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Résumé

Cette thése se compose de cinq parties (Introduction comprise) indépendantes dédiées a la
modélisation et & I’étude des problémes liés au risque du défaut, en information partielle.

La premiére partie constitue I’'Introduction.

La deuxiéme partie est dédiée au calcul de la probabilité de survie d’une firme, condi-
tionnellement a I'information & disposition de 'investisseur, dans un modéle structurel et
en information partielle. On utilise une technique numérique hybride basée sur une appli-
cation de la méthode Monte Carlo et de la quantification optimale. Comme application, la
courbe des spreads du crédit pour zero coupon bonds pour différentes maturités est tracée,
en montrant que (comme en réalité sur le marché) les spreads au voisinage de la maturité
ne sont pas nuls, i.e., en information partielle il y a du risque résiduel sur le marché, méme
si on est proche de la maturité. La calibration aux données réelles conclut cette deuxiéme
partie.

Dans la troisiéme partie on traite, avec I’approche Programmation Dynamique, un prob-
léme en temps discret de maximisation de 'utilité de la richesse terminale, dans un marché
ou des titres soumis au risque du défaut sont négociés. Le risque de contagion entre les
défauts est modélisé, ainsi que la possible incertitude du modéle, en travaillant en informa-
tion partielle. Dans la partie numérique la robustesse de la solution trouvée en information
partielle est étudiée.

Dans la quatriéme partie on s’intéresse au probléme de l'incertitude liée a 'horizon
temporel d’investissement. En particulier, dans un marché complet soumis au risque du
défaut, on résout, soit avec une approche directe du type martingale, soit avec la Program-
mation Dynamique, trois différents problémes de maximisation de la consommation. Plus
spécifiquement, en notant 7 l'instant de défaut, ol 7 est une variable aléatoire positive
et exogéne, on considére trois problémes de maximisation de 'utilité de la consommation:
quand 'horizon temporel est fixe et égal & T, quand il est fini, mais possiblement incertain,
égal & T'At, et quand I'horizon est infini. Dans un premier temps on considére le cas général
avec coeflicients stochastiques, puis, afin d’obtenir une solution explicite pour les cas utilité
logarithmique et puissance, on passe au cas coefficients constants.

Enfin, dans la cinquiéme partie on traite un probléme totalement différent, dans le sens
ou le sujet considéré est purement théorique. Dans le contexte du grossissement de filtra-
tions, notre but est de redémontrer, dans un cadre spécifique, les résultats déja connus sur la
caractérisation des martingales, la décomposition des martingales par rapport & la filtration
de référence comme semi-martingales dans les deux filtrations progressivement et initiale-
ment grossies et le Théoréme de Représentation Prévisible. Certain de ces résultats ont été
utilisés dans la quatriéme partie de cette thése. L’intérét de cette étude est pédagogique:
dans notre contexte spécifique la plupart des résultats sont retrouvés d’une fagon plus sim-

le, avec des outils de “base”’, comme le Théoréme de Girsanov et le calcul d’espérances
) )



conditionnelles.

MOTS-CLES: risque du défaut, information partielle, maximisation d’utilité, controle
stochastique, méthode Monte Carlo, quantification optimale, méthode martingale, Program-

mation Dynamique, grossissement de filtrations.
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Abstract

This Ph.D. thesis consists of five independent parts (Introduction included) devoted to the
modeling and to studying problems related to default risk, under partial information.

The first part constitutes the Introduction.

The second part is devoted to the computation of survival probabilities of a firm, con-
ditionally to the information available to the investor, in a structural model, under partial
information. We exploit a numerical hybrid technique based on the application of the Monte
Carlo method and of optimal quantization. As an application, we trace the credit spreads
curve for zero coupon bonds for different maturities, showing that (as in practice on the
market) the spreads in the neighborhood of the maturity are not null, i.e., under partial
information there is some residual risk on the market, even if we are close to maturity.
Calibration to real data completes this second part.

In the third part we deal, by means of the Dynamic Programming, with a discrete time
maximization of the expected utility from terminal wealth problem, in a market where
defaultable assets are traded. Contagion risk between the default times is modeled, as well
as model uncertainty, by working under partial information. In the part devoted to numerics
we study the robustness of the solution found under partial information.

In the fourth part we are interested in studying the problem linked to the uncertainty of
the investment horizon. In particular, in a complete market model subject to default risk,
we solve, both with a direct martingale approach and with the Dynamic Programming,
three different consumption maximization problems. More specifically, denoting by 7 the
default time, where 7 is an exogenous positive random variable, we consider three problems
of maximization of expected utility from consumption: when the investment horizon is fixed
and equal to T, when it is finite, but possibly uncertain, equal to T' A 7, and when it is
infinite. First we consider the general stochastic coefficients case, then, in order to obtain
explicit results in the logarithmic and power utility cases, we pass to the constant coefficients
case.

Finally, in the fifth part we deal with a totally different problem, given that it is purely
theoretical. In the context of enlargement of filtrations our aim is to retrieve, in a specific
setting, the already known results on martingales’ characterization, on the decomposition of
martingales with respect to the reference filtration as semi-martingales in the progressively
and in the initially enlarged filtrations and the Predictable Representation Theorem. Some
of these results were used in the fourth part of this thesis. The interest in this study is
pedagogical: in our specific context most of the results are found more easily, by exploiting

"basic" tools, such as Girsanov’s Theorem and by computing conditional expectations.

KEYWORDS: default risk, partial information, utility maximization, stochastic control,
Monte Carlo method, optimal quantization, martingale method, Dynamic Programming,

enlargement of filtrations.
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Part 1

Introduction






Introduction

After the seminal contribution of Bachelier in 1900, with his thesis “Théorie de la spécu-
lation”, after the new developments, more than half a century later, by Samuelson and the
papers from Black, Scholes and Merton in the early seventies, mathematical finance and
financial engineering have been rapidly expanding domains of science.

Nevertheless, most of the literature of the eighties and nineties dealt with market models
in which the assets’ prices evolution was driven by a continuous stochastic process, that,
in most of the cases, was Gaussian. It was impossible, then, to take into account the un-
predictable jumps that are, indeed, a major characteristic of market fluctuations. For this
reason, during the last fifteen years, discontinuous stochastic processes (i.e., stochastic pro-
cesses whose trajectories can jump, see, e.g., Cont and Tankov [7]) have become increasingly
popular in financial modeling, both for risk management and for option pricing purposes.

Focusing on risk management, we were interested in understanding, modeling and deal-
ing with one of the fundamental sources of financial risk: credit risk (for an exhaustive intro-
duction to credit risk we refer, e.g., to Bielecki and Rutkowski [3]). Credit risk embedded in a
financial transaction is the possibility of loss associated with any kind of credit-linked event,
such as: changes in the credit quality (e.g., credit rating), credit spreads’ variations and,
finally, default. Default risk is the possibility that a counter-party in a financial contract
will not fulfill his/her financial obligation stated in the contract. Because of this definition,
the main (challenging) tool in credit risk modeling is the definition and the analysis of the
properties of the random time of default, that we denote 7.

This thesis is divided into five parts. This introduction is the first part. The second part
focuses on these modeling aspects and on some related practical problems. In the third part,
we solve a discrete time portfolio optimization problem, in a partially observable market
model, where defaultable assets are traded. The fourth part aims to study the impact of
an uncertainty about the investment time horizon, due to the presence of an exogenously
given random time, on the optimal investment-consumption strategy of an investor acting
on a defaultable market. In the fifth part, we study some theoretical aspects concerning the
enlargement of a reference filtration by means of a random time.

The leitmotif of this thesis is, then, the presence of an inaccessible random time and
our aim is to investigate its role and, most of all, the implications of the knowledge we have
about it and in particular, its unpredictability. The pivotal point in this work is, then, the
analysis of the role played by the information; in particular, we focus on partial information

settings.

> Overview of part 11
Credit risk models come in two main varieties: the structural and the reduced form. The
structural approach, introduced by Merton in 1974, consists in modeling bankruptcy as the

first hitting time of a barrier by the firm value process, while in reduced form (or “intensity



based”) models, originally developed by Jarrow and Turnbull in 1992, the default intensity
is directly modeled and it is given by a function of latent state variables or predictors of
default.

The first approach, in which we are interested, is realistic from the economic point of
view, but it presents some drawbacks: the firm’s value process is not observable in reality, at
least in continuous time and, in the case of a continuous firm’s value process, default becomes
predictable, leading to null credit spreads for short maturities (for surviving firms), a fact
that is not observed in practice on the market. On the contrary, in reduced form models
the default time is inaccessible.

Despite the apparent difference between the two models (see, e.g., Jarrow and Protter
[11]), some recent results, starting from the seminal paper by Duffie and Lando [9], have
unified the two approaches, by means of information reduction. Indeed, structural models
can be “transformed” into reduced form models, by restricting the information set, from
that observable by the firm’s management to that observed by market participants.

We consider, then, a structural model under partial information, in which investors can
not observe the firm value process, but they have access to another process whose value is
related to the firm value process, such as, for example, the price of an asset issued by the
firm.

We are interested in computing the conditional survival probability of the firm with
respect to the restricted information set, in order to obtain yield spreads for zero coupon
bonds (for surviving firms) that are strictly positive at zero maturity. This has to be the
case, since investors, in practice, are uncertain about the nearness of the current firm value
to the trigger level at which the firm would declare default, and this represents a source of
risk.

We show that the computation of these conditional survival probabilities under partial
information leads to a nonlinear filtering problem (for an overview on stochastic filtering
we refer to Bain and Crisan [1]) involving the conditional survival probabilities under full
information. These latter quantities are approximated (when no closed formula is available)
by a Monte Carlo procedure, while the filter distribution at discrete time is approximated
by exploiting optimal quantization techniques.

In the studied model, then, the shape of the term structure of credit spreads may be
useful, in practice, to estimate the degree of transparency and of riskiness of a firm, from

the investors’ point of view.

> Overview of part III

We consider the classical portfolio optimization problem of maximization of expected utility
from terminal wealth when the assets, in which one invests, are subject to default-risk. We
focus on a context where the assets’ dynamics are affected by exogenous factor processes,
some of which may have an economic interpretation, some may not but, most importantly,
NOT all of them may be directly observable.



In credit risk models, factors are often used to describe contagion: “physical” and “infor-
mation induced”. Information induced contagion arises due to the fact that the successive
updating of the distribution of the latent (not observable) factors, in reaction to incoming
default observations, leads to jumps in the default intensity of the surviving firms (this is
sometimes referred to as “frailty approach”, see, e.g., Schénbucher [17]). It was shown in
Duffie et al. [8] that unobservable factor processes are needed in order to explain clustering
of defaults in historical credit risk data.

Notice that, in general, the formulation of a model under incomplete information on the
factors allows for greater model flexibility, avoids a possible inadequate specification of the
model itself, and the successive updating of the distribution of the unobserved factors (for
constant factors one considers them from the Bayesian point of view as random variables)
allows the model to “track the market” thus avoiding classical model calibration.

We consider only one non-observable factor process, modeled as a finite state Markov
chain and we explicitly take into account the possibility of default for the individual assets, as
well as contagion (direct and information induced) among them. Considering a multinomial
model at discrete time (with respect to continuous time models, this can be justified since
trading actually takes place in discrete time), we provide an explicit numerical solution
to the optimization problem. We discuss the solution within our defaultable and partial
information setup and, in particular we study its robustness. Numerical results are derived
in the case of a log-utility function and they can be analogously obtained for a power utility

function.

> Overview of part IV

The starting point of this work is the acknowledgement of the fact that, in most of cases, an
investment horizon is hardly known with certainty at the date when the initial investment
decisions are taken. It is, then, both of practical and theoretical interest to study the
influence of this uncertainty on the investor’s decisions.

We consider an exogenously given nonnegative random variable 7, that is a totally inac-
cessible stopping time with respect to the investor’s filtration, and we study three different
scenarios: the first one when the investment horizon is fixed and equal to 7' (problem A),
the second one when it is finite, but possibly uncertain, given by T'A 7 (problem B), and
the third one when it is infinite (problem C). Our aim is to investigate the role of the source
of randomness 7 in the investor’s decisions, when his objective is to maximize the expected
utility from consumption, in a complete market model in which 7 affects the assets’s dy-
namics (for example, a defaultable zero-coupon bond, in the case when 7 is a the default
time, or a mortality linked security, when 7 is the death time of a pensioner).

The present work can, then, be seen within the theory of optimal stochastic control prob-
lems with uncertain time horizon. Some recent works on this topic are, e.g., Karatzas and

Wang [13], who solve an optimal dynamic investment problem in a complete market case,



when the uncertain time horizon is a stopping time in the asset price’s filtration; Blanchet-
Scaillet et al. |4] consider a maximization of expected utility from consumption problem, in
a continuous market model, in the case when the time horizon is uncertain and the source
of randomness is not a stopping time in the investor’s filtration and Bouchard and Pham
[5] study, as opposite to the classical fixed time horizon setting, a wealth path-dependent
utility maximization problem in an incomplete semimartingale model. In a more general
setting, Zitkovi¢ [20] formulates and solves a class of utility-maximization problems of the
“stochastic clock” type (see the more precise Definition 2.3 in [20]) in general incomplete
semimartingale markets. Finally, Menoncin [15] studies an optimal consumption-investment
problem where the investment horizon is the death time of the investor and longevity bonds
are traded in the market.

We solve the three problems of maximization of expected utility from consumption in the
case when on the market there is a risk-free asset, a defaultable risky asset and a “standard
risky” asset. The investor’s filtration, denoted G (here “G” stands for “global”), is such that
7 is G-stopping time. We provide, in a very general stochastic coefficients case, comparison
results between the optimal consumption rates of these three problems, showing that (as
it should be) when the horizon is finite, but possibly uncertain (problem B), the investor
consumes at a higher rate with respect to the case when the horizon is fixed (problem A).
On the other hand, his consumption rate is higher in the case of problem A (finite horizon)
than in the case of problem C (infinite horizon).

Furthermore, we show that, depending on whether the model coefficients are stochas-
tic processes or deterministic functions of time, the investor’s optimal investment strategy
changes substantially. In the deterministic coefficients case, indeed, for an investor facing
problems A and C, the optimal investment strategy consists in not investing in the de-
faultable risky asset. On the other hand, in the case of problem B (finite uncertain horizon
T A7), when the investment horizon depends on 7, he has to deal with this additional source
of risk and it is, then, optimal to invest in the defaultable asset.

On the contrary, in the stochastic coefficients case, the market model coefficients are
adapted with respect to the investor’s filtration G, so that, on the set {¢ > 7}, they depend
on 7. The investor has, then, inevitably always to deal with 7 (and not, as before in the
deterministic coefficients’ case, only in the case when it appears in the investment horizon
in problem B) and, as a consequence, the optimal proportion of wealth he invests in the
defaultable risky asset is never equal to zero.

Part IV is divided into five chapters: in the first one we consider a stochastic coefficients
market model and we solve the three problems by means of the martingale approach. We
provide explicit optimal investment-consumption strategies in the log-utility case.

The second chapter is the analog to the first one in the case when model coefficients are
deterministic. Explicit optimal investment-consumption strategies are found in both the

logarithmic and in the exponential utility cases.



In the third chapter, still focusing on the deterministic coefficients case, we solve the
problems by using the Dynamic Programming approach, as an alternative technique and,
at the end, we consider the case of an investor with a reduced set of information who does
not observe 7.

In the fourth chapter we study, as a separate example, the exponential utility case in a
market model with deterministic coefficients.

In the final chapter, we focus on an even more general market model and, by means of
the tools developed in the Part V of this thesis, relative to enlargement of filtrations, we

provide explicit solutions to the three problems in the log-utility case.

> An overview of part V

Let us consider a pair of filtrations F = (F),~, and F = (/]\:;)t>0 on the same probability
space, such that F; C ?t, for any t > 0. In 7ﬁltering theory, this structure is suitable to
describe the evolution of a stochastic system that is partially observable (as in the previous
Parts II and III of this thesis). In enlargement of filtration theory, the point of view is
the opposite one (see, e.g., the summary in Jeulin [12]): F is considered to be a reference
filtration, to which we add some information, thus leading us to the larger filtration F.

Here we only consider the case where the enlargement of filtration F is done by means of
a random variable 7. Nevertheless, there are, of course, many other ways to do that, such
as, for example, setting ft = F;VF,t >0, where F is a o-algebra, or defining 3:; = FVF,
t >0, where F = (), is another filtration. There are two ways to add information to F
by means of a random variable 7: either all of a sudden at time 0 (initial enlargement), or
progressively, by considering the smallest o-algebra containing F that makes 7 a stopping
time (progressive enlargement).

The “pioneers” who started exploring this research field were Barlow (in [2]), Jacod,
Jeulin and Yor (see the references that follow in the text), at the end of the seventies. The
main question that raised was the following: “Does an F-martingale X remain an F semi-
martingale?”. And, in this case: "What is the semi-martingale decomposition in F of the
F-martingale X7”

Notice that a general (but not so practice) necessary and sufficient condition in order
for an F-local martingale to remain a F semi-martingale is given in Jeulin [12|. Moreover,
very technical existence and regularity results, which are fundamental in enlargement of
filtration theory, were proved at the very beginning, in the late seventies.

A recent detailed introduction to this subject can be found, e.g., in Chesney, Jeanblanc
and Yor [6], in Mansuy and Yor [14| and in Protter [16].

The main contribution of this part is to show how, in a very specific setting, all the well-
known fundamental results can be proved in an alternative (and, in some cases, simpler)
way. Nevertheless, it is important to make precise that our goal is neither to present the

results in the most general case, nor to study carefully regularity or existence properties.



We consider three nested filtrations
FCcGcCG,

where G and G7 stand, respectively, for the progressive and the initial enlargement of [F

with a finite positive random time 7 and we address the following problems:
e Characterization of G-martingales and G™-martingales in terms of F-martingales;
e Canonical decomposition of an F-martingale, as a semimartingale, in G and G7;
e Predictable Representation Theorem in G and G7.

The main idea is the following: assuming that the F-conditional law of 7 is equivalent
to the law of 7, after an ad hoc change of probability measure, the problem is reduced to
the case where 7 and F are independent. It is, then, “easier” to work under this newly
introduced probability measure, in the initially enlarged filtration. Then, under the original
probability measure, for the initially enlarged filtration, the results are achieved by means of
Girsanov’s theorem. Finally, by projection, the desired results in the progressively enlarged
filtration are obtained.

The “change of probability measure viewpoint” for treating the problems on enlargement
of filtrations was remarked in the early 80’s and developed by Song [18] (see also Jacod [10],
Section 5). For what concerns the idea of recovering the results in the progressively enlarged

filtration starting from the ones in the initially enlarged, we have to cite Yor [19].
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Chapter 1

An application to credit risk of a
hybrid Monte Carlo-optimal
quantization method

This is a joint work with Abass Sagna.

Abstract: in this part we use a hybrid Monte Carlo-Optimal quantization method to
approximate the conditional survival probabilities of a firm, given a structural model for its
credit default, under partial information.

We consider the case when the firm’s value is a non-observable stochastic process (V;),~¢
and investors in the market have access to a process (S¢),~(, whose value at each time tis
related to (Vs,0 < s <t). We are interested in the comput_ation of the conditional survival
probabilities of the firm given the “investor’s information”.

As an application, we analyze the shape of the credit spread curve for zero coupon
bonds in two examples in which yield spreads for surviving firms are strictly positive at zero
maturity (as it is the case in practice). Calibration to available market data is also part of

our study.

Keywords: credit risk, structural approach, survival probability, partial information, fil-

tering, optimal quantization, Monte Carlo method.
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1.1 Introduction

In this first chapter we compute the conditional survival probabilities of a firm, in a
market that is not transparent to bond investors, by using both Monte Carlo and optimal
quantization methods. This allows us to analyze the credit spread curve under partial in-
formation in some examples, in order to investigate the degree of transparency and riskiness
of a firm, as viewed by bond-market participants.

To introduce the problem, recall that most of the bonds traded in the market are cor-
porate bonds and treasury bonds, that are consequently subject to many kinds of risks,
such as market risk (due for example to changes in the interest rate), counterparty risk and
liquidity risk. One of the main challenges in credit risk modeling is, then, to quantify the
risk associated to these financial instruments.

The methodology for modeling a credit event can be split into two main approaches:
the structural approach, introduced by Merton in 1974 and the reduced form approach (or
“Intensity based”), originally developed by Jarrow and Turnbull in 1992.

The structural approach consists in modeling the credit event as the first hitting time
of a barrier by the firm value process.

In reduced form models the default intensity is directly modeled and it is given by a
function of latent state variables, or predictors of default.

The first approach, in which we are interested, is intuitive by the economic point of
view, but it presents some drawbacks: the firm’s value process can not be easily observed in
practice, since it is not a tradeable security, and a continuous firm’s value process implies a
predictable credit event, leading to unnatural and undesirable features, such as null spreads
for surviving firms for short maturities.

Despite the apparent difference between the two models (see, e.g., Jarrow and Protter
[18]), some recent results, starting from the seminal paper Duffie and Lando [9], have unified
the two approaches by means of information reduction. We also cite Cetin, Jarrow, Protter
and Yildirim [5], where they consider an alternative method with respect to Duffie and
Lando [9], namely, a reduction of the manager’s information set, to pass from structural to
reduced form models; Giesecke [12|, where the role of the investor’s information in a first
passage model is investigated and Giesecke and Goldberg [13], where a structural model
with unobservable barrier is studied. An interesting survey on different ways of restricting
the information in a credit risk setting, with applications to the pricing of zero-coupon
bonds, can be found in Cudennec [8].

Here we consider a structural model under partial information, in which investors can
not observe the firm value process, but they have access to another process whose value is
related to the firm value process. We show, in two examples, that yield spreads for surviving
firms are strictly positive at zero maturity, since investors are uncertain about the nearness

of the current firm’s value to the trigger level at which the firm would declare default. The
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shape of the term structure of credit spreads may be useful, then, in practice to estimate
the degree of transparency and of riskiness of a firm, from the investors’ point of view.

We show that the computation of the conditional survival probabilities under partial
information leads to a nonlinear filtering problem involving the conditional survival proba-
bilities under full information. These former quantities are approximated (when no closed
formula is available) by a Monte Carlo procedure. As concerns the (non)linear filtering
problem, in continuous and discrete time, several computational techniques are known. An
overview of some existing methods can be found in Bain and Crigan [1]. These techniques
include, e.g., particle filtering, the extended Kalman filter, etc. Optimal quantization is an
alternative method in discrete time. One of the advantages of this method, with respect
to the others existing, is that once an optimal quantization of the signal process has been
obtained, it can be kept off-line and used instantaneously to estimate the filter. This is the
main reason why we use optimal quantization to estimate the discrete time filter distribu-
tion. For a comparison between particle filtering and optimal quantization see, e.g., Sellami
[32].

This chapter is organized as follows. In the Section [I.2] we present the market model
and we decompose our problem into two problems (P1) and (P2), that are, respectively,
the computation of conditional survival probability in a full information setting and the
approximation of the filter distribution. Section [I.3] and Section [I.4] are devoted to the
solution of the previous two problems. We provide error estimates in Section [I.5] and,
finally, in Section [1.6] we present two numerical examples concerning the application to

credit risk and we calibrate the given model to real data available in the market.

1.2 Market model and problem definition

Let us consider a probability space (€2, F,P), representing all the randomness of our
economic context. For the moment we concentrate our attention on the “real world” prob-
ability measure P and on a single firm model, in which the company is subject to default
risk and we use a structural approach to characterize the default time.

The process representing the value of the firm, given for example by its value of financial
statement, is denoted by (Vt)t20 and we suppose that it can be modeled as the solution to

the following stochastic differential equation

(1.2.1)

AV, = b(t,V;)dt + o(t, V,)dW;,
Vb Vo,

where the functions b : [0,4+00) x R — R and o : [0,4+00) x R — R are Lipschitz in x
uniformly in £ and W is a standard one-dimensional Brownian motion. We suppose that
o(t,x) > 0 for every (t,z) € [0, +00) x R.

In our setting the process V' is non observable (it is also known as state or signal), but
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investors have access to the values of another stochastic process .S, providing noisy informa-
tion about the value of the firm, that can be thought, for example, as the price of an asset
issued by the firm.

This observation process follows a diffusion of the type

{ Sy = S, [w(Vi)dt + v(t)dW; + S(t)dW;] (1.2.2)

So = so,

where 1 is locally bounded and Lipschitz, v and § are bounded deterministic continuous
functions and W is a one-dimensional Brownian motion independent of W. Note that
in this model the return on S is a (nonlinear) function of V' affected by a noise. A key
observation here concerns the volatility of S, that cannot be a function of V: otherwise we
would be able, under suitable regularity properties of this function, to obtain estimations
of the firm’s value from the market observations of the quadratic variation of S. Finally,

following a structural approach, we define the default of the company as
T:=inf{t>0:V, <a}, (1.2.3)

where as usual inf () = +o00 and for a given constant parameter a € R,0 < a < vg.

In numerical examples we will consider models where V; € (0, +00) (eventually by stop-
ping the process V at the default time 7 by considering the process (Vinr)i>q)-

We will deal with two different filtrations, representing different levels of information
available to agents in the market and we suppose that they satisfy the usual hypotheses: a
filtered probability space (€2, F, (F),>q,P) satisfies the usual hypotheses if Fy contains all
the P-null sets and if the filtration is ;ight—continuous.

The first and basic information set is the “default-free” filtration, the one generated by

the observation process S, that we will denote, for each ¢ > 0,
Fi=0(S,0<s<t)

and the second one is the full information filtration (Gt);>g, i-e., the information available
for example to a small number of stock holders of the company, who have access to S and
V' at each time {. In our case, the full information filtration is the one generated by the

stochastic pair process (W, W). In conclusion we have
FPCG, Vt>0,

and we observe that the following immersion property holds (see Coculescu, Geman and

Jeanblanc [7], Proposition 3.1, for an analogous analysis):

Lemma 1.2.1. Any (F}),-local martingale is a (G;),-local martingale. We will say that
filtration (F?), is immersed in the full filtration (G;),.
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Suppose now that a finite time horizon T is fixed. For a given s, 0 < s < T, we observe
the process S from 0 to s. At time s, if the firm has already defaulted we do nothing.
Otherwise (i.e., on the set {7 > s}), we invest in derivatives issued by the firm and we are,

then, interested in computing the following quantity, for a given ¢, s <t < T,
. S
()P (séﬂfgt V> a| 7 ) . (1.2.4)

This is the conditional survival probability of the firm up to time ¢, given the collected
information on S up to time s, on the even {7 > s}. We will see in Section how this
quantity plays a fundamental role (if computed under a pricing measure) in the computation
of credit spreads for zero coupon bonds.

1.2.1 Reduction to a nonlinear filtering problem

Using the law of iterated conditional expectations, the Markov property of V' and the
independence between W and W, we find, for each (s,t) € R* x Rt s <t,

)]
)7

= E[F(s,t,V5)|F?],  P-as. (1.2.5)

P(lnf Vau >a‘]:ss) = E[]P’(mf Vu > alG
s<u<t s<u<t

E[ (1an>a

s<u<t

where, for every x € R,

F(s,t,z) ::IP’< inf Vi, >a

s<u<t

Vs = :z) . (1.2.6)

Finally,

(P1) if we compute F(s,t,x) for every z € R, which is now a conditional survival proba-

bility given the full information filtration, and

(P2) if we obtain the filter distribution at time s, y, Fs, Le, the conditional distribution
of V given F; S

then we are done, since it suffices to compute the integral
(o]
E[F(s,t,Vi)|FS] = / F(s,t,x)y, s (dz)
oy
= / F(s,t, )y, zs(dz).
a

It remains to solve the two “intermediate problems” (P1) and (P2). Let us consider first
problem (P2).
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1.3 Approximation of the filter by optimal quantization

We recall in what follows some facts about optimal vector quantization.

1.3.1 A brief overview on optimal quantization

Consider an R%-valued random variable X defined on a probability space (2, A, P) with
finite -th moment and probability distribution Px. Quantizing X on a given grid I' =
{z',--- 2™} consists in projecting X on the grid T following the closest neighbor rule. The
induced mean L"-error (r > 0)

I = Projp(X)ll = || min 1X = 1]l
where || X]|, = [E(\X\T)]I/T is called the L"-mean quantization error and the projection of
X onI', Projp(X), is called the quantization of X. As a function of the grid I" the L"-mean
quantization error is continuous and reaches a minimum over all the grids with size at most
N. A grid I'* minimizing the L"-mean quantization error over all the grids with size at
most N is called an L"-optimal quantizer (of size N).

Moreover, the L"-mean quantization error goes to 0 as the grid size N — 400 and the
convergence rate is ruled by the Zador theorem:

Lmin X = Projr(X) | = Qu(Px)N TV + o(NTH),

where @,(Px) is a nonnegative constant. We shall say no more about the basic results on
optimal vector quantization. For a complete background on this field we refer to Graf and
Luschgy [17].

The first application of optimal quantization methods to numerical probability appears

in Pageés [24]. Tt consists in estimating E f(X) (it may also be a conditional expectation) by

N
Ef(Projr(X)) = Zf(x*”) Di (1.3.1)
i=1

where T* = {z*!, ... ,2*"V} is an L™-optimal grid for X and p; = P(Projp.(X) = a*).
The induced quantization error estimate depends on the regularity of the function f.

[f(z)=f ()]

e If f:R? > R is Lipschitz continuous and r > 2, introducing [f]Lip := SUP,y

then

[Ef(X) —Ef(Projr(X))| < E[f(X)— f(Projp(X))]
< [fluipllX = Projpr«(X) |1
< [fLipll X — Projp« (X)|l2-

e If the derivative D f of f is Lipschitz and r > 2, then, for any optimal grid I'*, we have

IEf(X) — Ef (Projp«(X))| < [Dfluipl| X — Projps (X)|[3.
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How to numerically compute the quadratic optimal quantizers or L"-optimal (or sta-
tionary) quantizers in general, the associated weights and L"-mean quantization errors is an
important issue from the numerical point of view. Several algorithms are used in practice.
In the one dimensional framework, the L"-optimal quantizers are unique up to the grid size
as soon as the density of X is strictly log-concave. In this case the Newton algorithm is a
commonly used algorithm to carry out the L™-optimal quantizers when closed or semi-closed
formulas are available for the gradient (and the hessian matrix).

When the dimension d is greater than 2 the L"-optimal grids are not uniquely deter-
mined and all L"-optimal quantizers search algorithms are based on zero search recursive
procedures like Lloyd’s I algorithms (or generalized Lloyd’s I algorithms which are the natu-
ral extension of the quadratic case), the Competitive Learning Vector Quantization (CLVQ)
algorithm (see Gersho and Gray [11]), stochastic algorithms (see Pages [25] and Pagés and

Printems [27]), etc. From now on we consider quadratic optimal quantizers.

1.3.2 General results on discrete time nonlinear filtering

For an overview on nonlinear filtering problems in interest rate and credit risk models we
refer to Frey and Runggaldier [10] and references therein and, focusing on filtering theory
in credit risk, we also have to mention the seminal papers Kusuoka [20]| and Nakagawa [23].

We consider a general discrete time setting, in which we recall the relevant formulas
and the desired approximation of the filter (see, e.g., Pagés and Pham [26] and Pham,
Runggaldier and Sellami [29] for a detailed background). We introduce a probability space
(©,A,P) (notice that P is not the same measure we considered in Section but for

simplicity we will use the same notation) and we suppose that:

e the signal process (Xy),cy is a finite-state Markov chain with state space E, with
known probability transition, from time k& — 1 to time k, Py(zx_1,dzg),k > 1, and

given initial law u;

e the observation process is an R?-valued process (Y) ren such that Yo = yo and the

pair (Xp, Yy),cn is @ Markov chain.
Furthermore, we suppose that for all £ > 1

(H) the law of Y} conditional on (Xj_1, Yi_1, X;) admits a density

Y = 96(Xk—1, Yi—1, Xk, Uk),

so that the probability transition of the Markov chain (Xj, Y%),cy is given by
Pi(xp—1,dzk) gk (Tk—1, Yk—1, Tk, Yr )dyg, with initial law p(dazg)do(dyo).
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In this discrete time setting we are interested in computing conditional expectations of

the form

HY,nf =E [f(XTL)‘Yh cee 7Yn] y

for suitable functions f defined on F, i.e., we are interested in computing at some time n the
law Iy, of X,, given the past observation Y = (Y7,...,Y},,). Having fixed the observation
Y=W,....Y,) = (y1,...,yn) =y we will write II, ,, instead of Ily,,.

It is evident that, in the case when the state space of the signal consists of a finite
number of points, the filter is characterized by a finite-dimensional vector: if for example
each X} takes values in a set {xi, . ,xiv’“} (as in the case where we quantize a process
X at discrete times tg,k = 0,--- ,n with grids of size Nj), then the discrete time filter
distribution at time ¢; will be fully determined by the Nj-vector with components

V=P (Xp=ap|Y1,...,Y%), i=1,...,Np

It is for this reason that, following Pagés and Pham [26], we apply optimal quantization

results in order to obtain a spatial discretization, on a grid I'y, = {x}c, . ,x{:’“}, of the state
Xk, k=0,...,n, and we characterize the filter distribution by means of the finite number
of points {zg, 1, .. xivl,x%, : xé\h, ooy xh, oo 2"} making up the grids (T),..

In what follows we recall the basic recursive filtering equation, that we will use in our
numerics to approximate the filter. By applying the Markov property of X and (X,Y’) and
Bayes’ formula, we find:

Ty, nf

= (1.3.2)
y " y7 ﬂ
where m, ,, is the un-normalized filter, defined by
n
Tynf = / /f Tn ) p(dzo) H (Tk—1, Yb—1, Tho, Yo ) P (T —1, dw;). (1.3.3)

Equivalently, we recall the following recursive formula, that can be directly obtained as well

by applying Bayes’ formula and the Markov property:

ITy 1 (dxy) o /gk(xk—layk—lyxkayk)Pk(xk—lade‘k)Hy,k—l(dJUk—l)a

where now y in Il ,_; represents the realization of the vector (Y7,...,Y;_1) and we do not
have equality because we need to re-normalize.
Now for any k € {1,--- ,n} note that
k
Ty k] = E(f(Xk) [To( Xm0, X3, yi))'
i=1
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Therefore, introducing the natural filtration of X, (]—",g( ) peny We have

k
Tkl = E<E<f(Xk)Hgi(Xi1ayi1,Xi7yi)|]:I§(—1>>

=1

k-1
= E (E (F(Xk) 9k (X1, Yo—1, X U) | Fiy) H gi(Xilayil,Xi,yi)>

i=1
k—1
= E (Hy,k:(f(Xk—l)) H gi(XilayilaXiayi)> : (1.3.4)
i=1
where Hy .,k = 1,...,n, is a family of bounded transition kernels defined on bounded

measurable functions f : £ — R by:

Hyif(xzk—1) = E[f(X)ge(@r—1, Yo—1, Xk, yr)| Xp—1 = Tp_1]

= /f(fﬂk)gk(l‘k—l,yk—l,wmyk)Pk(xk—bdwk), (1.3.5)

with x;_1 € E. Furthermore, for every x € E, we have

Hyof(x) = my0f =E(f(X0)] = [ flaohuldan).
It follows, then, from that
Tyrf = myr1Hyrf, k=1,...,n, (1.3.6)
so that we finally obtain the recursive expression
Tyn = Hygo Hy10---0Hy,.

1.3.3 Estimation of the filter and related error

The estimation of the filter by optimal quantization is already studied in Pagés and
Pham [26] and in Sellami [31]. It consists first in quantizing for every time step k the

random variable X, by considering
Xj, = Projp, (Xz), k=0, ,n, (1.3.7)

where 'y, is a grid of N points x};, i=1,---, Nk to be optimally chosen and where Projp,
denotes the closest neighbor projection on the grid I'y.

Owing to Equation our aim is to estimate the filter using an approximation of the
probability transition Py(xp_1,dzy) of Xi given Xj_1. These transition probabilities are
approximated by the probability transition matrix py := (ﬁkj ) of X given Xpo1:

I/)\ikj :P(Xk = x‘]i|5€kfl :x}l’c—l)7 L= 17 7Nk717 j: 17 ,Nk. (138)
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Then, following Equation ([1.3.5)), being the observation y := (yo, - ,yx) fixed, the transi-

tion kernel matrix H, ; is estimated by the quantized transition kernel flyyk

Hyp=» Hl 0y  i=1, Ny, k=1, n,
j=1
where
ﬁ;]k = gk(%_pyk—l,%i,yk)ﬁg, i=1,--- Ng_1, j=1,---, Ng
and where the xi’s, j=1,---, Ny are the (quadratic) optimal quantizers of X. The initial

kernel matrix Hy o is estimated by

No
Hyo =Y P(Xo= () b,
i=1

This leads to the following forward induction to approximate m, ,:

Ty 0 = Hy,Oa Ty k = Wy,kley,ky k=1, n, (139)
or, equivalently,
my0 = Hyo
~ _ Ny_1 77t ~i _
Tyk = <Zi:1 H, 7wy ka P k=1, n.

Finally, the filter approximation at time ¢, is

Tynf = ;y’i’"‘ﬁ. (1.3.10)
y7n

In order to have some upper bound of the quantization error estimate of IL, ,, f by ﬁy,n f

let us make the following assumptions.
(A1) The transition operators Py(z,dy) of Xy given X1, k=1,--- ,n are Lipschitz.

Recall that a probability transition P on E is C-Lipschitz (with C > 0) if for any
Lipschitz function f on E with ratio [f]rip, Pf is Lipschitz with ratio [Pf]|rip < C[f]Lip-
Then, one may define the Lipschitz ratio [P]r;, by

[P f]Lip
[f] Lip

If the transition operators Py(x,dy), k =1,--- ,n are Lipschitz, it follows that

[PLip = sup{ , [ a nonzero Lipschitz function } < +o0.

[P]Lip = kiIllaX [Pk]Lip < +00.

) ;1
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(A2) (i) For every k =1,--- ,n, the functions gi (recall hypothesis (H)) are bounded on
E xR? x Ex R? and we set

Kg = max [|gx[loo-
ii) For every k = 1,---,n, there exist two positive functions [¢i]rip, and [¢2]L:
y p Ikl Lip Ik1Lip

defined on R? x RY so that for every z,2',7,7’ € F and y,y’ € RY,

/\/|

|.gk(:l:a Y, x,a y/) - gk(i‘\a Y, ./I\/, y/)’ < [glﬂlﬂp(ya y/) |.’E - i‘\| + [gla]LlP(yv y,) ’lj -

The following result gives the error bound of the estimation of the filter (see Pagés and
Pham [26] Theorem 3.1, for details of the proof).

Theorem 1.3.1. Suppose that Assumptions (A1) and (A2) hold true. For every bounded
Lipschitz function f on E and for every n-tuple of observations y = (y1,--+ ,Yn), we have

for everyp > 1,

n n

My f — My f| < ——2— Z (f.y,0) 11Xk — Xl (1.3.11)
Pn(y) V ) fm
with
Gn(y) = Tynl,  On(y) = Fynl
and
B o) = (2= P i+ 2( LR okl ) + i1,

fll
byl ” S P g]]up<yj_17yj>+[Pmp[g?]Lip(yj_byj))>.
Jj=k+1

(Convention: go = gn+1 = 0 and 6y, p is the usual Kronecker symbol).

Remark 1.3.1. Concerning the above LP-error bounds, notice that in the quadratic case
(p = 2) the coefficients B are smaller than in the L' case, even if the L! quantization error

is smaller than the quadratic quantization error.

1.3.4 Application to the estimation of Il rs

We focus now on solving problem (P2) and, in order to obtain the discrete time
approximation of the desired filter Iy, zs at time s, we fix a time discretization grid
to =0 < -+ < t, = s in the interval [0,s] and we apply the results in the previous
subsections by working with the corresponding quantized process 1% (we identify X with V
and Y with ). From now on (Vi),_g.... ,,» Will denote either the continuous time process V'
taken at discrete times tx, k = 0,--- ,n, or the discrete time Euler scheme relative to V.

