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ABSTRACT

In this thesis, we study both local time and Malliavin calculus and their application
to stochastic calculus and finance. In the first part, we analyze three aspects of ap-
plications of local time. We first focus on the existence of the generalized covariation
process and give an approximation when it exists. Thereafter, we study the decom-
position of ranked semimartingales. Lastly, we investigate an application of ranked
semimartingales to finance and particularly pricing using Bid-Ask. The second part
considers three problems of optimal control under asymmetry of information and
also the uniqueness of decomposition of “Skorohod-semimartingales”. First we look
at the problem of optimal control under partial information, and then we investigate
the uniqueness of decomposition of “Skorohod-semimartingales” in order to study

both problems of optimal control and stochastic differential games for an insider.
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Structure of the thesis

This thesis is constituted of two parts, the first part contains three chapters in collaboration
with Raouf Ghomrasni, Paul Kettler and Frank Proske. The second Chapter has led us to

an article accepted for publication in Stochastic Analysis and Applications (see [56]) while

the two other chapters have led us to articles in submission. (See [57, 75].) The second
part contains four chapters and, as in the first part, each chapter conduct us to article in
the process of editing or in submission. (See [34, 35, 89, 107].) This second part is a work

performed in collaboration with Giulia Di Nunno, Thilo Meyer Brandis, Bernt @Qksendal,

Frank Proske and Hassilah Binti Salleh.

These works are preceded by a general introduction intended to put them in their context,
and not to give an exhaustive review of the subject. Between the introduction and the body

of the thesis, the mains results obtained are resumed and the plan of the thesis is specified.
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Introduction

The purpose of this thesis is to study both local time and Malliavin calculus and their
application to finance. In the first part of this thesis, we analyze three aspects of the appli-
cations of local time. We first focus on the existence of the generalized covariation process
and give an approximations of this process (when it exists). There after, we study the de-
composition of ranked semimartingales (not necessarily continuous). Lastly, we investigate
an application of local time to finance and in particular to pricing using bid-ask. The second
part of this thesis considers Malliavin calculus and its application to problems of optimal
control under asymmetry of information. First, we examine the problem of optimal control
under incomplete information (partial information in this thesis). We then investigate the
uniqueness of decompositions of “Skorohod-semimartingales” processes. This is of great
importance in the study of optimal control for an insider. We begin by introducing some
notions in stochastic analysis and finance, in order to explain the context and motivation

of this work, before presenting the main results.

0.1 Local time and its applications

In classical stochastic integration, the usual It6 formula, first established by It6 for a stan-
dard Brownian motion, and later extended to continuous semimartingales by Kunita and
Watanabe, states that if X is a R-valued semimartingale, and F is a function in C?, then
F(X) is a semimartingale. The decomposition of F'(X) is specific and can be given though

the first and second derivatives of F' and the quadratic variation [X, X|. There after, various

3
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extensions of the Ito formula have been established for functions F' ¢ C2. The most well
known of these extensions is the It6-Tanaka formula first, derived by Tanaka for F'(z) = ||,
to which the local time was beautifully linked with the quadratic variation term. An ex-
tension to an absolutely continuous function F' with locally bounded F” is due to Bouleau
and Yor (see [18]). Here the quadratic variation term in the formula was expressed using
an integral with respect to local time, in a manner which suggests formal integration by
parts. Since then, a lot of research extending the It6 formula, by means of local time-space

integration, has been done.

Eisenbaum in [37] made a fundamental contribution in the case of standard Brownian mo-
tion by deriving an extension of the Itd6 formula. The quadratic variation term in her
result is expressed as an area integral, with respect to both the time variable s, and the
space variable x, of the local time L?. The arguments of Eisenbaum rely on combining
the Bouleau-Yor extension in [18] with the Follmer-Protter-Shiryaev extension in [49] and
thus depend strongly on the time-reversal property of standard Brownian motion. Further-
more she extended in [38] the results to Lévy processes, and later, in [39], to reversible
semimartingales. Ghomrasni in [54] established a generalized occupation time formula for

continuous semimartingales. See also [58].

Russo and Vallois in a series of papers [121, 122] introduced a technique of stochastic inte-
gration via regularization. In [121], they defined forward, backward and symmetric integrals
by a limit procedure. These integrals are respectively extensions of the It0, backward and
Stratonovich integrals. In [122], Russo and Vallois introduced a notion of a generalized co-
variation process [ X, Y], in a general setting, concerning essentially continuous processes X
and Y. It is an extension of the usual approach if we consider a continuous semimartingale,

and is in general, defined by a limit procedure.

In her thesis, Bergery [12], through a regularization procedure, gave schemes for approxima-

tions of the local time of a large class of continuous semimartingales and reversible diffusions.
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The convergence in those approximations holds uniformly in compact in probability (ucp)
sense. The limit, in her work, is taken with respect to time. Using the generalized occupa-
tion time formula, given in [54], do we have such approximation with respect to space by

regularization? If so, do these approximations coincide?

From a financial point of view, if we are interested in looking at the capital distribution and
size effect in stochastic portfolio theory, then we have to consider stocks identified by rank,
as opposed to by name. The question of decomposition or stochastic differential equation of
such processes follows. Chitashvili and Mania in [24] introduced the problem of decompo-
sition for the maximum of n semimartingales. They showed that the maximum process can
be expressed in terms of the original processes, adjusted by local times. Fernholz in [45],
defined the more general notion of ranked processes (i.e. order statistics) of n continuous
1t6 processes and gave the decomposition of such processes. However, the main drawback of
the latter result, is that triple points do not exist, i.e not more than two processes coincide
at the same time, almost surely. Motivated by the question of extending this decomposi-
tion to triple points (and higher orders of incidence), Banner and Ghomrasni recently [8]
developed some general formulae for ranked processes of continuous semimartingales. They
showed that the ranked processes can be expressed in terms of original processes, adjusted
by the local times of ranked processes. However, is it possible to have such a decomposition

for more general semimartingales (not necessarily continuous)?

The theory of asset pricing and its fundamental theorem was initiated in the Arrow-Debreu
model, the Black and Scholes formula, and the Cox and Ross model. They have now been
formalized in a general framework by Harisson and Kreps [60], Harrison and Pliska [61], and
Kreps [78] according to the principle of no arbitrage. In the classical setting, the market is
assumed to be frictionless, i.e a no arbitrage dynamic price process is a martingale under
a probability measure equivalent to the reference probability measure. However, since real
financial markets are not frictionless, important literature on pricing under transaction

costs and liquidity risk has appeared. (See [15, 69] and the references therein). The bid-ask
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spread in this setting can be interpreted as the transaction cost, or as the result of entering

buy and sell orders.

In the past, in real financial markets, the load of providing liquidity was given to market
makers, specialists, and brokers, who trade only when they expect to make profits. Such
profits are the price that investors and other traders pay, in order to execute their orders
when they want to trade. To ensure steady trading, the market makers sell to buyers and
buy from sellers, and get compensated by the so-called bid-ask spread. The most common
price for referencing stocks is the last trade price. However, the last price is not necessarily
the price at which one can subsequently trade. At any given moment, in a sufficiently liquid
market, there is a best or highest “bid” price, from someone who wants to buy the stock, and
there is a best or lowest “ask” price, from someone who wants to sell the stock. We consider
models of financial markets in which all parties involved (buyers, sellers) find incentives to
participate, and we assume that the dynamic of the different bid and ask prices are given.
The question we address is how to determine an SDE for the “best bid” (respectively, “best
ask”) price process so as to obtain an SDE for the stock price. Is such a market arbitrage

free? Is the market complete?

0.2 Malliavin calculus applied to optimal control under asym-

metry of information

The mathematical theory known as Malliavin calculus was first introduced by Paul Malli-
avin in [83], as an infinite-dimensional calculus. This calculus was designed to study the
smoothness of the densities of the solutions of stochastic differential equations. In 1991,
Karatzas and Ocone in [71], showed that the representation theorem formulated by Clark in
[26] and, latter by Haussmann in [62] and Ocone in [98] could be used in finance. This result
is often cited as the CHO (Clark-Haussmann-Ocone) Theorem and it provides a technique

of computing hedging portfolios in complete markets driven by Brownian motion. This
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discovery leads to a huge growth in the direction of Malliavin calculus, both among math-
ematicians, and finance researchers. Recently, the theory has been generalized and new
applications have been found, e.g partial information optimal control, insider trading and
more generally, anticipative stochastic calculus. Malliavin calculus has also been expanded
to Lévy processes. Therefore, there has also been an increased interest in anticipative inte-
gration with respect to a Lévy process, partly owing to its application to insider trading in
finance (see e.g. [33, 99] and [103]). In finance, one of the objectives of the investor is to
characterize an optimal portfolio to maximize his utility. In this thesis, we will focus on the

application of Malliavin calculus to an optimal portfolio, under asymmetry of information.

Starting from Louis Bachelier’s thesis [5] in 1900 on “Theorie de la speculation” up until
the Black, Scholes and Merton model in 1972 [16, 17], and further, in most problems of
stochastic analysis applied to finance, one of the fundamental hypotheses is the homogeneity
of information that market participants have. This homogeneity does not reflect reality. In
fact, there exist many types of agents in the market, who have different levels of information.

We shall investigate this asymmetry of information.

Back observed in [6] that, the term asymmetry of information can be understood in two
ways: as incomplete information (partial information in this thesis) and as supplementary

information (insider information).

The term incomplete information means that we have been given a filtration in which the
processes are adapted, and we assume that investors only have access to a part of that infor-
mation. The study in an incomplete information framework can be seen as an application
of filtering theory. Much research has been done in this setting, to solve the problem of
optimal control, using either dynamic programming or the stochastic maximum principle.
We note that the authors in [7, 10, 11, 52, 74, 102, 112, 128, 136], studied partially observed

optimal control problems for diffusions, i.e, the controls under consideration are based on
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noisy observations described by the state process. If we consider a general subfiltration as
in [7] (for example the delay information case), and allow our control to be adapted to this
general subfiltration, the problem is not of Markovian type and hence cannot be solved by
dynamic programming and Hamilton-Jacobi-Bellman (HJB) equations. In this framework,
Barghery and @Qksendal in [7] studied the problem of optimal control of a jump diffusion, i.e
a process which is the solution of a stochastic differential equation (SDE) driven by Lévy
processes, and employed the stochastic maximum principle. However, these papers assume
the existence of a solution of the adjoint equations. This is an assumption which often fails
in the partial information case. Meyer-Brandis, Qksendal and Zhou in [88] used Malliavin
calculus to obtain a maximum principle for this general non-Markovian partial information
stochastic control problem. If the controlled process follows a stochastic partial differential
equation (SPDE) (rather than an SDE) driven by a Lévy process, do we have similar results

obtained in [88]?

The study of supplementary information, often used to model insider trading, is an applica-
tion of the theory of enlargement of filtration. In this case, we start with a given filtration
in which the processes are adapted, and we assume that the traders has an additional infor-
mation, i.e we enlarge the filtration representing this available information. Karatzas and
Pikovsky in [72] considered the special case of initial enlargement of filtration. This means
at the initial time, the trader has an information concerning the future, i.e he knows the
value of the stock price in the future. They studied a maximization of expected logarithmic
utility from terminal wealth and/or consumption. The results of finiteness of the value of
the control problem were obtained in various setups. One of the main assumptions in this
paper is that the Brownian motion is a semimartingale in the enlarged filtration. What
happens if we consider a more general insider filtration or a more general utility function?
These questions were answered in [14] by Biagini and Oksendal. They presented a more
general approach to insider trading which does not assume that the Brownian motion is

a semimartingale in the bigger filtration. They used techniques of forward integration in-
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troduced by Russo and Vallois [121] to model insider trading. There are many papers on
insider trading and optimal control. We are interested in a more general setting, where
we work with a general insider filtration, a more general utility function, and we allow the
financial market model for prices to have jumps. In such a framework, can we use Malliavin

calculus to solve an optimal control problem for an insider?

Asymmetry of information can also be applied on game theory. Ewald and Xiao in [44]
considered a continuous time market model, and used a stochastic differential games with
anticipative strategy to model a competition of two heterogeneously informed agents in a
financial market. In their model, the agents share the same utility function but are allowed
to possess different levels of information. They derived necessary and sufficient criteria
for the existence of Nash-equilibria and characterize them for various levels of information
asymmetry. Furthermore, they had a look at, how far the asymmetry in the level of in-
formation influences Nash-equilibria and general welfare. What happens, if we consider a
discontinuous time market model? if the agents do not share the same utility functions?

and if the giving filtration are more general?

In the setting of enlargement of filtration, since the integrator need not to be adapted to
the filtration generated by the integrands (Brownian motion and the compensated Poisson
process), we have to consider anticipative stochastic integrals. Nualart and Pardoux in [95]
studied the stochastic integral defined by Skorohod of a possibly anticipating integrand, as
a function of its upper limit, and established an extended Itd formula. Another result in
that paper is the uniqueness of decomposition of Skorohod-semimartingales in continuous

case. Does this uniqueness hold in the jumps case under mild conditions on the integrators?

0.3 Motivation and results

We believe that the questions asked in the preceding sections require further investigations.

In what follows, we shall revisit these questions and provide some answers. We hope that
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these results will motivate others to develop even better solutions.

1. Using the generalized occupation time formula given in [54], do we have such an
approximation with respect to space by regularization? In this case, do these approx-
imations coincide?

The answers to these questions are given in the first chapter, where we focus our atten-
tion on the existence of the generalized covariation process [F'(X), X] of a wide class
of function F' when the process [X, X| exists. The results we introduce here extend
previous works by Russo and Vallois [121, 122, 123], where they prove the existence
of the generalized covariation and give an extension of the It6 formula, when X is a
process admitting a generalized quadratic variation and F is a function in C2. We
also give a new approximation, in terms of space, for the generalized covariation pro-
cess. The proof of the existence of the generalized covariation process is based on the
Lebesgue differentiation theorem. The approximation function used here, is the same
as that used by Ghomrasni in [55]. We also generalize the result to time-dependent
functions, and consider an application to the transformation of semimartingales. The
case of nm-dimensional continuous processes, when all mutual brackets exist, is also
explored. We give in Theorem 1.6.1 and in Remark 1.6.2 an example which illus-
trates that our approximation of generalized covariation does not hold in the random
case. Furthermore, the different time and space approximations do coincide in the

deterministic case, but not in the random case.

2. Is it possible to have such a decomposition for a more general semimartingale (not
necessarily continuous)?
We give a new decomposition of order statistics of semimartingales ( not necessarily
continuous) in the same setting as in [8]. The result obtained is slightly different to the
one in [8], in the sense that we express the order statistics of semimartingales firstly in
terms of order statistics processes adjusted by their local times, and secondly in terms

of original processes adjusted by their local times. The proof of this result is a modified
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and shorter version of the proof given in [8], and is based on the homogeneity property.
As a consequence of this result, we are independently able to derive an extension of
Ouknine’s formula in the case of general semimartingales. The desired generalization,
which is essential in the demonstration of Theorem 2.3 in [8], is not used here to prove

our decomposition.

3. How do we determine the dynamics of the “best bid” (respectively, “best ask”) price
process with the intention of obtaining the stock price process? Is such a market
arbitrage free and/or complete?

In order to answer this question, we introduce the notion of semimartingale local time
and derive the dynamics of the best bid, best ask and thus, the price process. An
important consequence is that the price process possesses the Markov property, if the
bid and ask, are Brownian motion or Ornstein-Uhlenbeck type, and more generally
Feller processes. We conclude, from the evolution of these prices, that they are all
continuous semimartingles. The latter remains valid, when the bid-ask prices are given
by general diffusion processes. We define the notion of completeness in the same way
as Jarrow and Protter in [68], and study the possibility for arbitrage in such a market.
We also discuss (insider) hedging for contingents claims with respect to the stock price

process.

4. In an optimal control under partial information, if the controlled process follows a
stochastic partial differential equation (SDPE) rather than a SDE driven by a Lévy
process, do we have similar results obtained in [88]?

Note first of all that, in this thesis, we cover the partial observation case in [10, 11, 128],
since we deal with controls being adapted to a general subfiltration of the under-
lying reference filtration. We use Malliavin calculus to prove a general stochastic
maximum principle for stochastic partial differential equations (SPDE’s) with jumps
under partial information. More precisely, the controlled process is given by a quasi-

linear stochastic heat equation driven by a Wiener process and a Poisson random
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measure. Further, our Malliavin calculus approach to stochastic control of SPDE’s
allows for optimization of very general performance functionals. Thus our method is
useful for examine control problems of non-Markovian type, which cannot be solved
by stochastic dynamic programming. Another important advantage of our technique
is that we may relax considerably the assumptions on our Hamiltonian. For example,
we do not need to impose concavity on the Hamiltonian. (See e.g. [102, 7].) We
apply the previous results to solve a partial information optimal harvesting problem
(Theorem 4.4.1). Furthermore, we investigate into an portfolio optimization problem
under partial observation. Note that the last example cannot be treated within the
framework of [88], since the random measure N)(dt, d€) is not necessarily a functional
of a Lévy process. Let us also mention that the SPDE maximum principle studied in
[102] does not apply to Example 4.4.3. This is due to the fact that the corresponding

Hamiltonian in [102] fails to be concave.

5. Does the uniqueness of “Skorohod-Semimartingale” hold in the mixed case? and if
we consider mild conditions on our integrators?
The answers of these two questions are obtained in Theorem 5.3.5 as a special case of
a more general decomposition uniqueness theorem for an extended class of Skorohod
integral processes with values in in the space of generalized random variables. (See
Theorem 5.3.3.) Our proof uses white noise theory of Lévy processes. Our decomposi-
tion uniqueness is motivated by applications in anticipative stochastic control theory,

including insider trading in finance asked in the previous Section.

6. In an optimal control under general insider information, can we use Malliavin calculus
to solve an optimal control problem for an insider?
We supply a partial answer of this question and hope that further research will be
done in a more general setting. As in question 4, we use Malliavin calculus to prove
a general stochastic maximum principle for stochastic differential equations (SDE’s)

with jumps under insider information. The main result here is difficult to apply
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because of the appearance of some terms, which all depend on the control. We then
consider the special case when the coefficients of the controlled process X do not
depend on X; we call such processes controlled Ito-Lévy processes. In this case, we
give a necessary and sufficient conditions for the existence of optimal control. Using
white noise theory, and uniqueness of decomposition of a Skorohod-semimartingale,
we derive more precise results when our enlarged filtration is first chaos generated
(the class of such filtrations contains the class of initially enlarged filtrations and
also advanced information filtrations). We applied our results maximize the expected
utility of terminal wealth for the insider. We show that there do not exist an optimal
portfolio for the insider. For the advanced information case, this conclusion is in
accordance with the results in [14] and [33], since the Brownian motion is not a
semimartingale with respect to the advanced information filtration. It follows that
the stock price is not a semimartingale with respect to that filtration either. Hence, we
can deduce that the market has an arbitrage for the insider in this case, by Theorem
7.2 in [29]. In the initial enlargement of filtration case, knowing the terminal value of
the stock price, we also prove that there does not exist an optimal portfolio for the
insider. This result is a generalization of a result in [72], where the same conclusion
was obtained in the special case when the utility function was the logarithm function
and there were no jumps in the stock price. The other application is to optimal insider
consumption. We show that there exists an optimal insider consumption, and in some

special cases the optimal consumption can be expressed explicitly.

7. In a stochastic differential games with anticipative strategy, what happens, if we con-
sider a discontinuous time market model? if the agents do not share the same utility
functions? and if the giving filtration are more general?

We shall use again Malliavin calculus to derive a general maximum principle for
stochastic differential games under insider information. This maximum principle cov-

ers the insider case in [44], since we deal with controls being adapted to general
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sup-filtrations of the underlying reference filtration. Moreover, our Malliavin calculus
approach to stochastic differential games with insider information for Ito-Lévy pro-
cesses allows for optimization of very general performance functionals. We apply our
results to solve a worst case scenario portfolio problem in finance under additional in-
formation. We show that there does not exist a Nash-equilibrium for the insider. We
prove that there exists a Nash-equilibrium insider consumption, and in some special

cases the optimal solution can be expressed explicitly.

0.4 Outline

Chapter 1 is devoted to the existence of the generalized covariation process [F(X), X] of a
wide class of function F' when the process [X, X] exists. We also give a new approximation
of the generalized covariation process. The chapter contains a generalization of the result

to time-dependent functions, and an application to the transformation of semimartingales.

In Chapter 2, we examine the decomposition of ranked (order-statistics) processes for semi-
martingales (not necessarily continuous) using a simple approach. We also give a general-

ization of Ouknine [105, 106] and Yan’s [132] formula for local times of ranked processes.

In Chapter 3, we derive the evolution of a stock price from the dynamics of the “best
bid” and “best ask”. Under the assumption that the bid and ask prices are described
by semimartingales, we study the completeness and the possibility for arbitrage on such
a market. Further, we discuss (insider) hedging for contingent claims with respect to the
stock price process.

In Chapter 4, we employ Malliavin calculus to derive a general stochastic maximum princi-
ple for stochastic partial differential equations with jumps, under partial information. We

apply this result to solve an optimal harvesting problem in the presence of partial informa-
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tion. Another application pertaining to portfolio optimization under partial observation, is

examined.

In Chapter 5, we introduce Skorohod-semimartingales as an expanded concept of classical
semimartingales in the setting of Lévy processes. We show under mild conditions that

Skorohod-semimartingales similarly to semimartingales admit a unique decomposition.

In Chapter 6, we gather the results obtain in Chapter 5 to suggest a general stochastic
maximum principle for anticipating stochastic differential equations, driven by a Lévy type
noise. We use techniques of Malliavin calculus and forward integration. We apply our

results to study a general optimal portfolio problem for an insider.

In Chapter 7, we consider a general insider information stochastic differential games where
the state process is driven by a Lévy type of noise. We use techniques of Malliavin calculus
and forward integration to derive a general stochastic maximum principle for anticipating

stochastic differential games.



Part 1

Local time and its applications

16



Chapter 1

An approximation of the

generalized covariation process

1.1 Introduction

In classical stochastic integration, integrands are practically bounded predictable processes
and integrators are semimartingales. Many authors have examined extensions of stochastic
integrals to a certain class of anticipating integrands. One of the most popular extensions

=

has been Skorohod integration [95].

Since early 1990’s, Russo and Vallois in a series of papers [121, 122] introduced a technique
of stochastic integration via regularization. In [121], they defined forward, backward and
symmetric integrals by a limit procedure. These integrals are respectively extensions of
1t6, backward and Stratonovich integrals. This approach constitutes a counterpart of a
discretization approach initiated by Follmer [47] and continued by many authors, see for

instance [37, 43, 49, 58].

In the usual stochastic integration, It6 formula says that if X is a R-valued semimartingale,
and F is a function in C?, then F(X) is a semimartingale. The decomposition of F(X) is

specific and can be given though the first and second derivatives of F' and the quadratic

17
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variation [X, X]. In [122], the authors introduced a notion of generalized covariation process
[X,Y], in a general setting concerning essentially continuous processes X and Y. It is an
extension of the usual one if we consider a continuous semimartingale and it is defined, in

general, by a limit procedure.

In the present chapter, we focus our attention on the existence of the generalized covariation
process [F(X), X] of a wide class of function F' when the process [X, X| exists. The results
we introduce here extend previous works by Russo and Vallois [121, 122, 123] where they
prove the existence of the generalized covariation and give an extension of It6’s formula
when X is a process admitting a generalized quadratic variation and F is a function in C?.
We also give a new approximation of the generalized covariation process. The motivation
for this latest point comes from the desire to connect the results of Eisenbaum [37] and
Ghomrasni [55] results with those of Russo and Vallois [121, 122, 123]. The proof of the
existence of the generalized covariation process is based on the Lebesgue differentiation
theorem. The approximation function we use here is the same as that used by Ghomrasni
in [55]. The chapter also contains a generalization of the result to time-dependent functions,
and an application to the transformation of semimartingales. The case of n-dimensional
continuous processes when all mutual brackets exist is also explored. We give in Theorem
1.6.1 and in Remark 1.6.2 an example which illustrates that our approximation of generalized

covariation does not hold in the random case.

The chapter is organized as follows. In Section 1.2, we recall the basic definitions and
properties of forward, backward, symmetric integrals and covariation. In Section 1.3, we
present our result for time independent continuous functions and then we deal with the
time dependent case. In Section 1.4, we extend the results for functions in L120c both
in the time independent and dependent setting. Section 1.5 deals with transformation
of processes and we also concentrate on the case where the continuous process X is a
multidimensional process. In Section 1.6 the random case is visited. The Conclusion gives

results on an equivalence between existence of the generalized covariation process and the
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new approximation.

1.2 Notations and preliminaries

For the convenience of the reader, we recall some basic definitions and fundamental results
about stochastic calculus with respect to finite quadratic variation processes which have
been introduced in [121, 122]. In the whole chapter (£2,F,P) will be a fixed probability
space, X = (X¢,0<t<T),Y = (Y;,0<t<T) be two continuous processes. We will
assume that all filtrations fulfill the usual conditions. The following definitions are from

[121, 122, 125).

Definition 1.2.1 Let X = (X(¢),0 <t <T) denote a continuous stochastic process and
Y = (Y (t),t € [0,T]) a process with path in L>° ([0, T]). The e-forward integral (respectively

e-backward, e-symmetric integrals and the e-covariation) is defined as follow:

Fevax = [ vieXerd=ty
Fevann = [ v =Xe=dy
Pevann = [ vnXEro Xy,

CX) W) = L[ O+ = X))~ V() ds.

Observe that these four processes are continuous.

Definition 1.2.2 1. A family of processes (Ht(e)> 0] is said to converge to a process
telo,
(Ht) 0,77 uniformly on compacts in probability (abbreviated ucp), if supg<i<r ‘Ht(e) - Ht‘ —

0 in probability, as e — 0.

2. The forward, backward, symmetric integrals and the covariation process are defined
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by the following limits in the ucp sense whenever they exist:

/otY“)dX(S) = lim I (e, dX)(0), (1.2.1)
/OtY(s)d+X(s) = leilrgﬂ(e,Y,dX)(t% (1.2.2)
/OtY@)dOX(S) = lim 1%, Y,dX)(1), (1.2.3)

X Y]() = lmCe (X,Y) (), (1.2.4)

When X =Y we often put [X, X] = [X].

Definition 1.2.3

1) If [X] exists then it is always increasing and X is said to be a finite quadratic variation
process and [X| is called the quadratic variation of X .

2) If [X] =0, X is called a zero quadratic variation process (or a zero-energy process).

3) We will say that an m-dimensional process X = (Xl, e ,Xm) has all the mutual brack-

ets if [Xi,Xj] exists for every i,7 =1,---m.

In the following, we recall some definitions and facts which are introduced in [27, 121, 122,

125]. The notations we use are those of [27, 121].

Remark 1.2.4

1) If X, Y are two continuous semimartingales, then [X,Y] = (X,Y).

2) If X =Y is a continuous semimartingale then (X, X) is the quadratic variation of X
and it is an increasing process. In the rest of the chapter, we will note (X, X) = (X).

3) If A is a zero quadratic variation process and X is a finite quadratic variation process,
then [X, A] = 0.

4) A continuous bounded variation process is a zero quadratic variation process.

5)We have [X,V] =0 if V is a bounded variation process.

6) As a consequence of 5), if X, Y are two continuous process such that [X,Y] exists and

is of bounded variation, then [[X,Y],Z] =0 for every continuous process Z.
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Definition 1.2.5 Let X = (X;,0<t<T),Y = (V;,0<t<T) be processes with paths

respectively in C°([0,T]) and L}

loc

([0,7)) ie. [y |Y(s)|ds < oo forallt<T.

1. if Y1y is X-forward integrable for every 0 < ¢ <T, Y is said to be locally X -forward
integrable on [0,T). In this case there exists a continuous process, which coincides,
on every compact interval [0,t] of [0,T), with the forward integral of Yo 4 with respect

to X. That process will be denoted by I(-,Y,dX) = fo Yd X.

2. If Y is locally X -forward integrable and limy_p I(t,Y,dX) exists almost surely, Y is

said to be X -improperly forward integrable on [0,T].

3. If the covariation process [X, YI[O’,;]] exists, for every 0 < t < T, we say that the
covariation process [X,Y] exists locally on [0,T) and it is denoted by [X,Y]. In this
case there exists a continuous process, which coincides, on every compact interval
[0,t] of [0,T), with the covariation process [X, YI[Oyt]]. That process will be denoted
by [X,Y] . If X =Y, we will say that the quadratic variation [ X, X] of X exists

locally on [0,T).

4. If the covariation process [X,Y] exists locally on [0,T) and limy_,7[X,Y]; exists, the
limat will be called the improper covariation process between X and Y and it will be
denoted by [X,Y]. If X =Y, we will say that the quadratic variation [X, X] of X

exists improperly on [0,T].

The existence of the generalized covariation process of transformation of continuous process

by functions in C! and C"! is given in the following propositions.

Proposition 1.2.6 If X, Y are continuous processes such that [X,Y], [X], [Y] exist and

F,G € CY(R), then [F(X),G(Y)] exists and
[F(X),G(Y)LZ/O F'(X(s))G'(Y(s))d[X, Y], , (1.2.5)

in particular
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1. if X =Y and G(X) = X, we have
FE0.X, = [ PR, (1.2.)
2. if GY) =Y, we have

(1.2.7)

s

[F(X),Y], = /0 F/(X(3))d[X, Y]

Proposition 1.2.7 If X\ Y are continuous processes such that [X,Y], [X], [Y] exist and
F,G:[0,T] x R — R two functions in C“1(R), then [F(-, X),G(-,Y)] exists and

PEXLGEY = [ G X )G (5 Y)Y, (1.28)

in particular if X =Y and G(-, X) = X, we have
_ [toF

[FC X)X = [ (s, X(5))d [X]

1.2.
| o (1.2.9)

s

Proof. See Appendix A, Section A.1. m

1.3 Main results

In this section we prove our main results for time dependent and independent cases.

1.3.1 The time independent case

Theorem 1.3.1 Let X be a continuous process such that [X] exists and F € C°(R), then

[F(X), X] exists and we have the following:

FO0.X), =t {F(X(s)+5) - F(X(s))}d[X]s, (1.3.1)
1t
= tim | {F(X(5) = F(X(s)—2) }d[x],,

or

=lim - {F(X(s)) — F(X(s) - 5)} d[X],. (1.3.2)
0
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Proof. Let us first prove the existence of the generalized covariation. For this, we associate

to F' the following function:

1

x—i—;
H,(z) = n/ F(y) dy. (1.3.3)
On the one hand we have
41
H,(z) = n/ F(y)dy — F(z) for n— oo. (1.3.4)
On the other hand
1
H/ (z) :n{F(x—i—n)—F(x)}. (1.3.5)

We note that the function H, () in Equation (1.3.3) is a C'* function. Then by Proposition
2.1 [122], the generalized covariation process [H,(X),X]| exists. Using the definition of
forward integral and generalized covariation, introduced by Russo and Vallois [121], we

have

(X(s+e)—X(s))ds

lim

PHy(X(s+¢)) — Hu(X(s))
el0 /0

= [Hn(X)’X]t
:/t H;z(XS)d[X]s
0
= | {F<X<s> e F(X(s»} d[x],.
0

Since F' is continuous, and by (1.3.4) H,, converges uniformly on each compact to F, it

follows that H,,(X.) converges ucp to F'(X.). Moreover, the continuity of the processes I =
lifg 17, for 0 = +, —,0imply that I?(H,(X),dX)(t) converges ucp to I?(F(X),dX)(t), for o =
€
+,—,0. Then by the definition of the generalized covariation, it follows that

[Hn(X), X], converges ucp to [F(X), X] (1.3.6)

S s *

Equation (1.3.6) means that [F'(X), X] exists as the limit in the ucp sense of [H,(X), X]

when n — oco. Thus the first part of theorem is proved. Moreover, since
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by the uniqueness of the limit, the equality still holds if we take the limit on both sides in

the ucp sense when n — +o00. Equation (1.3.1) follows by (1.3.6).

Concerning the second equality of Equation (1.3.1), it suffices to define I,, as I,(x) =

X
n / F(y)dy. Then I,, and H,, have the same properties and the result follows. m
.

3=

Corollary 1.3.2 Let X be a continuous semimartingale and F € C°(R). Then [F(X), X]

exists and
1t
tim = | {F(X(s) +0) = F(X() fd(X),
:liﬂr)l FE(X(s+e) — F(X(5)) (X(s+¢e)— X(s))ds
£ 0 £
—lim % 0 [P(X(s)) ~ F(X(s) o)} a(x),. (1.3.7)

Proof. Since X is a continuous semimartingale, it is known that [X] exists and [X] = (X).

Thus the result follows by the preceding Theorem. m

Corollary 1.3.3 Let B = (B:,0 <t <T) be a one-dimensional standard Brownian motion

and F € C°(R). Then [F(B), B] exists and we have the following:

t

161%12 0 [F(B(s) +&) — F(B(s))} ds

~im EBle+e) = FBE) (4 oy - ps)) ds
€ 0 3
1
=lim - | {F(B(s)) — F(B(s) —5)}ds. (1.3.8)

Remark 1.3.4 Let X be a continuous process such that [X| exists. If F is a function in

CL(R), then Equation (1.5.1) becomes Equation (1.2.6).

1.3.2 The time-dependent case

Theorem 1.3.5 Let X be a continuous process such that [X| exists and F : [0,T] xR — R
be a continuous function in x uniformly in s, and continuous in (s,z). Then [F(-, X), X]

exists and
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tim © [ {F(s,X(s) +2) — (s, X() } d[X]

s

elo € Jo
'F X — F(s,X
i [ EE e X)) = P X)) o 4oy - x(s))ds
ai() 0 e
1 t
~tim — | {F(s,X(s)) ~ F(s, X(s) —e)}d[X]s. (1.3.9)
Proof. Let us associate to F' the following function:
1 [*tw
Hy(t,z) = 5/ F(t,y)dy. (1.3.10)
As before, on the one hand we have
o+
H,(t,x) :n/ F(t,y)dy — F(t,z) for n — oo. (1.3.11)
T
On the other hand
0 1
—H,(t,x) = F(t, —) — F(t, . 1.3.12
5 (t,x) n{ (t:n+n) (ta:)} (1.3.12)

We note that the function Hy (¢, z) in Equation (1.3.10) admits a derivative with respect to

x and which is continuous. Using Proposition 1.2.7, we have

) CHy(s 46, X(s+¢)) — Hp(s, X(5))
lalfg/o 5 (X(s+e)— X(s))ds
:[Hn('>X)’X]t
' OH,
= [ e XX,

—n /Ot {F(S,X(s) + %) _ F(S,X(s))} d[X], .

Since H, converges uniformly on each compact to F', it follows that H,(s, X.) converges
ucp to F(s, X.). Moreover, as in the Proof of Theorem 1.3.1, the continuity of the forward

and the backward integral imply that

[H, (-, X), X], converges ucp to [F(-,X),X],. (1.3.13)

Thus [F(-, X), X] exists and the first part of the Theorem is proved.
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Since

o {Plo. X+ 1) = Pl X(6) X, = (1,0,30. %),

the equality holds if we take the limit on both sides in the ucp sense when n — +oo. The

result follows by Equation (1.3.13).
The second equality follows from the same argument as in the proof of Theorem 1.3.1. =

Corollary 1.3.6 Let X be a continuous semimartingale and F € CO(R), and F : [0,T] x
R — R be continuous in x uniformly in s, and continuous in (s, x), then [F (-, X), X] exists
and

lim © [F(s,X(s) +2) — Fls, X(s) } d(X)

s

elo € Jo
i [ PeHeXeT) = FEXO) (v 4 o) x(e))ds
€10 Jo IS
t
—lim % 0 {F(s.X(s)) — F(s, X(s) ~2) b (x),. (1.3.14)

Proof. Since X is a continuous semimartingale, it is known that (X) exists and the result

follows by applying the preceding Theorem. m

Corollary 1.3.7 Let B = (B(t),0 < t < T) be a one-dimensional standard Brownian
motion and F : [0,T] x R — R be continuous in x uniformly in s, and continuous in (s, x),

then [F(-, B), B] exists and we have the following

lim ! t {F(S,B(s) +e) — F(S,B(s))} ds

el0 € 0
—lim YF(s+¢e,B(s+¢)) — F(s, B(s)) (B(s+ ) — B(s)) ds
EiO 0 g
1
=tim - | {F(s,B(s)) — F(s,B(s) —5)}ds. (1.3.15)

Remark 1.3.8 Let X be a continuous process such that [X| exists, if F is a function in

CYY(R), then Equation (1.3.9) becomes Equation (1.2.9).
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loc

1.4 Extension to the case F € L} (R)

loc

Our approach developed in Section 1.3 allows us to improve our generalized covariation

process to F belonging to L (R) and X is a Brownian martingale.

