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Abstract

The first goal of this article is to identify, for different defaultable claims, the fundamental
processes which uniquely determine the pre-default price and therefore require to be modelled.
The main message to the reader is that although the use of the default intensity or hazard
process is ubiquitous, it may not uniquely characterise the price of some defaultable claims. The
second goal is to better consolidate the reduced form approach with the structural approach,
by extending the reduced form approach to allow for default times which can occur at stopping
times and do not satisfy the immersion property.
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Introduction

In this article, we discuss and extend in a self-contained manner the reduced form approach for
credit risk modelling. The current work is motivated by the observation that, in the literature of
credit risk modelling, there are two main streams of approach:

1. The default time is assumed to exist and satisfy some probabilistic conditions. This is done in
the recent works of Gehmlich and Schmidt [17], Fontana and Schmidt [11] and Jiao and Li [23].

2. The default time is constructed from some processes which are given in advance. For example
through the Cox construction in the reduced form approach (presented in Section 1.4) and hitting
times in the structural approach.

In the first approach, the question of whether one can construct a random time with the assumed
probabilistic conditions are rarely asked and answered. While in the second approach there appears
to be a lack of general consensus on what is the fundamental process or object that requires modelling.
More specifically, in the reduced form models, many works start by either modelling the default
intensity, the survival process or the conditional density of default with little to no justification for
their choice. On the other hand, in the structural approach, the default time is modelled using
the exit time of some process which in principle should reflect the default mechanism. However in
practice, it is not clear what is the most appropriate way to model the default mechanism.

Additionally, it is also widely agreed that the reduced form models and structural models do
not mix well with each other. This is mostly because in the classic reduced form models, due to
the continuity assumption placed on the default intensity process, the default event is not allowed
to happen at stopping times (avoidance property). On the other hand, although in the structural
approach the default events are allowed to happen at stopping times or first hitting times, but
unlike the reduced form approach, it suffers from the fact that the default intensity process or the
compensator becomes extremely difficult to compute for complex models of the underlying default
mechanism. It also does not take into account that the moment of default can potentially happen
at other stopping times.

To this end, the first goal of this article is to identify, for different defaultable claims, the funda-
mental processes which uniquely determine the pre-default price (and therefore require modelling).
Our main message to the reader is that although the use of the default intensity or hazard process
is ubiquitous, it may not uniquely characterise the price of some defaultable claims. As original
contribution, we revisit the formula of Duffie et al. [10] and the work of Coculescu and Nikeghabli
[6] to make precise the role of the hazard process and the assumptions under which the default
intensity or the hazard process is sufficient in determining the pre-default price. Finally, we explain
why the modelling of the survival process or the conditional distribution of default appears to be
the more natural choice in certain situations.

To better consolidate the reduced form approach with the structural approach, the second goal
of this work is to extend the reduced form approach by providing constructions of default times
which can occur at stopping times and do not satisfy the immersion property!. That is, given a
financial market with information modelled by a given filtration F, we extend the Cox-construction
in order to construct default times which can occur at a family of F-stopping times, each with a
positive probability. This extends the models considered in Gehmlich and Schmidt [17], Fontana
and Schmidt [11], where although the hazard process can be discontinuous, however it can only
be discontinuous at predictable stopping times. To the best of our knowledge, given a family of
F-stopping times, it is not clear (until now) how to construct a random time or default time whose
graph is contained in that family of F-stopping times and does not satisfy the immersion property.
From a practical point of view, this is an important extension since it has long been argued that,
in certain applications, default times should not be allowed to happen at predictable stopping times
as default events in principle should happen without warning.

IWe recall that F is immersed in G, where F C G if any F-martingale is a G-martingale. In the literature, this is
also called hypothesis (H)
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The structure of this work is as follows. We first introduce in Section 1 the necessary tools and
background from the general theory of processes, stochastic calculus for optional processes and the
standard Cox-construction of a random time.

In Section 2, we take a bottom up approach to identify the key assumptions on the default time
and the key processes which uniquely determine the pre-default price of a defaultable claim. In
particular, we revisit and extend the results of Coculescu and Nikeghbali [38] in Corollary 2.5 and
Corollary 2.14 and identify the exact assumptions on the default time (and the claim) such that
the hazard process will uniquely determine the pre-default price. In addition, we revisit and extend
results on the multiplicative decomposition of the Azéma supermartingale in Proposition 2.3 and
Proposition 2.9. The main message of this section is that, in general, the hazard process is not
sufficient in determining the pre-default price and depending on the form of the claim it could be
more natural to model the conditional distribution of the default.

In Section 3 we take a top-down approach and present several methods to construct random
times which satisfy the desired properties which were previously identified in Section 2. From
a mathematical point of view, the existence of a random time (which can be constructed on an
extended probability space) having the requested properties is a main concern. As our main original
contribution, we present in subsection 3.3.1 a construction of the optional multiplicative system
associated with a positive optional supermartingale. We then extend the previous works of Jeanblanc
and Song [20, 21], Li and Rutkowski [29] on the construction of random times with a given dual
predictable projection and illustrate, in subsection 3.3.2, how the optional multiplicative system
can be used to construct a random time with a given dual optional projection. From a modelling
perspective, this allows one to construct default times for which the default event is allowed to
happen at a pre-determined family of stopping times. Finally, we also extend the g-model or the
natural-model of Jeanblanc and Song [21] and Song [40] to the optional setting.

1 Tools, Notations and Terminologies

We work on a probability space (£2, G, P) endowed with a filtration F satisfying the usual conditions.
Therefore all martingales are assumed to be right continuous. Given an integrable process X, we
adopt the standard notation ©FX and PF X for the optional and predictable projection of a process
X and VoF and VPF for the dual optional and dual predictable projection of a finite variation
process V. For a cadlag process X, we denote by AX; = X; — X;_ its jump at time f.

Given a random time 7 (a positive G-measurable random variable), we set A; = 1;<;} and call
this process the default process. In the rest of the article, we shall assume that the random time 7
is finite. We denote by G the smallest filtration containing F satisfying the usual conditions such
that 7 is a stopping time in G. The filtration G is called the progressive enlargement of F with 7.
We recall that, for any G-predictable process Y there exists an F-predictable process y such that
Yili<ry = ysl i<y (see Jeulin [22, lemma 4.4]). The process y is called an F-predictable reduction
of Y. If Y is a G-optional process, there exists an F-optional process y such that ;1 ;<7y = yil{y<ry-
The process y is called an F-optional reduction of Y, or the predefault value of Y. In the rest of
the paper, if not mentioned, the filtration F is always taken to be the base filtration and in order to
reduce notation, whenever there is no confusion, we will not explicitly write the dependence on the
filtration F when writing the projections and the dual projections.

The main tool used in this study is the stochastic calculus for optional semimartingales developed
by Gal’ciik [13] [14] [15] or the A-semimartingale developed by Lenglart [27]. For more details on
the general theory for stochastic processes we refer to He et al. [12], for results from the theory of
enlargement of filtrations to Jeulin [22]. The reader can also refer to Aksamit and Jeanblanc [2] for
a modern exposition, in the english language, of the theory of enlargement of filtration.
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1.1 Stochastic calculus for optional semimartingales

In this work we adopt the notation and framework of Gal’ciik in [13, 14]. However we stress that we
do not use the full power of the calculus for optional semimartingales as the filtration F is assumed
to satisfy the usual conditions. We present below some useful results from the stochastic calculus
for optional semimartingales specialised to our setting.