First of all, let us make the following remark concerning the conditional law of S; given

((Vi)ue[s,g» Ss)- This will ensure that in our case Hypothesis (H) is verified.
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Remark 1.3.2. Let s < t¢. Using the form of the solution to the SDE ([1.2.2))

S, = S, exp </t (w(v) - %(VQ(U) +0%(u)) ) du+ /: V(u)dW, + /St 5(u)qu> 7

we notice that
E(St|<vu)s§u§ta Ss) = LN(ms,t; Uz,t)a (1312)

where

s = log(Ss) +/ (¢(Vu) — %(ﬂ(u) +6%(u)) — v(u) b(u, Vo) >du +/ U&(U&u)qu

and .
Uit = / 6% (u)du.
S
LN(m; 02) stands for the lognormal distribution with mean m and variance o2.

Now, suppose that we temporarily have a time discretization grid from 0 to t: uy =
0<u; <--+ <upy =t For m large enough we can estimate the mean and the variance
appearing in Equation by using an Euler scheme. When the estimations of the
mean mg; and variance og,t between two discretization steps are respectively denoted by

my, and a,% and we have:
L(Sk|Vi-1,Sk—1, Vi) = LN(my; 07) (1.3.13)
with

mp = logSk_1+ <1/)(Vk_1) — % (V2(Uk—1) + 52(Uk—1)) — v(ug—1)

I/(uk_l)
o(ur—1, Vk—1)

b(ug—1, Vk—l)) Ay
o(ug—1, Vi—1)

AV,
and
O']% = 52(uk,1)Ak,

where S), = Suk, Vi = Vuk, AV, = Vi, — Vi_1, Ar = up — ugp_1. So, the law of Sy,
conditional on (Vi_1, Sk—_1, Vi) admits the density (i.e., Hypothesis (H) is fulfilled)

1
Vi1, 861, Vi, ) = ————
gk(kl k—1, Vk ) aka:\/ﬂ

Remark 1.3.3. (a) In the case where

1
exp (—M(log:v — mk)2> , x € (0,400). (1.3.14)
k

dVy = pVidt + o VidWe, Vo=,
dSt = T‘Stdt + O'Stth + 5Stth, SO = S0,
we directly deduce from Remark [I.3.2] that, for every s <,

SsVi
Vs

‘C(St|(VU)s§u§t, Ss) = LN (]og < ) + (7“ -

%(02 L 8))(t— 5): 8%t — s)) .
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(b) (About the transition probabilities in Equation (1.3.8])) In a general setting the transition
probabilities

ﬁzkj :P(Vk :Uﬂvk—l :Ui;fl)a 1= 1a aNk‘—la .7 = 1> 7Nk7

where {vg,p=0,--- ,n;¢g =1,---, N} are the quadratic optimal quantizers of the process
V', can be estimated by Monte Carlo. However, in some specific cases the continuous time
transition densities p(s,t,z,dy) := P(V; € dy|Vs = x),0 < s < t, are explicitly obtained as

solutions to the Kolmogorov equations. For example in the case of item (a) of the remark,

o2 2
p(s,t,x,dy) = 0'34271(75—5) 6_202(1'5*5) [log (%)_(“_7)@_5)] dy. (1.3.15)

This density can also be derived from the explicit form of V. In such situations, the ]/527 ’s

are estimated from the p(tx_1, tx, v,i_l, dy).

Once problem (P2) solved, owing to Equation (1.2.5) we use optimal quantization to
estimate the P(infsgugt Vi > a|.7:§) on the set {7 > s} by

Ny
> F(s,tf) 0, (1.3.16)
i=1

where v,i = 1,--- , N, is the quadratic optimal grid of the process V at time t,, = s, ﬁ;n

is the i-th coordinate of the optimal filter ﬁy,n given in ((1.3.10) and, for every i, F(s,t,v})
is defined as in (1.2.6]). Note that this last function has in general no explicit expression. In

such case, we will estimate it by Monte Carlo as specified in the next section.

1.4 Approximation by Monte Carlo of survival probabilities
under full information

The aim of this section is to solve problem (P1), i.e., to compute, for each pair of positive
values (s,t),s <t <T,

IP< inf V, >a

s<u<

V) = E (Lfint, oy visat V5 ) (14.1)

where in our general setting the firm value V follows a priori a diffusion of the type (|1.2.1]).
Notice that in the specific case where V' is a geometric Brownian motion there exists a
closed-formula, that we recall below.
If

dVy = pVidt + oVidWy, Vo = wo,
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then

P <s%2f§t V, > a|Vs> = ®(h(Vy,t—s)) — (v O(ha(Vy,t —s))  (1.4.2)

where

ha(z,u) = a\l/a (log (g) n (u - 302) u> ,
ho(z,u) = 0\1/6 <10g (%) n (u - ;&) u)

1
and where ®(z) = Von / e~ /2duy is the cumulative distribution function of the stan-
T

dard Gaussian law. For an overview on the computation of boundary crossing probabilities
see, e.g., Chesney, Jeanblanc and Yor, [6], Borodin and Salminen [4] or Revuz and Yor [30].

Since in general we cannot use directly the result in Equation (|1 , we have to resort
to an approximation method. Several techniques can be used to estimate these probabilities,
such as in Kahalé [19], where the crossing probabilities are calculated via Schwartz distribu-
tions in the specific case of drifted Brownian motion and in Linetsky [22] and Linetsky [21],
where the survival probabilities and hitting densities relative to the CIR (Cox-Ingersoll-
Ross), the CEV(Constant Elasticity of Variance) and to the OU (Ornstein-Uhlenbeck) dif-

fusions are expressed as infinite series of exponential densities:
Py (T > 1) che ntt >0, (1.4.3)

where 0 < A\ < Ay < -+- < A\, = o0 asn — oo and (¢y,), are explicitly given in terms of the
solution of the Sturm-Liouville equation and the eigenvalues of the Sturm-Liouville problem.
When the basic solutions to the Sturm-Liouville equation are known, this approach provides
efficient estimates of the survival probabilities.

Here, we will adopt the “regular Brownian bridge method”, originally introduced in Baldi
[2]. From the numerical viewpoint, if the exact ¢, and \,, in Equation (|1 can be exactly
computed, Linetsky’s procedure may be more efficient than the ° regular Brownian bridge
method” (except in the Black-Scholes setting, see Section . Nevertheless, it will be
more time consuming than the last one since obtaining, e.g., the first one hundred exact
¢n's and \,’s takes “several minutes” (see Linetsky [21]).

In order to find an approximated solution to problem (P1) by means of the regular
Brownian bridge method, we consider the interval [s,¢] and we discretize it by means of
up=5<u <---<t=muy. We denote by V the continuous Euler scheme relative to V.
This process is defined by



k(t—s) k=

with uw = uy if v € [ug, up41), for the given time discretization grid uy, := s + ~

0,---, N, on the set [s,t].

The regular Brownian bridge method is connected to the knowledge of the distribution of

the minimum (or the maximum) of the continuous Euler scheme V' relative to the process V

over the time interval [s, t], given its values at the discrete time observation points s = uy <

up < -+- < uy = t. This distribution is given in the Lemma below (see, e.g., Glasserman
[14]).
Lemma 1.4.1.
. 7 7 _ _ _ . —1
E(urél[;sri] VulViu, = vi, k=0, ,N) = E(k: min Gvk,ka(Uk)) (1.4.4)

where (Ug)k=0,... N—1 are i.3.d random variables uniformly distributed over the unit interval

and G;é is the inverse function of the conditional survival function G, defined by

Gm,y (’U,) = exp ( - 2y (:U) (u - (L’) (u - y)) ]l{min(:p,y)zu}‘

(t —s)o?
Notice that we have omitted the dependence on time in o.

We deduce from the previous lemma the following result.

Proposition 1.4.1.

N—-1
? (s> l%) =2 05 5, 010 )
sus k=0
Proof. We have (recall that V = Vuo)

P (i P> ol%e) = B(P(min o> olfub=0.... ) 1)

s<u<t s<u<t

= E ]P) . tl ) 78 '
< <k=or,?.lf}v1Gvuk,vuk+l(Uk) > a) }V)

Since the Up’s are i.i.d uniformly distributed random variables, we have

N—-1
P (min Vs olts) = ( I 7 (v > Gr i, ) ’VS>

N-1
= E (H Gvuk’vuk+1 (a)‘VS> ’
k=0
which gives the announced result. O

By using Proposition [1.4.1] we estimate the survival probability under full information, i.e.,
]P’( inf Vu>a}Vs:v>,
s<u<t
by the following Monte Carlo procedure:
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Time grid specification. Fix ug = s < uy; < --- <t = uy, the set of N + 1 points for

the (discrete time) Euler scheme in the interval [s, t];

o Trajectories simulation. Starting from v and having fixed M (number of Monte Carlo

simulations), for j = 1,..., M, simulate the discrete path (V”jk)kzo N

e Computation of the survival probability. For j = 1,..., M, compute (recall that, for
every j, Vi, = v)

pst v;a) H GVJk, Vi (a). (1.4.5)

e Monte Carlo procedure. Finally, apply the Monte Carlo paradigm and obtain the

following approximating value

Vo—w) ~ ZJA/; p;t(v;a)
S ~ M .

(1.4.6)

As a consequence, combining formulas (|1.3.16) and (1.4.6)) leads to the following hybrid

Monte Carlo - Optimal quantization formula on the set {T > s}

M N,
P (s%]%fgt V, > a)f5> DI (1.4.7)

7j=1 =1
where pgjt(- ;a) was introduced in 1)

1.5 The error analysis

We now focus on the analysis of the error induced by approximating P < inf L Vi > a‘]—"f >
S UsS
by

HZ

M
We distinguish three types of error. The first error is induced by the approximation of

the filter IL, ,,, appearing in Equation 1} by ﬁy,n, defined in (|1.3.10). This error was

already discussed in Section [1.3.3]in a general setting. The second one is the error deriving

J;ME

from the approximation of

< inf V., > alV _v> by ]P’( inf V, > a|V; _v>
s<u< s<u<t

where V is the (continuous) Euler scheme relative to the process V (in the Black-Scholes
model, there is no need to use an Euler scheme, since Equation (|1.2.1) admits an explicit
solution). The last one is the error arising from the approximation of the survival probability

under full information by means of Monte Carlo simulations.
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We now discuss the second and third kinds of error.

>> Error induced by the Euler scheme. We here refer to Gobet [15], in which the
author starts by investigating the case of a one-dimensional diffusion and to the successive
related article Gobet [16] for the multidimensional case. In the two papers the considered
diffusion has homogeneous coefficients b and 0. We start by recalling here some important
convergence results we find therein, we will then adapt these results to our case.

Suppose that X is a diffusion taking values in R, with Xy = x, and define 7/ as the first

exit time from an open set D C R:
i=inf{u>0:X, & D}.

Let 7 denotes the exit time from the domain D of the continuous Euler process X. In order
to give the error bound in the approximation of E, (]1{71>t}f(Xt)) by E, (ﬂ{ré>t}f(Xt)) the

following hypotheses are needed:
(H1) bis a C;°(R,R) function and o is in C;°(R, R),

there exists o9 > 0 such that Vo € R, o(x)* > o3 (uniform ellipticity),
H2) th i 0 such that V R 2 (2) ] lliptici
(H3) P, (infyecp 1 Xi = a) = 0.

The following proposition states that, under Hypothesis (H3), the approximation error goes

to zero as the number of time discretization steps goes to infinity.

Proposition 1.5.1 (Convergence). Suppose that b and o are Lipschitz, D = (a,400) and
that (H3) holds. If f € C)(D,R) then,

Jim Ba[Lory (X)) = Eal gy (X7)]| = 0

Note that in the homogeneous case, when D = (a,+0o0), a sufficient condition in order for
(H3) to hold is (see Gobet [15], Prop. 2.3.2)

o(Xo) # 0. (1.5.1)
On the other hand, the rate of convergence is given by the following

Proposition 1.5.2 (Rate of convergence). Under Hypotheses (H1) and (H2), if f €
C{(D,R), then there exists an increasing function K(T) such that

Eo[Lrsry f(X1)] = Ea[Lmamy f(X0)]| < —=K (D) f115),

b
VN

1 .
where ||f]|% = 1o sup,ep |f9) ().
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Remark 1.5.1. It can be noticed, by generalizing the proof of Propositions 2.3.1, 2.4.3 and
2.3.2 in Gobet [15], that the two previous propositions and condition (1.5.1)) still hold when
the diffusion coefficients are in-homogeneous, as in our setting, by replacing Hypotheses

(H1), (H2), (H3) by (I) and (J) :

(I) b and o are Cp° functions with respect to both arguments ¢ and v, with uniformly

bounded partial derivatives with respect to v,

(J) o is uniformly elliptic, i.e., Ja > 0 such that o2(¢,v) > «,V(t,v) € [0,7] x R and
a(0,v9) # 0.

> Error induced by Monte Carlo approximation. This error comes from the esti-
mation of P (minsgugt Vi, > a’f/s = vg) =E ( ivz_ol G(/uk Vakn (a)’f/s = Ui), for every i =
s Ns, by .
Z‘?/; pi,t(”@ a)
Vi )
where pét( ;a) was defined in . We have, for every i = 1,---, Ng,

HE(EGVW%H (@)|Vs = 0i) — > Pij\j(vi;a) |,= (9(\/%) (1.5.2)

By adapting the previous results to our case, namely by identifying V with X and §
with Y, one deduces an error bound for the estimation of Il ,, F'(s, t,-) by ﬁy,nFMN(s, t,x),
where n is the dimension of the observation vector y (or, equivalently, n + 1 is the number
of points in the time discretization grid of the interval [0, s]) and where Fy,y(s,t,z) is a
Monte Carlo estimation of F(s,t,-) of size M, based on a time discretization grid, between

s and t, of size N + 1. We state, then, the main result of this section.

Theorem 1.5.1. Suppose that the transition operators of Vi given Vip_1, k = 1,...,n,
satisfy Assumption (A1) and that the conditional law of Sy given (Vi_1,Sk—1,Vk) admits
a density satisfying (A2). Suppose, furthermore, that the coefficients b and o of V' fulfill

Hypotheses (H1)-(H2). Then

My nF(s,t,-) = ynFan(s,t, )] < BY( ,0) Vi = Vil
dnly > Vv ¢n E_Z

1 1
- ofgy) o <m)’
where n is the dimension of the observation vector y, N stands for the size of the time
discretization grid for the Euler scheme from s to t and M is the number of Monte Carlo
trials. Furthermore, K;,(bn(y),(/b\n(y) and B!,k = 0,...,n, are introduced in Theorem

[L3.1
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Remark 1.5.2. (About the hypotheses of Theorem We consider the case when V' is
a time homogeneous diffusion.

> Concerning Assumption (A2) (i), the conditional density functions g given in Equation
are bounded on R x (0, +00) x R x (g, +00) for every ¢ > 0. The Lipschitz condition
(A2) (ii) holds.

> If we suppose that the coefficients b and o of the diffusion V' are Lipschitz, we show, by
using the Euler scheme relative to V', that the transition operators Py defined by Py f(z) :=
E(f(Vi)|Vier = 2), satisfy

|Pef(x) = P f (2")] < O[f]uiplz — 2|

for every Lipschitz function f with Lipschitz constant [f]ri. Then Hypothesis (A1) holds
true.

> As concerns the Lipschitz property of the function F(s,t,-), it follows from Proposition
2.2.1 in Gobet [15], in the case when the coefficients of the diffusion satisfy Hypotheses
(H1) - (H2) and for ¢t > s.

Proof (of Theorem . We have

[y F(s,t,-) — ﬁy»nFMN(‘g? t)l < MyaF(s,t,-) - ﬁy,nF(S, t,)
+ ’ﬁyv”F(&t? )= ﬁy,nFMN(Svty -

The error bound of the first term on the right-hand side of the above inequality is given by

Theorem [I.3.1] As concerns the second term, we have

N
My F(5,t,-) — HynFun(s,t,)| = ’ SO (F(s t,0h) — Fus(sit, v;))’
i=1
N,
< sup|F(s,t,v) — Fun(s,t,v)] ZHZ n
veER i—1 '
= sup|F(s,t,v) — Fyun(s,t,v)]|.
veER

On the other hand, we have for every v € R

|F(s,t,v) — Fun(s,t,v)] <

N-1
PU(T > t) - EU( H GV“k’V“kJrl (a)) ‘
k=0

+ |

E, ( ];ij: GV Vs (a)> - Zé\ilﬁw Hz

We then deduce from Proposition and from Equation (1.5.2)) that

F(s,4,0) — Fan(s,1,0)] < O (\;ﬁ) +0 (\%) ,

which completes the proof since the error bounds do not depend on v. ]
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1.6 Numerical results

In the numerical experiments we deal with the estimation of the credit spread for zero
coupon bonds. For simplicity we suppose that investors are risk neutral, so that here we
directly work under a risk neutral probability Q. We also suppose that the market is
complete (remark that V' is not a traded asset, then it will be necessary to complete the
market), i.e., that Q is unique.

In this section S represents the stock price of an asset issued by the firm. We fix s and,
given the observations of .S from 0 to s, we estimate the spread curve for different maturities
t (t > s). The credit spread for zero coupon bonds is the difference in yield between a
corporate bond and a risk-less bond (Treasury bond) with the same characteristics. It can
be seen as a measure of the riskiness relative to a corporate bond, with respect to a risk-free
bond. If we suppose for simplicity that the face value is equal to 1 and the recovery rate is
zero, the credit spread under partial information from time s to maturity t, S(s,t), equals

(see, e.g., Bielecki and Rutkowski [3] and Coculescu, Geman and Jeanblanc [7])

log (Q(infscu<t Vi > alFY))
S(s, t) = — .
t—s
This section is divided into two parts. We first focus on simulations: having arbitrarily
fixed the model parameters, we simulate different trajectories of S and we compute, in
two examples, the credit spreads for zero coupon bonds. The second part is devoted to

calibration.

1.6.1 Simulation

We consider two models for the dynamics of the firm value V: the Black-Scholes one
and the CEV (Constant Elasticity of Variance) model. In both cases we fix s = 1 and,
given the simulated trajectory of S from 0 to 1, we estimate the spreads S(1,¢) for different

maturities ¢ varying 0.1 by 0.1 from 1.1 to 11 (the time unit is expressed in years).

> The Black-Scholes model. We consider the following model for the firm’s value and the

observed process’ dynamics:

AV, = Vi(pdt 4+ odWy), B Vo = vo, (1.6.1)
dSt = St(Tdt + (Tth + 5th), S() = o, e
so that s v
L= L4 (r = p)dt + 6dW;. (1.6.2)
St Vi

For simplicity, we set r = g = 0.03, meaning that the return on S is the return on V affected
by a noise (it is important to note that since V' is not traded in the market, the return on
V' is not necessarily equal to the interest rate r). The other parameters values are o = 0.05,
6 = 0.1 and vg = 86.3. The barrier a is fixed to 76.
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Notice that when V evolves following a Black-Scholes dynamics, the quantization grids
of the firm value process can be derived instantaneously from optimal quadratic functional
quantization grids of the Brownian motion, that can be downloaded from the website
www.quantize.math-fi.com (for more information about functional quantization for nu-
merics see, e.g., Pagés and Printems [28]). This drastically cuts down the computational
cost and allows working with grids of higher size. Furthermore, the transition probabilities
are estimated using Equation and the survival probabilities F'(s,t,v}),i = 1,---, N,
(under Q) in Equation are computed via Equation . We then obtain a single
spread estimate in one second.

We set the number n of discretization points over [0, s] equal to 50 and for every k =
1,--- ,n, the quantization grid size N is set to 966, with Ny = 1. Numerical results are
presented in Figures and [I.2] Figure [I.]] is relative to the partial information case,
where three simulated trajectories of the observable process S and the corresponding credit
spreads are depicted. Figure treats the full information case, where we suppose that
we directly observe V. In three examples, corresponding to three different trajectories of
V' (left hand side of Figure , we compute the corresponding credit spreads (right hand

side of Figure .
As a theoretical result, we deduce from ((1.6.1)) (with pu = r) that

St — %67%52##5‘7[/}'
The correlation coefficient is, then, given for every ¢t > 0 by

eo?t — 1
p(t) := NECET TR,
meaning that the firm value V is positively correlated to the observation process S. Notice
that when o < 0, p(t) is a strictly decreasing function that goes to 0 as ¢ goes to infinity.
This tells us that the a posteriori information on V' given S decreases as the maturity ¢
increases. This is what we observe in the spreads’ curves from Figure [I.1] and Figure [I.2]
since for large maturities the spreads values almost coincide for analogous trajectories (e.g.,
for trajectories SU and VU).

Looking at the figures, first of all, we notice that the short term spreads under partial
information (Figure , being the default time totally inaccessible, do not vanish, as it is
the case in the full information model. Moreover, since V; and .S; are positively correlated,
it is expected that the more the trajectory of S behaves “badly”, the higher the short term
spreads are, as shown in Figure [1.1

In the full information setting (Figure , on the other hand, the short term spreads
are always equal to zero, but in “bad” situations (for example in the case of trajectory VD on
the left-hand side of Figure the medium term spreads can be higher than in the partial

information model.
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Figure 1.1: Three trajectories of the observed process S (on the left) and the corresponding spreads
(on the right).
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Figure 1.2: Three trajectories of the value process in the full information case (on the left) and the
corresponding spreads (on the right).
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> The CEV model. We suppose now that the firm’s value and the observed process’ dy-

namics are given by

{dV} = Vi(udt + VI awy), Vo = o,

- 1.6.
dSt = St(rdt+ath+5th), S():’U(], ( 63)

where 1 = r = 0.03, v = 744.7 (it is chosen so that the initial volatility equals 0.10),
B = —2 (notice that in this case one of the characteristics of the model is the leverage
effect: a firm’s value process increase implies a decrease in the variance of the price process’
return), o = 0.05,0 = 0.1, v9 = 86.3. The barrier a is set here to be equal to 79.

For numerics, the number n of discretization points over [0, s] equals 50 and, for every
k=1,---,n, the quantization grid size Ny is set to 60, with Ny = 1. Here, since we cannot
obtain the quantization grids from the ones of the Brownian motion, we obtain the optimal
grids by carrying out 80 Lloyd’s I procedures. The number of Euler time discretization steps
N equals 50 for ¢ varying 0.1 by 0.1 from 1.1 to 3.0 and N is set to N = 100 for ¢ varying
0.1 by 0.1 from 3.1 to 11.0. The number of Monte Carlo trials M is set to 100000.

Numerical results are presented in Figure where three simulated trajectories of the
observable process S and the corresponding spreads are depicted. We first notice that the
spreads in this example are higher than the ones in the previous example. This is due to
the fact that in this case the observed process S is more volatile, as it can be seen from
Figure compared to Figure [T.T

Secondly, we remark, as in the previous example, that the more the trajectory of S
behaves “badly”, the higher the short term spreads are, as shown in Figure|l.3|on the right.

Moreover, notice that the spread curves corresponding to the two worst S trajectories
seem to cross, however a zoom in the graph shows that it is not the case and that the spreads
curve for SD CEV is always above the one for SM CEV. This can be explained by noticing that
the model we use keeps the memory of all the observed path and that the trajectory SD CEV
is globally worse than the trajectory SM CEV.

Remark 1.6.1. (a) The most important fact from the numerical point of view is that, as
soon as the process V' is quantized over [0, s], the survival probability Q(infs<,<; Vi, > a|F?)
is estimated for every maturity ¢ > s without modifying the optimal quantization grid of
V.

(b) As expected, in both the Black-Scholes and the CEV models, numerical tests confirm

that the spread increases as the barrier a (a < vg) tends to vy.

1.6.2 Calibration issues

For calibration to real data, we consider the Black-Scholes model

{ AV, = Vi(pdt + odWy), Vo = vo, (1.6.4)

dS, = Si(rdt+odW, + 8dWy), So= so,
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Figure 1.3: Three trajectories of the observed process S in the CEV model (on the left) and the
corresponding spreads (on the right).

even if the methodology presented below may be applied to other models. The calibra-
tion has been done in two steps. The first step, related to the “learning phase”, consists
in calibrating the parameters of the stock price S in the observation interval [0, s]. The
remaining parameters are, then, calibrated from the market data for credit spreads. Re-
call that the quantization grids of the firm value process can be derived from the optimal

quadratic functional quantization grids of the Brownian motion.

> Calibration of S’s parameters. We work on JP Morgan weekly stock prices data (avail-
able on the website www.finance.yahoo.com/) for the period 03/22/2009 - 03/22/2010,
corresponding in our setting to the observation time interval [0, s] with s = 1. The data set
is of size 53 (see Figure on the left) and each considered stock price S;,i = 0,---,52,
is computed as the average between the bid and ask prices. The considered interest rate
r = 0.51% is obtained as the average of the three-months U.S. Libor rates in the period
March 2009 - March 2010. Given the above model for S, one can estimate the parameter
6 := /02 + 2 using elementary statistical theory. The obtained estimation f from real data
is 6 = 0.2496.

Before dealing with the second step of the calibration we study the impact of the noise
parameter ¢ € (0, é) on the credit spread (once ¢ is fixed, o = 62 — 52 ) For this purpose,

we set ;= r to have

dS; dV; -
— = — 4+ 6dW,. 1.6.5
S, v + odWy ( )

We plot in Figure the term structure of credit spread S(1,t) for ¢ varying 0.1 by 0.1
from 1.1 to 6 and for 6 = {0.05,0.10,0.15,0.20}. The considered values for vy and a are
vo = 2,079, 188,000% and a = 1,908,994, 000$. They represent, respectively, the total assets
value and the total liabilities balance sheet value of the firm at the end of March 2009 (both
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available on www.finance.yahoo.com/). In this numerical implementations we have set the
number of discretization points over [0, 1] to 53 and the quantization grid size N, = 966,
fork=1,---,53 and Ny = 1. Numerical results show that the spreads increase as the noise
parameter 0 increases. This intuitively comes from Equation , since the more ¢ is
large, the more the information on S is noisy and so the higher is the risk perception of the
investor. Moreover, for small values of § (as, for example, for § = 0.05), the term structure
of credit spread has a form similar to the one we found in the complete information case
(see Figure . Then, varying § may allow us to obtain a rich set of different forms of the
credit spread term structure.

We now focus on the calibration to real data.

4 —— delta=0.20
~ — - - delta=0.15
4 delta=0.10
254 | e delta=0.05

5

SPREADS
2 o

o
o

Time to maturity

Figure 1.4: Spreads computed with different values of 4.

> Calibration. As previously remarked, the parameters values vy and a are known and
they correspond to the total assets value and to the total liabilities value of the firm at the
end of March 2009, namely vy = 2,079, 188,000% and a = 1,908,994, 000$. Furthermore,
we set the initial stock price value and the interest rate to, respectively, s = 27,365 and
r =0.51%.

We calibrate ;1 and 0 on the credit spreads (for zero coupon bonds) market data, that
is, given a set of credit spreads data {s;,i = 1,---,4}, at time s = 1 and for different
maturities t; = 7/12;ty = 11/12;t3 = 1;t4 = 13/12, we find (p*,0*) that minimize the
quadratic error

4
ST (S t) = si,)™
i=1
The market data {s;;,i = 1,---,4} are obtained as the difference between riskless Treasury

bond yields and JP Morgan zero coupon bonds (Medium Term Note zero coupon SER E
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principal protected bond) yields. Since there is a mismatch between the maturities of corpo-
rate and Treasury bonds in the sample, we interpolate the riskless yields in order to have a
continuum of maturities and we compute the spreads for all the ¢;’s. For the calibration we
restricted our attention to the domain [—0.1,0.1] x [0.01,0.1]. The optimal values obtained
are (u*,0*) = (0.03,0.075) and the corresponding credit spread term structure over three
years is depicted in Figure right-hand side. The quadratic error equals 3.5 x 1073.
Notice that the most challenging task in the calibration phase is the collection of real data,
because zero coupon corporate bond prices at a fixed time s, issued by the same firm and
with identical features, are only given for a small number of different maturities ¢ > s. This

is why the used set of data is of small size.

mu=0.03; delta=0.075
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Figure 1.5: JP Morgan weekly stock prices over the period 03/22/2009 - 03/22/2010 (on the
left) and corresponding credit spreads curve over three years obtained for (u*,6*) = (0.03,0.075)
calibrated to market data (black square dots).
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Chapter 2

Portfolio optimization in defaultable
markets under incomplete
information

This is a joint work with Prof. M. Jeanblanc and Prof. W.J. Runggaldier.

Abstract: we consider the problem of maximization of expected utility from terminal
wealth in a market model that may be driven by a not fully observable factor process and
that takes explicitly into account the possibility of default for the individual assets as well
as contagion (direct and information induced) among them. It is a multinomial model
in discrete time that allows for an explicit numerical solution. We discuss the solution
within our defaultable and partial information setup, in particular we study its robustness.
Numerical results are derived in the case of a log-utility function and they can be analogously

obtained for a power utility function.

Keywords: Portfolio optimization, partial information, credit risk, dynamic programming
(DP), robust solutions.
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2.1 Introduction

Our study concerns the classical portfolio optimization problem of maximization of ex-
pected utility from terminal wealth when the assets, in which one invests, may default. We
put ourselves in a context where the dynamics of the asset prices are affected by exogenous
factor processes, some of which may have an economic interpretation, some may not but,
most importantly, NOT all of them may be directly observable. In credit risk models factors
are often used to describe contagion: “physical” and “information induced”. Information in-
duced contagion arises due to the fact that the successive updating of the distribution of
the latent (not observable) factors in reaction to incoming default observations leads to
jumps in the default intensity of the surviving firms (this is sometimes referred to as “frailty
approach”, see, e.g., Schonbucher [9]). As shown in Duffie et al. [5], unobservable factor
processes are needed on top of observable covariates in order to explain clustering of de-
faults in historical credit risk data. In general, the formulation of a model under incomplete
information on the factors allows for greater model flexibility, avoids a possible inadequate
specification of the model itself, and the successive updating of the distribution of the un-
observed factors (for constant factors one considers them from the Bayesian point of view
as random variables) allows the model to “track the market” thus avoiding classical model

calibration.

To keep the presentation at a possibly simple level, we shall consider only a single factor
process that is supposed to be non directly observable and the observation history is given,
in addition to the defaults, by the observed asset prices. Furthermore, we shall consider
discrete time dynamics. With respect to continuous time models, this can be justified since
trading actually takes place in discrete time. Moreover, a solution is easier to compute in
discrete time and, while it is more difficult to obtain qualitative results than in continuous
time, once an explicit numerical solution is obtained, one can evaluate its performance also

with respect to alternative criteria via simulation.

The outline of the chapter is as follows. In Section [2.2] we describe our model and
objective. The filter process, which allows for the transition from the partial information
problem to a corresponding one under complete information, is studied in Section 2.3}
Section [2.4] contains the main result on using Dynamic Programming to obtain the optimal
investment strategy; we consider explicitly the log-utility case, but analogous results can
be obtained for other utility functions, in particular power utility. The last Section [2.5
discusses numerical results from simulations that were performed in order to investigate the
effect of shorting as well as the robustness of the optimal strategy obtained for the partial

information problem.
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2.2 The model

Here we describe the model dynamics and the objective for our portfolio optimization.
With a slight abuse of notation, in what follows we will use the subscript n to indicate the

instant ¢,,. All vectors will be row vectors and ’ will indicate transposition.

2.2.1 Model dynamics

Given a discrete time set tg = 0 < t; < --- < ty = T, let us introduce a filtered
probability space (2,G,G,P) (G stands for “global filtration” ), where G = (G,),, and, in
addition to a nonrisky asset with price SO, SJ = 1 (S? is the price at time t,), a set of
M risky assets with prices S;', m = 1,--- , M, that are subject to default, except for the
first one, S'. Both for the applications (generally one invests in a pool of assets containing
at least one non defaultable asset), as well as for formal reasons (see Remark it
is convenient to consider investment in at least one default-free risky asset. Let 7" be
the exogenously given (i.e., independent of any other source of randomness in the market)
default time of the m—th asset and consider the default indicator process

H,:=(H: - HM), n=0,--- N, (2:2.1)

n

where

H,Z;n = ﬂ{thTm}

is the default indicator for the m—th firm. The possible values of H,, are the M —tuples
hP = (RPY ... JRPMY for p =1, 2M~1 with A»™ € {0,1}. Since S! is assumed to be

default free, we have

Furthermore, we arrange the values h? according to a listing

2M—1

h',h?,---  h

2M—1

whereby, typically, h' = (0,0,---,0) and h =(0,1,---,1).

We now let the dynamics of the asset prices be given by

591 =50(1+r,) (typically r, =r)
(2.2.2)
Mo = STy (Epgr) (L— HIY), Syt=sg, m=1,--,M,

where &, is a sequence of i.i.d. multinomial random variables with values in {¢!,--- &}
and 4™ are positive measurable functions. Typically, v"(&,+1) € (0,1) when there is a
downward movement in the dynamics of asset S™ during the period n, while 4™ (&,4+1) > 1
if the movement is an upward one. We want to point out that, while in our model the

amplitude of the up- and downward movements may vary from asset to asset, in accordance
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with a common practice, in trinomial and multinomial price evolution models it is intended
that, if v (&,+1) > 1 for one asset m, the same holds for all the other assets (analogously

when 7™ (&,+1) < 1.) In vector form, we may then write

Sn+l = diag (Sn'Y(gn-i-l)) (l - Hn—i—l) = I(Sna fn—i—l, n+l) (2'2'3)

where diag (S,7(&n+1)) is an M x M diagonal matrix, with elements S}'y™(£n41), m =
, M. The price evolution is thus driven by (&,, H,,), defined on (2, G, G, P) as follows.
leen a G—adapted finite state Markov chain (Z,), with values Z, € {z',---, 27}, with

initial law g and transition probability matrix

n

P =P(Z, =22y 1 =2"), Vi, je{l,---,J}, Vn (time homogeneous), (2.2.4)

the driving processes (£, H) are supposed to be independent, conditionally on Z, and their

distribution is characterized by assigning

pe(z) = P(fnzgf’anlzz), f:]_’ 7L’
pP9(z) = P(H, =hi|Hy_1 = hP, Zy_1 = 2) (2.2.5)
vp7q € {17 72M71}a
where n = 1,--- , N. Notice that the dependence of p”? on {Z,,_1} allows to model conta-

gion: only “physical” if Z,,_1 is observed, and “information-induced” if Z,_; is unobservable
and its distribution is updated on the basis of the observed default state and of the default-

able asset prices.

2.2.2 Portfolios

To perform portfolio optimization, we evidently need to invest in the market and, for
this purpose, we consider an investment strategy that may be defined either by specifying
the number of units invested in the individual assets, namely a,, = (a2,al,---,a?) (a™
is the number of units of asset m held in the portfolio in period t,), or, restricting the
attention to positive portfolio values, by equivalently specifying the ratios invested in the
individual assets. More precisely, we shall consider the following relationships, that differ
slightly from the standard ones, for reasons that we shall explain below (see Remark

ie.,
SO Sm

M M
_ E : magqm __ § : m m
- an Sn - an—l—lSn
m=0 m=0

is the (self-financing) portfolio value in period t,,. Notice that

where

M
S=1-> ¢r—Hy)
m=1
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so that, to define a self financing investment strategy ¢, := (¢9,dL,---, M), it suffices to
define ¢y, := (L, -, pM).
It will be convenient to write the portfolio value at time ¢, in terms of its value at

time t, and of the gain during the period n, namely

M
Vn¢+1 = Vi = i+ a2+1(52+1 - 52) + Z ant1(Spi1 — S5')

m=1

M
= Vi4ap  Spra+ Z any 1S [ (Enga) (1 = Hyy) — 1]

m=1

M
= V2 4+Vira+ > ¢mVie(l— HY) (7" (Gnsr) (1 — HJYy) — 1]
m=1

M
=V {(1 )+ > (L= H) [V (Enn) (= Hly) = (L4 70)] } :

m=1

(2.2.7)

Remark 2.2.1. With the given definitions (in particular, the presence of the factor (1—H]")
in the definition of ¢ in Equation ) one has that investment in an asset automa-

tically ceases as soon as it defaults. This implies the equivalence of the expressions for V%
and Vn¢ (namely, the next-to-last equality in Equation indeed holds true).

Assuming first that the factor process Z is observed by the investor, the definitions
above also imply that we consider (ay),,~q to be a predictable process (ag is Go-measurable
and a,, is G,,_1—measurable, n > 1, meariing that investment decisions at time t,, are taken
on the basis of the information available at time ¢,_; and kept until time ¢,,, when new

quotations are available), while (¢,),,~, is adapted.

2.2.3 The partial information problem

In view of formulating our partial information problem, let the default history be given
by the filtration H,, := o{H,, v < n}. With this filtration, we can reexpress the global
filtration as

Gn=FsVH, VFZ, n=0,---,N,
where (F7)
¢, while, with (F2 ), denoting the filtration given by the price observation history, the

,, and (.7-"5)” denote, respectively, the natural filtration associated with Z and

observation filtration (representing the information of an investor) is given by
Fo=F;VHy C Gy, n=0,---,N.

Having specified a utility function u : RY — R, of class C', increasing and strictly

concave, that satisfies the usual Inada’s conditions:

lim «/(z) = 400 and  lim /(z) =0,
r—0t T—>+00
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we can now give the following

Definition 2.2.1. A self financing investment strategy ¢n = (¢k,---,¢M),n =0,--- | N,
1s called admissible in our partial information problem, and we write ¢ € A, if, besides

implicit technical conditions, it s F,—adapted and such that Vf belongs to the domain of

Notice that, in general, the set of admissible strategies is non empty (e.g., in the log
and power utility cases it contains the strategy of not investing in the risky assets) and it
is a convex set that may be unbounded; by possibly bounding it (e.g., imposing that, at
any time t,, ¢ > —C,m = 1,--- ;M) it can transformed into a set with compact closure
(for details, in the log-utility case, see the proof of Theorem below). We come now to

define our

Problem: Given an initial wealth vy, determine an admissible strategy ¢* such that

Elu(Vi)| zE[u(Vi)], ¥oca

Our problem is a partial information problem in that the factor process Z cannot be ob-
served; on the other hand, the investment strategy can depend only on observable quantities.
The usual approach in this situation (see, e.g., Bensoussan [1]|, Bertsekas [2] and Van Hee
[10], see also Corsi, Pham and Runggaldier [3] for a problem related to the one of the
present paper) consists in transforming the partial observation problem into one under full
information, by replacing the unobservable quantities Z, by their conditional distributions,
given the current observation history. These conditional distributions are the so-called filter
distributions or just filters and they can be computed recursively, as we are going to show
in the next section.

We conclude this section by recalling a fundamental result on the absence of arbitrage

opportunities (AOA, see, e.g., Prop. 2.7.1 in Dana and Jeanblanc [4]).

Lemma 2.2.1. If the above Problem has a solution, then there are no arbitrage opportu-
nities. The converse also holds true, i.e., there is equivalence between the existence of an
optimal solution and the AOA, in the case when the utility function wu is strictly concave,

strictly increasing and of class C'.

2.3 The filter

Since the investment strategy ¢ is by definition F—adapted, the information coming
from observing (S, V, H) (namely the asset prices, the portfolio value, and the default state)
is equivalent to that of observing just (S, H).
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Defining (S™, H") := ((S1, H1), -+ , (Sn, Hyp)), the filter distribution for Z at time ¢, is

the random vector II,, = (ITL, - -- ,II;}) with components
I, =P (Z, = 2|F,) =P(Z, =2|(S", H")) , j=1,---,J,

taking values in the J-simplex K; C R’ (here |- |, denotes the [*-norm)

J
Kij={x=(@")eR 27 >0,j=1,...,J and ||, :ijzl
j=1
By applying the recursive Bayes’ formula, one obtains, for j =1,---,J,
I, = P (Z, = 2|S, = sn, Hy = hy, (S, H™ 1)) o
X Z;'Izl P (Zn = Zj7 Zp—1 = Ziv Sn = 8pn, Hp = ha, (Sn717 anl)) X (231>

o8 Z;'Izl Pij P (Sn = SnaHn = hn‘Zn—l = Zi? Sn—17 Hn—l) HZ

n—1»
with the observation distribution (likelihood function) given by (recall that the processes &

and H are conditionally independent given Z)

P (Sn = Sn, Hn = hq‘Zn—l = Zi; Sn—l = Sn—th—l = hp) =
(2.3.2)
pp,q(zz> Zl%:l pf(zl)ﬂ{sn:I(sn_l,fe,hq)} = F(zl; Sn, Sn—1, h, hp)

where I(s, &, h) was defined in (2.2.3).

