theorems.

Lemma 3.20. Let (0,v) € O(S). Then, the following assertions hold.
(a) Condition (3.4) is equivalent to

|z exp(0"x + 2" pz) — he(2)|| % fi + | exp(0" 2 + 2'"px) — 1 — he (0" 2)| x 1 € AL .

(3.32)

(b) Condition (3.4) implies \/(exp(GtT:c +atrpr) —1)2*p € A?;c.
(¢) If (5.4) and (3.5) hold and |e® ¥* — 1| x i € A, then

tr tr - tr tr tr tr -
|0tr.’E€9 T+x ww_etrhe(x”*u_’_wtrxee T+ 1[)9:_69 T+ ww+1|*M€Altc.

(3.33)
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(d) Suppose S is locally bounded. Then, condition (3.19) is equivalent to
| (exp(07 + 2 r) — 1) (e(w) — L)l % 1 € A

loc

3.34
and | exp(6"x + 2" px) — 1 — h (0" 2)| x pn € A (3:34)

loc*

The rest of this section is divided into two subsections. The first subsection
proves Theorems 3.4, 3.6, and 3.8, while the second subsection deals with the proofs
of Theorems 3.13 and 3.15.

3.3.1. Proof of Theorems 3.4, 3.0, and 3.8. The proofs of these three theorems
require the following third lemma, besides Lemmas 3.19 and 3.20.

Lemma 3.21. Suppose S is locally bounded, and let 0 be a predictable process and
¥ a predictable and locally bounded process. Then, the following assertions hold.
(a) Let Q be a probability and (EQ, Q,FQ, AQ) be the predictable characteristics of
X under Q. Then, Q ® dA®-a.e. 9 is a pointwise solution to

n%in (0”562 + %GtchG + / (exp(0”7z) — 1 — 6" x) ﬁQ(dx)> (3.35)
if and only if 0 satisfies

b9 4+ 90 + / (m exp(6"z) — ﬂc) FP(dz) =0, Q®dA% —a.e.. (3.36)

loc”

(b) Suppose that v ch+ A+ \/(exp(g”m +atropx) — 1)2x € A . Then,
2= & (0- X+ (exp(0"a + ') = 1) (ji = D)) € Zioe(S)
if and only if 9 solves (3.5).

The proof of this lemma is relegated to Appendix B, while here we outline the
proof of Theorem 3.4.

Proof of Theorem 3.4. Remark that (b) <= (c) becomes obvious due to Lemma
3.20 and Lemma 3.21-(b). Thus, the remaining part of this proof focuses on proving
(a) <= (b) in two parts, where we prove (a) = (b) and (b) = (a) respectively.
Part 1. Suppose assertion (a) holds. Then, there exists a triplet of predictable
processes (0,1, K) satisfying the following:

(971/}) € 9(5)7 K e Aloca and Z = exp (9°X + Z(Ai)tTwAX - K) € Zloc(s)‘

Then, we set Y := 60+ X + 3 (AX)"pAX — K, and we use Itd’s formula to derive
the following:
~ 1~ > ~
1,5 _ AY
Z- oZ_Y+§<YC>+Z<e —1—AY)

. . . - tr
=0-X+ 3 (AX)"yAX — K + 07ch . 4

+ (exp(@trx + a2 pr) —1— 0" — :E”d)x) * [l

tr -
0 CH-A—K.

—0.-X+ (exp(0"z + ' px) — 1 — 6"x) x i +
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We apply (3.31) of Lemma 3.19 to Y = X and set b? := b— [ h€($)1{‘9trw‘>€}ﬁ(dl’)7
then we get

z7'z

=0+ X+ he(6"x) (1 — ) + (9”59 " /he(et’"w)f{e<||x|}ﬁ(dx>) A

: - . . . _ 0 ~
+9t’xl{|9trm|>é}*u+ (exp(@”x—i—x”wx) -1 —9“3;) * L+ “A-K
=0+X+h(0"x)« (1 —v)+ (exp(6”z + 2" Yx) — 1 — he(6"z)) * 1t

9”09 tr7.0 tr = =
+ T-I-QTb + [ he(6 TCL')I{€<HIH}F(dCL') +A—K.

Then, on the one hand, Z is a local martingale if and only if
(exp(@”x + 2 pr) — 1 — hE(Qtra;)) * 1 € Ajoc, (3.37)

and

~ 0t c 0 " ~
K= 5 +60" + | h(0 Tx)I{E<H£||}F(dx) A

+ (exp(0"x + 2" px) — 1 — he (0" w)) x

tr ~
. (9 269 + W) “ A (exp(07x +a'w) — 1= 07 he(2)) %7,

Z=E(0:X+ (exp(0”x + 2" px) — 1) * (u —v)) =: E(L).
This proves (3.6). On the other hand, thanks to (2.6), we derive

X +[X,I]
=X+ he(x)x(T—D)+beA+ (x—he(x))*fi+ch-A
+ (exp(0"x + 2" Ya) — 1)z *

=X+ he(z)x(n—v)+ (b+ch) A+ (exp(0”x + 2" pa)z — he(x)) * L.

Thus, ZS is a local martingale if and only if X + [)Z' , Z] is a local martingale, or
equivalently

(exp(ﬂtrx + 2 px)x — he(x)) * 1L € Ajoc, (3.38)

and (3.5) holds. Furthermore, by combining (3.38), (3.37), and Lemma 3.20-(a),
we obtain condition (3.4). This proves that Z € ZL¥(S) implies the existence of
(0,7) € ©(S) satisfying (3.4)-(3.5)-(3.6), and the proof of (a) = (b) is complete.
Part 2. Suppose that assertion (b) holds. Thus, there exists a pair (6,1) € ©(S)
satisfying (3.4)-(3.5)-(3.6). First of all, thanks to Lemma 3.20-(b), we remark that

the process M = 0-X°+ (e"””wm — 1) *(p—7) is a well defined local martingale.
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Furthermore, thanks to It6’s formula, we have Z = & (]\A/[/ ) = exp(L), where
~ 1, — —

L=M -3 >+Z<ln(1+AM)—AM)
—f9.X°+ (ee”xﬂ"wz o 1) % (ﬁ _ fl;)

1 tr tr
— 207 A+ (0 4t — e TV L) ke
2 ( v ) a (3.39)

—0.X°+ <69”x+m”wz - 1) “ (/7 - ;)
tr tr . 1
+ (Gtrhé(x) —efretaye 1) * L — 50”09 <A
+ (0" 2Lz >y + 2" Px) * .
Thanks to Lemma 3.20-(a,b), the condition (3.4) implies that for any n > 1
Igo1<n} (Gtrhe(x) e 1) * I € Ajpe. Thus, by inserting the compen-

sator of this process in (3.39), arranging terms, and inserting (3.5) in the resulting
equation afterwards, we obtain

Igjo<ny « L
= Igo <yt X°

+ Igjoy<m¥he(w) * (7= ) + Loyny (07 hele) = 707 4 1) 57

1,
+ Ioy<ny (07 2T ga>ey + 2" ) % i = 56" BT (g <n) + A
= Iyjoy<n0 + X+ Iyjoy<ny0' he(w) * (7 — )
+ 1oy <ny0""b* A+ Loy <0 2L (0l >} * i
1 ‘s
+ 50" g <ny + A
+ Igjo<ny (07 zexp(07 x + 2" z) — exp(6”z + 2" pz) + 1) * U
+ Io<ny D _(AX)TPAX
= Ijjoj<ny¥ X + Ijo<ny + D (AX)TYAX — Ijgy<ny - K,

where —K := 10 c+ A+ (0 zexp(0x + 2'"px) — exp(0'x + 2 Px) + 1) * U is
predictable and belongs to A;,.. Hence, by taking the limits on both sides of the
latter equality above and using the facts that § € L(X) and the three processes
L, Y (AX)"pAX, and K are semimartingales, assertion (a) follows immediately.
This ends the proof of the theorem. O

Proof of Theorem 3.6. Remark that (c) = (d) is obvious. Hence, the rest of this
proof is divided into three parts, where we prove (a) = (b), (b) = (c) and (d)
= (a) respectively.

Part 1. Here we prove the implication (a) = (b). Thus, we suppose that assertion
(a) holds, and by virtue of Theorem 3.4, we obtain the existence of (6,1) € O(S5)
such that (3.4) holds and

Z=E(0- X+ (exp(0"w + 2" vw) = 1) % (fi = D)) € ZioelS).

Thus, assertion (b) follows as soon as we prove that ZIn(Z) is a special semi-
martingale. Thanks to [13, Lemma 3.2 and Proposition 3.5], Z1n(Z) is a special
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semimartingale if and only if

1 r e byt -
H¥(Z,P):= 59”09-/1—&— ((9"&: F atTepa) el T e _ 0 ekt ey 1) *xi € AL .

On the one hand, we already have §"cf+- A € A} due to § € L(X), and thanks to
Lemma 3.20-(c), we deduce that
0"z exp (0" + 2" px) — exp (6" z + 2" pz) + 1| * 1 € A

loc*

This latter holds due to (3.4), (3.5), and the local boundedness of X, which implies
that |1 —e” %*| « i € Af . On the other hand, by virtue of Remark 3.5 and the

loc*

local boundedness of X again, we derive
tr tr —~
|$tr’(/)x|69 z+a " px * L
t gt tr - + gtr tr ~
_ ‘37 T¢x|e z+x wx]{|9”‘m\§e}*/‘+|x TZ/J$|€ z+x Wf{wmzpe}*u

< ef Z |(A)Z—)tr,¢A)Z—|e(Af)t"wA)? + |(A)'Z)trwA)?|e(A)})tr¢A)z .U, € A+

loc?

where U, is defined in (3.7). This proves that Z € Z,'°8%(S), and assertion (b)
follows immediately.

Part 2. Now we prove (b) = (¢). To this end, we suppose that assertion (b)
holds. Consider a predictable and locally bounded process 1, and take

f(6) == 06" + %0”00 + / (exp (0" x + 2t"ypx) — 1 — '"x) F(dx),
Fu(0) :=0'b¥) 4 %9"00 + / (60”I —1- 0”:5) F)(da),
b = + /x (e“gtrw — 1) F(dz), FW(dz):= ewtrmﬁ(daz).
Then, direct calculation shows that
f(8) = fyp(9) + T for any 6, where I(¥) := / (e'rtw’” - 1) F(dz). (3.40)
By stopping, without loss of generality we assume that
ZW e M and QW .= ng) - P is a well defined probability measure.
Hence, under Q*), the process X admits the following canonical decomposition
X =b@ e At zx (ii— W)+ X, 59 (dt, dx) = " V75 (dt, dx) = V) (dx)dA,.
Thanks to the local boundedness of Z(*) and 1/Z(®*) it is clear that
zhloeligy 2 — zllel(g QW) £y, (3.41)

loc loc

for any 1) predictable and locally bounded. Therefore, by virtue of (3.41) and (3.40),
our minimization problem (3.8) has a solution if and only if

mein fs(6) has a solution under the condition Z;-!°8 (S, Q) + 0. (3.42)

loc

Thus, the resulting minimization problem is exactly the minimization problem con-
sidered in [13, Lemma 4.4] for the model (X, Q")) instead. Hence, the existence
of a unique solution ¥ =: @ to (3.42) follows immediately from [13, Lemma 4.4].
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Thus, assertion (c¢) will follow as soon as we prove that (3.9) holds. To this end, it
is enough to prove that 6 satisfies