1.4.1 The time independent case

Under the assumption of Theorem 5 in [91], we have the following result

Theorem 1.4.1 Letu = {u(t),t € [0,T]} be an adapted stochastic process such that fOT u(s)?ds <

oo a.s. Set X(t) = fg u(s)dB(s). Suppose that for all § > 0, there exist constants
&

c;, i = 1,2, such that we have,

T
P </0 F(X(s))?(us)? ds > 5) <d||F|l3, (1.4.1)
/“ F(X(s+¢)) — F(X(s))
0

. (X(s+¢e)—X(s))ds

P < sup > 5) <S|F|l,, (1.4.2)
0<u<t

for allt € [0,T], and for any F in CP(R) (infinitely differentiable with compact support).
Then, the generalized covariation process [F(X), X| exists, and we have
t

[F(X),X], — hﬁ?l [F(X(5) +2) — F(X(s)}d[X],, (1.4.3)
€ € Jo

Proof. We follow the idea of the proof of Theorem 5 in [91]. Notice that by an approxi-
mation argument, the inequalities (1.4.1) and (1.4.2) hold for any function F € L*(R). Fix
t € [0,7], and set

v = [ [P Dy - rexen] (s D - x ) as

q q
For any K > 0 we define the stopping time Tk = inf {¢: | X (¢)| > K}. Let § > 0 and take
K > 0in such a way that P (Tx <t) <¢. In order to show the equality, we can assume, by
a localization argument, that the process X; takes values in a compact interval [— K, K] and
that F' has support in this interval. Consider a sequence of infinitely differentiable functions

¢n, with support included in [—K, K] such that ||F' — ¢,]| ;> converges to zero.
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Since F € LZOC (R), the choice of such a sequence guarantees that, for any K > 0,

K
/ (on(z) — F(z))*dz — 0  asn — oco. (1.4.4)
-K

This means that ¢,, converges uniformly on each compact set of R to F in L?(R). Conse-

quently, for any K > 0,

t
E [ [ a6~ PR 11X () < K) ds]
0

t
- F [/ (on(X () — F(X ()2 I (Tx > 1) ds] 0. (1.4.5)
0

n—oo

For a process (Hj)o<s<t, define
H(t) = sup |H(s)].
0<s<t

We have that

PI(VI(F) = VIE) > u] < P(Tic <t)+P [Tk > t, (V/(F — )} > 1]

3
+P [TK >t (VI(F — p))F > g}
+P [T > £, (V¥(0n) = Vi(oa)); > 7|
< §+2006+ P [TK >4, (VP(on) — V(gn))) > g} .

We have that limy,, P [(VP(¢n) — V(en)); > 4] = 0. As a consequence, the generalized

covariation [F'(X), X], exists for any function F' that satisfies the conditions of the theorem.

Let
+/ F(y)dy,
0
H,( +/ on(y

0

Then by Theorem 2.3 of [123] we have
1
HA(X(1) = / HL,(X () X (s) & 3 [HA(X), X],.
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loc

where the existence of the last term of the equality follows since H,, is a function in C! and
X is a reversible semimartingale. Equations (1.4.4) and (1.4.5) imply that ¢,, converges
uniformly on each compact to F. It follows that ¢, (X.) converges ucp to F/(X.). On the
other hand, since H,, converges uniformly on each compact to H, it follows that H,(X.)
converges ucp to H(X.). Moreover, the continuity of the processes 17 = 161%1 17, for 0 =
+,—,0 implies that I9(¢,,dX)(t) converges ucp to I°(F,dX)(t), for o = +,— or more
simply,

/gpn(X(s))diX(s) converges ucp to / F(X(s))d*X(s).
0 0

Then by the definition of the generalized covariation, it follows that [H},(X), X| = [¢n(X), X]

converges ucp to [H'(X), X] = [F(X), X]. We have

t
1(0.X] = tim = [ {00 +e) - mX G ar),
= tim = [ {eu(X(9) +2) - (X (e falx).

Taking the limit in both sides of the equality, we have the result. m

Corollary 1.4.2 Under the same argument on X, suppose that Relations (1.4.1) and
(1.4.2) hold. Let F' be absolutely continuous with a locally bounded derivative f and F(0) =0

so that
Fla) = [ fa.

Then, [f(X), X] exists and is given by
t

70.X] = tm = [ {7X(s) o) FX() ]I, (1.46)

elo € Jo

Proof. As before, we can assume, by a localization argument, that the process X; takes
values in a compact interval [—K, K] and that f has support in this interval. Consider a
sequence of infinitely differentiable functions f,, with support included in [— K, K] such that

fn converges uniformly to f in L?(R) as p — oo. It follows that f,(X-) converges ucp to
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loc

f(X-). Let

T+
N

:c+;
Hp,n(x) = / fn(y>dya

Then by the previous arguments, since [H ,(X), X] converges ucp to [fn(X), X], it follows

that [f,(X), X] exists and

1t
[fn(X),X]lelﬁ)lg 0

{Fa(X(5) +2) = fulX () }d1X],

The result follows from the convergence ucp of f,(X-) to f(X-). m

1.4.2 The time dependent case

Theorem 1.4.3 Letu = {u(t),t € [0,T]} be an adapted stochastic process such that f(;r u(s)?ds <

oo a.s. Set X(t) = fot u(s)dB(s). Suppose that for all § > 0, there exist constants

cff, i =1,2, such that we have

P ( / (s, X () () ds > 5) < |FE,

(1.4.7)
b (02%2 /Ou F(s+5,X(s+§)) — F(s,X(s)) (X(s+) - X(s)) ds| > 5> <d|Fl,.
(1.4.8)

forallt € [0,T], and for any F(t,-) in C3(R) (infinitely differentiable with compact support)
for all t and continuously differentiable in t. Let F(t,x) be L2 (R) in x on R\ {0} and
continuously differentiable in t.
Then, the generalized covariation process [F(-, X), X]| exists, and we have

t

F(,X),X], = lim = [F(s,X(s) +2) — (s, X(s)) } d[X]

1.4.9
elo € Jo ( )

s*

Proof. Fix ¢t € [0,T], and set

Ve (F) = q/ot {F(S,X(s + ;)) — F(s, X(s))} <X(s + ;) _ X(s)> ds.
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loc

For any K > 0 we define the stopping time Tx = inf {¢ : | X (¢)| > K}. Let § > 0 and take
K > 0 in such a way that P (Tx <t) < 0. As before, consider a sequence of infinitely
differentiable functions ¢, with support included in [—K, K| such that ||F(t,-) — ©n(t, )| 12
converges to zero.

The choice of such a sequence guarantees that, for any K > 0,

/K (pn(t,2) — F(t,x))’dz — 0 asn — oo. (1.4.10)
-K

This means that ¢, (t,-) converges uniformly on each compact to F(t,-) in L?(R) for all ¢.

Consequently, for any K > 0,

B| [ touls, X(6) = Fls X9 T(X(0)] < ) s
0

—E [/Ot (on(s, X(s)) — F(s,X(s))* I (Tx > t) ds} — 0.

n—oo

Using the same arguments as before, we can show the generalized covariation [F(-, X), X],
exists for any function F' satisfying the conditions of the Theorem.

Let

H(t.x) = /O " F(t.y)dy,

x
Hta) = F0)+ [ eult)dy
0
The result follows by the same arguments as in the proof of the previous Theorem.

Under conditions of Theorem 2 in [1], we derive the following

Theorem 1.4.4 Let B = (B(t),0 <t <T) be a one dimensional standard Brownian mo-
tion. Suppose that F(t,x) is continuously differentiable in t and absolutely continuous in x

OF
with locally bounded derivative —. Furthermore, suppose that

ox

1. F(t,0) =0 so that for all t >0

T OF
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2. forallt >0
OF T 92F
T tx)= | Z——(t.y)d
ar b o) ) TRl

2
OxOt

where 1s locally bounded,

3. F*(x) = sup;<r |F(t, )| € L (R), for some T >0,

OF™ oF
4- ot (z) = supy<p ot - (t,z)| € Lloc( ), for some T >0,
where (?)i(t,x) = f(t,x).

Then [F(-, B), B] exists and

[F('v B)> B]t

t t t
=lim (/ f(s, B(S))l{|B(S)|Z€}d8 —{—/ F(S,e)dsLi — / F(s, —€)d3LS_5> , (1.4.11)
0 0 0

€l0
where the limit holds in the ucp sense and L% is the local time at a of the process B given
by

LY(Z):=|B(t) —a| — |a| + /0 sgn(B(s) —a)dB(s).

Proof. Since F' is absolutely continuous in «, it follows that F' is continuous in . Then
applying Theorem 1.3.5, it follows that [F(-, B), B] exists.

In order to show the equality, we adapt here the proof given by AlHussaini and Elliot in

[1]. Define
r oG T OF
Glta) = [ Fltydy wd Gl = [ Trepan
Write F(t,z) = F(t,2)1);>. and
Gultr) = [ Rty then Zcn) = [y
; ot T

Applying Corollary 8 in [1] to G. with a standard Brownian motion B

Ge(t,B(t)) = /OtFe(&B(S))dB(S)Jr/ta;g(&B(S)MS
e[ [

a)d, L% ds.
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AFE— / F.(s,a)d,L} + // 8F a)d, L ds,

Writing

we have
o —€
Afe = —< / F(s,a)d,L¢ + F(s,a)daLg)
€ —0o0

Ll > oF a “COF a
—i—/o (/E g(s,a)daLS—i— _os — (s, a)dL)d

and integrating by parts in a, we have
—&
Al = L5F(t,e) — L7°F(t,—¢) </ ft a L“da)

[ (- se o) [+ Eonzi)o

Applying Fubini’s Theorem to the final term and integrating by parts in s

(S, oz ([ ) s [ rris)o

Therefore,

P 00 t o] 8FE
As = —/ F.(s,a) daL?—i-/ / iy (s,a)dg L2 ds
00 0 J—oo

t
_ &€ _ —& _ _ e _ —&-" _
= L;F(t,e) — L, °F(t,—¢) /0 (Lt P (s,e) — Ly P (s, 5)> ds

t
4 /0 £(5, B($)1 50z ds.

For the function G(t, ) since the hypotheses of Theorem 2.3 [123] are satisfied the process
[F'(-, B), B] is also defined by

(F(-B), B] =2 (G(t,:c) - /OtF(s,B(s)) dB(s) + /Ot 88?(3,3(3)) ds) .

Therefore,

B(®)
[F(-,B),B] — A;* = 2 (/ F(t,y)ljy<c dy — / F(s, B(s))1|p(s)|<c dB(5)

(s) aF
/ / (8, 9)1)y)<e dyds) )
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loc

and for 7" > 0,
B(t)
E suP’[F(~,B),B]—Afs < KEFE sup/ F(t,y)ly < dy
t<T sup | | ;
t
+SUP / F(S’B(s))l‘B(S)‘Sg dB(S)
t<T |JO
Ll Be) oF
A TS 1 ad ds|| .
t<¥/o (/0 at( YN yi< y) ]

Denote the three terms in the expectation by I', I? and I3, respectively. Then

op ([ )| = [

E[I'<E

and this converges to 0 as € — 0.

E[I’] < CpE[/OTF(S,B(S))1|B(S)<EdB(s)] <CE </OTF2(3,B(3))IB(S)|<SCZS>%
= CE (/_ (/OT F?(s,a) 1< dsL“T> da>é
< CFE (/ F*(a) L%da)é < (B(g)?) (/ F*(a) da>é

which again converges to 0 as ¢ — 0. Finally,
t 5
s

which converges to 0 as ¢ — 0. This means that [F(-, B), B] converges in mean to Af °,

sup
t<T

E[I’] < E

OF e QF*
- < TP
o (s,y)‘ dyds|| <T / o (y) dy,

which implies uniform convergence on compacts in probability, and then the result follows.

t
Definition 1.4.5 The principal value of the z'ntegml/ F(s,B(s))ds, where B = (B(t),0 <
0
t <T) is a one dimensional standard Brownian motion, is defined by
¢

t
vp./ F(s,B(s))ds =1lim [ F(s,B(s))1l{B(s)>0} ds,
0 el0 Jo

where F is a function such that the right hand side of above equality converges in probability.
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Corollary 1.4.6 Under the same conditions of Theorem 1././, if we assume moreover that
either the principal value of fg f(s, B(s))ds ezists, or the following limit liﬁ)l fg F(s,e)dsLs—
15

fo (s, —e)ds L exists, then the equality holds in the ucp sense,

[F(-, B —Vp/fsB ) ds +11m(/OtF(s,a)dsLi—/OtF(s,—e)dsLs_a>.

Proof. It follows directly from the proof of Theorem 1.4.4. m

As a corollary we have the following, which is proved in [22].

Corollary 1.4.7 Assume that F is time independent, under the same condition of Corol-

lary 1.4.6, we have

[F(B), B, = . / F(B(s))ds + lim (F(e) - F(~<)) LY,

Proof. It follows from Corollary 1.4.6 that

[F(-,B _Vp/fSB ) ds +11m</OtF(s,€)dSL§—/OtF(s,—e)dsLs_a>.

If F' is time independent, then the equality becomes

[F(B),B], = vp. /0 F(B(s)) ds + lim (F(2) LS = F(=) L)

= vp./tF(B(s))ds+lim(F(e) — F(—¢)) LY.
0

el0

The last inequality follows from the fact that L¥ admits a continuous modification in . =

1.5 Application to transformation of semimartingales

In this section, we derive a generalized covariation for transformation of continuous process

by continuous functions.

Theorem 1.5.1 Let X,Y be two continuous processes such that [X,Y] exists and F €

C°(R), then [F(X),Y] exists and we have the following:

.Y = tim = [ PO +0) - FX(9) (XY
1
=l | {F(X(s)) - F(X(s)—g)}d[X,Y]S. (1.5.1)

S
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Proof. We will only show the first equality. The second follows using the same arguments.

Associate to F' the following function:

z—l—%
Hy(x):= n/ F(y) dy. (1.5.2)

On the one hand we have

x—i—;ll
H,(z) = n/ F(y)dy — F(x) for n — oc. (1.5.3)
On the other hand
H/ (z) :n{F(x—l—n)—F(:L‘)} (1.5.4)
We note that the function H,(x) is a C! function. Then by Proposition 2.1 [122], the

generalized covariation process [H,(X), Y] exists. As before, we have

lim/ Hn( ”5) HulX () (3 (5 1 6) = v(s)) ds

€10

( ) Y]S

/H’ d[X,Y],

:n/o {F(X(s) + 4= F(X(s))} d[X,Y],.

n
Since F is continuous, H,, converges uniformly on each compact to F, it follows that H,(X.)
converges ucp to F(X.). Moreover, the continuity of the processes I7 = leif{)l 17, for 0 =
+, —, 0 implies that I?(H,,dX)(t) converges ucp to I°(F,dX)(t), for 0 =+, —,0, then by

the definition of the generalized covariation, it follows that

[H,(X),Y], converges ucp to [F(X),Y],.

Equation (1.5.5) means that [F(X),Y] exists as the limit in the ucp sense of [H,(X),Y]

when n — oco. Thus the first part of Theorem is proved. Moreover, since

o [ {Fe 0 - FOxen fape v, = 0.1,

by the uniqueness of the limit, the equality still holds if we take the limit on both sides in

the ucp sense when n — +oo. Equation (1.5.1) follows by Equation (1.5.5). m
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Remark 1.5.2 Let X,Y be two continuous processes such that [X,Y] ezists.

function in C1(R), then Equation (1.5.1) becomes Equation (1.2.7).

If F is a

Proposition 1.5.3 Let X,Y be two continuous processes such that [X,Y] exists and F,G

be two functions in CO(R). Then [F(X),G(Y)] exists and the following equality holds in

the ucp sense:

[F(X).G(Y)),

i [P (X (s ) = FOX(0) (GO (s +-2)) = GV () ds

- t(F(X(s)—l—ez—F(X(s))) <G(Y(s)+2—G(Y(s))) JX.Y
el0 Jo

Lo [Y(F(X(s) - F(X(s) — 2)\ (G(Y(5)) ~ G(Y(s) ~ ¢)

o f (0 (09000 1

Proof. As in the previous sections, we define H,, and J, by

x—i—% x—f—%
H,(x) = n / Fy)dy, Ju(z) =n / Gly) dy.

We have

1
T+

w-l—%
H,(z)= n/ F(y)dy — F(z) and J,(z)= n/ G(y)dy — G(x)

and

H!(z)=n {F(;U +

1y F(x)} CJh@) =n {G(a: + %) - G(x)} .

for

(1.5.6)

(1.5.7)

n — 090,

(1.5.8)

It follows by the properties of the functions H, and J, that the generalized covariation

process [Hy,(X), Jn(Y)] exists and we have

15{6‘/ Hy(X(s 1 €) = HoX($) | (7 (X (5+2)) = Ju(X(5)) ds
= Jn(Y)]t
- / HL(X () (Y (s)d (X, V],
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The continuity of the generalized covariation process and the convergence of H, to F

(respectively J,, to G) imply that
[Hn(X), Jn(Y)] converges ucp to [F(X),G(Y)]

and the result follows by taking the limit ucp when n — oo in the last term of the equality.

Corollary 1.5.4 Let X be a continuous process such that [X| exists and F be a function

in C°(R). Then [F(X)] exists and the following equalities hold in the ucp sense:

OO, = tims [ (P +2) = FOX(3) ds
o [ (FOXs) )~ FX())\?
a lgﬂ)l 0 < € > X,
i [ (FOX) - FX(5) — )\ ?
~ i | ( ! > d[X], . (1.5.9)

Proof. It suffices here to chose X =Y and G = F and the result follows by the preceding
Theorem. m

In the case that the process X is a continuous semimartingale, we have

Remark 1.5.5 Let X, Y two continuous semimartingales, admitting mutual bracket and

F, G two functions in CO(R). Then the following equalities hold.

(F(X),G(Y)), = lim= [ (F(X(s+2)) — F(X()) (G(Y (s +2) - G(Y(5))) ds

eloe Jo
o [Y(P(X(s) +8) = F(X(s)) (GY(s) + ) — G(Y(s))
~ i | ( ) >< ! )d(X,Y)S,
(FEO), = time [ (PO +2) = FO(9) ds
L [Y(F(X(s+e) - F(X(s)\?
B 15%1 0 ( € ) A, -

We derive the following result which is proved in [131].

Corollary 1.5.6 Let X be a continuous semimartingale and f be a function in L7 (R), F(z)=

J3 f(y)dy, z €R and Z = F(X). Then

[Z]t:h%ll (F(X($+E))—F(X(S)))2d82/f2(m)Lf(X)dx. (1.5.10)
el0€ Jo R
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where LF(X) is the local time of the process X at point x.

Proof. Using the previous Theorem, we have

[N F(X() +e) — FX(5)?
2, =1 [ ) ) ax).

Using, the fact that F'(x) = f(z), the right hand side of the equality gives fg F2(X(s))d{X)s

and the result follows by the occupation formula. m

Corollary 1.5.7 Let X,Y be two continuous semimartingales and F,G be two functions
in CO(R). Then (F(X),G(Y)) exists and the following equalities hold in the ucp sense:
[F(X),G(Y)],

Ctime [ (F(X(s+¢)) — F(X(5)) (G(Y (5 + ) — G(Y(s))) ds

eloe Jo
- t<F(X(s)+52—F(X(s))> <G(Y(s)+s§—G(Y(s))>d<X7Y>S'
10 Jo
o [T FX(5) - F(X(s) —e)\ (G(Y(5) — G(Y(s) —¢)
i [ (FRO) == (G G000 gy, sy

A multi-dimensional and useful extension of Proposition 1.5.3 is given by the following

result.

Proposition 1.5.8 Let X = (Xl, e ,Xm) , Y = (Yl, e ,Ym) be continuous R™-valued
processes such that {Xl, XM YL ,Ym} have all mutual brackets. Let F,G be two

functions in C°(R™), then {F(X),G(Y)} have all the mutual brackets and

o - im ! F(XI(S), 7XZ(S) +& - 7Xm(8)) — F(Xl(s)7 7Xz(3)7 7Xm(8))
_z‘,j:11€l0 /0 { € }
{G(Y1(5)7 7Y](5) + €, ’Ym(s)) — G(Yl(s)v an(S)v ’Ym(s))} d [Xi’Xj]

c s
_ - im ! F(X1(3)7 ) 7X1(5)7 o 7Xm(s)) — F(X1(5)7 7Xz(s) - & 7Xm(3))
_i,jzllslo/o { € }
{G(Yl(s)’ 7Y](5)7 7Ym(5)) — G(Yl(s)v ’YJ(S) -5 7Ym(8))} d [Xi,Xj]
c s
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Proof. We define for all i =1,--- ,n, H, and J, by
$i+% i
Hn(xlv"' ,.’En) :’I’l/ F(fl?l,"‘ y Li—1,Y, Ti41, """ ,$m) dy7
z;
T+t i
Jn(xla e )xn) = n/ G(Qfl, L1, Y, Ti41, 0 7$m) dyv
;
We have
H,(zy, - ,xy) — F(x1, - ,2y) and Jy(x1, - ,2,) — G(x1, -+ ,2,) for n — oo,
and
0 1
%Hn(l’l,"' 7$n) =n F(l‘l,"' 7$i+ga"' ,I’n)—F($1,"' s Lgy o ,.Z'n) 5
0 1
%Jn(l’l)"'vxn):n G(Cﬂl,"',l‘i"‘g,"',ﬂjn)—G(QTl,"',fEi,“'7$n) .

The result follows by applying Proposition 1.1 in [123] on H,, and J,, and using the same

argument as in proof of the preceding Proposition 1.5.3

¢

Corollary 1.5.9 Let X = (Xl, ‘.- ,Xm) be a continuous R™-valued process with all mu-

tual brackets. Let F be a function in CO(R™).

brackets fori=1,--- ,m and

m

LXT(s) = F(X(s),

Then {F(X),X'} have all the mutual

X (s) e, XT(s)) |

(1.5.13)

lim
0
=10 Jo

X (X'(s4e)— X'(s))ds

/t F(Xl(s),--- ,Xj(s_i_é-)’...

(1.5.14)
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1.6 The random function case

In this section we shall give an answer of the following question: Do the equalities we have
in our Theorems always hold for any class of functions? We shall give here an illustrative

example where the equalities fail, thanks to the result obtained by Walsh in [129].

Let B(t) denotes a standard Brownian motion on R, B(0) = 0, with jointly continuous local

time {L(t,x) : t > 0, x € R}. For each = € R we define

t
A(t,x) = /Ol{B(S)Sm}dS

= /w L(t,y) dy. (1.6.1)

—0o0

Let us first give some facts about function A. The following come from (1.6.1).
1. A(t,z) is jointly continuous in (¢, z).
2. For fixed z, A is an increasing Lipschitz continuous function of ¢.

3. For fixed t, A is an increasing C! function of x with

0A

Let us now recall Walsh’s theorem about the decomposition of A(t, z).

Theorem 1.6.1 A(t, B(t)) has the following decomposition

A(t, B(t)) :/0 L(s,B(s))dB(s) + X (t),

where

t

1
X(0) = tim - | {L(S,B(s)) - L(s,B(s)—s)}ds

t

- t+1€ifgi O {L(S,B(s)+8) - L(s,B(s))}ds.

The limits exist in probability, uniformly for t in compact sets.

As a consequence of this theorem, we can make the following remark.
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Remark 1.6.2 The preceding Theorem simply means that we have

N B L T B(s)—¢ 1 Bs)te B(s)
tn - | {LS _yy }ds # tim | {Ls .y }ds.

In other words
t t

1 1
tim = | {L(S,B(s)) - L(s,B(s)—s)}ds # | {L(s,B(s)—i—s) - L(S,B(s))}ds.

Note that since L(t,y) is continuous in y it follows by Theorem 1.5.5 that [L(t, B), B] exists,

but we do not have the equalities (1.3.9).

1.7 Conclusion

Theorem 1.7.1 Let X be a continuous process with finite quadratic variation [X] and

F € CO(R). The following are equivalent

s i [P (s +2) = F(X(5)
€10 Jo g

(X(s+¢e)— X(s))ds emists,

2 13?82 0 [F(X(s) +) — F(X(s))} d[X], exists.

Proof. (1) = (2) has already been done. Let us show that under some conditions on F,

(2) = (1).

(a) We will first show the implication for a function F' € C'(R). Using Taylor’s formula,

one can write
F(X(s)+e€)—F(X(s)) = F'(X(s))e+ Re(s)e, $>0,€e>0, (1.7.1)

where R.(s) denotes a process which converges in the ucp sense to 0 when € — 0. Multi-
plying both sides of Equation (1.7.1) by d[X],, integrating from 0 to t and dividing by e,

we have

1 t t , t
- /0 (F(X(s)+€) - F(X(s))) d[X], = /0 F(X(s)) d[X], + /O Re(s)d[X],. (1.7.2)

€
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The second term in the right hand side converges to 0 in the sense ucp. In fact, putting

I(t) = [7 Re(s) d[X], one can write
sup |I(t)] < sup |Re (s)| [X]y -
t<T t<T

Then, the existence of [X| and the convergence of R(-) to 0 in the ucp sense imply that
I(-) converges ucp to 0. Taking the limit in the sense ucp in both sides of Equation (1.7.2),

we have that
t

.1 L,
i ® [ {Fx) - Fxe +a}ax, = [ Feceal,.

We also know that the term on the right exists since the quadratic covariation [X] exists
and F € C'(R). Then by Proposition 2.1 of [122] the generalized covariation [F(X), X]

exists and we have

[F(X), X], = /O F/(X(s))d[X],

It follows by the definition of the generalized covariation that the limit in (1) exists in the

ucp term and is equal to the limit in (2).

(b) We now prove the implication for a function F in C°(R) As before, let H,, the function

defined by
1—1—%
Hy(x) := n/ F(y) dy. (1.7.3)
Then
:c—i—%
H,(z) = n/ F(y)dy — F(z) for n— oo, (1.7.4)
and
H () —n{F(x—i—i) —F(x)}. (1.7.5)

Since we note that the function H,(z) is a C! function, by (a) the existence of the limit

t
lifgl i/ {Hn(X(s)) — H,(X(s)+ E)} d [X], in the ucp sense implies that the generalized
€ 0

covariation process [H,(X), X] exists. Then the following limit exists in the ucp term

(X(s+e) = X(s)) ds,

lim
€l0

/t H,(X(s+¢)) — Hp(X(s))
0 g



1.7 Conclusion 44

and we have
t

tim = [ {(X(9) = HL(X () + )} IR, = [H(X). X],

By hypothesis, we have the existence in the ucp sense of

1Mnéqpaam->—nX@ﬁdwm

n—oo

Using the definition of H,,, we have in the ucp sense

. ¢ 1 L (-
hmn/0 {F(X(s)—{—)—F(X(s))}d[X]S = lim H; (X (s))d[X],

n—o0 n—oo 0

= lim [H.(X),X],

n—oo

= [F(X)7X]t7

where the second equality follows from (a) and the third one by the continuity of the
generalized covariation process (since it exists by (a)) and the fact that H,, converges ucp
to F. By the definition of the last term, the existence of the limit in ucp sense of (1) is

proved. m



Chapter 2

Decomposition of order statistics of

semimartingales using local times

2.1 Introduction

Some recent developments in mathematical finance and particularly the distribution of
capital in stochastic portfolio theory have led to the necessity of understanding dynamics
of the kth-ranked stock amongst n given stocks, at all levels k = 1,--- ,n. For example,
k =1 and k = n correspond to the maximum and minimum processes of the collection,
respectively. The problem of decomposition for the maximum of n semimartingales was
introduced by Chitashvili and Mania in [24]. The authors showed that the maximum
process can be expressed in terms of the original processes, adjusted by local times. In
[45], Fernholz defined the more general notion of ranked processes (i.e. order statistics)
of n continuous It6 processes and gave the decomposition of such processes. However,
the main drawback of the latter result is that triple points do not exist, i.e., not more
than two processes coincide at the same time, almost surely. Closely related results also
appeared earlier in the paper by Nagasawa and Tanaka [92]. Motivated by the question
of extending this decomposition to triple points (and higher orders of incidence) as was
posed by Fernholz in Problem 4.1.13 of [46], Banner and Ghomrasni recently [8] developed
45
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some general formulas for ranked processes of continuous semimartingales. In the setting
of problem 4.1.13 in [46], they showed that the ranked processes can be expressed in terms
of original processes adjusted by the local times of ranked processes. The proofs of those

results are based on the generalization of Ouknine’s formula [105, 106, 132].

In the present Chapter, we give a new decomposition of order statistics of semimartingales
(i.e., not necessarily continuous) in the same setting as in [8]. The result obtained is slightly
different to the one in [8] in the sense that we express the order statistics of semimartingales
firstly in terms of order statistics processes adjusted by their local times and secondly in
terms of original processes adjusted by their local times. The proof of this result is a
modified and shorter version of the proof given in [8] based on the homogeneity property.
Furthermore, we use the theory of predictable random open sets, introduced by Zheng in

[135] and the idea of the proof of Theorem 2.2 in [8] to show that
D Lxo(mymoy dX D) = D o )=0y dX (1),
i=1 i=1

where X;, i = 1,--- ,n represent the original processes and X (1) represent the ranked
processes. As a consequence of this result, we are independently able to derive an extension
of Ouknine’s formula in the case of general semimartingales. The desired generalization
which is essential in the demonstration of Theorem 2.3 in [8] is not used here to prove our

decomposition.

The Chapter is organized as follows. In Section 2.2, we prove the two different decompo-
sitions of ranked processes for general semimartingales. In Section 2.3, after showing the

above equality, we derive a generalization of Ouknine and Yan’s formula.
2.2 Decomposition of Ranked Semimartingales

We consider a complete filtered probability space (€2, F, (F)t>0, P) which satisfies the usual

conditions. In our study, any given semimartingale X is supposed to satisfy the following
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condition (A):

Z |AX(s)| < oo a.s. forall t>0, (A)
0<s<t

where AX (s) = X (s) — X(s—).

We begin by giving the definition of the local time of a semimartingale X.

Definition 2.2.1 Let X = (X (t))t>0 be a semimartingale and a € R. The local time L} (X)

of X at a is defined by the following Tanaka-Meyer formula

X(t) —a] = [X(0)—a|+ /0 sen(X (s-) — a) dX(s) + LE(X)

+>(1X(s) = al = |X(s—) — a| —sgn(X(s—) —a)AX(s)),

s<t
where sgn(r) = —1(_og 0)(%) 4+ 1(0,00)(2)-
As has been proved by Yor [133], under the condition (A), a measurable version of (a,t,w) —

L#(X)(w) exists which is continuous in ¢ and right continuous with left limits (i.e. cadlag)

in a. We shall deal exclusively with this version.

Let us recall the definition of the k-th rank process of a family of n semimartingales.

Definition 2.2.2 Let X1, -, X, be semimartingales. For1 < k <mn, the k-th rank process

of X1, -+, X, is defined by

(k) - 1 N .. .
X 1§i11<r}§§ikgn min(X;,, -, Xi,), (2.2.1)

where 1 <141 and i < n.

Note that, according to Definition 2.2.2, for t € RT,

() — x®) @ > > XM () = min X
max X(1) = XU (1) > XO(t) > - > XO(1) = min X (1), (2.2.2)

so that at any given time, the values of the ranked processes represent the values of the

original processes arranged in descending order (i.e. the (reverse) order statistics).
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The following theorem shows that the ranked processes derived from semimartingales can
be expressed in terms of stochastic integral with respect to the original process adjusted by
local times and expressed in terms of stochastic integral with respect to the ranked process

adjusted by local times. We shall need the following definitions
Si—(k) = {i: Xi(t=) = X®(t—)} and N, (k) = S, (k)] ,

for ¢t > 0.
Then N;_ (k) is the number of subscripts i such that X;(t—) = X*)(¢—). It is a predictable

process and we have the following explicit decomposition.

Theorem 2.2.3 Let X1, -, X,, be semimartingales. Then the k-th ranked processes X %)k =

1,--- ,n, are semimartingales and we have
dX® @)y =y ———1 _xG dX () + dLd(x® — x0
( ) ; Nt_(k') {X®) (t=)=X® (t—)} ( ) i;l Nt_(ki) t( )
k—1 1 '
2N (k>d£,9(X<”—X(’f)), (2.2.3)
=1t
PEESET dX;(t) + Z L ac(x® - x,)%)
N, (k)XW E-)=X(t-)} N (k)
Nt d£0 xX® — x;)7), (2.2.4)
=1

where LY(X) = iLg(X)—I—; 1ix, —0}AX, and LY(X) is the local time of the semimartingale
s<t

X at zero.

Proof. For all ¢ > 0, using the fact that we can define N;(k) as
Ne(k) = Y 1ixwpo)=xi(eo))
i=1

- Zl{X“)(t—):X“)(t—)}’ v
i=1

we have the following equalities

- Z 1{X(k)(t =X (¢ }dX( )(t). (2.2.5)
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Then, by homogeneity, to show (2.2.3), it suffices to show that

n

t—(k)dX(k)(t) = Z ]-{X(k)(t_):X(i)( )} dX Z dﬁo X(k (Z))
=1 i=k+1
k—1
=D dc(xV - x®), (2.2.6)
=1

We have, by the second equality of (2.2.5)
N (k)ax® () = - Lexmoy=xog }dX( (#)
=1
=1

+ > Lxtexo ) d (X(k:) (t) — x@ (t)) .
=1

We use the formula

t
£(Z) :/o L1z, =0ydZs, (2.2.7)

which is valid for nonnegative semimartingales Z and we apply (2.2.7) to Ny_ (k)dX®)(¢), ¢ >

0, to obtain

Ny (k)dx ®)(t) Zl{x(k ) (1) =X ) (1 )}dX ()
+ ; Lexwgoy=xm@—y)d ((X(k) () — x1 (t))+)
- Z Lxooy-xod (X P @) - xO0)7)
- i1 {X(k>(t_)zx<n<t_)}dx<i>(t) + Zn; aLy ((X<k> - X“’)*)
- znj dcl ((X(k) - XU))—) . (2.2.8)
=1

Noting that
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and that
G) — x &) if 4
(X(k)—X(j))_: X XWoitg <k
0, if j >k,
Equation (2.2.3) follows. In the same way, we prove (2.2.4) by applying the first equality

of (2.2.5), and (2.2.7). m

2.2.1 Local time and Norms

The next result is proved in [25].

Lemma 2.2.4 Let X = (X1, -+, X,) be a n—dimensional semimartingale, N1 and Ny be

norms on R™ such that Ny < No. Then LY(Ny1(X)) < LY(Na(X)).

For example
n

0 N < 70 N <m0 n
Li(max 1Xi]) < Lt(;lel) < nLi(max [ Xi])
1=

For positive continuous semimartingales, we have the following result.

Corollary 2.2.5 Let X1, -, X, be positive continuous semimartingales. Then we have
n n
L)) X)) <n )y L)X
i=1 i=1
Proof. It is known that the equality
n ) n
DLW =D LX), (+)
i=1 i=1
holds for continuous semimartigales (see [8]). Putting LY(X (M) = LY( max X;), we have by

1<i<n

the preceding lemma

A

n
0 ] 0 N 0/ v (1)
Lt(X;XZ) > nLt(lr%angl)—nLt(X )
i

IN

n Y LX) (by ().
i=1
m

Remark 2.2.6 The preceding corollary means that if we have a collection of n positive
continuous semimartingales such that the local time at the origin of each semimartingale is

zero then the local time of their sum is also zero at this point.
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2.3 Generalization of Ouknine and Yan’s Formula for Semi-

martingales
In this section we derive a generalization of Ouknine and Yan’s formula for semimartingales.

Such a result was proved in [8] in the case of continuous semimartingales. In order to give

such an extension, we need first to prove the next theorem.

Theorem 2.3.1 Let X1,---,X,, be semimartingales. Then the following equality holds:

n ; N n
> Lixouoy—oy AX D7 (1) =D 1ix, o)y dX (1) (2.3.1)
=1 =1

Proof. We will proceed by induction. The case n = 1 is trivial. For n = 2, let us show

that
+ +
I{X(l)(t—)ZO} dX(l) (t) + I{X(Q)(t—):()} dX(Z) (t)
= 1{X1(t—)=0} de_(t) + 1{X2(t—)=0} dX;—(t), (2.3.2)

where X = X; vV X5 and X = X; A X,. At this point we follow the same idea as in the

proof of the second theorem in [106]. Since
{X1(t—) v Xa(t—) =0} = {X1(t—) < Xa(t—) =0} U{Xa(t—) < X1 (t—) =0}
U{Xi(t—) = Xo(t—) = 0},
and
{X1(t—) AN Xo(t—) =0} = {X1(t—) > Xa(t—) = 0} U{Xa(t—) > X1(t—) =0}
U{Xi(t—) = Xa(t—) = 0},
we can write
Lix i)—op 4X D7 (1)

+
= Lixiio)<xa-)=0y dX D7) + Lixoy<xi =0y dX V7 ()

+ 10, (1) = Xa(t—)=0pdX VT (1), (2.3.3)
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and

+
1{X(2)(t_):0} dX(Q) (t)
= 1) Xa()—0p X DT (1) + T mys x1-)—0y dX D7 (1)

+ 10, (0o =X (- =0y AX P (1), (2.3.4)

As remarked by Ouknine in [106], the predictable set H = {t > 0 : X;(t—) < Xa(t—)}
is not a random open set so the theory developed in [135] cannot be directly applied to
replace the semimartingale X O by the semimartingale X;r which are equal in H. How-
ever, the semimartingale Z = xXot — X; is such that Z_ = 0 in H, thus 1ydZ =
1 H(l{ Z,:o}dZ)7 and the latter is of finite variation, and null in any open interval where
Z is constant, thus in the interior of H. Then the continuous part of 1xdZ is equal to
zero and the replacement is permitted. Therefore, the first term of the right hand side of
(2.3.3) is 1{X1(t7)<0}1{X2(t7):0}dX;(t)~ Applying the same reasoning, the second term is
Lix,(t—)<0} L{x1 (t—)=03d X7 (t). For the third term, we can write X0 = (X, v X))t =

XV XS =X+ (X;" — X)) which then becomes
Lix, (1) =Xa (t)=0y X5 (1) + L, (1-)=xa(0)=0y (X (1) — X5 (1))
These remarks allow us to write (2.3.3) as
+
L y=op AX D7 (1)
= Lixy (t-) <0y L (t—)=01dX5 (1) + Lixy(—)<oy i, (t—)=0pd X7 (t)
+ 1ix, 0= X )=01dX 5 + Lix, )= xstm)=opd(XT — X5)F

= Lixy (t-) <0y L (1—-)=01dX 5 (1) + Lixy(—)<oy 1ix, (1—)=0pd X7 (2)

+ 1 (1o)=03 L {Xa (1—)=03 X5 (8) + 1ix, 1-)=xa(tm)=0rd( X7 (8) — X2 () F) . (2.3.5)
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Following the argument for the process X2, we obtain

Lix@ ()=o) AX 7 ()
= 10, (0-)50) Lxa (1) =03 4X5 (1) + Lixa-)>01 Lixy (0 )=0y X7 (2)

+ 1ix, (1)=0y Lx (1)=0y 84X (1) — Lix, (1 )=xot)=0y (X7 () = X5 (1)7, (2.3.6)
where we have used the fact that X" = (X A Xo)T = X A XS = X — (X] — X))t
Summing (2.3.5) and (2.3.6) we obtain the desired result for n = 2.