Remark 2.3.1. Since the model may not correspond exactly to reality, there may be no
ebe {€1, ... L) so that, for the actually observed values of s,_1 and s,, one has s, =
I(sp_1,&% h9). Following standard usage we shall then consider the value of £ for which

I(sp_1,&% h9) comes closest to the actually observed value of s, (“nearest neighbor”).

Given the current observations (sy, hy,) and the previous ones (S$p—1,hn—1), setting

F(Sna Sn—1, hn, hn—l) = diag (F(Z§ Sn, Sn—1, hn, hn—l)) ) (2~3-3)

which is a J x J diagonal matrix with elements F(2%; 5., $p_1, hn, hn_1),i = 1,---,.J, the
recursions (2.3.1)) can be expressed in vector form as

Il = p and, forn > 1,

/ ) 2.34
Hr/n = P, F(Sn’ Sn—1, hn’ hn*l) H;“_l = F (Hn—17 Sny Sn—1, h?’b7 h?’b—l) . ( )
‘P F(sn,8p—1,hn,hpn-1) Hn—1| 1

Remark 2.3.2. By having assumed that at least one asset in the market is default free, the
filter is well defined at every time step. Indeed, if we had considered only defaultable assets,
in the case of default of all assets by time t,, we would have found S, = (0,---,0) and we

would have lost all the information on &, necessary to update the filter.
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2.4 Dynamic Programming for the “equivalent full informa-
tion problem”

Under full information corresponding to G the tuple (S,V, H, Z) is Markov. In the full
information setting equivalent to the partial information problem, the process Z has to be
replaced by the filter process II. From it is easily seen (for details we refer, e.g., to
Pham, Runggaldier and Sellami |8]) that, in the partial information filtration F, it is the
tuple (S, V, H,II) that is Markov.

Denoting by U,(s,v,h,7) the optimal value in period ¢, for S, = S,Vﬁf’ =uv,H, =
h, 11, =, i.e.,

Un(s,v,h,m) = sup E {u(vﬁ)\sn = s, V¢ = v, Hy, = h,1II, = 7r}
peA

(recall that A denotes the set of admissible strategies over the entire investment interval),
an application of the Dynamic Programming Principle (see, e.g., Bertsekas [2]) leads to the

backward recursions
Un(s,v,h,m) =u(v) and, forne{l,--- ,N—1},

Up—1(s,v,h,7) = (2.4.1)
max,, , E {Un(Sn, V¢, Hy, TL)|(S, VO, H D),y = (s,0, b, 77)} .

2.4.1 Explicit solution in the log-utility case

In the log-utility case (and analogously in the power utility case), assuming for simplicity

that r, = r, we have the following result.

Theorem 2.4.1. Forn =0,---, N and supposing that H,, = h? for somep € {1,--- ,2M~1}
we have
Un(s,v,h? m) =logv + K, (s, hP ), (2.4.2)

with
Kn(s,h?,t) = 0 for every s € Rﬂ\f,p e{1,---,2M-1} 7m c Ky,

oM—1

Kn(s,hP,m) = k(hP,m) +Z;']:1 m ZéLzl pé(zi) Zq:1 pp,q(zi).
'KTL+1 (I(aff,hq)’hqu (W,I(S,gg, hq>787hqa hp)) )

where F(-) was defined in and where

. . M-—-1 .
B2, ) = a1 .. oy { S w0 S P () 2 (s
(2.4.3)

g [(147)+ XML am(1 — hem) [yt — hem) — (1 4]
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Notice that, in each period t,, the additive term K, (-) results from the sum of a current
additive term k(hP, ) and the conditional expectation of the previously obtained K,1(+).
The proof can rather straightforwardly be obtained by backward induction on n, as we

immediately see.

Proof. We first notice that the result holds true for n = N. We now suppose that Equation
(2.4.2)) is verified at time ¢,,11 and we show that it remains valid at time ¢,,. We have, given
Equation (2.4.1) and recalling Equation (2.2.7), where the portfolio value at time ¢, is

written as a function of its value at time ¢, (we omit the subscript n in the investment
strategy ¢n = (Qb'}w e ’¢£L\4))

Un(s, v, P, ) — Q?E{mwﬂgwhmﬁpﬂwbnmguﬁvﬂﬂﬂnn:@wJﬂw&
- Q?E{Mgwﬁffmﬁﬂ&WhHMhﬂﬁnM&Vﬂﬂﬂnn:@mjﬂwﬁ
= logv + mgXE{ IOg |:(1+T)+Z7Ar{:1 ¢m(1_hp,m)(,ym(§n+1)(1—H;L”jrl)—(1+T))i|

+Kn+1 (I(Sn’£n+1an+1)z Hn+1a F(HW7I(S’R7§TL+17H7’L+1)»S7747Hn+17H’n))

\@Hﬂ%:@mm&

where I and F were introduced, respectively, in Equations (2.2.3)) and (2.3.4)).

We now use iterated conditional expectations and we introduce a conditional expecta-
tion with respect to a larger filtration containing Z,. This is crucial since now, due to
the conditional independence of &,41 and H, 1 given Z,, we can explicitly compute this

conditional expectation, that will be a function of Z,, and we find

L 21%*1
Upn(s,v,hP,m) = logv + m(?xE{ Zpg(Zn) Z P Z,) {log ((1 +7)
/=1 q=1

M
30 6= B (N (1 B (1+7)) )
m=1

F Ko (I(s,gf,hQ),hQ,zi(ﬂ,J(s,gg,hQ),s,hq,hp)>}

]@Hﬂ%:@wm&

It suffices now to recall that the conditional distribution of Z,, given the investor’s informa-
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tion at time £, is, by definition, the filter at time ¢,, so that we finally have

J 21\1 1

Un(s,v,hP,m) = loqutmax{z:wlz:pZ prq 10g[ T)
=1 /=1

+ f: o™ (1 = wrm) (Y (g1 = nrm) — (1+7)) |}
it

F2) D PN K (1056809, F (7, (56 19), 5,0 h7) )

+
:‘s.
M=

b

1
= logv+ K,(s,h?, 7).

The theorem is proved once we show that k(hP, ) exists.

Existence of k(h?, ).

At every time step, the maximization problem is defined for ¢ = (¢!, ---,¢M) € D, where
D is such that the above logarithms are well defined. In particular, D is non empty (it
contains at least the point (0,...,0)) and it is delimited by the intersection of a maximum
of 2M=1 x I x 2M =1 half-planes of the form

M
L4+ Y ¢™ (L= W™ (y™(€)(1 = h?™) =1 —71) >0, (2.4.4)
m=1
where p and ¢ vary in {1,--- ,QM_I} and £ isin {1,---,L}. By possibly truncating D from

below, e.g., by imposing the condition
¢m>_ca m:17"'7M7

for a “suitable” C' > 0, we can restrict our attention to a domain D¢ that is a subset of D,
D € D. The above condition appears to be reasonable from an economic point of view, in
that an investor should not take short positions in the risky assets for more than a proportion
C of its current wealth. It is possible to show that the closure of D¢, D¢, is compact. That
is, denoting by £ and ¢ € {1,...,L}, £ # £, the indexes such that y™(¢£) € (0,1) and
m({Z) > 1, for every m € {1,..., M} (notice that in general, the assets’s dynamics are
downward as well as upward), we have to show that D¢ is bounded from above.
For this purpose, let us set, without loss of generality, » = 0 and let us consider the
half-plane in Equation identified by p = 1 and ¢ = 2™~ (i.e., for h? = (0,0,...,0)
and h? = (0,1,...,1); the other cases, namely when h»™ = 1, for some m € {2,..., M},

are even simpler to treat)

14+ o (7H(E) —1) =2 — - — oM > 0. (2.4.5)

By recalling that, by definition of Da, —¢™ < C, for any m, focusing on ¢' we find that a

necessary condition for ¢! € D¢ is that
P1—ANE)) <1 -¢* - =M <1+OM-1), Vle{l,..., L}
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By taking ¢ = £, so that 1 — y'(¢4) > 0, we find that the boundedness from below of
D¢ ensures its boundedness from above, with respect to ¢!. For what concerns ¢? (the
reasoning is the same for ¢3,...,¢M), taking ¢ = ¢ in Equation (2.4.5), we find that a

necessary condition for ¢ € D¢ is that
¢ <1-¢'(1-71(E)) —¢® = =M <1+ C(1—7'(€H) + C(M ~2)

and we then conclude that, given the boundedness from below, the domain D¢ is also
bounded from above in each variable and its closure is compact (see also the details in the
simpler binomial example that follows in Appendix .

Notice, furthermore, that the boundary of D¢ partly coincides with the boundary of
D. The common boundary will be called “natural boundary” of D¢, while the boundary
resulting from the truncation of D will be the “artificial boundary” of D¢.

Once we have restricted our attention to a domain with a compact closure, the maxi-

mizing ¢* exists and it is unique. Indeed

e if D is bounded, we have to maximize over D a strictly concave and continuous function
(namely the sum over p,q and ¢ of logarithms of the left hand side of (2.4.4)) that

goes to —oo on JD;

e otherwise, if the domain has been artificially bounded, then we have to maximize
over D¢ a strictly concave and continuous function that goes to —oo on the “natural

boundary” of D¢ and that it is well defined on the “artificial boundary” of D¢.

The maximum point, then, exists (it is automatically admissible) and it is unique. Notice
that it can be on the “artificial boundary”. We only state here that ¢* can be numerically
obtained (this will be clarified in Section [2.5 which is devoted to numerical examples). O

We now consider three particular cases, namely the full information case, the case when
Zy, = Z with Z unobservable and when it is observable. As previously done, we suppose,

for simplicity, that r, = r.

2.4.2 Particular case: full information about 2,

In this case the Markovian tuple is (S,V, H,Z), so that we replace Il by Z and the
optimal wealth at time t, is

Un(s,v,h,z) = sup E {u(Vﬁ)‘Sn = s, V,f’ =v,H,=h,Z, = z} .
¢ A

In the log-utility case we find the following corollary of Theorem . Having fixed Z,, = #°,
we just substitute 7 by 2! in K(-) and in k() and we drop the Z;le 7t everywhere.
Moreover, since K,(s,hP,z%) is the conditional expectation of K, y1(Sni1, Hni1, Znt1)
given the investor’s information, in the definition of K, (s,h?,2") we will find the sum

E}'Izl PYK,1(-,-,27). We obtain
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Corollary 2.4.1. Forn =0,---, N, supposing that H, = hP for some p € {1,--- ,2M~11
and that Z, = 2, for some i € {1,...,J}, we have

Un(s,v,hP, 2%) = logv + Ky (s, hP, 2%), (2.4.6)

with Ky (s, hP,z") = 0 for every s € R+M,p c{l,---,2M1} ic{1,...,J} and

L 2M71
Kn(s,hP,2') = k(hP,2') + > p'(2") ZPJKnH ( L€ h9), hq,zﬂ') ,
(=1 q:l
where
' L
k(hP,2") = ma Z Z pP (2 log [14r+ 52 g (1—hpm) [ym(e8) (1—ham) —1—r]] .
=1

2.4.3 Particular case: Z,, = Z unobserved

In the case when Z,, = Z, the factor process reduces to an unobserved parameter that,
in accordance with the Bayesian point of view, is considered as a random variable Z, with
given a priori law p. Even if Z is modeled as not time varying, the successive updating of

its conditional distribution, i.e.,

I :=P(Z=2|(S",H")), j=1,---,J, n<N

n

makes the context dynamic. The solution is obtained as in the general case and here it
simplifies considerably. In fact, the recursive Bayes’ formula (2.3.1)) reduces to the ordinary

one, that here becomes

I, = P(Z=21S,=sn, Hy=hyn, (S, H" 1))
x P (Sn = $p, Hy=hy|Z =2, Sp_1, Hyp1) - T

n—1°

Having fixed the previous observations (s,—1,hn—1) and recalling the definition (2.3.3]) of
the diagonal matrix F'; Equation (2.3.4]) then becomes

I = p and, forn > 1,

s s sy 1) T ) (2.4.7)
H;L — (Sn Sn-l n n 1) / -1 = F (Hn—l7 Sny Sn—1, h’n7 hn—l) .
‘F(S'msn 1, ey e I)Hn 1‘1

With these changes the statement of Theorem [2:4.1] remains valid in the same form also for

the present case.
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2.4.4 Particular case: 7, = Z fully observed

In this case the factor Z has no relevance anymore, the model is fully defined. Defining,
in perfect analogy with Equation (2.2.5)),

pt=PE, =€ and pP9:=P(H, = hH, | = hP),
for=1,---,L and for p,q € {1,---,2M~1} one immediately finds

Corollary 2.4.2. Forn =0,---, N, supposing that H,, = h? for some p € {1,--- ,2M~1}
we have
Un('SvU’hp) = logv +Kn(5>hp)7 (248)

with Kn(s,h?) =0 for every s € R+M,p c{1,---,2M=1} and

L 21&171
Kol B7) = k(W) + 0" 37 7 K (105,65, 0%), 7))
/=1 q=1

where

21VI*1

L M
k(hP) = mngpE Z P4 log [1+ 7+ Z @™ (1 — hP™) [fym(fﬁ)(l —hT™) —1— r}] .
/=1 q=1 m=1

(2.4.9)

Remark 2.4.1. Due to the (assumed) time homogeneity of p and p, i.e., of the processes &
and H, the mazimizing investment strategy ¢* does not depend on time. It does not depend
on the current values s and v of the prices and the wealth either, it depends however on the

current default state h.

2.5 Numerical results and the issue of robustness

Numerical results from simulations are presented in the case when

e M = 3, i.e., there are one non-defaultable and two defaultable risky assets on the

market (it is the smallest value of M allowing for contagion);

o L =2 ie., &, €{£', €2} (binomial model). Here &' corresponds to an “up” movement

in asset prices and &2 to a “down” movement;

o J=2 ie., Z, € {0,1}, V n, with the following economic interpretation

Zn =0: good state (bull market),
Zn=1: bad state (bear market);
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e u(z) =log(z),x > 0.

The initial law p of the Markov chain Z is fixed by assigning
P(Zy=0)=0.5, P(Zy=1)=0.5

and its transition probability matrix is supposed to be
P:<PH P12>:<0.6 0.4)'

p2 p2 0.4 0.6
The conditional distribution of & given Z is also assigned as
p(0) :==p'(0) = P(§ = €' Zy-1 = 0) = 0.6, p(1) :=p'(1) =04,

meaning that, when the economy is in good state, the probability of having an “up” move-
ment in asset prices is equal to 0.6, while when the economic situation is bad, this probability

decreases to 0.4. It is also useful to introduce the following notation
Y€ =u™ and ™€) =d™, m=1,2,3,

where u' stands for “up” and d' for “down” and, typically, 0 < d™ <1 < 4™, m =1,2,3.
We fix the following listing of the possible default states hP,p=1,...,4:

h' =(0,0,0), h*=1(0,1,0), A®=(0,0,1), h*=(0,1,1)

and assign, in the next two matrices, the values for p”?(z), p,q € {1,--- ,4}, according to

the value of z,

0.91 0.03 0.03 0.03 0.25 0.25 025 0.25
0 08 0 020 0 050 0 050
=01 o 0 080 020 =80 0 0 050 050
o o0 0 1 o 0 0 1

In the simulations we consider three cases:

e “GOOD”: full information, where the true model is known and corresponds to the case

{Z, = Z =0} (see Section [2.4.4);

e “BAD”: full information, where the true model is known and corresponds to the case
{Z, =72 =1}

e “PARTIAL”: partial information, where there is uncertainty about the true model (Z,
is unobserved and evolves according to the Markov chain specified by the initial law

p and the transition probability matrix P).
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We have two goals in mind:

i) investigating, for each one of the three cases, the effect of allowing for shorting in the

risky assets;

ii) investigating the “robustness” of the optimal solution obtained in the partial informa-
tion case (case “PARTIAL”).

2.5.1 Shorting vs. no shorting

We analyzed and compared two possible situations: the first one corresponds to the case
when no shorting is possible and the investment strategy is constrained from above, namely

(recall that ¢ is the proportion of wealth invested in S™ at time n)
anmE[O’Q]a m=1,2,3, Vn,

while in the second one shorting is allowed and the strategy is constrained from above and

below, i.e.,
¢ €[-2,2], m=1,23, VYn

It can furthermore be easily seen that, in order for V;? to be in the domain of u(x) = log(z),

in the case when no-shorting is allowed, we even have
Gnbn <1, Vn

(it suffices to look at the function to be maximized in Equation (2.4.3) and to consider the
case when r = 0, H,, # h*, H,,1 = h*, as done in the proof of Theorem to show that
the domain D¢ is bounded).

Remark 2.5.1. In the context just described we thus consider investment strategies in a
truncated domain, ¢ € D¢ (this notation was introduced in the proof of Theorem ,

with C' =0 in the case of no shorting and C' = 2 when shorting is possible.

For the case when shorting is not allowed, in the following Table[2.1]we show, for a certain
set of parameters ™, d™, m = 1,2, 3, the optimal investment solutions ¢'*, $%*, ¢>*, in the
“GOOD” and “BAD” states, varying with the default state. As pointed out in Remark[2.4.1]
under full information ¢* does not depend on time, so that there is no need, in this table, to
specify the time t,,. In the successive Table [2.2] relative to the “PARTIAL” case, we choose
N = 3 and we have to specify the time interval in which we are working. In this case, the
optimal investment solution is a function of both the default state and of the asset prices’
evolution, that are the necessary information in order to update the filter.

It is a key point here to specify how the optimal strategy ¢* was obtained, since in the
proof of Theorem [2:4.1] we only stated that it exists and is unique. Here the optimizing

investment strategy is obtained by means of a “search procedure”, performed by means of a

99



SHORTING not possible

Parameters Z={0} GOOD Z={1} BAD
ut 1,01 1,01
d* 0,99 0,99
u? 1,3 1,3
d* 0,9 0,9
u? 1,35 1,35
d? 0,8 0,8
p(2) =p* (2) 0,6 0,4
(2 0,91 0,25
% (2) 0,03 0,25
(2 0,03 0,25
™ (2 0,03 0,25
p?% (2) 0,8 0,5
p* (2) 0,8 0,5
H = h' (no asset defaulted) Precision search: 0.01 Precision search: 0.01
Dtest: [0;2]x[0;2]x[0;1]
oR 2 0
> 0,37 0
D 0,11 0

H = h? (asset #2 defaulted)
Dtest: [0;2]x[0;1]

Pl 2 0

3 0 0

H = h°® (asset #3 defaulted)
Dtest: [0;2]x[0;1]

Plx 2 0
P2 0 0
H = h* (defaulted #2 e #3)
Dtest: [0;1]
o 2 0
Computational time 1ls 1ls

Table 2.1: Optimal investment solutions undgg)full information, “GOOD” and “BAD”, short-
ing not possible.



SHORTING not possible

INFORMATION, N=3
In the table: (D % )
to-11 ti-1 tr-13
u; hl uu;hlhl uu; hlh2 uu; hlh3 uu; hlh4
(2,0,0) (2,0,0) 0, -,0) 0,0,-) ©,-,-)
u; h2 ud; hlhl ud; hl1h2 ud; hlh3 ud; hlh4
0, -,0) (2,0,0) 0, -,0) 0,0,-) ©,--)
u; h3 du;hlhl du; hl1h2 du; h1h3 du; hl1h4
(0,0,0) (0,0, -) (2,0,0) 0, -, 0) 0,0,-) ©,-,-)
u; h4a dd;hlhl dd; h1h2 dd; h1h3 dd; hi1h4
©,-,-) (1,93, 0, 0) ©,-,0) ©0,0,-) ©,--)
d;hl uu;h2h2 uu; h2h4
(1,67,0,0) (1,16, -, 0) ©,-,-)
d; h2 ud; h2h2 ud; h2h4
(07 “ O) (07' ’ O) (07' ’ ')
d; h3 du;h2h2 du; h2h4
0,0, -) (1,04, -,0) ©,-,-)
d; h4 dd; h2h2 dd; h2h4
©,-,-) 0,-,0) ©,-,-)
uu;h3h3 uu; h3h4
(1,16,0, -) ©,--)
ud; h3h3 ud; h3h4
0,0,-) ©,--)
du; h3h3 du; h3h4
(1,04,0,-) ©,-,-)
dd; h3h3 dd; h3h4
0,0,-) ©,-,)
uu;h4h4
©,-,9)
ud; h4h4
©,-,9)
du;h4ah4
©,-,9)
dd;h4ah4
(0,-,9

Table 2.2: Optimal investment solutions unger partial information, shorting not possible.




numerical code written in C on a grid of points constructed on the admissibility domain (an
example of grid is given in Figure in the appendix). The precision of the grid is fixed to
0.01.

When no shorting is possible, in the “BAD” state it is clear, from Table that the
optimal solution consists in not investing at all in risky assets and in placing all the money
in the bank account. On the contrary, in the “GOOD?” state, it is optimal to invest as much
as one can in the default-free risky asset, regardless of the default state.

In the “PARTTAL” case it is never optimal to invest in the defaultable assets and gb},j* varies
with respect to n (indeed, this case can be considered as a mixture of the two previous full

information cases).

Four more tables concerning the case of possible shorting follow. The difference between
them is in the defaultable assets’ returns, depending on the parameters u™,d™,m = 2,3
(in particular, in the case of Table where u? = u? = 2, represents a very extreme case).
Notice that in the case when shorting is allowed and asset returns are “reasonable” (Table
, both in the “GOOD” and “BAD” states it is optimal to invest all the wealth in S*, but
if the defaultable assets have a very high yield (Table , then it becomes interesting to
invest also in them. In the partial information case, too, the main difference between Tables
2.4 and [2.6] is that in the second case, when the defaultable assets have a very interesting

yield, ¢'* is no more equal to 2 and, in some cases, ¢>* and ¢>* are positive.

To conclude this analysis we show in three graphics in Figure (corresponding to
the no-shorting case, to shorting with reasonable assets’ returns and to shorting with high
defaultable assets’ returns) the optimal expected terminal wealth, in the log-utility case,

when

vo=1, Hy=h'! and N=1,2,...,5.

Due to the fact that in the case of no shorting the optimal strategy in the “BAD” state
consists in not investing in the risky assets, the corresponding optimal portfolio value (in red
in Figure (a)) remains constant over time and it is always lower than in the analogous
“GOOD” state. For what concerns the optimal wealth in the partial information case of
Figure (a), it is indeed greater than the one in the “BAD” state, despite the fact that

this is not clear from the figure.

When shorting is allowed, up to a certain level of “return” on the risky assets (Figure
(b)), the optimal value in the “BAD” state is superior to that in the “GOOD” state, which
is due to the fact that the returns on the defaultable assets as well as the fact that they are
subject to default risk make it convenient to go short in them. Beyond that level, when it
becomes convenient to invest in S2 and S® (Figure (c)), the optimal value in the good

state is superior than in the bad state, as one would expect.
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SHORTING possible

Parameters Z={0} GOOD Z={1} BAD
ut 1,01 1,01
d! 0,99 0,99
u? 1,3 1,3
d? 0,9 0,9
u? 1,35 1,35
d? 0,8 0,8
p(2)=p* (2 0,6 0.4
p'(2) 0,91 0,25
p? (2 0,03 0,25
™ (2) 0,03 0,25
o™ (2 0,03 0,25
% (2) 0,8 0,5
> (2) 0,8 0,5
H = h' (no asset defaulted) Precision search: 0.01 Precision search: 0.01
Dtest: [-2;2]x[-2;2]x[-2;2]
PL* 2 2
2+ 0,37 -1,43
3 0,11 12

H = h? (asset #2 defaulted)
Dtest: [-2;2]x[-2;2]
lx 2 2
(3 -0,46 -1,97
H = h? (asset #3 defaulted)
Dtest: [-2;2]x[-2;2]

Pl 2 2
D2 -0,49 -2
H = h* (defaulted #2 e #3)
Dtest: [-2;2]
Pl* 2 2
Computational time 42's 42's

Table 2.3: Optimal investment solutions under full information, “GOOD” and “BAD”, short-
ing possible.

63



SHORTING possible

INFORMATION, N=3
In the table: (D™, D%, %)
to-1; t -1 tr-13
u;hl uu; hlhl uu; hlh2 uu; hl1h3 uu;hlh4
(2,-0,54, -0,55) | (2, -0,53, -0,54) (2,-,-1,35) (2,-1,53,-) (-2,-,-)
u;h2 ud ; hl1hl ud; hlh2 ud; h1h3 ud; hl1h4
@, -,-1,36) |(2,-0,57,-0,57) (2,-,-1,38) 2,-1,57,-) -2,-,-)
u; h3 du;hlhl du; hl1h2 du; hl1h3 du; hlih4
(2, -0,67, -0,63) (2,-1,55,-) [(2,-0,54,-0,54) (2,-,-1,36) (2,-1,54,-) -2,-,-)
u;h4a dd;hlhi dd; hl1h2 dd; h1h3 dd; hi1h4
-2,-,-) (2,-0,58,-0,57) (2, -,-1,38) (2,-1,57,-) -2,-,-)
d; hl uu;h2h2 uu;h2h4
(2,-0,59,-0,58)] (2,-,-1,22) (-1,5,-,-)
d; h2 ud;h2h2 ud; h2h4
2, -,-1,38) 2,-,-1,27) -2,-,-)
d; h3 du;h2h2 du; h2h4
(2,-1,57,-) 2,-,-1,22) (-1,61,-,-)
d; h4 dd; h2h2 dd; h2h4
(-2,-,-) (2,-,-1,28) (-2,-,-)
uu;h3h3 uu; h3h4
(2,-1,37,-) (-1,5,-,-)
ud; h3h3 ud; h3h4
(2,-1,44, -) -2,-,-)
du; h3h3 du; h3h4
(2,-1,38, -) (-1,61,-,-)
dd;h3h3 dd; h3h4
(2,-1,45, -) -2,-,-)
uu;h4h4
0,25, -,-)
ud; h4h4
(-1,32,-,-)
du;h4h4
0,12, -,-)
dd; h4ah4
(-1,43, -, -)
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SHORTING possible

Parameters CASE Z = {0} GOOD CASE Z = {1} BAD
ut 1,01 1,01
d* 0,98 0,98
u? 2 2
d? 0,95 0,95
u? 2 2
d* 0,99 0,99
p(2) =p*(2) 0,8 0,1
p"(2) 0,91 0,25
P (2) 0,03 0,25
" (2) 0,03 0,25
™ (2) 0,03 0,25
P> (2) 0,5 0,5
p** (2) 0,5 0,5

H = h' (no asset defaulted)
Dtest: [-2;2]x[-2;2]x[-2;2]

Precision search: 0.01

Precision search: 0.01

o'+ 1,51 -2
P 0,43 -0,49
3 0,49 -0,4
H = h? (asset #2 defaulted)
Dtest: [-2;2]x[-2;2]
P+ 2 -2
% -0,12 -0,8
H = h® (asset #3 defaulted)
Dtest: [-2;2]x[-2;2]
Pl* 2 -2
o> -0,12 -0,81
H = h* (defaulted #2 e #3)
Dtest: [-2;2]
o'+ 2 -2
Computational time 13s 13s

Table 2.5: Optimal investment solutions under full information, “GOOD” and “BAD”, short-
ing possible, high returns.
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SHORTING possible

INFORMATION, N=3
In the table: (D, D% D)
to-1; t-1 tr-13
u;hl uu; hlhi uu; hl h2 uu; hl h3 uu; hlh4
(-2, 0,18, 0,23) | (-2, 0,18, 0,23) (-2,-,-0,35) (-2, -0,37,-) -2,-,-)
u;h2 ud ; hl1hl ud; hl1 h2 ud; hl1 h3 ud; hl h4
(-2,-,-0,37) (-2,0,1,0,15) (-2,-,-0,43) (-2, -0,44, -) -2,-,-)
u;h3 du; hlhl du; hl1h2 du; h1 h3 du; hl h4
(-2, 0,09, 014) (-2, -0,38, -) (-2,0,18,0,23) (-2,-,-0,37) (-2, -0,38, -) -2,-,-)
u; h4 dd; hlhl dd; hl1 h2 dd; h1 h3 dd; hl h4
-2,-,-) (-2,0,08,0,13) (-2,-,-0,43) (-2, -0,44, -) -2,-,-)
d; hl uu ; h2h2 uu; h2 h4
(-2, 0,08, 0,13) (-2, -,-0,32) -2,-,-)
d; h2 ud ; h2 h2 ud; h2 h4
(-2,-,-0,43) (-2,-,-0,41) -2,-,-)
d; h3 du; h2h2 du; h2 h4
(-2, -0,44 ,-) (-2,-,-0,32) -2,-,-)
d; h4 dd ; h2h2 dd; h2 h4
(-2,-,-) (-2,-,-0,41) (-2,-,-)
uu ; h3h3 uu; h3 h4
(-2, -0,33, -) -2,-,-)
ud ; h3h3 ud; h3 h4
(-2, -0,42,-) -2,-,-)
du; h3h3 du; h3h4
(-2, -0,33, ) -2,-,-)
dd ; h3h3 dd; h3 h4
(-2, -0,43, -) -2,-,-)
uu ; h4 h4
(-2,-,-)
ud ; h4 h4
(-2,-,)
du; h4 h4
(-2,-,)
dd ; h4 h4
(-2,-.-)

Table 2.6: Optimal investment solutions under partial information, shorting possible, high

returns.
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Optimal expected terminal utility: no shorting
u'=101 d'=0,99 u’=1,30 d*=090 u’<1,35 d°=0,80
01
0,08
0,06
=———GOO0D
= =BAD
0,04 PARTIAL
0,02
0
0 05 1 15 2 25 3 35 4 45 5
ty
(a) Shorting not allowed.
Optimal expected terminal utility: shorting
u'=1,01 d'=0,99 u’=1,30 d*=0,90 u’=1,35 d°=0,80
16
12 -
—_
s -
- GOOD
08 Ple — —BAD
-
- PARTIAL
-’
P
0,4 ’
s
s
0
0 0,5 1 15 2 25 3 35 4 4,5 5
tn
(b) Shorting allowed, reasonable assets’ returns.
Optimal expected terminal utility: shorting
u'=101 d'=098 u’=2,00 d°=095 u’=2,00 d=0,99
2
16
12
GOOD
08 = =—BAD
e m—— T PARTIAL
—— -
04 — E
-
=z
= -
o
o 1 2 3 4 5
ty

(c) Shorting allowed, high defaultable assets’ returns.

Figure 2.1: Optimal expected utility from terminal wealth, when Vy = vg, hg = h'.
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2.5.2 Robustness

For what concerns point ii), robustness is here in the sense of obtaining a solution that
works well for a variety of possible models. This is an important issue because the “exact
model” is practically never known and, on the other hand, the solution may be rather
sensitive to the model.

From the numerical calculations it turns out rather clearly, as we shall immediately
see, that the solution obtained for the model under incomplete information possesses this

property of robustnes, in the sense that

e while it underperforms the solution under a hypothetical full information about the

model (as can be seen from Figure ,

e it performs much better with respect to using the wrong solution for the wrong model.

In this subsection we focus on the second issue.

Remark 2.5.2. From Equations (2.4.5) and (2.4.9) it follows that both under partial and

full information the optimal investment strategy depends only on the default state h? and on

the raising/falling of the assets’ prices due to ¢4, It does not depend on Z, since in one case
Z is unobservable, in the other case it is a priori fized. For example, if M = 3 and L = 2,
then in each time period there are 8 possible states and 8 corresponding optimal solutions
¢*. Consequently, it is possible to use the refined optimal investment strategy obtained in
the partial information case as an optimal solution to the rougher full information problem.
Nevertheless, one has to take into account the fact that the optimal ¢* obtained under partial

information is not time independent (as it is the case for ¢* for the full information case).

In the two diagrams in Figure 2.2] we show the “robustness” of the partial information
optimal strategy with respect to using the wrong optimal strategy in the wrong state and in
the case where no shorting in the risky assets is allowed. In the 1st diagram the true state
is the “GOOD” one, in the 3rd the “BAD” one (the second and third ones are, respectively,
the zooms of the first and the third diagrams) and we plot the optimal expected utility from

terminal wealth as a function of ¢,,, when
vo=1, Hop=h' and N =1,23.

In particular, in Figure (a) (and, analogously in Figure Figure (b)) we plot the

optimal wealth in 4 cases:

e using the optimal solution for the case “GOOD” when it is indeed the true state, dark

blue line (upper benchmark case);
e using the optimal solution for case “PARTIAL” in the “PARTIAL” case, fuchsia line;

e using the optimal solution for case “PARTIAL” in the case “GOOD”, orange line;
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e using the optimal solution for case “BAD” in the case “GOOD”(lower benchmark case),

light blue line;

Form the figures it is evident that the optimal investment solution obtained in the partial
information case is robust, in the sense that both the fuchsia and the orange lines are above
the light blue one, meaning that applying the partial information optimal strategy both
when we have full knowledge about the model and when the model is uncertain is better
than applying the wrong solution to the wrong model.

The last two diagrams in Figure correspond to the case presented in Table ie.,
when shorting is allowed and the defaultable assets have a considerably high return. In
this case the conclusion is once more, as claimed, the robustness of the optimal partial

information strategy.

2.6 Appendix
2.6.1 Some “final” remarks: are there alternatives to DP?

In this section we focus, for simplicity, on the case when Z,, = Z is fully observable,
M =2 (S! is default-free, H' = 0, and S? is defaultable) and L = 2 (binomial model). We
list the two possible default states by setting

h' =(0,0) and h%=(0,1)

and we investigate the possibility of solving the problem without using DP, more precisely
by means of the “martingale method” or of the “convexr duality method”. Notice that an appli-
cation of these methods requires, respectively, the characterization of all possible equivalent
martingale measures (EMMs) and of all the Radon-Nikodym density processes. This is not
straightforward when working in discrete time.

Indeed, it suffices to notice that, in general, under a measure Q, equivalent to [P, there
is no reason for the random variables &, to be i.i.d. and for &, to be independent of H,,
given G,.

Nevertheless, since the characterization of all Radon-Nikodym derivatives seems easier
than finding the conditions on each time interval to have a martingale measure, we make
an attempt to solve the problem by means of a suitably modified version of the duality

procedure:

e Given the set M of all EMMs Q relative to P, consider the subset Mz C M such
that, under Q, the random variables &, are i.i.d. and &, is conditionally independent

of H, given G,, for every n;

e Characterize the set of Radon-Nikodym derivatives corresponding to the EMMs Q in
Mz (this is smaller than the analogous set relative to M and easier to describe) and

formulate the dual problem;
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Figure 2.3: Robustness.
(b) Robustness: shorting allowed, high assets’ returns, BAD state.
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e Solve the dual problem. IF the optimal EMM we find is optimal also for the dual
problem corresponding to the whole set of EMMs M (for this, verify that the “duality
gap”’ between primal and dual optimal solutions for the original problem is equal to

zero), then we are done.

Let us now apply the above algorithm, until we find an obstacle.
Introduce q := Q(&, = &' and 657 = Q(H, 1 = h9|H,, = hP),p,q € {1,2} and suppose
that the default time 72 (recall that only S? is defaultable here) is an exponential random

variable with parameter AF (resp., AQ) under P (resp., under Q), i.e.,
APt — CAQ(n—
P (T2 > tN|gn) = ]l{T2>tn}e Al tn)a Q (T2 > tN|gn) = 11{7'2>tn}6 Mew tn)7

so that, setting At := t,,41 —t,,V n, we have (notice that we loose the dependence of § from
n)

P2 = P(Hpiq =h2|Hy =h') =1—P(1% > ths1|Gn) = 1 — e ¥ 21

512 = 1AL (2.6.1)
Any measure Q is, then, characterized by ¢ € (0,1) and A2 > 0 and it will be denoted

Qq’)‘(@. We parameterize the events w in €2 by means of two indexes:

w = whF

where i € {0,..., N} is the number of “up” movements in the whole interval [0,¢y] and k
is the instant just before the default, i.e., k =n € {0,...,N — 1} if H,41 — H, = (0,1)
and k = N if default does not occur at all in [0, ¢x]. Notice that, under Q (and analogously
under P)

Q (7% € (tn tn]) = Q (72 € (tns tasa]|7? > ) Q (72 > t,]Go) |
so that, if we fix ¢ and we consider k € {0,..., N — 1}, we have
Q ({wi,k}> — g1 — gV e—AQkAt(l _ e—AQAt)'
On the other hand, if k = N, we find
Q ({wi,N}) =qi(1— q)Nfi o~ AINAL

We finally obtain, in our specific setting, the following representation of all the Radon-
Nikodym derivatives: for k € {0,..., N — 1}

qi(l . q)N—ie—)\@kAt(l B e—)\@At)

iky _
W) = pi(1 —p)Nfie—)\PkAt(l _ e—)\]P’At) ’ (2.6.2)

dQa*
dP

Q .
Zi (W) =

and, in the case when k = N,

dQaA* (1 — q)N-ie X\ NAL

iNy _
@ W)

20 (W) = (2.6.3)

pi(l _ p)Nfief)\]P’NAt ’
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Remark 2.6.1. It can be proved, by using the conditional independence of & and H, that

we have indeed defined a Radon-Nikodym derivative.

We then introduce the dual functional L (see, e.g., Luenberger [7] for details), that in

the case when r,, = 0, u(y) = log(y) and the initial wealth is z = vy is given by

1
log| —= | —1
(VZ;]\})\Q ) ]

= vr—1+ Z log ( Py )\Q( )) P(w), (2.6.4)

weN

L(g, A% v) = va+E [17 (VZ](I\}AQH =vr+E

where v > 0 is the Lagrange multiplier and
u(b) == sup{u(y) —yb}, >0,
y=0
is the Legendre transform of u. Looking at the dual functional and at Equation (2 , one
sees that, in practice, the computations to minimize the dual functional involve the sum
over w (i.e., the sum over all possible ¢ and k) and so they are not easy to treat.

In the complete information setting, then, it seems convenient to solve the portfolio opti-
mization problem by applying the DP principle. Furthermore, we have to observe here that,
to our knowledge, the DP procedure is also the best method to solve the problem under
partial information, since under incomplete information the definition and identification of
all the EMMs and all the Radon-Nikodym derivatives is not easy. Once again, neverthe-
less, also in a partial information setting, the characterization of all the Radon-Nikodym
derivatives is presumably easier than the identification of all the EMMs for a time horizon
tN-

We end this section by recalling the following interesting fact (see Section 3.2 in [6], see
also the proof of Proposition 2.7.2 in Dana and Jeanblanc [4]): the initial problem

{ maxae s E [u(Vy)]
Vit =W =v>0
can be reformulated as an optimization problem without constraints in the following way

(using a,, as strategy, we adapt equation (2.2.7)) to the case r = 0):
maxgea E [u (vo+ S0 S0 it S7 (7 (61 = 1))

The convenience therein is that we do not consider any change of measure, but it is evident
that this formulation is useful when N and M are sufficiently small.
For example, in the log-binomial model with M = 2 and N = 1, we have four possible

states of the world, starting from Hy = (0,0), namely

wi = {& = ¢4 Hy = h'}  with probability p; := p'(1 — p'?),

wo = {& = €Y Hy = h?}  with probability  po := plph2,

w3 = {& = €2, Hy = h'}  with probability ps := (1 —p')(1 — p™?), (2:6.5)
wy = {& = €%, Hy = h?}  with probability p4 := (1 —p')p'2,
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and the optimal investment strategy is the solution to the following problem

maXalza:(al,aQ) Z?—l Dj log(v]),

vr = v+ a'S§(vHEY) — 1) + a*SE(2(¢Y) — 1)

vy = v +a'Sy(v'(€') — 1) — a®S§

vg = v + a' S§ (v (€2) — 1) + a2SF(v*(€) — 1)
( vs=wo +a'SH(v' (&%) — 1) — a®S5.

The introduction of the Lagrangian function and of the first order necessary and suffi-
cient conditions leads to a system of 10 equations in 10 unknown parameters, which is not

straightforward to solve.

2.6.2 One clarifying (simple) example

The aim of this section is to provide a simple example in which the way we obtain the
optimal investment strategy can be clarified and it is possible to show (see the following
Lemma [2.6.1]), as announced in the proof of Theorem that we can consider sets of

admissible strategies that have compact closure.
We consider here the following full information setting (in the context of Section [2.4.4))

o M =2

e L = 2 (binomial model) and, as in Section 2.5 we define p = P(¢, = £1), y™(£}) = u™
and Y"(£2) =d™, 0<d™ <1 <u™ m=1,2;

o u(z) =log(z),x > 0.
Since in this case there are only two possible default states, that we list as follows
h' =(0,0), h*=(0,1),

we denote by p := P(H,41 = h?|H,, = h'), so that P(H,,,1 = h'|H, =h') =1—p.