Vi=0"ch-A+ fL logL(exp(gtrx) —1)* () e A%C(Q(w)). (3.43)
In fact, on the one hand, it is clear that V € A} (Q®)) if and only if V € A}

loc

for any process V due to the local boundedness of X. On the other hand, due to
friogr(y) > a(y — 1) for any y > e* and a € (0,00), the condition (3.43) implies

that |eXp(9trx) - ]“I{§t"‘m>1n(e“+1)+1} *

that \m”i/)x(eé\m“” —1)]e”"¥* » 7 € A . By combining this latter fact with

loc®

() e ,AZJZ .- Therefore, this easily implies

V=0"ch-A+ f 10gL(exp(§”x +apz) — 1) % — a?”'wm(eéhf - 1)61“'1/;93 *U
— friogn(e” VT — 1) %7,

and fr, logL(eI”W — D) x+ e T 1| xD e A;b ., we conclude that (3.43) implies
(3.9). Thus, the rest of this part focuses on proving (3.43). To this end, we use
Lemma 3.21-(a) for Q@ = Q) and conclude that 6, the solution to (3.42), satisfies

b 4 e+ / (xeXp(f?"z) - :c) FW(dz) = 0. (3.44)

Besides this, a combination of ZﬁiogL(S,Q(w)) # () and Theorem A.1l yields the
existence of a pair (3, f) such that

b®) +c5+/x(f(g;) — 1)) F¥)(dz) = 0, and

Bref A+ (fln(f) = f+1) 7 € AL(QM).
Thus, by combining the first equality above with (3.44), we get

(B —0) + / @ ( F(z) - exp((itfx)) FO) (dz) = 0. (3.45)
Thanks to the convexity of "¢ and g(y) := yIn(y) —y + 1 for y > 0, we get
BeB > 0" ch + (B — )" cf and g(f(x)) — g(exp(6'x)) > 6"z (f(x) — exp(67x)).

By integrating the two inequalities above with respect to A and 7(*) respectively,
adding them, and using (3.45) afterwards, we get

BB A+ (FIn(f) — f+ 1) %7 > 07O A+ frroqs(exp(87 ) — 1) x 5%,

and the claim (3.43) follows immediately. This proves assertion (c).

Part 3. This part proves (d) = (a). Thus, we suppose assertion (d) holds, and
remark that frigz(y) == (y+1)In(14+y) —y > |y|lys2e—1) + (4°/(4€)) [y <2e—1}
for any y > —1. Thus, by combining this with condition (3.9) and [1, Proposition
B.2-(a)], which states that \/(exp(a”x + 2trpz) — 1)2 % € A if and only if for
any o >0

(eé\tr:c-&-ztrz,bz _ 1)21 Ot ot _ 1|I

5 m ~ ~ +
{|ft etz _11<qa} * |€ {|ft a2t _1|>qa} LIRS Aloc’

we deduce that

V(exp@ro + otrgr) — 1)2xfi € AL, and e L(XC).
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Thus, as a result, by combining this with Lemma 3.21, we deduce that the following
process:

Z:=¢€ (é- X¢ + (exp(8x + 2" px) — 1) % (i — a)) € Z10e(S). (3.46)
Now, thanks to It6’s formula, we calculate the semimartingale In(Z) as follows:
In(Z) =0+ X+ (exp(60"x + 2" px) — 1) % (i — © 0” - A

V) —
+ (étrx + 2 pr — exp(@”’m + 2 px) + 1) * ﬁ
R N 1o (3.47)
=0+ X+ (exp(0"z + 2" pz) — 1) % (I — V) — 59”69 <A

+ (5"3: — exp(0"z + 2'"px) + 1) * [+ Z(Af)tw’Af'

Remark that for any n it is clear that Iy 5 0t 2 —exp(0 z+ 3t )+ 1|+ € Ab .
Thus, by compensating this process in (3.47) and using (3.44) afterwards, we derive

g <ny - (2)
N . 1 S
— ~ « X € ~ tr ~ 5 =N tr .
= Lay<ny @ X+ Lygyany 0 o x (B =7) = 51g <y 07 c0 - A
S é\tr tr ~ ~ ~
 Lpyeny (72 = 7T L) w4 3 L g (AX) AR
1

= ~ A. c ~\ T . tr A.
= L@ X+ L <070 % (7= 7) = 51152,y 07 e - A
N tr N ntr _ O+t ~
3 Lany AR TBAK + Iy (0721 ¢ ) *7

e " (3.48)
eny (@)= — T 1) o

_ N 0. ve N ntr ~ o~ - otryr
= Lyan<ny?  X° + Lyg <ny® ‘”*( V) + gy <ny 00 A
. tr T A.

+ D Ly (AX)TYAX + I{nau<n}9 cf-A
N é\t'r tr 9t1 tr .
N (G ) R

_ =N A_ v N v \tr v N . T
= Lygieny? X+ D 1 g1cny (AX) AKX + Iyg - K,

where K is given by

_ . N . I PP

K= ((Gtrx) exp(0"x + 2" px) — exp(0x + 2px) + 1) *V+ 50”00 <A,
and it is a well-defined predictable with finite variation process due to (3.9) and
Remark 3.7-(b).

Now, as the three processes In(Z), K and V := > (AX)"9)AX are semimartin-
gales, thanks to [41, Proposition 1.7], it is clear that the processes Ia<ny «In(Z),
I{\|9|\< } -K and I{H9H< }oV converge in the semimartingale topology to In(Z), K7
and V', respectively. This implies that I Al <n}t9 X converges in the semimartingale

topology. Thus, by virtue of [41, Definition 2.1], we deduce that fe L()A(:)7 and its

limit is the semimartingale 9-X. Furthermore, by combining these latter remarks
and (3.48), we obtain

In(Z)=0+X +> (AX)"yAX + K.
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Therefore, assertion (a) follows immediately (i.e. Z € ZLF(9)) from combining the
above equality with (3.46). This ends the proof of the theorem. O

Remark 3.22. The last part of the proof above contains an important statement.
This confirms the following claim: If S is locally bounded and there exists a pair
(0,) of predictable processes such that

1 is locally bounded, (3.9) holds, and € is the solution to (3.5),
then (6,v¢) € ©(S).

Proof of Theorem 3.8. Thanks to Theorem 3.6 (assertions (a) and (d)), we deduce
that Z € ZLP(9) if and only if there exists a pair (6,7)) of predictable processes
such that

1 is locally bounded, (3.9) holds, 6 is the solution to (3.8),

and Z =& (0+ X+ (exp(0"z + z"z) — 1) * (B — 1)) .

By virtue of Lemma 3.21, we have that 6 is the solution to (3.8) if and only if 8 is
the solution to (3.5), or equivalently Z € Zj,.(S). Furthermore, direct calculations
show that Z € Z,.(9) if and only if Z/ZW) € Z,.(S, Z(*)). Thus, by combining
all these remarks, we conclude that Z € ZLE(S) if and only if there exists a pair
(0,4) of predictable processes satisfying

¥ is locally bounded, (3.9) holds and Z/Z™) € Z,.(S, Z™¥)).

Thus, assertion (a) follows as soon as we prove the equality in (3.11). To this end,
as 1 and S are locally bounded, we remark that (exp(z‘"xz) — 1) % (n — v) (or
equivalently Z(*)) is a well defined local martingale. Hence, using Yor’s formula
(i.e. E(Y1)E(Ya) = E(Y1 + Y+ [Y1,Y3]) for any pair of semimartingales Y7 and Y3),
we derive

7)) 7(0,4)

=zWg (0 CXC (0T 1)k (i — z7<w>))
= (e = D) x (=) + 0 X+ (7 = 1) (= T 4 (7T = 1)~ 1) %)
=& (0-X 4 (VT = 1) (=) + (7 = 1) (= T 4 (7T~ 1) — 1) 5 )
=£(0-X°+ (exp(0"z + 2'"z) — 1) % (T — ) = Z.
The last equality follows from the fact that
€ =) (=) = (" — D) (=) — (e " — 1) (e — 1) %D
This completes the proof of assertion (a). To prove assertion (b), we remark that

by virtue of Theorem 3.6, we have ZZ°8%(8) #£ 0 if and only ZLE(S) # 0, and

loc
this is equivalent to S admitting the first-order Esscher density under Z ") for any
predictable locally bounded v due to assertion (a). Finally, this latter property is
equivalent to ZlﬁiogL(S, ZWY £ §; for any predictable locally bounded v, see [13]
for details. This ends the proof of the theorem. O

3.3.2. Proof of Theorems 3.13 and 3.15. We start with the proof of Theorem 3.13.

Proof of Theorem 3.13. The proof of the theorem is given in two parts, where we
prove assertions (a) and (b), respectively.



THE SECOND-ORDER ESSCHER MARTINGALE DENSITIES 37

Part 1. This part proves assertion (a). To this end, we consider (6,%) € ©(X),
and we take

X:=0:-X+) (AX)")AX -~ K, Z:=exp(X), and
K:i=K-) (e -1+AK).
Then, by combining It&’s formula and the simple fact that
AX 1 -AX = (e®Y —1-AY) + (e72F — 1+ AK), with Y :=X+K,
which is a direct consequence of AXAK = 0, we derive
z ' z=X+ %(X% +)° (eﬂ— 1 —AX)

tr
0 CQ.A

=0-X+> (AX)"PAX - K +

+ (exp(@trx +apr) —1—0"x — :ctrwx) * [

tr
:%X—F+9w

cA+ (exp(0"z 4+ 2" px) —1—60"z) % pu.

Thus, by applying (3.31) to Y = X (Lemma 3.19-(c)) and inserting it in the above
equality, we get

z 'z

=6-X°+ 0t7‘x1{|9trwlge} * (;L - I/) + (t‘)trb(’ + /etrxf{|9trm|§€<|$|}F(dl‘)) <A

0t ch

+60.-US—K + c A+ (exp(0"z + 2" Yz) — 1 — 0" z) *

=0-X°+ 9":10]“9”3355} x(p—v)—K
+ (m;e +07v + /9”95]{|9n~x|<6<|z|}F(d:c)) <A
+ (exp(&”m + ) — 1 — Q”xf{wtrﬂgs}) * L.
Therefore, on the one hand, Z is a local martingale if and only if
(exp(0"z + 2" px) — 1 — he(072)) % 1 € Ao, (3.49)

and

N7 0" ct try.0 tr
K= 5 +6"b"+ | 6 II{\G”w\Se<HmH}F(dI) <A
+ (exp(0"x + 2" x) — 1 — he(0"x)) * v
Z=E(0:X+ (exp(0"x + 2" Ypx) — 1) * (u—v)) :== E(L).
Hence, K = K is continuous, and (3.21) follows immediately. On the other hand,
due to (2.8), we get
X +[X, L]
= Xdax(i—D)+bA+ch-A+ (exp(0"z + z'"px) — 1) (e(w) — 1) *x p

=X Hax(p—0)+ b +cb) A+ (exp(0”z + 2"px) — 1) (e(z) — Lg) * p.
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Thus, ZS is a local martingale if and only if X + [)~( ,N] is a local martingale, and
this is equivalent to

(exp(0”x + 2" pz) — 1) (e(x) — L) * 1 € Apoe, (3.50)

and (3.20) holds. Furthermore, by virtue of Lemma 3.20-(d), the conditions (3.49)
and (3.50) are equivalent to (3.19). This ends the proof of assertion (a).
Part 2. This part proves assertion (b). To this end, we consider (6,%) € ©(9).