In the case where the filtration I satisfies the usual conditions any F-optional semimartingale X
is of the form X = Xy + M + A, where M is a (cadlag) local martingale and A is a laglad process
of finite variation. For a given optional semimartingale X we denote its right and left jumps by
ATX =X, — X and AX = X — X_. For a finite variation laglad process A, we can decompose A
into A = A°+ A% + A9 where A1 =5 AA,, A9 =3 At A, and A° is continuous, and we introduce
the right-continuous part of A as A" := A°+ A%. For any optional semimartingale X = Xo+ M + A,
we can write X = Xo+ X" 4+ X9 where X" := M + A" and X9 := AY are called the right-continuous
and left-continuous part of X respectively. We denote by &(X) the optional stochastic exponential
of X, defined as the solution of

Vit [ veaxis [ vy
(0,t] [0,t)
which satisfies
&(X)=1+ & (X)dX] + E(X)dXY,

(0,t] [0,t)

or, in a closed form
E(X) = G(X)eX 3 X0 TT (14 AX)e % [ 1+ A% X, )e "X
0<s<t 0<s<t

The optional stochastic logarithm of a strictly positive optional semimartingale X satisfies

1 1
LX) = dX§+/ —axe,.
(0.4 Xs— on Xs T

Given two optional semimartingales X and Y, the quadratic variation of X and Y is defined by

(X Y] = (XY, + D AXTAY] + 3 AYXIATYY

0<s<t 0<s<t

and similarly to the cadlag case, the following formula is satisfied

E(X +Y +[X,Y]) = &(X)E(Y). (1.1)

For a strictly positive optional semimartingale X, it can be shown that Xo&(Z (X)) = X. In
the case where the process X is a cadlag semimartingale the optional stochastic exponential and
the optional logarithm, both reduce to the standard cadlag stochastic exponential and logarithm.
Therefore we shall not introduce two sets of notations.

Note that given a supermartingale which is not cadlag, i.e., an optional supermartingale, the usual
Doob-Meyer decomposition can not be applied. However, we can use the Mertens decomposition
(see Gal’ciik [14] and Mertens [32, Theorem T3]) which we recall below.

Definition 1.1 AnF-adapted laglad process X is said to be F-strongly predictable if X is F-predictable
and X4 is F-optional.

Theorem 1.2 (Doob-Meyer-Mertens-Gal’ciik decomposition, [14] [32]) An optional super-
martingale X admits a decomposition X = M — A, where M is a (local) uniformly integrable martin-
gale and A is an increasing strongly predictable (locally) integrable process with Ag = 0 if and only if
X belongs to the class-(D) (class-(DL)). This decomposition is unique to within indistinguishability.
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1.2 The Azéma (optional) supermartingale
Given a random time 7 and the increasing process A = Tjr 00> We introduce:

1. The F-dual predictable (resp. optional) projection of A denoted by AP (resp. A%F) or simply
AP (resp. A°) when there is no confusion about the filtration.

2. The Azéma supermartingale Z = 1 — °A and the Azéma optional supermartingale 7 associated
to 7, that is,

Zy =P(r > t| F) and Zt:P(TZt\ft):Zt—AA;”F.

3. The F-conditional cumulative distribution of 7 defined by Fi(u) := P(r < u|F;) and the F-
conditional survival distribution of 7 given by G¢(u) := 1 — Fi(u) = P(7 > u| Fy).

It is well known that the processes Z_ and Z do not vanish on the set [0, 7]. Furthermore, the
process Z is cadlag and Z is ladlag with the properties that Z+ = Z, = Z and Z_ = Z_. Also
the conditional cumulative distribution and the conditional survival distribution are clearly valued
in [0, 1] and from tower property, for u > ¢, one has Fy(u) = E[1 — Z, | F¢]. Moreover, for any fixed
u, the process F'(u) is an F-martingale and, for any fixed ¢, the map u — F;(u) is non-decreasing.

We present below the additive decomposition of the supermartingales Z and Z. Tt is well known
that Z + A° and Z + AP are uniformly integrable martingales (see Corollary 5.31, page 152 of He et
al. [12]) and we denote by m and M, the F-martingales

m:=27+ A° (1.2)
M =7 + AP, (1.3)

From the above, the Doob-Meyer decomposition of Z is given by
Z =M — AP. (1.4)
The Doob-Meyer-Mertens-Gal’cuk decomposition of the optional supermartingale Zis given by
Z=m—A°. (1.5)

Note that Z is an optional process as it is the difference between the cadlag process m and the
predictable process A° .

Remark 1.3 We stress that mathematically, the knowledge Z allows one to uniquely identify AP
and vice versa. This is because in principle A? can be obtained from the Doob-Meyer decomposition
of Z and conversely if the dual optional projection A? is known, then the Azéma supermartingale
Z can be, in principle, obtained by computing °(A2 — AP). Similarly the knowledge of Z allows
us to uniquely identify A° and vice versa. This is because in principle A% (and thus A°) can

be obtained from the Doob-Meyer-Mertens-Gal’clik decomposition of Z and conversely if the dual
optional projection A° is know then the Azéma optional supermartingale Z can be obtained by
computing °(A% — A°).

Finally, from the Azéma optional supermartingale A , one can compute the Azéma supermartin-
gale Z by computing Z,. However it is not evident that Z can be obtained from Z. The main
message we hope to convey here is that the dual optional projection A° is the process which con-
tains the most information.

Definition 1.4 We say that T avoids F-stopping times (F-predictable stopping times) if, for any
finite F-stopping time (F-predictable stopping time) 9, one has P(t = 9) = 0.
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This is important to consider default times which do not enjoy the above avoidance property
[17, 23]. In particular, from a financial modelling perspective this means that the default is allowed to
happen at F-stopping times and therefore allowing the modeller to introduce features from structural
models of default. We recall some facts related with the avoidance property. If 7 is a random time,
then it avoids F-stopping times if and only if A° is continuous [2, Th. 1.43]. In that case, A° = AP.
On the other hand, if AP is continuous, then 7 avoids all F-predictable stopping times and the only
F-stopping times which are not avoided by 7 are the jumps times of A°.

For example, suppose F is a Poisson filtration and we take 7 = T} where T3 is the first jump of
the Poisson process N (so that F = G). In this case, one has AY = A\(t AT}) which is continuous and
AY = Ly Tt is clear that 7 does not avoid the F-stopping time T3 (which is not predictable).

1.3 The compensator and the hazard process

The compensator and the hazard process are ubiquitous in the credit risk literature. However their
role is not always clear and we shall later see that, in general, the knowledge of the hazard process
does not uniquely characterise the Azéma supermartingale and hence the price of defaultable claims.
In order to be precise, we present below a self contained section on the notion of compensator and
hazard process.

Let K be a filtration satisfying the usual conditions on (2, G,P) and let 7 be a K-stopping time.
The K-compensator of A is defined to be the unique K-predictable non-decreasing process I'® such
that T = 0 and A — T'¥ is a K-martingale. It is clear that I'® is stopped at time 7, i.e., [} = T'%, ,
and depends on the choice of K (as well of the probability and, if needed, we shall write I'F). If '
is continuous, the K-stopping time 7 is a K-totally inaccessible stopping time, and if I'¥ is absolutely
continuous w.r.t. the Lebesgue measure then its derivative is called the K-intensity rate.

Given a random time 7, we recall the form of the G-compensator of the G-adapted non-decreasing
process A (see (2, Prop. 2.15)).

Lemma 1.5 (Jeulin-Yor formula) The G-compensator of A is the process T'® given by
ré .= / L5y 2, dAD,
(o¢
we shall also refer to T® as the compensator of T.

Note that the process I' is well defined (we use that E(I'S) = E( [, dA?), see Jeulin [22], page 64).
It is not hard to see that an F-predictable reduction of the compensator I'® is given by

I = / ZrdAP,
(0,4]
which we define to be the hazard process.
Definition 1.6 The process I' is called the F-hazard process or simply the hazard process
We note that although the process Z might vanish, the process I', as it is non-decreasing, is

always well defined, except that it can take the value infinity. It is also important to stress that the
F-predictable reduction of I'C is not unique. One can also consider for any a > 0 the process

/( ](Zs_ +algy _o) 'dA?
0,

or the process f(o ] ]l{Zu7>o}Zu__1dAﬁ which are both F-predictable reduction of T'C.

2The equality holds from Theorem 5.30 in [12] and the fact that P(T} < oo) =1
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Example 1.7 In the case where 7 is an F-stopping time, then G =F, and Z =1 — A, Z=1-A_
and A° = A. The equality AP = A holds if and only if 7 is an F-predictable stopping time and in
that case I'C = A.

(i) If 7 is a stopping time in a Brownian filtration, then since the optional o-algebra is equal to the
predictable o-algebra, we have I'C = A.

(ii) If F is a Poisson filtration generated by N with intensity rate A, and 7 = T3, the first jump time

of N, then T'¥ = OTlAt Ads = A(Th At) and Ty = At. In this case Z; is equal to 1 — A9 which is

left continuous and not cadlag.