Now assume the result holds for some n. We adjust here the proof given by Banner and

Chomrasni in [8]. Given semimartingales X1, -+, X, Xpy1, we define X®) bk =1,... n,

as above and also set

X[k]() = max min(Xh ()7 o ’Xlk())

1< < <ig<n+1
The process X[¥1(-) is the kth-ranked process with respect to all n + 1 semimartingales
X1, , Xn, Xns1. It will be convenient to set X(9)(.) := oco. In order to show the equality

for n 4+ 1 we start by showing that

1{X(k_1)(t,)/\XnH(t,):O}d(X( b (t) A Xn+1( )+ 1{X<k) tf):o}dX(kﬁ(t)
= 1{x[k](t_):0}dX[k] ( )"‘ 1{x(k) YAX a1 (t o}d( ( " ( )/\ Xn+1( )) (2-3'7)

for k=1,--- ,n and t > 0. Suppose first that £ > 1. By (2.3.2), we have

— +
1{X(k*1)(t—)AXn+1(t—):0}d(X(k nt ( ) A Xn+1( )) + 1{X(k)(t—):0}dX(k) (t)

= {00 (1) A X1 (1-)) v X 9 (1) =0} & (( X 1)+(t)/\X:+1(t))VX(k)+(t)>

k)T
+1{(X(k*1)(t—)/\Xn_H(tf))/\X(M(tf):O}d ((X( DT A XS ) A X B (t)) -
Since X (t) < X* =1 (¢) for all t > 0, the second term of the right hand side of the above

equation is simply 1{Xn ) AX (R (¢ o}d( X £)AX®7(1)). On the other hand, we have
XOD(1), i Xy (1) > X0 1>< ) = X0
XA K ) VXD (@) = § X (), i XED() > X (1) = XB)(1)
X®), it XED() > XB(E) > X1 (8).
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In each case it can be checked that (X®* =D A X, 1) vV X®)(¢) is the kth smallest of the
numbers X, , Xpy1; that is, (XF=D A X, 1) v X® () = XF(). It follows that X is
a semimartingale for k = 1,--- ,n. Equation (2.3.7) follows for k = 2,--- ,n. If k = 1, then
X©)(.) = 00 and applying (2.3.2), Equation (2.3.7) reduces to
L X1 (t=)=0 }an+1( )+ 1{X(1)(t—):0}dX(1)+(t)

= 1{X(1>(1:—)vXn+1(t—):o}al(X(l)+ (t) v X:H(t))

+ 1{X(1>(tf)/\Xn_H(tf):O}d(X(lﬁ(t) A X (1))

= 1{X<1>(tf)AXnH(tf):O}d(X(lﬁ(t) A X (1))

t Lrxngo)=o}dX (@), (2.3.8)

where we observe that (XM v X, 1)(-) = X1(.).

Finally, by the induction hypothesis and Equation(2.3.7), we have

n+1

D xi)=0p X (1) = Y 1xi)=0y X (1) + 1(x, 40010y 4X, 1 ()
i=1 ;

= anl{w(t—):m XD (1) + L -)=0) AX,F 5 (1)
i=1

- il{XWt—):O} dXT(8) + 1(x, 0 0 =0y X, (1)
_Zl{xtz DA (=0} ATV A X (1)
+ Z L{x (1) ()=o) A DT (O) A X (1)

= Zl{X[i](t—):O} dXT(8) + 1x, 0my=0y AX51 (1)

_1{)( 0) (t—)AX 1 (t o}d( ( " ( )/\Xn+1( ))

n)T
+1{X(n) t—)AX 1 (2 o}d( X (t )/\X:;rl( ))
n+1

= Zl{x =0y X7 (1).
The third equality follows from Equatlon (2.3.7) while the last comes from the fact that

XO@) A Xpyp1(t) = Xpg1(8) and (X A Xp1)(0) = X for all £ >0 ;
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then the result follows by induction. m
It follows that

Corollary 2.3.2 Let X1,---, X, be semimartingales. Then the k-th ranked processes X®) k=

1,---,n, are semimartingales and we have

Z1{X(k>(t—):X(i>(t7)}d<X(i)(t) —X(’f)(t)>+ _ Z1{X(’“)(tf):Xi(tf)}d<Xi(t) —X(k)(t))(Jrz.Bg)
i=1 i=1

Proof. Fix X*), for k = 1,--- ,n and define the processes Y1, --,Y, by Yi(t) = X;(t) —
X(k)(t), i=1,---,n. Then Yy, ---,Y, are semimartingales and the processes Y1) ...y
defined by Y () = X ()= X®)(¢), i = 1,--- ,n are the i-th ranked processes of Y;(t), i =
1,---,n with the property Y(!) > Y2 > ... > Y and, they are semimartingales. By
Theorem 2.3.1, we have

Z Liy @(e—)—op 4Y 0T Z Ly, (t—)=0y AY; (1), (2.3.10)
=1

and the result follows. m

In the case of positive semimartingales, the preceding theorem becomes

Corollary 2.3.3 Let X1, -+, X, be positive semimartingales. Then the following equality
holds

D 1ixo )0y dX 21{)( 1—)=o0} dXi(t). (2.3.11)

=1
A consequence of Theorem 2.3.1 is the following theorem, which is a generalization of Yan

[132] and Ouknine’s [105, 106] formula.

Theorem 2.3.4 Let X1, -+, X, be semimartingales. Then we have

ZLO ZLO (2.3.12)

where LY(X) is the local time of the semimartingale X at 0.
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Proof. We recall first that LY(Z) = LY(Z*) for every semimartingale Z. By Theorem 2.3.1

the following equality holds:

> 1xwpmy—oy AX DT (1) =3 1ix om0y dX (1), (2.3.13)
=1 =1
We know that
t
LY(z") :/0 Liz, —0ydZ,

for all semimartingales. Then the preceding equation becomes

STLdxOT) =3 Ldxh. (2.3.14)
i=1 =1
Putting
A(t) =Y LY(XDT) and B(t) = Y LX),
i=1 =1
then

1 ~ .
,L?(X(m)+Z1{X<i)(s_):0}Ax(z)+(s) ,

IS
I
M-
\)

1=1 s<t
" [1

B(t) = Z §L?(X¢+) +Zl{xi(s—):0}AX¢+(3)
i—1 s<t

Since A(t) = B(t) for all t > 0, we have A°(t) = B¢(t) where A° (resp. B€) is the continuous
part of A (resp. B). The desired result follows from the continuity of local time and the
fact LY(Z) = LY(Z*). m

In particular,

Corollary 2.3.5 (Yan [132], Ouknine [105, 106])

Let X and Y be semimartingales. We have the following
LAXVY)+ LAX AY) = LYX) + LYY), (2.3.15)

where LY(X) denotes the local time at 0 of X.
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Remark 2.3.6 Assume that Xq,---,X, are continuous semimartingales. Banner and

Ghomrasni have shown that (see [8], Theorem 2.3)

n

1 ; n 1 .
aXO0) = ) gatecwe=xey XU+ D s d X - X0)

=1 i=k+1
k-1
1 A
— LO(X@ _ x®)y, 2.3.1
;th(k)d ' ) (2.3.16)

Identifying FEquations (2.2.3) and (2.3.16), it follows that
Zl{xm (=X (1)} dx( Zl{w) ()3 dXi(1). (2.3.17)
=1

We extend below Equation (2.3.17) for general semimartingales.

Proposition 2.3.7 Let X1, ---,X,, be semimartingales and k € {1,2,--- ,n}. Then we

have
0x (k) _ x@)
ZNt_ Lix o) 4y =x; (1)} 4Xi(t) Z Nt d/J (X X)
=1 i=k+1
k—1
dLO @ _ x®)y 2.3.18
i=1 Nt ) ( )
and
Zl{x(k)(t_):)((i)(t dX( Zl{x(k)(t (=)} dX;(t). (2.3.19)
Proof. Consider the following family of semimartingales {Z; := —X;}i=1,... n, the rank

processes are then given by
7 — _xW <. <zt x0) <. < 70 = _x(0)

and from Theorem 2.3.1 we have that

Z:l{z(n+1 0 (6—y=oy 421D Zl{ZnH d(t)=0y A2y (8).
=1

from which it follows that

Zl{z(i)(t D} dZ Zl{z 0} dZ,j_(t)
=1
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Using Relation (?7), we have
DLz =3 Lz)).
i=1 i=1
Since Z; = —X;, we have Z;r = X, and AN X +1=-0" "fom which we obtain that

zn: £9(x (n+1=1) Z LYXO7y = Zn: L£A(x7). (2.3.20)
i=1 =1

Equations (2.3.14) and (2.3.20) imply that Equation (2.2.4) may be rewritten as,

n

1 " 1
dX®)(4) = | . dX;(t) + dLo((x® — x )t
(t) Z; Ny () X0 =i} (t) Z; ) £ (( ")

k) _ .\~
ZNt dL(x® — x;)7)

n

1 — .
:ZW{X(M@)X _yy dXi(t) ZNt dL((x® — xy+)

=1
n 1 o

= 2 g AN = x0T,
=1t

Therefore,

;Nt 1{X(k>(t )=x(t-)} 4Xi(t) Z;I Nt dﬁo X0 —x0)

k-1
Nt d£0 @ — x )y, (2.3.21)

=1

We obtain the desire result by identifying both Equations (2.2.3) and (2.3.21). m



Chapter 3

On local times: application to

pricing using bid-ask

3.1 Introduction

The theory of asset pricing and its fundamental theorem were initiated in the Arrow-Debreu
model, the Black and Scholes formula, and the Cox and Ross model. They have now been
formalized in a general framework by Harrison and Kreps [60], Harrison and Pliska [61],
and Kreps [78] according to the no arbitrage principle. In the classical setting, the market
is assumed to be frictionless i.e a no arbitrage dynamic price process is a martingale under

a probability measure equivalent to the reference probability measure.

However, real financial markets are not frictionless, and so an important literature on pricing
under transaction costs and liquidity risk has appeared. See [15, 69] and references therein.
In these papers the bid-ask spreads are explained by transaction costs. Jouini and Kallal in
[69] in an axiomatic approach in continuous time assigned to financial assets a dynamic ask
price process (respectively, a dynamic bid price process.) They proved that the absence of
arbitrage opportunities is equivalent to the existence of a frictionless arbitrage-free process

lying between the bid and the ask processes, i.e., a process which could be transformed into

59
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a martingale under a well-chosen probability measure. The bid-ask spread in this setting

can be interpreted as transaction costs or as the result of entering buy and sell orders.

Taking into account both transaction costs and liquidity risk Bion-Nadal in [15] changed
the assumption of sublinearity of ask price (respectively, superlinearity of bid price) made
in [69] to that of convexity (respectively, concavity) of the ask (respectively, bid) price. This
assumption combined with the time-consistency property for dynamic prices allowed her to
generalize the result of Jouini and Kallal. She proved that the “no free lunch” condition
for a time-consistent dynamic pricing procedure [TCPP] is equivalent to the existence of
an equivalent probability measure () that transforms a process between the bid and ask

processes of any financial instrument into a martingale.

In recent years, a pricing theory has also appeared taking inspiration from the theory of risk
measures. First to investigate in a static setting were Carr, Geman, and Madan [23] and
Follmer and Schied [51]. The point of view of pricing via risk measures was also considered
in a dynamic way using backward stochastic differential equations [BSDE| by El Karoui
and Quenez [40], El Karoui, Peng, and Quenez [41], and Peng [109, 110]. This theory soon
became a useful tool for formulating many problems in mathematical finance, in particular
for the study of pricing and hedging contingent claims [41]. Moreover, the BSDE point
of view gave a simple formulation of more general recursive utilities and their properties,
as initiated by Duffie and Epstein (1992) in their [stochastic differential] formulation of

recursive utility [41].

In the past, in real financial markets, the load of providing liquidity was given to market
makers, specialists, and brokers, who trade only when they expect to make profits. Such
profits are the price that investors and other traders pay, in order to execute their orders
when they want to trade. To ensure steady trading, the market makers sell to buyers and
buy from sellers, and get compensated by the so-called bid-ask spread. The most common

price for referencing stocks is the last trade price. At any given moment, in a sufficiently
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liquid market there is a best or highest “bid” price, from someone who wants to buy the
stock and there is a best or lowest “ask” price, from someone who wants to sell the stock.
The best bid price R(t) and best ask (or best offer) price T'(t) are the highest buying price

and the lowest selling price at any time ¢ of trading.

In the present work, we consider models of financial markets in which all parties involved
(buyers, sellers) find incentives to participate. Our framework is different from the existing
approach (see [15, 69] and references therein) where the authors assume some properties
(sublinearity, convexity, etc) on the ask (respectively, bid) price function in order to define
a dynamic ask (respectively, bid.) Rather, we assume that the different bid and ask prices

are given. Then the question we address is how to model the “best bid” (respectively, the

“best ask”) price process with the intention to obtain the stock price dynamics.

The assumption that the bid and ask processes are described by (continuous) semimartin-
gales in our special setting entails that the stock price admits arbitrage opportunities.
Further, it turns out that the price process possesses the Markov property, if the bid and
ask are Brownian motion or Ornstein-Uhlenbeck type, or more generally Feller processes.

Note that our results are obtained without assuming arbitrage opportunities.

This chapter is also related with [68] where the authors explore market situations where
a large trader causes the existence of arbitrage opportunities for small traders in complete
markets. The arbitrage opportunities considered are “hidden” which means that they are
almost not observable to the small traders, or to scientists studying markets because they

occur on time sets of Lebesgue measure zero.

The Chapter is organized as follows: Section 3.2 presents the model. Section 3.3 studies the
Markovian property of the processes, while Sections 3.4 and 3.5 are devoted to the study

of completeness, arbitrage and (insider) hedging on a market driven by such processes.
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3.2 The model

Let Bs = (B(s)', -, B(s)™)T (where (-)T denotes transpose) be a n-dimensional standard

Brownian motion on a filtered probability space (2, F, {F;}+>0, P).

Suppose bid and ask price processes X;(t) € R, 1 < i < n, which are modeled by continuous

semimartingales
t t
X;i(t) = X;(0) +/ ai(s, Xs,w) ds—l—/ o(s, Xs,w)dB;(s). (3.2.1)
0 0

Here we consider the following model for bid and ask prices.

2 T T T T T T T
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(or the other
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Figure 3.1 Realization of bid and ask

The evolution of the stock price process S(t) is based on X;(t), ¢ = 1,...,n. Denote by
Bid(t) the Best Bid and Ask(t) the Best Ask at time ¢. Then Bid(t) is the lowest price that
a day trader seller is willing to accept for a stock at that time and Ask(t) is the highest

price that a day trader buyer is willing to pay for that stock at any particular point in time.
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Let us define the processes X *(t) = max(X(¢),0) and X*(¢) = min(X(¢),0). Further set

where we use the convention that min {}} = 0 and max{()} = 0. Then Bid(t) and Ask(t)

can be modeled as
Bid(t) := min {R(t), —T(t)}, (3.2.2)
and
Ask(t) == max {R(t), —T(t)}. (3.2.3)

Given Bid(t) and Ask(t), the market makers will agree on a stock price within the Bid/Ask

spread, that is
S(t) = a(t)Bid(t) + (1 — a(t)) Ask(t), (3.2.4)

where «(t) is a stochastic process such that 0 < «(¢) < 1. One could choose e.g.,

for a function o : [0,7] — [0,1] or

for a function f: R xR — [0, 1].

For convenience, we will from now on assume that «(t) = 1/2, that is

_ Bid(t) + Ask(t)
N 2
R(t) — T(t)

== (3.2.5)

St
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3.3 Markovian property of processes R, T and S

For convenience, let us briefly discuss the Markovian property of the processes R(t), T'(t)
and S(¢) in some particular cases. The two cases considered here are the cases when the
process {X'(t)} +>o are Brownian motions or Ornstein-Uhlenbeck processes. Let us first

have on the definition of semimartingales rank processes.

Definition 3.3.1 Let Xq,---, X, be continuous semimartingales. For 1 < k <n, the k-th

rank process of X1, -+, X, is defined by

X® = max min(X;,, -, X;,), (3.3.1)
11 <--- <t

where 1 <141 and i < n.

Note that, according to Definition 3.3.1, for t € R,

max X;(t) = XM @) > X)) > .. > XM () = min X;(¢), (3.3.2)

1<i<n 1<i<n

so that at any given time, the values of the rank processes represent the values of the original

processes arranged in descending order (i.e. the (reverse) order statistics).
Using Definition 3.3.1, we get

R(t) := X™M*(1) (3.3.3)

3.3.1 The Brownian motion case

Here we assume that the processes {X z(t)} +~0» 1 < i@ < n are independent Brownian

motions.

Proposition 3.3.2 The process R possesses the Markov property with respect to the filtra-

tion Fy == FPNo(R(t);0 <t <T).
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Proof. : We first prove that BT = max(B,0) is a Markov process. define the process

Y (t) = B € R2
B(t)
Then (Y (¢))+>0 is a two dimensional Feller process.
Let g(z1,22) = %(:):1 + x3). One observes that g : R? — R is a continuous and open map.
Thus is follows from Remark 1 p. 327, in [36] that BT (t) = YT (t) = g(Y(t)) is a Feller

process, too.

The latter argument also applies to the n-dimensional case, that is

Y= (Bf (1), B (1)

is a Feller process. Since
f: R"” — R
(1, -+ ,xn) + min(zy, - ,xy,)

is a continuous and open map we conclude that R(t) = f(Y) is a Feller process. m

Proposition 3.3.3 The process T possesses Markov property with respect to the filtration

Fi=FPno(Tt);0<t<T).
Proof. See the proof of Proposition 3.3.2. =

Corollary 3.3.4 The process S possesses Markov property with respect to the filtration
Fi=FPno(SE);0<t<T).

Proof. The process Z defined by Z; = R; + T; for all t > 0 is a Markov process as sum of
two Markov processes. m
3.3.2 The Ornstein-Uhlenbeck case

Here we assume that the process X (t) = (X1(¢),---, X, (¢)) is an n-dimensional Ornstein-

Uhlenbeck, that is

dX,L(t) = —OziXi(t)dt + O‘idBi(t), 1<1<n, (334)
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where a; and o; are parameters. It is clear that an Ornstein-Uhlenbeck process is a Feller

process. So we obtain

Proposition 3.3.5 The process R, T and S defined by (3.5.3) and (3.2.5) possess Markov

property.
Proof. The conclusion follows from the proof of Proposition 3.3.2. =

Remark 3.3.6 Using continuous and open transformations of Markov processes, the above
results can be generalized to the case, when the bid and ask processes are Feller processes.

See [306].

3.4 Further properties of S(t)

In this Section, we want to use the semimartingale decomposition of our price process S; to

analyze completeness and arbitrage on market driven by such a process.

We need the following result. See Proposition 4.1.11 in [46].

Theorem 3.4.1 Let X1, -+, X, be continuous semimartingales of the form (3.2.1). For
ke {1,2,---,n}, let u(k) = (w(k), t > 0): Q x [0,00[— {1,2,--- ,n} be any predictable
process with the property:

XE(t) = Xy (8). (3.4.1)

Then the k-th rank processes X®) k=1, n, are semimartingales and we have:

n

t
X®@) = x00)+3 /0 sy Xi(5)
=1

1 [*
+t3 Z/O Ly (k)=iy ds LA(X®) — X3))
i=1

1

n t
) Z/O Luy(k)=iy ds LU(X® = X3)7), (3.4.2)
=1
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where LY(X) is the local time of the semimartingale X at zero, defined by
¢
1X:| = | Xol +/ segn(X,—) dXs + LY (X),
0

where sgn(z) = —1(_s,0(T) + 1(0,00)(T)-

Proof. We find that

n t n t
(k) (k) _ i k i
XM =X =3 /0 L ()i X+ /0 Lgu, )=y & (XEF) = X0, (3.4.3)
i=1 =1

where we used the property > " ;1 {us(k)=i} = 1. It follows,

noo
k k 7
xH - xP = Z/O Lfu, (k)=i) 4
=1

t
k ;
+ E /Ol{us(k)i}d(Xs()—Xs)+
=1

n t
- Z/O L i)y 4 (XF) = X7)™.
=1

We note the fact

{us(k) =i}  {X® = X;(s)}. (3.4.4)
We now use the following formula:
1 t
§L?(X) :/0 Lix,—0} d X, (3.4.5)

which is valid for non-negative semimartingales X. See e.g., [24, 40]
Then, by applying (3.4.5) to (X®)(¢) — X;(t))*, t > 0, Equation (3.4.3) becomes:
n_ont
X0 - XP0) = 3 [ 1wy aXits)
i=170

I~ [t
+ 22/0 Lua(ky=i} ds LI((XP) = X5)™)
=1

1 < [* B
3 Z/O Ly (=i ds LO((X ™) — X3)7).
=1

Then the above result follows. ®m
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3.4.1 The Brownian motion case

If X;(t) = B (t) or Bf(t), i = 1,...,n are n independent Brownian motions, the evolution

of R(t) and T'(t) follows from Theorem 3.4.1.

Corollary 3.4.2 Let the processes {R(t)},~o and {T'(t)},5q be given by Equation (5.5.3).

Then R(t) = B™*(t) and T(t) = BW*(t) and we have:
R(t) = R(0) + /1un:¢ {dB.+ — —d,L° B*—R}
(t) = R(0) ;1:0{3()} i (s) = 545 L5 (B — R)

= R(0) + ) /0 Loy (m)=i} {1{Bi<s>>0}d3i(5) + 5 [AL3(Bi) = dsLg (B — R)] }
=1

(3.4.6)

n t 1
10 =70+ 3 [ 1o {2816+ Ja.22(0 - 5}
=1
n t 1 .
= T(0) + Z/O T {1{Bi(s)go}d3i(s) +3 [dsL2 (T — B}) — dsL3(B;)] }
=1
(3.4.7)

We can rewrite R(t) and T'(t) as follows:
R(t) =R(0) + M"(t) + V(1)
T(t) =T(0) + M*(t) + VI (1),

where M (t), MT(t) are continuous local martingales and V#(¢), VT (¢) are continuous

processes of locally bounded variation given by:

n t 1

VRl = > /0 Yus(m)=i} 3 [dsL(B;) — dsL) (B — R)] , (3.4.8)
=1
n t

MT(t) = Z/O Luy(ny=i} 1{Bi(s)>01dBi(s), (3.4.9)
=1
n t 1 .

Vi) = > /0 Lou()=i} 5 [ds L2 (T — BY) — dsLY(B;)], (3.4.10)
=1

n t
MYty =Y /0 Lo, (n)=i} L{B:(s)<0ydBi(s). (3.4.11)
i=1
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The following corollary gives the semimartingale decomposition satisfied by the process S;.

Corollary 3.4.3 Assume that the process S(-) is given by Equation (3.2.5). Then one can
write S(t) = f(A(t)) where A(t) = (R(t), T(t)) and f(z1,22) = & (z1 — 22), and we have:

1 [*
S(t) =50)+5 ) /O (Vs (m)=it L{Bi(9)>0} — Lou(my=iy L{Bi(s)<0y) dBi(s)

=1
I [f o
+§Z (Lus =iy T Log(my=i}) dsLs(Bi)
=1
1 < ¢ 0t t .
—22{/ L, (ny=ipds Lg (B; —R)Jr/0 Liv, (n)=iyds Ly (T—BZ-)}. (3.4.12)
=1

In order to price options with respect to S(t) one should ensure that S(¢) does not admit
arbitrage possibilities and the natural question which arises at this point is the following:
Can we find an equivalent probability measure @) such that S is a -sigma martingale (see
[116] for definitions)? Since our process S is continuous we can reformulate the question as:
Can we find an equivalent probability measure @) such that S is a @ local martingale'?

We first give the following useful remark which is a part of Theorem 1 in [117].

Remark 3.4.4 Let X(t) = Xo+ M(t) + V(t) be a continuous semimartingale on a filtered
probability space (0, F,{Fi}i>0,P). Let Cy = [X,X], = [M,M],, 0 <t <T. A necessary

condition for the existence of an equivalent martingale measure is that dV << dC'.

Consequence 3.4.5 Since local time is singular, we observe that the total variation of the
bounded variation part in Equation (3.4.12) cannot be absolutely continuous with respect to
the quadratic variation of the martingale. It follows that the set of equivalent martingale

measures s empty and thus such a market contains arbitrage opportunities.

3.4.2 (In)complete market with hidden arbitrage

We consider in this Section a model where {S(t)},-, denotes a stochastic process modeling

the price of a risky asset, and {R(t)},», denotes the value of a risk free money market

! In fact since S is continuous and since all continuous sigma martingales are in fact local martingales,

we only need to concern ourselves with local martingales
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account. We assume a given filtered probability space (Q,}" AFt 05 P), where {F;},~¢
satisfies the “usual hypothesis”. In such a market, a trading strategy (a,b) is self-financing

if a is predictable, b is optional, and
a(t)S(t) + b(t)R(t) = a(0)S(0) + b(0)R(0) —|—/0 a(s)dS(s) + /0 b(s)dR(s) (3.4.13)

for all 0 < t < T. For convenience, we let Sp = 0 and R(¢) = 1 (thus the interest rate

r =0), so that dR(t) = 0, and Equation (3.4.13) becomes

a(t)S(t) + b(t)R(t) = b(0) —i—/o a(s)dS(s).

Definition 3.4.6 (See [68].)

1. We call a random variable H € Fr a contingent claim. Further, a contingent claim
H is said to be Q-redundant if for a probability measure Q) there exists a self-financing

strategy (a,b) such that
t
VQ(t) = Eq [H| Fi] = b(0) +/ a(s)dS(s), (3.4.14)
0
where {V (t)}~q is the value of the portfolio.

2. A market (S(t),R(t)) = (S(t),1) is Q-complete if every H € L' (Fr,Q) is Q-

redundant.

Define the process (Ms(t))t>0 as follows

1 [!

S

M) =5 /0 (Lua ()=} 1Bi(9)>0} = L. ()= 1{Bi(s)<0}) dBi(s). (3.4.15)
=1

Then the following theorem is immediate from Theorem 3.2 in [68].

Theorem 3.4.7 Suppose there exists a unique probability measure P* equivalent to P such

that M5 (t) is a P*—local martingale. Then the market (S(t),1) is P*—complete.

Proof. Omitted. m
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Proposition 3.4.8 Suppose that n > 2. Then, there exists no unique martingale measure

P* such that M5 (t) is a P*—local martingale.

Proof. Because of Equation (3.4.15), we observe that M9(t) is a P-martingale. Let us
construct another equivalent martingale measure P*. For this purpose assume wlog that

us(n) and vs(n) are given by

us(n) =min {i € {1,...,n} : B (t) = R(t)}
and

vs(n) =min{i € {1,...,n} : B (t) =T(t)}.

Now define the process h as
h(t) = 1iawys

where
At) ={w e Q: [(t,w) =0},

with

n

B(s) = Y (Lua(my= 1Bu(s)>0} = L{va(m)=i} L{B,(s)<0}) - (3.4.16)
=1

One finds that Pr[A(t)] > 0 for all ¢. Let us define the equivalent measure P* with respect

to a density process Z; given by

Here £(N) denotes the Doléans-Dade exponential of the martingale N; defined by

Ny :; /0 h(s) dBy(s).

Then it follows from the Girsanov-Meyer theorem (see [116]) that M*(t) has a P*-semimartingale

decomposition with a bounded variation part given by

/t 2h(s)d (M5, M®)_.
0
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We have that

1

t S MO == t s)B(s)ds
/02h(s)d<M M >3_2/0 h(s)B(s)ds.

Since h3 = 0, it follows that

/t h(s)d (M°, M%) =0.
0

Thus M5(t) is a P*-martingale. Since P is also a martingale measure with P # P* the

proof follows. m

Remark 3.4.9 In the case n = 1 (a single Bid/Ask), the market becomes complete since
the process ((t), defined by Equation (3.4.16) in the proof is equal to sgn(B(t)). Therefore

the unique martingale measure is P.

We can then deduce the following theorem on our process S(t).

Theorem 3.4.10 Suppose that S = {S(t)}, is given by Equation (3.4.12), and {Ms(t)}t>0

is given by Equation (5.4.15). Then

1. For n = 1 (a single Bid/Ask), the market (S(t),1) is P-complete and admits the

arbitrage opportunity of Equation (3.4.17).

2. For n > 2 (more than a single Bid/Ask), the market (S(t),1) is incomplete and

arbitrage exists.

Proof. From Theorem 3.4.8, we know that the market is P-complete for n = 1 and
incomplete for n > 1. Let P such that M“(t) is a P-local martingale.

For n =1, let us construct an arbitrage strategy. Let

s = Ligupp(apnes 1373 (5), (3.4.17)

where supp (d [MS, MS]) denotes the w by w support of the (random) measure d [MS, MS] L (W)

that is, for fixed w it is the smallest closed set in R such that d [M S M-S ] , does not charge



3.5 Pricing and insider trading with respect to S(t) 73

its complement. Compare the proof of Proposition 3.4.8.

Let

/ (Vs (m=i) + Lws(m)=i}) dsL3(By)

l\')M—t

BES T *

Assume wlog that H € L'(P). Then by Theorem 3.4.7, there exists a self financing strategy

(jt, b) such that

However, by Equation 3.4.17, we also have

T
Hr =0 +/0 a(s)dH(s).

Moreover, we have fo s)dM s (s) =0, 0<t<T,Dby construction of the process a. Hence,

T
H=H(T) = 0—1—/0 a(s)dS(s),

which is an arbitrage opportunity. =

3.5 Pricing and insider trading with respect to S()

In this Section we discuss a framework introduced in [27], which enables us pricing of
contingent claims with respect to the price process S(t) of the previous sections. We even
consider the case of insider trading, that is the case of an investor, who has access to insider

information. To this end we need some notions.

We consider a market driven by the stock price process S(t) on a filtered probability space
(2, H,{Ht};5q,P). We assume that, the decisions of the trader are based on market infor-
mation given by the filtration {G:}(o;op with H; C G for all ¢ € [0,T], T > 0 being a fixed
terminal time. In this context an insider strategy is represented by an G;-adapted process

©(t) and we interpret all anticipating integrals as the forward integral defined in [95] and



3.5 Pricing and insider trading with respect to S(t) 74

[121].

In such a market, a natural tool to describe the self-financing portfolio is the forward inte-
gral of an integrand process Y with respect to an integrator S, denoted by fot Y d—S. See
Chapter 1 or [121]. The following definitions and concepts are consistent with those given

in [27).

Definition 3.5.1 A self-financing portfolio is a pair (Vy,a) where Vjy is the initial value of
the portfolio and a is a Gi-adapted and S-forward integrable process specifying the number
of shares of S held in the portfolio. The market value process V' of such a portfolio at time

t € 10,7, is given by
V(t) = Vo + /Ota(s) 4 S(s), (3.5.1)

while b(t) = V (t) — S(t)a(t) constitutes the number of shares of the less risky asset held.

3.5.1 A-martingales

Now, we briefly review the definition of A-martingales which generalizes the concept of
a martingale. We refer to [27] for more information about this notion. Throughout this
Section, A will be a real linear space of measurable processes indexed by [0, 1) with paths

which are bounded on each compact interval of [0, 1).

Definition 3.5.2 A process X = {X(t)}g<y<r s said to be a A-martingale if every 0 in A

is X -improperly forward integrable (see Chapter 1) and
t
E [/ H(S)dX(s)] =0 for every 0 <t <T (3.5.2)
0

Definition 3.5.3 A process X = (X(t),0 <t < T) is said to be A-semimartingale if it
can be written as the sum of an A-martingale M and a bounded variation process V', with

V(0)=0.

Remark 3.5.4
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1. Let X be a continuous A-martingale with X belonging to A, then, the quadratic vari-
ation of X exists improperly. In fact, if fo X(t)d~X(t) exists improperly, then one
can show that [X, X] exists improperly and [X,X] = X? — X?(0) — 2 [; X (s)d~ X (s).
See [27] for details.

2. Let X a continuous square integrable martingale with respect to some filtration F.
Suppose that every process in A is the restriction to [0,T) of a process (8(t), 0 <t <
T) which is F-adapted. Moreover, suppose that its paths are left continuous with right
limits and E [fOT 02(t)d[X]t} < 00. Then X is an A-martingale.

3.5.2 Completeness and arbitrage: A-martingale measures

We first recall some definitions and notions introduced in [27].

Definition 3.5.5 Let h be a self-financing portfolio in A, which is S-improperly forward
integrable and X its wealth process. Then h is an A-arbitrage if X (T') = limy_,p X (t) exists
almost surely, Pr(X(T) > 0] =1 and Pr[X(T) > 0] > 0.

Definition 3.5.6 If there is no A-arbitrage, the market is said to be A-arbitrage free.

Definition 3.5.7 A probability measure Q) ~ P is called a A-martingale measure if with

respect to Q) the process S is an A-martingale according to Definition 3.5.2.

We need the following assumption. See [27].

Assumption 3.5.8 Suppose that for all h in A the following condition holds.

h is S-improperly forward integrable and
~ t ~ ~ t
/ i / h(s)dS(s) = / h(t)d=S(t) = / h(t)d- / d-S(s) (3.5.3)
0 0 0 0 0
The proof of the following proposition can be found in [27].

Proposition 3.5.9 Under Assumption 3.5.8, if there exists an A-martingale measure @,

the market is A-arbitrage free.
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Definition 3.5.10 A contingent claim is an F-measurable random variable. Let L be the

set of all contingent claims the investor is interested in.

Definition 3.5.11

1. A contingent claim C' is called A-attainable if there exists a self-financing trading
portfolio (X(0),h) with h in A, which is S-improperly forward integrable, and whose

terminal portfolio value coincides with C, i.e.,

lim X (t) = C P-a.s.
t—T

Such a portfolio strategy h is called a replicating or hedging portfolio for C, and X (0)

is the replication price for C.

2. A A-arbitrage free market is called (A, L)-complete if every contingent claim in L is

attainable.

Assumption 3.5.12 For every Go-measurable random variable n, and h in A the process

u = hn, belongs to A.

Proposition 3.5.13 Suppose that the market is A-arbitrage free, and that Assumption

3.5.8 s realized. Then the replication price of an attainable contingent claim is unique

Proof. Let @ be a given measure equivalent to P. For such a @, let A be a set of all
strategies (Gi-adapted) such that Equation (3.5.2) in definition 3.5.2 is satisfied. Then, it
follows from Proposition 3.5.9 that our market (S(t),1) in Section 3.4.2 is A-arbitrage free.
[ ]

In the final section, we shall discuss attainability of claims in connection with a concrete

set A of trading strategies.
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3.5.3 Hedging with respect to S(t)

In this Section, we want to determine hedging strategies for a certain class of Furopean
options with respect to the price process S(t) of Section 3.4.2.

Let us now assume that n = 1 (a single Bid/Ask). Then, the price process S is the sum
of a Wiener process and a continuous process with zero quadratic variation; moreover, we
have that d[S]; = $3%(t) = 1, where 3(t) is given by Equation (3.4.16). We can derive the

following proposition which is similar to Proposition 5.29 in [27].

Proposition 3.5.14 Let ¢ be a function in CO(R) of polynomial growth. Suppose that
there exist (v(t,z), 0 <t <T, z €R) of class C*2([0,T) x R) N C°([0, T] x R) which is a
solution of the following Cauchy problem
du(t,x) + 30yv(t,y) = 00n[0,T) xR
v(T,y) = ¥(y)

(3.5.4)
Set
h(t) = 9yu(t,S(t), 0<t<T, X(0)=v(0,5(0)).
Then (X (0); h) is a self-financing portfolio replicating the contingent claim (pS(T)).
In particular, (S(t),1) is A, L-complete, where A is given by

A={(¢(t,5()), 0<t<T):¢:[0,T] x R— R Borel
measurable, of polynomial growth and lower bounded} ,

and L by all claims as stated in this Proposition.

Proof. The proof is a direct consequence of It6’s Lemma for forward integrals. See Propo-

sition 5.29 in [27]. m
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Chapter 4

Malliavin calculus applied to
optimal control of stochastic
partial differential equations with

jumps

4.1 Introduction

In this Chapter we aim at using Malliavin calculus to prove a general stochastic maximum
principle for stochastic partial differential equations (SPDE’s) with jumps under partial
information. More precisely, the controlled process is given by a quasilinear stochastic heat
equation driven by a Wiener process and a Poisson random measure. Further the control
processes are assumed to be adapted to a subfiltration of the filtration generated by the
driving noise of the controlled process. Our Chapter is inspired by ideas developed in Meyer-
Brandis, @ksendal & Zhou [88], where the authors establish a general stochastic maximum
principle for SDE’s based on Malliavin calculus. The results obtained in this Chapter can

be considered a generalization of [88] to the setting of SPDE’s.

79
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There is already a vast literature on the stochastic maximum principle. The reader is
e.g., referred to [10, 11, 7, 52, 128, 102, 136] and the references therein. Let us mention
that the authors in [10, 128], resort to stochastic maximum principles to study partially
observed optimal control problems for diffusions, that is the controls under consideration
are based on noisy observations described by the state process. Our Chapter covers the
partial observation case in [10, 11, 128], since we deal with controls being adapted to a
general subfiltration of the underlying reference filtration. Further, our Malliavin calculus
approach to stochastic control of SPDE’s allows for optimization of very general performance
functionals. Thus our method is useful to examine control problems of non-Markovian type,
which cannot be solved by stochastic dynamic programming. Another important advantage
of our technique is that we may relax the assumptions on our Hamiltonian, considerably.
For example, we do not need to impose concavity on the Hamiltonian. See e.g., [102, 7].
We remark that the authors in [7] prove a sufficient and necessary maximum principle for
partial information control of jump diffusions. However, their method relies on an adjoint

equation which often turns out to be unsolvable.