Then, we associate with 1 the process Z(w) defined in (3.22), which is a well de-

fined and locally bounded local martingale. Thus, by stopping it, there is no loss

(%)

of generality in assuming that Z ~’ is a uniformly integrable martingale. Hence

QW .= ngb) - P is a well defined probability. Furthermore, the Q(¥)-compensators
of pr and 1, denoted by ) and 7(¥)| respectively, and the canonical decomposition
of X under Q) are

v W) (dt, dx) := exp(atTpx)v(dt, dz) =: Ft(w)(d:r)dAt,
F{¥(dx) = exp(a'"ya) Fy(da),

Wx o) =W, ®(x))x ¥, &(z):=e(x)—1; YW,
X=KWXH%*W4WU+@+/@WW—UM@—MHMO”4

Then, via direct calculations, it is easy to check that (6,1)) € ©(S) satisfies (3.19)
and

Z:=E(0-X+ (exp(0”x + 2" x) — 1) % (u—v)) € Zi0c(9),
if and only if

exp(0" @) [perpsay * 1 € Al (QY), for some a > 0,

Z
—7 = € (8- X+ (exp(0"x) = 1) x (1 = 1)) € Zi0e(5,Q).
VA
This proves assertion (b), and the proof of this theorem is complete. O

The proof of Theorem 3.15 relies on the following lemma that is true in general.

Lemma 3.23. Suppose that the assumptions of Theorem 3.15 hold. Let (§ ,2)
be given by (3.25) and consider a pair (8,g) such that 8 € L}, (X€), g(t,w,x) is
positive, P ® B(RY)-measurable and (g—1)2xpe Al

Then, the condition Z := E(B+ X+ (g — 1) (u—v)) € ZL18(S) is equivalent
to Z' = E(B- X+ (g—1)* (u— »,%?%Sm

The proof of this lemma is relegated to Appendix B, and we instead prove The-
orem 3.15 next.

Proof of Theorem 3.15. Due to assertion (a), it is clear that ZF#(S) # () holds if
and only if ZLE(S7 Z) # ( holds, and thanks to Theorem 3.6, this is equivalent to
zlloeL(§ 7) £ (. Thus, by virtue of Lemma 3.23, the latter claim is equivalent

loc

to Z21°67(S) % (. This proves assertion (b), while the rest of the proof focuses on

assertion (a). To this end, we consider an RCLL and positive process Z > 0, and
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remark that by stopping we can assume that Zisa uniformly integrable martingale
and hence Q) := Z, - P is a well-defined probability measure. Furthermore,

X = (b’—l—g)-A—i—:c*(u—y)—i-Xczg-A—&—x*(u—ﬁ)—i—Xc

~ , C

b:=0b+ 5t /x(f(a:) —1)F(dx), (3.51)
Fy(dz) == f(2)F,(dz), D(dt,dz) := Fy(dz)dA,, .

By virtue of Theorem 3.4 (which we apply to S under @ instead), we deduce that
7 € ZLE(S,Z) # 0 if and only if there exists a pair (,1) such that

(0.9) € O(S),  exp(@d)I{jgojse) * 1 € AL (Q),
Db+ / 2(exp(@f + 220) — 1) B(dz) = 0, (3.52)
Z =E(0+ X+ (exp(zf + 2*¢) — 1) x (u — D)) .
Note that, by virtue of the first equation in (3.51) and |fc|+ A < V82c- A+ e+ A,

-~

it is clear that (0,v) € O(S) iff (0,¢) € O(S). On the one hand, due to the
boundedness of S (hence that of Z),

the second condition in (3.52) is equivalent to €™ Ifjg,(scp * p € Ajf (3.53)

loc*

On the other hand, by using the notation in (3.51), we deduce that the third con-
dition in (3.52) is equivalent to

b+ el + /(ex — 1)(exp(z + %)) — 1)F(dz) = 0. (3.54)

Furthermore, using Yor’s formula and direct calculations, we conclude that the third
condition in (3.52) holds if and only if

Z:=27Z=E(0+X°+ (exp(ab + z%)) — 1) % (u—v)) . (3.55)

Thus, by combining (3.55), (3.54), (3.53), (3.52), and Theorem 3.13-(a), assertion
(a) follows immediately. This also proves (3.24), and the proof of the theorem is
complete. O

4. Esscher pricing bounds and linear constraints BSDEs. Throughout this
section, we suppose d = 1 and F is the filtration generated by a Brownian motion
W and a non-homogeneous Poisson process N with intensity process A. Here,
W and N are independent, and the compensated Poisson process N is given by
]Vt = Ny — fot Asds. Our market model consists of one risky asset S and one
non-risky asset S(9) := exp(B) having the following dynamics

B ::/ reds, >0, S:=Spe” = SOS()N()v
0

dX := bdt + cdW +vdN, X, = Xy =0,
N : o _ (4.1)
N:=N —/ Asds, dX :=bdt + ocdW +~7dN,

0

~ 2
b::b—i—%—i—)\(e”—l—v)andﬁ::ew—l.
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Throughout the rest of the paper, we assume that P ® dt-a.e., ¢ > 0, A > 0, and
for some C € (0, 00)

THA+oT AT b+ Yy < C (4.2)
Furthermore, we consider the following sets:

U :={¢: 9 is predictable and bounded}, V,:={yp e ¥: [¢|<n}, neN

Remark 4.1. For the rest of the paper, we will work with this simple model, defined
in (4.1), and under the assumptions (4.2). Our unique reason for these restrictions
on (S,TF) lies in avoiding technicalities that might overshadow the key ideas. It is
important to mention that all those restrictions on (S,F) can be extended to the
most general case, as the theory of BSDEs is well developed nowadays.

We start this section by analyzing the solution to the two martingale equations
(3.5) and (3.20) for our model above, and which can be written in a unified manner.

Lemma 4.2. For any ¢ € ¥ and ¢ € {v,7}, we denote by n(¢) the unique root for

b—r+no? +)ﬁ<exp(77(+1/1§2) — 1> =0, (4.3)
and consider the functional ® given by
O(z) = B(t,w, x) := o (w)?x + M (w)F (W) (W)e®, t€[0,T], weQ, zeR.

Then, the following assertions hold.

(a) The functional ® is continuous, strictly increasing, ®(c0) = 0o, ®(—00) = —00,
and )
n(w) = 707 (clr =B+ 29) + 0% - Co. (4.4)

As a result, for i € U, there exists Cy € (0,00) such that [n(y)| < Cy, P®@dt-a.e..
(b) n(x)y~1 is decreasing (P ® dt-a.e.) with respect to 1.
(c) For any ¢ € {v,7}, we have P ® dt-a.e.

) _n(=o0) _M+r—b_ nw) _

lim —* = —— 5 i —, and lim (4.5)
Yl—co 7y Y o Y YToo 7y
(d) For any ¢ € {v,7} and any ¥ € ¥ such that ¢ > 0, we have
_ 0) —
im 1 S g MO0 S b i (4.6)
n——oo My Y v Y

The proof of the lemma is relegated to Appendix C, and hereafter we address
the integrability and other properties of the Esscher densities.

Lemma 4.3. For any ¢ € ¥ and any ¢ € {v,7}, let n(v) be the unique root to
(4.3) and

D" =& (n(w)o - W + (exp(n(¥)¢ + ) =1)- V).
(a) If (4.2) holds, then for any ¢ € U we have D’ e M(P), and
Ry = 5? - P is a well defined probability measure.
In particular, for ¢ =0 € ¥, we get
D’ eM and Ry:= 52« - P is a well defined probability measure.
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(b) Suppose (4.2) holds. For ) € U, we have (W¥, N¥) € Mioe(Ry) X Mioe(Ry),
where

W= = [ nods and 8= N [ Ao () + Gl
0 0

(c) Suppose (4.2) holds. Then, for any (,9') € ¥ x ¥, we have

, D’ ,

DW= — = £ (M(w”/’ )) , where

v (4.7)

M) = () = () - W |
+ (exp((n(¥) = (@) + W = ¢')) = 1)« NY',
and for any p > 1 and n € N, there exists Cy, € (0,00) such that

) D(Tw,w’) P

()| + [n(@")| + Er,, o 7| <Cn, Peas, (4.8)

for any (¢, ¢') € U, X Uy,

The proof of this lemma is relegated to Appendix C, and instead we proceed by
defining the Esscher pricing bounds for suitably integrable claims. To this end, we
consider Q(¢) and Z((), for ¢ € {~,7}, given by

¥
D

Q(¢) == {Rw =DY-Ry: DV e Z(O} and Z(¢) := {Dw =—5: YE qf}
D

Definition 4.4. Let £ be the payoff of an arbitrary claim satisfying

Er [€1< s En, =  sw  En, [DYE| <o (e {17}
YEW: Ry,eQ(C) PYeW: DYeZ(C)
We denote by JY (infexp) 'y (up.exp) [ (regpectively Y inHlin) y (uplin) [y the exponen-
tial Esscher (respectively the linear Esscher) pricing stochastic interval for the claim
&, where

Y(inf,exp) = ess inf (Y¢)7 Y(up,exr)) — ess sup (Yﬂ’),
YEW: Ry€Q(n) YEW: Ry€Q(n)
ynbling . egsinf (YY), YOI .—  esgsup (YY),
peV: RyeQ() vew: RyeQ() (4.9)
) D;p“ 7fTrvds P ~
Y,” := ER, vt T Fe| . DV e Z(0), ¢(e{v7}
t

Our main goal of this section resides in describing as explicit as possible the
four processes Y (nfiexp) y (upexp) =y (infilin) = 5pq y(up.lin) and then singling out
their precise relationship as well. This can be achieved through BSDEs, which are a
“natural’ stochastic control tool for non-Markovian models with complex dynamics.
The rest of this section is divided into three subsections. The first subsection gives
some definitions and notation regarding BSDEs with constraints that we naturally
encounter in our analysis. The second subsection is devoted to our main results of
this section, while the last subsection proves these main results.
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4.1. Constrained BSDEs: Definitions and notation. Throughout this sub-
section, we consider a probability measure @ on (£, F), and we denote by W&
and N9 the @-Brownian motion and the compensated Poisson process under @,
respectively. For any p € (1,00), throughout the rest of the paper we consider the
spaces SP(Q), LP(W, @), LP(N,Q), and AP(Q) and their norms given below. For
any unexplained notation, we refer to Section 2.

SP(Q) := {X RCLL and F-adapted process : || X|[sr(q) < oo},

X|E,, oy =FE {sup X p],
118, ) = Eo sup, 134

(N, Q) = {w € LN, Q)+ Ipllisvay < o0},

2Ny

Il ) = e |(lp
L(W,Q) = {p e LV2.Q): llelwa) <o},

T p/2
161wy == Ba|{ | lerlat
2 Le(W,Q) * Q 0 Pt )

Q) = {V € Auel@): VIl <0} IV Iy = Ba [(Varr(V))?].
Below we introduce constrained BSDEs for models with jumps.

Definition 4.5. Let £ € LP(Q) and f and ® be F-optional functionals in the vari-
ables (t,w,y, z,u) and Lipschitz in (y, z,u) € R? such that ®(¢,w,y, z,u) > 0 PRdt
for almost every (w,t) and for any (y, z, u).

(a) We call (Y,Z,U,K) an LP(Q)-solution to the constrained BSDE(f,¢&, ®)
(CBSDE(f,&, @) hereafter for short) if the following properties hold: (Y, Z,U, K)
belongs to SP(Q) x LP(W, Q) x LP(N, Q) x AP(Q), K € V' and is predictable,

T T T N T
Y;=§+/ f(s,YS,ZS,US)ds—/ stWSQ—/ USdNSQ+/ K.ds, Q-as.,
t t t t

and ®(t,Y:, Z;,U) =0, Q ® dt-a.e..
(4.10)

(b) (}7, 2, (7,[?) is called the smallest LP(Q)-solution to the CBSDE(f,§, ®), i.e.
(4.10), if it is a solution to this CBSDE(f,£, ®), and Y <Y for any other solution
(Y, Z,U,K) to (4.10).