For convenience of the reader, we recall the following key lemma [2, Lemma 2.9, Corollary 2.10]

Lemma 1.8 (i) Let X be a G-measurable integrable r.v. Then, for anyt >0,
1
EIX|G L sy = ]l{T>t}ZE[X]l{T>t}|‘Ft] :
(ii) Let h be a bounded F-predictable process. Then, using the fact that T if finite (hence Zo =0)

1 o
E[h‘r|gt] = h’T]l{TSt} + ]]'{T>t} ZE[/ hudAﬁ
t

ft} . (1.6)
(iii) Let h be a bounded F-optional process. Then,

1 oo
E[h:|Gi] = helz<iy + Lir5gy ZE[/ hudAs,
t

]'-t} . (1.7)

1.4 The Cox construction

The most commonly used method, in the credit risk literature, to construct a default time is the
Cox-construction which enables one to construct a random time which admits a given compensator
or hazard process. In general, one needs to enlarge the given probability space to do so: Indeed,
suppose that F is a Brownian filtration and I'" an F-adapted continuous non-decreasing process, it
is not possible to construct an F-stopping time 7 with compensator equal to T}, _,¢ > 0, since such
a stopping time would be totally inaccessible stopping time, and it is well known that all stopping
times in a Brownian filtration are predictable.

Given a non-decreasing F-adapted process X, the Cox-construction models the default time as
the first time a non-decreasing process X crosses a barrier U which is independent of F.,. We first
consider the case where X = X" is right continuous. In this case, we set

T=inf{s : X] > U}

where U is a uniform random variable (constructed on an extended space)® taking values in [0, 1]
and is independent from F,. In this case, the following equality holds

{r<t} ={U < Xi}. (1.8)

From this equality and the fact that U is independent from F.,, we can deduce that Z =1—- X
and the cumulative conditional distribution of 7 is given by

P(TSU|Ft):E[X£‘.FtL VU,tGRJ,_

In particular, P(1 < u|F) = P(r <w|F,) =X, =1—Z, for t > u.

3Here we find it more convenient to use a uniform random variable rather than an exponential random variable,
but this is not essential.
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In the case where X = XY is left continuous, the previous set equality (1.8) is no more valid and
we define 7 as

T =1inf{s : X > U}

and the set equality {7 < t} = {U < X7} leads to Z, = P(r > t| F;) = 1 — X?. By taking the limit
from the right, we have Z = Z; =1 — X{.

In both of the above cases, the filtration F is immersed in F V o(U), hence in G, and the Azéma
supermartingale Z is non-increasing (see [2, Chapter 3]). Any random time 7 constructed using the
above method will be called a Cox-time.

In the case where X = X" is right-continuous and F-predictable, then the Azéma supermartingale
Z of the constructed random time 7 is the predictable non-increasing process Z = 1 — X and from
uniqueness of the Doob-Meyer decomposition of Z, we have AP = 1 — Z = X. Therefore the
G-compensator of A is

tAT 1
f- [ A= (- X)
0 5—

and it admits I' = —Z(1 — X) as the F-hazard process.

The above shows that if one wants to model directly the hazard process I', which is a right-
continuous F-predictable non-decreasing process, then one can take X = 1 — &(—TI") in the Cox-
construction. In the literature, it is common to assume that the hazard I" is continuous and consider
X = 1—e~". In this setting, the constructed random time 7 is then a G-totally inaccessible stopping
time and A° = AP = 1—Z. We point out that in the classical intensity setup [33], the default intensity
process is modelled using a non-negative F-adapted process v and we take I'; = f (0.4] Ysds.

In the case where X is right continuous and not predictable then, although from the Cox-
construction the equality Z =1 — X is still valid, however it is not always true that AP = X. This
is because X is optional and, in this case, the dual predictable projection AP is equal to XP?. In this
special case, we can identify X with the dual optional projection A°. This is due to the fact that
any Cox-time is a pseudo-stopping time (see Definition 2.11), which implies that Z = 1 — A° and
therefore X = A° (see for example [2, Theorem 3.35]).

Remark 1.9 We want to again stress that the ability to identify the dual optional (predictable)
projection A° (AP) with the model input X in the case where X is non-continuous is crucial for
the purpose of modelling default times. The reason is that it allows us to model the behaviour of
the dual optional (predictable) projection A° (AP) through the modelling of X. This allows one
to model the probability that the constructed default time is equal to a pre-determined family of
(predictable) stopping times, i.e., the jump times of X.

2 Credit Risk Pricing - Bottom Up Approach

In this section, we take a bottom up view and suppose that we are given a default time 7. The aim
is to show that depending on the structure of the defaultable claim and the assumptions placed on
the default time, different processes are required to be modelled in order to uniquely determine the
price a default claim. In the following, we suppose that P is the pricing measure and the interest
rate is zero. Otherwise, the assumptions and the definition of the characteristics of 7 have to be
considered under the pricing measure.
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2.1 Claims of Type I

Given a finite time horizon [0, T], we say that a defaultable financial contract is of type I if the payoff
is given by

c(T,r)= Yrismy + CT]I{TST}

where 7, Yr and C are given in advance, and we suppose that Yr € Fpr and C is either an F-
predictable or an F-optional process.

The default payment C is F-predictable: Let us suppose that C' is bounded and F-predictable,
then from direct computation using the key lemma, we see that

]E[C(T, T) |gt] = Zt_lE[YTZT + CudAz |]:t]]l{-r>t} + CTﬂ{TSt}
(t,T]

and the pre-default value of the claim is given by

= Z; ‘B[Yr Zr +/

CudAL | F)) = Z, 'EBlYr Zr */ CudZ, | F).
(t,7]

(t,T]

From the above, we see that the pre-default value is uniquely determined by the Azéma supermartin-
gale Z or equivalently by the dual predictable projection AP.

The default payment C is F-optional: In the case where C is bounded and F-optional, then
one has to replace AP with A° to obtain

e = Z; 'E[YrZy + CudA2 | F).
(t.T]

From the above, we see that in the case where the default payment is optional, the pre-default price
is uniquely determined by the quantities A° and Z. In this situation, we note that it is sufficient
to know A°, since the Azéma supermartingale Z can be, in principle, retrieved by computing Z =
°(A%, — A°). However, unlike the case where the defaultable claim C is an F-predictable process, it
is not sufficient to model the Azéma supermartingale Z. This is because the process A° cannot be
uniquely determined from Z (via the Doob-Meyer decomposition).

In the following, we adopt the following notation for the pre-default price of type I claim,

m=Z;1E[YTZT+( ]C£j>dA3;|ft] j € {o,p}, (2.1)
t, T

where process CU) is a predictable (optional) claim if j = p (j = o).

In the literature of credit risk modelling, the hazard process or the intensity process is ubiquitous.
This is mainly due to the fact that in the classic reduced form approach to credit risk modelling,
given some non-decreasing continuous hazard process I'y = f(f Yudu where v is the intensity process,
by using the Cox construction one can construct a random time 7 such that Z = A? = 4° = e T and
T satisfies the immersion property. In this setting, we clearly see that for Cox-times the pre-default
price 7y given above in (2.1) is uniquely determined by the hazard process T'.

However for an arbitrary random time or default time, the Azéma supermartingale Z is in general
not continuously decreasing and Z # AP # A° # e~'. In fact a long standing question is under
what assumptions, on the default time 7, can the pricing formula for type I claims be uniquely
characterized by the hazard process or the intensity process. This question was explored in the work
of Coculescu and Nikeghbali [6] under continuity assumption and, in the following, we extend their
work and identify the most general conditions under which the hazard process uniquely determines
the pre-default price of type I claims.

10
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2.1.1 The predictable case

In order to be precise, we recall, from Definition 1.6, that the hazard process is an F-predictable
process I' such that the G-compensator of 7 is given by I'". To proceed we introduce the following
class of random times which is inspired by the definition of pseudo-stopping times.

Definition 2.1 (Strict pseudo-stopping time) A finite random time 7 is called an F-strict pseudo-
stopping time if for all uniformly integrable F-martingale Y, we have E[Y,_] = E[Y}].

The class of strict pseudo-stopping time has already appeared in the literature as a special case of the
recently introduced invariance time in Crépey and Song [7]. In short, an invariance time is a random
time for which there exists a probability Q equivalent to P such that 7 is a strict pseudo-stopping
time under Q.

Proposition 2.2 Given a finite random time 7, the following conditions are equivalent

(i) The random time T is a strict pseudo-stopping time.