We are interested in computing, as explicitly as possible, ¢1* and ¢?* (recall that under
full information, this optimal strategy does not depend on time). Considering first the case
when H = h?, default 72 has already occurred and investment in S? has already ceased.

The optimal ¢* is then the (unique) solution to
n}zﬁux {plog [1 + o' (u' —1)| + (1 —p)log |1+ ¢'(d" — 1)} },

namely

o =p

1
1—
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1 1
wl—1'1-dl J*

If H = h' (default 72 has not yet occurred), then we have to solve

which is in the admissibility domain

e {pplog [1 + o' (ul —1) - ﬂ +p(1—p)log [1 + ¢! (u! — 1) + ¢°(u” — 1)}

+(1 = pplog |1+ ¢'(d" —1) = 62| + (1= p)(1 = p)log [1 +¢*(d" = 1) + (@ — 1) }.

where ¢! and ¢2, in order to be admissible, have to satisfy the following conditions (we set

T = ¢! and y := ¢?)

y < 14z -1),
-1 ul —1
y u2—1_wu2—17
y < 1—2(1—db,
1 1—dt
4 -2 “1-a

We denote by Dy C R? the area delimited by the intersection of the four semi-planes above,
that is the set of admissible strategies.

As we said in the proof of Theorem [2.4.1] it is possible to show that we can always
restrict our attention to a domain Dy whose closure, Dy, is compact, eventually by artificially

bounding the domain (as we did in Section in the numerical examples).

Lemma 2.6.1. If
(1—dY)(u? = 1) > (u' = 1)(1 - d?),

then the closure of the admissibility domain, Dy, i.e., the subset of R? defined by

y < 1+a(u' —1),
y > -1 _xul—l

— wu?-1 w2 =1’ (2.6.6)
y < 1—z(1-db, o
y < 1 _xl—dl

- 1—d2 1—d?’

is bounded and thus compact. In all the other cases, Dy is closed, but unbounded.

Proof. We start by representing on a plane the four lines

rio:oy=1+z(ul —1);

—1 ut —1
S R R R
r3 o oy=1—z(1-db);
1 1—d
T1-a i—ar

T4 Y
and by computing their intersection points, recalling that 0 < d™ <1 <u™,m =1, 2,
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9 rs3 T4

1 d? ul_gl
" (7 ul—1 ’0> (0,1) (<u171)<17d2>+17d1’<u171)(17d2)+17d1>
u2 dl—ul u2—d2 dl—ul
T2 ((1—d1)(u2—1)+1—u1’(l—dl)(u2—1)+1—u1) ((1—d1)(u2—1)—(1—d2)(u1—1)’(1—d1)(u2—1)—(1—d2)(u1—1)

T3 (1—10” ’ 0>

Looking at the intersection points we immediately notice that since the (negative) slope of

r3 is always greater than the (negative) slope of 74, namely:

_1—d1

—(1 =4t -
( d)> 1_d27

(so that the intersection point between 1 and r4 always lies in the first quadrant, while the
one between 1 and 73 is on the vertical axis), our domain will have three of its vertexes in
“riNry”, “riNrg” and “rg Nry’.

On the contrary, we are not able, in general, to state whether the intersection points “roNrs”
and “ro Nr4” are in the second or fourth quadrant and it is, then, the localization of these
points in the plane that determines the compactness or not of our domain. The conclusion

follows from the following observations:

e if the (negative) slope of 79 is greater than the (negative) slope of 74, then “ro N7y is

in the fourth quadrant and the domain is compact;

o if the (negative) slope of ry is smaller than the (negative) slope of r4, then “ro Nry” is

in the second quadrant and the domain is unbounded.

As examples, we consider the two situations below:
Figure ul =1.2, u2 =1.6, d' =0.9, d*> = 0.2 (unbounded domain);
Figure u' =1.2, u2 =13, d' = 0.5, d*> = 0.4 (compact domain).

The numerical approximation of the optimal maximizing values can be performed by means
of a “search procedure”, as we said in Section [2.5] over a finite number of points on a grid

constructed on Dy. We show in Figure one possible grid constructed on the domain of
Figure
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Es. 1: u1=1,2; u2=1.6; d1=0.9; d2=0.2.

Figure 2.4: An example of unbounded domain.

Es. 2: u1=1.2; u2=1.3: d1=0.5: d2=04.

¥

Figure 2.5: An example of domain with compact closure.
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Es. 2: u1=1,2; u2=1,3: d1=0,5: d2=0 4.

Figure 2.6: Example of grid constructed on a compact domain.
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Part IV

Optimal consumption problems in
discontinuous markets
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This is a joint work with Prof. M. Jeanblanc and Prof. W.J. Runggaldier.

Abstract: we study an extension of Merton’s classical portfolio optimization problem (1969-
1970) to a particular case of discontinuous market, with a single jump. The market consists
of a non-risky asset, a "standard risky" asset and a risky asset with discontinuous price dy-
namics (e.g., a defaultable bond or a mortality linked security). We consider three different
problems of maximization of the expected utility from consumption, in the cases when the
investment horizon is fixed, when it is finite, but possibly uncertain, and when it is infinite.

We solve the problems by means of a the martingale approach in a general stochastic
coefficients model, in which, in the logarithmic utility case, we characterize the optimal
investment-consumption strategy. Furthermore, we compare the optimal consumption rates
for the three different problems, finding quite intuitive results.

In the constant and deterministic coefficients’ cases explicit solutions are also obtained in
the power utility case by applying, as an alternative technique, the Dynamic Programming
approach (solving the related Hamilton-Jacobi-Bellman equation).

Explicit investment-consumption strategies are also provided in the exponential utility

case, when market model coefficients are deterministic functions of time.

Keywords: Single-jump process, optimal consumption, discontinuous martingale, Dynamic

Programming Principle, enlargement of filtrations.

83



Introduction

The starting point of this work is the acknowledgement of the fact that most investors,
once entered the market, never know with certainty when they are going to exit it. Factors
that influence the decision of leaving the market are, for example, the market behavior
itself, changes in the investor’s endowment and exogenous shocks affecting the investor’s
consumption process (such as, the investor’s death or the default of a firm whose assets are
in his portfolio).

It is, then, both of practical and theoretical interest to study the influence of this un-

certainty on the investor’s decisions.

In particular, we consider an exogenously given nonnegative random variable 7, that is a
totally inaccessible stopping time with respect to the investor’s filtration, and we study three
different scenarios: the one when the investment horizon is fixed and equal to T (problem
A), the one when it is finite, but possibly uncertain, given by T'A 7 (problem B), and when
it is infinite (problem C). Our aim is to investigate the role of the source of randomness
7 in the investor’s decisions, when his objective is to maximize the expected utility from
consumption, in a complete market model in which 7 affects the assets’s dynamics (think,
for example, of a defaultable zero-coupon bond, in the case when 7 is a the default time, or

of a mortality linked security, when 7 is the death time of a pensioner).

The present work can, then, be seen within the theory of optimal stochastic control
problems with uncertain time horizon. Some recent works in this direction are, e.g., Karatzas
and Wang [15], who solve an optimal dynamic investment problem in a complete market
case, when the uncertain time horizon is a stopping time in the asset price’s filtration;
Blanchet-Scaillet et al. [2]|, where they consider a maximization of expected utility from
consumption problem, in a continuous market model, in the case when the time horizon is
uncertain and the source of randomness is not a stopping-time in the investor’s filtration and
Bouchard and Pham [4], who consider, as opposite to the classical fixed time horizon setting,
a wealth path-dependent utility maximization problem in an incomplete semimartingale
model. In a more general setting, Zitkovi¢ [25] formulates and solves a class of utility-
maximization problems of the “stochastic clock” type (a stochastic clock is a mathematical
tool to model the agent’s notion of passage of time, see the more precise Definition 2.3 in
[25]) in general incomplete semimartingale markets. Finally, in Menoncin [20], the author
studies an optimal consumption-investment problem where the investment horizon is the
death time of the investor and longevity bonds are traded in the market.

Here we solve three problems of maximization of expected utility from consumption in
the case when on the market there is a risk-free asset (whose price process is denoted) S°,
a defaultable risky asset S', whose dynamics is driven by a Brownian motion W and a
purely discontinuous martingale M and a “standard risky” asset S2, whose dynamics only
depends on W. The investor’s filtration G (here “G” stands for “global”) is the smallest
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filtration which contains the natural filtration of W, I, and that makes 7 a stopping time.
We provide, in a very general stochastic coefficients case, comparison results between the
optimal consumption rates of these three problems, showing that (as it should be) when
the horizon is finite, but possibly uncertain (problem B), the investor consumes at a higher
rate with respect to the case when the horizon is fixed (problem A). On the other hand,
his consumption rate is higher in the case of problem A (finite horizon) than in the case of
problem C (infinite horizon).

Furthermore, we show that, depending on whether the model coefficients are stochas-
tic processes or deterministic functions of time, the investor’s optimal investment strategy
changes substantially. Namely, in the deterministic coefficients case, for an investor facing
problems A and C the optimal investment strategy consists in not investing in the default-
able risky asset S': he acts in the market as if only the asset S? was traded. On the other
hand, in the case of problem B (finite uncertain horizon 7'A7), when the investment horizon
depends on 7, he has to deal with this additional source of risk and it is, then, optimal to
invest in the defaultable asset S' in order to have an optimal wealth that instantaneously
jumps to zero at T' A 7.

On the contrary, in the stochastic coefficients case, the market model coefficients are
adapted with respect to the investor’s filtration G, so that, on the set {t > 7}, they depend
on 7. In this case, then, the investor has inevitably always to deal with 7 (and not, as before
in the deterministic coefficients case, only in the case when it appears in the investment
horizon in problem B) and, as a consequence, the optimal proportion of wealth he invests
in S! is never equal to zero.

This part is divided in five chapters and it is organized as follows. In the first chapter
we consider a stochastic coefficients market model in which we suppose that immersion
property holds between F and G (i.e, the Brownian motion W remains a martingale in the
enlarged filtration G), we study the market completeness and we solve the three problems
by means of the martingale approach. We provide explicit optimal investment-consumption
strategies in the log-utility case.

The second chapter is the analog to the first one in the case when model coefficients are
deterministic. In this case, explicit optimal investment-consumption strategies are found in
both the logarithmic and in the exponential utility cases.

In Chapter [5] still focusing on the deterministic coefficients case, we solve the problems
by using the Dynamic Programming approach, as an alternative technique. At the end of
this chapter we study, with a mixed “martingale method - Dynamic Programming” solving
method, a problem (denoted B1) in which the investor’s strategy is F-predictable (and no
more G-predictable). It is the case of an investor with a reduced set of information, who
does not observe 7. We show that, in this case, the investor acts on the market with a
modified utility function, that incorporates the conditional law (with respect to filtration

[F) of the non-observable random variable 7.
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In Chapter [6] we study, as a separate case, the exponential utility case, in the case
of deterministic coefficients. We provide optimal solution to the three problems that are
explicit, but not so “talkative”.

In the final chapter, we focus on an even more general market model, in which we do not
suppose that immersion property holds between F and G. By means of the tools developed
in the fifth part of this thesis, relative to enlargement of filtrations, we provide explicit

solutions to every considered problem in the log-utility case.
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Chapter 3

A stochastic model

3.1 Market model and problem definition

On a probability space (2, G, P), equipped with a Brownian motion (W}),~, we consider
an (exogenously given) non-negative random variable 7, satisfying P(7 = 0) —0and P(r >
t) > 0, for any ¢ € R*. The law of 7 is denoted by v,v(df) = P(r € df). We assume
that v is absolutely continuous with respect to Lebesgue measure and that (with a slight
abuse of notation) v(df) = v(6)df. We can think, for example, of 7 as the time of default
of a firm issuing assets in the market, as the death time of a pensioner, or as a generic
time occurrence of a shock in the market. As common, all the considered filtrations will
be assumed to satisfy the “usual hypotheses” of right-continuity and completeness. We
denote by F :=FW = (ftw)t>0 the filtration generated by W, representing the information
at disposal to investors bef(;re 7. When the shock 7 occurs, this information becomes
immediately accessible to investors, that add this knowledge to the reference filtration F.

Introducing the single-jump process (Ht),>,
Ht = ll{tZT}, Vit Z O,

and denoting by H = (H¢),~, the natural filtration of H, this increase of information is
modeled by saying that the_investors’ filtration G is, indeed, the (so-called) progressively
enlarged filtration of F with 7 (under P). Namely, we define G = (Gt),>q by
Gt = m {FYV Hive}
>0
and we have .7-"tW C G, for every t > 0. Being H the smallest filtration that makes 7 a
stopping time, 7 is a G-stopping time, too.
The financial market consists of a non-risky asset S°, whose strictly positive price process
has the dynamics
ds) = r,SPdt, S =1, (3.1.1)
where the interest rate r is assumed to be a nonnegative uniformly bounded G-adapted

process, and of two risky assets (think for example of a defaultable zero-coupon bond, or
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a mortality-linked security, and of a “standard risky” asset, respectively), whose prices S*
and S? evolve following the linear stochastic differential equations

{dS% = SL (pidt+ ofdW, + ¢fdM,), S§ = sp,

ds? = 82 (udt + o2dW), §2— g2, (3.1.2)

The coefficients ', o' and ¢! are by hypothesis G-predictable and uniformly bounded
processes, with o} > 0,t > 0, a.s., ¢} > —1,t > 0, a.s. (to guarantee that the price process
S! always remains strictly positive) and ¢; # 0,¢ > 0, a.s. (if ¢* = 0 the market is a Black-
Scholes market, that can present arbitrage opportunities). In the case when ¢! = —1 the
asset’s price S! jumps to and it remains at zero after the shock 7 and results are different.

On the other hand, the processes ;2 and o2, 02 # o', are taken to be F-predictable (in
particular, they are also G-predictable) and uniformly bounded, with ¢ > 0, > 0, a.s.

In the assets’ dynamics M represents the compensated (purely discontinuous)

martingale associated with H, that we suppose being equal to

tAT t t
M, := H; — / A\gds = Hy — / I Asds = Hy — / Asds, ¢>0. (3.1.3)
0 0 0

The process A in the above Equation denotes the non-negative and F—adapted
intensity rate of 7 and we have introduced the G-adapted process A, \; := LgperiAe, £ > 0.
Notice that, by introducing the above representation of M, we have assumed that the
compensator of H is absolutely continuous with respect to the Lebesgue measure, so that,
in particular, 7 is a G—totally inaccessible stopping time (see Dellacherie and Meyer [8, Ch.
IV, 107)).

Before defining the investment strategies, let us recall that any G-predictable process Y
(all the details concerning the characterization of G-predictable processes can be found in

the following Part V of this thesis) can be written in the form

Yi(w) = (W) Lis<r(w)y + ve(w, T(W) Ljgsrw)y, t 20,

where 7 is F-predictable and where the function (t,w,u) — yi(w,u) is P(F) @ B(R")-
measurable. Here P(F) denotes the predictable o-algebra corresponding to F on RT x .
The economic interpretation of our assumptions on the coefficients is that when the shock
perturbs the market, the interest rate r and the coefficients x' and o! of the stock price S*
(and not the ones of S?) switch from given processes 7, fit, 5! to processes 7(7), ut(7), ot (7).
Their values after the perturbation on the market can obviously depend on 7. Since the
martingale M is constant after 7, ¢; plays no more role in the assets’ dynamics when t > 7
and we will simply use the notation ¢} instead of qAb}, for ¢ < 7. For clarity we represent the

notation used for the coefficients of the model in the following table:

’ ‘ r il ol ol 2 o2

{t<r} | o & omoof

{t>7} [ r(r) mi(r) oi(r) X pi of
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Furthermore, we make the following assumption, that will be necessary, when working with
deterministic coefficients, to have a well-defined model, to obtain explicit results and in

order to avoid arbitrage opportunities, as we will see later on in Section [3.1.1

Assumption 3.1.1.  a) (Immersion property) The Brownian motion W, that is an F-
martingale, is also a G-martingale, i.e., the filtration F is immersed in G. This will

be also referred to as the (H) hypothesis;
b) The model coefficients satisfy

of(fr — piy) — 0} (T — i)
dtoi i

>—-1 a.s., t<T

(3.1.4)

(1) = pi (1) _ () — 1
= a.s., t>T.
a3 (7) of

The above Assumption b) implies that after the shock 7 the market is “redundant”.
We would expect, then, to have the possibility to arbitrarily invest in S' (resp., S2), since

our portfolio can be re-balanced also by means of S? (resp., S!), that, on the set {t > 7},
has the same dynamics of S! (resp., S?).

In order to state our optimization problems, we now consider an investor, having an
initial wealth xg > 0, who trades continuously in the financial market according to the self-
financing investment strategy a; = (o, a},a?), where ai denotes the number of assets of
S* in his portfolio at time ¢. If, in addition, we suppose that he consumes at a consumption

rate ¢; > 0, then his wealth process X is driven by the stochastic differential equation
dX; = r Xedt + Oé%(dstl — TtStldt) + O[%(dSE - Ttsfdt) —qadt, Xo=xo. (315)

Equivalently, denoting by 7, = (79,7}, ?) the proportion of wealth invested in the three
assets (it is necessary here to suppose that, before the maturity, the wealth remains almost

surely positive at any time), the investor’s wealth dynamics is
dX; = [rXe+m Xe(put —re — o4 M) + 1 X (g — 1) — ] dt +
wlflgbtht,dHt + [nglatht + 7Tt20t2Xt] dWw;, Xy = xg. (3.1.6)

We now introduce the notion of admissible pair (7, ¢) that is general enough to be suitable
for the three different problems we want to solve, namely in the case of a finite horizon
optimization problem, in the case of a (possibly) uncertain finite horizon and for an infinite

horizon problem.
Definition 3.1.1. A pair (m,c) of portfolio and consumption processes satisfying

e (7t);>¢ G-predictable and, for everyt >0 and fori=1,2,

t
(2
/ I7i|"ds < 400 a.s. and miol > -1 a.s.,
0

89



o (Ct)tzo G-adapted, non negative and such that, for every t > 0, fot csds < 400, a.s.,

is said to be admissible for the initial endowment xy > 0, and we write (7, c) € Adm(xg), if

the corresponding wealth process X satisfies
X >0 forevery 0<t<oo, a.s.

Remark 3.1.1. No sign restriction is made for what concerns the investment strategy,
meaning that the agent may borrow or sell assets short.
The condition Tl¢l > —1 a.s. ensures that the wealth X remains nonnegative after the

shock T and it also tells that, before T,
o If ' > 0 a.s., then it is not possible to take “too short’positions in S*;
o If o' € (—1,0) a.s., then it is not possible to take “too long”positions in S*.

For a given fixed time horizon T € (0,+00), we are interested in solving the following
three types of maximization of the expected utility from consumption problems under the
historical measure P (notice that the path-wise constraint of positivity of the wealth process
X is “hidden” in the admissibility set Adm(x)):

T TAT +o00
sup E/ u(cs)ds, sup E/ u(cs)ds, sup IE/ e Pu(es)ds
(m,c)eA(xo) 0 . (m,c)eAr(xo) 0 (m,c) €A (x0) 0
A B C
(3.1.7)
where
T
A(xg) = {(71‘,6) € Adm(xg) :E/ min{0, u(cs)}ds > —oo}, (3.1.8)
0
TAT
A (z9) = {(ﬂ,c) € Adm(zo) :IE/ min{0, u(cs)}ds > —oo}, (3.1.9)
0
+oo
Ao (o) = {(7‘(‘,6) € Adm(zo) :IE/ e ”*min{0, u(cs) }ds > oo}
0
(3.1.10)

(so that the three problems are well-defined) and where p > 0 is a discounting factor.
Furthermore, for what concerns u(c), the utility of consuming at a rate ¢, we assume that
(the exponential utility case will be treated as a separate example in Chapter@ u: (0,00) —
R is strictly increasing, strictly concave, continuously differentiable and satisfies

W' (01) = liﬁ}u’(c) =400 and /(c0) = lim /(c)=0. (3.1.11)

c——+00

We allow u(0) = lim.jpu(c) to be equal to —oo. Notice that under the above assumptions

the marginal utility function v is invertible.
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Definition 3.1.2. We denote by I the continuous and strictly decreasing inverse of u/,
defined on |u'(00),u (01)[, namely I : (0,00) — (0,00), that satisfies I(0") = oo and
I(c0) = 0.

3.1.1 The unique EMM Q*

From the predictable representation property in the case of filtration G, under the (#)
hypothesis (see, e.g., Chesney, Jeanblanc and Yor [5, Th. 7.5.5.1]), if P and Q are equivalent
probability measures, we know that there exist two G—predictable processes ¥ and -, with
v > —1 a.s., such that the Radon-Nikodym density of Q with respect to P can be written

as
dQ

£ @‘gt

10,¢]

Notice that the above result does not require the independence of W and M, but we will
need their orthogonality (that is, indeed, obvious).

In our case we show that, under Assumption b), the market is complete, i.e.,
there exists a unique equivalent martingale measure Q*. In fact, by imposing the (local)
martingale property to the discounted value processes of S and S?, under the measure Q*,
we find that the processes ¢* and v* in the Radon-Nikodym density Z* (provided that this
process is a true martingale, as in our case, given that the model coefficients are uniformly
bounded) have to satisfy the following two conditions, in order to have the existence of at

least one EMM B
pt — e+ ot + ¢y =0
(3.1.12)
pi — e+ off = 0.

By distinguishing between values before and after the shock, we find that there exists at
least one EMM Q* if {bv*, (1) and ~* satisfy

. ~ 2

v = % a.s., if t<
v = o | >

gi(r) = M) _n —wd

oy (7) 0y
(3.1.13)
9~ =lw 2
o (T “tl lat(” K)o 1 as. if t<m
o gf) >\t

* t Pt
T =

any predictable v; > —1 a.s., if t>r.

Given Assumption b), such an EMM exists (notice that ¢* and v* are, indeed, G-
predictable) and the market is arbitrage free. Furthermore, the processes 1* and v* are
uniquely determined, so that (from the Second Fundamental Theorem of Asset Pricing) the

market is complete.
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Even if v* is not uniquely defined after 7, the process Z* is uniquely assigned, since v*
does not affect the dynamics of Z* after the shock. The Radon-Nikodym density is then
given, for every t > 0, by

ZF = edo viaWam3 J§ 1)%ds o= [§aideds (1 4oy He

or, more precisely, by

i BraW =L 5 @2) ds [ v Asds if <
Zf = Z;-(1+77) it t=m;
ela AWt [L0T(r)aWs—3 [§ () ds—3 [} i () Pdsg= [T ¥0sds (1 4 *) if f > 1o

(3.1.14)

We can summarize the results of this section in the following Lemma.

Lemma 3.1.1. The conditions

‘7152(?:: - ﬁtl) - 3}1@ - M?)
¢%Ut2/\t
(1) rilr) — i

1
re(7) —
a )1 ¢ = 3 a.S., t>T.
o (1) 0i

>—-1 a.s., t<mT;

are necessary and sufficient to ensure the absence of arbitrage in our market.

3.1.2 From the admissibility conditions to the budget constraints

In this subsection, we show how the infinite dimensional constraint X; > 0 for every
t > 0, a.s., that is required in the Definition [3.1.1] of admissible investment-consumption
strategies, can be rewritten in a form that is more practical to use.

For the moment we concentrate on the case when the investment horizon is bounded,
i.e., t € [0,T], namely we focus on problems A and B. For the infinite horizon case, we refer
to Section B.2.5

First of all notice that the condition X; > 0,¢t € [0,7], P—a.s., remains valid under
Q, if P and Q are equivalent probability measures. In our setting, furthermore, looking at
Equation , it is clear that if the consumption-investment strategy is admissible, the
process

t t s
(e Jorsds xt, 4 / e~ Jo rudu csds) (3.1.15)

0 t>0

is a positive G-local martingale (hence a super-martingale, by Fatou’s Lemma) under the

unique equivalent martingale measure Q*.
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Given the definition of an admissible investment-consumption strategy, it is then clear that

the following (so-called) budget constraint is a necessary condition for admissibility

T
EQ <e Is rsds X —i—/ e~ Jo rudu csds) <z (3.1.16)
0

and that the following inequality holds true

T .
EQ (/ e~ Jo rudu csds) < xp. (3.1.17)
0

Our aim being to maximize the expected utility from consumption, it is clear that, at the
optimum, we would like to saturate the above inequality in order to solve our problems, so
that in the case of problems A and B, the necessary conditions for the optimality of the

consumption strategy c*, that are, respectively, X7. = 0 and X1, = 0, are equivalent to

y T s . TAT s
EQ </ e Jo rudu chs) =19 and EC (/ e Jo rudu céds) = Tg. (3.1.18)
0 0

By considering their analog at time ¢, we find expressions for the optimal wealth at time
t < T, in the case of problems A and B:

T
X; = efot rsds EQ” </ e~ Jo rudu c;‘ds|gt> a.s., for t < T,
t
. . TNAT s
X; = oJo rsds gQ </ e~ Jo rudu c’s‘ds\gt> a.s., for t < (T AT).
t

From the previous equations, the optimal wealth is clearly positive (indeed, any wealth
associated with an admissible nonnegative consumption, having nonnegative final value, is
positive).

Furthermore, inspired by Proposition 2.1 in Jeanblanc and Pontier [13], we can show
that the budget constraint (resp., its analog where T' A 7 replaces T') is also a
sufficient condition for the admissibility in problem A (resp., B), as stated in the following

Proposition.

Proposition 3.1.1. Let xg > 0 be given, let ¢ be a consumption process, satisfying a suitable
integrability condition as in Definition and let € be a nonnegative and square integrable

Gr-measurable random variable, such that

T
EQ <e_rT£+/ e_rscsds> = x0.
0

Then, there exists a portfolio process a, such that the pair (o, c) is admissible for the initial

endowment xo and the associated terminal wealth X1 is equal to €.
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Proof. The proof is based on the predictable representation property and it can be straight-
forwardly obtained from the one in Proposition 2.1 in Jeanblanc and Pontier [13], by recalling
that in the case when I is the Brownian filtration and the (#H) hypothesis holds between F
and G, a G-martingale representation theorem was proved by Kusuoka in [19, Th. 2.3] (see
also Section 7.5.5 in Chesney, Jeanblanc and Yor [5]). O

The sufficiency of the admissibility condition in the case of problem B is shown in the
same way, using the key fact that 7 is a G-stopping time.

It is interesting to notice that, as observed in Karatzas and Shreve [14, Remark 3.4], from
the (Q*, G)-martingale property of the process defined in Equation : “Bankruptcy

is an absorbing state for the wealth process X when (m,¢) is an admissible control”.

3.2 The solution: martingale approach

3.2.1 Problem A: optimal consumption

In this case, being the investment horizon fixed, in order to maximize his consumption,
the investor’s aim is necessarily to end up at time T with an optimal wealth satisfying
X7 = 0. In the following proposition, we provide a general result concerning the optimal
consumption process. Notice that it can be found, as clarified in Remark b), by
adapting a martingale approach (recall that here the equivalent martingale measure Q* is

unique).

Proposition 3.2.1. Given the market structure , the optimal consumption rate solv-
ing problem A in s given by

c:’A =17 (Ve_ I 7"“d“Z;“) a.s., (3.2.1)

where I denotes the inverse function of u', v > 0 is a real parameter satisfying

T T
EY </ e Jorudug (ue_ Jo r“d"Z:) ds> =E (/ e o ruduzx [ (1/6_ Jo T“duZ;‘) ds) = 29
0 0

and we recall that Z* is the Radon-Nikodym density process introduced in Equation (3.1.14).

Proof. Given the concavity property of u and the definition of ¢*4 in (3.2.1]), we have:

E( [ e —ueas) < B[ (- e tuleH)as
( ) < =(]

T
= E (/ (cs — coMveJo T““Zé‘ds)
0

< wv(xg—x) =0,

IN

where in the last inequality we have used the fact that (see Section [3.1.2)), under the mea-

*, A

sure P, any admissible consumption strategy ¢ and so the optimal one ¢*“ as well satisfy,
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respectively,

T T
E </ e=Jo ruduCSZ;de> <z9, E </ e Io ruduc:,AZ:dS> ~ 2.
0 0

The optimality of ¢4 is proved. O

What about its existence? Problem A admits a solution under the following assumption
it corresponds to Assumption 7.1 in Karatzas and Shreve [14], see also a similar analysis
y

in Korn and Korn [17] and in Dana and Jeanblanc [6]).

Assumption 3.2.1. The function

T S S
V) = E ( / e Jordizir (v Jimuzy) ds>

0

is finite for every 0 < v < oo.

Indeed, in this case it can be proved, as already done in the literature (see, e.g., Lemma
4.5.2 in Dana and Jeanblanc [6]), that ¥ is non-increasing and continuous on (0, 00), with
TA4(0+) = co. Furthermore, it is strictly decreasing on (0, 7), where 7 := inf{v|¥(v) = 0}
and, when restricted to this interval, it admits then a continuous strictly decreasing inverse.
This implies that v satisfying the budget constraint, i.e., v = (\IIA)fl(xg) exists and so
does ¢54 (notice that, given the above Assumption such a ¢4 is admissible: the
optimal consumption strategy is continuous, except at time ¢ = 7). A detailed analysis on
the regularity conditions to be required on the model coefficients for Assumption to
hold true can be found, e.g., in Remark 3.6.8 and Remark 3.6.9 in Karatzas and Shreve [14].
Let us only remark here that in the deterministic coefficients case, for the logarithmic and

power utility cases, explicit solutions are available, as we will see later on.

Remark 3.2.1. a) As expected, the optimal consumption strategy is made of two parts: one
before the shock and the other one after the shock.

b) Equation can be “directly” obtained by considering the Lagrangian function asso-
ciated with problem A, with the admissibility constraint

EQ (fOT e~ Jo rudu csds) < xg, namely

T T
L(c,v;zg) = E </ u(cs)ds — VZ:’F/ e Jo T“ducsds) + vz
0 0

T T .
= E (/ u(cs)ds — V/ e Jorudu 7 csds> + vz
0 0

and by formally maximizing the expectation by looking for the supremum in the integrand
function “w per w” (see also some comments about this method in Korn and Korn [17], page
208).
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> The log-utility case.
In the case when u is the logarithmic function, the inverse of its derivative is I(y) = 1/y,
so that for every 0 < s < T we find

° ve Jo rudu gz Te Jo rudu 7

a.s., (3.2.2)

since it is straightforward to prove that v in this case is equal to T'/xy.

> The power-utility case.

As a second example, we consider the power utility case, i.e., we choose u(z) = %,x >
1
0,7 < 1,7 +#0, so that I(y) = (y)7~T. In this case, then, we have
1
1 (e_ Jo Tud“Z*) 1
s 1 S
A = <V€7 Jo T”“Z;‘) g a.s., (3.2.3)

0 " gl
E [y (eIt z;) 7 du
since it can be checked that v is given by

T = [ rodv 7% e 1=
E [, (e7Jo ™™z du

Lo

UV =

We will provide a more explicit result in the case of deterministic coefficients.

3.2.2 Problem A: optimal investment strategy

In order to completely solve our problem, we need to obtain the optimal investment
strategy 7*. This can be done, knowing c*, through the knowledge of X*, as we presently
explain. We first obtain the optimal wealth by computing the following conditional expec-

tation

T
X, = elomsds gQ° (/ e~ Jo ruduct dg | gt> a.s.

t
Then, we compute the stochastic differential of X* and we finally identify, term by term,
the dynamics dX; and the theoretical dynamics dX; (under Q*), thus leading us to 7Tt1 *
and 7rt2’* (and, as a consequence, to W?’*).

We now explicitly characterize the optimal investment strategies in the case of a loga-
rithmic utility function. In the power utility case the computations do not lead to an explicit
solution, so that we refer the reader to the deterministic coefficient case that follows.
> The log-utility case.

From Equation (3.2.2)), we know that (under P)

* rudu
« __ 2o €f0 “

Cg = Tiz;‘ a.s., S S T.

Notice that this expression, as any other expression depending on Z*, is not a real investment
rule, since Z* is not observable in the market. We refer to Equation (3.2.7) below for a

more useful form of ¢*.

96



A direct computation, applying the conditional version of Fubini-Tonelli’s theorem and

recalling that (Z*) ™' is a (Q*, G)—martingale, gives us

T T
« s . T—1
EQ </t e~ Jo ruducx gg | Qt> = % t EQ [(Z:)fl|gt} ds = mO;Z;) a.s.,

so that the optimal wealth is (under Q*)

X/ = eJo msds W7 a.s., t<T.
t

Notice that X7 = 0. In order to obtain the stochastic differential of X™*, we introduce the
(Q*, G)-martingales

t t
W =W, — / Yids and M] = M; — / ViXsds, t>0,
0 0

and we first compute (recall that ¢* and v* are G-predictable)

1 1 ¥
dl = | = —y dW) — dM; | . 2.4
(77) =7 |viame = ians (324
We then easily find
« 1 Vi
dX; = X [(n - T—t) dt — oy dW; — 1 +t%* th*] ,  Xp = xo. (3.2.5)
To determine m* and 72* it suffices, as it is standard in continuous time, to identify

term by term the above equation and Equation (3.1.6]) written under the measure Q* (notice
that in order to obtain the dynamics in the equations that follow we need the explicit
characterization of ¥* and ~* in Equation (3.1.13)) and, a priori, we have to distinguish

between the cases when ¢t < 7 and when ¢ > 7), namely
dX; = (1 Xy — e) dt + mp ¢y Xe—dM; + Xy (mpof + mio7) AW, Xo = x0. (3.2.6)

We finally find that

Xi
P = 0<t<T 3.2.7
and _
* * *~1
7rt1’* = - i ) Wf’* = —w—; VRN Ot ~ as., t<T;
¢ (L+7) o ¢ (1+97) (3.2.8)
ol (T) + 1ol = —gi () as., t>T.

In our complete market, after 7, the investment strategy is not unique, as expressed in the
previous equation. This is due to the fact that, being the market arbitrage free, we have
Tt(;)tf(’;ﬁlm = ”(2;“% a.s., t > 7, and so after the shock the two assets S' and S? have
proportional dynamics, i.e., the market is redundant.
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3.2.3 Problem B: optimal consumption

As previously remarked, in order to maximize his consumption, the investor’s aim in

this case is to end up with an optimal wealth satisfying

Xipr =0 as. (3.2.9)

(this condition immediately implies that ¢* is equal to zero after 7). It is important to
underline that the constraint X7, = 0 makes sense since the investor’s filtration is G (7
is a G-stopping time), while it would not be the case if working with the filtration F. We
will go more into details on this aspect later on, in Section [5.4f We have already observed
(recall Equation ) that the condition X7, = 0 can be equivalently written as

. TNAT s . T s
E© (/ e Jo ’"ud“cz’Bd3> — EQ </ (1— Hy)e Mo Tuduc:73d3> _—
0 0

so that problem B consists in maximizing, over all the admissible investment-consumption

strategies, the expected utility from consumption

E/OTATu(cs)ds - E/OT(l — H)u(cy)ds,

with the above constraint. An application of the martingale approach in this case provides
(with no additional technical difficulties linked to the presence of the factor (1 — Hy) in the
integrand) the optimal consumption rate process before the shock and we state the analog
to Proposition (for this reason, we omit its proof).

Proposition 3.2.2. Given the market structure , the optimal consumption rate solv-

ing problem B, with the terminal condition X7, =0, is given by
B =1 (ye_ Jo 7"“d“Z:> a.s., s<(TAT), (3.2.10)
where I denotes the inverse function of v’ and v > 0 is a real parameter satisfying

EQ" (fOT“ e IS T“d“I(e_ 15 ’“uduuZ;) ds) =E (fOT“ ) ’““d“Z;‘I<e_ Is ’“ud“uzg) ds) =a0.

As previously remarked in the case of problem A here, too, the existence of the optimal

c*B is not immediate and it derives (the reasoning is the same as in Section [3.2.1)) from the

following

Assumption 3.2.2. The function

T
vB():=E ( / e~ Jomdu(1 — g ZIT (mf Jo Tuduz;*) ds)
0

1s finite for every 0 < v < o0o.
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Concerning a comparison between the two optimal investment strategies ¢4 and ¢*8,
we now show that, before the shock 7, an investor facing problem B consumes at a higher

rate than an investor facing problem A, as one might expect.

Proposition 3.2.3. Before the shock 7, i.e., for s < (T' A7), under Assumption and
Assumption
B>t s

Proof. We have to compare, for s < T,
B =1 (I/Be_ Jo r“d“Z;‘> and ¢t =T <yAe_ Jo r“d“Z:) ,

where vZ and v are positive (their existence is ensured by Assumption and Assump-
tion [3.2.2)) and they satisfy, respectively,
T S S
E </ e~ Jo ruduzx(1 — H)I (ef Jo T“d“VBZ;‘) ds) = 1z
0

and -
E (/ e~ Jo rudu zx g (ef Jo T“d“VAZ:) ds> = x9.
0

Recall that I denotes the strictly decreasing inverse function of /. Equivalently, v =
(\IIA)_I(;L'O) and 1P = (\I/B)_l(xo). Furthermore, since (1 — H,) < 1,Yu € [0,T], U8 < ¢4
and so (\I'B)fl < (‘IIA)fl. We then have v? < v4 and we are done, since I is decreasing. [

The explicit solution to problem B and an explicit comparison with the optimal strategy
in case A are given below in the two usual examples.
> The log-utility case.
Here v is found to be the solution of the following equation

TAT 1 1
IE/ —ds = — E(T A7) = xo,
0 14

v

namely v = E(T A 7)/xg. We then find

*, B o
B = . a.s., s<(T'AT). (3.2.11)
s E(T A T)Z;(e— Jo rudu ( )

Being T'AT always smaller than 7', it is evident that the investor facing problem B consumes
(before the shock 7) at a higher rate than the investor facing problem A (recall Equation
(13.2.2)), as we expected from Proposition

> The power-utility case.

Here we have
1
— [Prydurmrx -1

- 0
E 70— H,) (e— Js Tvde;;) T

B =1

a.s., s<(TAT), (3.2.12)
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since v is given by

w v 1—y
E J) (1= Hy)(e Jo e z5)" T du

Lo

UV =

In this power utility case, too, as expected, being 1 — H, < 1 a.s. for every u, the optimal
consumption rate is greater (before 7) than the one we found for problem A, that is the
one in Equation (3.2.3). An explicit result will be provided in the case of deterministic

coefficients.

3.2.4 Problem B: optimal investment strategy

As previously done for problem A, we now focus on the computation of the optimal
investment strategy. The optimal wealth here is given by (recall Section [3.1.2))

T .
X7 = elorsds g ( / Lpeepye Jomudic: ds | gt> a.s.
t

Before focusing on the logarithmic utility case, that is the only one in which the computation
can be performed up to the end, in the following lemma we state an interesting and quite

general result.

Lemma 3.2.1. Let Y be an F—predictable process. If Yy > 0 then
Y; >0 a.s. forevery t <T.

Proof. Given h > 0, we have Y;1;r<¢+ > 0 a.s and E (YTllt<T§t+h|]:tW) > 0 a.s. From
the definition of predictable compensator (see, e.g., Definition 5.2.1.5 in Chesney, Jeanblanc
and Yor [5]) associated with 7, we also have

t+h

E (Yrlicr<iin | F}) = IE< Y, dA], |FY > >0 as.,
t

where A7 is the F-dual predictable projection of the process H. Writing the (general) Doob-
Meyer decomposition of the super-martingale G as Gy = u] — A (see, e.g., Proposition
5.9.4.3 in Chesney, Jeanblanc and Yor [5]), we then find

t+h

t+h
E (YrlLicr<in |[FY) = -E ( Y, dG, |FY > =E ( Y, Gudedu | FY > >0,
t

t

where we used the fact that, under the immersion property, we have Gy = e~ t > 0,
where the process A here corresponds to A = fo Asds and A is the intensity rate introduced
in Equation . Finally, dividing by h and passing to the limit for A — 0, we have
E (EGt)\t]]-"g/V) > 0 a.s., that immediately gives

Y;Gt)\t > 0 a.s.,

which concludes the proof. O
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As a consequence, we find the following interesting result concerning the optimal invest-

ment strategy 7rt1’*, for t < 7.