We shall give an outline of our Chapter: In Section 4.2, we introduce a framework for our
partial information control problem. Then in Section 4.3, we prove a general maximum
principle for SPDE’s by invoking Malliavin calculus. See Theorem 4.3.3. In Section 4.4,
we use the results of the previous section to solve a partial information optimal harvesting
problem (see Theorem 4.4.1). Further we inquire into a portfolio optimization problem
under partial observation. The latter problem boils down to a partial observation problem

of jump diffusions, which cannot be captured by the framework of [88].

4.2 Framework

In the following, let { B, }o<s<7 be a Brownian motion and N(dz,ds) = N(dz, ds) — dsv(dz)
a compensated Poisson random measure associated with a Lévy process with Lévy measure

v on the (complete) filtered probability space (2, F, {ft}0§t§T7 P). In the sequel, we assume
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that the Lévy measure v fulfills
/ 22v(dz) < oo,
Ro

where Ry := R\ {0} .
Consider the controlled stochastic reaction-diffusion equation of the form
dr(t,z) = [Lr(t, )+ b(t, 2, T(t, ), VoI (t, ), ult, ), w)} dt
+o(t,x,T(t,x), VI (t, z),u(t, z),w)dB(t)
+/RQ(t,x,F(t,x),Vzl“(t,x),u(t,x),z,w)ﬁ(dz,dt), (4.2.1)
(t,z) € [0,T] x G

with boundary condition

I'(0,2) =¢(x), © € G,
L(t,x) =n(t,x), (t,x) € (0,T) x 0G.

Here L is a partial differential operator of order m and V, the gradient acting on the space

variable x € R” and G C R" is an open set. Further
b(t,z, 7,7 u,w) ¢ [0,T]x GXxRxR"xU xQ —R
ot,r,v, 7Y, u,w) : [0,T]xGxRxR"xUxQ— R
Ot,x,v,v u, z,w) : [0,T]x GXxRXR"xU xRy x Q2 — R
£&x) : G—R
n(t,z) : (0,7)x90G — R
are Borel measurable functions, where U C R is a closed convex set. The process

u:[0,T]xGxQ—U

is called an admissible control if the system (4.2.1) has a unique (strong) solution I' = T'(®)

such that u(t, z) is adapted with respect to a subfiltration

ECF, 0<t<T, (422)
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and such that

E[/OT/G]f(t,x,F(t,x),u(t,x),w)\dwdt—i—/G]g(a:,F(T,w),w)]d:c < oo

for some given C! functions that define the performance functional (see Equation (4.2.3)

below)

f @ [0,T]xGxRxUxQ—R,

g : GXRxQ—R

A sufficient set of conditions, which ensures the existence of a unique strong solution of
(4.2.1), is e.g., given by the requirement that the coefficients b, o, § satisfy a certain linear
growth and Lipschitz condition and that the operator L is bounded and coercive with
respect to some Gelfand triple. For more general information on the theory of SPDE’s the

reader may consult e.g., [28], [70].

Note that one possible subfiltration & of the type (4.2.2) is the d-delayed information given
by

& =Fugs+; 120

where § > 0 is a given constant delay.

The o-algebra & can be interpreted as the entirety of information at time ¢ the controller

has access to. We shall denote by A = A¢ the class of all such admissible controls.

For admissible controls u € A define the performance functional

T
J(u):E[/O /Gf(t,ac,I‘(t,x),u(t,:v),w)dxdt—I—/Gg(:n,F(T,:U),w)dx L (423)

The optimal control problem is to find the maximum and the maximizer of the performance,

i.e. determine the value J* € R and the optimal control u* € A such that

J* =sup J(u) = J(u¥) (4.2.4)
ucA
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4.3 A generalized maximum principle for stochastic partial

differential equations with jumps

In this Section we want to derive a general stochastic maximum principle by means of
Malliavin calculus. To this end, let us briefly review some basic concepts of this theory. As

for definitions and further information on Malliavin calculus, we refer to [94] or [31].

4.3.1 Some elementary concepts of Malliavin calculus for Lévy processes

In the sequel consider a Brownian motion B(t) on the filtered probability space

(9(1)7]:(1)’ {cht(l)}ogtg’ P(l))’
where {ft(l)}ogth is the P —augmented filtration generated by B, with F(1) = ]:é,l).

Further we assume that a Poisson random measure N (dt, dz) associated with a Lévy process

is defined on the stochastic basis
2
(Q(Q)’f‘(z)’ {_7:t( )}ogthv p(2)).
See [13, 127] for more information about Lévy processes.

The starting point of Malliavin calculus is the following observation which goes back to K.
1t6 [66]: Square integrable functionals of B(t) and N (dt,dz) enjoy the chaos representation

property, that is

(i) If F € L2(FD, PM) then
F=Y"1"(fa) (4.3.1)

n>0

for a unique sequence of symmetric f, € L?(\"), where A is the Lebesgue measure

and

T tn to
=t ] (0 fn<t1,---,tn>dB<t1>) dB(ty) - dB(ty), ne N

the n-fold iterated stochastic integral with respect B;. Here I,(zl) (fo) := fo for constants
fo-
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11) Similarly, 1 € , , then
ii) Similarly, if G € L2(F®, P?), th

G=> I1(gn), (4.3.2)

n>0

for a unique sequence of kernels g, in L2((\ x v)"), which are symmetric with respect

to (t1,21), -, (tn, zn). Here 1Y (gn) is given by
T tn to ~ ~
(2)(9n) :n‘/ / / / </ / gn(t1,21,“’ 7tn73n)) N(dtl,le)"‘N(dtn,dZn),
0 Ro /O Ro 0 Ro
neN

It follows from the It isometry that
2 2
HF”LQ(P(U) = Z”! an”LQ()\")
n>0

and

HGH%Q(P(?)) = Zn! HgnH%Q((AXV)") :
n>0

Definition 4.3.1 (Malliavin derivatives D; and D ,)

i) Denote by DY) the stochastic Sobolev space of all F e L2(FW, PMW)Y with chaos expan-
1,2
sion (4.3.1) such that

||F||D<1) =Y nn || fall 72

n>0

Then the Malliavin derivative Dy of F' € ]D)S% in the direction of the Brownian motion

B is defined as

D,F = Zn[ (f-1),

n>1

where ﬁz—l(tly cee ,tn_l) = fn(tl, cee ,tn_l,t).

(ii) Similarly, let ID)S% be the space of all G € L*(F®, P®) with chaos representation
(4.3.2) satisfying

HGHD@) = Znn' HgnHL2 (Axv)n) <
n>0
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Then the Malliavin derivative D; . of G € ]Df% in the direction of the pure jump Lévy
process Ny = fOT Jr, ZN(dt,dz) is defined as
Dt zG Z nI gn 1
n>1

where gn—1(t1, 21, -+ ytn—1,2n—1) = gn(t1, 21, - ytn_1,2n—1,1, 2).

A crucial argument in the proof of our general maximum principle (Theorem 4.3.3) rests

on duality formulas for the Malliavin derivatives D; and Dy .. (See [94] and [32].)
Lemma 4.3.2 (Duality formula for D; and Dy .)

(i) Require that o(t) is }~( )—adapted with Epq) [f() dt} < oo and F € }D)glg Then
T T
Epq) [F/ o(t) dB(t)] =Epu [/ o(t)DiF dt] .
0 0

(ii) Assume that (t,z) is f(z)—adapted with Ep) [fOT fRo V2(t, 2) v(dz) dt} < oo and
G e ]D)f% Then

T _ T
Ep@) [G/ Q,Z)(t,z)N(dt,dz)} = Epe) [/ Y(t,2)Dy .G v(dz) dt} .
0 Ro 0 IRO
From now on, our stochastic basis will be
(97‘7:7 {ft}OStSTa P)7
where @ = QW x Q@ F = FO x 7@ 5, = 7V x ¥ p = pO) x PO,
We remark that we may state the duality relations in Lemma 4.3.2 in terms of P.
4.3.2 Assumptions
In view of the optimization problem (4.2.4) we require the following conditions 1-5

1. The functions b, o, 6, f, g are contained in C' with respect to the arguments I' € R

and u e U.
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2. For all 0 <t <r < T and all bounded & ® B(R)—measurable random variables «,

the control

Ba(s,) = a - Xy(s), 0<s < T, (4.3.3)
where X[; 7] denotes the indicator function on [t,T], is an admissible control.

3. For all u, 8 € Ag with 8 bounded there exists a 6 > 0 such that
u+yp e Ag (4.3.4)
for all y € (—0,0), and such that the family

9 utys 4 purtys
{ G f(ta T )t a) 4y a). ) T 00)

g F T 0) ) + (), ) |

ye (_575)

is A X P x p—uniformly integrable;

15) d
g@wmwwanmmrwwwmﬁ
{ Oy dy ye(—6,8)

is P x p—uniformly integrable.

4. For all u, 8 € Ag with 8 bounded the process

Y(t,x) =Yt z) = diﬂ“ﬂ/ﬁ) (t,z)
Y

y=0

exists and

LY (t,z) = ijPWW) (t,z)

y=0

d
V.Y (t,z) = @vmr<u+y5> (t,z)

y=0
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Further suppose that Y (¢, x) follows the SPDE

90 (s, 2,0 (s, ), Val (s, ), u(s, 2), )

Y (t,z) :/0 -LY(s,a:) +Y(s,z) 9

+ VoY (5,2)Vyb(s, 2, T(s,x), VoI (s, z), u(s, z),w)] ds

+/Ot :Y(s,:c);ya(s,x,f’(s,x),VxF(t,:):),u(s,x),w)
+ V.Y (s x)Vya(s z,T(s,x), VoI'(t, 2),u(s, z),w)] dB(s)

/ / [ (s 2.T(s,2), Vol (t, 2), uls, ), 2,w)
+ VIY(S_,x)VyH(s,x,I’(s,x),VxF(t,:v),u(s,x),z,w)] N(dz,ds)
+/0t [ﬂ(s,$)aaub(s,x,F(S,:c),VIF(S,x),u(s,x),w) ds
-l-/Otﬂ(s,x)gua(s,x,F(s,x),fo(t,x),u(s,x),w) dB(s)

t - 9 -
—|—/0 /Rﬁ(s ,x)%H(s,x,F(s,x),fo(t,a:),u(s,x),z,w) N(dz,ds),

(t,z) €]0,T] x G, (4.3.5)
with
Y(0,7) =0, x € G,
Y(t,x) =0, (t,z) € (0,T) x 0G .
where V, = (6%1,--- ,%), Vy = (a%i,--- %92/) and
o = ((%Fl,... W%) = ()

The proof of our maximum principle (Theorem 4.3.3) necessitates a certain proba-
bilistic representation of solutions of the SPDE (4.3.5). Compare [79] in the Gaussian

case. To this end, we need some notations and conditions.

In what follows we need some notation:

Let m € N, 0 < § < 1. Denote by C™?° the space of all m-times continuously
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differentiable functions f : R™ — R such that

D f(x) — D
1 lssize = 1z + > sup D) = DI

ayeK oty [l = yll

|a|=m

for all compact sets K C R”, where

@)

s = sup 20+ S sup D% (o).
1<|a]<m *€K
For the multi-index of non-negative integers a = (a1, - ,aq) the operator D¢ is
defined as
olal

D =
(aml)al e (a:zd)o‘d

where |a] := Z?:l Q.

Further introduce for sets K C R™ the norm

9115 = N9l + > 18 D5 all5

la|=m
where
. l9@.9) — (', y) = g(@y) + 9l 3]
HgHé,K = S}lp/ g g
zy,x Yy €K HLU -z ” ||y -y H
a#ya 2y
and
~ g(z,y
19l == sup l9(z, )| + Y sup [DIDSg(x,y)].

zyeK (1 + H.%'H)(l + HyH) 1<|a‘<mz,y€

We shall simply write ||g]];,, s for [[g]l;, 1 s.zn -

Define
~ 0 )
bi(t,x) = ?b(t,x,F(t, x), Vi I'(t,z),u(t,z),w),i=1,---,n (4.3.6)
- 0 ,
oi(t,x) = ?a(t,x,l“(t,m), V.L(t,x),u(t,z),w),i=1,---,n (4.3.7)
- o .
0;(t,x) = ?G(t,x,f‘(t,x),vxl“(t, x),u(t,z),z,w),i=1,---,n (4.3.8)

)

b*(t,x) = g’yb(t,m,l“(t, x), V. I[(t, z),u(t,z),w) (4.3.9)
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o (t,z) = ;U(t,x,f‘(t,x), V.D(t, 2), u(t,z),w) (4.3.10)
0% (t,x,2) = Ei&(t,x,l“(t,m), V.I(t, x), u(t,x), z,w) (4.3.11)
bu(t, ) := ﬁ(s,x)a%b(t,x,r(t,x), V.I(t, z), u(t, z),w) (4.3.12)
ou(t, z) == ﬁ(s,m)aaua(t, 2, T(t, ), VoI(t, ), u(t, z),w) (4.3.13)
Set

Fi(z,dt) :=bi(t,z)dt + o;(t,x)dB(t), i=1,---,n

Friq(z,dt) :=b"(t,z)dt + o™ (t,z) dB(t) + 0*(t,x, z)N(dt, dz)
Ro

t t
Foio(z,t) = / bu(s,x)ds —|—/ ou(s,z)dB(s)
0 0
Define the symmetric matrix function (A% (x,y, s)1<; j<n+2 given by

Aij(xay7 S) :@(s,m) . gj(s,y), Z7j = ]_’ cee L,
Ai’n—i_l(l‘ay? 5) :51(371:)0-*(5,3/)7 1= 17 e, N

Ai7n+2(xay7 8) :5i(8,$)(7u(8,y), 1= 17 e, Nn
and

An-‘rl,n-ﬁ-l (.le, v, S) _ O'*(S, I’) . O'*(S, y)

AT (2, 5) =07 (s, 2) - ou(s, y)

AMTE (1, 5) = 0u(s, @) - ouls, y)

We make the following assumptions:

D1 20(t,,T(t,x), V,I(t,z),ult,z),zw)=0, 6i(t,z)=0, i=1,---,n.
D2 o*(t,z),0*(t,xz,2), oi(t,z), i =1,---,n are measurable deterministic functions.
D3 Z?;ﬁl foT HAU(', -,s)H;Jﬂs ds < oo and

Jo {<Z?1 Bils, ) )+ 16 s + s ->um+5} ds < o ac.

for some m > 3 and § > 0.
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D4 There exists a measurable function (z — £(r, 2)) such that

i I 6
(D26 (t,,2) = DEO* (4", 2)| < B0, 2) [~
and
1B(r, 2)|P v(dz) < o0
Ro
forall p>2/ja| <2,0<t<T and z,x with x| <, ac/H <r.

D5 There exist measurable functions «(z) < 0 < (z) such that
—1<a(z) <0 (t,xz,z) < B(z) for all t,x, z
and

‘5 2)[P v(dz) +/R (a(z) —log(1 + a(z)))p/2 v(dz) < oo for all p > 2.

In the following we assume that the differential operator L in Equation (4.3.5) is of

the form
Lou = LWYu+ L,
where
1 I
1), .— = ij
Ly u.—zzg;la (z,s) "63 Zb x,s) +d(z,s)u
and
(2) = ij i,n+1 sl
Liu = 21-;A (.5 i +;<A (x’x’8)+2c’(x’s)> 0
1
—1—5 (D(z,s) + A" (2,2, 8)) u
with
"L QDAY
= 8i(x7yvs) ) Z:L' , 1
= Y =
and
n Ai,n+1
D(x,s) = aai(J:?y? S)
j=1 Yy y=z

We require the following conditions:
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D6 Lgl) is an elliptic differential operator.

D7 There exists a non-negative symmetric continuous matrix function (a (x, y, s))1<i j<n
such that a”(z,,s) = a”(x, s). Further it is assumed that
n .
Z [a® (s 9)][ 145 < K forall s
ij=1
for a constant K and some m > 3, § > 0.

D8 The functions b;(z,s),i =1,--- ,n are continuous in (z, s) and satisfy

n

Z 163 (-5 8) | yps < C for all s
i=1

for a constant C' and some m > 3, § > 0.
D9 The function d(z, s) is continuous in (z,s) and belongs to C™9 for some m > 3,

§ > 0. In addition a¥ is bounded and d/(1 + ||z||) is bounded from the above.

D10 The functions b*,0* and d* are uniformly bounded.

Now let X (z,t) = (X1(z,t),---, Xn(z,t)) be a C*Y—valued Brownian motion , that
is a continuous process X(¢,-) € C*7 with independent increments (see [79]) on
another probability space ((AZ, F , 18) Assume that this process has local characteristic
a¥(z,y,t) and m(z,t) = b(z,t) — c(x,t), where the correction term c(z,t) is given by

1 [t dal
Ci(l'at) = 2/0 Zl 8:133 (l'vyas)
]:

Then, let us consider on the product space (£ x Q, F X ]?, Px ﬁ) the first order SPDE

ov

v(z,t) = ;/0 (Xi(z,0ds) + Fi(z, ods))%
+ /t(d(az, S) + Fuy1(x,0ds))v + Fyya(x,t), (4.3.14)
0

where odt stands for non-linear integration in the sense of Stratonovich (see [79]).
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Using the definition of X (x,t) the equation (4.3.14) can be recast as

ov
=/ L Y (
v(z,t) /0 sv(zx, s)ds + Z (z,ds) D
t
—i—Z/ (x,ds)=— +/ Fot1(z,ds)v
+ Fopo(a, t), (4.3.15)

where Y*(z,t) = (Y| (z,t), ..., Y,"(x,t)) is the martingale part of X (¢,z). So applying
the expectation E5 to both sides of the latter equation gives the following represen-

tation for the solution to system 4.3.5:
Y (t,2) = Bp [o(a, 1)

See also the proof of Theorem 6.2.5 in [79]. Now let ¢s; be the solution of the

Stratonovich SDE

posa) =~ [ Alpurle), o),
where G(z,t) := (X1(z,t) + Fi(x,t), -, Xpn(z,t) + F,(x,t)). Then by employing the
proof of Theorem 6.1.8 and Theorem 6.1.9 in [79] with respect to a generalized It

formula in [20] one obtains the following explicit representation of v(t, z) :
v(w,t)
- [ {3 [ o ratontar+ [0 o) i+ o) dBe)
/ | Qo8 (1-407(0 00, 20) = 0701 00,2
//Rolog (1+ 6*(r, pr.r(2), )N(Jr,dz)}x
(ﬂ(s 2) 5o b(t, 2, D(t, @), Vol (8, 2), u(t, x),w) ds
+4(s, :c)aaua(t, z,T(t,2), VoT(t, 2), u(t, z),w) o EB(S)) : (4.3.16)

where d denotes backward integration and where the inverse flow ¢; s = cp;tl solves

the backward Stratonovich SDE

t t
(@) =z + bi(r,cpt,r(;v))dr+/ Go(r o (2)) 0 dB(r), i =1,...m.
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For later use, let us consider the general case, when

Y(0,z) =f(z), z € G,

Y(t,x) =0, (t,z) € (0,T) x G,
holds, where f € C™9.
Then, v(x,t) is described by

t v
v(z,t) =f(z) + /0 Lsv(zx,s) ds—i—ZY* (, ds)axl

v
+Z/0 Fi(:n,ds)axi +/0 Foii(x,ds)v
i=1

+ Fn+2(xat)‘

Using the same reasoning, we obtain:
v(z, t)
—e {3 [ @i [ 6o oo 0) dB0)
//R (10 (1 + 0% (r, o1 (2). 2)) — 0" (1, pun (@), 2)) dr
[ 1084 8810, W@ ) | ¢ o)
+/eXp{2/ (@) [ 6@ dr -+ 0" (a2 ABG)
//R (log(1+ 07 (r, 910 (2), ) = 0% (1, g1 (2), 2)) dr
//Rolog (1+6*(r, pr.p(2), )N(Jr,dz)}x
(9(5.2) gttt .7 0,0, T (1,2, u(t, ), ) s

+5(s, x)ga

500t Tt 2), VoL (t, @), u(t, ), w) o EB(S)) : (4.3.17)

Finally, we require the following conditions:
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5. Suppose that for all u € Ag the processes

T
K(t,x) :=$g<x,r<ﬂ ) + / ;f(s,w,F(s,w),u(s,w)) s

T
DK (t,x) ::Dtaig(x,F(T,x)) —i—/t Dy <£Yf(s,x,f‘(s,x),u(s,:r))> ds

T

D: ,K(t,x) ::Dtyzgg(m,F(T, x)) —i—/ Dy . (8f(s,x,F(s,a:),u(s,x))> ds
oy t oy

Ho(s,z,7,7,u) =K (s,2)b(s, 2,7, ,u,w) + DsK(s,x)0(s,,7,7, u,w) (4.3.18)

+/RDS,ZK(5,:I:)9(S,:U,%7 Uy z,w) v(dz)
Z(t,s,x) :=exp {/ Foi <x, oc/l\r)} , (4.3.19)
T
p(t,x) :=K(t,x) —I—/t {(%Ho(s,:c,f‘(s, x),V,[(s,x),u(s,z)) + L*K(s,x)
+ Vv (VA/HO(S, x,I'(s,2), ViI'(s,2), u(s, x)))} Z(t,s,psi(x))ds

q(t,x) :=Dyp(t, )

r(t,z,z) =Dy p(t,x); t€[0,T], z€ Ry, z€qG.

(%)

are well-defined and where ¢, ; and Lpt;S are defined as before.
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Assume also that
E [/OT/G {|K(t,m)| <|LY(t,:13)| + 'Y(t,x);;b(t,m,r(t,x),vxr(t,x),u(t,x),w)
+ ‘5(75,9;);;@,3;, It 2), Val(t, 2), u(t, x),w)'

+ | VoY (t,2)Vyb(t, 2, T(t, @), VoI (¢, ), u(t, z),w)]|)

+ | DK (t, )| <

Y (t, x);a(t, x,I(t,z), V. I'(t, z), u(t, z), w)’

+ ‘VmY(t,x)vaa(t,x, [(t,z), V,I'(t, z), u(t, x),w)‘
+ ‘ﬂ(t, :L’)aaua(t, x,I(t,z), V. I'(t, z), u(t, z), w)')

+ [ D) (‘Y(t,m;e@,x,r(t,x),vxm,m),u(t,w),z,w)‘
R

+ ’VxY(t,x)VW/H(t,:c, I'(t,x), VoI'(t, x), u(t, x), z,w)’

+ ‘ﬂ(t,m)aiﬁ(t,w, [(t,x), Vo I'(t,x), u(t, ), z,w)’) v(dz)

fos

+ ’ﬁ(t, x)%f{t, x, T(t,x), u(t,x))

< 0.

Here L* is the dual operator of L. Further, the densely defined operator V, stands

for the adjoint of V,, that is

(gv vxf)L2(G;R") = (v;g7 f)LQ(G;]R) (4320)

for all f € Dom (Vy),g9 € Dom (V%). For example, if g = (g1, ...,9n) € C°(G;R™),

n
9g;

then Vg = ot
1 J

§=
Let us comment that D, K (t, ) and Dy . K (t,x) in condition 5 exist, if e.g., coeflicients b, o, §
fulfill a global Lipschitz condition, f is independent of u in condition 1 and the operator L
is the generator of a strongly continuous semigroup. See e.g., [94, 126] and [21, Section 5].

Now let us introduce the general Hamiltonian

H:0,T]xGxRxR"xUxQ—R
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by
H(t,z,v,7 u,w) = f(t,z,v,u,w)+plt,z)b(t,z,v,7,u,w) + Dp(t, z)o(t, z, 7,7, u,w)
+/ Dy op(t, 2)0(t, 7,7 u, 2,w) v(dz). (4.3.21)
R

4.3.3 A general stochastic maximum principle for a partial information

control problem

We can now state a general stochastic maximum principle for our partial information control

problem (4.2.4):

Theorem 4.3.3 Retain the conditions 1-5. Assume that U € Ag is a critical point of the

performance functional J(u) given by (4.2.4), that is

d .
gy @tup) =0 (4.3.22)

y=0

for all bounded B € Ag. Then

E [EQ [ /G iﬁ(ﬁ,x,f(t,x),vxf(t,x),a(t,x))dx]

Et} =0 ae. in (t,r,w), (4.3.23)

where
T(t,z) = TW(t, ),
H(t,z, v,y uw) = f(t,z,y,u,w) + bt 2)b(t, z,7,7, u,w) + Dp(t, 2)o(t, z,7, 7, u,w)
+/ Dt,Zﬁ(t7x)(9(tax?V?V,’uasz)l/(dz)7
R
with

=)
~
B
I
=R
}2
/’:J)
~
&
S
_l_
r\
N
Q
2
K
)
2
&
=
)
B
&
IS8
@
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where Qs is the solution of the of the Stratonovich SDE
t ~
puil@) =~ [ Cpurla).odr),
with G(x,t) == (X1 (z,t) + Fy(z,t), -, Xn(z,t) + Fp(z, 1)),

t
@szx—/kﬂ%ammmx

Fy(x,dt) :=bi(t, ) dt + o4(t,x)dB(t), i=1,--- ,n
Fppi(z,dt) :==b"(t,x) dt + 5*(t, z) dB(t) + / 0*(t, , z)N(dt, dz)
Ro

~

N t t
Frio(x,t) ::/O bu(s,x)ds—i—/o ou(s,z)dB(s)

b(t, ) :i,b(t,x,f(t, 2),Vaol(t,2),4(t,z),w), i=1,--+.n

0,
= 0 =~ = - .
Ui(ta :E) :?O_(ta z, F(ta ZL‘), vzr(t7 1‘), U(t, $), w)v t=1,---,n
i
= 0 ~ -~ R )
0;(t,x) :8 S0(t,z,U(t,x), VI (t,x),u(t,x), z,w), i=1,---,n
i
~ 0 ~ ~ N
b*(t, ) za—b(t,x,I‘(t,aj),VxF(t, z),u(t,x),w)
Y
G (t, ) zaaa(t,x,f(t,x),vxf(t, ), a(t, ), w)
Y
0*(t,z,2) :;G(t, x,T(t, ), VoI (t,2),0(t, x), 2, w)
Balt,2) =5, 2) b0, 2, D0, 2), Va1, 2), (1, ), )
Gult, ) ::ﬂ(s,x)aaa(t,x,f(t,x),vwf(t, ), 0t x),w),
u

and

Z(t,s) 1= exp { / Foy e ojr)} ,

Remark 4.3.4 We remark that in Theorem /.3.3 the partial derivatives of H and Hg with
respect to u, 7y, and v only refer to differentiation at places where the arqguments appear in

the coefficients of the definitions (4.3.18) and (4.3.21).

Proof. See Appendix A, Section A.2. m
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4.4 Applications

In this Section we take aim at two applications of Theorem 4.3.3 : The first one pertains to
partial information optimal harvesting, whereas the other one refers to portfolio optimiza-
tion under partial observation.

4.4.1 Partial information optimal harvesting

Assume that I'(¢, ) describes the density of a population (e.g. fish) at time ¢ € (0,7") and at
the location x € G C R?. Further suppose that I'(¢, z) is modeled by the stochastic-reaction

diffusion equation

dl(t,z) = BAI‘(t, x) +b(t)L(t,x) —c(t)| dt + o(t)T'(¢, x) dB(t)
+ / o(t, z)F(t,a:)N(dz, dt), (t,z) €[0,7] x G, (4.4.1)
where A= Z 5is the Laplacian,

with boundary condition

I'o,z) = &(z),zed

Dt,x) = n(ta), (ta) € (0,T) x IG.
where b, o, 8, ¢ are given processes such that D1-D10 in Section 4.3.2 are fulfilled.

The process ¢(t) > 0 is our harvesting rate, which is assumed to be a &—predictable

admissible control.

We aim to maximize both expected cumulative utility of consumption and the terminal size

of the population subject to the performance functional

[// ((s dsd:z+/§F Tm)daz}, (4.4.2)
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where U : [0,+00) — R is a C! utility function, ((s) = ((s,r,w) is an F;—predictable

process and £ = {(w) is an Fr—measurable random variable such that
E [/ |C(t,x)|dx] < oo and E [52] < 00.
G
We want to find an admissible control ¢ € Ag such that

sup J(c) = J(¢). (4.4.3)
cEAg

Note that condition 1 of Section 4.3.2 is fulfilled. Using the same arguments in [10] it can
be verified that the linear SPDE (4.4.1) also satisfies conditions 2-4. Using the previous

notation, we note that in this case, with u = ¢,

f(tvxar(tvx)vc(t)7w) = C(va)U(C(t))§ g(:E)F(t’J:)vw) = é(w)F(C)(tvx)'

Hence
T
K(t,x) —;g(x,F(T,x),w) + /t 2f(s,:c,I‘(s,QU), u(s,z),w)ds = §{(w),
Ho(t,l',’Y, C) :f(w) (b(tvm) 76) +Dt§ ’YJF/ thf )’yl/(dz) dt)
I(t,s,x) = <b(t,m)§( )+ Dié(w / Dy ¢(w )V(d;:)) X Z(t,s,psi(x)),

Li(t,s,z) =Is(t,s,x) =0,
S
Z(s,t,x) =exp {/ Foii(x, odr)} ,
t

Fpor(z,dt) =b(t)dt + o(t)dB(t) + [ 6(t,z)N(dt,dz).
Ro

In this case we have ¢, (x) = x since K(s,z) = {(w) if follows that L*K(s,z) = 0, in
addition, Hy does not depend on 7' and then V% (V. Ho(s,z,I'(s,z), V,I'(s,z),u(s, z))) =
0. Therefore
T
plt.) =€)+ [ (600060) + Do) + [ Deatl)0lt,ulds)) 2007, Bur(w))
t
(4.4.4)

and the Hamiltonian becomes

H(t,x,v,c) = COU(e) +p(t, ) (b(t, 2)T'(t, ) — e(t)) + Dip(t, x)o (1)

+ [ Dy.p(t,z)0(t, z)v(dz). (4.4.5)
Ro
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Then, ¢ € Ag is an optimal control for the problem (4.4.3) if we have:

0 = E[EQ UG;CH(t,m,f(t,x),e(t))d;n] 5t]

= E[EQ [ /G {¢c@)U'(e(t) — p(t,x)}dw] é’t]

U'(¢(t)E [EQ [ /G C(t, ) dx} 5t] —E [EQ [ /G p(t, ) dm}

We have proved a theorem similar to Theorem 4.2 in [88]:

3

Theorem 4.4.1 If there exists an optimal harvesting rate ¢(t) of problem (4.4.3), then it

& =E|Bo| [ sto)ds

4.4.2 Application to optimal stochastic control of jump diffusion with

satisfies the equation

U'(6(t)E [EQ [ /G C(t, ) dac}

St] : (4.4.6)

partial observation

In this Subsection we want to apply ideas of non-linear filtering theory in connection with
Theorem 4.3.3 to solve a portfolio optimization problem, where the trader has limited
access to market information (Example 4.4.3). As for general background information on
non-linear filtering theory the reader may e.g., consult [10]. For the concrete setting that

follows below see also [86] and [90].

Suppose that the state process X (t) = X (t) and the observation process Z(t) are de-

scribed by the following system of SDE’s:

AX (1) —a(X (1), u(t)) dt + BX(8), u(t)) dBX (1),

dZ(t) =h(t, X (t))dt + dBZ(t) + [ € Ny(dt,d¢), (4.4.7)
Ro

where (BX(t); B#(t)) € R? is a Wiener process independent of the initial value X (0), and

N, is an integer valued random measure with predictable compensator

p(dt, d§, w) = A(t, Xy, §) dt v(dE),
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for a Lévy measure v and an intensity rate function A(¢,z, ), such that the increments of
Ny are conditionally independent with respect to the filtration generated by B;X. Further
u(t) is a control process which takes values in a closed convex set U C R and which is
adapted to the filtration G; generated by the observation process Z(t). The coefficients
a:RxU—R,:RxU —R, A:R. xXRxRy— Rand h:R;y x R— R are twice

continuously differentiable.

In what follows we shall assume that a strong solution X (t) = X®)(t) of System (4.4.7),
if it exists, takes values in a given Borel set G C R. Let us introduce the performance

functional .
J(u) :=E [/0 F(X(@),Z(t),u(t)dt + g(X(T), Z(T))| ,

where f : G xRx U — R, g: G x R — R are (lower) bounded C! functions. We want

to find the maximizer u* of J, that is

J* =supJ(u) = J(u*), (4.4.8)
ucA

where A is the set of admissible controls consisting of G;—predictable controls u such that

System (4.4.7) admits a unique strong solution.

We shall now briefly outline how the optimal control problem (4.4.8) for SDE’s with partial
observation can be transformed into one for SPDE’s with complete information. See e.g.,
[10] and [86] for details. In the sequel we assume that A(t,z,&) > 0 for all ¢, x,& and that

the exponential process

M, = exp{/oth(X(s))dBZ(s)—;/OthQ(X(s))ds

t t
+ / / log A(s, X (s),&)Nx(ds, d§) —l—/ / [1—A(s,X(s),£)]ds V(df)} ;>0
0 RQ 0 RO
is well defined and a martingale. Define the change of measure

dQ = MrdP
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and set

Nr = M;*

Using the Girsanov theorem for random measures and the uniqueness of semimartingale
characteristics (see e.g., [67]), one sees that the processes in System (4.4.7) get decoupled

under the measure @' in the sense the system is transformed to
dX (t) = (X (t),u(t)) dt + B(X (1), u(t)) dBX(t),

dZ(t) =dB(t) + dL(t),

where Z(t) is a Levy process independent of Brownian motion BX(t), and consequently

independent of X (¢), under @)'. Here

B@:B%ﬂ—%h@@»%

is the Brownian motion part and

nw = [ [ enta.ag)

is the pure jump component associated to the Poisson random measure N (dt, d§) = N, (dt, d€)

with compensator given by dsv(d§). Define the differential operator A = A, ,, by

A(z) = Aub(w) = alz, )L (@) + 557, w)

¢
dx?

(z)
for ¢ € C2(R). Hence A, is the generator of X (¢), if u is constant. Set
L oo
a(z,u) = 55 (x,u). (4.4.9)

Then the adjoint operator A* of A is given by

w03 (o)) + 5 (Gewol) - 5 aeaoa).  (@410)

Let us assume that the initial condition X (0) has a density pp and that there exists a unique

strong solution ®(¢,x) of the following SPDE (Zakai equation)

d®(t,x) = A*®(t,x) dt + h(x)P(t,z) dB(t) + / (2, &) — 1)@ (¢, ) N(dt,dE), (4.4.11)
Ro
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with

®(0,2) = po(x)
Then ®(t, z) is the unnormalized conditional density of X (t) given G; and satisfies:
B/ (X (£)Ni|G] = / o(2)B(t, 2)dz (4.4.12)
R

for all ¢ € Cp(R).
Using Relations (4.4.12) and (4.4.11) under the change of measure @’ and the definition of

the performance functional we obtain that

T
J) = E[ / f<X<t>,Z<t>,u<t>>dt+g<X<T>,Z<T>>}
r T
{ /0 f(X(t%Z(t),U(t))dt+9(X(T)7Z(T))} NT}
r pT
al f<X<t>,Z<t>,u<t>>Ntdt+g<X<T>,z<T>>NT]

r pT
~ Eg /O EQ[f<X<t>,Z<t>,u<t>>Nt\gt1dt+EQ[g<X<T>,z<T>>NT\gt@

_ By :/OT/Gf(x,Z(t),u(t))(b(t,m)dxdt—i—/

g(x, Z(T))®(T, x)dm]
G

The observation process Z(t) is a Q'-Lévy process. Hence the partial observation control
problem (4.4.8) reduces to a SPDE control problem under complete information. More

precisely, our control problem is equivalent to the maximization problem

T
s%pEQ/ {/0 /Gf(a:,Z(t),u(t))@(t,x) da:dt—i—/Gg(x,Z(T))q)(T,a:) dx (4.4.13)

where ® solves the SPDE (4.4.11). So the latter problem can be tackled by means of the
maximum principle of Section 4.3.3.

For convenience, let us impose that a in Equation (4.4.9) is independent of the control, i.e.,
a(z,u) = a(x).

Denote by A; the set u € A for which Equation (4.4.11) has a unique solution. Consider
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the general stochastic Hamiltonian (if existent) of the control problem (4.4.13) given by

H(t7 m? ¢’ ¢/7 u? w) = f(t7 x? Z(t)7 u)¢ + p(t7 ':U)b(t’ x? ¢7 ¢/7 u) + Dtp(t7 x)h(x)qs

+ A Dy .p(t,x)[A(t,x, &) — 1o v(dz), (4.4.14)

where
ez, 6.6') = (55300~ ale)) o+ (o)~ ae) ) &

and where p(t,z) is defined as in Equation (4.3.21) with

g(x7 (z)aw) - g(x’ Z(T))¢

and
d?y

dx?

Lip(x) = a(2)—— (), ¢ € CG(R).
Assume that the conditions 1-5 in Section 4.3.2 are satisfied with respect to Problem (4.4.13)

for controls u € A;. Then by the general stochastic maximum principle (Theorem 4.3.3)

applied to the partial information control problem (4.4.8) we find that

E [EQ [/ Qﬁ(t,w@@',ﬁ,w) dzx QtH =0, (4.4.15)
G ou

if 4 € Ay is an optimal control.