It is clear, from this definition, that a reflected BSDE is a particular case of a
constrained BSDE, where the constraint factor ® depends on the value process Y
only (i.e. ®(t,y,z,u) = ®(t,y)). In this case, the constraint naturally generates the
Skorokhod condition fOT d(s,Y,)dKs =0 Q-a.s..

To our knowledge, CBSDEs appeared for the first time in [16], for the Brow-
nian setting only. The obtained CBSDE, in these papers, was motivated by the
problem of super-replication when there are constraints on the portfolio. Hence,
the constraints in the original problem of super-replication naturally translate into
constraints on the solution of the resulting BSDE. The main challenge that was
noticed by the early days of the CBSDEs lies in the existence of a solution to
those CBSDEs. In fact, in [16], the authors gave a counter-example showing that
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the existence might fail in general. Thus, still in the Brownian setting and under
the assumption that the CBSDE under consideration indeed has a solution, Peng
proved in [37] that the smallest solution exists. Many extensions were attempted
afterwards, for these we refer the reader to [20, 32, 38, 42] and the references therein
to cite a few. However, in all these extensions, the assumption that the constrained
BSDE should admit a solution persists and was not overcome at all, and hence in
our setting these are not applicable.

4.2. Main results on Esscher pricing bounds. This subsection states our main
results on the bounds for the Esscher pricing intervals. In particular, we prove
that the upper and lower bounds of the Esscher pricing interval are solutions to
constrained BSDEs, with different constraints, but having the same driver which is
linear in the solution’s variables (y, z,u). Below we state our main theorem on the
upper bound for the Esscher price processes.

Theorem 4.6. Suppose that (4.2) holds, and T denotes the set of all stopping times
7 such that T <T P-a.s.. Let p € (1,00) and ¢ € L°(P), satisfying
Dy,
Eg, [(§7)°]+ sup Eg, |—;
METTE o P |

§+)p] < oo. (4.11)

For o € U, let (Y(upezp) 'y (uplin) Y9y be defined in (4.9), and Y™ be given by

Y™ = esssup(Y¥), forany neN.
we‘ll'"/
If Y(wp) ¢ [y (upeap) 'y (uplin)y " then the following assertions hold.
(a) There exists a triplet (Z(P) U®©P) K@)y sych that (Y () Zwp) [wr) [ (ur))
belongs to SP(Rg) x LP(W, Rg) x LP(N, Rg) x ATP(Ry) and is the smallest LP(Ry)-

solution to
ES —Ts — YsAs ~
dYs = —————Z, + M\ Us + 1Y | ds + Z,dWs + UgdNg — dK,
o
Yr=¢ P—a.s., (4.12)
T
YsZs —osUs >0, P ®ds-a.e., / (AsZs —osUg)dKs =0, P — a.s..
0

(b) There exists a unique pair (Z™,UM™) € LP(W, Ry) x LP(N, Ry) such that the
triplet (Y™, 2™ U™ belongs to SP(Ro) xLP(W, Ro) xILP(N, Ry) and is the unique
LP(Ry)-solution to the following BSDE:

T
Yi=¢ +/t (W%(%Zs —osUs)"
_’_775(0);775(71/)05(§st - USUS)_ - TSyYS) ds (413)

T T »
—/ ZSdWQ—/ U,dN?.
t t

Furthermore, there exists ¢, € V,, such that (Y(”), ALH U(”)) = (Y¥n, Z¥n U¥n).

(¢) For any n,m € N, y(tm) _y () s q nonnegative Rgy-supermartingale,

Yy <yt <y @) gnd Y™ converges pointwise to Y “P). (4.14)
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(d) The triplet (Y™, 2™ UMY converges to the triplet (Y () Zur) U (wP)) in, the
space SP(Rg) x LP(WP°, Rg) x LP(N°, Ro). Furthermore, the nondecreasing process
KM .= IN (775(0)7775(71))5;105(%2?)fUSUS(n))’ds converges to K“P) in the space
ATP(Rg). As a result, there exists a nonnegative and predictable process k@) such
that K(») = [; k") ds,

The proof of the theorem is relegated to Subsection 4.3. Theorem 4.6-(a) com-
pletely characterizes the upper bound Y (“?) as the smallest solution to a constrained
BSDE with Skorokhod condition. This latter condition makes our resulting con-
strained BSDE novel among the literature and is unique in its kind, as the constraint
of the BSDE does not involve the value process Y (“?) at all. Assertion (b) proves
that the “truncated” process Y (™) is the unique solution of a BSDE, and this gives
us the “natural” monotone sequence of BSDEs that converges to the constrained
BSDE (4.12). Further, in contrast to the existing literature, we prove that the pre-
dictable with finite variation part of the solution to the BSDEs in (4.13) (i.e. the
process K (™) converges in the AP-norm.

Remark 4.7. The discounted upper Esscher price process Y () .= =By (up) g 4
nonnegative Ryp-supermartingale, and satisfies
ft]

T % _ } - - - -
Y;(up) _ ERO |:§€75T +/ s ~775(0) O_S(,%Zgup) _ O'SUS(up))dS-i- Kq(}m) _ Kt(up)
t

s

. T % . . T _
Yt(up) _ fe_BT +/ Ns ~773(0) OS(’%ZéuP) _ asUﬁ““’))ds _/ Zéup)dWSO

+ 75 t
T
_ / TOPGR® 4 R4 — o),
t

where Z(UP) = e_BZ(uP)’ ﬁ(uP) = e_BT U(Up)’ and ]?(UP) = e_B . K(UP)

Below, we address the lower Esscher bound process, and we prove that it is also
fully characterized by a constrained BSDE. Both CBSDEs (i.e. CBSDEs for upper
bound and lower bound) have the same driver, but different constraints and different
martingale structures naturally.

Theorem 4.8. Suppose (4.2) holds, and let p € (1,00) and & € L°(P) satisfying

DY
Eg, [(€T)P] + sup Eg, —;‘Z (f)p] < 0.
TET WHEY DT

(n)

For«p € U, let (Y(infiewp) 'y infilin) y¥) be defined in (4.9), and Y
(n)

be given by

Y = ess inf(Y'?), eN.
egz&ln( ), forany n

Ifynh) ¢ [y Gnflin) 'y (infexp)} " then the following assertions hold.
(a) There exists (Z0) Unf) K@Y such that (Y0, @) glnf) K@) pe-
longs to SP(Rg) x LP(W, Rg) x LP(N, Ry) x ATP(Rg) and is the smallest solution
to the constrained BSDE
gs — s — YsAs ~
AY, = [ 22 T 0% g AUy +1.Y, | ds + ZodW, + U,dN, + dK,,
o
Yr=¢ P-—a.s.,

T
VsZs —oUs <0, P®ds-a.e., / (AsZs — osUs)dKs =0, P —a.s..
0
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(b) There exists a unique pair (Z(n),U(n)) such that (Y(H),Z(n),ﬁ(m) belongs to
SP(Ry) x LP(W, Ry) x LP(N, Ry), and this triplet is the unique solution to the fol-
lowing BSDE:

T J—
Yi=¢- /t (773(0)’75778(77“)0_5(§SZ8 - O-SUS)+

Us(—”) e (O)

+ = 0s(YsZs —osUs)™ — TSYS> ds
T T _
—/ ZdW? — / UydN?.
t t
(c) For any n,m € N, ?(n) — ?(n+m) is a nonnegative Ry-submartingale,
y™ > yirt >y and y™ converges pointwise to Y "F), (4.15)

(d) The triplet (V(n),f(n),ﬁ(n)) converges to the triplet (Y (/) z@nl) Gnf)y jn
the space SP(Ro) x LP(W°, Ry) x LP(N°, Ry). Furthermore, the nondecreasing pro-
cess K = Jo (15(0) —ns(n)) ﬁ;losﬁsfin) - JSUin))ers converges to K(/) in
ATP(Rg)-norm. As a result, there exists a predictable process k™) such that
KD = [ kD ds € AYP(Ry).

Proof. Let ¢ be a claim and 1 € ¥, and we denote by Y¥(¢) and Y¥(—£) the process
defined in (4.9) associated with the claims ¢ and —¢, respectively. On the one hand,
we denote the unique solution to (4.17) for £ (respectively —¢), see Lemma 4.10 be-
low, by (Y¥(€), Z¥(€), UY(€)) (respectively (Y(—€), Z%(~£), U*(~)), and de-
duce that

(Y¥(=), 2(=9), U (=€) = =(Y*(£), 2(£), U (€))-
On the other hand, due to the simple fact that ess iInf(Xl-) = —ess sup(—X;) for any
= iel
family of random variables (X;);cr, we deduce that

Y nd)(€) = ess inf(Y¥(€)) = —ess sup(Y¥(—€)) = VP (—¢).
phevw YET

Therefore, by applying Theorem 4.6 to the claim —¢ instead and using these remarks
afterwards, all assertions of the theorem follow immediately, and the proof of the
theorem is complete. O

We end this subsection with the following remark.
Remark 4.9. (a) For any claim with payoff ¢ and any p € (1, 00), the condition

that we require for both Esscher pricing bounds is

ERO [|£|p] < Sup ERO
TET WET

DY
Dfﬂgv} < 0. (4.16)

It is clear that any bounded claim ¢ satisfies this assumption. ‘
(b) For any ¢ € {7,7} and any ¢ fulfilling (4.16), the processes Y (“?) and Y (/)
are Ryp-supermartingale and Ry-submartingale respectively such that

ynh) « yW) <y vy Y eU.
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Furthermore, there exist (§*?, 8"/ € L(S)x L(S) and a unique pair (L(#?), — L))
of strict Rg-supermartingales such that the following hold:

y(up) _ yo(“P) 1. s — gwp) _ plup)
{Q equivalent probability measure : L("P) € Mioe(Q) or L) ¢ MlOC(Q)} =0.

4.3. Proof of Theorem 4.6. This subsection proves Theorem 4.6. To this end,
we start with intermediate results that we summarize in three lemmas, which are
interesting in and of themselves besides conveying the main ideas of our results.
The first lemma characterizes the process Y%, defined in (4.9), in a unique manner
by a BSDE, and elaborates some of its properties that will be useful throughout
the rest of the paper.

Lemma 4.10. Suppose that (/.2) holds, and let p € (1,00) and & € L°(P) satisfying
(4.11). For any v € ¥, n(xp) denotes the unique root to (4.3), and Y'Y is defined in
(4.9). Then, the following hold.