Remark 3.2.2. The terminal condition X7, = 0 becomes, on the set {T < T}, X* = 0.
Since Xr = X.- + (X — X —) = X.- + AX; and since, recalling Equation ,

AX;:= X, ot AH;  a.s.,

we have
X, =X,-(1+7lol) as.

and so we are obliged to set (recall that ¢* #0)

1
1w _
e = —(1)771— a.s.,
so that at time t = 7 the optimal wealth jumps to zero. We then conclude, by means of

Lemma that, more generally,
1,% 1
S =—— as, 0<t<T. (3.2.13)

*

For an economic interpretation of the above optimal 71* in the constant coefficients case,

we refer to the following Remark [4.2.3]
> The log-utility case.
From Equation (3.2.11)), we know that (under the measure P)

* Lo
c. = - a.s.,, s<(T'AT).
* E(T A7) Zze Jorud ( )

By passing under the measure P by means of Z; = d0 and by applying Fubini-Tonelli’s

dP |G,
theorem we find

Xr = elimeis _ 20 1y Z;/Tﬂ{<}1d8‘gt
E(TAT) Z} . <z
T

1
= @f(;f rsds L E (]1{8<T}|gt) ds a.s.

E(TAT) ZF ),

In order to obtain a more explicit result, we now exploit the following “key-lemma” (see,
e.g., Lemma 7.3.4.1 in Chesney, Jeanblanc and Yor [5]), originally stated (in a completely
different context) by Dellacherie (see |7|, page 65). In what follows (G¢),~, denotes the F
super-martingale defined as Gy := P(7 > t|F/V),t > 0 (notice that, under the immersion
property, G is decreasing).

Lemma 3.2.2. Let Y € Fr be an integrable random variable. Then

1
EY1{r>my|Ge) = Ly g E (Yar|RY).
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The computations that follow are done in a “general” setting, without using the fact that
in this chapter the immersion property hold between F and G, under P.
Applying the above Lemma, we then have, under P,

T E (Gs|FY)
X* = ftrsds .’,1:'(]/ Sit
¢ O ETAnZ ) Loty =g —ds
Zo (1_Ht) /T W
P F, s.
E(TAT) ZF Gy )y (r>slF7)ds s

In particular, X7, = 0 a.s. At this point in order to go ahead we need to make an

— ef(;5 Ts ds

assumption concerning the conditional law of 7 with respect to F (it is exactly the same

assumption as in Part V, for all the details we refer to that part).

Assumption 3.2.3. (£)-Hypothesis. The F-(regular) conditional law of T is equivalent

to the law of T, i.e.,
P(redf |F") ~v(0)dd, foreveryt>0, P— as. (3.2.14)

One of the consequences of the above assumption (for all the details we refer to the fol-
lowing Part V) is the following: there exists a “regular” family of strictly positive martingales
(p¢(0));>0, @ > 0, such that for s > 0

P(r>s|FY) = / pe(B)v(6)dd  for every t >0, P —a.s. (3.2.15)

By means of Equation (3.2.15)), we can then write the optimal wealth as follows

t g (1—Hy)
X = elorsds d s.
T BT AT Zp Gt/ S/ pi(f a8

and this stochastic expression has to be differentiated in order to obtain the optimal invest-
ment strategy 7*. Because of the presence of ¢ as a subscript in the random variable p;(0),
we need the following differentiating rule, also known as the It6-Kunita-Ventzell formula
(see, e.g., Kunita [18]).

Theorem 3.2.1. Let Fy(x),t > 0,z € R?, be a family of stochastic processes, continuous
n (t,x) a.s., satisfying

(i) For eacht >0, Fy(-) is a C?-map from R? into R;

(it) For each x, (Fy(x)),;~o is a continuous semi-martingale, represented as

Fy(z) = Fy(z +Z/f3 )dN7,

where N1, ... N™ are continuous semi-martingales and f’(zx),r € R?, are stochastic

processes continuous in (t,x), such that
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(a) For each s > 0, f1(-) are C-maps from R® into R;

(b) For each x, fi(z) are adapted processes.

Let X = (X',..., X% be a continuous semi-martingale. Then

Fi(Xy) dXZ

Il
5
_|._

[NgE
\
&&
=

%
_l_

i)~
S—
§’

d m
afs j i 7 k
;Z:: axz ) d< NI, X' > + = Z/ 8%8% ) d< X', X
(3.2.16)

In order to obtain the stochastic differential of X*, we first use the It6-Kunita-Ventzell

formula to differentiate f;T ds [7° pr(0)v(0)dh, by setting

_ /: ds /:O pe(0)0(0)d0

Notice that in this case d = m = 1, N} = Wy, t > 0 and X} = t,t > 0. Now we use the

predictable representation theorem in (P, F) to write the strictly positive martingale p(6) as
t
pl0) =1+ [ @O m(6) =1, 120,
0
for some family of F-predictable integrable processes ¢(6), 8§ > 0. In particular, we find
T 0o
= / ds/ Pu(0)qu(0)v(6)do,
so that the hypotheses of the above Theorem [3.2.1] are satisfied and we have
T 00
dFy(t) = d (/ ds/ pt(H)U(H)cw)
= (/ ds/ pe(0)q: (0 0)d0> AWy — (/ pt(H)U(Q)dQ) dt
t
t s

Analogously, we find

4G, — ( / ” ptw)qt(e)v(e)da) AW, — p(t)o(t)dt, Gy =1.

We can finally compute the differential of X*, that we re-write below for the reader’s ease
(recall Equation (3.1.14)) and notice that we emphasize the jump factor),

X* = 7'%0 f (rs+ >\s+ (w*)2)ds ft Y3 dWs 1 t / /
Vs s 0 7s d d@
t E(T A ) e’0 1 ’Y Gt S pt a.s.
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namely (notice that the jump factor (1 4+ v*)™* equals one on the set {t < 7}, where H; = 0,

so that in practice it does not affect the optimal wealth value)

X7 = XP [N+ (@)t — AW, — dH|

* 00 - )

* )Cgi _/t pe(0)g:(0)v(0)do - AW + pi(t)u(t)dt + ét </t pt(H)Qt(e)U(H)dﬁ) dt]
Xp [ (T

s [/t ds/s pt(Q)Qt(Q)U(Q)dG.th—tht] , (3.2.17)

where Fy(t) = [ ds [ p,(8)v(A)d6. By identification with Equation (3.1.6)
dX, = [...]dt + 7} ¢t Xy dHy + [riol Xy + mio; X AW, X = 0,

we find the optimal investment strategies th * and 7rt2 * as the solution to the following

system of equations (notice that the first one is valid over {¢ < 7}, while the second is valid

everywhere)
773’* — _Ltl a.s., t<T;
1% 1 2% _2 * 1 OO
ooyt oy = =Y — Gt/t Pe(0)q:(0)v(0)dO (3.2.18)

1T oo
+ Ft(t)/t ds/g pe(0)q(O)v(0)do as., 0<t<T.

\

> Immersion property.
In this chapter, the immersion property holds between F and G, under P (recall Assumption
a)). It is well known (see, e.g., Lemma 5.9.4.2 in Chesney, Jeanblanc and Yor [5]) that

F is immersed in G if and only if, for every s <,

P(r < s|Fs) = P(1 < 5| F),
or, equivalently, if and only if, for every ¢ > 0,

P(r < t|Fs) = P(r < t|F).

Taking s < ¢, we then have P(7 < s|F;) = P(7 < s|F;), so that, under the (£)-Hypothesis,

from Equation (3.2.15)),
pe(0) = pp(0), a.s., fort > 0.

In particular, ¢;(6) = 0 a.s., for t > 6.
Furthermore, under the immersion property, we have Gy = e~ t > 0, where the process A
here corresponds to A = fo Asds and ) is the intensity rate introduced in Equation l)

so that in the stochastic differential of G the diffusion coefficient is equal to zero.
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Remark 3.2.3. When working with a deterministic intensity A, as we will see in the
following Lemma the process G becomes a deterministic function of time, so that
P(r > t|FV) =P(r > t) = [ v(0)dd and p(§) = 1 for any 6 > 0. As a consequence, in
the integral representation of py(0) we have q(6) = 0, for any 6, and the above computations
considerably simplify, as we will see in Section[].2.4]

3.2.5 Problem C: optimal consumption

In order to obtain the optimal ¢* by means of the martingale approach, we first need
the analog in this case to the budget constraint given in Equation (3.1.17]), namely

T
EY (/ e Jo T“ducsds> < x.
0

Since ¢; > 0 by definition, by means of Fatou’s lemma we can pass to the limit as T" tends
to infinity and we obtain a generalized version of the budget constraint in the case of an

infinite horizon, i.e.,
* +OO S
EQ </ e~ Jo T“ducsds> < 0. (3.2.19)
0

As previously, it is evident that, in order to solve problem C, we would like to saturate the
above inequality. We, then, obtain the analog to Propositions and (whose proof
is directly obtained from the one relative to Proposition and it is omitted).

Proposition 3.2.4. Given the market structure , the optimal consumption rate solv-
ing problem C is given by

S
C:’C -7 (Vepse— Is T'ud’LLZ;‘) a.s., (3.2.20)
where I denotes the inverse function of u' and v > 0 is a real parameter satisfying
EO* <f0+oo e I ’l‘udu1<yepse* o T“duZ;‘) ds) :E<f0+oo e 15 T“duZ;‘I(I/eP367 15 ruduZ:> ds) =z0.

As previously, the existence of ¢ is not immediate and it is a consequence of the

following assumption (the equivalent of Assumption 3.9.9 in Karatzas and Shreve [14] and

the analog to Assumptions and [3.2.2)).

Assumption 3.2.4. The function
+OO S S
) =E (/ e~ Jordugry <1/epse_ Jo r“duZ:) ds>
0
is finite for every 0 < v < co.

A sufficient condition, in the case of constant coefficients, for this to hold is given in
Theorem 3.9.14 in Karatzas and Shreve [14]. Notice that here, in the stochastic coefficients

case, the above assumption is automatically verified in the logarithmic utility case (as we
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are going to see), while in the power utility case no explicit solution is available. In the
latter case, we will then pass to the deterministic coefficient case in order to provide an
explicit solution to problem C and, in this case, in Section we will give a sufficient
condition in order for ¢*¢ to exist.

Before passing to the explicit computation of ¢*¢ in the case of logarithmic utility, let

us compare ¢4 and ¢, as we did for ¢*4 and ¢*Z in Proposition To do that, as
it is intuitive, we need to consider a slightly different version of problem A, namely (for

simplicity we omit the admissibility set, that should be re-defined)

T
sup IE/ e Pu(cs)ds.
0

()

Al

Its solution is immediately found to be

(3.2.21)

Y

At =T (VAle”se_fo r“d“Z;‘) a.s., s<T

AL gatisfies

T
E (/ e~ Jo Tudu2: I (VAlepse* Jo T“duZ:) ds) = xy,
0

under the assumption, that is the analog to Assumption [3.2.1

where v

Assumption 3.2.5. The function

T
v () =R < / e Jorudu gz <uepse— Jo Tud“Z;“) ds)

0

is finite for every 0 < v < 0.

We now prove that an investor facing problem A1l consumes at a higher rate than an

investor facing problem C, as one might expect.

Proposition 3.2.5. Under Assumption[5.2.5 and Assumption
M > @ g, s<T.

Proof. We have to compare, for s < T,

B B
Al =T (VAlepsef Jo T“d“Z:> and ¢ =1 (Vepsef Jo T”"Z:) ,

where v41 > 0 and v¢ > 0 are given by v4! = (\IfAl)fl(aco) and v¢ = (\Ilc)fl(xo). It is
clear that 41 < ¥ and so (\IlAl)_1 < (\I/C)_l. We then have v4! < ¢ and we are done,

since I is decreasing. d
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> The log-utility case.

Here

and v satisfies

+oo ,—ps
E (/ € ds> = xg.
0 14

So, in this case, as we said, Assumption is verified, given that p is, by definition,

positive. We obtain v = p%o and finally

«C _ __ PTo 3.2.22
G = e (3.2.22)

> The power-utility case.

In this case we find,

1

1 (epsZ*e_ I Tud“) e
s 15 S
¢ = (VepsZ;ke Jo T“d“> T =1

, as., (3.2.23)

S 0 R —
E [y (e Ji ruduz2) 77 (emre) T ds

since v is given (if it exists) by

+ s 0 1 I—y
v = E [y (e Jomduzy) i (emre) i ds

Lo

A sufficient condition for the existence of v and an explicit optimal consumption strategy

are given in the deterministic coefficients case, in Section [4.2.5

3.2.6 Problem C: optimal investment strategy

As previously done for problem A, we now derive the optimal investment strategy, in
the logarithmic utility case, by means of direct computations, based on the fact that the

optimal wealth can be now expressed as
t * +oo s
X! = eorsds EQ (/ e o Tud"c’s‘ ds | gt> , a.s., t<4oo.
t

> The log-utility case.
From Equation (3.2.22)), we know that

Zo
c: = p—g a.s., §< —4oo.
Z;kepsef f() rudu
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A direct computation, applying the conditional version of Fubini-Tonelli’s theorem and

recalling that (Z*)™! is a (G, Q*)—martingale, gives us

t * +oo s
X = eJorsds gQ (/ e o ruducr s | gt)
t

—  olorsds e —ps gQ* 1 d
= pPTo e 7% |gt $
t s

pt
a.s.

Equivalently, in differential form (under Q*), recalling Equation (3.2.4)),

AX; = X |(r = p) dt = dW; — fv* th*] . X{ = 0. (3.2.24)
t
To determine 7'* and 7%* it suffices to identify, term by term, the above equation and

Equation ((3.2.6]), namely
dX; = (1 Xy — ) dt + ¢y Xy dM; + Xy (mpof + miop) AW, Xo = xo.

We finally find that ¢; = p X} and

* N* *~1
1% Nt 2,% (! Tt 0t
T = — , T, = —— A1 a.s., t S 75
! or(l+7) ! af  ¢p(1+7) (3.2.25)
ol (r) + mtel = =i (1) as., t>T.

Once more, after 7 the investment strategy is not unique, due to the redundancy of the

market.
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Chapter 4

The deterministic coefficients case

4.1 Introduction: peculiarities of the setting

In this chapter we focus on the case when market model coefficients are constant
(or deterministic functions of time), in order to obtain the explicit optimal investment-
consumption strategies for the three problems. As we will see, in this specific setting the
obtained results are quite surprising. We start by giving the assets’s dynamics and studying
the consequences of our model assumptions.

In the constant coefficients case the assets’ dynamics given in Equations and

(3.1.2) become, respectively,

dsY = rSYdt, Sy =1,
sy = St (p'dt+oldWy + ¢'dMy), S§ = sg, (4.1.1)
dSz = 57 (pPdt+ o2dWy), S2 = 3.

Notice that here the total information filtration G is the filtration generated by the price

processes S! and S2, namely, for ¢ > 0,
Gt = ﬂ {]:tl—i-e \/‘7:132—1-6}’
e>0

with F} := o(S%,s < t), i = 1,2. Furthermore, Assumption b) (that is equivalent
to the absence of arbitrage opportunities, as we will verify in the next Section [4.1.1)) here

becomes:

Assumption 4.1.1. The following proportionality relation holds true

AT (4.1.2)
In this chapter, furthermore, we make the standing assumption:
Assumption 4.1.2. The F-intensity rate of T is a deterministic function of time A(t).

The lemma below provides an interesting necessary and sufficient condition in order for A

to be a deterministic function of time.

109



Lemma 4.1.1. Under the immersion property, a necessary and sufficient condition for the

intensity rate of T to be a deterministic function of time is to have T independent of .

Proof. (=) Given that \ is deterministic, by using the definition of independence between
a random variable and a o-algebra, we have to prove that, for any measurable and bounded

function f and for any ¢ > 0, we have

E(f(r)|FRY) =E(f(r)), as.

We will show that this is true for t = +oc.

Because of the immersion property between F and G (that is the progressive enlarge-
ment of F with 7) we have E(lly,<;|FY) = E(Li;<y|FY), so that the process Fuoy 1=
P(r<t|FY) = P(r < t\}"W) t > 0, is here a deterministic function of time, namely
Fotr =Fo(t) =1—¢€" Jo X $)ds where the last equality follows from the fact that if F is
continuous, then working under the (#) hypothesis is equivalent to a Cox modeling (see,
e.g., Lemma 2 in Blanchet-Scalliet et al. [3]). We, then, have

E(f(n)|FY) = /f t)dFy /f Als)ds gy

= / f(®) Als)ds g

and, being A deterministic, the conclusion follows.
(«=) Let us now suppose that 7 is independent of F. The independence of 7 from F.V
implies that, for any ¢t > 0,

E(Lp<ylFy) =P(r <) (4.1.3)
(and hence the immersion property holds true). To conclude, it suffices to remark that,
from (4.1.3), the F—hazard process of 7, I', defined for every t as

Ft = —1HP(T > t),

is deterministic and this implies that the jump intensity (i.e., the derivative of T') is deter-

ministic, too. ]

For what concerns the admissibility condition (recall Definition 1) wlot > —1 as.,
by applying Lemma to V; := mi¢! — 1,t < 7, we find that the above condition is

equivalent to

gl > —1 as. for every t < 7. (4.1.4)

We now characterize the unique Radon-Nikodym density process Z* in this specific

setting.
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4.1.1 The unique EMM Q*

Equation (3.1.12]), that established a relation between the coefficients ¥*,~+* and the

model parameters here reads

pl—r+olf + oty =0 as. (4.1.5)
p? —r+o%prf =0 as., o
so that we find
r=er =" as (4.16)
pl—r+otr + oty =0 as.
Notice, furthermore, that, on the set {t > 7}, ¥* has to satisfy
_ 2 1
pr=""H TR (4.1.7)
o o

that corresponds to our Assumption (it represents the usual non-arbitrage condition
in a Black-Scholes non defaultable market) and v can be arbitrarily chosen, since it does
not affect the dynamics of Z* after the shock 7. Moreover, being the model parameters
constant, it is clear that has to be valid everywhere, so that, before the shock, on
the set {t < 7}, we find

* 1 17— p

1
= ——|r— — =0 a.s.
f}/t :u’ 2 0_2

PIA(t)

In conclusion, recalling that v* is G—predictable, so that there exists a unique v, F—predictable,

such that v/ 1;<;) = Yl ;<7), we find that at the jump time, too, 77 = 0 and finally

Y
4.1.8
« ] 0 as ift <r; ( )
= any predictable 47 > —1 ift > 7.

The processes ¥* and 7* define a unique martingale measure Q* (the process Z* is, indeed,

a true martingale). The Radon-Nikodym density process Z* is given, for every ¢, by
ZF = VW3 ()’ o= Jovidudu (1 4 yHe _ 0 Wems ()% g (4.1.9)

Remark 4.1.1. a) The unique change of probability does not affect the martingale M (on
the set {t < 7}, vf = 0), so that, in particular, the historical jump intensity is equal to the
risk-neutral one.

b) Being ¥* = r;—éﬂ a.s. and v* =0 a.s., the Radon-Nikodym density process is F-adapted
and the immersion property is preserved when passing under the measure Q* (for a detailed
analysis on the stability of the (H) hypothesis we refer, e.g., to Section 3 in Blanchet-Scalliet
and Jeanblanc [3], for the links between the (H) hypothesis and market completeness, and

to Propositions 5.9.1.2 and 5.9.1.3 in Chesney, Jeanblanc and Yor [5] and Theorem 5.11 in
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El Karoui, Jeanblanc and Jiao [9]).
¢) Another consequence of the F—adaptabilz’ty of Z* is the following

Q' (1 > tlRY) = - E(Z{ Loy |FY) = P(r > t|F").

Z*
The above Remark will be crucial to understand the forthcoming results. We end this

section checking that if Assumption[4.1.1]is not verified, then the market is no more arbitrage

free. More precisely, we provide an example of arbitrage opportunity.
Lemma 4.1.2. If Equation does not hold true, there are arbitrage opportunities.

Proof. We consider the set {¢ > 7} and we suppose, for simplicity, that » = 0, so that the

prices’ dynamics are given by

st = S} (prdt+otdwy), t>1,
ds; = Sf(pPdt+o%dWy), t>T.

We show that if Equation (4.1.7)) is not satisfied, namely if

Y62 £ %ot (4.1.10)

we find a self-financing strategy that produces an arbitrage, i.e., such that, starting with
an initial wealth equal to zero, the corresponding terminal wealth is a.s. nonnegative and
strictly positive with strictly positive probability.
It suffices to choose
2 1
1-Z 2% fort>
o —S—tl, at——S—g, ort>rT

and af = a? = 0, for t < 7 and, by means of o}, to re-balance the portfolio to make it

self-financing. We then have
dV; = a{dS} + afdS? = (u'o® — pPo) Ly dt

and it is clear that if Equation m ) holds true then we have an arbitrage opportunity,
since, in particular, if u'o? > p?o! we can obtain a strictly positive terminal wealth with an
initial investment equal to zero. Indeed, it suffices, starting with ¢ = 0, to borrow one euro
from the bank and to invest it in V" at time ¢ = 7. Notice that P(t > 7) = 1—e™ Jo Ms)ds 0,
since, for every t > 0, fo s)ds > 0 (otherwise the jump intensity is identically equal
to zero), meaning that our terminal wealth will be strictly positive with strictly positive
probability. O

We can summarize the results in this section in the following Lemma.

Lemma 4.1.3. The condition

s necessary and sufficient to ensure the absence of arbitrage in our market.
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To conclude, notice that if the market is arbitrage free, then it is also complete, since
in this case there exists a unique EMM. On the other hand, if T;—QQ + r;—’fl the market is

complete, with arbitrage opportunities.

4.2 The solution: martingale approach
4.2.1 Problem A: optimal consumption

We adapt the result obtained in Section in the general stochastic coeflicients case
to our particular setting. In the log-utility case ¢* is exactly the same we found in Section
3.2.1} in Equation (where the stochastic interest rate (r);5, has to be replaced by
the constant 7), but in the power utility case we obtain an explicit expression for ¢*, in
contrast with what we had in the previous chapter.

> The power-utility case.
In this case we have (recall Equation (3.2.3))

1
—rsz* i
e = (e72.)7 a5, (4.2.1)
B [T (e rizs) T d

Given that 0 <u <T, Z! = eWWu*%(W)Qu, we can explicitly compute
2
E {(Z;;)%] = W s Y s
and Fubini-Tonelli’s theorem gives us the denominator in , namely

T
i <eu<<w> ) )
0

30 S+

In conclusion

1 *\2 Yy
fA _ o (W) 5 +ry
¢ B VA % L(l(w*)ZL_Hﬂ) a.8. (422)
(6 Zs) - (1 _,y) <€1'y 2 7)) _ 1>

We end this subsection with a curious remark.

Remark 4.2.1. In the logarithmic utility case, the discounted optimal consumption rate

process, given by

is a (G, Q*)—martingale.
Inspired, then, by the ideas developed in the well known benchmark approach of Platen,
more precisely by the notion of “growth optimal portfolio”, that coincides with the one of

“numeraire portfolio” when mazimizing E[ln(Xr7)] (see, e.g., Section 2.3 in Korn [16]), we
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then ask ourselves the following question, supposing for simplicity that r = 0: “If we are
given a (G,Q*)—martingale ¢, defined as ¢, = I(vZ}), for some positive constant v and
where I is the inverse of some marginal utility ', is necessarily u a logarithmic utility
function?”

The answer is: “Yes!”. In fact, ¢Z* is a (G,P)—martingale and, since (under P) dZ} =

ZEp*dWy (recall Equation ({.1.9)), we have

1
dey = I'(WZ} v Zip* dWy + 5[”(qu)y2d(Z*>t
and
1
deZ;) = Zpde+cdZf + d(e, 2%, = Z; ' (vZF v Zi* dW; + 52;‘1”(1/2,;‘)#2;21/;*26175

+ ZE AW, + I' (v 2w Zi 2 dt.

The martingale representation theorem tells us that, in order to have a (G,P)—martingale,

the following relation has to be satisfied

1

52;1”@2;‘)%2;‘%*2 +I'(vZ Wz =0,
or, equivalently, by defining y := vZ}, y € RS,

%yl”(y) +Iy) = 0. (4.2.3)

cZ* is, then, a (G,P)—martingale if and only if the function I solves the above second order

ordinary differential equation , namely if
C1
I(y) = — +c2,
Y

with c1, ¢y strictly positive constants, so that I : (0,00) — (0,00) is strictly decreasing. In
order to have I1(0%) = 0o and I(c0) = 0 (recall Definition[3.1.9) we find c3 = 0, so that the
inverse of u' is

I(y) = %1 (4.2.4)

and this implies that u is a logarithmic utility function.

4.2.2 Problem A: optimal investment strategy

First of all we notice the following interesting fact, that arises from the peculiarity of

our model.

Proposition 4.2.1. In our setting, the optimal proportion of wealth to be invested in S* to

solve problem A is, before the shock T,

=0 as. (4.2.5)



In other words, the optimal investment strategy is the one of an investor that acts in the

market as if only the asset S? was traded.

Proof. The key remark is that the optimal consumption strategy c*, given in Equation

(3.2.1), is HERE F-adapted (this derives from the F—adaptability of Z*). This implies that

T
X; = gV (/ e ek ds | Qt> a.s.
t

T
= "EY (/ e "k ds | .7-",5W> a.s.
¢

since the immersion property holds under Q* (recall Remark, so that X* is F—adapted,
for any admissible 7. In particular, X* cannot have a jump at time 7, meaning that any
investment strategy 7 is such that 71 = 0 a.s. Because of the predictability of m, from
Lemma this has to be true everywhere before 7 and it remains valid for the optimal

7% namely 77,51’* =0,t <7, as. [

By means of direct computations, we now explicitly characterize the optimal investment
strategies in the examples.
> The log-utility case.
Exactly as in Section m (with the only difference that here the interest rate is constant),
we find, recalling that W} := W, — ¢*t, t > 0, is a (G, Q*)-Brownian motion,

T - t * * *
X/ = e”xo(T)e_w Wie=3(® )Qt, t<T, as.
or, equivalently,

1
dX; = X} Kr - T_t) dt — w*th*] X§ = 0. (4.2.6)

As usual, an identification term by term with

dX; = (rXy —cp) dt + 7} @' Xy dMy + Xy (7}o! + 7wi0?) AW, Xo = w0,

1

gives us 71* and 72*, that are different from the ones we found in Equation (3.2.8)) (see, in

particular, the case before the shock),

*
1,% 2,% ¢
= = —— as., t<T7;
e =0 o2 M ST (4.2.7)
ol F Yot = —p* as., t>T.

The investment strategy after 7 remains not unique, due to the redundancy of the market.
> The power-utility case.
The reasoning is the same as in the previous example. From Equation (4.2.2)), passing under

the measure Q*, we have, for s < T,

ZTo K
C, = 1 x a.s.,

(e—rsew*W;-i-%(iﬁ*)QS) =7 (1—7) (eﬁK — 1)

115



where K = %(1&*)2% + 77, and so we explicitly compute

T T IS *42 * N
EQ* </ —rs >|< dS ‘ gt) — xolg = / 6137867%(111)*’)‘/ s EQ* |:€1vaS ‘gt:| ds
’ (1=7) (7" —1)

T Lt 1007k ke
:—< T ¢ e -7 te 20-7) (el—v —61_’V> a.s.
el-7" — 1)

This gives us the optimal wealth for ¢ < T (notice that, indeed, X} =0 a.s.)

or, in differential form,

K 1 *

l—fy(el 5 (T—1) 1)

and by identification with the coefficients in the dynamics of X under Q* as before, we find

7rtl’* =0, wf* =30 ;ﬁ a.s., t<T;
( L 7) (4.2.8)
772*014_7%2*02* a.s., t>T
l—n
4.2.3 Problem B: optimal consumption
> The log-utility case.
As in Section [3.2.3] we find
B = 0 a.s., s<TAT. (4.2.9)

* E(TAT)Zies
Given Assumption and supposing, furthermore, that the intensity of 7 is constant,
namely A(f) = A > 0, the conditional survival probability G(t) := P(r > t) (that here
coincides with Gy := P(7 > t|F}V),t > 0) is equal to G(t) = e~ and so, by Fubini-Tonelli’s

theorem,

T T T 1 — =T
E(TAT)= E/ ljseryds = / P(r > s)ds = / e Mds = ———
0 0 0 A
The optimal consumption rate is, then, in the specific constant intensity case,
*,B o fL‘O)\
o’ = A=) Zicr a.s., s<(TAT).
> The power-utility case.
Here we have
77’82* 'Y_
B = ( ) as., s<(TAT), (4.2.10)
Efo (e-uZ3) 7 1du
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since v is given by

17
[EfA - ") ez
V= $0 .

If A(t) = A, given the independence of 7 of F and recalling that
E[(z)7] =2 5,

we explicitly obtain v, by computing (with an application of Fubini-Tonelli’s theorem)

T T 1432
E/ (1 - Hu)(eiruij)%du = / ef)mellfueiw ) (vjl)Qudu
0 0

The optimal consumption rate is, then,

MLy
B — 0 iy a0 G-1)” as., s<(TAT)
S 1 T * o - ’
(e 23y J (530 5m =)y

4.2.4 Problem B: optimal investment strategy
> The log-utility case.
From Equation (4.2.9) we know that (under the measure P)

. T
S OE(T A T)Z e TS

c a.s., s<(TAT).

By applying the conditional version of Fubini-Tonelli’s theorem and passing under the mea-
sure P by means of Z*, we find, for ¢t < (T'A 1),

* rt Q* T —rs % Zo T Q* 1
o= BT Mo M ds |Gy “®TAn ), E ﬂ{ng}Z—;Jgt ds

- /TE(H{SST”gt)ds as
E(T A7) 7 S

while, if t > (T'A 1), then X; = 0. In order to explicitly obtain X*, we can exploit the
independence of 7 of IF, using the “key-Lemma” [3.2.2] to have a conditional expectation with
respect to the smaller filtration F. Then, under P, recalling that Gy = P(r > t|F}V) =
G(t) = P(1 > t), we obtain

%\ —1 TE(1 i ]:W %
X; = ertJCO(Zt) / ( {s< }‘ Ti/v) ds — xo(Z}) / Gs
E(T'AT) E (Lery| FY) E(T A T) G t)

a.s.

namely

rt Wit (*)’t T
«  xee’ e 2
X; = E(T A7) 0 /t G(s)ds aus.
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A(s)ds

Equivalently, in differential form, being G(t) = e~ I and noticing that at time ¢t = 7

the optimal wealth jumps to zero (the absorbing state) we have, for ¢t < T

dX; = X}

(7‘ + ()2 + M) — d) dt — dH, — ¢*th]  Xp=w. (4.2.11)

1,% 2%

To determine 7"* and 7=* it suffices to identify, term by term, the above equation and

Equation (3.1.6) (we are now under P) and we finally find

1 P* ol
1% 2%
Ty = —E, = _E_}_O’ngﬁl a.s., t < (T/\T) (4212)
Remark 4.2.2. The above stochastic differential Equation (4.2.11) is, indeed, the ana-
log to Equation in the case of deterministic model coefficients and deterministic
intensity A, as explained in Remark [3.2.3. It suffices to understand the link between the
super-martingale G and the deterministic function G(-), that here coincide. We have (recall

that the law of T is by definition v and it is assumed to be absolutely continuous with respect
to the Lebesgue measure) Gy = P(1 > t|F}V) = P(r > t) ft 0)df = G(t) = e~ Jo MO0

> The power-utility case.

The reasoning is the same as in the previous example, but now we work under the measure
Q*, instead of P, in order to show an alternative way to obtain the result. From Equation
(4.2.10), denoting for simplicity by A(T) the denominator in ¢} (it does not depend on s)
we have

(o) %o

1
cr = =: e " Z) 1 as, s<(TAT),
'k JE( = Hy) (e Zz) 71 du A(T)( )

*

»

and so the computation that has to be done is

Q* g —rs x Zo r s mQ* oy —L
E /t ﬂ{sgq—}e Cq ds | Gt = 14(1—')/15 el-7"" E (]‘{SST}(Zs)’Y_l \Qt) ds a.s..

If we remark that the “key-Lemma” [3.2.2] is also valid under the measure Q*, that here

(-FtW)tzo = (’FtVV*)tZO and that (from Remark c) G(t) = P(r > t|F}V) = Q*(r >
t|FV"), recalling that Z; = ¥ Witg (W)’ (under Q*), we find, a.s.,

1 .
* T xo T Ty EQ (H{SST}(Z:)’Y_l |‘F'tW )
EQ (/ Njs<rye " cs ds | gt) = / el=7* . e ds
t o t EQ (ﬂ{t<’r}’]:t )

= — eT-7°G(s)EY ev -1 2 v* F, ds
AT ) )y ®) ik

*

x 1 w* Wy ,l

A(T) G(1) / Gls)eT7"ds,




where we recall that K = %L(”L/J*)Q + 7 (it was introduced in Section in the power

1—
utility case). This gives us the optimal wealth for ¢t < (T A T)

W 1 v*)
X =e" zo 1 e_lw— te 2(

AT G 2l /G 61_7 *ds a.s.

while for t > (T A7) we have X; = 0 (in particular, the optimal wealth jumps to zero at

time ¢ = 7, as it is also clear from the following stochastic differential equation, given that

the coefficient of the jump part is equal to —1). In differential form, for ¢ < T

2K *
(r—i—)\(t)—f Gt)el )dt—dHt—lw th], Xg = a0

tT G(s)eT-7"ds

dX; = X7

and by identifying term by term the above equation with the dynamics of the optimal wealth
X* written under the measure Q* (Equation (3.2.6)), we find

1,% 1 2% ¢* 01
T

Remark 4.2.3. What is the economic/financial interpretation of the optimal solution we

a.s., t<(TAT). (4.2.13)

find in both the logarithmic and power utility cases, namely ﬂ'tl’* = —#,t <(TAT)?

o If o' > 0, the asset’s price S' has an upward jump at time T and the optimal invest-

ment consists in selling S*;

o If o' € (—1,0), the asset’s price S* has an downward jump at time T and the optimal

investment consists in buying S*.

This has to be understood in the following sense: the investor’s final aim is to end up at
time T' A\ T with an optimal wealth satisfying X7, = 0 (recall also Remark , i.e., he
wants his optimal wealth to instantaneously jump to zero at the maturity. For this reason,
if he knows a priori that S' will upwardly jump at T, he will sell this asset, since, being by
definition his wealth nonnegative almost surely at any time, having this asset in his portfolio
will not help him to reach his optimal final condition. The reasoning is the opposite for the
case ¢' € (—1,0).

4.2.5 Problem C: optimal consumption

In the log-utility case, ¢* is exactly the same as that we found in Section Equation
(3.2.22) (where the stochastic interest rate has to be replaced by the constant one). In the
power utility case, we obtain an explicit expression for c¢*, in contrast with what we had in
the previous chapter.
> The power-utility case.

In this case, we find

1
1 (p—7)s 7*)7—1
o = (,, Z;Q(pfr)s) T — (e j) i as., (4.2.14)
E [,"°° (e Z2)7 T (ers)71ds
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since v is given by

vV =

1—
[Ef (e Z%)7= 1(6'05)’Y 1ds]

Lo

By applying Fubini-Tonelli’s theorem, we have

too v 1 +oo —s%[ﬁ—%—(f*)z—r}
E/ (e7™Z) 1 (eps)vlds:/ e U7 7 lds
0 0

and it is clear that Assumption is satisfied (and so problem C admits an optimal

solution ¢*¢) if

Yol @)
_ P —r| >o0. 4.2.15
1—7[7 2(1 =) 219
In this case )
€ = k(e 2:) T as (4.2.16)

We conclude this example by noticing that the above condition (4.2.15]) exactly corresponds
to |21, Equation (40), page 62| found by Merton in his Ph.D. thesis.

4.2.6 Problem C: optimal investment strategy

As expected, given that here the optimal consumption rate ¢* is F-adapted, a result
analogous to Proposition holds here.

Proposition 4.2.2. The optimal proportion of wealth that has to be invested in S' in order
to optimally solve problem C'1is, before the shock T,

=0 as. (4.2.17)

Proof. It is exactly the same as the one in Proposition 1| (based on the F—adaptability

of ¢*) and we omit it. O

> The log-utility case.
Exactly as in Section we find, under Q*,

1 * * *
X[ = :er(r_”)t? = goeTPte= VWi e~z )Qt, t<T as.
t
or, equivalently,
dX; = X[ [(r— p)dt —¢*dW/], X§ = xo. (4.2.18)
To determine w'* and 7* it suffices to identify, term by term, the above equation and

Equation (3.1.6) written under the measure Q*, finding

2,% d)*

1*

U= =—— as., t<T7;

L 0’;t g2z % t=T (4.2.19)
ot Yot = —* as., t>T
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> The power-utility case.

*\2
From Equation (4.2.16)) we know that if & = ﬁ [% - 2((%_)7) — 7| > 0 the optimal con-

sumption rate exists and it is given by

_1

ch = xok(@“’*’”)sz;k) T as, s < 400

and in this case we can compute (recall that, under Q*, Z; = eV Witz (¥ t)

. +oo +o0 oy . w1 (W
EQ (/ et ds | gt) = mok/ e8¢ 5-1° fQ [ SRS \Qt
t t
I ry

%2
B e 1 @D, oo - A .
= froke“**lwte 2 (r-1)? ev—1%¢  7=1% 2 7=1 %2 (v-12"(g
t

*\2
IR T B 0 W e
= xoke T Ve e 2 5-1)2 e *5ds
t

R
= xpe -7 te

1 (52
2%kt g

This gives the optimal wealth for ¢ < +o0

X} = woel™™
or, in differential form (under Q*),
dX; =X/ |(r—k)dt — 17th . Xp = xo.

By identification, as before, we find

Tt = 0, o = —L a.s.,, t<m,
t ' o%(1 =) (4.2.20)
7rtl*o*1+7rf*2 17#7 a.s., t>T
-7
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Chapter 5

Solution via the Dynamic
Programming approach

For simplicity, in this chapter we consider the same deterministic coefficients setting as
in Chapter {4 (in particular, we will see that in the case of problem C, in order to obtain
explicit solutions, we will have to consider a constant intensity rate \). We briefly recall here
the model and the working assumptions. The assets’ dynamics are given by the following

stochastic differential equations

dsy = rS0dt, Sp =1,
ds} = SL (u'dt+o'dW; + ¢'dM;), Sp = si, (5.0.1)
dS2 = S (p2dt + 02dW;) S8 = st

The total information filtration G is here the filtration generated by the price processes S*
and S2, while F is the filtration generated by W. Furthermore, we work under the following
hypothesis.

Assumption 5.0.1. The proportionality relation

it B (5.0.2)

holds true.
In this chapter, as in the previous one, the following will be our standing assumption.

Assumption 5.0.2. The F-intensity rate of T is a deterministic function of time A(t).

5.1 Problem A

In this section, we determine the optimal investment strategy n} = (7Ttl ’*, 7rt2 ™) for every
0 <t < T (so that the optimal 7%* automatically follows) by applying the Dynamic Pro-
gramming Principle (DPP) and by solving the Hamilton-Jacobi-Bellman (HJB) equation.

The main difference with respect to the results obtained in the previous chapters (that were
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obtained using the martingale approach) is that here we directly find an optimal consump-
tion strategy ¢f,0 < ¢ < T (and, at the same time, the optimal 7rt1’*,7rt2’*, 0 <t<T) that
depends on time (except in the case of problem C), on the optimal wealth X} and on the
jump indicator process H;, that are accessible to the investor, while previously the optimal
investment-consumption strategy was a function of the initial wealth zg, of time (except in
the case of problem C) and of the Radon-Nikodym derivative Z;, that is non observable on
the market.

Remark 5.1.1. In order to apply the DPP and to obtain the HJB equation relative to our
problem, we need the Markovianity of the state process (X, Hi);~o- In the case of problems
A and B, this is guaranteed by the fact that the intensity of T is deterministic (Assumption
, in the case of problem C by the fact that we will consider a constant intensity \.

Being the investor’s information set at time ¢ given by G, the agent at time t has
immediately access to his wealth X; and to the value of the jump indicator process, i.e., H;.