(ii) The Azéma supermartingale Z of T is non-increasing and predictable or equivalently °A = AP.
(iii) For all uniformly integrable F-martingale Y, the process Y™~ is a uniformly integrable G-
martingale where Y~ = Yilyyory + Yo lr<yy.

PROOF: To see that (i) is equivalent to (ii), we first suppose that 7 is a strict pseudo-stopping time
BIY, | =E[[ Y.l
[0,00)

—E P(Yao)udAP
[ /[0,oo> (Voo)udAZ]
— E[Y,AZ] = E[Yo]

which implies that A2 = 1. It follows that the Doob-Meyer decomposition of Z is given by Z =
1 — AP since Z; = E[AR — AV|F;]. Conversely, the equality °A = AP and the finiteness of 7 implies
that A2 =1, and from E[Y,_] = E[Y,] = E[Y] we see that 7 is a strict pseudo-stopping time.

To see that (i) and (iii) are equivalent, we first suppose that Y is a uniformly integrable F-
martingale. For every G-stopping time v, from page 186 of Dellacherie et al. [8], we know there
exists an F-stopping time o such that 7 A v = 7 A 0. Therefore, from the fact that 7 is a strict
pseudo-stopping time we have

E[Y,"] = E[Y7 ] = E[Y0]

v T

which shows that Y is a uniformly integrable G-martingale by Theorem 1.42 [19]. To show the
converse, it is sufficient to consider Y7~ at 7 and apply the optional sampling theorem in G.

In the following, we study the relationship between the hazard process I' and the Azéma su-
permartingale Z. We present a result on the multiplicative decomposition of a strictly positive
supermartingale, which can be found on page 138 of Jacod and Shiryaev [19], but here we provide
a specialized proof for the Azéma supermartingale, which is more insightful for our purposes.

Proposition 2.3 Suppose that Z is strictly positive then
Z =&(-T)&(N)

where N is a local martingale given by Ny = f]o 1l (PZ,)"tdM,, the martingale M being defined in
(1.3) and I' being the hazard process.

11
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PROOF: Starting from the F-hazard process I', we write

Iy = / ZldAr = / Z;ldAr — / ztam, + / z,'dM,
(0,¢] (0,¢] (0,t] (0,t]

- %4(Z) + / ztdM,
(0,1]

p
= —4(Z)+ N, - / =t M,

(0,t] Zu— (Zu— - AA?L)
=—%(Z)+ N: — [, N];

where N, := f]o t](Z, — AAP) 1dM,. The last equality above follows from Yceurp’s lemma (see

Proposition 1.16 [2]) and we point out that Z_ — AAP = PZ so that N, = f]o 4 (?Z,)"*dM,. Then

by taking the stochastic exponential of both sides above, we obtain from (1.1) the equality
7Z =ZyE(-T' + N + [-T', N]) = Zp&(-T")E(N).

which concludes the proof.

Corollary 2.4 A random time 7 is a finite strict pseudo-stopping time if and only if its Azéma
supermartingale takes the form Z = Zy&(-T).

Corollary 2.5 If 7 is a finite strict pseudo-stopping time then the pre-default value for a financial
product of Type I with a payoff CP) is uniquely obtained in terms of the hazard process. That is

71 = E/(—T)E[Yp&r(—T) + / CP dg,(~T) | Fi.
(t,T7]

Remark 2.6 Here it is important to note that if 7 is not a strict pseudo-stopping time then the pre-
default price 7 is only uniquely characterized by the Azéma supermartingale Z. Although the hazard
process is ubiquitous in the literature, however one can construct many random times with the same
hazard process but different Azéma supermartingales. Such examples are given in subsection 2.1.3.

2.1.2 The optional case

To study claims which are optional, we introduce below the optional hazard process. The optional
hazard or more specifically the optional Jeulin-Yor formula given in Lemma 2.7 have also appeared
in the recent working paper of Choulli et al. [5] where the martingale representation theorem in the
filtration G was studied. The shift from the hazard process to the optional hazard process allows
one to model random times which can happen at F-stopping times.

Lemma 2.7 (Optional Jeulin-Yor formula) Given a random time 7, the G-adapted process

Il{.,.gt} —/( 1{TZU}Z;1dAZ

5

is a G-martingale.

PRroOOF: To prove this decomposition, viewed as an optional Jeulin-Yor formula, note that for s < ¢,

El{r<i |Gs] = 1r<sy + E[l{s<r<iy | Gs]

12
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For any G € Gs, there exists Fy € F; such that Fil ;- ) = G5, . Then we have
Ellg, 1is<r<ty) = E[lF, /]1{3<u5t}dAZ]
=E[lF, /]l{s<u5t}]l{rzu}zfldf43]
= E[lc, /] | Lrsuy 2, tdAS)
s,t
which concludes the proof.

Definition 2.8 An F-optional hazard process of T is the process r given by I‘t = f[o 9 1dAO

To understand the relationship between the F-optional hazard process I and the Azéma optional
supermartingale Z we consider I'_ and suppose that Z Z_>0. The optional multiplicative decom-
position of the Azema supermartingale Z has previously been considered in Kardaras [25].

Proposition 2.9 Suppose Z is strictly positive then
Z = &(-T_)&(N).

where Ny := f]o,t] Z7 dm, with m defined in (1.2).

PROOF: Given the F-optional hazard process f, we write

T, — / 7o - / Zdm, + / Z dm,
[0,¢] 10,t] 10,1]
= / Z7 dA%C — / Z7 dm, + / Z71dA%Y + / Z,rdm,
10,¢] 10,t] [0,¢] 10,¢]

= ~Z4(2) + N,
where Z(Z Z) is the optional stochastic logarithm of Z and N, := f 04] ;_ldmu. By taking the
optional stochastic exponential of both sides above, we obtain from (1 )
Z =&T_+N)
= &(-T_)&(N)
where the second equality holds since [-I'_, N] =0 as AI'_ = 0 and AN = 0.
Remark 2.10 Note that &(N) is cadlag, &(—I'_) is caglad and therefore Z is not cadlag.

Definition 2.11 (Pseudo-stopping time) A random time 7 is called an F-pseudo-stopping time
if for all uniformly integrable F-martingale Y, we have E[Y;] = E[Y}].

Theorem 2.12 (i) A finite random time T is a pseudo-stopping time if and only if its Azéma’s
optional supermartingale can be expressed as

Z=&(-T.).

(ii) Let T be a finite honest time, then the Azéma optional supermartingale can be expressed as

Z=6&-T_)M

where M is a local martingale.

Note that the above equalities are valid even in the case when Z is allowed to vanish.

13



M. Jeanblanc and L. Li Characteristics and constructions of default times

PROOF: (i) Suppose that 7 is a pseudo-stopping time then from Theorem 1 of Nikeghbali and Yor
[37] or Aksamit and Li [1] we know that m = 1 and thus N = 1. The representation of Z is then
obtained by applying Proposition 2.9 to Z+efore> 0, and taking the limit as € | 0 using the
monotone convergence theorem. For the converse, by Theorem 1 of Aksamit and Li [1], if the Azéma
optional supermartingale 7 is left continuous and decreasing then 7 is a pseudo-stopping time.

(#4) The validity of the multiplicative decomposition on the whole real line for honest times is
rather involved. Therefore we refer the readers to Lemma 2.1 in Li [28].

Remark 2.13 Theorem 2.12 (i) extends Theorem 3.8 of Coculescu and Nikeghbali [6] and gives
complete characterization of pseudo-stopping times in terms of the associated F-optional hazard
process. From Proposition 2.9 and Theorem 2.12, we see that the knowledge of the F-optional
hazard process is insufficient in retrieving the associated Azéma optional supermartingale (and thus
the Azéma supermartingale) and is sufficient only when the default time is a pseudo-stopping time.

Corollary 2.14 If 7 is a finite pseudo-stopping time then the pre-default value for a financial prod-
uct of Type I with a payoff C\© is uniquely characterised by the optional hazard process, that is

M = &y (T ) 'EYréry (-T-) + Cdé, (-T ) | Fil.
(t,7]

Finally, we revisit Proposition 3.3 in Coculescu and Nikeghbali [6], where it is stated that if Z
is continuous then the random time 7 avoids all F-stopping times. Unfortunately, the proof is not
fully correct, to illustrate this we give a constructive counter example in Example 3.13.