(a) For any + € U, there exists a unique pair (Z¥,U%) € LP(W, Ry) x LP(N, Ry)
such that the triplet (YV,Z%,U?) belongs to SP(Ry) x LP(W, Rg) x LP(N, Ry) and
is the unique solution to

T T T B
Vi [ o VazoUds— [ zadw.- [ v.R.,
- - L R (4.17)
:§+/ hqp(s,Y;,ZS,Us)dsf/ ZSdWsof/ U,dN?.
t t t
Here, the functionals f, and hy are given for any t € [0,T] and (y, z,u) € R3 by

f’tﬁ(t7yvz?u) = nt(ip)gt (5752 - Utu) — Ty — (bt: ’rt)ua
e Tt
hw(t7y727u) = %(T]t(d}) - 778(0)) (%Z — Utu) — . (418)

Furthermore, for any n > 1, there exists C,, € (0,00) such that for any 1 € U,,,

T
1Y ¥ llsn(roy + 127 Lo w.re) + 1U¥ e (v, ro) + | /O hy (s, Y, 28, UL ds | Lo(re)

< Culléllzr(re)-
(4.19)

(b) Let B be defined in (4.1), 1 € ¥, and (Y¥,Z¥,U%) be the solution to (4}.17).
If we denote
Gy = Mo(ﬁﬂ’ —oU"), (4.20)

then we have

€_Bt§/tw = ERO

T
e_BTf—i—/ e_BSgw(s)ds‘ft] , t>0. (4.21)
t
(¢) Let v; € ¥, i = 1,2, and T be a predictable set. If s := ¥1Ir + alpe
(T :=Q x[0,00)\T'), then
d(e BY¥s) = Ind(e " BY Y1) 4 Iped(e PY¥2),

4.22
Z¥s — Zﬂfl]r + qurcy and UY3 = le]l“ + U%Ipc, ( )
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(d) For any ¢; € U, i = 1,2, there exists 15 € U such that
|7/J3| < maX(W)l'? |1/)2D ) sz > max (lean2) y Gy = IMax (gwlvgil)z) . (423)

As aresult {YV: e U}, {gyp: v €U}, {YV: ¢ €W,}, and {gy : ¢ € ¥,,} are
all upward directed.

The proof of the lemma is relegated to Appendix C. Below, we address the process
gy (see (4.20)), which is associated with the BSDE (4.17), and we show that it can
be controlled uniformly when v spans ¥,,.

Lemma 4.11. Suppose (4.2) and (4.11) hold. For any (n,v¢) € Nx ¥, we consider
gy defined in (4.20) and (Gn, gn,g) given by

Gn(t) = ess sup(gy (1) > 0, §(t) 1= sup G (t) = ess sup(gy (1)), t >0,
YeV, n>0 Pew

—n) — 0 — (n n 0) — n — (n )
() = Mgt(wzg I ))++M0t(w§ ) U™,

% Tt
(4.24)

where (Y™, 2™ UM constitutes the solution to (4.13). Then, the following as-
sertions hold.

(a) Let € U, and consider 1, := —nlp, +nlpe, where Ty, := {72 —oU™ > 0}
and T¢ := {72 — U™ < 0} for n € N. Then, we have

e Py = Ep,

T
ge Br +/ e_Bsgw(s)ds|]-'t] ,
t

e—Bt Y’t(") — ERO

T
ge Bt —|—/ e_BSgn(s)ds|.7-'t] :e_BtY;w".
t

(b) For any n € N, we have

T
En, / ﬁn(t)dt]
0
T T B
< Eg, / ess sup|g¢,(t)|dt] = sup Fg, / lgy (t)|dt| =: Cp, < 0.
0 Yev, Ypev, 0

(¢) Forn € N, g, = gn, P ® dt-a.e., and hence (g,)n increases to g, P ® dt-a.e..

This lemma is proved in Appendix C, and the following lemma is our last main
technical step for the proof of Theorem 4.6, and it elaborates some inequalities for
the process g.

Lemma 4.12. Suppose that r = 0, and consider g defined in (4.24). Then, the
following hold.
(a) For any stopping time T, we have

Er

/T " Gwydu| 7,

where A :=esssup sup Egy[Dy(Dy) 1| F).
Ypew 0<t<T

SERO I:A—i_g_‘]:‘r]v

0
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(b) For p € (1,00), there exists a universal constant C,, € (0,00) (i.e. it depends
on p only), such that

( [ gw)du)p

The proof of this lemma is relegated to Appendix C, and instead we now prove
Theorem 4.6.

ER < CpER, [(€7)’] +C, sup Ekg,

TET WeW

0

D’Lﬁ
D;(ﬁJr)p] :

Proof of Theorem 4.6. Remark that there is no loss of generality in assuming that
r = 0, which will be enforced throughout this proof. The proof of the theorem is
divided into three parts. The first part proves assertions (b) and (c). The second
part proves assertion (d) and the last two conditions in (4.12), while the third part
addresses assertion (a).

Part 1. We now prove assertion (b). To this end, for s € [0,T], (y, z,u) € R3 and
n € N, we set

ns(=n) — n5(0)
Vs

s (O) e (’I’L)

US(§SZ - USU)+ + 5 Us(%sz - Usu)_'
S

K/n(say7 z,u) =

It is clear that x,, is the driver of BSDE (4.13). By virtue of (4.2) and Lemma 4.3,
there exists a constant C,, € (0,00) such that
[5n(t, Y1, 21,u1) — Kn(t, Y2, 22, uz)|
< On‘(iszl - O'sul)Jr - (?5'22 - Usu2)+| + On‘(iszl - o'sul)i - (?sZQ - Usu2)7|
<207 (|21 — 22| + |ur — ua| + [y1 — y2]) -
This proves that the driver s, is Lipschitz. Hence, we deduce that there exists a
unique solution to BSDE (4.13), denoted by (Y™, Z(®) (™)) and belonging to the

space SP(Rg) x LP(W, Ry) x LP(N, Ry). Thus, assertion (b) will follow immediately
as soon as we prove that

Y™ =y and there exists ¥, € ¥, such that Y™ = y¥n, (4.25)
To this end, we denote Q := € x [0,00), and set

. ns(n% ns(0) I+ ns(n): 1s(0) Iows, T = {ﬁm) —oU™ > 0}.

Vs

Thus, by virtue of equation (4.4), direct calculations show that

— (0
- ’M = 1(tn), where v, := —nlps +nlg 1y, o € U, (4.26)

and hence we obtain i, (s, YA, Z™ UM™Y = by, (s, Y™, Z UM with by, de-
fined in (4.18). This implies that (Y (™, Z() () is a solution to the BSDE (4.17)
when ¢ = 1,. Therefore, the uniqueness of the solution of this latter BSDE is
guaranteed by Lemma 4.10, this yields Yy = Y%~ and the second equality in
(4.25) is proved. As a result of the latter equality, we get Y = yvn < Y™ and

the rest of this part will be focused on proving the reverse inequality. To this end,
we emphasize the following two remarks:
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1) Due to Lemma 4.2, for ¢t € [0,T], (y, z,u) € R, and ¢ € ¥,,, we have

(b, 2,0) = ZH((0) = 0(0)) Gz = o) = 2 () = 0s(0)) Gz = o)
< %(m(—n) - 773(0)) (Y22 — Utu)+ - %(m(n) - Us(o)) (Yrz — opu) ™
= kn(t,y, 2, u).

2) Due to Lemma 4.3, for any ¢ € ¥,,, we have

DY e M(Ry), W =wo— /0 0'8<778(w) - US(O))dS
2

e _vo [ 9% _
and N = 80+ [ 2. 00) = na(0)as.

Thanks to these two remarks, on the other hand, we derive

Y;(n) _ th

T T
:/ (nn(s, ZM UMY — hy(t, Z;/’,U;P)) ds —/ (Z™ — Z29)dw?
t t

T
- [ @ - v
t
T I T (4.27)
t t
T ~ ~
- [ @ - v
t
T T _ _
—— [ @ - zpawy - [ @ - vy)any.
t t

On the other hand, it is clear that Y¥ =Yy + Z% - W¥ 4 U% « N¥ € MP(R,) for
any ¢ € U, and

AR / ZMmawy — / UMdANY
t

t
T
_/ ns(¢) :US(wn)U(aszgn) _ USUS(n))dS7
t

Vs
Wa(ﬁszg”) —o,UM) >0, P®dt—ae.,

and the latter proves that ¥ is a local Ry-submartingale. Hence, by combining
this with [41, Lemma 1.9] and using (4.8) afterwards, we deduce the existence of
constants C,, and CJ, such that

1Z e W + U™« NY || pgor () < Cull sup [V 2o (ry,
0<t<T
< Crll swp [V |llzo(r,,) < oo,
0<t<T
for any py € (1,p). This proves that both Z(™.W* and U(™.N¥ belong to M (R,,)

for any p; € (1,p), and hence (Z(™ —Z%)sW* — (U™ —U*)-N* belongs to MP* (Ry).
By combining this fact with (4.27) where we take the conditional expectation under
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Ry, we get y ™ > Y? for any ¢ € ¥,,, and hence this yields Y < Y (™). This
ends the proof of (4.25), and the proof of assertion (b) is complete.

To prove assertion (c), we use the definition of the essential supremum, remark
that (Y(™),, is a nondecreasing sequence, and

Yy <yt < y@e) - and  sup(Y ™) <y, (4.28)

Furthermore, thanks to Lemma 4.10-(d), there exists a sequence (¢x)r C ¥ such
that

Y(©P) = ess supY¥ = lim Y¥*.
YED k—s o0

Thus, as ¢y, is bounded, there exists n, € N such that ¢, € ¥,,,, and we deduce

Y(up) — lim Y% < sup Y(nk) < sup Y(”)_

k—> 00 k

A combination of this with (4.28) yields the convergence almost surely of Y () to
Y () This proves (4.14). To prove the remaining claim of assertion (c), for any
n > 0, we consider the unique solution to (4.13), denoted by (Y, Z() (™) and
thanks to Lemma 4.11-(a), for any n,m € N we derive

}/t(”+m) _ Y't(")

:ER()

/t (Gntom (1) — (1)) du|ft] 420)

:ER()

T t
/ (gn+m (U) — Jgn (u)) du|ft‘| - / (gner(u) - gn(u)) du.
0 0

Thus, by virtue of Lemma 4.11-(c), we conclude that Y (**™) — Y (") is in fact a
nonnegative supermartingale under Ry. This ends the proof of assertion (c).

Part 2. In this part, we prove assertion (d) and the last two conditions in (4.12)
(see assertion (a) of the theorem). To this end, we start by proving the following
properties:

() (Y™, z™ UMy converges in  SP(Rg) x LP(W, Ry) x LP(N, Ry),
(i) the limit of Y(") coincides with the process Y (“»),

(#4i) there exists a subsequence of (Y (™, Z(W) /() that converges P @ dt-a.e..
(4.30)

On the one hand, by combining Lemma 4.12-(b), Lemma 4.11-(c), and the domi-
nated convergence theorem, we deduce that under assumption (4.11), we have

sup Fy [(/OT(gn+m(u) - gn(u))du)p] —0 and Eo K/OT('g“(u) - gn(u))du)p} —0.

On the other hand, thanks to (4.29), we get

0 S }/t(n""m) _ }/t(”) — EO

T
/t (Gntm(u) — gn(u)) du|Ft]

< Ey

T
/0 (Gogon (1) — (1) du|ft] .
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Then, by combining this latter inequality with Doob’s inequality, we deduce the
existence of a universal constant C, € (0, 00) such that

T p
Sglp ||Y(n+m) — Y(n)HgP(RO) < Cp Sglp Ey l(/(] (gn+m(u) - gn(u))du> ] — 0.

This implies that (Y (), is a Cauchy sequence in SP(Rp)-norm, and hence it con-
verges in this norm to its limit ¥ € SP(Ry). By combining this with assertion (c)
proved in Part 1, which states that Y (") converges almost surely pointwise to Y (“?)
and the uniqueness of the limit, we obtain the convergence of Y™ almost surely
pointwise and in the SP(Ry)-norm to Y (“P). This proves (ii) in (4.30).