This enables us to introduce the objective function
T
J(t,x,h;m,c):=FE {/ u(cs)ds| Xy =z, H, = h|, (5.1.1)
t
where h € {0,1} and the value function

V(t,z,h):= sup J(t,z h;m,c), (5.1.2)
(m,)EA(t,z)

where now A(t, z) is the analog to A(x) defined in Equation (3.1.8]), when the wealth X,
at time ¢ is equal to x. A pair (7*,¢*) is optimal for problem A if it is admissible and if
J(t,z, hym*, c*) =V (t,x,h) for every t,z, h.

Remark 5.1.2. In order for our problem to be meaningful, we need the finiteness of
V(0,2,h) for all (z,h) € Rt x {0,1}. A sufficient condition for this to hold is that u

s continuous and satisfies the polynomial growth condition
u(c) < K(1+¢cP) Vce (0,400),

for some 0 < K < oo and p € (0,1) (it suffices to adapt to our case the hypothesis in
Remark 3.6.8 in Karatzas and Shreve [14]).

It is fairly straightforward that the function x — V' (¢, x, h) is increasing on (0, 00) and,
furthermore, it is strictly concave (provided that an optimal control, indeed, exists), as the

following lemma shows.

Lemma 5.1.1. For any (t,h) € [0,T] x {0,1}, the function x +— V(t,x,h) is strictly

concave.
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Proof. For a given A € (0,1) and z,y € RT our aim is to prove that for every ¢t € [0,7] and
h e€{0,1}
V(t, e+ (11— Ny, h) > AV (t,z,h) + (1 = NV (t,y, h).

By definition of V', we have

T
V(t, e+ (11— Ny, h) =E;.p [/ u(cj’z)ds] ,
t

where ¢*7 is the optimal consumption strategy over the horizon [¢,T], corresponding to the
initial wealth Xy = z := Az + (1 — A\)y and where E, . j, denotes the expectation given that
the state at time t is (X¢, Hy) = (2,h). By recalling the admissibility condition (3.1.17]),

that now, being the starting investment date ¢, reads

T
X; > et EY </ e s ds | gt> a.s.,
t

it is evident that the admissible consumption rate ¢ = ety

both sides by e"?)

T
EY (/ e "ci® ds | gt> = z=Xx+(1-N)y
t

T T
AEY ( / e ds | gt) +(1—-NEY ( / e ds | gt)
t t

T
_ g (/ e A + (1 — A)eY] ds|gt).
t

satisfies (we divide on

v

We then have
>+ (1= M),

for every admissible consumption process ¢* and c, corresponding, respectively, to the

initial wealth x and y. Recalling the u is strictly increasing and strictly concave, we find

T
Vit, e+ (1 =Ny, h) = Ei.p / u(cz’z)ds}
t

T
> Bl / u(Ac§+(1—A>cg)ds]
t

T
> K. /t Au(c?) 4+ (1 — Nu(c?)] ds]

> AE¢,h [/tTu(cﬁ) ds} + (1 =NE¢yn [/tTu(cg) ds} ,

where in the last inequality we have automatically transformed E; , j, into E; ;5 and E; 5,
since by splitting the problem into two parts we work with ¢ and ¢, that are consumption
processes corresponding to a fixed initial wealth equal to, respectively, x ad y. It suffices,
to conclude, to consider the supremum over all the admissible consumption rates ¢ and
c. O
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Furthermore, we need the following Assumption (see the following Remark for some

related comments):

Assumption 5.1.1. For h = 0 and h = 1, V(t,z,h) is C' with respect to t and C* with

respect to x.

Given the above Lemma and given Assumption the function z — V/(t,z,h)
admits an inverse, defined on R™, that we denote by x(t,-, h).

5.1.1 The Hamilton-Jacobi-Bellman equation

By adapting to our (constant coefficients) setting the results in (ksendal and Sulem
[22, Section 3.1|, that are presented in the context of Lévy processes, and, in particular, by
distinguishing between the two possible cases h = 0 and h = 1, it is easily seen that the

value function satisfies the following Hamilton-Jacobi-Bellman equation.

Lemma 5.1.2. The value function V : [0,T) x RT x {0,1} — R, defined in , satisfies

the following fully nonlinear partial differential equation

V/(t,x,h)+ max [A(t, 7, c,2,h) +u(c)] =0, (5.1.3)
(m,c)eA(t,x)
where
A(t,m, ec,z,0) = Vx'(t z,0) [rz + ma(pt —r — o' A1) + 7P (u? —r) — |
+2V£D(t z,0)(r'zo! + 7 3302)2
A [V(tz+ 279!, 1) — V(t,2,0)]
and

A(t,mc,z,1) = Vitz1) [re+ ma(pt —r) + m2a(p? —r) — |
1
§V" (t,z, 1) (rlzot + 7 :1:02)2,
with the boundary condition

V(T,z,h) =0, Y (z,h) € Rt x {0,1}. (5.1.4)

Remark 5.1.3. I'mportant!

Note that, in practice, the problem naturally splits into two sub-problems, that are solved
recursively. In a first step, we solve the partial differential equation (PDE) satisfied by the
post-default value function V(t,xz,1), then, we substitute this function into the analogous
PDE for V(t,z,0), and we solve it. As a consequence, there are no jumps in the above
PDEs and we do not deal with integro-partial differential equations, but with classical ones.
Assumption [5.11) is, then, a “standard” one. A similar analysis can be found in Bieleck,
Jeanblanc and Rutkowski [1], in the context of hedging of defaultable derivatives.
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Results on the existence and uniqueness of a solution to equations of the above form
(that in our case is the value function V') in the more general case of stochastic Markovian
coefficients are known in the case of a bounded domain (see for example the overview in
Fleming and Soner |10, IV.4] in the case when the PDE is uniformly parabolic, and Gilbarg
and Trudinger [11, Ch. 17] in the case of a uniformly elliptic equation, arising in the infinite
horizon optimization setting). For the unbounded domain case, when the coefficients are
deterministic, we refer to the existence and uniqueness result in Jeanblanc and Pontier [13,
Proposition 4.1].

We now characterize, in the following proposition, the optimal consumption and invest-
ment strategies in terms of the value function. We will then provide explicit solutions in

two classic examples, namely in the logarithmic and power utility cases.

Proposition 5.1.1. Suppose that there exists an optimal pair process (7*,c*) and that
the value function satisfies the HJB equation. Then, the optimal consumption-investment
strategies, corresponding to a wealth x at time t, in the two possible cases {h = 1} and

{h = 0} are characterized as follows:

e after the shock T
(ta,1) = I[Vi(tz,1)]

and the optimal investment strategy (mV*(t,x,1), 7>*(t,z,1)) solves

Vit z,1)

1,% 1 2% 2 ok
T (t,x,l) roo + T (t,x,l) ro —’lp m

(5.1.5)

e Before the shock T

c*(t,x,0) = [V’(t z,0)],
¥ (t,z,0) = qSl {X (t,VI(t,z,0), —:c}
2,% _ ¢* Vé(t,l’,O)
7% (t,2,0) = 2o VIt 2.0) xa2q§1 {x(t,Vi(t,2,0),1) -z},

where I 1is the inverse function of u’, ¥* was introduced in Equation and we recall
that x is the inverse function of V)(t,-, h).

As suggested in the literature, we say that such pairs are given in feedback form, since,
in both cases h = 0 and h = 1, they are determined, at time ¢, as functions of the optimal
wealth x = X}

Proof. Being V solution to the HIB Equation ([5.1.3)), together with the boundary condition
(5.1.4), the optimal consumption-investment strategies in the two cases h = 1 and h = 0,
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maximize, for all ¢, respectively,

Va(t, X3, 1) [rXy + X (uh =) + w2 X (0P =) — ¢
FIVI (8, X7 1) (P X ot 4+ 72X 02)? + u(e)

2 Vax

and

Vit X{,0) [rXy + ot X (gt —r = ¢'A(1)) + 7 X{ (u* — 1) — ¢
FIVI(8, X7, 0) (7 X ot + 72X o?)?
+A(t) [V, XF + Xirtel, 1) = V(¢ X7, 0)] + u(c).

The optimal consumption rate is immediately given in feedback form, in both cases and so
we focus on the optimal investment strategy.

For what concerns the case h = 1, the conclusion follows by considering the first order
conditions, by recalling that * = T;—éﬂ = T;—’fl and by setting X} = x. In the case h =0
first order conditions can be considered, but a deeper analysis is required to be sure that the
value 71* found by setting the first derivative equal to zero is optimal. We have, indeed, to
solve a maximization problem under the constraint

7T1¢1 Z _]-a

namely, to obtain the optimal pair (71*, 72*), before the shock, we have to solve the fol-

lowing problem (in a simplified notation):

max f(r!,7?)
1,2 (5.1.6)
nlet > -1, 1?2 € R,
where (notice that we set X} = x)
2
f(ﬂJ) 7T2) = V:E/(ta xz, 0) [Wlx(ﬂl - r- ¢1>‘(t)) + 7T2$(:U‘2 - T)] + %sz/;(tu Zz, O)

(ot +720%)° 4 A1) [Vt 2+ an'o!, 1) — V(t,2,0)] .

L,

Here we have, then, to pay attention to the fact that we can have 7-* on the boundary of

of
. iy = Ol .
considering first order conditions for a regular interior maximum

8—’; at m?) =0
(g

or2

its domain, namely 7b* = —ﬁ, without having (m1*,72) = 0. More specifically, by

we find the optimal desired 72* and a local (candidate global) maximum 71'110’:, in the interior

of the domain. In order to be sure that 77110’: = 7b* we have to verify that (recall that

¢1 > _17¢1 7& O)

;Tfl —(;1,772’* <0, if ¢'e(-1,0),
of 1

ﬁ 7$77T2’* > 0, lf ¢1 > 0.
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We obtain
1

of 1, o1\ 2
o (g = {wt) V2(0.0.1) = Vi2,0)] = o 57 ) V(e 2,000, V(0 ,0) 1>} ,
and we observe that, since ¢*(¢,0,h) = 0 for every ¢ > 0 and h € {0,1} (if we have no

wealth, we cannot consume), then
VI(t,0,1) — VI(t,x,0) = v’ (c*(¢,0,1)) — v’ (c*(¢,2,0)) = 4/ (0) — o (c*(t,z,0)) >0

and the optimality of 77110’: follows by recalling that V is increasing and strictly concave with

respect to x and that y is positive. O

Once more, as in the previous chapters, we deduce from Equation that in the con-
sidered complete market, after 7, the investment strategy is not unique, due to redundancy
of the market.

In this specific setting we can obtain, as a corollary and using the results of the previous
chapter, the same result obtained in Proposition [£.2.1] concerning the investment strategy

before .

Corollary 5.1.1. The optimal consumption-investment strateqy, corresponding to a wealth

x at time t, on the set {t < T}, is:

c*(t,z,0) = I(Vx’(t,m,O)) =c*(t,x, 1),
ab*(t,z,0) = 0,
v* VIt x,0)
xzo?2 VI (t,x,0)

Proof. It follows immediately by definition of the value function. Indeed, we already know,
from Proposition that the optimal consumption rate is here F-adapted (this derives
from the F-adaptability of Z*). In particular, the trajectories of the consumption process
do not have any discontinuity at time 7, namely ¢*(t,z,0) = ¢*(¢,z, 1), so that V(¢,z,0) =
V(t,z,1) and

x(t, Vit 2,0),1) —z = x(t, Vi(t,2,1),1) —x = x(t,V.(t,2,0),0) —z =2 — 2 = 0.
O

The following result, well known as Verification theorem (see, e.g., Fleming and Soner
[10, Th. IV.3.1] in the context of controlled Markov diffusions in R™, or @®ksendal and
Sulem |22, Th. 3.1] in the context of jump-diffusions) provides a useful tool to determine
the optimal feedback controls explicitly in two examples. Nevertheless, it assumes the

knowledge of a candidate value function and of the optimal wealth.
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Theorem 5.1.1. Let v(t,x,h) be a real valued function defined over [0,T) x R x {0,1},
of class C12 with respect to, respectively, t and x, solution to the HJB Equation ,
together with the boundary condition and let (7%, c*) the pair defined in Proposition
. If the pair is admissible, then v is the value function of our problem and (7*,c*) is

optimal.

We now apply the above theorem and the corollary in two examples, namely in the case
of the logarithmic and power utility function cases and we obtain explicitly the optimal

consumption rate and the investment strategy.

> The logarithmic and power utility cases

Proposition 5.1.2. Let us suppose that u(c) = In(c). Then the explicit optimal solution
to our consumption mazimization problem A, distinguishing between the cases h = 1 and

h =0 is:

e after the shock T,

c(tyx, 1) =
¥tz D)ot + 72 (t,z,1)0? = —*.
The value function is
V(t,z,1) =In(z)(T —t) + q1(t),

where

*\2
Q) = <r+ 9 ) %(T—t)2 — (T —t)In(T —t).

X
“(t,2,0) =
& ( y Ly ) T—t’
™ (t,x,0) = 0,
() = O
g

The value function is

V(t,z,0) =V(t, x,1).

Proof. Tt suffices (notice that, thanks to Corollary , we only consider the case h = 1) to
make the following ansatz: V(t,z,1) = In(z)p1(t) +¢1(t) and to choose the two functions p;
and ¢; that solve the HJB equation, together with the boundary condition. In particular,
we find that p;(t) =T — t and that ¢;(¢) has to satisfy

GO = 14T =)~ (1) (r 4 50) . D) =
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whose solution is given in the statement. Notice that the optimal consumption strategy
c*(t,z,1) = c*(t,z,0) is nonnegative.
To conclude, it remains to show that the wealth associated with the pair (7%, ¢*) is a.s.

positive, for every 0 <t < T. We find the dynamics

1

axt = x; | (4 00 - 5y )t - wraw] X = o (517)

that corresponds to

X =
tTr0e T Z:T

a.s. (5.1.8)

and the optimal wealth remains therefore always nonnegative over the time interval [0, 77,
since Xog = x¢ > 0, and it satisfies X7, = 0 a.s. L]

By performing analogous computations, we find the optimal solution in the power utility

case.

Proposition 5.1.3. Let us suppose that u(c) = %,c >0,y <1,y #0. Then the explicit
optimal solution to our consumption mazimization problem A, distinguishing between the

cases h=1 and h =0 is:

e after the shock T,

Fta,1) = a(B(t) T,

¥tz ot + 72 (t, 2, 1)0? = —pf——

and the value function is

Vit,z,1) = ajﬁl (1),

1—
where p1(t) = [1*77 (e%(T_t) _ 1)} K and K — %ﬁ(l/}*)Q + .

e Before the shock T,

1

C*(t7m>0) = x(ﬁl(t))ﬁa
¥ (t,z,0) = 0
*
1
2% (t,z,0) = —%7.
o4l —v

The value function is

V(t,z,0) = V(t,x,1).

Proof. The proof is analogous to the one in the previous Proposition, but in this case, the

ansatz we make is: V(t,z,1) = %Bl(t).
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In both cases v € (0,1) and v < 0, it can be shown that (;(t) is positive and this implies
that the optimal consumption ¢*(¢,x,1) = ¢*(t,x,0) is positive, too. The admissibility of
the optimal solution to our problem follows immediately, as before in the logarithmic case,

noticing that the wealth dynamics is given by

dX; = X7

*\2 1 *
(r + g‘/’_)v - (Bl(t))v—l> at -~ 7th] L Xj=w20,  (519)

or, equivalently, by

( 7(1/)*)23),5 o . .
Xf=zge\ ) 1 WiemJo (Bi(s)7TTds g o

1
An explicit computation of e~ Jo (Bi(s) 7 Tds finally gives

-2 K.op Ky X
o () T
X/ =uzpe [/ a——— = L (5.1.10)

K

el-7" —1
so that, in particular, X7 = 0 a.s. ]
We conclude this section with the following remark.

Remark 5.1.4. The optimal solutions, relative to the logarithmic and power utility cases,

found in this subsection coincide with the solutions found in Section [{.2.1], namely, respec-

tively,
*7A — L — ¥ * X * _ X;k
= Tgres — X0 = s X ) = 7
and, in the power utility case,
1/,,%\2 v
*A 0 5( ) 1—y T " * * * *
CS’ - — T (1 *’y? ot =c (87Xs70)zc (S’st]-)
-1 Lop*)2
_ [1—7 (6%@7@ - 1)] g L)1+
B # o S —S8 * )

where in the last equality we have simply substituted the value of K = %(1#*)2& + 7.

This can be proved by exploiting Equations (5.1.8) and (5.1.10), since x in c*(s,x,-) repre-

sents the wealth that we have at time s, that is X} (when we are at time s, we are supposed

to have optimally invested in the market up to that time).

5.2 Problem B

We introduce the objective function (notice that the investment-consumption strategy

is “hidden” in the wealth process X)

T
Jry(t,z, hymc) =K [/ (1 — Hy)u(cs)ds| Xy =z, He = h|, (5.2.1)
t

132



where z € R* and h € {0, 1}, and the value function

Wﬂ(t,l‘,h) = sup J(T)(t7x7 h;TF,C), (522>
(m,c)eAr(t,x)
where A, (¢, x) is the analog to A, (xo) defined in Equation (3.1.9)), when the wealth X, at

time ¢, is equal to x.

Remark 5.2.1. By definition of V() we have

Vi (t2,1) =0, ¥ (t,2) € [0,T] x RT. (5.2.3)

A pair (7*,c*) is optimal for problem B if it is admissible and if Ji;(t, 2, h;7*, c*) =
Viry(t, z, h) for every t,z, h.
Since we work in the pre-shock time interval, 7} is admissible if it satisfies suitable

integrability conditions and if, for every ¢t < 7, almost surely,

Furthermore, the results in Remark and Lemma [5.1.1] can be easily adapted here and
also in this case the value function is increasing and strictly concave in . The following

assumption will be necessary to derive the HJB equation.
Assumption 5.2.1. V((t,z,0) is C' with respect to t and C? with respect to .

Lemma 5.2.1. The value function Vi-y(-,-,0) : [0, T) xRY — R, defined in , satisfies

the following fully nonlinear partial differential equation

VY(,T)ﬂf(ta Z, 0) + (W,C)Igjli((t,x) ['A(T) (t7 ™€ T, 0) + U(C)] =0, (525>
where
A (t,mc,2,0) = V(’T) L(t.2,0) [re + wla(p! — ¢'\(#)) + mix(p — 1) —

1 2
+§V(T) wr(b 0)(7r zol 4+ mzo ) — M)V (t,2,0),

with the boundary condition

‘/(7') (T,{E, 0) =0, VzeR" (526)

Proof. The HJB equation can be obtained from the Dynamic Programming Principle, notic-
ing that the Bellman principle can be written, for every pair (m,c) € A((t,z) and for
€>0,e<T —1t, as

t+e
Vin(t,z,0) > E [/ (1 = Hs)u(es)ds + Vi (t + E,Xt+e,Ht+e)‘Xt =z, H =0].
t
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We now apply Itd’s lemma to V(T)(t—i-e, Xite, Hiye) (with starting time ¢) and, recalling that
(see Equation 1’ dH, = dM; + \dt = dM, + Atllf;<rdt and assuming that the local
martingale we find (that is given by a stochastic integral in dW plus a stochastic integral

in dM) is a martingale, a formal computation gives us

e oV, oV,
0 > E{/t [(1—Hs)u(cs)+ a(t)(s,XS,HSH 8;)(3,)(8,1{5)

(P X+ mEX ! = = O A L pery) + 7K (2 = 1) — )
19%Viz)
2 922

[Viry (5, Xom + Xy migl, 1) — WT)(S,XS,,O)]]ds | X, =2, H, = 0}.

2
(s, X, Hs)(Tr;O'IXS + 7I'302)(5) + )\(S)I[{S<’T}

It is crucial, now, to notice that the above integral is a continuous function of time, despite
of the fact that the integrand has a discontinuity at s = 7. We conclude, then, by standard
arguments (we have V() (s, Xs— + X, mlet 1) = 0), by dividing the right-hand side by ¢
and taking the limit as € goes to zero and noticing that equality holds for the optimal pair
(m*, c*). O

In the following proposition, we provide the optimal consumption rate and the optimal

investment strategy in feedback form, we will give, then, explicit formulas in two examples.

Proposition 5.2.1. Suppose that there exists an optimal pair process (7*,c*) and that
the value function satisfies the HJB equation. Then, the optimal consumption-investment

strategy, corresponding to a wealth x at time t, is characterized as follows:

c(t,x,0) = 1 V(/ (t,z,0)|,

T),x
1
1,% _
™ (t,IE,O) - _E’
* !
7r2’*(t z,0) = 4 V(T)’x(t’x’()) + o
T xaQV(Z)m(t,m,O) o2pl’

Proof. Being V| solution to the HJB Equation (5.2.5)), together with the boundary condi-
tion ([5.2.6)), the optimal consumption rate and the investment strategy have to maximize,
for all ¢,

V(’T)’m(t, X7,0) [r Xy + mt XF (ph —r = o'A(0) + T2X[ (1 — 1) — ¢

* * * 2 N
3V et X7, 0) (11 X0 + 12X 0%) " = M)V (£, X7, 0) + u(e).
c¢* is immediately obtained by considering the usual first order condition and so we focus

on (1% 7%*). We have, indeed, to solve a maximization problem under the constraint



namely, with a simplified notation, in order to obtain the optimal investment strategy we

have to maximize:

(5.2.7)

max f(’?’) (7717 772)
1(/51 -1, 72 € R,

where (notice that we set X} = x)

f(T)(ﬂ-lvﬂ-Q) = ‘/(,7—)7x(t7x¢0) [ﬂ-ll’(:ul -r—= ¢1>‘(t)) + 7721"(:“2 - 7")]
—i—%V(T) Lt 2,0)(rtaet + x02)2.

It is convenient to make the following change of variable, introducing

z:=nlzo! + 7lxo? € R,

so that, recalling that ¢* = T;{Ll = ’:é‘Q, we can equivalently maximize
1
f(T)(Tl'l,Z) = —w*zV(’ L(t,2,0) — wlagt\(t ) (et 0) + 37 V( )zt 2,0)

over the domain {(7!,2) € R? : 7l¢! > —1}. First order conditions, for a regular interior

maximum are given below:

O (1, 2) = —a @I AN(DV],, (t,2,0) = 0

of, \ .
('t 2) = =V, (6w, 0) + 2V (8 2,0) =0
alot > —1, 2 € R

and so z* is
Vit 2,0)

* (1),
VI Ga0)

(1),zx
but we do not find 7%*. The reason for this is evident a posteriori, since the optimal 7! is

on the boundary of its domain, i.e., 71* = *ﬁ' In fact, we have (recall that we have to

distinguish between the two possible cases ¢! € (—1,0) and ¢* > 0):

o if ¢! € (—1,0), the domain with respect to 7! is 7! < ﬁ and f() is increasing as a
function of 7! = the maximum is attained at 7!* = —ﬁ

o if ¢! > 0, the domain with respect to ! is 7! > —ﬁ and f(;) is decreasing as a
function of 7! = the maximum is attained at 7* = —ﬁ.

The optimal 72* follows by simply recalling that z = rlzo! + 72202 O

We apply now an analog to the Verification Theorem to obtain the optimal feed-

back controls explicitly in the two usual examples.

> The logarithmic and power utility cases
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Proposition 5.2.2. Let us consider the case when u(c) = In(c). The explicit optimal

solution to problem B 1s:

* _ v
c*(t,x,0) = "0
* 1
7-‘-1’ (t’_w’()) = _E’
* ¢* 0'1
2 (t,x,0) = —ﬁ—konﬂ,
where .
T
a(t) — efOt )\(u)du/ - 0-5 A(U)dud ‘[t G(S) dS
t G(t)

The value function is
‘/(7') (tv xz, 0) = ln(:v)a(t) + b(t)a

where

t T s
b(t) = —eli Mu)du / e~ I Mudu(y L f(5)) ds,

with f(s) =Ina(s) — a(s) (7’ + A(s) + %(1/1*)2)

Proof. It suffices to make the following ansatz: V(;(t,z,0) = In(z)a(t) + b(t) and find a
and b that solve the HJB equation, together with the boundary condition. In particular, we
find that a(t) has to satisfy

and that b(t) is a solution to the following differential equation

B (t) = A(D)b(t) + 1 + Ina(t) — a(t) (r FA) + ;(1/;*)2) . b(T) =0.

Notice that the optimal consumption strategy is nonnegative. To conclude, it remains
to show that the wealth associated with the pair (7*,¢*) is a.s. nonnegative, for every
0 <t < T. We find, by substituting the optimal strategy into Equation (3.1.6)), the

dynamics

dX; = X Kr FA) + (%) — a(lt)> dt — dH; — w*th}
= X/ [<r + (") - ag;) dt — dM; — w*th] . X5 =10>0,
(5.2.8)
that corresponds to
{ X! =z e(’ur%(d’*)?)t eJo A(s)ds o= Wi o~ Iy atn 4o a.8., t<m, (5.2.9)
X =0 as, t>T.
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t_1
More precisely, explicitly computing e Jo mds, we find

X; =z 307 5 As)ds f; g<s>ds o~V W
0

X;=0 as, t>T,

a.s., t <, (5.2.10)

and the optimal wealth remains therefore always nonnegative over the time interval [0, 7]
and we always have X7, = 0 a.s. Furthermore, when {7 > T}, the optimal consumption
rate satisfies

lim ¢*(¢,z,0) = +o0,

t—=T

meaning that, when 1" approaches, the optimal consumption rule consists in consuming at

a maximum rate, in order to get X7 = 0 a.s. ]

By performing analogous computations, we find the optimal solution in the power utility

case.

Proposition 5.2.3. Let us suppose that u(c) = %,c > 0,7 < 1,7 # 0. Then the optimal

solution to problem B is:

N 1
¥ (t,z,0) = o
2% w* 1 Jl
*(t,x,0) = ——H5——
and the value function is
.
Viry(t,2,0) = Za(t),

Y

where

1— __K 1—v
_ (ot fd A(s)ds rox, ~ S Aw)du Vot T kg
a(t) = (e T elo el-7"e" Jo ds =\ em el-7"G(s)ds ,
t t

and where (recall Proposition K = %ﬁ(d}*f + .

Proof. We make the ansatz: V(;)(t,z,0) = %a(t) and we find that V(. solves the HJB
Equation ([5.2.5)), together with the boundary condition (5.2.6) if « satisfies the following
Bernoulli type differential equation

.

o (t) = [-K + At)(1 = )] at) = (1= y)(a®), oT) =0,

where K = %%(w*)z + 77, whose solution is given in the statement of the proposition.
The optimal consumption ¢*(¢,z,1) = ¢*(t,x,0) is positive and the admissibility of the

optimal solution follows immediately, noticing that the wealth dynamics is given by
- H
r—i—)\(t)—i—l fy—(a(t))w dt — dH; 1

*

dX; = X; {

th} ,Xék = T, (5211)
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that corresponds to

(H @)% 1 @wH)? )t , " \ 1
Xt* =xge 1=y 2 (1—)2 efo A(s)ds eiﬁWt e fO a(s)7=Tds a.s., t< T,
X;=0 as, t>T.
(5.2.12)
1
By explicitly computing the integral f(f a(s)7-Tds we finally have, a.s.,
(,,Jr(w*)?_; w*)? )t . T o oiang "
Xi=xge\ 77 P00 efoAe)ds Ji_eT 7 Gls)ds R N
fOTeﬁSG(s)ds
X/ =0 as, t=>T.
(5.2.13)

In particular, X7, = 0 a.s. and it is interesting to notice, as previously done in the
logarithmic case, that, if ¢ < (T' A7),

lirr% c*(t,z,0) = +o0,

t—

meaning that the optimal strategy, when approaching T', consists in consuming at a maxi-

mum rate, in order to get X = 0 a.s. 0

Remark 5.2.2. Fasy computations show immediately that, in the two examples, the optimal
consumption rate ¢B found by means of the “direct approach” in Section coincides
with the solution ¢* to the HJB equation (recall the analog Remark :

5.3 Problem C

We introduce the objective function (for notational simplicity in what follows we will

use x instead of xp to denote the initial wealth)
400
Joo(T, by c) =R {/ e Pu(cs)ds|Xo =x,Hy=h
0

and we define the value function

Voo(z,h) := sup  Joo(z, hy7,c). (5.3.1)
(m,¢)EAs0 ()
Our purpose is to find a pair (7%, ¢*) that is admissible and that satisfies
Joo(x, hy*, ¢*) = Vo (x, h). Notice that the value function does not depend on time and it
is crucial to point out that = in V, denotes the initial investor’s wealth.
For what concerns the properties of the value function, given the specific form of the

Radon-Nikodym derivative Z*, that in the case of deterministic coefficients is given in
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Equation (4.1.9) (despite the presence of a jump in the market, Z* is a diffusion process),
we can use Theorem 3.9.18 in Karatzas and Shreve [14] to state that, under Assumption
, Voo is finite and continuously differentiable for every h € {0,1}. Furthermore, by its
definition, V, is increasing as a function of x and we can extend to this case the proof of
Lemma to show that, for any h € {0,1}, = — Voo(x, h) is strictly concave. It is, then,
evident that the function x — VJ/(x,h) admits an inverse defined on R, that we denote
Xoo(*, 7). Nevertheless, we have to suppose that the value function is two times differentiable

with respect to the space variable (some comments on this assumption are given below in
Remark [5.3.1)).
Assumption 5.3.1. For h =0 and h =1, Vo (x, h) is C*> with respect to x.

5.3.1 The Hamilton-Jacobi-Bellman equation

As before in the case of the finite horizon T, it is possible to show that V., solves a fully
nonlinear partial differential equation. Notice that in this case, in order to write the HJB

equation, we need the intensity rate of 7, A\(¢),¢ > 0, to be constant. We set A(t) = A.

Lemma 5.3.1. The value function Vo : RY x {0,1} — R satisfies the Hamilton-Jacobi-

Bellman equation of dynamic programming

—pVoo(z, h) + (w,c)rleli);(a:) [Aco(m, ¢,z h) + u(c)] =0, (5.3.2)
where
Aco(m,c,2,0) = Vi ,(x,0) [rz + ma(p! —r — ' \2)) + m2a(p? —r) — c
-f—%VO/é’m(x, 0) (7713301 + 7r23302)2
A [Vio (@ + il 1) — Vo (z, 0)]
and

Ass(mcx, 1) = VI (x1) [re+n'a(p! —r) + 7°2(u® —r) — (]

1
+-V2 (1) (rtrot + 7r2x02)2.

9 oo,

Remark 5.3.1. Important!

As noticed in Remark[5.1.3 relative to problem A, also here the problem naturally splits into
two sub-problems, that are solved recursively. First, we solve the PDE satisfied by Voo (z,1)
and then we substitute this function into the analogous PDE for Vy(x,0). We then deal

with two classical PDEs and Assumption[5.53.1] is “standard” in this context.

For an overview on existence and uniqueness results concerning the solution to the HJB
equation in the infinite horizon case we refer to Fleming and Soner |10, Section IV.5, pag.
165-166]. We now provide the optimal consumption-investment strategy in feedback form,

i.e., in terms of the value function V.
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Proposition 5.3.1. Suppose that there exists an optimal pair process (7*,c*) and that
the value function satisfies the HJB Equation . Then, the optimal consumption-
investment strategies, corresponding to an initial wealth x, in the two possible cases {h =1}

and {h = 0}, are characterized as follows:
e after the shock T the optimal consumption rate is
1) = 1 [Via(e)]
and the optimal investment strategy (m'*(z,1), 7%*(x,1)) solves

Vi@, 1)

1,% 1 2, 2 _

(5.3.3)

e Before the shock T

c*(z,0) = I[VO’O@(QU,O)]

1
Wl’*(x,(]) = ?& {Xoo (Vo/o,:r($70)’ 1) - J’i}

i * Vi .(2,0) o!
@0 = AT ) worg e (Veu(.001) — )

where I is the inverse function of u', ¥* was introduced in Equation and we recall

that X~ 15 the inverse function of Vc;m

Proof. Tt is exactly the same as the proof of Proposition [5.1.1] and we omit it. We only

remark a posteriori that the optimal solutions are actually admissible. ]

We now state the analog to Corollary and we provide an interesting result based
on the fact that, from previous results, we know that the value function is the same before
and after the shock.

Corollary 5.3.1. The optimal consumption-investment strategy, corresponding to an initial

wealth x, before the shock T, is:

(x,0) = T [VO’O@(x,O)] = c*(x,1),

o (z,0) = 0,
2% _ ¢* VO,O,:E(:Z:7O)
Rl v PR Y

Proof. 1t is exactly the same as the one of Corollary namely it is based on the fact
that, for every z, Voo (z,1) = Voo (,0) and we omit it. O

The Verification Theorem below will be the key tool in order to obtain the explicit

solutions in the two subsequent examples.
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Theorem 5.3.1. Let v(x, h) be a real valued function defined over R* x {0,1}, of class C?
with respect to x, solution to the HJB Equation and let (7*,c*) the pair defined in
Proposition [5.3.1. If the pair is admissible, then v is the value function of our problem and

this pair is optimal.
> The logarithmic and power utility cases

Proposition 5.3.2. Let us suppose that u(c) = In(c). The explicit optimal solution to
problem C' is:

e after the shock T,

(z,1) = pz,

¥ (z, 1ot + 72 (z,1)0® = —o*.

The value function is

1 *)?
Voo(z,1) = In(z)A1 + B = — ln(a;)—i—ﬁ—i—(lb ) —1+1Inp|,
p p 2p
where A1 = % and
12
B1—1 E—i—(d}) —1+Inp|.
plp  2p
e Before the shock T,
c(x,0) = pz,
¥ (z,0) = 0,
2,% ¢*
) O — _
T (‘Ta ) o2

The value function is
Voo(2,0) = Vo (x, 1).

Proof. We start by making an ansatz concerning the value function (notice that, given

Corollary we only consider the case h = 1), namely we suppose that V(z,1) =
In(z)A; + By and then we solve the HJB equation, finding A; and B;. To conclude, we
have to check that the optimal solution leads to a positive wealth process and here it is the

case (if zgp > 0), since we have, for every t,
AX; = X [ (r+ (W) = p) dt—vawi|,  Xo =m0 >0,

that corresponds to
X/ :xoe(r_p)te%(w*)%e_wwt a.s.
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Analogously, in the power utility case we obtain the following result.

Proposition 5.3.3. Let us suppose that u(c) = %,c > 0,v < 1,7y #0. Then the explicit

optimal solution to our consumption mazimization problem C is:

e after the shock T,

c(z,1) = xA™1
¥ (z, 1)o! + 72 (z,1)0® = — 17{ S
and the value function is
v
Voo(x> 1) = iAa
_ )2 i
where A = [% (5 - %(1_)7 — r)}

e Before the shock T,
c*(z,0) = TATT = c*(x,1),
™ (z,0) = 0
2% - _ ’Qb*
7" (z,0) 20 =)

The value function is

Voo(2,0) = Vi (2, 1).

Proof. The result can be shown, without additional difficulties, as in the previous cases.
Here it is only interesting to notice that the admissibility of the optimal consumption rate
derives from the positivity of A, that was required in Equation (4.2.15]). Furthermore, the

optimal wealth always remains positive (provided that z¢ > 0), since we have, for every t,

%\ 2 1 *
(TJF (11#)7 _ (A)w> dt — 1¢Vth] ., Xo=ux0>0,

dX; = X;

that corresponds to

*\2
W%, 1 WH7 - w*
t —(A)T Tt — W,

X} =xpee 177 e 20-17¢ (Wr=ttemimWe g,

O]

Remark 5.3.2. a) The admissibility of the optimal consumption rate process, i.e., the
positivity of A, derives from , that was introduced in the power utility case, when
applying a direct method, in order to ensure the existence of an optimal solution c*.

b) As done in Remark and Remark it is possible to show that, in both examples,

Y = ¢ (XF,0) = ¢F(X2,1).
Notice that the optimal solution c*(x,-) does not depend on time: x in c*(x,-) represents the

inwvestor’s wealth at the beginning of the investment period.
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5.4 A reduced information setting: problem B1l

We are now interested in studying problem B from a different point of view, namely we
consider consumption-investment strategies that are F—predictable (and no more G—predictable,
recall Definition . It is the problem of an investor with a reduced set of information,
who has not access to the full information filtration G. In particular, he does not observe
7 (think for example of 7 as the power supply interruption of a power plant). We will see
that, in order to maximize his consumption up to time 7', he will consider an alternative
problem, denoted B1, in the filtration F, by modifying his utility function w.

Indeed, since the filtration ' does not include the observation of the event 7, we re-write

the objective function as follows

IE( /0 TATu(cs)ds> _ E<]1{T>T} /0 " (e)ds + Loy /O Tu(cs)ds>
= E [E <]1{T>T} /OTu(cs)ds|f¥V)] +E <11{TST} /OT u(cs)d.S)
- E (G(T) /OTu(cs)ds> +E (/OT v(0)d6 /Oeu(cs)ds> ,

where we have used the fact that the consumption rate ¢ is F-adapted, that Gy = P(r >
t|FV) =P(r > t) = G(t) (it is a consequence of the independence of 7 of I, recall Lemma
4.1.1)) and we have integrated with respect to the law v of 7. We finally have, by applying

Fubini-Tonelli’s theorem,

E < /O o u(cs)ds> _ E <G(T) /0 ' u(cs)ds> +E < /O " ued) [G(s) — G(T) ds>
_ E (/OT G(s)u(cs)ds> _E (/OT a(s,cs)ds> ,

where @ : [0,T] x RT — [—o00, +00) is
U(s, cs) 1= G(s)u(cs) = e~ Jo Mwduy oy, (5.4.1)

Notice that, for each s € [0, T, u(s, -) is a utility function, so that the investor with a reduced
set of information acts on the market with a modified utility function, that incorporates
the conditional law of the non-observable random variable 7. With respect to the objective
function of problem B, here the investment horizon is larger, but the utility of consuming
is lower, since in the integrand u(cs) is multiplied by G(s) satisfying 0 < G(s) < 1.

We can now state problem B1, that is analogous to problem B, where Ap(zg) corre-

sponds to A;(xg) (to indicate that consumption-investment strategies are F— predictable):

T
B1 sup E/ u(s,cs)ds. (5.4.2)
(mec)€Ar(z0) /O
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We solve B1 by means of a mixed use of both the techniques developed in the previous

*, B1

sections: we characterize the optimal consumption strategy c using the martingale ap-

proach and we obtain the optimal investment strategies by solving the HJB equation relative
to problem B1.

Proposition 5.4.1. Given the market structure , the optimal consumption rate solv-
ing problem B1 in , with the terminal condition X1 = 0, is given by

+,B1 ve "7
=1 — .S 4.
ch ( G0 > a.s., (5.4.3)

where I denotes the inverse function of u' and v > 0 is a real parameter satisfying

. T —TUu 7% T ve TuZ*
EQ [/ e <”€“> du] =E [/ e 7T <“> du] = 0.
; Glu) 0 G(u) ’

Proof. Tt is analogous to the one of Proposition [3.2.1} given the concavity property of u and

the definition of ¢*5! in ([5.4.3)), we have:

B ( | " () lues) - e s

IN

E < /0 ! G(s)(cs — C:’Bl)ul(cz’Bl)ds>
T

= E </ (cs — c:’Bl)ue_TsZ;‘ds)
0

< v(xo—z0) =0,

where in the last inequality we have used the fact that ¢ and ¢*B! are admissible (recall

Section [3.1.2)). The optimality of ¢*5! is proved. O

In order to compare the optimal consumption strategies of the two investors with dif-
ferent levels of information, Bl and cZ’B, we explicitly characterize them in the usual two
cases.
> The log-utility case.

Straightforward computations show that the F—adapted optimal consumption rate is given

by

g w6 wG()
Zre K [ G(u)du  Zre~"s [; G(u)du

a.s., (5.4.4)

meaning that an investor not having information concerning 7 consumes, at time s, at a
rate that depends on P(7 > s|Fs) = P(r > s), i.e., on the law of the random time 7 in
his filtration. The comparison with the solution in Equation can be summarized as
follows (notice that we have distinguished between the case “before” and “after” the shock,

.o % Bl . .
even if ¢g’” " in practice does not depend on 7)

cz’Bl < cz’B a.s., s<T,
*,B1 *,B (545)
Cs > ¢ =0 as., s>T.
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> The power-utility case.
We find ) X
G(s)T— —rsz* =1
Bl = 0 ( ) ( ) a.s. (5.4.6)
Efo - —”‘Z*)v Tduy

Explicit computations in the case when the 1ntens1ty of 7 is constant and equal to A, recalling
that G(u) = e~ give us

1 T'Y * A
c*,Bl _ xOG(S) 11— + (/l/] ) 2 17
) (eirsz‘;k)ﬁ eT<117+l( (- 1)2 )

First of all, in order to make a comparison with c:’B, that on the set {s < 7}, is equal to

1
—rsz* 71
B = (e )t a.s.