4.4.3 Optimal consumption with partial observation

Let us illustrate the maximum principle by inquiring into the following portfolio optimiza-
tion problem with partial observation: Assume the wealth X (¢) at time ¢ of an investor is
modeled by

dX (t) = [uX (t) — u(t)] dt + o X (t) dBX(t),0 <t < T,

where m € R, o # 0 are constants, BX (¢) a Brownian motion and u(t) > 0 the consumption
rate. Suppose that the initial value X (0) has the density po(z) and that u(¢) is adapted to

the filtration G; generated by the observation process

dZ(t) =mX (t)dt +dBZ(t) + [ €& Ny(dt,d¢), Z(0) =0,
Ro
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where m is a constant. As before we require that (BX(t), B4(t)) is a Brownian motion
independent of the initial value X (0), and that N) is an integer valued random measure
as described in System (4.4.7). Further, let us restrict the wealth process X (¢) to be
bounded from below by a threshold ¢ > 0 for 0 <t < T'. The investor intends to maximize
the expected utility of his consumption and terminal wealth according to the performance
criterion

J(u) = E [/OT “T(t) dt +0X"(T)| ,r e (0,1), 6> 0. (4.4.16)

So we are dealing with a partial observation control problem of the type (4.4.8) (for G =

[(,00)). Here, the operator A in (4.4.11) has the form

A9(x) = 500" (x) + [z — ]/ (2), (4.4.17)

(where 7 denotes the differentiation with respect to =) and hence
A*9(w) = 5070 (x) — [uwr — ]! (a) — (). (4.4.18)
Therefore the Zakai equation becomes
do(t,x) = [;02x2¢>"(t,x) — [px —u] ®'(t,x) — p®(t,x) | dt +2®(t,z)dB(t)  (4.4.19)
- /R [A(t,z, &) — 1)®(t, z) N(dt, dE),
0
®(0,2) =po(z), = >,
®(t,0) =0, te(0,7),

where N (dt, d€) is a compensated Poisson random measure under the corresponding measure
Q'. Since Ly = %021:2327%(:1:) is uniformly elliptic for x > ( there exists a unique strong
solution of SPDE (4.4.19). Further one verifies that condition 4 of Section 4.3.2 is fulfilled.

See [10]. So our problem amounts to finding an admissible @ € A; such that

Ji(a) = sup Jy(u), (4.4.20)
u€Ay

where

Ji(u) = Eg [ /0 ' /G “:ft)@(t, ) dr dt + /V 02" (T, z) dx].
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Our assumptions imply that condition 1 of Section 4.3.2 holds. Further, by exploiting the
linearity of the SPDE (4.4.19) one shows as in [11] that also the conditions 24 in Section
4.3.2 are fulfilled. Using the notation of (4.4.14) we see that

fo, 2(t),u(t)) =1

r

g(x, Z(T)) =0x",

HO(ta Ly ¢v (Z)/a u) = [(_,Ux - u)¢,(t7 l‘) - ,U¢(t7 iL‘)] K(t7 37) + DtK(t7 x)xgb

+ R Dt,zK(ta .f)[)\(?f,.%’,g) - 1]¢V<d§)

I(t,s,z) = (—,uK(s, x) + DsK(s,x)x + D, Ki(s,z)[A(s,z,§) — 1]V(d§)> X

Ro

Z(tv S, S/O\S,t(aj))a

2
It 5,2) =507 3 K (5,) % Z(t,5, Gos(a)
0 ~
Ig(t, S, $) 4. [(_M‘T - ’U,)K(S, x)] Z(t, S, Sps,t(x))7

ox

Z(t,s,x) =exp {/S Foa (33, OCT?“)} .
t

Fri1(z,dt) =pdt + 2dB(t) -l—/R A(t, z,&) — 1] N(dt, d€),

In this case we have ps¢(z) = = + [ G(psr(2),0dr), where G(z,t) = X(x,t) + F(t,z).
Then
T
p(t,z) = K(t,z) + / (Il (rys,z) + Ia(r, s, z) + Is(r, s,:c))dr. (4.4.21)
t

So the Hamiltonian (if it exists) becomes

()

+Dip(t, x)xd + A Dy .p(t, z)[A(t, z, &) — 1o v(dE).

H(t,x, 6,0 ,u) = ¢+ [(—pz —w)d (t,z) — uo(t, )] p(t, )
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Hence, if @ is an optimal control of the problem (4.4.8) such that the Hamiltonian is well-

defined, then it follows from Relations (4.4.15) and (4.4.12) that

0 = EQ/ |:EQ |:/G§LH(15,.7},EI\),(/I\)/,@\) dl‘:| gt:|

Eq [EQ [ /G {m—l(t)@(t, ) + &' (t, 2)p(t, x)} dx]

gt:| .
Thus we get
By [Bo [ Jo ¥ (t.x)p(t.2) do] | G

Eq :EQ [fG &)(t, x)da:} ‘ gt}

Using integration by parts and (4.4.12) implies that

T (t) =

ut(t) = ( E¢q [EQ fG &' (t,2)p(t, ) dm} ‘ gt} ) "
Eq [EQ [fci(t,x) d:c] ‘ gt}

1

:EQ, [ [ ®(t,2)P (¢, ) dx‘ gtH

il
B Eg [EQ/ [fG d(t, a;)dx‘ Qt”

1

_ (EQ -EQ’ [f(; E’(t,x)ﬁ(t,x) dac‘ gt} ] ) P

Eg [fG d(t, ) dx‘ Qt}

- ([

= EQ[E [Pt X()|G]] 7.

So if u*(¢) maximizes (4.4.16) then u*(t) necessarily satisfies

W) = Eq[E[F(tLX (1) 6]

= E[Eq [t X(t)]|¢]7T. (4.4.22)

Theorem 4.4.2 Suppose that u € Ag, is an optimal portfolio for the partial observation

control problem

Tu
sup E —2dt+60X"(T)| ,r € (0,1), 6 >0,
u€Ag, 0 r



4.4 Applications

108
with the wealth and the observation processes X (t) and Z(t) at time t given by
dX(t) = [uX(t) — u(t)]dt + o X (t)dBX(t),0<t < T,
dZ(t) =mX (t)dt + dB?(t) + i ENy(dt, d€).
0
Then
W) = E[Eo [Pt X(6)]|G]7. (4.4.23)

Remark 4.4.3 Note that the last example cannot be treated within the framework of [88],
since the random measure Ny (dt, d€) is not necessarily a functional of a Lévy process. Let us
also mention that the SPDE mazximum principle studied in [102] does not apply to Example

4.4.3. This is due to the fact the corresponding Hamiltonian in [102] fails to be concave.



Chapter 5

Uniqueness of decompositions of

skorohod-semimartingales

5.1 Introduction
Let X(t) = X(t,w); t€[0,T], w e be a stochastic process of the form

X(t)=C(+ /Otoz(s) ds + /Otﬁ(s) dB(s) + /Ot /Ro v(s,2) N(dz, ds), (5.1.1)

where ( is a random variable, « is an integrable measurable process, 3(s) and (s, z) are
measurable processes such that Bx(g4(-) and yx[o4(-) are Skorohod integrable with respect
to Bs and N (dz, ds) respectively, and the stochastic integrals are interpreted as Skorohod
integrals. Here B(s) = B(s,w) and N(dz,ds) = N(dz,ds,w) is a Brownian motion and and
independent Poisson random measure, respectively. Such processes are called Skorohod-
semimartingales. The purpose of this chapter is to prove that the decomposition (5.1.1) is

unique, in the sense that if X (¢) = 0 for all ¢ € [0,T] then

(see Theorem 5.3.5).

This is an extension of a result by Nualart and Pardoux [95], who proved the uniqueness of
109
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such a decomposition in the Brownian case (i.e., N = 0) and with additional assumption

on (.

We obtain Theorem 5.3.5 as a special case of a more general decomposition uniqueness
theorem for an extended class of Skorohod integral processes with values in in the space of
generalized random variables G*. See Theorem 5.3.3. Our proof uses white noise theory of
Lévy processes. In Section 5.2 we give a brief review of this theory and in Section 5.3 we

prove our main theorem.

Our decomposition uniqueness is motivated by applications in anticipative stochastic control

theory, including insider trading in finance. See Chapters 6 and 7.

5.2 A concise review of Malliavin calculus and white noise

analysis

This Section provides the mathematical framework of our chapter which will be used in
Section 5.3. Here we want to briefly recall some basic facts from both Malliavin calculus
and white noise theory. See [31, 84] and [94] for more information on Malliavin calculus.

As for white noise theory we refer the reader to [30, 64, 65, 77, 81, 97] and [101].

In the sequel denote by S(R) the Schwartz space on R and by S'(R) its topological dual.
Then in virtue of the celebrated Bochner-Minlos theorem there exists a unique probability

measure £ on the Borel sets of the conuclear space S'(R) (i.e. B(S'(R)))such that

) 2
/ w9 y(dw) = e 29l ) (5.2.1)
S'(R)

holds for all ¢ € S(R), where (w, ¢) is the action of w € S'(R) on ¢ € S(R). The measure

u is called the Gaussian white noise measure and the triple
(S'(R), B(S'(R), 1) (5.2.2)

is referred to as (Gaussian) white noise probability space.
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Consider the Doleans-Dade exponential
1 2
g(¢’w) — €<W7¢>_2H¢”L2(R>, (523)

which is holomorphic in ¢ around zero. Hence there exist generalized Hermite polynomials
Hy(w) € <(S(]R))<§m>I (i.e. dual of n—th completed symmetric tensor product of S(R))

such that

epw) =) % (Hn(w), ") (5.2.4)

n>0

for all ¢ in a neighborhood of zero in S(R). One verifies that the orthogonality relation

| () ) _
/ (Ha(w), 6 ) (o), ™) (o) = m () oy = (5.2.5)
S'(R) 0 m#mn

is fulfilled for all ¢(™ € (S (R))®", P € (S (R))®m. From this relation we obtain that
the mappings (¢ — <Hn(w),q5(”)>) from (S(R))®" to L?(u) have unique continuous
extensions

I, : L*(R™) — L%(p),
where L2(R™) is the space of square integrable symmetric functions. It turns out that L2(u)

admits the orthogonal decomposition

L¥(p) =Y el (L*(R™)). (5.2.6)
n>0

Note that that I,,(¢™) can be considered an n—fold iterated It6 integral ¢(™ e EQ(R")

with respect to a Brownian motion B(t) on our white noise probability space. In particular

T
Li(exo,r) = (Hi(w), oxp0,17) = /O o(t)dB(t), ¢ € L*(R). (5.2.7)

Let F' € L?(u). It follows from (5.2.6) that

n>0
for unique ¢(™ € EQ(R"). Further require that

Z nn! qu(”)

n>1

2
<o (5.2.9)
LQ(Rn)
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Then the Malliavin derivative Dy of F' in the direction B(t) is defined by
DF =30 (Hya (), 67(,1)).
n>1
Denote by Dj o the stochastic Sobolev space which consists of all F' € L?(u) such that
(5.2.9) is satisfied. The Malliavin derivative D. is a linear operator from Dy 5 to L2(Ax ) (A
Lebesgue measure). The adjoint operator § of D. as a mapping from Dom(d§) C L?(Ax ) to
L?(p) is called Skorohod integral. The Skorohod integral can be regarded as a generalization

of the Ito integral and one also uses the notation

T
S(uxjo) = /0 u(t) 6B(t) (5.2.10)

for Skorohod integrable (not necessarily adapted) processes u € L?(Ax ) (i.e. u € Dom(9)).

In view of Section 5.3 we give the construction of the dual pair of spaces ((S), (S)*), which

was first introduced by Hida [63] in white noise analysis: Consider the self-adjoint operator

d2
A=1+t*- —
+ dt?

on S(R) CL?(j). Then the Hida test function space (S) is the space of all square integrable
functionals f with chaos expansion
=3 (Hal),6™)
n>0

such that

1712, = St [[asmpo |

n>0

< 00 (5.2.11)
LQ(R")

for all p > 0. We mention that (S) is a nuclear Fréchet algebra, that is a countably
Hilbertian nuclear space with respect to the seminorms |||, »:P > 0 and an algebra with
respect to ordinary multiplication of functions. The topological dual (S)* of (S) is the Hida

distribution space.
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Another useful dual pairing which was studied in [115] is (G, G*). Denote by N the Ornstein-
Uhlenbeck operator (or number operator). The space of smooth random variables G is the

space of all square integrable functionals f such that
17113 = [le™ £|[52,y < 00 (5.2.12)
for all ¢ > 0. The dual of G denoted by G* is called space of generalized random variables.
We have the following interrelations of the above spaces in the sense of inclusions:
(S) = G — Dyg — L*(u) — G* — (S)*. (5.2.13)
In what follows we define the white noise differential operator
O = Dt|(3) (5.2.14)

as the restriction of the Malliavin derivative to the Hida test function space. It can be
shown that 0; maps (S) into itself, continuously. We denote by 9} : (S)* — (S)* the

adjoint operator of J;. We mention the following crucial link between 9; and 9:

T T
/ u(t)6B(t) = / aru(t) dt, (5.2.15)
0 0

where the integral on the right hand side is defined on (S)* in the sense of Bochner. In

fact, the operator 0; can be represented as Wick multiplication with Brownian white noise

B(t) =281 .,

I u=uo B(t), (5.2.16)
where ¢ represents the Wick or Wick-Grassmann product. See [65].

We now shortly elaborate a white noise framework for pure jump Lévy processes: Let A
be a positive self-adjoint operator on L?(X,7), where X = R x Ry (Rg := R\{0})and 7 =
Axwv. Here v is the Lévy measure of a (square integrable) Lévy process ;. Assume that AP
is of Hilbert-Schmidt type for some p > 0. Then denote by S(X) the standard countably
Hilbert space constructed from A. See e.g., [97] or [64]. Let S'(X) be the dual of S(X).

In what follows we impose the following conditions on S(X) :
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(i) Each f € S(X) has a (m—a.e.) continuous version.
(ii) The evaluation functional ¢; : S(X) — R; f —— f(¢) belongs to S'(X) for all ¢.
(iii) The mapping (t — ¢;) from X to S'(X) is continuous.

Then just as in the Gaussian case we obtain by the Bochner-Minlos theorem the (pure

jump) Lévy noise measure T on B(S'(X)) which satisfies

/ e"? 7 (dw) = exp( / (' — 1) m(dx)) (5.2.17)
S'(X)

X

for all ¢ € S(X).

We remark that analogously to the Gaussian case each F' € L?(7) has the unique chaos

decomposition

F=Y <Cn(-), ¢(”>> (5.2.18)

n>0

for ¢ € L2 (X, m) (space of square integrable symmetric functions on X). Here Cy(w) €
((S (X ))@m)| are generalized Charlier polynomials. Note that (C(-),¢™) can be viewed
as the n—fold iterated It6 integral of ¢(™ with respect to the compensated Poisson random

measure N (dz,dt) := N(dz,dt) — v(dz)dt associated with the pure jump Lévy process

ne = {C1(-), 2X[,) = /0 /RO zN(dz,ds). (5.2.19)

Similarly to the Gaussian case we define the (pure jump) Lévy-Hida test function space

(S)r as the space of all f =3 (Cu(-), ™) € L2(r) such that

< o0 (5.2.20)
L2(X™ mm)

1712 0= St [[ca=m26]

n>0

for p > 0.

Suppressing the notational dependence on 7 we mention that the spaces (S)*, G, G* and
the operators Dy ., 0, 8;‘7 . can be introduced in the same way as in the Gaussian case.

For example Equation (5.2.15) takes the form

//RO u(t, 2) N (dz, 6t) //RO v(dz)dt, (5.2.21)
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where the left hand side denotes the Skorohod integral of u(-,-) with respect to N(-,-), for
Skorohod integrable processes u € L?(7 x 7). See e.g., [81] or [66]. Similar to the Brownian

motion case, (see (5.2.16)), one can prove the representation

9f.u=uoN(z1), (5.2.22)

where ﬁ(z, t) = 5{%’;’;@ is the white noise of N. See [65] and [101].

In the sequel we choose the white noise probability space
(Q,F,P) = (S'(R) x S'(X),B(S'(R)) @ B(S'(X))), % ) (5.2.23)

and we suppose that the above concepts are defined with respect to this stochastic basis.

5.3 Main results

In this Section we aim at establishing a uniqueness result for decompositions of Skorohod-

semimartingales. Let us clarify the latter notion in the following:

Definition 5.3.1 (Skorohod-semimartingale) Assume that a process X;,0 <t <T on

the probability space (5.2.23) has the representation

=<+/Ot ds—i—/ﬁ ) 6B (s //RO 5,2) N(dz, 5) (5.3.1)

for all t. Here we require that Bx[o(-) Tesp. YX[o,q(+) are Skorohod integrable with respect
to By respectively N(dz,dt) for all 0 < t < T. Further ¢ is a random variable and o a

process such that
T
/ la(s)|ds < oo P-a.e.
0

Then Xy is called a Skorohod-semimartingale.

Obviously, the Skorohod-semimartingale is a generalization of semimartingales of the type

Xt:C—F/t ds+/ﬁ )dB(s //RO s,z) N(dz,ds),
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where (3, v are predictable It6 integrable processes w.r.t. to some filtration F; and where
is Fg-measurable. The Skorohod-semimartingale also extends the concepts of the Skorohod

integral processes

Further it is worth mentioning that the increments of the Skorohod integral process Y (¢) :=

fg B(s) 0B(s) satisfy the following orthogonality relation:
E[Y(t) =Y (s) [Fisqe] =0, s<t,

where Fi jjc is the o—algebra generated by the increments of the Brownian motion in the
complement of the interval [s,t]. See [94] or [108]. We point out that Skorohod integral

processes may exhibit very rough path properties. For example consider the Skorohod SDE
t
Y(t) =1 +/ Y (s)6B(s), 1 = sign(B(1)), 0<t< 1.
0

It turns out that the Skorohod integral process X (t) = Y'(t) — n possesses discontinuities
of the second kind. See [19]. Another surprising example is the existence of continuous
Skorohod integral processes fg B(s) 0B(s) with a quadratic variation, which is essentially

bigger than the expected process fot 32(s) ds. See [9].

In order to prove the uniqueness of Skorohod-semimartingale decompositions we need the

following result which is of independent interest:

Theorem 5.3.2 Let 0} and 0f , be the white noise operators of Section 5.2. Then
(i) 0f maps G*\{0} into (S)*\G*.
(i) The operator

(u — Of ,ult, z) v(dz))
Ro

maps G*\{0} into (S)*\G*.
(iii)
o + [ 310 G\ 0} < G\ (0} —(8)"\"
Ro
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Proof. Without loss of generality it suffices to show that
9§ maps G*\{0} into (S)*\G".

For this purpose consider a F' € G*\{0} with formal chaos expansion
F =30 (Hal6").
n>0
where ¢(™ € L2(R™). One checks that (H, ("), ™) can be written as
<Hn()7¢(n)> = Z Co <Hn(')7§®a>
|a|=n

where

— (o™ @’a) 5.3.2
co = (67,6) (5.3.2)
with

8o = (Png. Belo
for Hermite functions &,k > 1 and multiindices o = (o, ...,ax),a; € Ny. Here |a| :=

Zle «;. By Equation (5.2.5) we know that

oo > (o),

1204 Z a‘c

Assume that

OfF € G*. (5.3.3)

Then J; F' has a formal chaos expansion

oF =% < ¢<”>>

n>0

Thus it follows from of the definition of 9; (see Section 5.2) that

o0 > [[(#:00,4)]

2
L) Z 7 Z ca &m(t) | (5.3.4)

where the multiindex (™) is defined as

e (i) =
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On the one hand we observe that

2
Z 7! Z Ca * §m(t)
\'y\:n aJ,»g(m):fy
2
n
- Z Z ar!-...-ay! Z Z Careli) .. +ayein) —e(m) ~&ml(t) )
k=1 (al,...,ak)ENk 11 >12>... >0 m>1
a1+...+ak:n

where coefficients are set equal to zero, if not defined. So we get that

I ONE
H< n(),¥ >}L2(,u)
n k 2
=Y > alecadalcal YT [ oy et - & (8)
k=1 (al,...,ak)ENk 11 >19>... >0 7=1
aj+t...tap=n
(5.3.5)

By our assumption there exist n* € Ny, a3, ..., a € N, pairwise unequal i3, ..., 7} , ko < n*—1
such that

as +...+ap, =n"—1
and

i) # 0. (5.3.6)

C .
a3€(1;)+.'.+a20

On the other hand it follows from Equation (5.3.5) for n = n* that

ONE
H<H"(')’w >‘ L2(p)
ko 2
>aflo o qt ) . . o En
= a2 @ko Z ZCe(ll)+a§6(l2)+"~+azoe< kO)—a(zj) £Zj(t)

i >max(i3, ,izo) j=1

ko
—aXl...aqf | § E , oy Eax (t
Ay a. . C .« - % * *
2 ko ( 6(11)+a;6(’2)+.‘.+a205< ko) _ 5y f’n( )

iy >max(i, ,izo) J1,J2=1

GRS (t)>

C .. . i
s“ﬁ+a§e“§)+~--+a206(1’“0 —e 92’ T2

=: A1 + Ay + Ag, (537)
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where
Ay =ab!---ap ! g c )% (& (1))?
1 2 ko* a (i3 tap, < 0)) (le( )) )
i >max(i3, ,i,’;o)
ko
A :a*!...a ' E ZC % - ¥
2 2 kO ' ( 5(11)+a§a(22)+-~~+a2 E< ko)_ (
i >max (i3, ,i,’;o) Jj=2 0
Ko
A :a*!...a | Z C .« % i% i
3 2 ko* : 5(11)+a55(12)+...+az E(Zk?O)—g( 1
i} >max (45, )]1#]2 0
ko’ 51 da=1
C [k % ¥ i* Qe t .
5(11)+a38(12)+_._+a205( ko) _g'Ps) fzn( )>

The first term A; in (5.3.7) diverges to oo because of (5

The last term A3 can be written as

As
% * 2 :
= a2‘ PR ak’o!
i >max(i,

C . .
1) +a§a(22)+-~+a205

* *
+ay!- - ag,!

ok » %k
1] >max(i5,

C .« % i¥
5(11>+a;€<12>+._.+azos<mo)

=:A31 + Az,

where

*
ako'

D

» %k
i >max (45,

*
A37]_ — a2!

2>

i) =2

o) - &3 (t)>

DS

C ; %k 5%k
5(11)+a§5<12)+---+a;§06

* *
A372 :a2' . 'a/k.O!

C .
e )+a§s(12)+~'+a};05

DS

y ok )k
i >max(i5,

(izo), (2

ko

C % i . Sk t
( a§€<12)+~~+a;;05( k()) 511( )

,iZO)J{{igl
GRS (75)>

22( (e, ICRR10
iky) T2

- 60).

i

c . . % .
( Q(ZT)+a§5(1§)+'"+(1206<1k0)—5(1;1 )

C .« ok i¥ i*
L \ T gy R
eg) 1772 0
J1,92=1
i) _(i3,) " 8, <t>) :

)& ()%,

& (1)

J1

& (1)

J1

y & ()

J1

.3.6). The second term is positive.

(5.3.8)
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By means of relation (5.3.2) and the properties of basis elements one can show that the
term As; in (5.3.8) converges t—a.e. The other term A3z o with Hermite functions which do

not depend on the summation index converges by assumption, too.

We conclude that

:()07

[t 00

L2(p)

which contradicts (5.3.4) and it contradicts (5.3.3), too.

It follows that

9 maps G*\{0} into (S)*\G".
The proofs of (ii) and (iii) are similar. m
We are now ready to prove the main result of this chapter:

Theorem 5.3.3 [Decomposition uniqueness for general Skorohod processes]

Consider a stochastic process Xy of the form

X(t)z(—i—/ot ds—i—/ﬂ )0B(s //Ro s,2) N(dz,ds),

where BX(0.4, VX0, are Skorohod integrable for allt. Further require that a(t) is in G* a.e.

and that « is Bochner-integrable w.r.t. G* on the interval [0, T]. Suppose that
X(t)=0 forall0<t<T.

Then

(=0,a=0,8=0,7vy=0 a.e.
Proof. Because of Equations (5.2.15) and (5.2.21) it follows that
X (¢) —C—l—/ot (s )ds+/ 0:8(s )ds+/ /R 0; (s, 2)v(dz) ds
0
—0, 0<t<T.

Thus

a(t) + 05 B( /Rafz’ytZ) v(dz) =0 a.e.
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Therefore
o B(t) + / 3 At 2) v(dz) € G* ae.
Ro
Then Theorem 5.3.2 implies

6=0,7v=0 a.e.

Remark 5.3.4 We mention that Theorem 5.3.3 is a generalization of a result in [95] in

the Gaussian case, when 3 € LY2, that is
2 2 2
1817 2 == I8N Z2(anpy T 1D-BlIZ2(a0eap) < 00
As a special case of Theorem 5.3.3, we get the following:

Theorem 5.3.5 [Decomposition uniqueness for Skorohod-semimartingales|

Let X; be a Skorohod-semimartingale of the form
t t t _
X(t) = C+/ a(s)ds +/ B(s) dB(s) +/ / v(s,2) N(dz,9s),
0 0 0 JRo
where a(t) € L*(P) for all t. Then if
X(t)=0 forall 0<t<T.
we have

(=0,aa=0, =0, v=0 a.e.

Example 5.3.6 Assume in Theorem 5.5.3 that v = 0. Further require o(t) € LP(u) 0 <
t <T for some p > 1. Since LP(u) C G* for all p > 1 (see [115]) it follows from Theorem

5.3.8 that if X(t) =0, 0<t<T then (=0,a=0,5=0 a.e.

Example 5.3.7 Denote by Li(x) the local time of the Brownian motion. Consider the

Donsker delta function 6,(B(t)) of B(t), which is a mapping from [0,T] into G*. The
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Donsker delta function can be regarded as a time-derivative of the local time Li(x), that

t
:/ 0 (B(s
0

for all x a.e. See e.g. [64]. So we see from Theorem 5.3.3 that the random field

X(t)=(+ Li(w /ﬁ ) 0B (s //RO s,2) N(dz,8s)

has a unique decomposition. We remark that we obtain the same result if we generalize

18

Li(x) to be a local time of a diffusion process (as constructed in [114]) or the local time
of a Lévy process (as constructed in [85]). Finally, we note that the unique decomposition

property carries over to the case when X; has the form

X(t) = ¢+ A(t) /ﬁ )6B(s //RO s,z) N(dz,ds),

where A(t) is a positive continuous additive functional with the representation

A(t):/RLt(:c)m(dx),

where m is a finite measure. See [13] or [53].



Chapter 6

A general stochastic maximum

principle for insider control

6.1 Introduction

In the classical Black-Scholes model, and in most problems of stochastic analysis applied to
finance, one of the fundamental hypotheses is the homogeneity of information that market
participants have. This homogeneity does not reflect reality. In fact, there exist many types
of agents in the market, who have different levels of information. In this Chapter, we are
focusing on agents who have additional information (insider), and show that, it is important

to understand how an optimal control is affected by particular pieces of such information.

In the following, let { B,}o<s<7 be a Brownian motion and N(dz,ds) = N(dz,ds) — dsv(dz)
be a compensated Poisson random measure associated with a Lévy process with Lévy mea-
sure v on the (complete) filtered probability space (2, F,{Fi}o<i<p, P). In the sequel, we

assume that the Lévy measure v fulfills
/ 22 v(dz) < oo,
Ro
where Rg := R\ {0}.

123
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Suppose that the state process X (t) = X () (t,w); t > 0,w € Q is a controlled Ito-Lévy

process in R of the form:

d= (X)) = b(t, X (), u(t))dt + o(t, X(t),u(t))d”B(t)
+ [, 0, X (), u(t), z) N (dz,d"t); (6.1.1)
X(0) = xz€R

Here we have supposed that we are given a filtration {gt}te[O,T] such that
Fi C Gy, t€0,T7, (6.1.2)
representing the information available to the controller at time ¢.

Since B(t) and N(dz,dt) need not be a semimartingale with respect to {G}i>0, the two
last integrals in (6.1.1) are anticipating stochastic integral that we interpret as forward

integrals.

The control process

u:[0,T] x Q — U,

is called an admissible control if (6.1.1) has a unique (strong) solution X (-) = X®)(.) such

that u(-) is adapted with respect to the sup-filtration {G;},c1 7-

The choice of forward integration is motivated by the possible applications to optimal
portfolio problems for insiders as in Section 6.6. (See for e.g., [14, 33, 32].) Moreover,
the applications are not restricted to this area and include all situations of optimization

problems in anticipating environment. (See e.g., [104].)

More significantly, the problem we are dealing with is the following. Suppose that we are

given a performance functional of the form

T
J(u) = E UO FEX @), u(t)) dt + g(X(T))|, ue Ag, (6.1.3)
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where Ag is a family of admissible controls u(-) contained in the set of G;-adapted controls.

Consider

f @ 0T xRxUxQ—R,

g : RxQ—R,

where f is an F-adapted process for each x € R, v € U and g is an Fp-measurable random

variable for each z € R satisfying
T
E [/ |f(t, X (t),u(t)| dt + |g(X(T))|| < oo for all, u € Ag,
0
The goal is to find the optimal control u* of the following insider control problem

O = useuf J(u) = J(u"). (6.1.4)

We use Malliavin calculus to prove a general stochastic maximum principle for stochastic
differential equations (SDE’s) with jumps under additional information. The main result
here is difficult to apply because of the appearance of some terms, which all depend on the
control. We then consider the special case when the coefficients of the controlled process
X(+) do not depend on X; we call such processes controlled It6-Lévy processes. In this case,
we give a necessary condition for the existence of optimal control. Using the uniqueness of
decomposition of a Skorohod-semimartingale (see [34]), we derive more precise results when
our enlarged filtration is first chaos generated (the class of such filtrations contains the class
of initially enlarged filtrations and also advanced information filtrations). We apply our
results to maximize the expected utility of terminal wealth for the insider. We show that
there does not exist an optimal portfolio for the insider. For the advanced information case,
this conclusion is in accordance with the results in [14] and [33], since the Brownian motion
is not a semimartingale with respect to the advanced information filtration. It follows that
the stock price is not a semimartingale with respect to that filtration either. Hence, we can

deduce that the market has an arbitrage for the insider in this case, by Theorem 7.2 in [29].
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In the initial enlargement of filtration case, knowing the terminal value of the stock price,
we also prove that there does not exist an optimal portfolio for the insider. This result
is a generalization of a result in [72], where the same conclusion is obtained in the special
case when the utility function is the logarithm function and there are no jumps in the stock
price. The other application pertains to optimal insider consumption. We show that there
exists an optimal insider consumption, and in some special cases the optimal consumption

can be expressed explicitly.

The Chapter is structured as follows: In Section 6.2, we briefly recall some basic concepts
of Malliavin calculus and its connection to the theory of forward integration. In Section
6.3, we use Malliavin calculus to obtain a maximum principle (i.e., necessary and sufficient
conditions) for this general non-Markovian insider information stochastic control problem.
Section 6.4 considers the special of It6-Lévy processes. In Section 6.5, we apply our results
to some special cases of filtrations. Section 6.6 and 6.7 are respectively application to

optimal insider portfolio, and optimal insider consumption.

6.2 Framework

In this Section we briefly recall some basic concepts of Malliavin calculus and its connec-
tion to the theory of forward integration. We refer to Section 4.3 of Chapter 4 for more
informations about Malliavin calculus. As for the theory of forward integration the reader

may consult [95, 121, 124] and [32].

6.2.1 Malliavin calculus and forward integral

In this Section we briefly recall some basic concepts of Malliavin calculus and forward
integrations related to this Chapter. We refer to [95, 121, 124] and [32] for more information
about these integrals.

A crucial argument in the proof of our general maximum principle rests on duality formulas

for the Malliavin derivatives D; and Dy .. (See [94] or [31].)
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Lemma 6.2.1 We recall that the Skorohod integral with respect to B resp. N (dt,dz)

1

is defined as the adjoint operator of D. : Dg% — L2(AxPW) resp. D.. : Dgz% —

L*(\ x vxP®@). Thus if we denote by

/ ) 0By and / / dt dz)
0 Ro

the corresponding adjoint operators the following duality relations are satisfied:

(i)
T T
Epq) |:F/ <p(t)5B{| = Epq) |:/ go(t)Dtht:| (6.2.1)
0 0
for all F € D(llg and all Skorohod integrable ¢ € L>(AxPW) (i.e. ¢ in the domain of
the adjoint operator).
(ii)

T _ T
Epe) [G /O AECORCE dz)] = Epe [ /0 | 0(t,2)DGrldz)dt| - (6.2.2)

for all G € ]D)% and all Skorohod integrable 1) € L*(\ x vxP(?)).

Forward integral and Malliavin calculus for B(-)

This section constitutes a brief review of the forward integral with respect to the Brownian
motion. Let B(t) be a Brownian motion on a filtered probability space (2, F, Fi>o, P), and

T > 0 a fixed horizon.

Definition 6.2.2 Let ¢ : [0,T] x Q@ — R be a measurable process. The forward integral of
¢ with respect to B(-) is defined by
B(t+¢€) — B(t)

/ o(t,w)d B(t) = hm gé(t w) dt, (6.2.3)

if the limit exist in probability, in which case ¢ is called forward integrable.

Note that if ¢ is cadlag and forward integrable, then

/ o(t,w)d”B(t) = lim Z¢ (6.2.4)

At~>0

where the sum is taken over the points of a finite partition of [0, T7.
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Definition 6.2.3 Let MPB denote the set of stochastic functions ¢ : [0,T] x Q — R such

that:
1. ¢ € L2([0,T] x Q), u(t) € sz for almost all t and satisfies
T T T
E </ 6 dt + / / \Du¢(t)]2dudt> < oo
0 0o Jo
We will denoted by LY2[0,T] the class of such processes.
2. limeo 2 [ _¢(t)dt = $(u) for a.a u € [0,T] in L12[0,T],

3. Dy ¢(t) :=limg 1 Dso(t) exists in L((0,T) @ Q) uniformly in t € [0,T].

We let Mfz be the closure of the linear span of M with respect to the norm given by

1Pllhaz, = I0llLrzior + 1De+ 6@ 1020

Then we have the relation between the forward integral and the Skorohod integral (see

[76, 31]):

Lemma 6.2.4 If ¢ € Mfz then it is forward integrable and

/¢ t)d~B(t /¢ t)6B(t /DH(;s (6.2.5)

Moreover

[/ $(t)d~ B(t } [/ D o(t dt]. (6.2.6)

Using (6.2.5) and the duality formula for the Skorohod integral see e.g., [31], we deduce the

following result.

Corollary 6.2.5 Suppose ¢ € MEQ and F € DEQ then

E [F/OT gzb(t)d_B(t)] = E [F/Oqu(t)(SB(t) + F/OTDtm(t)dt]

= E[/OT¢(t)Dtht+/OTFDt+¢(t)dt] (6.2.7)



6.2 Framework 129

Proposition 6.2.6 Let H be a given fized o-algebra and ¢ : [0,T] x Q@ — R be a H-

measurable process. Set X (t) = E[B(t)| H]. Then

E [ /0 ' go(t)d_B(t)’ H} _E [ /0 ' @(t)d_X(t)] (6.2.8)

Proof. Using uniform convergence on compacts in L'(P) and the definition of forward

integration in the sense of Russo-Vallois (see [121]) we observe that

T T _
E [/ p0d B M =E[ tm [ o2 EW gy
0 e—07% Jo €
T —
—2(P) - i B[ [ oo P = g
€— 0 €
i Tso(t)X(t—Fe)—X(t)dt
e—0t Jo €

T
:/ o(t)d” X (t), in the ucp sense
0
and the result follows. m

Definition 6.2.7 Let (H:);»q be a given filtration and ¢ : [0,T] x © — R be a H-adapted
process. The conditional forward integral of ¢ with respect to B(-) is defined by

[ Blt+9) — BO) M, ,

€

T T
| ewElaBOmM =1 [ o0 Lo (6:29)
0 €= 0

if the limit exist ucp sense.

Remark 6.2.8 Note that Definition 6.2.7 is different from Proposition 6.2.6 except if H; =
H for all t

Forward integral and Malliavin calculus for N(,-)

In this section, we review the forward integral with respect to the Poisson random measure

N.

Definition 6.2.9 The forward integral

T ~
T@)= [ [ ot Nz,



6.2 Framework 130

with respect to the Poisson random measure N, of a cadlag stochastic function ¢(t,z), t €

[0,T], z € R, with ¢(t,z) = ¢(w,t,2), w e Q,is defined as

:hm/ /gbtle N(dz,dt),

if the limit exist in L*>(P). Here Uy,,m = 1,2,--- , is an increasing sequence of compact

sets Uy, € R\{0} with v(Uy,) < 0o such that limy, oo Up, = R\{0}.

Definition 6.2.10 Let MY denote the set of stochastic functions ¢ : [0,T] x R x Q@ — R

such that:

1. ¢(t,z,w) = ¢1(t,w)Pa(t, z,w) where ¢1(w,t) € ]D)]l\?2 is cadlag and ¢a(w,t, z) is adapted

E [/OT/R@(t,z)u(dz)dt] < o0,

2. Diy ¢ :=lims_14 Ds ¢ exists in L*(P x A X v),

such that

3. ¢(t,2) + Dyt . ¢(t, 2) is Skorohod integrable.

We let M§2 be the closure of the linear span of M? with respect to the norm given by

H(bHMi% = “¢"L2(PXAXV) + HDH-,Z(b(t’ Z)”LQ(]PXAXV)

Then we have the relation between the forward integral and the Skorohod integral (see

[32, 31]):

Lemma 6.2.11 If ¢ € M o then it is forward integrable and

//¢tz (dz,dt) //Dt+z¢tz) dzdt+// 6(t, 2)+ Dys 2t 2)) N (dz, 6t)

(6.2.10)

Moreover

E [/OT/R¢(t,z)N(dz,d—t)] =E [/OT/RDtJm(b(t,z)u(dz)dt] . (6.2.11)
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Then by (6.2.10) and duality formula for Skorohod integral for Poisson process see [31], we

have

Corollary 6.2.12 Suppose ¢ € Mjl\?Q and F € D{?Q, then

E {F /0 ' /R o(t, z)ﬁ(dz,d_t)} =E {F /0 ' /R Dt+,z¢(t,z)u(dz)dt]

+E [F /0 ' /R (o(t,z) + Dt+7Z¢(t,z))N(dz,5t)}

=E { /0 ' /R o(t, z)Dt,ZFy(dz)dt]

+E [ /0 ' /R (F + Dt,ZF)DH,an(t,z)y(dz)dt] . (6.2.12)

6.3 A Stochastic Maximum Principle for insider

In view of the optimization problem (6.1.4) we require the following conditions 1-5:

1. The functions b: [0,T] xR xUxQ =R, 0 : [0,T]|xRxUxQ —R, 6:[0,T] x
RxUXxRyxQ—=R, f:[0,T]xRxU xQ—Randg:R xQ— R are contained

in C! with respect to the arguments 2 € R and u € U for each t € R and a.a w € Q.