Proposition 2.15 Let 7 be a finite random time such that its associated Azéma’s supermartingale
Z is continuous, then T avoids all predictable stopping times.

ProOOF: If Z is continuous then AM = AAP. However since M is a martingale, the size of a jump
at predictable time is zero, then for any predictable stopping times T, AAY, = P(t =T | Fr_) =0,
which implies that P(7 = T') = 0.

2.1.3 The hazard process and the Azéma supermartingale

From Corollary 2.4 and Theorem 2.12, we note that the knowledge of the (optional) hazard process
does not uniquely characterize the Azéma (optional) supermartingale unless the random time is a
strict pseudo-stopping time (pseudo-stopping time). In other words, one can have two different ran-
dom times with the same (optional) hazard process, but different Azéma (optional) supermartingale.

Example 2.16 For any honest time in a Brownian filtration which avoids stopping times, one can
compute its hazard process I and & (—T") which is finite on the whole real line. Taking X = 1—-&(-T)
in the Cox construction, one obtains a random time (on an extended space) such that the hypothesis
(H) holds and its Azéma supermartingale Z is equal to the predictable non-increasing process & (—T").
The corresponding F-hazard process is given by T'.

This example gives two random times, one being the honest time and the other a Cox-time. They
have the same hazard process, but different Azéma’s supermartingale (the Azéma supermartingale
of the honest time is not decreasing).

Example 2.17 Constructive example. Suppose one first models the hazard process I'" as an abso-
lutely continuous process with derivative v, in a Brownian filtration. Then, it is shown in [31] that,
for any F-adapted bounded b, the solution of

dY; = —vYidt + b,Yi (1 — Y;)dB,

is a supermartingale valued in [0, 1] with multiplicative decomposition ¥ = Ne~!' hence I is the
hazard process of the associated 7.

14
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2.2 Claims of Type II

Given a finite time horizon [0, 7], we say that a defaultable financial contract is of type II if it the
terminal payoff is given by

Yrigsry + Cr(QOlir<ry

where Yr € Fr and for any y, the process C(y) is F-optional, ¢ € Fr so that C,({) € Gr and the
terminal payoff is Gr-measurable. Then the pre-default price of a claim of type II is given by

Tilirsy = EYrlrory + Co(Olr<ry |Gl >y
=EYrliromy |Gl rony + E[C-(OLgt<r<ry [ Ge
= Z, 'EYr Zr + Co(Olppar<ry | Fell{roy

where the last equality follows from the key lemma. In order to further compute the pre-default
value, i.e., Z; 'E[Y1 Zp+C- (ONfpcr<ry | Fi], it is evident that one requires the knowledge of the Fr-
conditional cumulative distribution of 7 denoted by Fr(u). If we suppose that the Fr-conditional
distribution is known, then the pre-default price of the claim is given by

7 = Z; 'E[Yr Zr + . Cu(¢) Fr(du) | F). (2.2)

From the above, we see that the Azéma (optional) supermartingale and the dual projections are
insufficient in determining the pre-default price and one requires the knowledge of the Fp-conditional
distribution Frp(u) for u < T.

In view of this, we collect below some simplifying assumptions on the Fp-conditional distribution
of 7 which have appeared in the literature.

Hypothesis (H): If the random time 7 satisfies the hypothesis (H) or the immersion property,
then Fy(u) = Fy(u) =1— 2, =1— &,(-T).

= Z; 'E[Yr Zp — Cu(Q)dZ, | Fi]. (2.3)
(t.T]

In this case the pre-default price is uniquely determined by the hazard process T'.

Hypothesis (HP): The random time 7 satisfies the hypothesis (H P) if there exists a random field
(Cu.t)u<t, increasing in u and decreasing and adapted in ¢ such that Fy(u) = C,F; for all u < ¢,
where Fy = Fi(t). In this case, the pre-default price is then given by

7, = Z; "B[YrZr + Fr / Cu(¢)dCy 1 | F). (2.4)
(t.1]

For modelling purposes, one often consider the case where C,, ; is completely separable in u and t,
that is Fi-conditional distribution takes the form Fi(u) = C,, My, where M is a martingale and C' is
a non-decreasing adapted process.

The random field (C,, ;)u<: is also called the multiplicative system associated with the submartin-
gale F' (see Definition 3.8) which we will study in more detail in subsection 3.3.1 (we refer also to
Meyer [35] and the references within). For more details and examples in applications we refer to
Gapeev et al. [16], Jeanblanc and Song [20] and Li and Rutkowski [29]. In the special case where
7 is an honest time then it is well known that, for all t > 0, there exists an JF;-measurable random
variable 7; such that for v < ¢, we have the equality P(7 < u|F;) = 17, <,yP(r < t|F;) and the
random field Cy ; is given by 17, <yy-
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Jacod’s Hypothesis [Jacod’s absolute continuity hypothesis]: There exists a non-negative
O(F) ® B(R.y)-measurable function (w,t,u) — pi(w,u) cadlag in ¢t such that

(1) for every u, the process (p:(u),t > 0) is a non-negative F-martingale,

(2) denoting by n the law of 7, for every ¢ > 0, the measure p;(u)n(du) equals P(r € du|F;), in
other words, for any Borel (bounded) function f

E[f(r)|Fi] = A fw)pi(u)n(du) .

In particular Z, = ji t,oo[pt(u)n(du). Such a family is called the conditional density and there are
not so many explicit examples of random times where this density exists, except those of Chaleyat
Maurel and Jeulin [3] and Mansuy and Yor [34, p.34]. Note that if 7 is a honest time then it satisfies
Jacod’s hypothesis if and only if it takes only countable values (see [2, Remark 5.31b]).

The equivalence Jacod’s hypothesis is the same as the above except that the conditional density
is strictly positive.

Extended Jacod’s Hypothesis: There exists a non-negative O(F) ® B(R; )-measurable function
(w,t,u) = pt(w,u) cadlag in t and a F-adapted non-decreasing process D such that for u <¢

Fy(u) = /H pi(s)dD,.

where D is an F-adapted increasing process and for every u, the process (pi(u),t > u) is a F-
martingale. For details and examples, we refer to Li and Rutkowski [30] and Song [42] and [23] for
a particular case.

2.2.1 The Azéma supermartingale and the conditional law

To conclude the first part of the article, we point out that unless the default time 7 satisfies the
hypothesis (H) then the Azéma (optional) supermartingale does not uniquely characterise the pre-
default price of a claim of type II. Mathematically, one can construct infinitely many random times
with the same Azéma (optional) supermartingale but each with a different F-conditional distribution.

Example 2.18 We examine the extension of the William’s path decomposition example studied
in Nikeghabli and Yor [37]. Let F be a Brownian filtration and L be an honest time, with Azéma
supermartingale Z, such that Z, := inf,<; Z,, is continuous. We consider the pseudo-stopping time
(see [37]) given by

p=sup{t<L:Z, =2}

The Azéma supermartingale of p is given by Z, and the F-conditional distribution of p can be easily
computed and is given by

Gi(u) :=P(p>ulF) = Zilir, <ty + Z V>0 + (1 = Z)Yr <<y VE2w,

where L; is an Fi-measurable random variable such that for ¢ > 0 satisfies L1(1<;; = Lil{1<4) and
T, =inf{t >u:Z < Z,}.

On the other hand, one can apply the Cox-construction described in subsection 1.4 with X = 1-Z
and construct a random time 7C°% with a non-increasing Azéma’s supermartingale Z°°% = Z.
Therefore p and 7€°% have the same Azéma supermartingale. However for ¢ > u,

P(TCOX > ‘ ]:t) — P(TCOX > | ]:u) — ZSOX _ Z

U

whereas, for t > T, Gi(u) is different from Z,.
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3 Credit Risk Pricing - Top Down Approach

In this part of the article, having derived the formula for the pre-default price of claims of type I and
type II, we proceed to take a top down view. In the following, we do not assume that a default time
is given, instead, we consider as model inputs the objects which uniquely determines the pre-default
price and show that it is possible to construct a random time which is consistent with these model
inputs. To remind the reader, we summary below some results from section 2.

Claim of type I: We recall that the pre-default price of type I claim is given by
o= Z0EYrZr+ | COdALIF] e {o,p), (3.1)
(t,T]
where process CU) is a predictable (optional) claim if j = p (j = o).