Efo (1— Hy)(e™ 7"“Z*)V Tdu

(on the set {s > 7}, P =0 a.s.), we observe that, being ﬁ >0and 0 < G(s) <1,
G(s)™ < 1.

We then have to compare the denominators in &P and in C:’B, namely, if we apply Fubini-

Tonelli’s theorem and we use the independence of 7 of IF,
T 1 - T o
/ G(u)TE(e”"™Z;) " 'du and / G(u)E(e™"™Z;) ' du.
0 0
We have, for every u € [0,T],

G(u)ﬁ < Gu), 0<vy<1,
Gu)= > G(u), 7<0,
and so the comparison is possible only in the case v < 0, in which, for s < 7,

*,B1 *, B
Cg < ¢4 a.s.

We now obtain the F—predictable optimal investment strategies 7rtl _ 7r,52 * for every 0 < t <
T, by solving the corresponding Hamilton-Jacobi-Bellman equation. For this purpose, we

introduce the objective function

Jr(t,z;m,c) :=E [/ G(s)u(cs)ds|FV (5.4.7)
and the value function
We(t,x) .=  sup  Jp(t,z;7,c), (5.4.8)
(m,c)€AR(t,z)
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where Ap(t,z) is the equivalent of Ag(x() for a wealth equal to = at time t. Notice that
here H is no more a state variable, since the investor’s filtration is F, but we suppose,
nevertheless, that at time ¢ the investor observes his wealth process.

Due to the similarity with problem A and given that 0 < G(s) < 1, for very s > 0, the
results in Remark [5.1.2] and Lemma [5.1.]] can be easily adapted here. Before deriving the
HJB equation we make the following assumption.

Assumption 5.4.1. Vi(t,x) is Ct with respect to t and C* with respect to x.

Lemma 5.4.1. The value function Vg : [0,T) x RT — R, defined in , satisfies the

following fully nonlinear partial differential equation

Vi, (o) +  max  [Ap(t, 7, ¢ x) + u(t,¢)] =0, (5.4.9)
’ (m,c)EAR(t,x)

where
Ap(t, 7, c,z) = V]ﬁ’m(t, x) [Tx +mla(pt —r — $IAB)G(t)) + 722 (pu® — 1) — c]
F’m(t, x) (7?1:):01 + 7T2x02)2

FADG®R) [VE(t,z +ar'el) — Vi(t,2)]

1
‘ el
2

with the boundary condition
Ve(T,z) =0, VzeR", (5.4.10)

Proof. The HJB equation above can be obtained, as usual, starting from the Dynamic
Programming Principle, namely by noticing that the Bellman principle can be written, for
every pair (m,c) € Ap(t,z) and for h > 0,h < T — ¢, as

t+h

Velt0) 2 E[ [ Glopuleds + Vale +h X Y.

t

We then apply 1t6’s lemma to Vi(t + h, Xy1p) and, assuming that the local martingale we

find is a martingale, a formal computation gives us

t+h aVIE‘ OVF 1 1 1
> - — —
0 > E{/t (Gls)ules) + 25 (5. 0) + 555, X) (X + ml X (1! =7 = 6'A(5) Locry)
2
+m2X (0 — 1) — Cs) + %%(s, X,) (ot X + 7T30’2XS)2

FA) gy Vi (5, X + Xyomho!) = Vs, X, )] [ds | 7V},

At this point we have to pay attention to the fact that here the reference filtration is
F and, even if the consumption-investment strategy is, by definition here, F-predictable
and the constant and deterministic coefficients, too, (1<7}) >0 1s not. That is why in

the HJB equation we find the conditional survival probability G(t), that we introduce in
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the integrand by using the “tower property” of the conditional expectation, namely by
considering a second conditional expectation made with respect to FV' O F/V. We conclude
by standard arguments by dividing the right-hand side by A and taking the limit as h goes
to zero and noticing that equality holds for the optimal pair (7*, c*). O

Remark 5.4.1. The above HJB Equation 1s similar to Equation found for
problem A, but here we are working under the filtration F, so that, as we have already
pointed out, we do not have access to T and so the process H cannot be included in the state
variable’s set. As a consequence, in the HJB equation, the intensity \(t) is multiplied by
G(t) =P(r > t|F}V) = P(7 > t): the information we have about T is its distribution.

Explicit solutions are given in feedback form.

Proposition 5.4.2. Suppose that there exists an optimal pair process (7*,c*) and that
the value function satisfies the HJB equation. Then, the optimal consumption-investment

strategy is characterized, at time t, as follows

* _ V]l;,m(tﬂr)
c(t,x) = [(G(t)>’ (5.4.11)
¥ (tz) = 0, (5.4.12)
?l}* Vﬂ‘i,x(tx)

2,% —
T (t, x) po 7‘/]1;:9”;(75, e (5.4.13)

Remark 5.4.2. The above result shows that the investor with reduced information, who
cannot observe the random time T, does not invest in the risky asset S' at all. This strategy
seems to us an intuitive one and it is, indeed, different from the optimal strategy of an

investor facing problem B.

By applying a Verification theorem analogous to Theorem [5.1.1] we obtain the explicit

solutions in the two usual examples.

> The logarithmic and power utility cases.

Proposition 5.4.3. Let us suppose that u(c) = In(c). The explicit F—adapted optimal

solution to problem B1 is:

" zG(t)
c'(t,) ftT G(s)ds’
¥ (tx) = 0,
() =

The value function is



where

e 1, G(s)
q(t) = /t [p(s) (7“ +=(v )2> —G(s)+G(s)In s ds
and p(s) = fST G(u)du.

Proof. As usual we make an ansatz: Vp(t,z) = In(x)p(t) + ¢(t) and we choose the two
functions p and ¢ that solve the HJB equation, together with the boundary condition.
Notice that the optimal consumption strategy is positive and that the optimal solution

is F—adapted, as required. Furthermore, the optimal wealth has the dynamics

t
dX; = X7 [('r + (w*)2 — —G( )> dt — w*th] )
p(t)
that is equivalent to
X = xoe(r+%(¢*)2)t6_ Is f((j)) ds o= Wi

T
Jo G(s)ds
The optimal wealth is, therefore, positive, given that Xg = z¢g > 0 and the terminal condi-
tion X7 = 0 a.s. is satisfied. O
Remark 5.4.3. The comparison with the optimal consumption rate and the optimal wealth
found in problem A (recall Proposition is possible if we compare, at time t,
G(t 1
T# (Z’fld —_ .
J; G(s)ds Tr—t
Since 0 < G(s) < 1,s € (0,T], we have

1 S 1
ftTG(s)ds T—t

so that if G(t) = 1, meaning that we are sure that T will arrive after time t, then the optimal
consumption rate solving problem B1 is greater than the one found in problem A, otherwise

no general comparison s possible.
Analogously, in the power utility case we find the following result.

Proposition 5.4.4. Let us suppose that u(c) = %,c > 0,v < 1,7y #0. Then the explicit

F—adapted optimal solution to our consumption mazimization problem B1 is:

c(t,x) = x(g((?))f_l’

o (tx) = 0,
_¥
o?(y—1)
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and the value function is

where
L T L 1 177
B(t) = [el—wt/ e =7°G(s)T=7ds
t
and )
L= ()2
5 (W) —

In this case too, the optimal investment-consumption strategy is F-adapted and c* is posi-

tive. Furthermore, we easily find

@2 [ B)\7T v .
T+1—7_<G(t)> ]dt_l—vdwt}’ Xp = 2o,

dX; = X} {

that corresponds to

@9? _1 ("3 * o\ 75T
(T+ -y 2 (177)§)t e~ 11Zi,YWt e fot (g((s)))“’ ds

X/ =uxpe€ a.s.

1

By explicitly computing the integral fot (g((z)))ﬁds, we finally have,

wH2 1 (w*>2) . T —1ts —
T+ -3 to_ e 1-7°G(s)1-7ds
Xi =10 e( e e A e J (&) T

Ii e_ﬁsG(s)mds

a.s.

In particular, X7 = 0 a.s.

Remark 5.4.4. Also in this case, as previously in the logarithmic utility case, no general
comparison with the optimal solutions to problem A (recall Proposition s possible,

since we would need to compare

z (Zi?)) o and (B (t)71

L 4 T __L 1 1= K, T K, 1—~
B(t) = |:el—7 / e =7"G(s) T d5:| and pi(t) = |:€1—“/ / eT—7 d8:|
t t

with L = —K. The fact is that we have G(t)ﬁ <1 and

1 1

(B@) = < (Bi(t) T
and we cannot conclude.

Remark 5.4.5. As observed in Remark[5.1.4], easy computations show immediately that, in
the two examples, the optimal consumption rate found by means of the martingale method

Bl coincides with the solution c* to the HJB equation.
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Chapter 6

The exponential utility case

In this section, we consider the utility function
u(c) =—e" ceR, n>0,

as a separate example, since u is strictly increasing, strictly concave and continuously dif-
ferentiable, but its domain is R (and not, respectively, R} and R, as in the previous
logarithmic and power utility cases) and so it does not satisfy the first condition in Equa-
tion . We denote by I : R} — R the continuous and strictly decreasing inverse of

o', that is
1 Yy
I(y :—ln(>.
() PR b

Notice that we are not interested in solving problems of maximization of the utility from
terminal wealth, so that we will not generalize the definition of admissible investment-
consumption strategy (Definition , requiring that the corresponding wealth satisfies,
for all t € [0, 4+00),

X, >-K, as.,

for a sufficiently large K > 0 (that is the usual requirement that can be found in the
literature focusing on such problems). We will rather continue working with admissible
strategies in the sense of Definition namely, whose corresponding wealth remains
always positive over time.

For simplicity, in order to obtain “explicit” results, we directly consider here the same
deterministic coefficients case introduced in Chapter [d] All the general remarks and consid-

erations in Section .1l remain valid here.

6.1 Problem A

In this case, Proposition (adapted to the deterministic coefficients case) is no more
valid here, since I takes now values in R and so ¢* is no more guaranteed to be positive.

On the contrary, Lemma remains valid, but we did not manage to obtain an explicit
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solution to the HJB equation in this exponential case. We focused, then, on the solution to

problem A by means of a direct approach.

Proposition 6.1.1. Given the market structure , the optimal consumption rate solv-

ing problem A in the exponential utility case is

1 1
c:’A =1I(ve " Z)V0= {—77 (111: —rs+ W, — 2(¢*)2s>] v0 a.s., (6.1.1)

where v > 0 is a real parameter satisfying

T T
EY </ e "™ [I(ve ™ Z%) V0] du> =E </ e " Zy [I(ve™™Z%) v 0] du) =z
0 0

(6.1.2)
and we recall that Z* is the Radon-Nikodym density process introduced in Equation .

Proof. For simplicity we define I := I(ve "*Z%). We have, given the concavity of u,
ues) —u(ee?) < (es — et (i) = (es — oM (¢0) (Lyr, 50y + Lir.<op)
= (e — Mwe P Zi 150 + et/ (0) g, <0y
= csu’(())]l{jsgo} + (cs — C:’A)Z/B_TSZ; — (s — C:’A)VG_TSZ:H{ISSO}
= e/ (0)Lyr,<op + (s — o™ ve ™27 — eove” " Z 1 <o)
= cslyr<oy (u'(O) — u’(Is)) + (es — c:’A)Ve_’"SZ;k
< (e — o Mve 7,

where the last inequality follows from the fact that u' is decreasing and c¢s > 0. We then
find (we proceed as in the proof of Proposition |3.2.1])

T T
E/ [u(cs) — u(c;"A)] ds < E/ (cs — cMwe ™ Z5ds < v(xg — x0) = 0,
0 0

where in the last inequality we have used the budget constraint (recall Section [3.1.2]) and
Equation (6.1.2]), namely the fact that any admissible consumption rate ¢ and the optimal

one ¢4 satisfy, respectively,

T T
E/ e ey Zhdu < xg, E/ e A ZEdu = xg.
0 0

The existence of such an optimal consumption strategy is the subject of Remark
As done before in Section [£.2.2] we can now directly compute the optimal wealth corre-

sponding to ¢4, by recalling that

T
X =t EY (/ e_rsc;‘ds|gt> a.s., t<T.
t
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Remark 6.1.1. By definition, given the positivity of the optimal consumption rate process,

the optimal wealth is positive at any time.

Proposition 6.1.2. The optimal wealth process corresponding to the optimal consumption
rate given in Proposition is, for t <T, a.s.

/o __ Yts
X/ :e”/ e 77 [l@ﬁ Vs 20260 Y @ (6.1.3)
t

\/ﬂ

where Yy g :=In (1) +rs — %(1&*)2 — *W and (x) =

(Wiﬁ)] “

2
\/ﬂ f 2 dy.

Proof. The optimal wealth at time ¢t < T is given by e"EQ" < ftT e_TSczdslgt), namely, if
we apply Fubini-Tonelli’s theorem, we have to compute EQ (c|G;), for s in [t, T]. We have,
from Equation (6.1.1) and passing under the measure Q*,

EY (cig) = EY (—717 <1nf7 —rs+PWE+ ;(w*fs) v0]gt>

= EEQ <<lny+rs¢ Wi — 5(1& )25) ]l{KS>0}‘gt>.

where K :=1In 1 +rs—¢* W7 — %(w*)Qs. If we then recall that W* is a (G, Q*)—Brownian

motion, we find

EQ (k|G = HEQ ((hlz +rs—* (W =W =" W) — 2(¢*)25> II{KS>0}‘Q,5)
1

= HEQ* <(—¢*(W; — W)+ Yis) ﬂ{fw*(W;th*)+Yt,s>O}’gt) ,
where Y = In(2) + rs — (1/1*)25 — *W{ is a Gi—measurable random variable (that
depends also on s). It now suffices to use the properties of conditional expectation to find

* ook 1 * * * *
BV (alG) = B ((9r v =) +y) ]l{—w*(W;—Wt*)+y>o}>’

=Tt,s

and we now make the direct computations, distinguishing between the two possible cases
¥* > 0and ¥* < 0 and recalling that W —W; has same law as /s — tZy, with Zy «~ N (0, 1).

o If o >0,
EY (_w*(W; - Wt*)]l{—w*(W;—Wt*)+y>0}> = E <_¢*Zomll{zo<
Y
e 1
= —p 25—t
[ e
Vs —t -

— V7 T 2wn -0
V2T

. )
v*Vs—t

_z2
e 2dz

and
Q* X _ ¥\ _ ¥y .
E (yﬂ{_w*(Ws*_Wt )+y>0}) y]ID(ZO < 1/]* 8—t> y(I) (w* /S_t> ’
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o If " < 0,

E@* <—¢*(Ws* - Wt*)]l{—w*(W;—Wt*)+y>0}> = ( w ZoV's H{Zo>f(w*7m}>
+o00 1 2
= / , — 1 z/s — me 2 dz

2T IVT Te 2%)3(s-t)

(=9*)Vs—t
(YW E
Vo

and

* Y Y
EQ (g e e _ppe =yP|Zyp>——""———|=yP| ——F—).
(y {=p(Wr-—w; )+y>0}) Yy ( 0 (_w*) /S—t> Y <(_w*) /S—t>
The conclusion follows by replacing y with Y ;. O

Being the optimal consumption strategy F-adapted, the optimal wealth has the same
property and, as a consequence, it cannot have a jump at time 7. For this reason, in the

stochastic differential dX* there will be no term in dM and so we immediately find
1,%
o =0 as., t<T

In order to fully obtain the optimal investment strategy we are only interested in terms in
dW*. We have, then, differentiating Equation (6.1.3|) with respect to ¢ in Y} 4,

2(¢%)2(s—t)

o= Vo -

6rt{/t o n[‘lﬁﬂ\/ﬁ Yts Yis b

[0)) T a(y*)2 (s t) dW.
0o () Yy T ) aw

— rt ?/)* / —rs ( }/t,s > *
= —e'— e "o | ——— ] ds dW,
n Ji [*|Vs —t '

and the optimal 7rtl ™ 7rt2 ™ satisfy the following equation

=0 as.,, t<T; 614
7T1*01+7Tt2*0'2—— L ftT _VS<I><‘ 1 Ss_t) ds as., t<T, (6.1.4)
which is, unfortunately, not so expressive.

Remark 6.1.2. Despite of the fact that we have already found the optimal solution, its
existence is, a priori, based on the assumption (the analog to Assumption that the

function

A () = EY < /0 "o [I(ve ™ Z2) V0] ds) (6.1.5)
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is finite for every 0 < v < oco. The computations performed to obtain the optimal wealth,

setting t = 0, give us

T Yes
EQ (/0 e I(ve " Z%) \/O]d5> = 717/0 [Wi/h[ 2% 4+ Yy (@ (W{(‘)’\S/g)] ds,

where Yy 5 is now deterministic, Yoo = In (1) +rs— (¢*)25. Then, WA (v) is, indeed, finite
for any v € (0,00) (notice, e.g., that ® takes values in [0,1]).

6.2 Problem B

As previously in the case of problem A, we were not able to solve the HJB Equation
(5.2.5) in the case when u is exponential. Nevertheless, Remark remains valid here

and we immediately find
m =—— as 0<t< 7T

ol
The following two results are the analog to Proposition and of Proposition [6.1.2)

respectively.

Proposition 6.2.1. Given the market structure , the optimal consumption rate solv-

ing problem B in the exponential utility case is

1 1
B =I(we ™2 V0= [_77 (hl; —rs+ W, — 2(¢*)23)} VO as., (6.2.1)

where v > 0 is a real parameter satisfying

" TAT TAT
E© < / e ™ [I(ve ™ Z}) v 0] du> =E < / e " Zy [I(ve™™Z5) v 0] du) = 0.
0 0

Proof. Tt is exactly the same as the proof of Proposition and we omit it. O

Remark 6.2.1. a) The existence of the optimal ¢* will be justified in Remark .
b) It is also possible to prove that Proposition holds here too, meaning that before the
shock T, an investor facing problem B consumes at a higher rate than an investor facing

problem A.

We can now obtain the positive optimal wealth corresponding to ¢*¥, by computing

T
X =t EY </ ]l{SST}e_TSC:ds\gt) , t<T.
t

Proposition 6.2.2. The optimal wealth process corresponding to the optimal consumption
rate given in Proposition is, fort <T, a.s.,

*—i T—r |¢|V ﬁﬁ Y;‘/s
Y=g, ¢ G(S)[n< o T e (s wsfmd

(6.2.2)
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2
where Yy g :=In (1) +rs — %(W‘)ZS — W and ®(x) = \/% I . e~ T dy.

Proof. The proof is completely analogous to the one of Proposition [6.1.2] the only extra
difficulty here is that, instead of EQ" (¢*|G;), we have to compute EQ" (]l{ng}c;‘\Qt). How-
ever, we can pass to a conditional expectation made with respect to F}V, thanks to the
“key-Lemma” [3.2.2] in order to exploit the independence of 7 of F and we are, then, led
to the same computations as in the proof of Proposition [6.1.2] since the survival proba-
bility function G(t),t > 0, is a deterministic function of time (that can be taken out of
the conditional expectation) and W* is not only a (G, Q*)—Brownian motion, but also a

(F,Q*)—Brownian motion. O

The computations that lead to the optimal investment strategies are the same as the

ones in the previous section and we obtain

1
{ = _ﬁ a.s.,, t<T;

ot e Vi (6.2.3)

mrol 4w te? = “XGW 0 ftT e "G(s)® (ITP*I\/Q) ds as., t<T.

Remark 6.2.2. The existence of the optimal solution was based on the assumption (the
analog to Assumption that the function

B() .=EY ( /0 o e [I(ve ™ Z) V0] ds>

1s finite for every 0 < v < co. The computations performed to obtain the optimal wealth,

setting t = 0, give us (exactly as in Remark

TAT YOQS
* — — T *|/5 7# s
o < /0 e [I(ve Tsz:)vom) S e—rsa@(wﬁ{e T 4vp .0 20 ﬁ))ds,

where Yp ¢ = In (g) +rs— %(1/}*)23. Then, WB(v) is, indeed, finite for any v € (0,00).

6.3 Problem C

Since we were not able to solve the HJB Equation ([5.3.2]) in the exponential utility case,

we focused on the direct approach.

Proposition 6.3.1. Given the market structure , the optimal consumption rate solv-

ing problem C in the exponential utility case is, almost surely,

O = I(welP™5 2 v 0 = [—717 <ln; +(p—r)s+ P Ws — ;(1/1*)28)] V0, (6.3.1)

where v > 0 is a real parameter satisfying

; TAT TNAT
EQ (/ P [I(l/e(p_r)“Z;;) Vi 0} du) —-F </ e TNTE [I(Z/e(p_r)“Z;) V; 0] du> = 0.
0 0
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Proof. 1t is exactly the same as the proof of Proposition [6.1.1] and we omit it. O

Remark 6.3.1. a) The existence of ¢* will be justified in Remark .
b) It is also possible to prove that Proposition (that is about a comparison between
A and ¢©) holds here, too.

We can now obtain the positive optimal wealth corresponding to ¢*¢, by computing
X;=et EQ </ emc:ds\gt> , < Hoo.
t

Proposition 6.3.2. The optimal wealth process corresponding to the optimal consumption
rate given in Proposition is, for t < oo, a.s.,

+o0o o __ z? s
X = e ¥ Vs Ta(yr )g(s t) 4+ Z. s ds 6.3.2
t tS bl ( )
e e Vst

where Zy i=1n (1) + (1 — p)s — H(0")s — Wy and @(z) = e dy.

ol
Proof. The proof is completely analogous to the one of Proposition and we omit it. [

The computations that lead to the optimal investment strategies are the same as the
ones in the two previous sections. In particular, being the optimal consumption F-adapted,
we find here, too, that

7rtl’* =0 as., t<T

By identification with the coefficients in the stochastic differential dX under Q*, we finally

obtain,

=0 a.s., t<T; 6.3.3
el 4t = — T: G e _”’(I)(l |ﬁ) ds as., t<T. (6:3.3)

Remark 6.3.2. The existence of the optimal solution was based on the assumption (the
analog to Assumption that the function

() :=EY (/ e [I(weP™5Z2) v 0] ds>
0

is finite for every 0 < v < co. By considering the optimal wealth X§ we find (exactly as in

Remark

EQ (/OO o7 [I(VQ(P—T)szz) \/0]d5> _ /+°°e p (”ﬁ/gf 2(14;0)82 +Z <@ (’wZ*|\/§)> ds,
0 0

where Zos =1In (1) + (r — p)s — %(w*)Zs UC (v) is, indeed, finite for any v € (0,00).
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Chapter 7

A more general stochastic model

7.1 Market model

In this chapter, we consider a market model similar to the one introduced in Chapter
but where we do not suppose (recall Assumption a)) that the reference filtration F is
immersed in the progressively enlarged filtration G. Let us now briefly introduce the model
and the working hypothesis.

On a probability space (2, G, P), equipped with a Brownian motion (W;),~, we consider
a non-negative random variable 7, satisfying P(7 = 0) = 0 and P(7 > t) > 0, for any t € RT.
The law of 7 is denoted by v, v(df) = P(7 € df). We assume that v is absolutely continuous

with respect to Lebesgue measure and we write, with a slight abuse of notation,
P(r € df) = v(df) = v(0)db.

We denote by F :=FW = (F}V),. the filtration generated by W, representing the informa-
tion at disposal to investors before T and by G := (Gt),>( the progressively enlarged filtration
G =F VvV H, where H = (Ht),> is the natural filtration of the process Hy := lg>ry, t > 0.
The filtration G is the smallest filtration containing IF, that makes 7 a stopping time.

In the sequel, the following will be our standing assumption (it is exactly the same as
Assumption [3.2.3] introduced in Section and it is the main hypothesis of the following
Part V).

Assumption 7.1.1. (€)-Hypothesis

The F-(regular) conditional law of T is equivalent to the law of T, i.e.,
P(r € dO|FY) ~ v(0)dd for everyt >0, P — a.s.

One of the consequences of the above assumption (for all the details we refer to Part V) is
that there exists a “regular” family of strictly positive (P, F)-martingales (p¢(6));~q, € > 0,
such that, for s > 0,

P(r > s|FY) = / pe(0)v(0)dd  for every t >0, P —as. (7.1.1)
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A similar hypothesis (called “density hypothesis”) is made in Pham and Jiao [23] when
studying problems of maximization of expected utility from terminal wealth. An exhaustive
study of the role of this hypothesis for credit risk modeling has been recently made by El
Karoui, Jeanblanc and Jiao in [9)].

The market dynamics are given by

ds? = 1,80t SO =1,
dst = S (pidt+otdWy + ¢tdMy), S§ = s, (7.1.2)
dsz = S? (ufdt + athWt) ) S2 =83,

where the interest rate r is assumed to be a nonnegative uniformly bounded G-adapted
process, and the coefficients pu', o', ¢!, 42, 02 are G-predictable and uniformly bounded
processes, with o} > 0,¢} > —1,¢} # 0,02 > 0,t > 0, a.s. and 02 # o! a.s.

In the assets’ dynamics , M represents the compensated martingale associated
with H. In this setting, it is known (see, e.g., Proposition 4.4 in El Karoui, Jeanblanc and
Jiao [9]) that the process M, defined as

tAT t
M, .= H; — / Asv(s)ds = Hy — / Asv(s)ds, t >0, (7.1.3)
0 0
is a (P, G)-martingale, where
- t
= n{KT}pgt) = Lgenh, 20,

is the G-adapted intensity of .
As previously in Chapter [3] the compensator of H is absolutely continuous with respect to
the Lebesgue measure, meaning that 7 is a G—totally inaccessible stopping time.

At this stage, without the (H) hypothesis between F and G (recall Assumption
a)), we do not know, in all generality, that the F-martingale W is a G semi-martingale.
Nevertheless, because of the (£)-Hypothesis, Jacod’s criterion ensures that the continuous
F-martingale W is a semi-martingale in the initially enlarged filtration G™ := FVo(7) (for all
the details we refer to the following Part V and to the lecture notes [12]). Furthermore, W
is G-adapted and so, from Stricker’s Theorem in [24], it is a G semi-martingale. The explicit
canonical decomposition of W as a G semi-martingale is given in terms of the density p as

follows (see, e.g., Part V or Section 2.5 in the lecture notes [12])
T d(W, G) L d(W.p.(0))
Wy = We — — s = WE+ A 7.14
R R e = PR A

where W¢ is a (P,G)-Brownian motion and A is a G-adapted finite variation process.
Moreover, it can be shown (see, e.g., Proposition 2.5.1 in [12]) that here the process A admits
a representation in the form A; = fot asds. Indeed (recall what was done in Section ,
p(0) is, for any 6 > 0, a (P, F)-martingale, that admits the (predictable) representation

dipt(0) = pe(0)qe(0)dWr,  po(0) = 1,
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for some family of F-predictable integrable processes ¢(6),6 > 0, so that the survival process

Gy =P(r > t|FV) = [[7° pe(u)v(u)du satisfies

dGy = </t°° Pt(e)%(e)v(e)de) dWy — pe(t)u(t)dt, Go =1

and the predictable brackets in the above decomposition ([7.1.4)) can be explicitly computed.
We find

d(W,p.(0))e = pe(0)q(0)dt and d{W,G)y = (/too pt(9)qt(9)v(0)d9) dt,

so that the G-canonical decomposition of W is (notice that G and p(f),6 > 0, are continu-

ous)

tAT 1 o0 t
Wy =Wge —|—/ G/ ps(0)gs(0)v(6)do ds —|—/ qs(T)ds = WE + A;. (7.1.5)
0 s Js

tAT

It is, then, clear that the G-adapted process a in A = fo asds can be explicitly written, for
t >0, as

1 0 -
a; = ]1{t<7—}Gt/t pe(0)q(0)v(0)dO + L r>nqi(1T) = Ljperyar + Lpspar(r).  (7.1.6)

The market structure is, then, equivalently given by

ds? = rS0dt, Sy =1,
dst = SL ((uf + a)dt + o} dWE + ¢}dM;), S§ = si, (7.1.7)
ds? = 87 ((uf +a))dt + ofdWE) , S2 =82,

where W€ and M are (P, G)-martingales. As previously done in Chapter (3, recalling that

any G-predictable process Y can be written in the form

Yi(w) = e(w)L<r(wyy + ve(w, 7)) Ljgsrwyy, 20,

where 7 is F-predictable and where the function (t,w,u) — y;(w,u) is P(F) @ B(RT)-
measurable, we distinguish between the values of the coefficients before and after 7, as
shown in the following table (that is different from the corresponding one in Section
due to the G-predictability, here, of processes p? and o?).

| G il RS S o7 ]
{t<t}| ™ m or 6 B0

{t>71} | r(r) pi(r) oi(r) X pi(r) of(r)

Furthermore, we make the following assumption, that will be necessary in order to avoid

arbitrage opportunities, as we will see later on in Section [7.I.1] Notice that on the set
{t < 7} we have, by hypothesis, v(t) > 0.
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Assumption 7.1.2. The model coefficients satisfy

Gt (P — it — ) — 61 (7 — fif — @)

ptofw(t)

> -1 a.s., t<m;

(7.1.8)
ri(r) = ph(r) — a(r) _ rilr) = p(r) — ar(r)
ol (7) o3 (7)

a.s., t>T.

Introducing the investment-consumption strategy (m,c) as in Chapter [3| the investor’s
wealth dynamics (starting with an initial wealth xg > 0) is given here by the following
stochastic differential equation (the analog to Equation (3.1.6)))

dXe = [rnXe+m Xe (g +ar = — Gpho()) + 7 Xe(pf + ap — 1) — ¢] dt +
T  XoodHy + [rfol Xy + miof X AWE,  Xo = 0. (7.1.9)

The Definition of admissible investment-consumption strategy, the statement of prob-
lems A, B and C (recall Equation , together with Equations , and
(3.1.10)) and the utility function’s properties are the same as in Chapter

We now pass to the characterization of the unique EMM Q*.

7.1.1 The unique EMM Q*

From the predictable representation theorem in the case of filtration G (see, e.g., Part V)
if P and Q are equivalent probability measures, we know that there exist two G—predictable
processes ¥ and «y, with v > —1 a.s., such that the Radon-Nikodym density of Q with respect
to PP (that is a strictly positive (P, G)-martingale) admits the representation

_dQ

Ly = —
K dP g,

— 14 / T (wudwf n *yudMu) >0
0.4

In this case,
t
Wy = WgE —/ Ysds, >0,
0

is a (Q, G)-Brownian motion and the process
M, = M, — / YsAsv(s)ds = Hy — / (1 4+ v5)Asv(s)ds
10,t] 10,¢]
is a (Q, G)-martingale, orthogonal to W.

Here we show that, under Assumption[7.1.2] the market is complete. In fact, by imposing
the (local) martingale property to the discounted value processes of S' and S?, under Q*,
we find that ¢* and +* in the Radon-Nikodym density Z* (provided that this process is a
true martingale, as in our case, given the uniform boundedness of the model coefficients)
have to satisfy the following two conditions, for ¢ > 0, in order to have at least one EMM,

pi +ag — e+ oy + Gy (t) =0
(7.1.10)
pZ 4 ap — 1y + oty = 0.
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By distinguishing between values before and after the shock, we find that there exists at
least one EMM Q* if (recall that ¢* and +* are by definition G-predictable)

( ~ 2~

o {5? = %%Cbt, as., t<T;
TN ) = () —alr) () — pE(7) — au(r)

wt (T) - 0_%(/]_) - O'tQ(T) y A8, t> T5

of (T — Nt_at)_atl(rt [ — ay)

% dEA
T = ()

any predictable v/ > —1, a.s., t>T.
Given Assumption such an EMM exists and the market is arbitrage free. Furthermore,

the processes ¥* and +* are uniquely determined, so that the market is complete. The
Radon-Nikodym density Z* is unique and it is given, for every ¢ > 0, by

ZF = oo WEAWE =5 [§ (W)%ds o~ [y viAsv(s)ds 1+~ as. (7.1.11)
Furthermore, the wealth dynamics under Q* is given by

AdX; = (re Xy — e) dt + 7o Xy d M + Xy (7fo} + mjo}) dW),  Xo=wx0, (7.1.12)

where

t
—WE - / gids, M= M- / S Aul(s)ds.
0 10,t]

7.2 The solution to problem A: the log-utility case

Since the results presented in Section that concern the budget constraint, are valid
here too, we focus now on the optimal solution to problem A. The optimal consumption

process c* is given as in Proposition [3.2.1] namely
A =T (ye* Jo Tud“Z:) a.s.,

where I denotes the inverse function of «’, v > 0 is a real parameter satisfying the budget

* T S S
EQ (/ e~ Jo rudup (1/67 Jo ’"“d“Z;> ds> =19
0

and where Z* is here the Radon-Nikodym density process introduced in Equation ((7.1.11)).

As previously in Chapter [3] in this more general setting we can provide an explicit

constraint

optimal solution (7, ¢*) only in the logarithmic utility case.

> The optimal consumption

As in Chapter [3| (the difference here is in the Radon-Nikodym density process) we easily
find v = T'/xg, so that, for every 0 < s < T,

1 o
oA = . = . a.s. 7.2.1
ve Jo ruduzx e~ Jo rudu 77 ( )
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> The optimal investment strategy
A direct computation, applying the conditional version of Fubini-Tonelli’s theorem and

recalling that (Z*)_1 is a (Q*, G)—martingale, gives us

T T
* — [ rudu x o * *\— zo(1' -1
EQ </t e f() ud Cq ds | gt) - TO ] EQ |:(ZS) 1‘gt:| ds = Oi;Zt*) a.s.,
so that the optimal wealth is (notice that X7, = 0)
CCQ(T — t)

t
X* — efo reds
t * )
T Z;

a.s.,, t<T.

In order to obtain the stochastic differential of X™*, we we first compute

1 1 Vi
dl = | = —ydW) — dM; |, 7.2.2
(75) = 2 [-oiawe - pens (722
so that, exactly as in Section [3.2.2]
d&:a&_Kn—jL¢>&—meQ—IJ%JMJ, X7 = o. (7.2.3)

Comparing the coefficients with the ones in Equation (|7.1.12)) we finally find a more general
optimal investment strategy than the one in Equation (3.2.8)), due to the G-predictability

of all the model’s coefficients

* Tk x~1
1% Vi 2, Vi Tt ¢
T :_7*’ T :—T—i—i* a.s., tST,
' si(1+97) i (1+7)
mrol(T) + mitol(r) = —¢i(T)  as., t>T.

7.3 The solution to problem B: the log-utility case

All the general results presented in Section [3.2.3 are still valid here, so that the optimal

consumption process ¢* is given as in Proposition [3.2.2], namely
B =1 (Vei Jo T“d“Z;‘) a.s., s<(T'AT),

where v > 0 is a real parameter satisfying the budget constraint

TAT s s
EQ* </ e~ fO TudUI <6_ fo TuduVZ:) d5> = Zp.
0

As done in the previous section, we provide an explicit optimal solution (7*,¢*) in the
logarithmic utility case.

> The optimal consumption

As in Section v is found to be equal to v = E(T A 7)/xq, so that

*,B Zo
Cs' = s as., s<(TAT). (7.3.1)
E(T A7) Zte Jo rud ( )
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> The optimal investment strategy

The optimal wealth, exactly as in Section [3.2.4] is obtained by performing explicit compu-
tations. Indeed, passing under PP, applying Fubini-Tonelli’s theorem and the “key-Lemma”
3.2.2, we find (notice that in particular, X7, =0 a.s.)

Xr = ef;rsdsL 1E Z*/T]l ids‘gt
t E(T A7) Z} . ST

_ firads 0 1/TE(]1 G) ds
- E(T A7) ZF ), {s<r}l¥t

T
_ ft reds Zo (1 - Ht) / P w d
elo BT A7) 7 G ), (r > s|FY)ds

e @0 1—Ht/d/
BT AN Z Gy s | w0 a-se

where we used Equation ([7.1.1). In order to differentiate X*, to obtain the optimal invest-
ment strategy 7, we apply the [t6-Kunita-Ventzell formula, given in Theorem |3.2.1

Noticing that the strictly positive (P, F)-martingale p(6) admits the (predictable) rep-

resentation

¢
pe(0) =1 +/ pu(60)qu(0)dW,, t >0,
0

with ¢(f) an integrable F-predictable process, for every 6 > 0, we find (for all the details

we refer to Section
</tT /:O pt(G)Qt(Q)U(ﬁ)d0> dW, — (/too pt(e)v(ﬁ)de) dt

d (/tT ds /:opt(H)U(H)d9>
_ < /t s / h t(e)qt(e)v(e)w) AW, — Gyt

_ ( /t s / h pt(ﬁ)qt(e)v(e)cw) (AWE + agdt) ~ G

Il
o,
o:

3

and, analogously,
G = ([ nOa0)00)a8) (a8 + ) = mle)ote)i
t

where we have used the canonical decomposition of W in G, i.e., Equation (|7 . We now
finally compute the differential of X*, that we re-write below using Equatlon 1’

b T et eu(s)+ b w)?)ds— [ wraws (1= Hi) / /
X = ————¢J0 s s 0 7s d
t E(T/\T)e ’ 1_’_,7 Hth s pt

namely (notice that the jump factor (1 + 'y;")Ht equals one on the set {t < 7}, where H; = 0,
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so that in practice it does not affect the above equation)

AX; = X7 [(re+ i Aeo(t) + (07))dt — v awE — diy|

b 2| [ @@ (a0 +adi) +piouians ([ pt<e>qt<e>v<e>de>2dt]
+ o [ / " s | pOa@reds (aws + i) - tht] ,

where Fy(t) := ftT ds [ p(0)v(0)d6. By identification with Equation 1)
dX;y = [...]dt + 7} ¢y Xo—dHy + [r}o} Xy + 7io? X WS, Xo = @0,

we find the optimal investment strategies 7Tt1 " and 7Tt2 ™ as the solutions to the following

system of equations

( th,* — _d)%l a.s.,, t<T;
1% 1 2% 2 * 1 -
wolnitol = - o / Pi(6)qt(9)v(6)d6 (7.3.2)

1 7 o0
+ Ft(t)/t dS/s (@)@ (O)v(0)ds as., 0<t<T.

7.4 The solution to problem C: the log-utility case

All the general results presented in Section [3.2.5] are still valid here, so that the optimal

consumption process ¢* is given as in Proposition [3.2.4] namel
)

P | (yepsef Jo TW“Z:) a.s., s>0

S — bl

where v > 0 is a real parameter satisfying the budget constraint

[e.e]
EQ* </ - fos Tudul (Vepse* fos mduZ;k> d5> = x9.
0

As previously done, we provide an explicit optimal solution in the log-utility case.
> The optimal consumption

Here, as in Section [3.2.5)

and v satisfies




In this case, then, the optimal consumption is, indeed, well defined (recall Assumption
3.2.4), since the above integral is finite, given that p is by definition positive. We find
v = —— and finally

pTo

x
+C = S — a.s., s2>0.

C = 5
% .08 5— |n Tudu
Zrerse Jora

> The optimal investment strategy
A direct computation, applying the conditional version of Fubini-Tonelli’s theorem and

recalling that (Z*)™' is a (G, Q*)—martingale, gives us

t * too s
X; = elorsds gQ </ e~ Joruducr gs | gt>

t

+oo * ].
— b Tsdspxg/ e "5 EQ <Z*‘gt> ds
t s

_ ¢ 1
= xoe elo rsds — a.s.
Z

Equivalently, in differential form, recalling Equation (7.2.2)), we find

AX; =X |- ppae—viawy - ] K= ()
t

To determine 74* and 72

Equation (|7.1.12)), that is,

dXy = (1 Xy — ) dt + 7 Xy dM; + X, (Trtlatl + 7Tt20't2) dWy,  Xo = zo.