2. For all r,t € (0,7), t < r and all bounded G;—measurable random variables a =

a(w), w € Q, the control
Ba(s) == a(w)x(s), 0<s<T, (6.3.1)

is an admissible control i.e., belongs to Ag (here x[; 7] denotes the indicator function

on [t,T7).

3. For all u, 8 € Ag with 8 bounded, there exists a § > 0 such that

u+yp e Ag, forall y € (—6,0) (6.3.2)
and such that the family
S F0, X0, u(t) + yB(0) - X (1)
ox" ’ dy

+6au Ft, XUHB(1), u(t) + yﬂ(t))ﬁ(t)}

ye (_5)5)
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is A x P—uniformly integrable and

{g’(X“*yﬁ(T)) dX“JFyB(T)}

dy yE(~5,6)

is P—uniformly integrable.

4. For all u, 8 € Ag with 8 bounded the process

iX(quyﬁ) (t)

V() =Y(t) = 5

y=0
exists and follows the SDE

dY () = Ys(t) [ib(t,X“(t),u(t))dt + ;xa(t,X“(t),u(t))d_B(t)

+ 889<t,X“<t>,u<t>,z>ﬁ(dzad‘ﬂ]
Ro 0T

+B(t) [ib(t,X“(t),u(t))dt + ia(t,X“(t),u(t))d_B(t)

+ QQ(t,X“(t),u(t), 2) N(dz, d_t)] (6.3.3)
R, OU

Y(0) =0
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5. Suppose that for all u € Ag the processes

T
K(t) := g'(X(T))+/t %f(s,X(s),u(s))ds (6.3.4)
r 9
DK(t) = Dtg’(X(T))—i—/t DS (s, X(5), u(s)) ds
T 0
D . K(t) = Dt’zg/<X<T))+/t Dtvz%f(s,X(s),u(s))ds
Hy(s,z,u) = K(s) (b(s,az,u) + Dgyo(s,z,u) + A Dgy 0(s,x,u, 2) Z/(dz)>
+D K (s)o(s,z,u) (6.3.5)
+ D&ZK(S){Q(S, z,u,2) + Dy ,0(s, 2, u, z)} v(dz)
Ro
2
G(t,s) = exp (/t {gﬁ; (r, X (r), (r))—é(iz’;) (T,X(r),u(r))}dr
[0 0 x ), ulr) 4B (1)

oz

+/: /Ro {ln (1 + (% (T,X(r),u(r),z)> - gz (r,X(r),u(r),z)} v(dz) dr
i /t /JRO {hl <1 " % (r, X (), ulr™), Z)) } N(dz, d‘?“)) (6.3.6)

T p
pt) = K1)+ / = Ho(s, X(5), u(s))G(t,5) d (6.3.7)
at) == Dyp(t) (6.3.8)
r(t,z) = Di,p(t); t€[0,T], z€Ryg. (6.3.9)

are well-defined.
Now let us introduce the general Hamiltonian of an insider
H:[0,T]xRxUxQ—R
by

H(t,x,u,w) :=p(t) (b(t,x,u,w) + Dypo(t,z,u,w) + Diy 0(t, x,u,w) V(dz))

Ro

+f(t,a?,u,w) q(t)o(t, z,u,w)

+/ O(t,x,u, z,w) + Dyt Z@(t,x,u,z,w)}y(dz) (6.3.10)
Ro
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We can now state a general stochastic maximum principle for our control problem (6.1.4):

Theorem 6.3.1 1. Retain the conditions 1-5. Assume that u € Ag is a critical point

of the performance functional J(u) in (6.1.4), that is

d
—J(a+ =0 6.3.11
i (U +yp) - ( )
for all bounded B € Ag. Then
E [;Lﬁ(t,)?(t),a(t)) gt} + E[A] =0 ae. in (t,w), (6.3.12)

where A is given by Equation (A.3.12)

Ro
with
~ T ~ ~ -~
plt) =K (1) + /t ;EHO(S,X(S),a(s))G(t,s)ds, (6.3.14)
~ ~ T p ~
Rt =g/ (R(T) + [ (s R (5), () s,
and

00

T, )A((T), u(r), 2’)) ~ (r, X(r),u(r), z) } v(dz)dt

. % (r,)?(r—),u(r‘),z» } Kr(dz,d—r)>

H(t,z,u) =K (t) (b(t,a:,u) + Diyo(t,z,u) + Dyt 0(t,x,u) V(d?:))
Ro

~

+ DK (t)o(t,z,u) + f(t,x,u)

+ Dmf((t){e(t, .1, 2) + Diy 20, 2, u, z)}u(dz)
Ro
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2. Conversely, suppose there exists u € Ag such that (6.5.12) holds. Then u satisfies

(6.3.11).

Proof. See Appendix A, Section A.3. m

6.4 Controlled Ito-Lévy processes

The main result of the previous section (Theorem 6.3.1) is difficult to apply because of the

appearance of the terms Y (¢), DY (t) and Dy .Y (t), which all depend on the control w.

However, consider the special case when the coefficients do not depend on X, i.e., when
b(t,z,u,w) = b(t,u,w), o(t,z,u,w)=oc(t,u,w)

and 0(t,x,u, z,w) = O(t,u, z,w). (6.4.1)
Then the equation (6.1.1) gets the form

d=(X)(t) = b(t,u(t),w)dt + o(t,u(t),w)d” By
+ fg Ot u(t), z,w)N(dz, d~t); (6.4.2)
X(0) = z€R

We call such processes controlled It6-Lévy processes.
In this case, Theorem 6.3.1 simplifies to the following

Theorem 6.4.1 Let X(t) be a controlled Ité-Lévy process as given in Equation (6.4.2).
Retain the conditions (1)-(5) as in Theorem 6.3.1.

Then the following are equivalent:

1. u € Ag is a critical point of J(u),

E |L(t)a + M(t)Diyra + R(t,2z) Dyt .av(dz)| =0
Ro
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for all Gi-measurable o € Dy 2 and all t € [0,T], where

L(t) =K(t) <ag§f) + DHagS) | Dt+7zag§j)u(dz)> + agit)
+ s D, .K(t) (823) + Diy - 823))V(dz) + DtK(t)agit), (6.4.3)
M(t) = K(t) ags) (6.4.4)
and
R(t,z) = {K(t) + Dy K(t)} (agg) + Dyy agss) ) (6.4.5)

Proof.

1. It is easy to see that in this case, p(t) = K(t), q(t) = D:K(t), r(t,z) = Dy .K(t) and

the general Hamiltonian H given by (6.3.10) is reduced to H; given as follows

Hi(s,z,u,w) :=K(s) (b(s,u,w) + Dsio(s,u,w) + Ds+’zé?(s,u,w)1/(dz)>

Ro

+DK(s)o(s,u,w)+ f(s,z,u,w)

+ [ Ds.K(s) {9(3, u,z,w) + Dgy 0(s,u, z,w) }V(dz).
Ro

Then, performing the same calculus lead to

Ay =A3 = A5 =0,

Ay=F [ /t o {K(t) <8b(5) +D 8"55) + DH,za”S)y(dz)) L 91(s)

99(s) 07(s) Jdo(s)
+ [ DeaK(s)(TGo7 + Doy, J¥(dz) + Do ()% b ads| |
t+h
Ay =E [ K(s)ag(S)Ds+ads] ,
t u

Ag=E { /t o | {K () + DK ()} ( 8229) + DW8223))y(dz)ps+,zads] .
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It follows that

Ay, o E [{K(t) <8b(t) + 0, 27 /RO DH,zae(t)l/(dz)) L0

dh ou T ou ou ou
00(t) ov(t) do(t)
s Dt,zK(t)(Tu + Dy )u(dz) + DKW 2 bal,
d B o (t)
A . =E [K(t) o Dt+a] :

_ 26(t) ()
| E[ 5 (K () +Dt,zK(t)}( S+ Dira g )V(dz)Dt_hza} .

This means that

0=E [{K(t) (825) + 0, 200 /RO Dt+,zag(t)u(dz)> o

ou ou
20(t) ov(#) do(t)
/R 0 D KW)(S 4 Dy DY) 4 Dy ()0 }a

oo (00 + D10} (%0 + Dy Yol ) Dy o]

+ K(t)

Dta+ { ou ou

Ro

and the first implication follows.

2. The converse part follows from the arguments used in the proof of Theorem 6.3.1.

6.5 Application to special cases of filtrations

The results obtained so far are for given general sup-filtrations. To provide some concrete
examples, let us confine ourselves to particular cases of filtrations. We consider the case of
an insider who has an additional information compared to the standard normally informed

investor.

e It can be the case of an insider who always has advanced information compared to
the honest trader. This means that if G, and F; represent respectively the flows of
informations of the insider and the honest investor then we can write that G: D Fy 50

where §(t) > 0;
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e it can also be the case of a trader who has at the initial date particular information
about the future (initial enlargement of filtration). This means that if G, and F;
represent respectively the flows of informations of the insider and the honest investor

then we can write that G; = F; V o(L) where L is a random variable.

6.5.1 Filtrations satisfying conditions (Col) and (Co2)

In the following we need the notion of D-commutativity of a o-algebra.

Definition 6.5.1 A sub-o0-algebra A C F is D-commutable if for all F € Dy the condi-

tional expectation E [F' | A] belongs to Dy and

E[F|A = E[D.F |A], (Col)

Di.E[F |A] = E[D,.F | A (Co2)

Theorem 6.5.2 Suppose that u € Ag is a critical point for J(u). Assume that G is D-
commutable for all t. Further require that the set of Gi—measurable elements in the space
of smooth random variables G (see [115]) are dense in L?(G;) for all t and that E [M(t) |G]

and E [R(t, z) |G| are Skorohod integrable. Then

0_/ BIL(t) |Gi] b dt+/ E[M(t) |Gu] h(t) 5B:
+ / B[R(t, 2)| O] h(t) N(5t, d2). (65.1)
0 Ro

for all h € L?([0,T]) with supp .h C [to, T].

Proof. Without lost of generality, we give the proof for the Brownian motion case, and the
ones of the pure jump case and mixed case follow.

Let fix a tg € [0,T"). Then, by assumption it follows that for all G;,—measurable o € G and
h € L?([0,T]) with

supp.h C [to, T], to <t < T,

</ E[L() |Gto) h(t)dt, a> < /M (t)6By 1G] » >
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On the other hand the duality relation (6.2.1) implies

(o[ oo

gto], >:E / M(t)h(t)0BE [a] Gy,

_F / MBh(E)DIE [a] Gy dt
=F / M DtOé‘ Q’to] _
= / E ]Qto] DtOédt

)
< ) 1G] bt >5Bt,a>

for all @ € G. So

o[ [ o

Hence, by denseness, we obtain that

gto] / E[M(t) |Gy,] h(t)5B:.
0—/ E[L(t) |Gt b dt—l—/ E [M(t) |G, ] h(t)6 Bs.

To provide some concrete examples let us confine ourselves to the following type of filtrations

H. Given an increasing family of G = {G4},¢o 1 Borel sets G O [0,¢]. Define
T
H=Fg ={Gi};>, where Fg =0 {/ xu(s)dB(s); U C Gt} VN (6.5.2)
= 0

where A is the collection of P—null sets. Then Conditions (Col) and (Co2) hold (see

Proposition 3.12 in [31]). Examples of filtrations of type (6.5.2) are
H :Ft+5(t)7
Ha =Fo,quos

where O is an open set contained in [0, 7).

It is easily seen that filtrations of type (6.5.2) satisfy conditions of Theorem 6.5.2 as well.

Hence, we have
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Corollary 6.5.3 Suppose that {Gi}o<,;< is given by (6.5.2). Then, Equation (6.5.1) holds.
Using Theorem 5.3.3 in Chapter 5, it follows that

Theorem 6.5.4 Suppose that G, is of type (6.5.2). Then there exist a critical point u for

the performance functional J(u) in (6.1.3) if and only if the following three conditions hold:

(1) E[L({)|Gi] =0,
(i) E[M(t)|Gi] =0,

(vit) E[R(t,2)| G = 0.
where L, M and R are respectively given by Equations (6.4.3), (06.4.4) and (6.4.5).

Proof. It follows from the uniqueness of decomposition of Skorohod-semimartingale pro-
cesses of type (6.5.1) (See Theorem 5.3.3.) m
We show in Appendix A, Section A.4, that, using a technique based on chaos expansion,

we can obtain similar results, when G; is of type (6.5.2).

Remark 6.5.5 Not all filtrations satisfy conditions (Col) and (Co2). An important exam-
ple is the following: Choose the o-field H to be o(B(T)), where {B(s)},s, is the Wiener
process (Brownian motion) starting at 0 and T > 0 is fized. Then, H is not D-commutable.

In fact, let F = B(t) for some t <T and choose s such thatt < s <T. Then

D,E [B(t)[H] = D, (;B(T)> = %

while

E[D,B(t)[H] = E[0|H] = 0.

It follows from the preceding Remark that the technique using in the preceding Section
cannot be apply to the o-algebra of the type F; V o(Br), and hence we need a different

approach to discuss such cases.
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6.5.2 A different approach

In this Section, we consider o-algebras which do not necessarily satisfy conditions (Col)

and (Co2).

Theorem 6.5.6 Let ty € [0,T], put H = Gy,. Further, require that there exists a set A =
Asy € D1 2NL*(H) and a measurable set M C [to, T| such that E [L(t)| H]-Xjo 10, E [M(t)| H]-

X[o,rjnm and E[R(t, z)| H] - X[o,rjnam are Skorohod integrable and

(i) Dia and Dy o are H-measurable, for all a € A, t € M.

(ii) Diyya = D and Dy ;a0 = Dy for all o € A and a.a. t,z, t € M.
(iii) SpanA is dense in L*(H).

(iv)
E [L(t)oz + M(t)Dra + /R 0 R(t, 2)Dys .00 u(dz)} ~0

Then for all h = Xp,.s)(#)xMm(t)
0=E UT EL(t) [H] h(t)dt + /T E[M(#) ] h(t)5 B,
0 0

T ~
n / E[R(t, )| H] h(t) N(6t, dz)
0 Ro

H] . (6.5.3)

Proof. Let a = E[F|H] for all F € A. Further, choose a h € L?([0,7T]) with h =

o)

X[to,s) (1) XMm(t). By assumption, we see that

0= </OTE[L(t) |H] h(t)dt,a> + <E [/OT M (t)h(t)0 B

n|.a).

+ <E [ /O ! s R(t, z)h(t) N(0t,dz)
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On the other hand, the duality relation (6.2.1) and (ii) imply that

< [/ M{)h(t)3B, H], >:E / M()h(t)5B,E [F\H]}

_F /0 MOh(t)DE [F|H] dt}

_p| h(t)DE [ F|H] dt]

/ E[M()|H
/ E[M h(t)éBt-E[F\H]}

E
< H] h(t)3 B, a> .
H] ,a> _ </0T [ ElRG,2) 1700 N(at,dz),a>.

In the same way, we show that

(o[ [ f oo

Then it follows from (iv) that

H].

O—E[/OTE[L(t dt+/ EIM({) [H] (5Bt+/ ER(t,2)| H] h(t) N(6t, d2)

Ro

for all h € L% ([0, T]) with with supp.h C (to,T)], to <t < T,

Theorem 6.5.7 [Brownian motion case] Assume that the conditions in Theorem 6.5.0 are
in force and 0 = 0. In addition, we require that E[M(t)|G,-] € MPy and is forward

integrable with respect to E [ d~B(t)|G,-]. Then

o_/ BIL() (G- holt dt+/ B[M(t) G, | ho(t)E [d"B|G, ]
/ Dy E[M(1)| Gy-] ho()dt (6.5.4)

Proof. We apply the preceding result to h(t) = ho(t) X, +,,,)(t), where 0 =tg <t3 <--- <

;)

gt¢:| : (6.5.5)

t; < tiy1 =T is a partition of [0,7]. From Equation (6.5.3), we have

tit1 tit1

0= E[L(t) |G| h(t)dt + E [ E[M(t) |G, ] h(t) Bt

ti

+E[/t”1 R(t, )| Gu] h(t) N (6t, d=)
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By Lemma 6.2.4 and by assumption, we know that

tit1 tit1

5 E[M(t) |Gt,] ho(t)0B: = 5 E[M(t) |Gt,] ho(t)d™ B(t)

- Dy E[M(£)| Go,] ho(t)dt. (6.5.6)
t;
Substituting (6.5.6) into (6.5.5) and summing over all ¢ and taking the limit as At; — 0,
we get,

i+1
0 —AltiirEO{Z/ BL(#) G0,] ho(t)dt

n—oo

o E B 7 — B i )
' E[M(t) |Gt,] ho(t) Bt +1)At- (t)|gtl]Ati
ti :
tit1
- Z Dy E [M(2) \Qti]ho(t)dt},
i=1 "t

in the topology of uniform convergence in probability.

Hence, by Definition 6.2.7, we get the result. m

Important examples of a o-algebras H satisfying condition of Theorem 6.5.6 are o-algebras

of the following type which are first chaos generated (see [96]), that is

H = o(I1(hi),i € N,h; € L*([0,T])) VN, (6.5.7)
where N is the collection of P—null sets. Concrete examples of these o-algebras are

Hs =F: Vo(B(T)),

or

Hy= FVo(Blt+At,)); n=1,2, ..
Lemma 6.5.8 Suppose that H = Ha = F; V o(B(T)). Then
Tt t—to

EB(#) [Hy) = 77— -Blto) + 77—

B(T) for allt > to.

In particular

(B(T) - B(1))
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Proof. We have that
E[B(t) | Hy) = /O " o(t,5)dB(s) + CO)B(T).
On one hand, we have
t = BE[E[B() | Hy) B(T)] =E K/Ot o, s)dB(s)> B(T)] +CWT
_ /0 ® ot 5)ds + C)T. (6.5.8)
On the other hand
w= E[E[B(t) | Hy) Bu)] =E K /O ® ot s)dB(s)) B(u)] +C(tu
_ /0 " ot 8)ds + Ctyu, for all u < 1. (6.5.9)

Differentiating Equation (6.5.9) with respect to u, it follows that

o(t,u) + C(t) = 1.

Substituting ¢ by its value in Equation(6.5.8), we obtain C(t) = #—* and then ¢(t, s) =

to

T—tg
T—to "

Therefore, the result follows. m

Corollary 6.5.9 Suppose that H = Ha = F: V o(B(T)). Then

B(T) - B(t)

T ¢ dt.

B[d B[, ] =

We now consider a generalization of the previous example:

For each t € [0,T), let {dn}rey = {0n(t)},2, be a given decreasing sequence of numbers

dn(t) > 0 such that

t+,(t) € [t,T] for all n.

Define

H=Hs=F:Vo(B(t+d,(t)); n=12,--

(6.5.10)
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Then, at each time ¢, the o-algebra H4(t) contains full information about the values of the
Brownian motion at the future times ¢ 4+ §,,(t); n = 1,2,--- The amount of information
that this represents, depends on the density of the sequence 4, (¢) near 0. Define

p(t) = 5% (0 — Ot1) In <ln ((515» Ck=1,2,-- (6.5.11)

k+1 k — Ok+1

We may regard pg(t) as a measure of how small d; — 9541 is compared to dx11. If p(t) — 0,
then §; — 0 slowly, which means that the controller has at time ¢ many immediate future
values of B(t+0(t)); k=1,2,---, at her disposal when making her control value decision.

For example, if
1 p
I(t) = <k> for some p > 0,

then we see that

0 if p<l1
li t) = it — 6.5.12
Jim py (1) 1 i p=1 ( )

oo if p>1

Lemma 6.5.10 Suppose that H = Hy as in (6.5.10) and that
lim pg(t) =0 in probability, uniformly int € [0,T). (6.5.13)

k—oo

Then

E[d B(t) |Hi-] =d B(t); t€[0,T)
Proof. For each £ > 0, choose §, = (5,5;5) such that

Opt1 < € < 0.
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Then
1
EE [B(t+¢)— B(t) | Hy-]
1
:EE [B(t+¢) = B(t) | Fiis,, ) Vo (B(t+ 0k(t)))]
L[ 0p—c¢ € — Ot1 ]
= | ———DB(t+0k41) + ———B(t + ) — B(t
|5 B S+ S LB+ 6) - B(Y)
1 €—90
=z [B(t + 0p41) — B(t) + %_7;]:1 {B(t+dr) — B(t+ 5k+1)}}
o1 1 € — Ok41
= -—— [B(t + 6 —Bt)|+ —————[B(t+d,) — B(t+46
c 5k+1 [ ( k-‘rl) ( )] 6((5k _ 6k+1) [ ( k‘) ( k-i-l)]
Note that
€ — Opq1 1

€(0k — Okt1) ~ Opq1

and, by the law of iterated logarithm for Brownian motion (See e.g [119], p. 56),

— 1
lim —— ‘B(t + 5k) — B(t + 6k+1)’
k—00 0k 41

T [(5 Seen) ] (1 ( ! ))} 0
= lim — - n{ln{——+— =0 a.s.,
hooolper | Ok — k41

uniformly in ¢, by assumption (6.5.13).

Therefore, since

ESMSL for all k
51@ e
and
0
% — 1 a.s., k — o0, again by (6.5.13),
k

we conclude that, using Definition 6.2.7,

T T B )
/Ogo(t)E[dB(tHHt] tim [ oy ELBEAE) = BO) [ My

e—0 0 €

dt

T
- B
k—oo Jo 5k+1

T
dt = /0 o(t)d~B(t)

in probability, for all bounded forward-integrable H-adapted processes . This proves the

lemma. m
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6.6 Application to optimal insider portfolio

Consider a financial market with two investments possibilities:

1. A risk free asset, where the unit price Sy(t) at time ¢ is given by

dS()(t) :T‘(t)SQ(t) dt, S()(O) =1. (6.6.1)

2. A risky asset, where the unit price Sy (t) at time ¢ is given by the stochastic differential

equation

Sy (t) =S1(t7) | p(t)dt + ao(£)dB~(t) + / (t, 2)N(dt,dz) |, $1(0)>0. (6.6.2)
Ro

Here r(t) > 0, u(t),o0(t), and ~(t,z) > —1 4 € (for some constant € > 0) are given G-

predictable, forward integrable processes, where {gt}te[m is a given filtration such that
Fi C G forallt € [0,T] (6.6.3)

Suppose a trader in this market is an insider, in the sense that she has access to the
information represented by G; at time t. This means that if she chooses a portfolio u(t),
representing the amount she invests in the risky asset at time t, then this portfolio is a
G;-predictable stochastic process.

The corresponding wealth process X (t) = X () (t) will then satisfies the (forward) SDE

dX(t) = Wdé’g(t) + 51(3) =5, (t)
= X (t)r(t)dt + u(t) [ (u(t) — r(t)) dt + oo(t)dB~ (t)
—|—/Rofy(t, 2)N(dt, dz)} . telo,T], (6.6.4)
X(0) =2 > 0. (6.6.5)

By choosing Sy(t) as a numeraire, we can, without loss of generality, assume that

r(t) =0 (6.6.6)
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from now on. Then Equations (6.6.4) and (6.6.5) simplify to

d-X(t) = wu(t) |pt)dt+ oo(t)dB~(t) +/ y(t,z)N(d"t,dz) |,
Ro (6.6.7)
X(0) = z>0.

This is a controlled It6-Lévy process of the type discussed in section 6.4 and we can apply
the results of that section to the problem of the insider to maximize the expected utility of

the terminal wealth, i.e., to find ®(x) and u* € Ag such that

B(z) = useung [U <X<“> (T))} = [U (X(“*)(T)ﬂ , (6.6.8)

where U : Ry — R is a given utility function, assumed to be concave, strictly increasing
and C'. 1In this case the processes K(t), L(t), M(t) and R(t,z), given respectively by

Equations (6.3.4), (6.4.3), (6.4.4) and (6.4.5), take the form

K(t) =U"(X(T)), (6.6.9)

L) =V (X)) [ut)+ Desonlt) + [ Dev2)vtd) (6:6.10)
L., Dy U (X(T)) [v(t; 2) + Dey.2v(t, 2)] v(dz) + DU (X(T)) 00 (8),

M) =U"(X(T)) oo(t), (6.6.11)

R(t,z) = {U' (X(T)) + D .U (X(T))} {7(t, 2) + Dey (L, 2)} - (6.6.12)

6.6.1 Case G, = Fg,, G; D [0,1]

In this case, G; satisfies Equation (6.5.2) and hence conditions (Col) and (Co2). Therefore,

Theorem 6.5.4 of Section 6.4 gives the following;:

Theorem 6.6.1 Suppose that P (A{t € [0,T]; oo(t) # 0} >0) > 0 where A denotes the
Lebesgue measure on R and that G is given by (6.5.2). Then, there does not exist an

optimal portfolio u* € Ag of the insider’s portfolio problem (6.6.8).

Proof. Suppose an optimal portfolio exists. Then we have seen that in either of the cases,

the conclusion is that

E[L(#)]G] = E[M@®)|G] = E[R(t,2)|G] = 0
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for a.a. t € [0, 7], z € Rq. In particular,
E[M(t)|G] =E [U (X(T))|Gt] oo(t) =0, for a.at e [0,T].

Since U’ > 0, this contradicts our assumption about U. Hence an optimal portfolio cannot

exist. m

Remark 6.6.2 In the case that G: = H;, i = 1 ori = 3 it is known that B(-) is not
a semimartingale with respect to {G;} and hence an optimal portfolio cannot exists, by
Theorem 3.8 in [1/] and Theorem 15 in [33]. It follows that S1(t) is not a Gy-semimartingale
either and hence we can even deduce that the market has an arbitrage for the insider in this

case, by Theorem 7.2 in [29]

6.6.2 Case G, = F,Vo(B(T))

In this case, G; is not D-commutable, therefore, we apply results from Section 6.5.2. We
have seen that

B(T) - B(),,

E[d B|G-]= T3

(Corollary 6.5.9). It follows that

Theorem 6.6.3 [Brownian motion case] Assume that u(t) = po, oo(t) = oo, y(t,z) =0

and conditions in Theorem 6.5.6 hold. In addition, require that
1. E[M(1)|G-] € Mfz

2. imE [|Dy E[M(1)] G,-]]] < oc.
a7

3. limF [|L(t)]] < oco.
T

Then, there does not exist a critical point of the performance functional J(u) in (6.1.3).

Proof. Assume that there is a critical point of the performance functional J(u) in (6.1.3).

It follows from Theorems 6.4.1, 6.5.6 and 6.5.7 that Equation 6.5.4 holds. Replacing
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K(t), L(t), and M(t) by their given expressions in Equations (6.6.9), (6.6.10) and (6.6.11),

Equation (6.5.4) becomes
0=E [poU"(X(T)) + 0o D:U'(X(T)) |G,-] + E [U'(X(T))oo |G¢-]
— D+ E [ooU'(X(T))|Gi-], ae t (6.6.13)

Taking the limit as ¢ T T, the second term in Equation (6.6.13) goes to oo. Therefore, there

is no critical point for the performance functional J(u) in (6.1.3). =

Remark 6.6.4 This result is a generalization of a result in [72], where the same conclusion

was obtained in the special case when

U(z) = In(x)

6.6.3 Case G, =H ="H,
In this case, we have seen that under the condition of Lemma 6.5.10
E[d™B(t) |Hi-] = d” B(t).

Therefore, we get
Theorem 6.6.5 Suppose that, with G; as above, the conditions of Theorem 6.5.7 are sat-
isfied. Then w is a critical point for J(u) = E[U(X"™(T))] if and only if

EL(t)|G-] — Dy E[M(8)|G,-] = 0, (6.6.14)
and

E[M(t)|G,-] =0, for a.at e [0,T]. (6.6.15)

Proof. It follows from Equation (6.5.4) and the uniqueness of decomposition of forward

processes. H

Corollary 6.6.6 Suppose G; is as in Theorem 6.6.5 and that P (A {t € [0,T]; oo(t) # 0} > 0) >
0 where \ denotes the Lebesque measure on R. Then, there does not exist an optimal port-

folio u* € Ag for the performance J(u) = E[U(X"(T))].

Proof. It follows from Equation (6.6.15) and the property of the utility function U. m
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6.7 Application to optimal insider consumption

Suppose we have a cash flow X () = X(®(t) given by

dX(t) = (u(t) —u(t)dt +o)dBEt) + | 6t 2)N(dt,dz),
Ro (6.7.1)

X(0) = zeR.

Here p(t), o(t) and 6(t, z) are given G;-predictable processes and u(t) > 0 is our consump-

tion rate, assumed to be adapted to a given insider filtration {gt}te[oﬂ where
Fi C Gy for all t.

Let f(t,u,w); t € [0,T], u € R, w € Q be a given Fp-measurable utility process. Assume
that u — f(t,u,w) is strictly increasing, concave and C! for a.a (¢,w).
Let g(z,w); z € R, w € Q be a given Fp-measurable random variable for each z. Assume

that * — g(z,w) is concave for a.a w. Define the performance functional J by

Ju)=E [/OT Flt,u(t),w)dt +g (X(“)(T),w)] cueAg, u>0. (6.7.2)

Note that u — J(u) is concave, so u = u maximizes J(u) if and only if @ is a critical point

of J(u).

Theorem 6.7.1 (Optimal insider consumption I)
u is an optimal insider consumption rate for the performance functional J in Equation
(6.7.2) if and only if

E [if(t,ﬁ(t),w)’ gt} -y [g' (X@) (T),w) ‘ gt] . (6.7.3)

Proof. In this case we have
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Therefore Theorem 6.4.1 gives u is a critical point for J(u) if and only if

0= ElL(0]6] = B | 5.0 6] + £ -5 (x®()) 0]

Since X @ (T) depends on @, Equation (6.7.3) does not give the value of @(t) directly.

However, in some special cases u can be found explicitly:

Corollary 6.7.2 (Optimal insider consumption II)

Assume that
g(z,w) = AMw)x (6.7.4)

for some Gp-measurable random variable X\ > 0.

Then the optimal consumption rate u(t) is given by

0 ~
E [(%f(t’ u,w) Qt} it =FE[NG]. (6.7.5)

Thus we see that an optimal consumption rate exists, for any given insider information

filtration {Gt},~,. It is not necessary to be in a semimartingale setting.



Chapter 7

Stochastic Differential Games in
Insider markets via Malliavin

Calculus

7.1 Introduction

In real world, market agents have access to different levels of information and it is important
to understand what value particular pieces of information have. This chapter is devoted
to the study of a class of two-player stochastic differential games in which the players
have different information on the payoff. The different agents invest different amounts of
capital in order to optimize their utility. We derive necessary and sufficient conditions for
the existence of Nash-equilibria for this game and characterize these for various levels of
information asymmetry. The framework is the one of stochastic differential games with

anticipative strategy sets.

In the following, let { B }o<s<7 be a Brownian motion and N(dz,ds) = N(dz,ds) — dsv(dz)
be a compensated Poisson random measure associated with a Lévy process with Lévy mea-

sure v on the (complete) filtered probability space (2, F, {Fi}q<icp, P). In the sequel, we

153
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assume that the Lévy measure v fulfills

/ 22 v(dz) < oo,
Ro
where Rg := R\ {0}.

Suppose that the state process X(t) = X®(t,w); t > 0, w € Q is a controlled Ité-Lévy

process in R of the form:

d-X(t) = b(t,X(t),uo(t),w)dt + o(t, X(t),uo(t),w)d” B(t)
+ Jro V(X (), u0(t), ur(t, 2), 2, w) N(dz,d~t); (7.1.1)
X(0) = z€eR
Where the coefficients b : [0,7] x Rx U xQ — R, 0 : [0,T] x Rx U x Q@ — R, and
7 :[0,T) x Rx U x K x Rg x 2 — R are measurable functions, where U C R?, K C Rx Ry

are given open convex sets. Here we consider filtrations {g; , ¢ = 1,2 such that

}te[O,T]

FeC G, CFr, t€l0,T], i=1,2, (7.1.2)
representing the information available to the controller at time ¢.

Since B(t) and N(dz,dt) need not be a semimartingale with respect to {GiYi>0, i = 1,2,
the two last integrals in (7.1.1) are anticipating stochastic integrals that we interpret as

forward integrals.

The control processes ug(t) and u(t,z) with values in given open convex sets U and K
respectively for a.a t € [0,7], z € Ry are called admissible controls if (7.1.1) has a unique
(strong) solution X = X (0:%1) such that the components of ug(-) and u;(-,-) are adapted

to the considered filtrations {Qtl} 1€[0.T] and {gf} 1€[0.7] respectively.

Let f:[0,T]xRxUx K xQ — Rand g:R xQ — R be given measurable functions

and the given performance functionals for players are as follows:

T
Ji(”Ovul) = E" |:/0 fl(taX(t)’UO(t)aul(ta Z),CU) ,U,(dZ)dt + gZ(X(T)vw) ) 1= 1’2’
(7.1.3)



7.1 Introduction 155

where g is a measure on the given measurable space (2, Fr) and E* = E denotes the
expectation with respect to P given that X (0) = z. Suppose that the controls ug(t) and

uq(t, z) have the form

uo(t) = (mo(t), Bo(1)); t € (0,17, (7.1.4)

ul(t,z) = (7T1(t, Z),al(t)); te [O,T] X Rp. (715)

Let Ay (respectively Ag) denote the given family of controls m = (mg, 1) (respectively
6 = (6p,01)) such that they are contained in the set of G}-adapted controls (respectively

G2-adapted controls), (7.1.1) has a unique strong solution up to time 7" and

T
E" [/0 it X (8 uo(t) w8, 2), )| pld2)dt + g:(X(T),w)|| < o0, i = 1,2.

The insider information non-zero-sum stochastic differential games problem we analyze is

the following:
Problem 7.1.1 Find (7*,60%) € An x Ae (if it exists) such that

1. Jy(m,0%) < Jy (n*,0%) for all m € A

2. Jy(m*,0) < Ja (7*,0%) for all 6 € Ag

The pair (7*,0*) is called a Nash Equilibrium (if it exists). The intuitive idea is that there
are two players, Player I and Player II. While Player I controls 7, Player II controls . Each
player is assumed to know the equilibrium strategies of the other players, and no player has
anything to gain by changing only his or her own strategy (i.e., by changing unilaterally).
Player I and Player II are in Nash Equilibrium if each player is making the best decision
she can, taking into account the other players decision. Note that since we allow b, o, 7,
f and g to be stochastic processes and since our controls are also G}-adapted (respectively
G?-adapted), this problem is not of Markovian type and hence cannot be embedded into

the framework of dynamic programming.
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This chapter is inspired by ideas developed both in Chapter 6 where we use Malliavin cal-
culus to derive a general maximum principle for anticipative stochastic control, and, in An
et al [4], where the authors derived a general maximum principle for stochastic differen-
tial games with partial information. This Chapter covers the insider case in [44], since we
deal with controls being adapted to general supfiltrations of the underlying reference filtra-
tion. Moreover, our Malliavin calculus approach to stochastic differential games with insider
information for It6-Lévy processes allows for optimization of very general performance func-
tionals. We apply our results to a worst case scenario portfolio problem in finance under
additional information. We show that there does not exist a Nash-equilibrium for the in-
sider. We prove that there exists a Nash-equilibrium insider consumption, and in some

special cases the optimal solution can be expressed explicitly.

The framework in this Chapter is the same as in Chapter 6. The reader is then referred to
Section 6.2 of that chapter for a brief recall on some basic concepts of Malliavin calculus
and its connection to the theory forward integration, and also some notions and results

from white noise analysis.

7.2 A stochastic maximum principle for the stochastic dif-

ferential games for insider

We now return to Problem 7.1.1 given in the introduction. We make the following assump-

tions:

1. The functions b: [0,T]xRxUXxQ =R, 0: [0,T]|xRxUxQ—R,v:[0,T] xR x
UxKxRyxQ—R, f:[0,T]xRxUxQ—Rand g:RxQ — R are contained in
C' with respect to the arguments x € R, ug € U and u; € K for each t € [0,T] and

a.a. w € .