Now we address the convergence of (Z(™ U™ in LP(W, Ry) x LP(N, Ry). Thus,
by combining assertion (c) which guarantees that the process Y (™ — Y (+™) ig an
Ro-submartingale, and [41, Lemma 1.9] applied to Y — Y+ we obtain a
universal constant C), such that

|20+ = ZOE, o U GOIR, < Y YO,

P
L? (W, R
As a result, we conclude the existence of (Z(P) U(P)) ¢ LP(W, Ry) x LP(N, Ry)
such that the triplet (Y™, Z(") U)) converges to (Y(“?), Z(u») [7(uP)) in the space
SP(Ro) x LP(W, Ry) x LP(N, Ry), and property (i) in (4.30) is proved. Furthermore,
if (T},)y is a sequence of stopping times that increases to infinity and N7+ < k, then
for any k£ > 1 we have

dt
Ro ® = ()\en(O)CW(up) _ U(")\I[[O,Tk]] > 6)

< (Te) 'Ep,

Tk
/ Aoe O |7 (up) _ Usgn)dsl
0

Tk
— (Te) " Eg, / U — g an,
0

< (T U™ —UMNP, n oy IV N1l (o) -

This proves that U™ converges to UP) in probability under Ry ® (dt/T). Then,
there exists a subsequence of (Y, Z(") /(")) that converges to (Y (“P), Z(up) (ur))
in both the space norm and Ry ® dt-a.e.. This proves property (iii) in (4.30), and
the proof of (4.30) is complete.

Therefore, the rest of this part proves that (Y(“p)7 Zwp) U (“p)) satisfies the con-
straints and the Skorokhod condition, i.e. the last two conditions in (4.12), and
proves the last statement of assertion (d).

Thus, consider the subsequence (Z(™ U™) that converges to (Z(r) U®P)),
Ry ® dt-a.e., which can be obtained due to (4.30). Thus, by combining this with
the fact that ns(—n) — n5(0)/7s converges to (n — ns(0))/7s, Ro ® dt-a.e. due to
Lemma 4.2 -(c), we deduce that (1,(—n) —1,(0))75 Loy (s 28" — o US™)* converges
to (77 — 1s(0)75 o (7 28" — o, UMY+ | Ry @ dt-a.e.. Hence, as g, increases to §
in both AP(Rp)-norm and Ry ® dt-a.e. (see Lemmas 4.11 and 4.12), and

Ns(—n 77750 ~ n n 7750*77571 ~ n n)\—
gu(s) = BN O 2 g0 g gy O ) s e )

Vs Vs

=95 (s) =9 (s)
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(2) T T
/0 n(t)dt] < %ERU /o gn(u)du] < %ERU /0 ﬁ(u)du] — 0.

By combining this latter fact with Fatou’s lemma and the convergence a.e. of
(1:(0) = ns(n)ow(7: 22" — 0. U™) =/, t0 Guou(Fu 24" — 0uUs"™) " /7., which
is due to (4.6) in Lemma 4.2-(d) and o /5 > 0, we deduce that

we obtain

KR

0

3,2 — g UMP) >0 P®dt—ae..

This proves that the constraint equation in (4.12) is fulfilled. As both processes
Jo gn(t)dt and fo t)dt converge in p-variation-norm (i.e. AP(Rp)-norm), we

deduce that K, (t) := fo s)ds converges in p-variation-norm. Hence, there
exists a nonnegatlve and adapted process kP such that

KM .= / 9'?(s)ds converges in AP(Rg)-norm to / kiPds =: K“P.
0 0
Therefore, on the one hand, this proves the last statement of assertion (d), and
hence the proof of assertion (d) is complete. On the other hand, as I'5;0) 0 >}
converges Ry ® dt-almost everywhere to [ (F2(up) —gUwp) >} for any € > 0, we deduce
that for any € > 0, we have

0= En, |(Iizz-ovzg - K®), | = Bry | (Igzen ovenzq - K*), |

This implies, when taking € to zero, that

T
/0 I{%Zé“”7GSU§w>>O}dK§“’=O P-.a.s.,
T
or equivalently / (%Z.gup) - UsUs(uP))dK;‘p =0 P-as.
0

This proves the Skorokhod condition (i.e. the last conditions in (4.12)), and Part 2
is complete.

Part 3. This part proves assertion (a). Thanks to Part 2, we consider a subsequence
(Y () z() (™) that converges to (Y (“P), Z(uP) {7(uP)) in both the space norm and
Ry ® dt-a.c., and (Z(™ « W0 U™ « N9) converges P-a.s. to (Z(») . W0, U@P) . NO)
for any t € [0,T]. Thus, by taking the limit Ry ® dt-a.e. in the BSDE (4.13), or
equivalently in

T

n s\ — s 0 ~ n n

( ) f+/ n ( n% U ( )Us('YsZs(n) —JSUS(H))+dS+K§~ ) _th )
t s

T T _
- / ZMaw?o — / UM™MdN?,
t t

we deduce that the quadruplet (Y (“?)| Z (up) (up) K uP) . which belongs to the space
SP(Ro)xILP(W, Rg) xLP(N, Ro) x A™P(Ry), fulfills (4.12) fully. To prove that this so-
lution is the smallest LP(Ry)-solution, we consider any LP(Rg)-solution (Y, Z, U, K)
of the constrained BSDE (4.12). Note that (Y, Z, U, K) satisfies

dY = Z((0) — n*)(FZ — oU)dt — dK + ZdW® + UdN®, Yy = €.
Y
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A combination of this with arguments similar to those used in (4.27) yields
Ay —Y")
= 2(0(0) = ") (77 = oU)dt + Z(n() = 0(0)) (72* = oU*)d
+(Z - 2%)dW° + (U — U¥)dN® — dK
= 2((0) = 7)(GZ = oU)dt = dK +(Z = 2°) (AW = o(n(w) = n(0))at)

U =0 (480 - Z (o) - n(0)a)

- %(Wm —0)(FZ — oU)dt + (Z — Z¥)dWY + (U —U¥)dNY,
for any ¢ € ¥. By virtue of 77 — oU > 0 and 5~ !(n(x)) — n*) < 0, which is due
to assertions (b) and (c) of Lemma 4.2, we deduce that ¥ — Y¥ is a local Ry-
supermartingale. Then again, by following the same arguments after (4.27) of Part
1, which lead to claim that [|Y — Y¥||g»(g,) < 00, we conclude that ¥ — Y is in
fact an Ry-supermartingale p-integrable with null terminal value. This implies that

Y, - YY > Ep, [YT —yy ‘]—}} —0.

Therefore, Y > Y¥ for any 1) € ¥, and hence we get Y > ess supweq,(Yd’) =y p),
This proves that Y (“P) is the smallest LP(Rp)-solution to the constrained BSDE
(4.12). Hence, assertion (a) follows immediately and the proof of the theorem is
complete. O

Appendices.

Appendix A. Local martingale deflators via predictable characteristics.

Theorem A.l. Suppose that S is locally bounded. Then, the following assertions
hold.

(a) Z15c(S) # 0 iof and only if there exists a pair (8, f) such that B is a d-dimensional
predictable process, f is a real-valued positive P @ B(R)-measurable functional (i.e.

f>0),

BB A+ /(f(x) —1)2 %€ AL, and fl;’+cﬂ+/(xf(z)f:c)ﬁ(d:c):0.
(A1)

(b) ZiclogL(S) # () if and only if there exists a pair (B, f) such that (A.1) holds and
(f(@)In(f(2)) = f(z) + 1) * i € A,
Appendix B. Proofs for Lemmas 3.19, 3.20, 3.21, and 3.23.

Proof of Lemma 3.19: Let 6 € L(Y), and consider the notation given in the lemma.
The proof of the lemma will be achieved in three parts.

1) Here we prove assertion (a). To this end, on the one hand, we remark that
0 € L(Y) yields I{jgirg|>e} *xpY = Y o<s<. I{jorray.>e) € A;;C. Hence, we deduce
that

W =F" ({z: |0"z]>¢€}) <oo P®dAv-ae, and b eL(AY). (B.1)
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On the other hand, we have
/ HCL‘HI{WM@‘>€2Hm”}FY(dw) < GFY ({.T : |0tr$| > 6}) .

By combining this inequality with (B.1) and b¥ € L(AY), we deduce that (3.28)
follows immediately. To prove (3.29), we appeal to the canonical decomposition of
Y (i.e. (2.1)) and use (3.27) and derive

Z°(Y)=Y - U%Y)
=Y+ Y 4+bYAY £ h(x)x (1Y — )
+ (2 = he(@)) % 1" = 2I{jgeralse or o] >} * 1"
=Yy + Y+ bY A fh(x)x (u —vY) — Tl || <e<|btra|} *x Y.

Remark that zIg)z|<c<|0tr2]} * 1Y € Ajoe, and by compensating it and inserting the
compensator process in the above equality, we derive

Z°(0Y) =Yoo+ Y+ b - AY + he(z) % (W — ) — 2l <e<torrany * (05 —17)
— al{ja| <e<iorraly * V"
=Yo+ Y+ 0" - ATt alfje<c & orroj<ay * (W —v7)
— al{jz <e<lorral} ¥ V" -

This proves (3.29), and ends the proof of assertion (a).

2) Here we prove assertion (b). To this end, we remark that § € L(U%')n L(U%?2).
This obviously implies that § € L(U?(Y')), and hence we deduce that § € L(Z(Y)).
Therefore, § € L(Y°) N L(M%) n L(P(Y) - AY) is a direct consequence of [41,
Corollaire 2.6] and the fact that both local martingales Y¢ and M? are orthogonal.
Furthermore, by virtue of (3.29), we get

0 ZG(Y) =0-Y°+ etr.rl{‘u”ge & |0trz|<e} * (/,LY — Z/Y) + Htrbe(Y) CAY.

This proves (3.30), and ends the proof of assertion (b).
3) This part proves assertion (c). To this end, we use (3.30), and derive

0-Y =0-2°(Y)+6-U%Y)
=60-Y°+ HtTII{kuge & |0tra|<e} * (ILLY - I/Y) + H““be(Y) < AY
+0-USNY)+0-U(Y).

As 6. Ug’l(Y) = ZO”’AYI{‘WAY‘SKHAYH} = 0tr$[{|9”w\§e<\|aj\|} *ILLY S -Aloc, and
by compensating this process in the above equality, we obtain

0-Y =0-Y°+0"xIu)<c & jorraj<ey * (0 —v7) + 0700 (V) - A
+ 0" 2 Ljgeral<eciiay * (B — V)
+ 0" 2L (jgerg)<ec)a)y * VY +0-UP(Y)
=0V + h (0" z) % (¥ —vY)
+ 00 (Y) . AY + 0" 2T |per | <e< |||} * vy +0.U%(Y).