Predictable claim: The pre-default price is uniquely determined by the Azéma supermartingale Z or
equivalently the dual predictable projection process AP.

Optional claim: The pre-default price is uniquely determined by the Azéma supermartingale Z and
the dual optional projection process A°. In fact the pre-default price is uniquely determined by A°,
since the Azéma supermartingale Z can be computed by setting Z = (A, — A°).

Question: Given a non-decreasing optional process B such that E(B., — Bi_|F;) takes values in
[0,1], does there exist a random time 7 (on a possibly extended space) such that A° = B and does
not satisfy the hypothesis (H).

Remark 3.1 In view of the uniqueness of the Doob-Meyer (Doob-Meyer-Mertens-Gal’ciik) decom-
position, the existence of a random time with a given dual predictable (optional) projection is
equivalent to the existence of a random time with a given Azéma (optional) supermartingale.

Claims of Type II: We recall that the pre-default price of a claim of type II is given by

7 = Z; 'E[Yr Zr + . Cu(¢) Fr(du) | F]. (3.2)
t, T

The pre-default price is thus uniquely determined by the Fp-conditional distribution (Fr(u))u<r
and it should be considered as model inputs. Note that the Azéma supermartingale (Z,),<r can
be retrieve from Fp-conditional distribution (Fr(u)),<r by taking conditional expectations.

Question: Given a random field (Fi(u),u,t € R,), valued in [0, 1] which is increasing in u and, for
fixed w, is a martingale in ¢, does there exist a random time 7 such that P(7 < u|F;) = Fi(u).

Definition 3.2 A predictable (optional) non-decreasing process B is said to be a wvalid dual pre-
dictable (optional) projection if X :=1— °(Bs, — B) takes value in [0, 1].

Definition 3.3

(i) A supermartingale is said to be a valid Azéma’s supermartingale if it takes values in [0,1].

(i) An optional supermartingale is said to be a valid Azéma’s optional supermartingale if it takes
values in [0, 1] and the unique strongly predictable no-decreasing process in the Doob-Meyer-Mertens-
Gal’cuk decomposition is left continuous.

Definition 3.4 A random field (Fy(u),u,t € Ry) is called a valid F-conditional distribution if it

takes values in [0,1], is right continuous and non-decreasing in u and is such that, for a fized u,
(Fy(u))i>0 is an F-martingale .
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3.1 The extended Cox construction

As shown in the previous subsection, Cox-times satisfy the hypothesis (H) and in that setting one
can easily identify the dual optional projection of the constructed time. However, to the best of our
knowledge, it is still a open question as to whether one can construct a random time 7 with a given
dual optional projection but does not satisfy hypothesis (H).

Given an F-conditional distribution (F;(u), u,t € R, ) and a random variable U which is uniformly
distributed on [0, 1] and independent from F,, we consider an extension of the Cox-construction.
That is we construct a random time 7 by setting

T:=inf{u: Foo(u—) > U}.
From the above definition we can deduce the set equality {7 < t} = {U < Fs(t—)} and therefore
P(T < 4| Foo) = Foo(u—) and P(r <ul|Fx) = Foo(u).

By taking the F,-conditional expectation of both hand sides in the above, we retrieve the Azéma
optional supermartingale and the Azéma supermartingale. That is*

P(r <u|Fy) = Fy(u—) and P(r <u|F,)=F,(u). (3.3)

The above shows that given a valid F-conditional distribution (Fy(u),u,t € Ry ), it is always possible
to construct a random time 7 such that P(7 < u|F;) = Fi(u) and P(7 < u| F) = Fy(u—).

Definition 3.5 Given a valid Azéma supermartingale Y (resp. Azéma optional supermartingale
Y), an F-conditional distribution (Fi(u),u,t € Ry) is said to be consistent with Y (resp. Y) if

1—Fy(u) =Yy (resp. 1 — Fy,(u—) =Y,).

Remark 3.6 To this end, in view of (3.3), the uniqueness of the Doob-Meyer decomposition and
Theorem 5.30 in [12], in order to construct a random time with a given in advanced dual predictable
projection B, it is sufficient to construct an F-conditional distribution (Fy(u),u,t € Ry) which is
consistent with the Azéma supermartingale °(B., — B).

Similarly, in view of (3.3), the uniqueness of the Doob-Meyer-Mertens-Gal’ctik decomposition and
Theorem 5.30 in [12], we see that in order to construct a random time with a given in advanced dual
optional projection B, it is sufficient to construct an F-conditional distribution (Fi(u),u,t € Ry)
which is consistent with the Azéma optional supermartingale °(Bo, — B_).

3.2 Random times with given dual predictable projection

From Remark 3.6, we see that in order to construct a random time with given in advanced dual
predictable projection B, it is sufficient to construct a valid F-conditional distribution which is con-
sistent with the Azéma supermartingale Y = °(By, — B). The construction of a valid F-conditional
distribution which is consistent with a given in advanced valid Azéma supermartingale was first
considered in Gapeev et al. [16] and was later extended in Jeanblanc and Song [20] [21], Li and
Rutkowski [29, 30] and Song [40, 41]. Without going into all the details, we will survey the literature
and present below some existing methodologies.

In Gapeev et al. [16] and later Jeanblanc and Song [20] [21], the authors have considered the
case where the Azéma supermartingale is of the form Z = e~ where y is a local martingale and
Z, i, A are continuous. In this case a closed form of a valid conditional F-conditional distribution
which is consistent with given in advanced Azéma supermartingale Z is obtained and is given by

Fy(u) = (1 - Zt)exp{—/ut - —ZSZS dAs}. (3.4)

4By monotone convergence theorem it is clear that F} (u—) is +a martingale for ¢t > w.
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In this setting, the F-conditional distribution Fy(u) is differentiable w.r.t. « and the dynamics for

t > u is given by

_ Ft(u)
1-27;

F,(u)=1-2,

dFt (U) =

th, t>u

where M is the martingale part of the Doob-Meyer decomposition of Z. From this, one can construct
a random time 7 on an extended probability space and a probability Q such that V¢, Q| 7, = P|, and
Q(r < u|F) = Fi(u). Obviously, for t < u one has Fi(u) = E(Fy,(u)|Ft), hence we pay attention
only to the family for ¢t > u.

In Jeanblanc and Song [21], under the assumptions that Z > 0 is continuous and 1 — Z > 0, a
non-linear extension of the above model was considered. That is for any continuous local martingale
Y and any bounded Lipschitz function f with f(0) = 0, a conditional distribution M;(u) which is
consistent with 1 —Z can be constructed as a solution of the following stochastic differential equation

F,(u)=1-2,.

ﬁth + f(Mi(u) — 1+ Zt)dy;f> , t>u

On the other hand, in Li and Rutkowski [29], for a valid Azéma supermartingale Z, it was shown
that an F-conditional distribution can be constructed using the predictable multiplicative system
associated with 1 — Z introduced in Meyer [35]. In particular, if 1 — Z > 0 then the constructed
F-conditional distribution satisfies the following system of differential equations: For any u > 0,

F,(uy=1-2,

and it can be shown that

R = (- zyes(- [ () [T (- 125

(1] u<ls<t

where AP-¢ is the continuous part of AP. We point out here that random times which are constructed
using multiplicative systems satisfy the hypothesis (H P).

Finally, in Song [40], inspired again by Meyer [35] and Yceurp and Meyer [43], the following
non-linear system of stochastic differential equations (referred to as the f-equation or the natural
equation) was considered under the assumptions that ZZ_ > 0and 1 — PZ > 0,

uU,x

dX" = _(l_ti;Zt)th +ot, X ")dY;,, t>u (3.5)

Xyt =uw.
where Y is an F-local martingale. It was shown in [40] that if the pair (0,Y") satisfies the following
hypothesis 3.7 then, (c,Y) is referred to as a f-pair, and the family of solutions X;' 12w for t > u

can be considered as a model for an F-conditional distribution which is consistent with the given
Azéma supermartingale Z.