2. Foralls,r,t € (0,T),t < rand all bounded G?-measurable (respectively G}-measurable)

random variables a@ = a(w) (respectively £ = £(w)), w € Q, the controls (4(s) =
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(0, 8%(s)) and ne(s) := (0,772(3)) for i = 1,2 with

B (s) = ai(w)x[t,r](s), 0<s<T, (7.2.1)
respectively
me(s) == &' (Wxpn(s), 0<s<T, (7.2.2)

belong to Ap (respectively Ag). Also, we will denote the transposes of the vectors (5

and n by 8%, n* respectively.
3. For all 7, 8 € A with 8 bounded, there exists a §; > 0 such that
m+ylb € Ap, for all y € (—=d1,01), (7.2.3)
and such that the family

0 d
{a%.fl (t’ X(Tl'-i-yﬁ,e) (t)’ T+ yﬂ’ 9’ z)@X(W+yﬁ79) (t)

PV X0, 50,2000
—01,01

is A X v X P—uniformly integrable and

{g'(X(Hyﬁﬁ) (T)) iX(Trerﬁﬁ) (T)}

dy y€(—01,01)

is P—uniformly integrable. Similarly, for all 8,7 € Ag with 1 bounded, there exists a
02 > 0 such that

0+ wvn e Ag, for all v € (—b2,92), (7.2.4)

and such that the family

9 d
{axh(t,X(ﬂﬁ*“") (8),m,0 + vn,2) X (1)

+v9f2(t7X(ﬂ’9+vn)(t)77T79 + 7”772)77*(75)}”6( 52,52)
—02,02

is A x v x P—uniformly integrable and

d

7X(7r)0+v77) T
o ( >}

{g/(X(w,B—Hm) (T))
UE(—52,52)

is P—uniformly integrable.
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4. For all w, 8 € A and 0,1 € Ag with 3,7 bounded the processes

d 0 d ,0+v
V(1) = Yslt) = G XD V() = Vy(t) = G XTI
y=0 v=0

exist and follow the SDE, respectively:
- |0 0 _
AYF (1) = Ya(t™) | b, X (6), mo(t), O0(0)) dt + ——o(t, X(8),mo(t),0o(t)) d Bt
9 B -
+ %7(t,X(t*),wo(t),m(t*,z),ao(t*),el(t*,z),z) N(dz,d"t)
Ro _

+6*(t) [Vﬂb(t,X(t),ﬂ'o(t),Ho(t))dt + vwa(t7X(t)77TO(t)790(t))diB(t)

+ i Vo (6, X (), mo(t), mi(t, 2),00(t7), 01(t ™, 2), 2) N(dz,dt)

(_7.2.5)

and

AV () = Vy(t) [ib(t,ﬂw,m(t),eo(t))dt 2 (e, X(0), mo(8). 60(1) " B#)

+ A ;xv (t, X (), mo(t), m(t,2),00(t7),01(t,2),2) N(dz,dt)}

+ 77* (t) [V@b(t, X<t)7 o (t)v to (t)) dt + VQO'(t, X(t)7 o (t)a bo (t)) diB(t)

+ A Vo (6, X (t7), mo(t), m1(t7,2),00(t7),601(t, 2), 2) N(dz,d_t)}

(7.2.6)
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5. Suppose that for all 7 € A and 6 € Ag the following processes
T 0
Ki(t) :=gl(X(T)) + / — fi(s, X(s),7,0,21) p(dz1)ds, (7.2.7)

t Ro 856

T 9
DU(t) = Digh(X (D) + [ Dyl fi(s, X(5).7m,6.50) lden ),
t
T 0
Dy . Ki(t) := Dy .gi(X(T)) + / Dt’zﬁixfi(s’ X(s),m,0,z21) u(dz)ds,

¢

Ro

H(s,z,m,0) = K;(s) (b(s,x,ﬂ'o,Go) + Dgyo(s,z,mo,00)

+ [ Dsi (s, x,m,0,2) V(dz)) + DK (s)o(s,z,mg,00)
Ro

+ DS7ZK(8){’}/(8, z,7m,0,2) + Dgy (s, z,7,0, z)} v(dz),
Ro

(7.2.8)

(7.2.9)

pilt +/t 71{0 (5, X (3), m0(s), (s, 2), 00 (), 01 (s, 2))G(t, s) ds,
(7.2.10)
qi(t) :== Dypi(t), (7.2.11)
ri(t, 2) == Dy .pi(t), (7.2.12)

all exist fort=1,2, 0<t<s< T, 21,2 € Ryg.
Now let us introduce the general Hamiltonians of insiders.

Definition 7.2.1 The general stochastic Hamiltonians for the stochastic differential games

for insiders in Problem 7.1.1 are the functions

H;(t,z,m,0,w) : [0, T] xRxU x KxQ—R, i=1,2
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defined by

H;(t,z,m0,w) = filt,x,m, 0, z,w) u(dz) + pi(t) (b(t, x,mp,0p,w) + Dyyo(t,x,m,0,w)
Ro

+ Dt+,z’y<t> x,T, 97 2y W) V(dZ)) =+ QZ(t)U(ta T, T0, 007 w)
Ro

+/ ri(t, z){’y(t,x,ﬂ,e, z,w) + Dyy y(t,z, 7,6, z,w)}u(dz), (7.2.13)
Ro

where m = (mp,m1) and 0 = (6, 01)

We can now state a general stochastic maximum principle of insider for zero-sum games:

Theorem 7.2.2 [Maximum principle for insider non zero-sum games]

Retain conditions 1-5.

~

(i) Suppose (7,0) € An x Ag is a Nash equilibrium, i.e.

1. Ji(m,0) < Ji(7,0) for all m € A

~

2. Jo(m,0) < Ja(m,0) for all 0 € Ag

Then
E [Vﬂﬁl(t,X”’g(t),wﬁ,w) - gﬂ Y E[A] =0 ae in (tw), (7.2.14)
and
E [vgﬁQ(t,X“(t),ﬁ,e,w)‘ezg gﬂ Y EB] =0 ae in (tw), (7.2.15)

where A is given by Equation (A.5.21) and B is defined in a similar way.

~ ~

X(t) =Xx"0),

g (t,)?(t),ﬂ,a,w) = [ £t X1), 70,2 w) u(dz) (7.2.16)
+ () (b(t, X (1), 70, 60,0) + Do (t, X (), w0, 60,)

+ Dt—i—,z’Y(t?X(t)vW?eazaw) V(dZ))

+ [ {50 RO 7,0.20) + Dot X 0),m,0,2,0) Jo(do),
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with

(7.2.20)

)

(ii) Conwversely, suppose (7,0) € Anx Ae such Equations (7.2.14) and (7.2.15) hold. Then

%(% +yB,0)| =0 for all 3, (7.2.21)
dy =0
ORG G+ om)| =0 foralln, (7.2.22)
ov V0
In particular, if
m — Ji(m, é\),
and
0 — Jo(m,0)

are concave, then (?r\, 9) 1s a Nash equilibrium.

Proof. See Appendix A, Section A.5. m
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7.2.1 Zero-sum games

Here, we suppose that the given performance functional for Player I is the negative of that

for Player II, i.e.,

T
Ty (o, 1) ::E[ /0 F (X (1), uo(t), wi(t, 2),w) p(dz)dt + g(X(T),w)| = —Ja(ug, wr)
(7.2.23)

where £ = EY denotes the expectation with respect to P given that X (0) = x. Suppose
that the controls ug(t) and (¢, z) have the form (7.1.4) and (7.1.5). Let Ay (respectively
Ag) denote the given family of controls m = (mg, m1) (respectively 8 = (6p,61)) such that
they are contained in the set of G}-adapted controls (respectively GZ-adapted controls),

(7.1.1) has a unique strong solution up to time 7" and

T
E [/0 |t X (), uo(t), ui(t, 2),w)| p(dz)dt + |g(X(T),w)|| < oo. (7.2.24)

Then the insider information zero-sum stochastic differential games problem is the following:

Problem 7.2.3 Find ©* € .A%Q and 0* € .Ag and ® € R (if it exists) such that

® = inf ( sup J(m0))=J(r",0%) = sup ( inf J(m,0)) (7.2.25)

beAg reAg TEAG? geAd’

Such a control (7%, 0%) is called an optimal control (if it exists). The intuitive idea is that
while Player I controls 7, Player II controls #. The actions of the players are antagonistic,
which means that between player I and II there is a payoff J(m,#) and it is a reward for
Player I and cost for Player II. Note that since we allow b, o, v, f and g to be stochastic
processes and also because our controls are G}-adapted, and G?-adapted respectively, this

problem is not of Markovian type and can not be solved by dynamic programming.

Theorem 7.2.4 [Maximum principle for insider zero-sum games]

Retain conditions 1-5.
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~

(i) Suppose (7,0) € A x Ag is a directional critical point for J(m,0), in the sense that for
all bounded 6 € Ay andn € Ag, there exists § > 0 such that T+yf8 € A, é\—i-w] € Ag

for all y,v € (=4,9) and
C(y,’l)) = J(%\ + yﬁvé\_‘_ 7177): Y,V € (_57 5)

has a critical point at zero, i.e.,

Oc Oc

5,00 = 5,(0.0)=0. (7.2.26)
Then
B[V At X™01),x,0,0) . gﬂ FE[A] =0 ae in (tw), (7.2.27)
and
E :vgﬁ(t,x?fﬂ(t),%,e,w)]e:g gg} Y EB] =0 ae in (tw), (7.2.28)

where A and B are given as in the previous theorem.

X(t) =x" @),
i (t,)?(t),w,&,w) = [ ft,X(),7 0,2 w) pu(dz) (7.2.29)
Ro
+ 50 (b(t, K (1), m0,00,) + Deso(t, X (1), 70, 60, )

+ Dyt (t, )/f(t), 0, z,w) I/(dZ))
Ro

+q(t)o(t, X (), m, 00, w)

+ / ?(ta Z){’Y(t’)?(t)vﬂ-) 97 va) + DtJr,z’Y(tv)?(t)vﬂ-v 97 va)}y(dz)v
Ro
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with
A~ T ~ A~ -~ ~
p(t) :K(t)—i-/t %HO(S,X(S),%(S), (s)G(t,s)ds (7.2.30)
A~ A~ T ~
R =g (R + [ [ JL76, X975, 20,05,2).2) i)
(7.2.31)

+ DSJFZV(S,)?,%,g,z)V(dz)) + DK (s)o(s, X, 7o, 00)

} v(dz)

_|._
I
n
=
=
——
2
w
Lol
=)
)
X
+
>
+
N
2
w
=)
)
N

* /t % (7“,??(7“),%0(7“),90(@) dB~(r)
+ /t /RO {m (1 + gz (X0, 7.6, z>> - % (. X(), 7.8, z)} v(dz) dt
—I—/ts /RO {111 <1 + % (r,)?(r_),%(r_, z), A(r‘,z),z)) } N(dz, d_r)]

(7.2.33)

~

(ii) Conversely, suppose that there ezists a (7,0) € An x Aeg such that Equations (7.2.27)

~

and (7.2.28) hold. Then (7,6) satisfies 7.2.26.

7.3 Controlled Ito-Lévy processes

The main result of the previous section (Theorem 7.2.2) is difficult to apply because of the

appearance of the terms Y (t), DY (t) and Dyy .Y (t), which all depend on the control w.

However, consider the special case when the coefficients do not depend on X, i.e., when

b(t,z,u,w) = b(t,u,w), o(t,z,u,w)=0o(t,u,w)

and 0(t, z,u, z,w) = 0(t,u, z,w). (7.3.1)
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Then equation (7.1.1) takes the form

dX(t) = b(t,u(t),w)dt + o(t,ult),w)d”B(t)
+ Jg Ot ult), 2,w) N (dz, d~t); (7.3.2)

X(0) = zeR

We call such processes controlled It6-Lévy processes.

In this case, Theorem 7.2.2 simplifies to the following

Theorem 7.3.1 Let X(t) be a controlled Ité-Lévy process as given in Equation (7.3.2).
Assume that the conditions 1-5 as in Theorem 7.2.2 are in force.
Then the following statements are equivalent:

~

(1) (m,0) is a directional critical point for Ji(w,0) for i = 1,2 in the sense that for all
bounded 3 € A and n € Ag, there exists 6 > 0 such that ™+ y08 € Ay, 0+ v € Ag
for all y,v € (=4,9).

(ii)
E -Lﬂ(t)a + M (t)Diya + R (t,2) Dy V(dz)] =0

Ro

and

E -Lg(t)g + My(t) D& + /

Roft,2)Des o€ 1(d2)] = 0
Ro

for all o Malliavin differentiable and all t € [0,T], where

~

L(t) =K (t) <V7rb(t) + Dy Viao(t) + DH,ZVﬂ'y(t,z)l/(dz))

Ro

+ Vafi(t) + DK (t)Vro(t)

+ | DRi(t) (vﬂ(t, 2) + Dy . Vary(t, z)) v(dz), (7.3.3)
Ro

M (t) = K1 (t)Vo(t), (7.3.4)

Ri(t,2) = {f(l(t) n Dt,zfcl(t)} (vﬂ(t, 2) + Dyt 2 Vary(t, z)), (7.3.5)
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Lo(t) = Ka(t) (Vablt) + DerVao(®) + [ DivoFn(t.2v(ao))

Ro

+ Vofa(t) + DiKa(t)Veo(t)

+ | DiaRa(t)(Vorlt 2) + Diy, Vot 2) ) w(dz), (7.3.6)
Ro
My(t) = Ko(t) Voo (t) (7.3.7)
and
Ry(t,2) = { Ka(t) + Do Ra(t) | (Vor(t,2) + D Vo (8, 2) ). (7.3.8)
In particular, if
T — Ji(m, @\)
and
0 — Jao(%,0),

are concave, then (?r\, 9) 1s a Nash equilibrium.

Proof. It is easy to see that in this case, p(t) = K(t), q(t) = D:K(t), r(t,z) = D K(t)
and the general Hamiltonian H;, i = 1,2 given by Equation (7.2.13) is reduced to H; given
as follows
Hi(tz,m0,0) = | fit,7,0,2w) u(dz) + pi(t) (b(t, 70,00,w) + Dyso(t, 70, 00, w)
Ro

+ Dt+,ZfY(t77r79727w) V(dZ)) + QZ(t)U(tu 7T07907w)
Ro

+/ Ti(t7 Z){’}/(t, , 97 va) + Dt+727(t7 T, 67 va)}y(dz)7
Ro
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(i) Performing the same calculation leads to

Ayl =A3=A45=0,

Ay = E [ /t o {f?l(t) (vﬂb(s) 4 Dy Vro(s)+ | D Varlt, z)u(dz))

Ro

+ DKy () Vro(t) + 5 Ve fi(s, 2)p(dz)

+ [ DoaRa(®)(Va1(5:2) + DesVi(5:2)) ”<d2>} : ds] |

t+h
Ay =F [ Ki(t)Vzo(s)Dsra ds] ,
t

A¢=F [/tt+h/R (f{l(t) +Dsyzl/€1(t)> {way(s,z) + .Ds_i_,Zvﬂ-'y(S,Z)}V(dZ)DS+7zad8:| ,

It follows that

%AQ - =FE [{f{l(t) (Vwb(t) + D Vaeo(t) + 5 Dyt . Vary(t, z)u(dz))
+ Vafi(t) + DK (H)Vro(t)
[ DRa0(Ter(t:2) + DV (d) b
%fu =B [I?l(t)vﬂa(t)DHa} ,
%Aﬁ o E [ /R O {f(l(t) n Dt,szl(t)} (vﬂ(t, 2) + Dyy . Vr(t, z))u(dz)Dt+,za] .

This means that

0=FE [{f(l(t) (Vﬁb(t) + D Vaeo(t) + | D .Var(t, z)y(dz))

Ro

+ Vo fi(t) + DKy (t) Vo (t)

+ [ DR (Tor(t2) 4 DirFr(a.2)Jota) f o
Ro

+ K1 (t)Veo(t) Dy

n /R {f?l(t)+pt,zf<1(t)} (vmt, 2) + Dys . Vr(t, z)>y(dz)Dt+,za].

Performing the same computation for Hs, the result follows. This completes the proof

for (i).
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(ii) The converse part follows from the arguments used in the proof of Theorem 7.2.2.

7.3.1 Zero-sum games

Under the same hypothesis as given in Section 7.2.1, if we assume that the controlled process

is of It6-Lévy type, Theorem 7.2.4 becomes

Theorem 7.3.2 Let X(t) be a controlled Ité-Lévy process as given in Equation (7.3.2).
Retain the conditions 1-5 as in Theorem 7.2.2.
Then the following statements are equivalent:

~

(i) (7,0) is a directional critical point for J(m,0) in the sense that for all bounded 5 € An
andn € Aeg, there exists 6 > 0 such that 7+yf5 € A, §+U’I’] € Ag forally,v € (=9,9)
and

c(y,v) = J(7+yB,0 +vn), y,v € (-3,0)
has a critical point at 0, i.e.,

Jdc Jdc
3y 0) = 5-(0.0) =0. (7.3.9)

(ii)
E _Lﬂ(t)a + Mr(t) Do + R(t,z) Dy I/(dz)] =0

Ro

and

E |Lo(t)¢ + My(t)Dyi & + i Rg(t,z)Dt+7Z§1/(dz)] =0
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for all o Malliavin differentiable and all t € [0,T], where

L(t) =K(t) (Vﬂb(t) + Dy Vieo(t) + Dt+7zVﬂ’y(t,z)V(dz))

Ro
+ Vaf(t) + DK (t)VAo(t)
L Dy K(t) (vﬂ(t, 2) + Dy 2 Vary(t, z)) v(dz), (7.3.10)
M (t) = K(t)Vo(t), (7.3.11)
Ri(t,2) = {f((t) + Dmf((t)} (vﬂ(t, 2) + Dyy . Var/(t, z)), (7.3.12)
Lo(t) = K(t) (ng(t) + Dy Vo(t) + 5 Dyy Ve (t, z)y(dz)>
+ Vof(t) + DK()Veo(t)
] Dy K () (vmt, 2) + Dys Vo (t, z)> v(d2), (7.3.13)
My(t) = K (t)Vgo(t) (7.3.14)
and
Rol(t,z) = {f{(t) + Dt,zfc(t)} (Vm(t, %) + Diy V(L z)). (7.3.15)

7.3.2 Some special cases revisited

In this Section, we consider the same sup-filtration given in Section 6.5 of Chapter 6.

Let H be one of the following sup-filtrations,

Hi=Fits),
Ho :}—[O,t}UO>
Hs =,F V o(Br)

Hy=F:Vo(B(t+At,)); n=1,2,..—.
where O is an open set contained in [0, 7.

From now on we assume that the following conditions are fulfilled:

Fix a ty € [0,T]. Then
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(C1) There exist a A' = A C D1 2NL*(G]), i = 1,2 and a measurable M* C [to,T], i =

1,2 such that D;a and Dy .« are QZO—measurable, forall o € A, te M?, i=1,2,
(C2) Diya = Dia and Diy . = Dy o for all a € A and a.a. t,2, t € MY, i=1,2.
(C3) A'is total in L*(G} ), i=1,2,

(C4) E[M(?(t)’gtlo]'X[o,t]th E[Re(t7 Z)’gtlo]'X[O,t}ﬁMla E[Mw(t)’ggo]'X[O,t]mMQ and E[Rw(t7 Z))|91620]'

X[0,qnMm2 are Skorohod integrable for all ¢,
T
(C5) Jo {IE[Lo(®)IGs]l + [E[Lx(1)IGs, )}t < 00 ace.,

where L, My, L9, My, R, and Ry are defined as in (7.3.3), (7.3.4), (7.3.6), (7.3.7), (7.3.5)

and (7.3.8).

We can then deduce the following results from the arguments in Theorems 6.5.2 and 6.5.4

in Section 6.5 of Chapter 6.

Theorem 7.3.3 Suppose that Gi, i = 1,2 is of type (6.5.2) and that b, o and v do not
depend on the controlled process X(-). Further require that (C3)—(C5) hold. Then the
following are equivalent:

~

(1) (m,0) is a directional critical point for Ji(w,0) for i = 1,2 in the sense that for all
bounded 8 € Arr andn € Ag, there exists a d > 0 such that T+ylB € A, 5—1—1177 € Ao

for all y,v € (=4,9).
(ii)
(1) E [Lz(t)|G] = E [M(1)|G}] = E[Rx(t,2)|G?] = 0,
(2) E [Lo(t)| Gi] = E [My(1)|G}] = E [Ry(t,2)|G{] = 0,

where Ly, My, Lo, and My are given by (7.5.3), (7.5.4), (7.5.6) and (7.3.7) respec-

tively. In particular, if

~

7w — Ji(m,0)
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and

0 — Jao(m,0),
are concave, then (%, 5) 1s a Nash-equilibrium.

Proof. It follows from the proof of Theorems 6.5.2 and 6.5.4 of Chapter 6. m

If Gi, i =1,2is of type H4, then from Theorem 6.6.5, we have

Theorem 7.3.4 [Brownian motion case] Suppose that b and o do not depend on X and

that

G =MHa, i=1,2
Assume that (C1)—(C5) are valid for M € (to, T]. In addition, we require that E | M(t)| G2 ],
E[My(t)|GL] € Mfg and are forward integrable with respect to E[d~B(t)|GX] and

E[d B(t) ]gtl,] respectively. Then the following statements are equivalent:

~

(i) (7, 0) is a directional critical point for Ji(m,0) for i = 1,2 in the sense that for all
bounded 3 € Arr andn € Ag, there exists a § > 0 such that T+yf € A, 5—1—1177 € Ag
for all y,v € (=4,9).

(ii)

E[L:(t)|G:] — D E [ M(t)| G2 ] =0,
E [Mx()|G-] =0,

E[Ly(t)|GE] — D+ E [ My(t)|G-] = 0,
E[My()|G-] =0, for a.ate0,T)].

where Ly, My, Ry, Ly, My and Ry are given by (7.3.3), (7.3.4), (7.5.5), (7.3.6),

(7.3.7) and (7.5.8) respectively. In particular, if

~

m— Ji(m,0)

and

0 — Jao(m,0),

are concave, then (?r\, 9) 1s a Nash-equilibrium.
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Proof. See proof of Theorem6.6.5. m

In the next section, we apply our results to model a competition of two heterogeneously
informed agents in the market. We particularly focus on a game between the market and
the trader. We assume that the mean relative growth rate () of the risky asset is not

known to the trader, but subject to uncertainty.

7.4 Application to optimal and competing-insider trading

Consider a financial market with two investments possibilities:

1. A risk free asset, where the unit price Sy(t) at time ¢ is given by

dSo(t) =r(t)So(t) dt, So(0) = 1. (7.4.1)

2. A risky asset, where the unit price Si(t) at time ¢ is given by the stochastic differential
equation

dSy(t) =Sy (t7) |6(t)dt + oo (t)d™ B(t) + / ()N (dt,dz)|, $1(0) > 0. (7.4.2)
Ro

Here r(t) > 0, 0(t),00(t), and ~(t,z) > —1 + € (for some constant ¢ > 0) are given Gj}-

predictable, forward integrable processes, where {Qtl } is a given filtration such that

}tG[O,T

F; C G} forallt €[0,T) (7.4.3)

Suppose a trader in this market is an insider, in the sense that she has access to information
represented by G? at time ¢ (with F; C G2 for all t € [0,T]). Assume that G} C G? (e.g.
G} = F). Let n(t) = w(t,w) be a portfolio representing the amount invested by her in the

risky asset at time ¢. Then this portfolio is a GZ-predictable stochastic process and hence
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the corresponding wealth process X (t) = X (™9)(t) will then satisfy the (forward) SDE

d-X(t) = sto(t) + ;rl((tt)) d=Si(t)
= X (t)r(t)dt + w(t) [ (0(t) — r(t)) dt + oo(t)d™ B(t)
+/Rofy(t,z)]\7(d_t, dz)] , tel0,7], (7.4.4)
X(0) =z > 0. (7.4.5)

By choosing Sy(t) as a numeraire, we can, without loss of generality, assume that
r(t) =0 (7.4.6)
from now on. Then Equations (7.4.4) and (7.4.5) simplify to

d-X(t) = n(t) |0(t)dt + oo(t)dB(t) + / y(t, 2)N(d"t,dz)|
Ro (7.4.7)

X(0) = z>0.

This is a controlled Ito-Lévy process of the type discussed in Section 7.3. Let us assume
that the mean relative growth rate 0(t) of the risky asset is not known to the trader, but
subject to uncertainty. We may regard 6 as a market scenario or a stochastic control of the
market, which is playing against the trader. Let .A%2 and .A%l denote the set of admissible
controls m, 6, respectively. The worst case insider information scenario optimal problem
for the trader is to find 7* € A%2 and 0* € Ag and ¢ € R such that
® = inf ( sup E[U(X%™)(T)])
0eAg reAG?

—F [U(Xe*’”*)(T) (7.4.8)

where U : Ry — R is a given utility function, assumed to be concave, strictly increasing
and C'. We want to study this problem by using results of Section 7.3. In this case, the

processes K(t),L(t), M(t) and R(t,z) which are given respectively by equations (7.2.7),
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(7.3.3), (7.3.4), (7.3.5), (7.3.6), (7.3.7) and (7.3.8) become

Ki(t) = Ky(t) = U (X(T)), (7.4.9)
Lo(t) =U' (X(T)) [G(t) +Duonlt) + | Dasr(t ) v(de) (7.4.10)

+ s Dy U (X(T)) [v(t, 2) + Dey27(t, 2)] v(dz) + DU’ (X(T)) o0(t),
M (t) =U' (X(T)) oo(t), (7.4.11)
Re(t,2) = {U'(X(T)) + Dy .U (X(T))} {7(t,2) + Des2y(2,2)} (7.4.12)
Lo(t) =U" (X(T)) = (7.4.13)
My(t) = Ro(t, 2) = 0 (7.4.14)

7.4.1 Case G, = Fg,, G; D [0,1]
In this case, it follows from Theorem 7.3.3 and Theorem 7.3.4 of Section 7.3 that:

Theorem 7.4.1 Suppose that P (A {t € [0,T]; oo(t) # 0} >0) > 0 where X\ denotes the
Lebesgue measure on R and that G, i = 1,2 is given by (6.5.2).
Then there does not exist an optimal solution (7*,0%) € A%Q X Ag of the stochastic differ-

ential game (7.4.8).

Proof. Suppose an optimal portfolio exists. Then we have seen that
E[Lz(t)|GF] = E [Mx(t)|G7] = E [Rx(t,2)|G7] = E [Lo(t)| Gi] = 0

for a.a. t € [0,T], z € Ry. In particular,

E[M:(1)G?) = E [U'(X(T))| 6] ou(t) = 0,

E[Ly(t)|G] = E[U (X(T))|G{] n(t) = 0.

Since U’ > 0, this contradicts our assumption about U. Hence an optimal solution cannot

exist. m
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7.4.2 Case G, = F;Vo(B(T))

In this case, using Corollary 6.5.9 and Theorem 6.6.3 in Section 6.6.2 of Chapter 6, we have

Theorem 7.4.2 (Knowing the terminal value of the risky asset) Suppose that oo(t) #
0G} = F and G} = F, V o(S1(T)), t € [0,T] and the coefficients 0(t),o0(t) = o9 # 0
and y(t, z) =0 are deterministic. Further, require that the conditions (C1)-(C5) hold for

M € (to,T] and that
1. E[My(t)|GE], E[M(t)|GZ] € MP,
2. imFE [| D+ E [ My, (t)| G2 ]|] < 0o for ¢1 =0 and ¢ = 7.

10

3. imE[| Ly, (t)]] < 00 for é1 = 0 and g3 = 7.
t10

Then, there does not exist an optimal solution for the insider stochastic differential game.

Proof. Since S1(t) can be written as

T 1 T
S1(t) = S1(0) exp < / {9(1‘,) - zag(w} dt + / oo(t) dB(t)) , (7.4.15)
0 0
One finds that GZ = H?. Hence the result follows from Theorem 6.6.3 in Chapter 6. m

Remark 7.4.3 This result is a generalization of a result in [}4], where the same conclusion

was obtained in the special case when
U(z) = In(x)

Remark 7.4.4 It can be shown (see Chapter 6) that Theorem 7.4.2 also applies e.g., to
cases, when the terminal value S1(T) is given by réltaéxTB(t) or n(T), where n is a Lévy
o<t<

process.

7.4.3 Case G;=F,Vo(B({t+At,)); n=1,2--- with A%t::lﬁl as n — oo

It follows from Theorem 7.3.4 that:
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Theorem 7.4.5 Suppose G} is as in Theorem 7.3./ and that P (A {t € [0,T]; oo(t) # 0} > 0) >
0 where \ denotes the Lebesgue measure on R. Then, there does not exist an optimal solution

(0%, 7*) € Alg]z X Ag for the performance functional J(0,7) = E [U(X%™(T))].

Proof. See proof of Corollary 6.6.6. m

7.5 Application to optimal insider consumption

Suppose we have a cash flow X (t) = X (™) (t) given by

dX(t) = (6(t) —u(t))dt +o(t)dB(t) + / ~v(t,z)N(dt, dz),
Ro (7.5.1)

X(0) = z€eR
Here 6(t), o(t) and (¢, z) are given Fp-measurable processes and 7(t) > 0 is the consump-

tion rate, assumed to be adapted to a given insider filtration {gt}te[o,T] where
Fi C Gy for all t

Let f(t,m,0,w); t € [0,T], m, 8 € R, w € Q be a given Fp-measurable utility process.
Assume that v — f(t,7,0,w) is strictly increasing, concave and C! for a.a (t,w).
Let g(z,w); € R, w € Q be a given Fp-measurable random variable for each z. Assume

that u — g(z,w) is concave for a.a w. Define the performance functional J by

J(r,0) = E [/OTf(t,ﬂ(t),H(t),w) dt+g (X(“)(T),w>] cueAg, u>0 (7.5.2)

-~

Note that 7 — J(m, 5) and 0 — J(7,0) are concave, so (7, 60) is a Nash-equilibrium if and

-~

only if (7, 0) is a critical point of J(w,8).

Theorem 7.5.1 [Optimal insider consumption stochastic differential game consumption I]

~

(,0) is a Nash-equilibrium of insider consumption rate for the performance functional J
in Equation (7.5.2) if and only if

0 ~

~E | 55/ (7). (t),w)‘ Qt] =F [;Tf(tﬁ(t)ﬁ(t)vw)‘ gt] =L [9' (X(ﬁ’a)(T)M)‘gt]

(7.5.3)
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Proof. In this case we have

=
—~
o~
S~—
Il
Z
—~
~
N~—
Il

g (x0(1))

Lalt) = — g (XO(D)) + 50,70, 000)
Lo(t) =g (X)) + 2. 7(1),000)
M (t) =Rr(t,z) = My =Ry =0

~

Therefore (7,0) is a critical point for J(m, ) if and only if

0=FE[Lx(t)|Gi] = E[Lg(t)| Gi]

5 [§f<t, A1), (1))

™

6]+ [~ (x| o]

— 5 | 5 0.70.000)

-~ —~

Since X (™9 (T) depends on (7, 6), Equation (7.5.3) does not give the value of 7(t) (respec-

~

tively 6(t)) directly.

However, in some special cases T and 0(t) can be found explicitly:

Corollary 7.5.2 (Optimal insider stochastic differential game consumption II)

Assume that
g(z,w) = Mw)z (7.5.4)

for some Fr-measurable random variable A > 0.

~

Then the Nash-equilibrium (7(t),0(t)) of the stochastic differential game (7.5.2) is given by

B pferdw|a]  —pbGl, (75.5)

i m=n(t)

B|gplei8e)|a) = -ENG) (7.5.6)
6=0(t)

Thus we see that the Nash-equilibrium exists, for any given insider information filtration

{gt}tzcy



Appendix A

Proofs of Some Theorems

A.1 Proof of Proposition 1.2.7

Here we give a proof of Proposition 1.2.7.
Proof. of Proposition 1.2.7.

Motivated by [122], we set

oF OF

R(F,X,s)=F(s+ € Xste) — F(s,Xs) — g(s,Xﬁg)e - g(s,X)(Xs_,_6 — X5).(A.1.1)

Put C. (F(-, X),G(-,Y)) = OV + I, where

1 [ OF oG
M= | = - ~Y,)d
Ce 0 81‘ (S,X) ay (5 Y)(Xs-l-s Xs)(Y:s—&-e s) S,
7 o
I =Y 1Y with
=1
1 [ 0G
1o 6/ o (F, X, 8)(Yoye — Yy)ds,
1 [ OF
2 6/ o (G,Y, ) (Xgpe — Xy)ds,
1/ R(G,Y,s)R.(F, X, s)ds,
€

4”—/0 O (5 Yer ) R, X, )ds.

178
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19 = [ OE X\ VRAG.Y5)ds,
0 85
"OF oG
1(6): a Xsei 1/s 1/86_1/8
€ 0 s (57 + )81‘ (S’ )( + )dS,
" 0G oF
16(7) = . g(S,Yere)%(SaXs)(Xere — X)ds.
“OF
By proposition 1.2 in [122], c converges ucp to J (SaX)aG(SvY)d{X’ Y](s). We

o dy
, 0 Y
will check that Ie(l) converges ucp to 0, 1 < i < 7. Since F is a C! function, one can verify

that

rrxs) = ([ 1 o (50X, (1= )Xu0) = 5 (5. X)) (K = X0

LToF OF
% - s “As+e€ _% y <X 8t+€ .
# ([ 55 s =)o+ Xus) - G5, Xudal ) «

Let T' > 0 fixed. Then X is uniformly continuous on [0, 7 + 1] and X ([0,T + 1]) C [ K, K].
OF
We set p; (respectively ps and p3) to be the modulus of continuity o [—K, K] (re-
x
OF
spectively B X on [0,7 4 1]). The functions pi, p2 and p3 are positive, increasing and
u

converge to 0, at 0. Moreover K, p1, p2 and p3 depend on w. We have
|Re(F, X, s)| < p1(p3(€)) | Xste — Xs| + p3(e)e s €[0,T],0 <e < 1. (A.1.2)

oF
Now, (8(5,)(5); 0<s<T+ 1> is bounded by M; (M; is random); therefore,
T

T

1 T
sup 1 < My (m(pg(E))E | X = X e = il st pae) |
0 0

Yipe - Vi) ds) .
0<t<T

By the Cauchy-Schwartz inequality, we have

sup 10 < My (p1(p3(€)) {Ce (X, X) (T)Ce (Y, Y) ()} + eps(e) {TC (Y, V) (T)} ).

0<t<T
Since (Ce (X, X)(T), 0 <e<1)and (Ce (Y,Y)(T), 0 < e < 1) are bounded, it follows that
Ie(l) converges ucp to 0. By symmetry, 15(2) converges ucp to 0. Substituting X for Y, F

for G, Equation (A.1.2) becomes

R(G.Y, )| < pal€) [Yere = Vil + ps(e)e s €[0,T], 0<e< L.
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where lim._,g p4(e) = 0 = lim¢_, p5(€). We have

T

1 T
swp 10 < pu(pa(pa©); [ 1Xere = Xl Vi = Yilds + ps@pa(pa(©) | [Xewo — Xe] ds
0<t<T € Jo 0

T
T os()pale) /0 Yaye — Yl ds + eps(e)ps(e).

15(3) converges ucp to 0. On the other hand,

As before, the previous inequality implies that
OF

(8(S,Xs); 0<s<T+ 1) is bounded by Ms; therefore,
s

T
sup 1) < My <p4<e> | W= vilas+ Tp5<e>e) ,
0

0<t<T

)

and the convergence follows. By symmetry 16(4 converges ucp to 0. Using the same argu-

19

ments, it is easy to show that and 16(7) converges ucp to 0. m
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A.2 Proof of Theorem 4.3.3

Since u € Ag is a critical point, there exists for all bounded 8 € Ag a 0 > 0 as in (4.3.4).

—E[/ / ( (5,2), (s, ), ) V3(s, 2)
9 _

—i—auf(s,x,F(s,x),ﬂ(s,x),w)ﬂ(s,:E)) dwds—i—/Gig(x,f(T,x),w)?ﬁ(TJ)dx ,

We conclude that

0 = L@

where Y7 is defined as in condition 4 with « = 4 and fulfills

~ ~ ~

YA(t,x) :/0 [L?ﬁ(s,a:) + f/ﬂ(s,x)gyb(s,x,F(s,x),VIF(S,x),ﬂ(s,x))
+V. Y, x)Vb(s, z, L(s, ), VoL(s, ), (s, :c))} ds
tAﬁsxgosxAsx x),u(s,x
+f [Y« )3 (5,2, F(s,2), VB (1, 2),2(5,2)
VLV )V,y/a(s @ A(s,m),wa(t,x),ﬁ(s,x))] dB(s)
/ / [Yﬁ 9(5 2, (s, z), VoI(t,z),0( z

~

+VmYﬁ(s_, )V l(s,x,I'(s, x), V,L(t, 2), (s, z), z)] N(dz,ds)

)

S, T),

+/t [5(3 w)aaub(s,w,f(s,x) V.I(s,2), (s, ac))] ds
/ B(s,2) 2o (s,, D(s, ), Val (t, 2), (s, 7)) dB(s)
/ /6 79 (5,2, T(s,2), VaD(t, 2), (s, 2), 2) N(dz,ds)  (A.2.1)
(t,z) € [0,T] x G
with
YP0,2) = 0,2€G
YB(t,z) = 0, (t,z) € (0,T) x dG.