Thus, this equality yields the decomposition (3.31), and the proof of the lemma is
complete. O
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Proof of Lemma 3.20. 1) This part proves assertion (a). To this end, we derive

e@”erwtrll):v _1- hé(etrx)
= (e""”ww“’ —1- 9“"36) Ijjotra|<ey + (66"HI”M - 1) Igjgrral>ey

_ Gt'l' + tr t 91’7' tr
= ("= 1= 070) Igerar<e s et + €T g <ecpany

tr tr
[ZA wxl{lew

tr
= (L 4+ 0" 2) {jorrai<e<aly — L{j0rral>ey T € al>e}-

Remark that the three processes Ifjgiry|>e} * i, |1+ 9“"35|I{‘9M‘§6<HI”} * 1, and

\eetri”xtrwz -1- 9”x|f{|9wr|56 & ||z||<e} * 1 belong to Afoc. Therefore, we deduce

that

exp(0'"z + 2t"px) — 1 — h (G”m)’ * i € Af if and only if

T (Lygurals ey + I(jorrai<esony) * A € Al (B2)

Similarly, we consider the following decomposition
tr tr tr tr tr tr
e o) = (T 1) gz 0 g

gtr tr
=z (6 e 1) Tzl <e & 100rai<e) = TL{al<e<orral)

9t'rx+xtrwx 9t'r‘x+xtrwx
+ ze Iz <e<iotraly + xe Ijz)>e}-

Thanks to the boundedness of 1, we deduce that both ||z||If,)<e<|otra|} * & and
||J,‘ (eetrz—’mwdm — 1) HI{HQJHSG & Igtrw‘gﬁ}*ﬁ belong to .A?;c. Hence, we conclude that
|z exp(0'"x + 2" px) — he(2)|| * 1 € AL, if and only if

retatThx ~

lzlle” = (T >y + Tgpali<estorraty) * B € Al (B.3)
As a result, (3.32) holds if and only if (B.2) and (B.3) hold, or equivalently (3.4) is
fulfilled. This ends the proof of assertion (a).
2) Here we prove assertion (b). To this end, throughout this part we suppose that
(3.4) holds. On the one hand, we combine this latter assumption with the fact that
(I{HEH>E} + I{|9w~x‘>€}) * [ € .Alt)c and derive

7T | T s> oF |0tra|>e} * F

0wtz

YT — 1L jgtra|>e) * i

IN

tr tr .
e YT | T g * T e

IN

HLL‘” ot et ~ TetatTi m
?69 TPz 4 Ije|>a) * i+ [69 Tty 1] Ljjptra|>ey x o € Altc'
(B.4)

On the other hand, as (0" %) Ifjgtry<e} * o1 < Ligtrazi<a [-X,0-X] € A due
to 6 € L(X), we deduce that
(69”'33-&-1:”1#;8 _ 1)

) ~
Lgorraj<e & all<e} * 1 (B.5)

< Ce ((02)* + |2 ya]) Ijgirai<e & flzl<e * i € Af,.
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Thus, \/(e?7#t2%x —1)2 % € A} follows immediately from combining (B.5),
(B.4), and the fact that

\/(eeterrxthI C1)2xf < \/ (74 e0E — 1) Lmax((orral ol <e} * A
tr tr m
+ e T 1L ase or (0t >e) * H-

This proves assertion (b).
3) Here we prove assertion (c¢). Thus, we suppose that (3.4) and (3.5) hold and

le” " 1| xfi € A (B.6)

loc*

Then, we remark that it is easy to prove the following implication:
If (3.4) holds, then |exp(0""z + 2" px) — 1 — 0" he(x)| * i € AL .. (B.7)
In fact, this follows immediately from combining

9T 1 g (1)
tr tr tr tr
= |2 1 — 07| Iy <y + 17T 1 T g
tr tr tr tr
< 2l TV < + (€T 4 D a5 e

< [P TV L goras ey + Cele | Tey<a + (€5 £ DI asa,

which holds for some « € [0, 1] and some C, > 0 due to Taylor’s expansion with the
fact (e ™+ 4 DIjjay>e) * i+ 27 Yl Ljy<e) < 7L € Afl, and (3.4).

Thus, by virtue of (B.7), it is clear that |9 zef =2 Ve _ 0 ataTvr 4 1), 7
belongs to Af_ if and only if [0 ze " *+# " ¥r _ girh (1) x i € Af,, and hence

assertion (c) follows immediately as soon as we prove the latter property. To this
end, on the one hand, we remark that we always have

etrl,thrw-&-xtrwm _ atrhe (QIJ)

= e (0 a)e T = T 1) 4 (T () ) (1 - e ),

Thus, a combination of this latter equality with (B.6) and (B.7) allows us to conclude
that

/ (9”9560”“’”””#’”” — G”he(x)> ﬁ(daj)

—0"b+0"ch e L(A) iff [ VT 1 0 h (2)| i € AL,
where the equality above is due to (3.5). On the other hand, by combining 6 € L(.5),
(3.4), and (B.7), we deduce the following properties:
a) 0 ch € L(A) (due to 7 ch+ A < I (g pg<y*[0- X, 0-X] € AL ), or equivalently
0 e LY(X°),
b) 0 € L}, .(he(z)x (7t — 7)) N L((z — he(x)) x f1). This follows directly from the fact
that |h (0"z) — 0" h ()| x i € A}, , which is a direct consequence of assertion (a)
and (B.7). This ends the proof of assertion (c).
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4) Here we prove assertion (d). First, we remark that

(eei’“m+z”ww _ 1) (e(x) — 1)
_ (ea”wﬂ’"ﬂw — 1) (e(z) — La)I{jprra|>a}
N (eewﬁx“‘wr _ 1) (e(z) — La)I{jgtrz|<al
=T () — 1a) Ijgrrapsay — (€(x) — La)I{jgtral>a)
n (ee”wﬂ”w - 1) (e(x) = La)I{jperz|<ar-

As S and ¢ are locally bounded, it is clear that

le(@) = Tall Igorrarsay * -+ 1| (77752707 — 1) (e(w) = La) | F{grrai<ay * 1t € Af,.

+

loc

Furthermore, e =+ V% |g(z) — Lall Igjotrz|>ay * 1 € A}, if and only if

loc*

e’ " lle(@) — Lall I{orra|>a} * 1 € A (B.8)
Second, we derive

e&”w—i—w”d)m —1—h, (9”1’)
tr tr tr tr
— (69 e R 0157"9:) [{\6”1|§e} + (60 ztz YT 1) I{I@"z|>6}

tr tr tr tr
= (69 TR 1~ etrx) Iijgrrej<ey = Ifjorral>ey + e ot wm[{wtrzbe}'

On the one hand, it is clear that both (ee%+1”1px —1- 9”;10) Ifptrz|<ey * 1 and

Ifjotro>ep * o belong to Ajg.. On the other hand, eQ”x—O—mtrsz{w”m‘>e} *p € Af
if and only if

ef T‘”I{|9uvm|>e} * [ € Afoc. (B.9)

Thanks to the local boundedness of S, it is clear that (B.9) implies (B.8). Thus,
this proves that (3.34) is equivalent to (3.19), and the proof of assertion (d) is
complete. O

Proof of Lemma 3.21. Remark that the proof of assertion (b) follows the same foot-
steps of the end of part 1 in the proof of Theorem 3.4, while using the fact that (3.38)

always holds when X is locally bounded and \/(6Xp(§”:£ +axtrepx) — 1)2 % € Af

loc
holds as well. Thus, the rest of the proof concerns assertion (a). To this end, for

any 6 and any € € R, we set 0 := 0+ €0 — 5) =:0+ €A, and

F(0) =69 + %HWCQH + / (exp(0z) — 1 — 6" x) F9(dz).
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Then, we derive
1®) ~ 1(6)
~ 2 ~, otr tr ~
= A9 + %A”cQA + eAHO +/ (69 T(eATT 1) — eA"x) FQ(dx)

~ ~ S ~ 2
= eAr (bQ +c90 + / (xee z (E) FQ(dac)> + %AtTCQA

+ / egmx(eeA% —1— A" 2)FO(dz),
(B.10)

and hence when € goes to zero, we get

M — Al (EQ +c9f + / (xeemm — 96) ﬁQ(dfﬂ)> .

€

Therefore, assertion (a) follows immediately from combining this, (B.10), and the

fact that both terms %AtTCA and feé\”z(eeAtrf” — 1 — eA"2) FQ(dz) are nonneg-
ative. O

Proof of Lemma 3.25. The proof of the lemma is achieved in two parts.

1) Here we prove Z = E(f« X+ (g — 1) x (u — v)) € Z1oc(S) if and only if
Z' = E(BX+(g—1)x(u—7)) € Z10(8, Z). To this end, on the one hand thanks
o [15, Lemma 2.4-(1)], we deduce that Z € Z;,.(S) if and only if

(ea: - 1)(9 - 1) * € Ajoe and

b+ B+ /a:f(x)(g(m) —1)F(dz)=0P®dA —a.e..

On the other hand by stopping we can assume without loss of generality that
Z € M, and we set Q := Zp-P. Then, by virtue of [15, Lemma 2.4-(1)] again applied

to (5,Q), we conclude that Z’ € Zi,c(S,Q) if and only if (g — 1) * tt € Aoe(Q)
and

b’—l—g—&—/(ew—l—x)F(dx)—l—cﬁ—l—/:E(g(x)—l)f(x)F(dsc) =0, PedA—a.c.. (B.12)

On the one hand, thanks to bt/ = b + ¢/2 + J(e* —1—=x)F(dx), it is clear that the
second equation in (B.11) coincides with (B.12). On the other hand, it is easy to
prove that z(g — 1) * st € Aoe(Q) if and only if (€* —1)(g — 1) * st € Ajoe, and both
these conditions hold. In fact, we remark that

(" =1)(g—1)|*p

= (A —1)(g(AX) —1|<\/Z eAX — 2\/Z(Q(AX)—1)2
<C\/XX\/( —1) * L.

As [X, X] is locally bounded and /(g — 1) u belongs to A} , we deduce that
VIX, X]/ (g —1)2xpu € A . Hence, we conclude that |(e® —1)(g —1)|xp € A},
and the first part is complete.

2) Here we prove that ZIn(Z) is a special semimartingale if and only if ZZ'In(Z’)
isa spec1al semlmartmgale By stopping, we can assume without loss of generality
that Z € M and set Q =Z..-P. Then, the problem reduces to proving that Z In(Z2)
is a special semimartingale if and only if Z'In(Z’) is a special semimartingale under

(B.11)
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@. Thanks to the entropy-Hellinger process defined in [13, Definition 4.3] and [13,
Lemma 3.2], the claim becomes h¥(Z, P) € A;l  if and only if h¥(Z',Q) € A} .
Thus, [13, Proposition 3.5] yields

¥ (z,P) = %Bcﬂ-A—k(gln(g)—g—Fl)*u

and hP(Z',Q) = %Bcﬁ <A+ (gln(g) —g+1)x7.

Hence, as v(dt,dx) = f(z)v(dt,dz) and f is locally bounded and locally bounded
away from zero, we deduce that the claim holds. This ends the proof of the
lemma. O

Appendix C. Proofs for Lemmas 4.2, 4.3, 4.10, 4.11, and 4.12.

Proof of Lemma /4.2. 1) The continuity of ® is obvious, while the facts ®(c0) = oo,
®(—00) = —o0, and ¥'(z) = o2 + A\y(e® > 0 follow from A > 0, ¢ > 0, and
(¥ > 0. Thus, ®~! (the inverse function) exists, and direct calculations yield (4.4).
Furthermore, by virtue of (4.2), for any ¢ € ¥ there exists C, € (0,00) such that
|Cw| + |¢(r —b+ M) + o2¢%p| < C’I’p P ® dt-a.e., and for any C; > 0, there exists
Cs € (0,00) such that —Cy < ®~1(C}) < Cy. Thus, by combining these, we get the
existence of Cy > 0 such that |n(¢)| < Cy P ® dt-a.e.. This proves assertion (a).
2) To prove assertion (b), we remark that due to (% > 0, we have

W) _ ¢ ( o’ _ 1)
Y0y 5 \o?+ X Cexp(@1(Ay))
This proves assertion (b).

3) Thanks to assertion (b), we know that 7(¢)/7 is decreasing with respect to 1,
thus both

<0, where Ay, = C(r—b+X) 4022

loo := lim @ = M and Iy := lim @ = n()

exist and belong to [—00,00]. On the one hand, remark that due to (4.3), we have
n(¥)/y < <7" ~b+ )\:Y{) /3% =1 A"" < 0o, for any .