Hypothesis 3.7 For every u > 0, on the interval [u, oo[, we assume that the pair (o,Y) satisfies
(i) for given initial point x, the process o(-, X“")(1 = PZ — X“") "My _py _xuw=sgy is integrable
with respect to 'Y and

—(1= 7Z)TAM — 0(, XY (1 = PZ = X" My sy AY > 1,
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(i1) the process —o (-, X" *) (X ") " M yw= 40y is integrable with respect to'Y and
—(1 — pZ)_lAM + U(-,Xﬁ’w)(Xﬁ’x)_1]1{,X3,x¢0}AY > —1,

(1ii) given another F-adapted process X' taking values in [0, 1], the process (o (-, X' )—o (-, X)) (X' —
X_)’lll{X,_Xg,zio} is integrable with respect to Y and

—1="Z)"AM — (o(-, X" ) — o (-, XU"))(X. — X)) "My _xueggpAY > —1

To conclude, we point out that it was shown in Theorem 3.7 of [40] that the set of f-pairs or
natural-pairs is non-empty.

3.3 Random times with given dual optional projection

From Remark 3.6, we see that to construct a random time with given in advanced dual optional
projection B, it is sufficient to construct a valid F-conditional distribution which is consistent with
the Azéma optional supermartingale Y = °(B,, — B_).

3.3.1 Optional multiplicative systems

To construct a random time which does not satisfy hypothesis (H) and has a given dual optional pro-
jection, we introduce below results on the optional multiplicative system associated with a positive
optional submartingale.

The notion of a predictable multiplicative system was first introduced in Meyer [35] and later
extended to the optional case in Li and Rutkowski [29]. However, in [29], the existence of an optional
multiplicative system was only established for the case of the Azéma submartingale, that is we need
a given in advance random time 7. In the following, given a positive optional submartingale X, we
show the existence of an optional multiplicative system associated with X .

Recall that any positive optional submartingale X and its right continuous modification X, are
of class-(D), therefore X, = limyyoo X¢4 exists and is in L'. For the reader’s convenience, we recall
below the definition of a multiplicative system.

Definition 3.8 A multiplicative system is a positive random field (Cuy,t)u tef0,00] Satisfying the fol-
lowing conditions:

(i) for all u < s <t the equality Cy, sCs = Cy, holds; moreover, C,,; =1 for u >t,

(ii) for any fived u € Ry, the process (Cut)ie(0,00] 05 adapted and non-increasing,

(iii) for any fived t € Ry, the process (Cut)ue(o,00) 8 Tight-continuous and non-decreasing.

A multiplicative system is called predictable (resp. optional) when for each u, the process (Cu,t)ie(0,00]
is predictable (resp. optional).

Definition 3.9 Suppose that X is a positive optional submartingale, we say that (Cuy.t)u tcjo,] 5 @
multiplicative system associated with X if, in addition to conditions (i)-(iii) of Definition 3.8, we
have, for allt € [0, o],

E[Ct,ooXooLFt] = Xt+. (36)

The main tool used to obtain the existence of an optional multiplicative system associated with
a submartingale is the Doob-Meyer-Mertens-Gal’ctik decomposition. Given any positive optional
submartingale X, we can write X = Xo+M~X +AX where M¥ is an uniformly integrable martingale
and AX is a strongly predictable process of integrable variation and we can decompose AX into
AXT 1 AX9 where AN is cadlag and A9 is caglad.
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Lemma 3.10 Let X be a strictly positive optional submartingale, bounded below by a strictly positive
constant. Let the random field C,; be defined by Cy =1 for all u >t and satisfy the equation

C(u,t:l—/]v ]Cu,s—(st)_l dAi(vr_/[\ [Cu,s(Xs+)_1 dAsX-ng) vtzu
w,t u,t

Then, for any u, the process (Qut = C_'%tXt)te[u’oc] is a positive uniformly integrable martingale
and it satisfies

dQuy = —Cuyp— dM;* (3.7)
and Cy 1 1= C_'u+7t+ is a multiplicative system associated with X .

ProOOF: We will first show that, for any fixed u, the process (Cuy,t)ie[0,00] is POsitive and bounded
by one. To this end, it suffices to observe that it is a non-increasing process with C,; = 1 for
t < w and from (3.10), the left jump satisfies Cy; = Cy - (1 — (”X)t_lAAtX’T) for ¢ > wu. Since
X = (PX); — AA", we obtain
0<(PX) X =1-("X)1A4)N" <1,
while the right jump satisfies C,, 1+ = C,+(1 — thrlAAfig) for t > u. Since X; = Xyy — AAf’g, we
obtain similarly
0< Xy X, ' =1- X A4 < 1.

Thus we conclude that the process (Cu’t)te[u’oo] is positive and bounded by one. Therefore, for
any u, the process (Qu,t = CutXt)te[u,o0) is positive. Next, we show that, for any u the process
(Qu,t)te[u,00) is @ uniformly integrable martingale. To this end, from the It6 formula we obtain

dQu,t = _C’u,tf thX

which is a uniformly martingale since C, ; is bounded by one and M~ is uniformly integrable. For
ease of notation we set

Y;::1_/ (”XS)‘ldAf”“—/ (Xoy) HdAYY.
(0,t] [0,t)

From the form of the stochastic exponential, we have

Cus = exp {Yt Yoz [ o m} T[ (0 +Av e [ (14 aty)ea
(u,t]

2
u<s<t u<s<t

From the above, it is clear that C_'u,t = C_'O,tc_'ofi and C_'u,u =1.

Strictly speaking the random field C,, ; is not a multiplicative system associated with X since it
is not right continuous in u. Therefore we need to regularise the random field by considering for all
u<tande>0

CH}HECOJJFEX’%E = Xute + é&i—i—é/ CvoasfdMsX - C&i-ﬁ-s/ C_VO,st”WsX-
(0,t+¢] (0,u+¢]
The right continuity of the stochastic integral gives for all t > u
C'(;,ilL+C(0,t+Xt+ = Xu+ - CYqutJr/ C'O,sfdMSX + CYOinJF/ C(()’S,dMSX
(0,1] (0,u]
= Xuy — /( ) CougCo,s—dMX.

We note that for s > u, the term C_'u+7s_ = C_'O_ﬂlHC_’o,S_ is positive and bounded by one. Therefore
Cut = C’& i +C’0’t+ is a multiplicative system associated with the submartingale X .
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Corollary 3.11 For any optional submartingale X, there exists an optional multiplicative system
associated with X .

Proor:  We set Cy 1 = limjo Cy , where Cf , is defined in Lemma 3.10 for X = X +e. It is
obvious that the family Cf ; is non-increasing in ¢ and non-decreasing in u. Moreover,

Ep [XooCuoo | Fu] = Be [ lim (Xoo + €)Ch oo | Fu| = limEp [ X0 oo | 7]

el0
where we used the monotone convergence theorem and the third equality follows from Lemma 3.10.

Remark 3.12 The significance of the above results is of two folds. Firstly, the existence of the
optional multiplicative system C,, ; associated with X generalises the Madan-Roynette-Yor formula
(see for example [39]). That is the Madan-Roynette-Yor formula or the equality

E[L{r, <uy (K = S) [ Fu] = (K = Su)™ (3-8)

where K > 0 is the strike and S is the stock (a continuous uniformly integrable martingale),
can be retrieved as a special case of (3.6) as soon as one sets® Xo, = X; = (K — ;)" and
Cuoo = Cuyt = L7, <y Where 7, = sup {s < t: X, = 0}.

In general equation (3.6) extends the equality E[1 ¢, <y} Xoo|Fu] = Xy (vesp. E[l g, ) Xoo| Fu] =
Xu+) where X is a (resp. optional) semimartingale of class-(X) and 7 = 7o, = sup{s : X, = 0}. For
more details, we refer the reader to Cheridito et al. [4], Li [28] and the references within.

Secondly, given a valid Azéma optional supermartingale X, the random field Cu,t constructed in
Lemma 3.10 can be used to construct a F-conditional distribution which is consistent with X.

3.3.2 Application to construction of random time

Given an adapted integrable cadlag non-decreasing process B such that X; := 1 — E[By, — B;— | Fi]
is positive, we present a method to construct a random time 7 such that the dual optional projection
of A:= 1, is given by B. As in the Cox-construction of random times, we suppose that there
exists an uniformly distributed random variable U on [0, 1] which is independent of Fo,. We note
that since B_ is left continuous we have B_ = B° + BY.

Let X¢ := X + €, one can construct a random field C_'fm as done in (3.10) and by applying
monotone convergence theorem as done in Corollary 3.11 to show that there exists a random field
Cf’uyt such that Xth’uyt is a martingale for u < t. Furthermore for a fixed t, Cf’uvt is left continuous in
u, since C’Z’t is left continuous in w and this property is preserved in the limit.