* it suffices to identify, term by term, the above equation and

We finally have

1,% VZ‘ 2,% 7:[;2( ’ﬁ(aitl
s o, =t ——"t — as., t<T
' ot(L+7) ot ¢r(1+77)
m ol (T) + 7 o (T) = —f(T)  as., t>T,

that is a more general optimal investment strategy than the one in Equation (3.2.25]) (be-
cause of the G-predictability of all the model coefficients).
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Chapter 8

“Carthaginian” filtrations

This is a joint work with Prof. M. Jeanblanc and B. Zargari.

Abstract: in this work we provide, having a pedagogical aim in mind, an overview of some
well-known key results in the theory of initial and progressive enlargement of a reference
filtration F with a random time 7, providing, in a very specific setting, alternative proofs

to the already existing ones.

Keywords: initial and progressive enlargement of filtration, predictable projection, canon-

ical decomposition, predictable representation theorem.
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8.1 Introduction and preliminaries

Let us consider a pair of filtrations F = (F),~, and F = (?t)t>0 on the same probability
space, such that F; C };, for any t > 0. In ﬁl_tering theory, th_is structure is suitable to
describe the evolution of a stochastic system that is partially observable (as in the previous
Parts II and IIT of this thesis). In enlargement of filtration theory, the point of view is
the opposite one (see, e.g., the summary in Jeulin [25]): F is considered to be a reference
filtration, to which we add some information, thus leading us to the larger filtration F.

Here we only consider the case where the enlargement of filtration [ is done by means of
a random variable 7. Nevertheless, there are, of course, many other ways to do that, such
as, for example, setting -?t = F;VF,t >0, where F is a o-algebra, or defining ft = FiVF,
t >0, where F = (]:—t)tzo is another filtration.

There are two ways to add information to F by means of a random variable 7: either
all of a sudden at time 0 (initial enlargement), or progressively, by considering the smallest
o-algebra containing F that makes 7 a stopping time (progressive enlargement).

The “pioneers” who started exploring this research field were Barlow (in [4]), Jacod,
Jeulin and Yor (see the references that follow in the text) at the end of the seventies. The
main question that raised was the following: “Does an F-martingale X remain an F semi-
martingale?”. And, in this case: "What is the semi-martingale decomposition in F of the
F-martingale X?7”

Notice that a general (but not so practice) necessary and sufficient condition in order
for an F-local martingale to remain a F semi-martingale is given in Jeulin [25]|, page 12.
Moreover, very technical existence and regularity results (that we will need in the sequel),
which are fundamental in enlargement of filtration theory, were proved at the very beginning,
in the late seventies.

A recent detailed introduction to this subject can be found, e.g., in Chesney, Jeanblanc
and Yor [8], in Mansuy and Yor [27| and in Protter [29]. Furthermore, many authors,
such as Ankirchner (see, e.g., [3]), Amendinger (e.g., in [2]), Baudoin [5], Corcuera et al.
[10], Eyraud-Loisel [15], Gasbarra et al. [17], Grorud and Pontier (see, e.g., [18]), Hillairet
[21], Imkeller [22], Kohatsu-Higa and Qksendal [26] and Wu [33] were recently interested in
applying enlargement of filtration theory to insider trading in finance.

The main contribution of this work is to show how, in a very specific setting, all the well-
known fundamental results can be proved in an alternative (and, in some cases, simpler)
way. Nevertheless, it is important to make precise that the goal of this work is neither to
present the results in the most general case, nor to study carefully regularity or existence
properties.

Let us start, then, by motivating the title, by introducing some notation and by stating
the preliminary results that are needed henceforth. Inspired by a visit to the Tunisian

archaeological site of Carthage, where one can find remains of THREE levels of different
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civilizations, we decided to use the catchy adjective “Carthaginian” associated with filtration,
since in this chapter there will be THREE levels of filtrations.

We consider, then, three nested filtrations
FcGcG,

where G and G7 stand, respectively, for the progressive and the initial enlargement of F

with a finite positive random time 7. We address the following problems:

e Characterization of G-martingales and G™-martingales in terms of F-martingales (in

Section ;

e Canonical decomposition of an F-martingale, as a semimartingale, in G and G” (in

Section ;

e Predictable Representation Theorem in G and G” (in Section .

The exploited idea is the following: assuming that the F-conditional law of 7 is equiva-
lent to the law of 7, after an ad hoc change of probability measure, the problem is reduced
to the case where 7 and F are independent. Working under this newly introduced probabil-
ity measure, in the initially enlarged filtration, is, then, “easier”. Then, under the original
probability measure, for the initially enlarged filtration, the results are achieved by means
of Girsanov’s theorem. Finally, by projection, one obtains the results of interest in the pro-
gressively enlarged filtration (notice that, alternatively, they can be obtained with another
application of Girsanov’s theorem, starting from the newly introduced probability measure,
with respect to the progressively enlarged filtration).

The “change of probability measure viewpoint” for treating the problems on enlargement
of filtrations was remarked in the early 80’s and developed by Song [31] (see also Jacod [23],
Section 5). For what concerns the idea of recovering the results in the progressively enlarged
filtration starting from the ones in the initially enlarged, we have to cite Yor [34].

Let us now become more precise about the setup and the preliminary results. Consider
a probability space (2, A,P) equipped with a filtration F = (F;),s, satisfying the usual
hypotheses of right-continuity and completeness. We assume that ]t"o is the trivial o-field.
Let 7 be a finite positive random variable with law v, v(du) = P(7 € du). In what follows, we
assume, moreover, that the probability measure v has no atoms. Our standing assumption

is the following:

Assumption 8.1.1. (£)-Hypothesis

The F-(regular) conditional law of T is equivalent to the law of 7. Namely,

P(r € du|F;) ~ v(du) for everyt >0, P—a.s.
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Notice that this assumption, in the case when ¢ € [0, T], corresponds to the equivalence
assumption in Amendinger’s thesis [1, Assumption 0.2] and to hypothesis (HJ) in the papers
from Grorud and Pontier (see, e.g., [18]).

Amongst the consequences of the (£)-Hypothesis, Lemma 1.8 in Jacod [23] states (un-
der the weaker requirement of absolute continuity) that there exists a positive function
(t,w,u) — pi(w,u), cadlag in t, optional with respect to the filtration generated by F; ®
B(R*) on Q x RT, such that for every u € RT, p(u) is a (P, F)-martingale and

P(r > 0|F;) = / pi(w)v(du) for every t >0, P — a.s.
0

The family p;(-) is called the (P, F)-conditional density of T with respect to v, given Fy, or
the density of 7 if there is no ambiguity.

Furthermore, under the (£)-Hypothesis, the assumption that v has no atoms implies that
the default time 7 avoids the F-stopping times, i.e., P(7 = &) = 0 for every F-stopping time
¢ (see, e.g., Corollary 2.2 in El Karoui, Jeanblanc and Jiao [14]).

The initial enlargement of F with 7, denoted by G™ = (G/,t > 0) is defined as G] =
Fi V o(r). It was shown in Amendinger [1| (cf. Proposition 1.10 therein) that the strict
positiveness of p(u) implies the right-continuity of filtration G™.

Let H = (H:),~, denote the smallest filtration with respect to which 7 is a stopping
time, i.e., H; = 0(;/\ t). The progressive enlargement of F with a random time 7, denoted
by G = (Gt);>, is defined as G = F vV H. The right-continuity of G was proved by Bélanger,
Shreve and \Xfong (see [6, Prop. A.6]).

Next, we consider a useful (equivalent) change of probability measure introduced, inde-
pendently, by Grorud and Pontier in [19] and Amendinger in [1]. Having verified that the
process L, defined by L; = er)v t >0, is a (P,G")-martingale, with E(L;) = Lo = 1, they
defined a locally equivalent probability measure P* by setting

1

o =L fPor = o

dPgr .

They proved that, under P*, the r.v. 7 is independent of F; for any ¢ > 0 and, moreover,
that
]P’*‘]:t = P|]:t for any t > O, P*‘U(T) = ]P)|U(T).

The above properties imply that P*(7 € du|F;) = P*(7 € du), so that the (P*,F)-density of

7, denoted p*(u),u > 0, is a constant equal to one, P* ® v-a.s.

Remark 8.1.1. Notice that it is not possible to state that: “Under P*, the r.v. T is inde-
pendent of Fuo”, since we do not know a priori whether p(T) is uniformly integrable or not,
so that P* is not even defined on G7_ . A similar problem is studied by Féllmer and Imkeller
in [16] (it is therein called “paradox”) in the case when the reference (canonical) filtration is

enlarged by the information about the endpoint at time t = 1.
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Furthermore, projecting L on G yields to the corresponding Radon-Nikodym density on
G:
dP*g, = £ dPyg, ,

where (with an application of Lemma 3.1.2 in Bielecki et al. [7]),

1 1 1
— B(Ly|G)) = gy —F (Tyey —— Ty
4 (Lt|Gt) <TG, ( t<7'pt(7_) !ﬂ) + Tgtpt<7_)
e 1 G(t) 1
Nyer— vidu) + lrcp—— =M —— + Lpcy———
<TG, /1; (du) Stpt(T) <TG, Stpt(T)

where we have used the notation G (resp. G(-)) for conditional survival process (resp.

function) under the probability measure P (resp. P* and, equivalently, P). More precisely,
G = P(r>tF) = / po(w)(du), (8.1.1)
t
Gl) = P(r>tF) =P(r>t)=P(r>1) = / V(du). (8.1.2)
t

Note, in particular, that (G¢),~, is an F super-martingale, whereas G(-) is a (deterministic)
continuous and decreasing function. Furthermore, it is clear that, under the (£)-Hypothesis,
G does not vanish.
Obviously, one has
* k
dPgr = Ly dP*g;,

where L* = 1/L is a (P*, G™)-martingale and
dPg, = t; dP*g,,
where (* = 1/¢ is a (P*, G)-martingale.

Remark 8.1.2. Let x = (z4,t > 0) be a (P, F)-martingale. Since P and P* coincide on F, x
is a (P*,F)-martingale, hence, using the fact that T is independent of F under P*, a (P*,G)-
martingale (and also a (P*,G7)-martingale). Because of these facts, the measure P* is
called by Amendinger “martingale preserving probability measure under initial enlargement

of filtrations”.

Notation 8.1.1. In this paper, as we mentioned, we deal with three different levels of
information and two equivalent probability measures. In order to distinguish objects defined
under P and under P*, we will use a superscript x when working under P*. For example,
E and E* stand for the expectations under P and P*, respectively. For what concerns the
filtrations, when necessary, we will use the following illustrating notation: x, X, X" to denote
processes adapted to F,G and G”, respectively.

Furthermore, for simplicity in this chapter we drop the double brackets “{” and “}” in

the functions li<r and 1,<;.
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We now recall some important facts concerning the compensated martingale of H. We
know, from the general theory (see for example El Karoui et al. [14]), that denoting by H
the default indicator process H; = ll;<;,t > 0, the process M defined as

tAT
M, .= H; — / As v(ds), t>0, (8.1.3)
0
with \; = pé—(tt) is a (P, G)-martingale and that
tAT
M = H, — / A*(s) v(ds), t=>0, (8.1.4)
0

with \*(t) = %, is a (P*, G)-martingale. Furthermore, being A* deterministic, M* (being
H-adapted) is a (P*, H)-martingale, too.
We conclude this introductive section with the following general result, that will be very

useful in the sequel.

Proposition 8.1.1. Projection
Let z be a uniformly integrable (P, F)-martingale and Fa filtration larger than F, i.e., F C F.
Then there exists a (P, F)-martingale X such that B(X;|F;) = x4, t > 0.

Proof. First note that in view of the uniform integrability assumption on z, z, exists (it
is the L' limit of z; for t — oo) and, furthermore, E(zoo|F;) = z; (see, e.g., Chesney,
Jeanblanc and Yor |8, pag. 22| and [30, Ch. II, Th. 2.10]). Now, the process X, defined
by X; = E(2s0|Ft), ¢t > 0, is an F-martingale. Moreover, E(X;|F;) = E(E(woo|]?t)|}"t) =
Tt L]

Remark 8.1.3. The uniqueness of such a martingale X is not claimed in the above propo-

sition and it is not true in general.

In the sequel, we denote by P(IF) the predictable o-algebra corresponding to F on R* x
(an accurate characterization of predictable o—fields is given, e.g., in Dellacherie and Meyer
[11, Ch. IV, Th. 67]). In the sequel, the natural filtration associated with a process X will
be denoted by FX.

8.1.1 Measurable processes

Before focusing on the three topics announced since the beginning, we recall some im-
portant results on the characterization of G and G"-measurable processes and random vari-
ables, that will be useful in the sequel. The necessary part of the result below, in the case

of predictable processes, is due to Jeulin [25, Lemma 3.13|.
Proposition 8.1.2. One has
(i) A random variable Y;" is G] -measurable if and only if it is of the form Y (w) =

yt(w, 7(w)) for some F; @ B(RT)-measurable random variable y(-,u).
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(i) A process Y7 is GT-predictable if and only if it is of the form Y] (w) = y(w, 7(w)),
t >0, where (t,w,u) — yt(w,u) is a P(F) @ B(R')-measurable function.

Proof. Tt is fundamental here that (see, e.g., Jacod [23]): P(F ® B(R')) = P(F) ® B(R™).
(ii) For the necessity (see [25, Lemma 3.13 a)|) it suffices to notice that the processes of the
form X;(w) = @s(w)f(7(w))Ns<s, t > 0, with 23 € F, and f a bounded Borel function on
RT, generate the G™-predictable o-field. We then obtain the result applying a monotone
class argument (see, e.g., Theorem 21, Ch. I in Dellacherie and Meyer [11]).

Conversely, if (t,w,u) — y¢(w,u) is an elementary P(F;) @ B(R™')-measurable function,
we have y;(w,u) = hg(w)Ls<¢f(u), with hy € Fs and f bounded Borel on RT. Tt is, then,
clear that by substituting u by 7(w), we find y(w, 7(w)) = hs(w)Ls<t f(7(w)), t > 0, that is
by definition a predictable process in the enlarged filtration G”.

The proof of part (i) is analogous, recalling that G]-measurable random variables are
generated by random variables of the form X;(w) = z(w)f(7(w)), with z; € F; and f
bounded Borel on RT. O

For the sake of simplicity in notation, we will often drop the dependence on w and we
will write Y,” = y,(7).

For what concerns the progressive enlargement setting, the following result is the analog
to Proposition . The necessity of part (ii) is already proved in Jeulin |25, Lemma 4.4].

Proposition 8.1.3. One has

(i) A random wvariable Y is Gi-measurable if and only if it is of the form Yiy(w) =
Yt(W) L () T Yt (w, T(w)) L ()<t for some Fy-measurable random variable gy and some

Fi @ B(RT)-measurable random variable g;(-,u), t > u.

(i) A process Y is G-predictable if and only if it is of the form Yi(w) = yr(w)lp<r(w) +
Yt(w, (W) ()y<t, t > 0, where y is F-predictable and (t,w,u) — y(w,u) is a P(F)®

B(R*)-measurable function.

Proof. (ii) As previously done in the proof of Proposition it suffices to notice that G-
predictable processes are generated by processes of the form Xy (w) = z5(w) f(s AT(w))Ls<y,
t > 0, for x5 € F, and f measurable bounded, defined on R*, so that, before 7 we will
consider generators of the form zs(w)f(s)ls<¢, t > 0 and, after 7, of the form zg(w)f(s A
T(w))Ls<t, t > 0.

For part (i) it is fundamental to recall that G;-measurable random variables are generated
by random variables of the form X;(w) = z¢(w)f(t A 7(w)), with z; € F; and f bounded
Borel on R™. O
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8.1.2 Expectation and projection tools

Lemma 8.1.1. Let Y, = y(7) be a G/ -measurable, P and P*-integrable random variable.
(i) If ye(7) = 0 P-a.s. then, for v-a.e. u> 0, y(u) =0 P-a.s.
(ii) For s <t one has, respectively under P* and P,

E*(ye(1)|G7) = E(ye(w)lFs)|,_. = E(ne(w)|F)

Ju=r fu=r

E(y(r)|G7) = piT)E(th)pt(u)fs)\

u=T7

Proof. (i) We have, by applying Fubini-Tonelli’s Theorem,

0 = E(lu()]) = E(E(n(r)| 7)) = E( / " Jon(w) i)
= [ [ vl e,
Q 0

where here, since we work with y;(w, 7(w)), we do not drop the dependence on w in p;(u)
and we write p(w, u). Then [ [y:(uw)| pt(u)v(du) = 0 P-a.s. and, given that py(u) is strictly
positive for any v and that v is non atomic, we have that for v-almost every u, y:(w,u) =0
P-a.s.

(ii) The result under P* follows from the independence of 7 of Fy, for any ¢t > 0, with an
application of Lemma [8.6.1] in the Appendix and given that P and P* coincide on F3, for
any t > 0. The result under IP is an immediate consequence, since it suffices, by means of
(conditional) Bayes’ formula, to pass under the measure P*. Namely, for s < ¢, we have

E* (3 (1)pe(7)|G7)

T\ _ = 1 u u
E(y:(r)|G7) = = (n(DIGT) = oo B wp@l7s) |

where in the last equality we have also used the fact that p(7) is a (P*, G™)-martingale. [J

We will also need the lemma below.

Lemma 8.1.2. Let Y™ =y (1) be a G™-adapted, P-integrable process. Then, for s < t,

E(}/tq—|g8) = E(yt(T)’gS) = 375115<T + @\S(T)ILTSSa

with
400
o= B[ wwnv@)z).
Y. = ! u)pe(u
B = B n 7).

Proof. From the above Proposition it is clear that E(y:(7)|Gs) has to be written in the
form ysls<r + ¥s(7)L;<s. On the set before 7 we have, applying Lemma 3.1.2 in Bielecki
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et al. [7] and using the (£)-Hypothesis (see also El Karoui, Jeanblanc and Yiao [14] for

analogous computations),

T)s<r|Vt s too
LB @(n)G) = Do OGO am ([ a7

= ]]-8<7'g5'

On the complementary set we have, by applying Lemma [8.1.1]

L <sB(ye(7)|9s) = r<sE[E(ye(7)|95)1Gs] = ﬂTSs]iT)E(yt(U)Pt(U)\fs)‘ = Lr<ss(7).

u=T

O

We conclude this subsection with the following two propositions, concerning the pre-
dictable projection (see Theorem in the appendix for the definition and existence of
the predictable projection), respectively on F and on G, of a G"-predictable process. The
first result is due to Jacod [23, Lemme 1.10].

Proposition 8.1.4. Let Y™ = y(1) be a G -predictable, positive or bounded, process. Then,
the predictable projection of Y™ on T is given by

D), = [ o (e

Proof. 1t is obtained by a monotone class argument and by using the definition of density of
T, writing, for “elementary” processes, Y," (w) = Z;(w) f(7), with Z a bounded F-predictable
process and f a bounded Borel function. For this, we refer to the proof of Lemma 1.10 in

Jacod [23]. O

Proposition 8.1.5. Let Y™ = y(7) be a G™-predictable, positive or bounded, process. Then,
the predictable projection of YT on G is given by

O)(Y7), = Tly<; / " pew)pe (W (du) + Lycpy(7) -

Gi-

Proof. In this proof, for clarity, the left-hand side superscript “(pg)” denotes the predictable
projection on G, while the left-hand side superscript “(pg)” indicates the predictable pro-
jection on F. By the definition of predictable projection, we know (from Proposition

(ii)) that we are looking for a (unique) process of the form
(pG)(YT)t = gt]ltST + :/y\t(T)I]-7'<t7 t Z 07

where 7 is F-predictable, positive or bounded, and (¢, w,u) + 7 (w,u) is a P(F) @ B(RT)-

measurable positive or bounded function, to be identified.

e On the predictable set {7 < t}, being Y7 a G7-predictable, positive or bounded,
process (recall Proposition (ii)), we immediately find y(7) = y(7);
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e On the complementary set {t < 7}, introducing the G-predictable process
y .=(e)yT

it is possible to use Remark 4.5, page 64 of Jeulin [25] (see also Dellacherie and Meyer
[13], Ch. XX, page 186), to write

1 1
Y]I]]O,‘r]] — o (pr) (Yﬂ]]o,T]])n]]o,r]] — o (pr) ((pG)(YT)]l]]O,T]]>]1]]O,T]]-

We then have, being 1 -], by definition, G-predictable (recall that 7 is a G-stopping

time),

1 T 1 T
Vi = o @ (P 000)) Bomg = 5= ™) (¥ o0) Lo,

where the last equality follows by the definition of predictable projection, being F C G.
Finally, given the result in Proposition we have

+oo
PV g0), = [ (i@

and the proposition is proved.

8.2 Martingales’ characterization

The aim of this section is to characterize (P,G7) and (P,G)-martingales in terms of

(P, F)-martingales. The analogous results under P* will follow as special cases.

Proposition 8.2.1. Characterization of (P,G")-martingales in terms of (P,F)-
martingales

A process Y7 is a (P,G")-martingale if and only if Y7 = y(7), for some family of F-
adapted processes (yi(u),t > 0), such that (ye(u)pe(u),t > 0) is a (P,F)-martingale, for

v-almost every u > 0.

Proof. The sufficiency is a direct consequence of Proposition and Lemma (ii).
Conversely, assume that y(7) is a G"-martingale. Then, for s < ¢, from Lemma (ii),

_ 1
ys(1) = E(4:(7)1G5) = pS(T)E(yt(U)Pt(U)Vs)|u=7
and the result follows from Lemma (i). O

Passing to the progressive enlargement setting, we state and prove a martingale charac-

terization result, essentially established by El Karoui et al. in [14] (see Theorem 5.7).
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Proposition 8.2.2. Characterization of (P, G) martingales in terms of (P, F)-martingales
A uniformly integrable process Yy == yillicr +51(7)Lr<s, t > 0, is a (P, G)-martingale if and

only if the following two conditions are satisfied

(i) for every u >0, (Gi(u)pi(u),t > u) is a (P,F)-martingale

(it) the process (}Gy + fg Ju(w)pu(u)v(du),t > 0) is a (P, F)-martingale.
Proof. If Y is a uniformly integrable (P, G)-martingale, then (from Proposition Y, =
E(Y;"|G¢) for some (P, G™)-martingale Y. Proposition [8.2.1] then, implies that Y;” = y(7),

where for v-almost every u > 0 the process (y:(u)pi(u),t > 0) is a (P,F)-martingale. We

then have
_ _ T 1 [
Ulier + ()< = Yy =EY/|G) = ]1t<‘rGt/ Ye(u)pe(u)v(du) + Lr<iye ()
¢
1 o0
= B ( / yuw)pu(u)u(du)\ft) T L<on(r),
¢

where the last equality results from the (P, F)-martingale property of the process y(u)p(u),
for v-almost every w > 0. In order to conclude the first part of the proof and to find the
desired results, we have to consider separately the sets {¢ < 7} and {7 <t} and to identify
the terms in the above equation.

On the set {7 <t} we find 3;(7) = y;(7) a.s. and this implies, using Lemma (i), that
Yr(u) = y(u) for v-almost every u < ¢t and we immediately find (). Analogously, for t < 7,

we have

#G =2 ([ r@lz ) =& ([T nptoas)- [ () () (du),

that immediately gives us (7).
Conversely, assuming (i) and (i), we verify E(Y;|Gs) = Y5 for s < ¢. Indeed,
E(YHQS) = E(ﬂt<737t + ]15<T§t@\t(7')|g8) + E(HTSS@\t(T)|g3)

1 ~ - 1 -
Licr g E(rarfi + Locrelh(NIF) + L s (T)E(yt<U>pt(U>|fs)

where we have used Lemma 3.1.2 in Bielecki et al. |7], and Lemma to obtain the last
equality. Next, using condition (i), it follows that

|lu=7

E(YiG) = ﬂs<TéSE(ﬂth+ / yu<u>pu<u>v<du>|fs)+n7<spsb)as<f>ps<f>

s

1, b 1 . .

L BGO+ [ lmd]7) = Ler - [ Bupa(dn) + 1)
1

]ls<‘rGisgs + ]lrgs?/js(T) =Y,

where we used the condition (ii) to obtain the next-to-last identity. O
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We end this section with a “curiosity” linking martingales in the filtrations G and G™:
we already know, from Remarks that any (P* F)-martingale remains a (P*, G")-
martingale, but it is not true that any (P*, G)-martingale remains a (P*, G™)-martingale.

Indeed, we have the following result.

Lemma 8.2.1. Any (P*,G)-martingale X* is a (P*,G") semi-martingale. In particular,

any (P, G)-martingale is a (P,G™) semi-martingale.

Proof. The result follows immediately from Proposition (under P*), noticing that,
writing the (P*,G) martingale Y* as Y;* = y/ Nt + ¥/ (7)1,;<¢, in the filtration G7 it is
the sum of two G” semi-martingales (indeed, from Proposition by recalling that the
(P*, F)-density of 7 is a constant equal to one, we know that, for every u > 0, (@?(u), t> u)
is an F-martingale and, by substituting the process G by G(:), we know that the process
(1rG(t) + fot Ui (u)v(du),t > 0) is an F-martingale). O

8.3 Canonical decomposition

In this section, we show that any F-local martingale = is a semi-martingale in both
the initially enlarged filtration G™ and in the progressively enlarged filtration G. We also
provide the canonical decomposition of the F-local martingale as a semi-martingale in G”
and in G. Under the assumption that the F-conditional law of 7 is absolutely continuous
w.r.t. the law of 7, these questions were answered in Jacod [23], in the initial enlargement
setting, and in Jeanblanc and Le Cam [24] and El Karoui et al. [14], in the progressive
enlargement case. Our aim here is to retain their results in an alternative manner.

We will need the following technical result, concerning the existence of the predictable
bracket (z,p (u)): from Theorem 2.5 a) in Jacod [23], it follows immediately that, under the
equivalence assumption, for every (P, [F)-(local)martingale x, there exists a v-negligible set
B (depending on x), such that (z,p (u)) is well-defined for u ¢ B. Hereafter, by (x,p (7))s

we mean (z,p.(u))s

u=r"

Furthermore, according to Theorem 2.5 b) in Jacod [23], under the (£)-Hypothesis,
there exists an F-predictable increasing process A and a P(F) @ B(R")-measurable function
(t,w,u) — ki(w,u) such that, for any u ¢ B and for all t > 0,

¢
(2, p.(u)), = /0 Ke(w)ps_(uw)dA, as. (8.3.1)
Furthermore, if A and k exist and they satisfy the above requirements, then

¢
/ |ks(u)|dAs < oo a.s., for any ¢ > 0. (8.3.2)
0

The following two propositions provide, respectively, under the (€)-Hypothesis, the
canonical decomposition of any (P,F)- local martingale x in the enlarged filtrations G™
and G. The first result is due to Jacod [23, Theorem 2.5 ¢)|

184



Proposition 8.3.1. Canonical Decomposition in G™

Any (P,F)-local martingale x is a (P,G")-semimartingale with canonical decomposition

= X7 + /t d<x,p.(7')>8,
0

ps—(7)

for some (P, G")-local martingale X7 .

Proof. In view of Remark if z is a (P, F)-martingale, it is a (P*, G")-martingale, too.
Noting that % = p(7) on G, Girsanov Theorem tells us that the process X7, defined by

()
X = /0 ps—(7)

is a (P, G")-martingale. O

In order to prove an analogous result in G, we need some preliminary results.

Recall that the Doob-Meyer decomposition of the Azéma super-martingale G, introduced

in Equation 1 , writes Gy = fo pu(u ),t >0, where
t
pe=1- / (1) ~ pulu)) v(du)
0

(see, e.g., Section 4.2.1 in El Karoui et al. [14]). The following lemma provides a formula

for the predictable quadratic covariation process (x,G) = (x, ) in terms of the density p.

Lemma 8.3.1. Let x be an F-martingale and p the F—martingale part in the Doob-Meyer
decomposition of G. If kp is dA ® dv-integrable, then

(x, 1)y —/ / Jv(du)dAs, (8.3.3)
where k was introduced in Equation .

Proof. First consider the right-hand-side of (8.3.3)), that is by definition predictable, and
apply Fubini-Tonelli’s Theorem (recall Equation ({8.3.2)))

-:/tdA /"%( o (w)(du)
/ / V() + / dA, / w)v(du)

- /0 v(du) /0 ks (u)ps_(u)dA, + / v(du) /0 e (u)pa_(u)dA,
= [ nvtan + [~ v
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To verify (8.3.3)), it suffices to show that the process zp — & is an F-local martingale (since
¢ is a predictable, finite variation process). Note that for v-almost every u € R, the
process (myg(u) := x¢pi(u) — (z,p.(u))e,t > 0) is an F-local martingale. Then, given that
1= [,° pe(u)v(du) for every ¢ > 0, a.s., we have

Dopss — & = 2 /0 pu(u)v(du) — /0 (pe(u) — pu(w)) v(du)
- [ @) vidw + [ (op @ = (@) vdu
0 0
= ; mt(u)y(du)—/o (mt(u)—mu(u))y(du)+/0 pu(u)(ze — zy)v(du) .

The first two terms are martingale (because of the martingale property of m(u) for v

almost every u € RT). As for the last term, using the fact that v has no atoms, we find

ey puuta) — | tpu<u>xuu<du>)

dwt/ pu(w)v(du) + xpe (t)v(dt) — pe(t)xev(dt)
0

= /pu(u)l/(du) dxt
0

and we have, indeed, proved that zu — £ is an F-local martingale. O

Now, any F-local martingale is a G-adapted process and a G” semi-martingale (from the
above Proposition [8.3.1]), so in view of Stricker’s Theorem (see, e.g., [32]: in the case when
two filtrations F and F satisfy F C IENT, if XisanF semi-martingale and it is F-adapted, then it
is also an F semi-martingale), it is also a G semi-martingale. The following proposition aims
to obtain the G-canonical decomposition of an F-local martingale. We refer to Jeanblanc

and Le Cam [24] for an alternative proof.

Proposition 8.3.2. Canonical Decomposition in G

Any (cadlag) (P,T)-local martingale x is a (P,G) semi-martingale with canonical decompo-

ey [, [ dente

sition

where X is a (P, G)-local martingale.

Proof. First of all let us recall that if the reference filtration F is right-continuous, any
F-martingale has a cadlag version. We consider, then, here, this cadlag version of the
martingale x.

From Proposition [8:3.1] any F-local martingale = can be decomposed as © = X7 + C
where X7 is a (P, G™)-local martingale and (recall Equation (8.3.1]))

Ct:/otws:/otks(r)dAs.

ps—(7)
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The idea is to project this decomposition on the filtration G:
T :(O)fl}t :(O)XZ' _|_(0)Ct _ Ct(p) + Ct(p) ,

where the left-hand side superscript “(o)” indicates the optional projection (on G) and
where the right-hand side superscript “(p)” denotes the dual predictable projection (on G).
Now, the process X :=() X7 4 ((O)C’ — C’(p)) is the sum of two G-martingales, hence it is
a G-martingale. From classical results on the predictable projection of processes (see for

instance Theorem 57, Chapter VI of [12]), we also have, being A predictable,

e = /t ®)(k(7)) dAs . (8.3.5)
0

From Proposition moreover,

D), =Torg— [

s s<T ~
Gs_ /.

ks(u)ps— (w)v(du) + Lresks(T) . (8.3.6)

Thus, substituting (8.3.6) in (8.3.5) and using Lemma |8.3.1, one obtains decomposition
®34). O

8.4 Predictable Representation Theorems

The aim of this section is to obtain Predictable Representation Theorems (PRT here-
after) in the enlarged filtrations G and G”, both under P and P*. We start by supposing
that there exists a (P,F)-local martingale z (eventually multidimensional), such that the
Predictable Representation Property holds in (P,F). Notice that z is not necessarily con-
tinuous.

Beforehand we introduce some notation: M!°¢(P, F) denotes the set of (P, F)-local mar-
tingales, while M?(P,F) denotes the set of (P, F)-martingales x, such that

E(m%)<oo, Vit>0.

Also, for a (P,F)-local martingale m, we denote by L(m,P,F) the set of F-predictable

processes which are integrable with respect to m (in the sense of local martingale), namely

: 1/2
L(m,P,F) = {4,0 ePF): (/ cpid[m]s> is P — locally integrable} .
0

Assumption 8.4.1. PRT for (P,F)
There exists a process z € M'(P,F) such that every x € M¢(P,F) can be represented as

t
Tt = X0 +/ Psdzs
0
for some ¢ € L(z,P,TF).
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For simplicity, we start investigating what happens under the measure P*, in the initially
enlarged filtration G7, since here 7 is independent of F, for any ¢t > 0, so that we expect
things to be easier.

Notice that, under the equivalence assumption in [0,7] and assuming a martingale rep-
resentation theorem in the reference filtration F, Amendinger (see [1, Th. 2.4|) proved a
martingale representation theorem in (P*,G7). This result was extended to (P, G7), in the

case when the underlying (local) martingale in the reference filtration is continuous.

Proposition 8.4.1. PRT for (P*,G")
Under Assumption every X7 € MYC(P*,GT) admits a representation

t
X7 =X} +/ dTdz,, (8.4.1)
0

where ®7 € P(G"). In the case where X7 € M?(P*,G") and z € M?(P,F), one has
E*(fg (@;)2d<z>s) < 00, for allt > 0 and the representation is unique.

Proof. Let XT € M¢(P*,G"). From Proposition X7 = x¢(7) where for v-almost
every u € R, the process (:Et(u), t> 0) is a (P*,F)-martingale, hence a (P,F)-martingale.
Thus (for v-almost every u € R"), Assumption implies that

xt(u) = zo(u) —i—/o ws(u)dzs

where (¢i(u),t > 0) is an F-predictable process, integrable with respect to z. Now the
process @7 defined by ®] = (1) is G"-predictable, according to Proposition and

satisfies (8.4.1)), with Xo(7) = xo(7).
If X™ ¢ M?(P*,G") and if z € M?(P,F) (so that the predictable bracket of z exists),

from Ito’s isometry,

t t 2
E/ (®7)2d(z)s =E (/ @gdzs) =E(X] - XJ)* < 00.
0 0

Also, from this last equation, if X7 — XJ = 0 then ®” = 0 from which the uniqueness of

representation follows. O

Passing to the progressively enlarged filtration G, that is given by G = F VvV H, intu-
itively one needs two martingales to establish a PRT. Apart from z, intuition tells us that
a candidate for the second martingale might be the compensated martingale of H, that

was introduced, respectively under P (it was denoted M) and under P* (denoted M*), in

Equation (8.1.3) and in Equation (8.1.4]).

Proposition 8.4.2. PRT for (P*,G)
Under Assumption every X € M(P* G) admits a representation

t t
Xt:X0+/ <I>Sdzs+/ WedM;
0 0
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for some processes ® € L(z,P*,G) and ¥ € L(M*,P*,G). Moreover, if X € M?*(P*,G)
and z € M?*(P,F), one has, for anyt >0,

E (/Ot <I>§d(z>s> <o , E (/Ot xpzA:u(ds)> < o0,

and the representation is unique.

Proof. Tt is known that any (P*,H) local martingale £ can be represented as & = &y +
fg psdMY for some process ¢ € L(M*,P* H) (see, e.g., the proof in Chou and Meyer [9]).
Notice that 1) has a role only before 7 and, for this reason (recall that H = (H;),~,, where
Hi = o(T At)), ¢ can be considered deterministic. B

Under P*, we then have

e [F has martingale representation with respect to z,
e H has martingale representation with respect to M™*,
e [F and H are independent.

From classical literature (see Lemma 9.5.3 of Chesney, Jeanblanc and Yor [8], for instance),
the filtration G = FVH enjoys the predictable representation property under P* with respect
to the pair (z, M*).

Now suppose that X € M?(P*,G). We find

t t 2
0o > E(X; — Xo)? = IE(/ <I>sdzs+/ \pde;>
0 0

t t t t
= IE/ ®2d(z), + 2E (/ @Sdzs/ \Ifdes*> +E/ T2\ v (ds),
0 0 0 0

where in the last equality we used the Itd isometry. The cross-product term in the last
equality is zero due to the orthogonality of z and M* (under P*). From this inequality, the
desired integrability conditions hold and the uniqueness of the representation follows (as in

the previous proposition). O

Proposition 8.4.3. PRT under P

Under Assumptionl|8.4.1], one has:

(i) Every X™ € M°(P,G™) can be represented as
t
X7 = X] +/ oTdZT
0

where Z7 is the martingale part in the G -canonical decomposition of z and ® €
L(Z7,P,G").
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(ii) Bvery X € M'(P,G) can be represented as

t t
X = Xo +/ b.dZ, +/ W,dM,
0 0

where Z is the martingale part in the G-canonical decomposition of z, M is the (P, G)-
compensated martingale associated with H and ® € L(Z,P,G) and ¥ € L(M,P,G).

Proof. The assertion (i) (resp. (ii)) follows from Proposition [8.4.1] (resp. Proposition [8.4.2)
and the stability of predictable representation property under an equivalent change of mea-

sure (see for example He, Wang and Yan [20]). O

8.5 Concluding Remarks

e In the multi-dimensional case, that is when 7 = (71,---,74) is a vector of finite
positive random times, the same machinery can be applied. More precisely, under the
assumption

]P)(Tl c 91,“- ,Td € Qd‘ft) ~ P(Tl c 91,"' ,Td € Qd)
one defines the probability P* on Gf = F; V o(71) V -+ V o(74), with respect to P, by

a1
dPgr  pi(7i,- -+ ,74)

9

where py(71,- -+, 74) is the (multidimensional) analog to p;(7), and the results for the

initially enlarged filtration are obtained in the same way as the one-dimensional case.

As for the progressively enlarged filtration, one has to note that, in this case, a mea-

surable process is decomposed into 2¢ terms, depending on whether ¢t < 7; or 7; < t.

e Notice that honest times (recall that a random time L is honest if it is equal to an
Fi-measurable random variable on {L < t}; in particular, an honest time is Foo-
measurable) cannot be included in this study. Indeed, it was shown by Nikeghbali
and Yor in [28]|, Theorem 4.1, that, in the case when all F-martingales are continuous
and if the honest time L avoids any F-stopping time, then there exists a continuous
and nonnegative local martingale (N¢)¢>0, with Ng = 1 and limy, 4 Ny = 0, such
that:

P(L > tF) = 2.
Sy
where Sy := sup,<; Ns. In our case, the above equation does not hold true, given the

(€)-Hypothesis (the survival processis absolutely continuous with respect to v).

e Under immersion property and under the (£)-Hypothesis, pi(u) = py(u),t > u. In
particular, as expected (for all the details see, e.g., Corollary 1 in Jeanblanc and Le

Cam [24]), the canonical decomposition’s formulae presented in Section|8.3|are trivial.
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8.6 Appendix

Lemma 8.6.1. If i and Fo are two independent o-fields and X an integrable random
variable independent of Fo then

E(X‘./—"l V FQ) = E(X’]:l)
Proof. On may equivalently check that, for every Y € F; V Fa,
E(XY) = E(E(X|]:1)Y)

In view of the monotone class theorem it suffices to show the above assertion for Y = Y71Y5
where Y] € F; and Y5 € F5. We have

E(E(X|F1)Y1Y2) = E(E(XY1|F1)Y2) = E(E(XY1[F))E(Y2) = E(XY1)E(Y2) = E(XY1Y3)
and the result is proved. O

In order to define the optional and predictable projections of a process X with respect
to a filtration F, we first introduce the following two notions of o-algebra associated with a
stopping time (for this we refer to Dellacherie and Meyer [11], Ch. IV, Definitions 52 and
54, page 186).

Definition 8.6.1. Let 7 be a stopping time with respect to a filtration F satisfying the usual
hypotheses. The a-algebra of events prior to T, denoted Fr, is defined as follows:

Fr={AecFo : An{r <t} e R, Vi}.

The o-algebra of events strictly prior to T, denoted F,._, is the smallest o-algebra that
contains Fo and all the sets of the form AN{t <7}, t >0, for A € F;.

The following result can be found in Dellacherie and Meyer [12], Ch. VI, Th. 43.

Theorem 8.6.1. Optional and predictable projections

Let X be a bounded or positive measurable process and F a filtration satisfying the usual
hypotheses. There exists a unique optional process Y and a unique predictable process Z
such that

E[X ;coo|Fr] = Yrlicoo, a.s., for every stopping time T,
E[Xolpcoo|Fo—] = Zplgcoo, a.s., for every predictable stopping time 6.

The process Y is called the optional projection of X, while Z is called the predictable
projection of X.
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