A combination of this fact and assertion (b) yields —oco < 7(0)/7 < loo < A¥P < 0.
Then, by letting 1) to go to —oo in (4.3), we obtain the first equality in (4.5). To
prove the second equality in (4.5), we note that lo, < A"? < oo, and we use (4.3)

to contradict the assumption lo, > —oo. This ends the proof of assertion (c).
4) Notice that the second inequality in (4.6) is a direct consequence of

0) — -
1) _ntw) _ g (1 Nz +w<exp<¢‘l<%>)>

gl gl
< %, where A, € [Ag,Ay], for any 1 >0.
The first equality in (4.6) follows from (4.4), which yields

nn) ¢ n d-1(A —i—~§202n)

ny gl n¢y
and the fact that ®(x)/z goes to infinity with 2 (or equivalently ®~1(y)/y goes to
zero when y goes to infinity. This ends the proof of the lemma. O

)
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Proof of Lemma /.3 . For any ¢ € ¥, we denote
V= n(@)a - W (exp(n() + (2Y) — 1) - N € Mige.

Then, we calculate the predictable quadratic variation of Mw, under P, as follows:

a7’ a1’y = / Ln@)207 4 A (exp(ma ()6 + o) 1) ds.

0
Then, thanks to Lemma 4.2-(a), for any ¢ € ¥, there exists Cy, € (0,00) such that
o1’ vy < CyT, and hence (3", 31" is bounded. This yields D” € M for any
1 € ¥, and assertion (a) is proved. Assertion (b) follows from combining Girsanov’s
theorem and (4.3). Thus, the rest of this proof focuses on proving assertion (c).
To this end, we start by considering (¢,1') € ¥ x ¥, applying Yor’s formula to

1 /ﬁw and after that to the product D’ /Ew , and then to conclude that (4.7)
follows immediately. To prove (4.8), we use Lemma 4.2 and deduce that there
exists C/, € (0,00) such that

sup |12 < gup (M0 2

pew, 7 YEW,, v v

M

(0)‘ < 77<_n)~_ 7)(”) + |77$))| < C:z (Cl)

Thanks to [15, Proposition 3.5] and (4.7), we calculate the Hellinger process of order
p for D% ynder Ry as follows:
dhgp) (D(wﬂ/’/)’ Rw,)
dt

= S O0() — w0 + Aesp(n(@)C + )

A, 9") = () = n(W"))¢ + G (W% = ').

Thus, by combining this with (C.1), we deduce the existence of C), € (0, 00) such
that

()] + (@) + hP (DY) Ry) < Cp,  forany ¢ € ¥,, Podiae.

Hence, thanks to [15, Theorem 3.9], this latter property implies (4.8). This ends
the proof assertion (c), and the proof of the lemma is complete. O

ePAWA) 1 p(el®¥) _ 1)
p(p—1)

)

Proof of Lemma /.10. 1) Herein we prove that for any n > 1, there exists a positive
constant C), such that

| sup [Y’|llze(re) < Culléllzn(re), for any o € Wy, (C.2)
0<t<T

and we prove assertion (a) afterwards. To this end, we consider n > 1, and use
Lemma 4.3-(c), more precisely (4.8) with ¢’ = 0, and deduce that the Ro-martingale

DY = pW.0) = DY /bo fulfills the reverse-Holder inequality of order ¢ := p/(p — 1)
(usually this is denoted by D¥ € R,(Rp)). In other words, there exists a positive
constant Cy, € (0,00) such that

e\’
Dt

Thus, by combining this fact with [14, Theorem 2.10], Y = ¢, and the fact that
exp(— [, rsds)Y? is a martingale under Ry, inequality (C.2) follows immediately.

ERO < Cw, P-a.s. te [O,T]
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Then, due to assumption (4.2), the inequality implies that Y% is a special semi-
martingale under Ry, and its Doob-Meyer’s decomposition is given by

VY =YY + MY + AY, MY € Mye(Ro), AY € Ajoe(Ro) and is predictable.
(C.3)
Thus, Lemma 4.3-(c) again guarantees that M¥ € bmo,(Rp), and hence, thanks to
[14, Theorem 4.5], we conclude the existence of C,, € (0,00) such that

1/2 -
Y3 ooy + MY, MUY o rg) + [Vare (A%)]| o) < Cnlloiltlngthlllm(Ro)-

(C.4)
By combining (C.2) and (C.4), under assumption (4.2), we get M¥ € MP(Ry), and
due to the martingale representation theorem, we obtain a unique pair (Z%,U?)
that belongs to LP (W, Ry) x LP(N, Ry) and

YV =YY+ 2% WO+ UY N 4 AV, (C.5)

Then, as exp(— [, 7sds)Y" € Mioc(Ry), this equality and Girsanov’s theorem yield

v _ [ - T8 (3,2 — oU,) — YY) ds. .
a0 == [ () = O Z G2~ - s (€O

On the one hand, by combining this latter claim with (C.4), (C.3), and (C.2),
inequality (4.19) follows immediately. On the other hand, by combining (C.6),
(C.5), and Y%/’ = &, the second equality in (4.17) follows immediately, while the first
equality is a direct consequence of the second one and Girsanov’s theorem. This
ends the proof of assertion (a).

2) Here we prove assertion (b). Then, we remark that for ¢ € ¥, the processes
Z¥ W9 and U¥+ N are Ro-martingales (due to assertion (a)), where (Y¥, 2%, U%)
denotes the solution to (4.17). Thus, by taking the conditional expectation under
Ry on both sides of (4.17), equality (4.21) follows immediately.

3) This part proves assertions (c) and (d). To this end, we remark that assertion
(d) is a direct consequence of assertion (c). In fact, for any ¢; € ¥, i = 1,2, we
set I' := {gy, > gy, }, and then o3 := Y1Ip + Yolre satisfies (4.23). As a direct
consequence of these inequalities, we deduce that all four sets of assertion (d) are
upward directed. This proves assertion (d), and the rest of this proof focuses on
proving assertion (c). Therefore, on the one hand, we consider ¢; € ¥, i =1,2, T
a predictable set, and define the quadruplet (v3,Y, Z,U) of processes by

Vg := I + holre, dY = Ird(e " BYV1) 4 Ired(e BYV2), Y := e B¢,

_ _ C.7
Z=e Bz +e B2V, U:=e BUY I + e BUY2Ipe. (©1)

On the other hand, for any ¢ € ¥, the triplet (e PY¥ e BZ¥ e~ BUY) is the
unique solution to the following BSDE:

T T T
y;:e—BTg+/ (ns(z/))—nS(O))g(%Zs—osUs)dS—/ stWg—/ ULdN®,
t t

s t
(C.8)
Thus, by virtue of the notation in (C.7) and using (C.8) for each e BY¥i i =1,2,
we easily derive

T T T
?t = e_BTgJ'_/ (ns(¢3) _778(0))? (ﬁsjs - O.SUS) dS—/ stWsO_/ Ustg
t t t

S
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This proves that (Y, Z,U) is a solution to (C.8) when ¢ = t3. Then, due to the
uniqueness of the solution to this BSDE, we deduce that (Y, Z,U) coincides with
(e BYY¥s e=BZ¥s e=BUYs), and hence (4.22) follows immediately. This proves

assertion (c) and completes the proof of the lemma. O

Proof of Lemma 4.11 . It is clear that assertion (a) follows immediately from Lemma
4.10 (see assertion (b), (c), and (d)). To prove assertion (b), we remark that there
exists a sequence (¢)r C ¥, such that |gy,| converges P ® dt-almost everywhere
to ess sup|gy|. Then, thanks to Fatou, we derive

n

/OT gn(t)dt

T
Er, < Bn, | [ esssuplgy(o)de| = En,
0

PeEY,

T
R <t>|dt]
0 — 00

/ gw(t)ldt] ~ G,
0

Thus, by combining this inequality with Lemma 4.10-(a) (see (4.19) precisely),
assertion (b) follows immediately.

To prove assertion (c) we notice that due to Lemma 4.10-(c)-(d), we always have
gn = Gy, < gn, and the rest of the proof focuses on the converse inequality. Let
(Yr)x C ¥, such that gy, converges to g, P®dt-a.e.. Hence, by virtue of assertion
(b) (which implies that ess sup|gy| € L'(Ro ® dt)) and the dominated convergence

n

theorem, this convergence holds in L!(P ® dt). Thus, we derive

< lim ERo
k— o0 e,

T
/ |gwk<t>|dt] < sup Eg,
0

E

T
eBtiBTS‘F/ eBtBu§7l(u)du|ft]
t

= lim F

k—> 00

T
€Bt7BT§ + / er’iB“gwk (u)du’]—}]
t

= lim Y <y =FE

k—> 00

T
eBi=Br¢ +/ eB‘_B“gn(u)du‘]:t] .
t
Then, by setting t = 0 and taking expectation under Ry afterwards, we get

/O ' e Bug, (u)du /O ' e Bu gn(u)du] .

Thus, by combining this with g, < g, P ® dt-a.e., we obtain g, = g,, P ® dt-a.e..
This ends the proof of the lemma. O

E <FE

Proof of Lemma /.12. Let T be a stopping time. Thanks to Lemma 4.11-(a), for
any n > 1, we derive

Eny = En, |~¢+ Y| F;| = Bn, [+ 7%

/T " gu(s)ds| ]

< EpR, | +esssup sup(YTw)+|}}

Yvev TeT

Then, by combining this inequality with (4.9), assertion (a) follows immediately.
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To prove assertion (b), we apply Garsia’s lemma to the predictable process
Jo 9(u)du, see [18, Theorem 99], and use assertion (a) to derive

T P P
</ ﬁ(u)du) (ess sup sup (Yf’)*) ]
0 el T1eT (C.Q)

= CpER, [(€7)P] +Cp sup By [(sup(YfV)p] :

TET

ER < CpER, [(§€7)?] + CpER,

0

The latter equality follows from combining the convergence monotone theorem and
Lemma 4.10-(d), which states that the family {Y¥ : 1 € U} is upward direct.

Now note that sup, - (Y,¥)" < supg<;<r Er, [Dyet (DY)~ ’]—'t]7 and consider

—inf{t>0: (V\')* >a}, ae(0,00), inf(h):=oc.

Then, we have

0<t<T

a?~ 'Ry ( sup (V)T > a)

< pa? 'Ry (1, <T)

) C.10
< pa” 2B, [(Y)) T 7, <1y o
<pad P Er, | — AT L viyesay

T/\T 0<t§TATa -

These are due to (1, <T) C ((Y#’/\T )T > a) C (supg<i<rar, (Y,¥)* > a). Then, by

integrating with respect to da on both sides of (C.10) and setting ¢ := p/(p — 1),
we get

I sup (V)11 m,)

Dﬂ) p—1
comn [ Zer(_an o)
DTATQ 0<t<T AT,
+ p—1
ca [ £ ()
D#Am 0<t<TATq

< qllEN (DY) P ()

p—1
<D$ATG>1/Q( sup W)*) loacao)

0<t<T AT,

1/p
= 4 (Br D308, )€ )  sw (5
0<t<T AT,

< o (BrDEDFA) 7€) s (7

By combining this latter inequality with || supo<t<T( vyt llr(ry) < o0 (which is
due to Lemma 4.10-(a)), we get

v+ Y 1 etyor) P
| sup (V) leomgy Sa sup (Er,[DR(DY,)HED]) . ()
0<t<T TET ,YeY

Thus, assertion (b) follows from combining (C.9) and (C.11). This ends the proof
of the lemma. O
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