The important observation is that Fi(u) = XtC_'u+,t is an F-conditional distribution which is
consistent with the valid Azéma optional supermartingale 1 — X = °(Bo — B_). Therefore we
can define 7 := inf {u > 0: XooCy,00 > U} and for every t > 0, we have {7 < t} = {XcCi. > U}
From (3.7) and independence of U, we have

P(T < t|ft) = E[Xooét,oo >U | ]:t] = E[Xooét,oo| ./T"t] = Xt.

We deduce from the uniqueness of the Doob-Meyer-Mertens-Gal’ciik decomposition, B_ = (A°)_
and since both B and A° are cadlag (or one can apply Theorem 5.30 in [12]) we obtain B = A°.

We now provide a counter example to Proposition 3.3 in Coculescu and Nikeghbali [6].

5We assume that all processes are stopped at t.
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Example 3.13 Let K be some continuous non-decreasing process which takes value zero at time
zero and lim;_, o, K; = co, We consider the non-decreasing continuous process

Y = AEATY) + K,

where T3 be the first jump of a Poisson process IV with parameter A. For any continuous differentiable
cumulative distribution function F' : Ry — [0,1] with F(0) = 0 and bounded derivative f = F’ > 0,

F(}/f) =A f(Ye)d(S A Tl) + f(Ys)sz
(0,¢]

(0.1
-{-] FA N, - wfih{ | tf<Y3>dNZI} ] t PO |
= GG

where p? is a purely discontinuous martingale, (¢ a purely discontinuous non-decreasing process and
¢¢ a non-decreasing continuous process. The process F(Y') is a continuous submartingale valued in
[0,1] such that F(Yp) =0 and F(Ys) = 1.

To construct a random time 7 whose Azéma supermartingale is equal to 1 — F(Y'), we consider
the optional submartingale

F=pt+¢d4¢e.

By using Lemma 3.10 with the optional submartingale F, we can construct a random time 7 which
has the property that P(r < t|F;) = F and P(7 < t|F;) = F(Y;). The constructed random time
7 has a continuous Azéma supermartingale but does not avoid the first jump time of the Poisson
process N since the dual optional projection of 7 is given by

A=+ ¢ = { f(Ys)dN?} +{ f(Ys)sz}.
(0,t] (0,¢]

To this end we point out that it is not difficult to include a continuous martingale component in F'.

Moreover, the constructed time 7 is an example of a random time where a non-increasing Azéma
supermartingale does not imply that the random time is a pseudo-stopping time. It is also an
example of a strict pseudo-stopping time which is not a pseudo-stopping time and do not satisfy the
immersion hypothesis.

3.3.3 Extension of the natural-model

From (3.7), for every u > 0, we see that if (1— Z_)(1—Z) > 0, then the dynamics of the constructed
F-conditional distribution satisfies the following linear differential equation

o (u—
dF(u—) = —Lli)dmt, t>u
1-2Z;_
Fu(u—)=1-Z,.
In the following, by mimcing the predictable case presented in Song [40] we present an optional
extension of the g-model or natural model. That is for a given F-local martingale Y and real valued
Borel function o, we consider a non-linear extension of the above system of equations given by
AX" = =X (1 = Zy_) " Ydmy + o(t, X[“7)dY,,  t>u (3.9)

X, =u.

where x is an JF,-measurable random variable.
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Then given the appropriate conditions on the pair (o,Y"), the solution to the above system of
equations with initial condition 1 — Z (after regularisation in u) should provide a model of the F-

conditional distribution distribution which is consistent with 1 — Z. That is SUP; ey X7 1725 should

provide a model for F;(u—) = P(7 < uw|F;), which satisfies the property that F,(u—) =1—Z, =
Sup, o, X317,

Lemma 3.14 Given an F-local martingale N such that AN > —1 and an F-adapted non-decreasing
process V', the non-negative solution to the following laglad linear stochastic differential equation

ver—ar [Ny [ vtz (3.10)
Ju,t]

[ut[

is given by

Y = 8, (V) (4 /

[w,t]

[gu,S(N)]—ldv;), t>u

where &, +(N) := &(N)[&,(N)] 1.

PrOOF: For fixed u > 0, it is sufficient to apply integration by parts formula to &, +(N)K, ; where
Kyt =+ [, [6us(N)]"dV;. By noticing that K¢ = Ky = K{;, we obtain

u,t?
Er(N)K; = o + / 0 o(N)AKY ., + / Ko Eus (N)AN,
[u,t] ’ Ju,t]
= m—i—/ AT +/ Eus—(N)Ky o dNs.

[u,t] Ju,t]

By standard results on stochastic exponentials, the solution is non-negative if AN > —1.

For simplicity, let us set dms = —(1 — Z,_)~'dm, then we have
1-Z, = / (1— Z,_)dimg + A9 (3.11)
(O7t}

which satisfies equation (3.10). To this end, we present below similar hypothesis on the pair (o,Y)
as those given in hypothesis 3.7 or on page 8 of Song [40]. The difference here is that we consider

(1—Z_) and diny = (1 — Z,_)"'dm, instead of (1 — PZ) and dM, = (1 — PZ,)~*dM, respectively.

Hypothesis 3.15 For every u > 0, on the interval [u, o[, we assume that the pair (o,Y) satisfies

i) for given initial point x, the process o(-, X“*)(1 — Z_ — X“")" 1, 5 ue is integrable
g {(1-Z_—X"®£0} g
with respect to' Y and

A —o( XU (1= Z- = X2") M 5 jue,) AY > —1,
(it) the process —o (-, X" )(X") "M _xue sy is integrable with respect to'Y and
A+ o (-, XU (X)L e 40 AY > 1,

(i11) given another F-adapted process X' taking values in [0, 1], the process —(o(-, X" )—o (-, X)) (X'—
X,)_lll{x/_xg,z;éo} 1s integrable with respect to Y and

A = (0( X1) = o (-, X)) (XL = X5 My _xuougp AY > —1,
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Lemma 3.16 Suppose that the pair (o,Y) satisfies Hypothesis 3.15. Then,
(i) if £ <1—Z,, one has X"" <1—Z, for all t € [u, o[,

(i1) if x > 0, one has X;"* > 0 for all t € [u, 0],

(i) if © <y, one has X" < XY for all t € [u, 0.

PROOF: By taking the difference between (3.11) and (3.5) we obtain

~ B _ _ _ N ]l{l_Zk_X?,m#O}a(s,X;ﬁx)
1—Zt—X;“*:1—Zu—x+/ (1—Zs— — X°°) |dms + = dY,| + A?
Ju,t] (1—-Z— — X327)

:1—Zu—x—|—/ (1= Z_ — X""YdN, + A9_.
Ju,t]

The result then follows from Lemma 3.14 and Hypthesis 3.15 (i). Similarly (ii) follows from Lemma
3.14 and Hypthesis 3.15 (ii), and finally (iii) follows from Lemma 3.14 and Hypothesis 3.15 (iii).

Theorem 3.17 Suppose that the pair (o,Y) satisfies Hypothesis 3.15 and that X,"" is a family of

solutions to the system of stochastic differential equations (3.9). Let us set M} = Xtu’kZ“, then

the family
1-2, t=u
Fi(u—) := ~
(u-) {sups<u MENQ—2Zy), t€u, 00|

is an F-conditional distribution which is consistent with 1 — Z.

Proor: For all F-stopping times T such that 0 < u < T < oo, we have

0 < E[M — sup M3 A (1 — Zp)] = E[M% — sup M3)]
s<u s<u

=E[l - Z,] —supE[l — Z,]

s<u

=A% —A° =0

The above computation implies that M" and sup,_,, M*® are indistinguishable on [u, co[ and therefore
the map [0,t] 2 u — My(u) is left continuous and non-decreasing function.

To this end, we can proof an analogy of Theorem 3.7 in Song [40] which gives sufficient conditions
for Hypothesis 3.15 to be satisfied. However we do not do it here, and as an example, one can take
Y to be a continuous F-local martingale, o(¢,2) =« - f(1 — Z;— — ) where f is bounded, Lipschitz
continuous and f(0) = 0. Then Hypothesis 3.15 will be satisfied.
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