Using the shorthand notation 7= 0 f(s,2,T(s,z),u(s,z),w) = a%f(s,x),

.. 9
f(s 2, T(s,2),0(s,z),w) = %f(s,az) and similarly for 83’ g:, gz, gg, gg, g—g and gz,
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we can write

E [ /G aig(x,f(T,:n))?ﬁ(T, x)dm]

= /G E [;yg(x,f(T,x))}/}ﬁ(T, x)] dx

= /GE [;g(x,f(T,x)) (/OT [L?ﬁ(t,x)+§7b(t,x)?ﬂ(t,x)
+V. YOt x)ailb(t, ) + B(t, x)aaub(t, x)] dt

T
+ / [80(15,90,)17’8(75,93) + vx?ﬂ(s,x)ia(t,x) + aa(t,x)ﬁ(t,x)] dB(t)

0o LOv o' ou
+ T/ Qe(t )+ V. Y( )ie(t z) + ﬁe(t z,2)8(t",z)| N(dt,dz) || dx
0 RO 8'}/ 71'72: x 871‘ 8’)// ,LE, au ) ) ) bl

Then by the duality formulas (Lemma 4.3.2) we get that

E [/G (%g(:c,f(T, ) YP(T, z) dq:]
= /GE UOT (;/g(x,f(T,:n)) [L?ﬂ(t,x)+£b(t,x)?ﬁ(t,x)

+Vb(t,2)VY (L, x) + ib(t, x)B(t, x)]

+Dt (;yg(m7f(T,x)>) |:aa’)/0—<t7x)i}ﬁ<t7x) + V'Y/J(t7$)v$?ﬂ(t’x)

tanottasn)| + [ {pe (Srow b)) | Fowr a7 0

V0t 2, 2) VY P (7, x) + ;u&(t,a:, z)ﬁ(t_,x)} } v(dz)) dt] dz. (A.2.2)
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Further we similarly obtain by duality and Fubini’s theorem that

E[/T/ aif (t,2)YP(t, ) d:cdt}
- [/ /a F(t, ) </ {L?ﬂ(s,x)+;b(s,x)?ﬂ(s,x)

+ 5,7)B(s,x) + Vyb(s,x )VxY(s,x)} ds
(

S
ou
té S, T 58.'17 10(S,T 58.'17 208:{: S, T S

b [ o) 600) + V(6,00 9,5s10) + (s, 2)3(s,) | dB)
0
o

/0T< { f(t,2) [LY/’ 5 2) + *b (5,2) VP (s, 2) + Voyb(s, 2, )V, Y (s, 2)

_ /G E
+ib(s,x)ﬁ(s,w)} +Ds (a»yf(t x)) [ 8

o(s,z)Y
+aaua(s,x)ﬁ(s,x)} ++/ < ft,x ) [; s,2,2)Y (s, x)

—l—V,Y/H(s,:c,z)Vx?ﬁ(t,m) + 889(3,30,?; B(t,x) } v(dz) ds) dt] dx
u

:/GE

+/ { 76(3,:17, z)?ﬁ(s,w) + V4 0(s, z, z)Vx?ﬁ(t, x) + ;uﬁ(s,w, 2)B(t, x)} N(dz, ds)> dxdt]

B(s,x) + Vyol(s, 1)V, Y0 (s, 2)

/T{</T E?f (t, 95)dt> [L}A/ﬁ(s,x) + aab(sw)?ﬁ(sﬂf) +Vyb(s,2,)VaY (s, 2)

+a‘9u } </ .2 f(t dt> {60 o(s,2) 70 (s, 2) + Vopo(s,2)Va ¥ (s, 2)

+a‘iug(” } /R </ Dsz tmdt) [;9(3,1‘,2)?’6(5@)

V. 0(s, 2, 2) V. YO (t, ) + 8—9(3 x,2)f(t, )} (dz)}ds] dx

Changing the notation s — ¢, this becomes

_ /GE /OT{(/tTaif(s,a:)ds> [Ll?ﬁ(t,a:)—i—;yb(t,x)?ﬁ(t,x)

—i—aab(t x)B(t,x) + Vyb(t,x )V$Y(t,m)]

(/ Dt > [;)U(t 2)YP(t, ) + Vyo(t,z)V,YP(t, z)

+au o(t, ) } /RO </ th > [59(7579372)175(@56)

V0t 2, 2) VY B (L, 7) + 8—9(1& z, 2)B(t, )} (dz)}dt] dz
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Thus by the definition of K (t,z) and combining with Equations (4.3.22)-(A.2.3) it follows

that

E [ /G /0 ! {f{(t, ) [L?ﬁ(t, ) + gb(t, )YP(t,x) + Vob(t, ) V.Y P (L, )

+88ub(t, 2)(t, x)] + DK (t,x) [;ya(t, 2)YP(t,2) + Voyo(t,2)YP(t, )

~

+ Lot @] i 0 {Dt,zf?a,x) [ 2 0(t,2, )7 2)

—79
+V,0(t, x, 2)\VYP(r,z) + ;uﬁ(t, x, z)B(t, x)] } v(dz)
+8% f(t, 2, T(t, z),a(t, z),w)B(t, x)} dtdx] =0 (A.2.4)

We observe that for all § = B, € Ag of the form B, (s,z) = ax(,in)(s) for some t,h €

(0,T), t+ h <T as defined in Equation (4.3.3)
}/}’8“(8,.%) =0,0<s<t,xeq.
Then by inspecting Equation (A.2.4) we have that
A1 +As+ A3+ A4 =0 (A25)
where
Ay = E [/ /T {I?(s x)ﬁb(s z) + DK (s a:)ga(s x)
1 o s ) 8"}/ ) s 3 8")/ )
+ / D, K (s, .%‘)20(8, x, z)y(dz)} YPa (s, ) ds dx]
R Iy
1 t+h B N o
= F K — DK —
9 [/G/t { (s,x)aub(s,x) + DK (s,x) 8ua(s,ac)
+/D Rs,2) 2-0(s, 2, 2)(d) + 2 f(s,2) badsd
| Doz 5,2)5.-0(s,2,2)v(d2) + & - f(s,2) p e dsdz
T ~ A~
As = E [/ / K(s,z)LYP(s,2) dx dt]
G Jt

Ay = E [/G /tT {I?(s,:c);ylb(s,x) + Dsl?(s,x)vvla(s,x)

+ /D&ZI?(S,:E)V,Y/H(S,CC,Z) u(dz)}vz?ﬁa(s,x) dsdx]
R
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Note by the definition of Y with Y5« (s,z) = Y(s,x) and s > t + h the process Y (s, )
follows the following SPDE

dY (s, z) = {Lf/ﬁa(s, z) 4+ Y (s, m)ib(s, ) + Vo Y (57, 2)V.b(s, x)} ds

+ {?50‘ (s7, x)gya(s, x) + Vz?ﬁa(s_, x)Vyo(s, :U)} dB(s)
+/R ?ﬂa(s_,m);ye(s, 2,2) 4 VY P (s, )V 0(s, x, z)} N(dz,dr)
0
Using notation (4.3.6)-(4.3.13) and assumption D1 we have

dY (s,x) =LY (s, 2) + Y% (s~ z) {b*(s, x)ds + o*(s,z) dB(s) + /R 0* (s, z, z) N(dz, dr)}

+; 81 V(5™ ) {E(s, x)ds + (s, z) dB(s)} , (A.2.6)
for s > t 4+ h with initial condition Y (¢ 4+ h,x) # 0 at time ¢t + h. Equation (A.2.6) can be

solve explicitly using the stochastic flow theory of the preceding section.
Let us consider the equation (see p. 297/298 in [79])

naly) = /0 () Fuer (90, (), o) + /0 " Foialior (z),odr).

Then

t+h t+h
nely) = /0 1 () Fuer (90, (@), odr) + /0 Foia (o, (), odr)

+ / () Fast (000 (@), 0dr) + [ Furalpor(z), odr)
t+h t+h

=m+n(y) + /

t+

Ne+n(y) + /S

t+

L nr(y)FnJrl(QDO,r(x)v Od?“) +0

. Mr (y)FnJrl(QDO,T (), odr).

So it follows that
S
ns(y) = Ne+n(y) exp { / ) Fot1(por(z), odr)} :
t+
Thus

U(xa S) = ns(y)‘y:gys’o(x) = nt+h(y)’y:@s’0(z) exp {/t‘ N FTL+1(S08,T ($)7 oc/i\r)}
+

- U(@g,t_g_h(l‘), t+ h) exp {/ Fn-&-l(@s,r(x)a OC/[T)} .
t+h
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Therefore we obtain that

V(s2) =Bg [olgesslo)t+ Wexp{ [ Frualions(o).odn ]
t+h
=FE5 {U(Lps’Hh(x), t+h)Z(t+ h,s, cps’,,(x))} . (A.2.7)
where Z(t,s,x), s >t is given by (4.3.19). For notational convenience, we set

Q=D".

Recall that v(z, s) satisfies the SPDE (4.3.15).

In addition recall that

Y(t,x) = Epv(t, )] (A.2.8)
Put
f[o(s,a:,'y,’y/,u) = I?(s 2)b(s, 2,7, ,u) + Ds I?(s r)o(s, 2,7, ,u)
/DS LK (s,3)0(s,x,7, 7, 2, u) v(dz) (A.2.9)

A, [//me@@@ﬂ

Differentiating with respect to h at h = 0 we get

:dEU/Mam@m%@wﬂho

{/ /+h fHo 8, ) (s,:):) dsdw] L (A.2.10)

d
iy
dn’ |,

Since Y (t,z) = 0 we see that

dh U /Hh o Ho(s,2)Y (s,z) ds dw} 0 (A.2.11)

Therefore by Equation (A.2.7), we get

% o [/ /+h —Hy(s, ) Eg [v (t+h, Pst+n(T)) Z (t+ h,s, gﬁs,r(m))} ds daz] .
/ / [ Ho(s,z)Eq [u (t+ h, Bessn()) Z (t+ h,s,@m(x))uh_o ds dx
/ / dh [ Hy(s,2)Eq [U (t+h, Bspn(@)) Z (¢, 5, @s,r(x))Hho ds dz.

(A.2.12)
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By Equation (4.3.15)

t+h t+h v
v(t+ h,x) :/ Lsv(x,s)ds + Z/ Y (x,ds)
t t

P ozt
n_ tth o t
Fi(z,ds)— F, ,d
+; t (z 8)8;10@ +/0 +1(z, ds)v
t+h o B
+ a/t {mb(r x)dr+ — 50 o(r,x) dB(r)} , (A.2.13)
Then, using Equations (A.2.12) and (A.2.13), we get
d
%Al = Al,l + ALQ + A173, (A214)
=0
where
~ t+h
/ / = [ Hols, ) Eo [z (b5, Bor (1)) X {/ Lyo(w,r) dr
t
t
+/ Foii(z,dr)o(z, 7“)}” dsdx (A.2.15)
h=0

/ / [ Hoy(s,z)Eq [2 (t, s, Psr(x)) X

a / Hh{aib( cpt+h,r(x))dr+a‘za(r,%h,r(x))dB(r)}Hh_odsdx, (A.2.16)

ma= [ [ B[ 2 Aulo. B [Z 05, 5ur(e) »

n_ ptth 5 n_etth 5
{Z 1; Y (z, dr)gﬂvZ (x,7) +Z/t Fi(x,dr)gﬂ(:c,r)}” dsdx.

i=1 i=1 h=0
(A.2.17)

Since }A/(t, x) = 0 we have that v(¢,z) = 0 and then
A =A13=0

By the duality formula and applying Fubini’s theorem repeatedly, A; 2 becomes

o[ sl [Gssnness

+80(%M4)W1@8@HLﬂ%m%

//’&ﬂ o ottt 15,0

+ ot i)t s,0) b | dsde (A2.18)



A.2 Proof of Theorem 4.3.3 188

where I(t,s,2) = & Ho(s,2)Z(t, s, Bs.(7)).
This implies that

iAl

—A
ah 1,2

/ / Ba | o { bt (o)1 (1,5.2)

( ori(x))DI(t, s,x)}” dsdz.

/ / Fo [ [ {ab(t 2)I(t,s,z) + aaua(t x)DtI(t,s,x)}” ds dz,

(A.2.19)

where the last equality follows from the fact that @;¢(x) = . Moreover, we see that

d 0 0 ~ 3}
%Ag :/GE [ {&Lb(t ) K(t,z) + %O'(t, x)DyK (t,z) + %f(t,:n)H ds dx
(A.2.20)
Then, using the adjoint operators L* and V3 (see (4.3.20)) we get
i T ~
A3 = E // K(s,a?)LY’g“(s,x)dxdt]
LJG Jt
- T ~
= FE // L*K(s,2)Y" (s, z) dwdt]
L/G Jt
- T R
Ay = FE // {K(s,x)vvfb(s,a:)+D5K(s,a;)V7/a(s,m)
LJ/G Jt
+ /DS7ZIA((3,9U)V7/«9(S,x,z)y(dz)}Vl«}/}ﬁ“(s,a:) dsda:]
R
T A~ A~
= F [/ / v (V,Y/Ho(s,x)> YPe(s,2)ds dm}
GJt
Differentiating with respect to h at h = 0 gives
d d t+h N N
—A = —F LK Y dsd
7 3 y ah [/G/t (s,z)Y (s,x)ds x]hzo
d T s o
—F [// L*K(s,:v)Y(s,x)dsd:c} , (A.2.21)
G Jt+h h=0
d d t+h . =R
— Ay = —E [/ v V,Y/Ho(s,x)> Y (s,z)ds d:r]
dh " |—o h=0

U /+h V. Ho(s “7)> Y (s, ) dsdaz] . (A.2.22)

h=0
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Using the same arguments as before, it can be shown that

%A?, - /G /t " Fo £ {ib(t,x)[l(t, 57) + ;La@,x)ml (t, s,a:)}J ds dz,
(A.2.23)
iA4 :/ /T Eq —E _04 {ab(t,a:)fg(t,s,a:) + aO’(t,.T)DtIQ(t,S7x)}_:| dsdzx,
dh |- aJi L | Ou ou |
(A.2.24)

~ ~ ~

where I1(t,s,x) = L*K (s, x)Z(t, s, ps¢(x)) and I2(t, s,z) = V3 (Vv/ffo(s,:r)) Z(t, s, pst(x)).

Therefore, differentiating Equation (A.2.5) with respect to h at h = 0 yields

Eg [E [a/G {aauf(t,x) + <f((t,a:) + /tT (I(t,s,x) + I(t, s, x) + Ig(t,s,x))ds) aaub(t,a:)
+Dy <f{(t,x) + /tT <I(t, s,2) + I (t, s,2) + Lt s,x))ds) aaua(t,:v)} d:c” =0

(A.2.25)

By the definition of p(t, z), we have
N T
pt,x) = K(t,z) + / (I(t, s,x) + I (t, s,2) + I2(t, s, a:))ds.
t
We can then write (A.2.25), as
8 ~ /o~ /o~
Eq|E || o-{f(t:2T, @ w) +p(t,2)b(t, 2, 1,1, 8 w) + Dep(t, 2)o (8,2, T, T, 4, w)
G ou

—i—/ Dt,zp(t,x)ﬁ(t,a:,l“,f”,ﬁ,z,w)l/(dz)}ada:”
R

=0
Since this holds for all bounded & —measurable random variables «, we conclude that

Fo [E [ / O Bty Tt 2), VT (L, 2), (7)) da
G 8u

St” =0 a.e. in (¢, z,w),

which means

E [EQ UGaauﬁ(t,x,f(t,x),vxf(t,x),a(t,x))dx]

é}} =0 a.e. in (¢, z,w),

which completes the proof.
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A.3 Proof of Theorem 6.3.1

1. Since u € Ag is a critical point for J(u), there exists a 6 > 0 as in Equaation (6.3.2)

for all bounded 8 € Ag. Thus

(A.3.1)

T o R P / R
= F |:/0 {8$f(t X( ) ( ))Y(t) + &Lf(t,X(t)7u(t))ﬂ(t)}dS+g (X(T))Y(T) ’

where Y = Y[}E is as defined in Eqution (6.3.3).

We study the two summands separately.

E[¢(X(1))Y(T)]

[ 0 (], {50 - o}
U

Y1) + <)<>}d-Bu>

v
VAt T Do)
[

5[ [y {;m Sl
LR /0 ' Dtg’(X(T)){ 85: Y(t) + ags)ﬁ(t)}dt]
> _/Tg/(x(:r))pt+ <0gf)y(t) + ags)ﬂ(t)) dt}

LJO
e , 26(t) 26(t)
+94wawmﬂ&gw+a“w%wﬂ

[ ! / 90(t) a0(t)
B /0 . {9'(X(T)) + D1,-g'(X(T))} Dis 2 (&EY(t) + 8uﬁ(t)) u(dz)dt]
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’ g
=F UO {9’<X<T>>a§§f)+Dtg (X(T ))882) + . Dt,zg’(X(T))ag?u(dz)}Y(t)dt]
T ab(t) do(t) / 20(t)
+E /O g (X(T)) ==+ Dig (X(T))— = + 5 D29 (X(T) = y(dz)}ﬁ(t)dt}
e / 80’() T , 80’()
+E /O 9 (X(T))Dev— Y(t)dt] +E [/0 J(X(T)ZT DY (¢ )d]
r 2T ) 80() T , o ()
+ E /O 9 (X(T))Des— - ﬂ(t)dt] +EUO 9 (X(T) =5, Dt—i—ﬁ(t)dt}
r pT
B[ [ [ (g @ + Dy X0} e TV (iaa]
[ / ' 20(t) a0(t)
+ F /0 /Ro {¢(X(T)) + Di.¢'(X(T))} {(9:1: + Dty o——— o }Dt+z (t)y(dz)dt:|
r pT
+ E /O /R {g'(X(T))+Dt,zg/(X(T))}Dt+,zag$>ﬁ(t)y(dz)dt]
' / / 90(t) 90(t) .
+ E /O /RO {g'(X(T)) + Dy .9 (X(T))}{ 5 Dt - }Dtﬂg() (d )dt]
= y do(t)
=5 | [ {o e (%50 + o5+ [ DT v+ pig e 7]

v [ D) (B2 + s 2 vt } }

ve|f ' {sex) 8;5; ¥ thgff) [ Dt d)) + Dy (x () 25
+ s Dy .g'(X(T)) (82,(5) + Dty 2 82(5)) V(d?«’)} 5(t)dt]

LB /OT g’(X(T))ag(t) Dt+Y(t)dt]

vo[f Tg'<X<T>>8a< D0 ptoyi]

e[ [ ] e+ g ocan {52 + 0 B0 b v oviasnal
+ F / {9 )+ Dy g (X(T))} {825) + Dt-l—,zagi) } Dy .B(t)v (dz)dt]
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Similarly, we have using both Fubini and duality theorems,
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Changing the notation s — t, this become

AU
el ([ o) i
1L (0% i (.

H—/

0]

+F

P (0) b v(azya

(;)W {agg;mt) - 2050} vasa a32)
E
{

82;) j) (39(75) Dy 625)) ,,(dz)} Y(t)dt}

D
<tTaif%>(%i) D+8?)+A;Dwfﬁ?vwd>

) 89t>yu@}ﬁ@m4
d)ag DY (1) ]
) %

s

N
Q3
Qb
c~¢.

JRUC N T

T
K() = X0 + [ g X6 u(e)ds

I ST
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and combining Equations (6.3.11)-(6.3.14) and (A.3.2), it follows that

0=F [/OT {K(t) <ab(t) 0,220 [ p,. 289(t>u(dz)> 1 D (n22)

Oz "o Ry Oz O
* Ro Dy K (1) (ag(t) + Dty 8225)) V(dz)} Y(t)dt]
+ E [/OT {K(t) <5gi) Di. 3;( ) . [ Dt+,zag§f)l/(dz)> DK 8;(;)
+ F / K(t Dt+Y< )dt]
n / e DHB( ) } (A.3.3)

90(t) a0(t)
+ E _ /0 s {K(t)+ D, .K(t)} {(91: + Dwax} Dt+7zY(t)z/(dz)dt}

90(t)

T 20(t)
+E| /0 [+ D) {8“

+ Dt-i—,z ou }Dt+7zﬁ(t)y(dz)dt:|

We observe that for all 8, € Ag given as [a(s) := ax(,44)(s), for some ¢, h €
(0,T), t+h < T, where a = a(w) is bounded and G;—measurable. Then Y (%) (s) =0

for 0 < s <t and hence Equation (A.3.3) becomes

Ayt Ap+ As+ Ag+ As+ Ag =0 (A3.4)
Where
m-z|f ' {x (f’gf + 020 [ )
v [ Dkt Do 2oy 1 Doacy 20 | v s
Ay = [ Hh{ < D.; 8‘;( 5) 5 Ds+,zagfj>v(dz>> + 8@23)
RO (89(8 5+Zag(u)>u(dz) + DSK(s)agEj) } ads}
[/ K(s a" S) Ly (B )(s)ds}
A =E [ tHh K(s) ‘92;8) Ds+ads]
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As=E [ /t ' [ AK() + Do () (825;8) + Doy 82(;) ) v(dz) D, +7zy(ﬁa)(3)ds}

Ag=FE [/tHh A {K(s)+ D, .K(s)} (8?)(5) + Dgy - 82(5))V(dz)Ds+,Zads}

Note by the definition of Y, with Y (s) = Y(%)(s) and s > t + h, the process Y (s)

follows the dynamics

0b Jo

dY(s) =Y (s7) [a:p(s)ds + 81‘( s)d”B(s) + z)ﬁ(dz,d_s)] , (A.3.5)

7(87
Ro ox
for s >t + h with initial condition Y (¢ + h) in time ¢ + h. By It6 formula for forward
integral, this equation can be solved explicitly and we get

Y(s)=Y(t+h)G{t+hs), s>t+h (A.3.6)

where, in general, for s > ¢,

Glts) = (/{ u(r),w)—;<g(;)2(r,X(r),u(r),w)}dr
+ [ o X)) B ()
A

{ ( SQWX() ()7“’))—gf:(T,X(T),U(T),w)}V(dz)dt

“f
//Ro{ln( ( (r‘),u(r‘),w))}N(dz,d‘r)).

Note that G(¢,s) does not depend on h, but Y (s) does. Defining Hj as in Equation

(6.3.5), it follows that

Ay _E[ t 8;;0( )Y(s)ds] :

Differentiating with respect to h at h = 0, we get

d d t+h 9H, d T 9H,
—A —FE ZV(s)Y —FE Ly )
Yoo dh [/ oz ) (S)ds} T an [/t—i—h oy (5)Y (e)ds

dh

h=0

Since Y (t) = 0, we see that

d t+h 8H0
%E |:/t am(S)Y(S)dS] o = O
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Therefore, by Equation (A.3.6),
T
d dp [ 0H)

1

= Ti @3 S S
_/t “p [ D ()Y (6 + B)GUE+ )Lod

@
dh

()Y (t+h)G(t+ h, s)ds]
h=0

= /tT %E {88}?(3)0(@ )Y (t + h)] . ds,

where, Y (t + h) is given by
t+h 0b 0o

Y(t+h)= Y(r™) {83:( )dr + %( r)d”B(r) +

t %(r, z)ﬁ(dz, dr)}

Ro 85[?
+h T 9 do o0 ~ _
+ a/t [au(r)dr + 8u( r)d” B(r) + s %(T,Z)N(dz,d r)} .

Therefore, by the two preceding equalities,

d
—A =A A
dh 1 » 1,1 T A1,2,
where
T q 8[—[0 t+h do
A1 = E B
w= [ e [SRaesa [ { + 52 () B(r)
+ 69( dz d-r H
Ro ou h=0
and

T t+h -
o= [ E|GReces [ ve) { S + S0 s0)

t

+ %(r, Z)N(dz,d_r)}] ds.
Ro Ox h=0

Applying again the duality formula, we have

T 4 t+h ( 9p do oo
A= [ e [a / {auwF(t, 9+ 2 (1)D, (1, 5) + F(t,5)D,+ 2 (1)
00 00
+ /RO { (au(’r, Z) + Dr+,2%(rg Z)) Dr,zF(ta S)
00
+ D+ o (r,2)F(t, s)} u(dz)} dr] ds
ou h=0

_/tTE[a{<gZ()+Dt+ /RODﬁzge(t ) (dz)> F(t, )

+ (;Z(t)DtF(t, s)+/ (gZ(t z)+Dt+z29(t z)) Dy F(t, s)v (dz)}] ds,
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where we have put

F(t,9) = S0 (5)G(, 5
Since Y (t) = 0 we see that
A2 =0.
We conclude that
iAl =A1 (A.3.7)
dh ’

_ /tT ddhE [ /Hh {gZ(r)F(t, s) + g;j(r)DrF(t, s)

oo 00 00
+ F(t, S)DT+%(T) + / { (au(r, z) + Dth%(r, z)) D, .F(t,s)

Ro

+ DT+7Z§0(T, A)F(t, s)} V(dz)} er ds

:/tTE[a{<gZ()+Dt+ /}R()Dmge(t 2 (dz)) Fit,s)

+ YD, s)

o
+ /R <§Z<t Z)Dmge (t, z)) Dy F(t,s)v (dz)}] ds,

Moreover, we see that

%AQ = [{K(t) <8gs) + DHagL’“L) s Dt+,za(’gif)y(dz)>

+ U0 4 e 22

+ | DK (89(5)22) + Diss a(’g;’") ) V(dz)} a} , (A.3.8)
%fu e [K(t)agg)pw} , (A.3.9)
%Aﬁ =p [ [ (K + DK ) (89((922) 4 Dt+7zaegi’bz)>y(dz)Dt+yza] .

(A.3.10)

On the other hand, differentiating A3 with respect to h at h = 0, we get

d _d L 0o (s)
d T 0o (s) ]
+ —F K(s D, Y (s)ds
s Lh“az Y|
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Since Y (t) = 0, we see that

%Ag = %E [ :h K(s) agf) D. (Y(t 4+ )G+ 1, 5))ds] »

_ / ! %E [K(s)ag(s) Der (Y(t +R)G(t+ h, s)>] ds
t Z h=0

_ /t ! %E [K(s)aggj) (Das Gt +h,5)- Y (t+h)
4D Y(t+h)-Gt+h, s))} _ds

_ /tT %E [K(s) aggj) Dy Y(t+ h)G(, s)} s

For
Y(t+h)= tt+h Y(r™) [gi):(r)dr + %(T)d_B(T‘) + /R %b(r, Z)N(dz,d_r)}

t+h T o do a0 -
@ % (i~ B & (r, 2)N(dz, d~
+ oz/t [Gu (r)dr + 9 (r)d”B(r) + o du (r,z)N(dz,d r)} ,

Using the definition of p and H given respectively by Equations (6.3.14) and (6.3.13)

in the Theorem, it follows from Equation (A.3.4) that

E {;ﬁ(t,)?(t)ﬁ(t))‘gt] + E[A] =0 ae. in (t,w), (A.3.11)
u
where
d d d d
A= A A A A A.3.12
dh 3h:0+dh 4h:D+dh 5h:0+dh %o ( )

. Conversely, suppose there exists u € Ag such that Equation (6.3.12) holds. Then

by reversing the previous arguments, we obtain that Equation (A.3.4) holds for all
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Ba(8) = ax(i4n)(s) € Ag, where

m-z|[ T{K(t) <8f;;> + 0.2 [ b 2 )
9o (s )}y<ﬁa>(s)ds]

[ Dok D T ) + Do)
b E [ t+h{ (82(5 D.. 825;9) N [ D (%;Ej)y(dz)> N 8229)
(8229 Dy zag(j)>u(dz) + DK (s) 8228) } ozds}

+ Ds K (s
80’

As=F / K(s

t+h ) aa.(s)
L/t u

S)D Ly Ba)(s )ds}

Ds+ads]
A —E| /t ! [ {K(9)+ Do K ()} (8255) + Dyy 82(;) ) v(dz2)D, +7zy(ﬁa)(3)ds}

Ag=FE :/tHh A {K(s)+ D, .K(s)} (8?)29) + Dgy - 8Z$))V(dz)Ds+,Zads}

for some t,h € (0,T), t+ h < T, where « = a(w) is bounded and G;—measurable.
Hence, these equalities hold for all linear combinations of §,. Since all bounded 3 €
Ag can be approximated pointwise boundedly in (¢,w) by such linear combinations,
it follows that Equation (A.3.4) holds for all bounded 5 € Ag. Hence, by reversing

the remaining part of the previous proof, we conclude that

d
d—Jl(ﬂ—i— yB) =0, for all g3,

and then u satisfies Relation (6.3.11).
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A.4 A chaos expansion approach when g; is of type (6.5.2)

Theorem A.4.1 Suppose thatb, o and 6 do not depend on X and that G is of type (6.5.2).
Then there exist an optimal control u for the performance functional J(u) in (6.1.3) if and

only if the following three conditions hold:

(1) E[L({)|G:] =0,

(i) E[M(t)]Gi] = 0,
(1i1) E {/R R(t,2)v(dz)| G| =0,

where L, M, and R are given by (6.4.3), (6.4.4) and (6.4.5).

Proof. In order to prove the theorem, we consider the Brownian motion case and the
Poisson random measure case separately.

Brownian motion case: Choose 11, - 1, € C'[0,T] and

a= I, (p1®  Bpn_1®¢n)

where
piti) = Yiti)xa, (ti); 1<i<n. (A.4.1)
Then
Dt+a = n[n_l (901@ e @@n_l(/ggpn(.’ e ’t+))
where

n

~ ~ 1 N
010 P 100n) (t1, -+ ytn_1,t) = = ( R 4,0‘) - pi(t).

Since x4, (tT) = 1, this implies that

Diya = ZI 1 < ® <Pj> ().
i—1

j€{17"‘ 7n}\{l}
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We have
0=FE[L(t)a+ M(t) Dyt

=E[Lt) L, (1@ Rpn_1®pn)] + iE [M(t) Iy <j€{1,~-® }@j)] (1)

i=1 7”}\{7’
n—1
=E[Ll) I (018 Bpn18pn) ] + > _E [M(t) Ll ® g ] - thi(t)
i=1 jG{l,m,'ﬂ,}\{l}
+E I:M(t) L1 ( @ <pj>] ’ %(t) (A'4'2)
je{l, ,n—1}

Let € > 0 and choose 1, such that |¢,| <1 and

1 if [s—t|<e
Un(s) =
0 if |[s—t| > 2e.

Then, applying both the Cauchy-Schwartz inequality and the It isometry to the first term,

we have

[EL(t) o]l = [E [L(t) In (91 - Bpn18¢n) ]|

[N

<E[L)7-E[12 (018 Bpn18¢n)]

N|=

The choice of 1, leads to the convergence of the second factor of the last equality to zero.

It follows that F [L(t) ] goes to zero as € — 0.

In the same way, we prove that the second term in equality (A.4.2) goes to zero as € — 0.

Then, we can conclude that

and then

E[M(t)|G] = 0.
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The preceding equality implies that F [M(t) Diya] = 0. In fact, we have

E[M(t)Diyal = E[E [M(t)Di1al| Gi
=E[E[M()|Gt] - Di+al

=0
It then follows that E[L(t)|G] = 0.
Jump case: Choose

a=1I,(1® - Bgn-18gn)

DH_Oé :TLIn_l (g1<§> ce @gn—lé\)gn ((7 ')’ T (" ')7 (tv Z)))

.. 12" -
gl®®gn—l®gn ((tl,Zl),"' 7(tn—17zn—1)7(t7z)) = < ® g> gz(t,Z)
( ) i \ge{l - mi\{i} !

This implies that

Dy = I, _ ® gt 2).
" z; 1<je{1,-~,n}\{i}g]> 9it2)

We have
0=F [L(t)a + / R(t,z) Dy o l/(dz)]
Ro

_E[L() I (918 - Bgn18gn)] + E[/ R(t,zm( & g-)-gi@,z)u(dz)}
[ (o 18] ; Ro et anga”

n—1
=E[L{t) I, (1® - ®gn-18gs)] + Z / E [R(t, 2) In—1 ( ® gj>} gi(t, 2) v(dz)
i=1 Ro ]E{l,-“,n}\{l}

+ [ E|Rt2)Lia | ®  gi )| gnlt,2)v(dz). (A.4.3)
/Ro [ <J€{1v"'v”_1} )]

Choose g;(t,z) = ¢i(t)fi(z), i =1,--- ,n and define p; as in Equation (A.4.1). Choosing
i, 1 =1,--- ,n as before, we have by applying again both the Cauchy-Schwartz inequality
and the It6 isometry that the first two terms go to 0 as € converges to 0.

The last term gives

E [ /R O R(t,2) I,y <j€{17'§7n_1}gj) fn(z)y(dz)] =0. (A.4.4)
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Since I, ( ® gj> does not depend on z, Equation (A.4.4) becomes

E URO R(t, 2) fn(2) v(dz) In_1< ® g >] = 0. (A.4.5)

J

Equation (A.4.5) holds for all f,,, we can then choose f,, = 1 and it follows that

E [ R(t,z) v(dz)
Ro

Qt} =0.
The same arguments as in the Brownian case lead to E'[L(t)| G = 0.

In order to have the whole filtration generated by the Ito-Lévy process, we can define « as

a = I (w1) I (w2)

and perform the same computations. The result follows. m
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A.5 Proof of Theorem 7.2.2

The proof relies on a combination of arguments in [4] and in Chapter 6

-~

(i) Suppose (7,0) € A x Ag is a Nash equilibrium. Since 1 and 2 hold for all = and

-~

6, (m,0) is a directional critical point for J;(m, @) for i = 1,2 in the sense that for all
bounded 8 € Arr and n € Ag, there exists § > 0 such that 7 +y3 € A, 0+ un € Ao

for all y,v € (—0,0). Then we have

0 . ~
0= 7J1(7T+yﬂ79)

5 (A5.1)

:EI

y=0
T 9 SN = AN d + (G4yB.0)
// Ot R0, Fo(t), 7t 2), Bot), Bu(t, 2), 2) L x FHB0) (p)
0 Ro 8.’E dy

+ wal(tv X(ﬂ-’g) (t)7 7T0(t)7 ﬂl(tv Z)? /0\0(07 /0\1 (t, Z), Z)

y

e 0 I o R
- [/0 /RO{axfl(t’X(t)ﬂfo(t%m(tz),eo(t),el(t,z),z)m)

T=T

d -
+ g (X() XTI )

+ Ve fi(t, XED (), mo(t), m(t, 2), 00(1), 01 (8, 2), 2)

50} =)t

T=T

+ g (XY )],

where

(A.5.2)

i /Ot /RO {gﬂ(s,)?(s—)ﬁo(s—x§o(s‘),z)Y(s)

+ vﬂ"Y(S’ X7T75(5—)’ WO(S_)’ 90(5_)7 Z)
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We study the three summands separately. Using the short notation 8% fi(t, X (t),m, 5, z) =

a%fl(t, z), wal(t,X(”ﬁ)(t),ﬂ,é\, z)|  and similarly for a%b, Vb, (%0, Vo, 8%7

=T

and V..

By the duality formulas (6.2.7) and (6.2.12) and the Fubini theorem, we get

—& |six) (| ' { v + Vo 5o} a
T o
+ [{Gve + Voo 50 fa s

/ /RO{ (t,21)Y (t) + Vﬂ(s,zl)ﬂ*(t)}ﬁ(dzl,dt))]

_E[/O gl<X<T>>{§i<>Y<>+V } ]

+E / Dy (X {ga(t )Y () + Vﬂa(t,zl)ﬂ*(t)}dt]
v 5[ [ s (520 + Va5 ) ai

LJO

r pr
2 E| [ Dasix@) { G 0¥ 0 + Vo) 570 b iz
T
B[ [ A X+ Drasgh (KT} Drv (G0 1)V
+ Vot ) (1) ) v(de )t

Changing notation z; — z and using the multidimensional product rule for Malliavin

derivatives, this becomes



A.5 Proof of Theorem 7.2.2 206

:E[/OT{g’l(X(T ( +Dt+8 /Dt+ —tz dz)

+ Dydl (X t / Di.g)(X ( (t,2) + Doy gfy(t z)) (dz)}Y(t)dt]
+EUOT {gl(X( ) <v b(t) + Dy, Voo / Dis aVor(t, )1 (dz)>

L DX / Dy (X(T)) (Vo (t,2) + Dyy 2V 71, 2)) (dz)}ﬁ*(t)dt]

vo[f Tg1<X<T>>§ (DY >dt} [ [ )Vt D 1]

+ E / / {g1(X (1)) + Dy .91 (X(T))} {gz(t, 2) + DH,Zgl(t, z)} Dt+7ZY(t)l/(dz)dt]

L E / / (X (T)) + Dyogh (X(T)} {Var(t, 2) + Doy Var(t, z)}DH,Zﬂ*(t)y(dz)dt] .
(A5.3)

Similarly, we have using both Fubini and duality formulas (6.2.7) and (6.2.12), we get

[, S

%J;ut 9 ( /0 {2200+ Vabloy (o) | as

97 (¥ (s) + Vao(s) (s >}d—B<>
alp

=FE*

,21)Y (s) + V(s )} (dzl,d_s)) dt

a
o
( 6f1 { ) + Vab(s) (s )}ds> ,u(dz)dt]
B [0 / (/tD afl {80 )Y (s) + Vzo(s)5" (8)}d8>u(dz)dt]

B [/0 /RO ( afl( t,2)Ds {a‘;;)w ) + Vzo(s) ﬁ*(s)}ds> u(dz)dt}

[/OT/R </ / Ds,. afl { (s,21)Y(s) + VW7(5721)5*(8)}1/(6121)(18> u(dz)dt]
o[ LA pa e}

Dt (el )V (5) + V(s )8 >) <dz1>ds) pldz)at]

Iy
"
R

_l’_

_l’_

+
S|

8
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Changing notation ¢t; — t and z; — z this becomes

= [0 / S o taaie) (20+ D320+ [ Pes Gt vte)
Lo >8z<>
L[ o) G ) o
7 o) o s
<//Dt 2L dzds)VU()
([ [ o <dz>ds> (Var(t:2) + DV (0.2)) () b 1)
e[ / s omtazras ) 22D vy
v ([ [ s ) <>Dt+ﬁ<>]
A LU o)

{Gew) + D ;m}DH v (b <dz>dt}

o [ AL G )

{Var(t.2) + Doy Vot z>}Dt+, B (1) <dz>dt} (A5.4)

Recall that

T
X(T)) + /t /RO %(s,zl)u(dzl)ds,

SO

/ / afl (A.5.5)
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By combining (A.5.3)-(A.5.4), we get

0=F UOT {fq (‘%(t) + DH%‘;@) + DH,Z%(t, z)u(dz))

ox Ro

~ Jo ~ [ 0Oy Oy
—i—DtKl%(t) + s D K, (83: (t,2) + Dty » pe (¢, z)) V(dz)} Y(t)dt}

+E [ /0 ' {f{l (Vﬁb(t) + Dy Vao(t) + | Diy . Vary(t, z)u(dz)>

Ro

+ DRVao(t) + | DooR(Var(t2) + Diy 2Vt 2) ) v(dz)} g (t)dt]
Ro

e /0 "7 ag;t) Dt+Y(t)dt] s [ /0 ' I?lvﬂa(t)DHﬁ*(t)dt]

[ K 7> vy oy
+ F _/0 /Ro <K1 + Dt,zK1> {Gaz(t) + Dt—i—,zax(t)} Dt.g_’ZY(t)I/(dz)dt]

| /0 ' /R (Ry+ DuoR ) {Var(t,2) + Do -9, z)}DH,zﬂ*(t)y(dz)dt]
VB { /0 ' [ . z)ﬁ*(t)u(dz)dt}. (A.5.6)

Now apply this to 3 = o € An given as [a(s) := axj1n(s), for some t,h €
(0,T), t+h < T, where a = a(w) is bounded and G? —measurable. Then Y (%) (s) = 0

for 0 < s <t and hence Equation (A.5.6) becomes

Al + Ao+ A3+ Ag + A+ Ag =0, (A57)
where
I I (PN ob do oy ~ 0o
a7 | [ R0 (G0 + DuGE0 + [ D Flts2wtan)) + DR 0
+ | D..Ki(t) <8'V(s, z) + DS+,281(3, z)) y(dz)} Y (Ba) (5) ds] : (A.5.8)
Ro 335 8113

Ay =E° [ /t o {f(l(t) <v,rb(s) + Dy Vio(s) + Dts,zvﬂ(t,z)y(dz)> + DK, (t)Vao(t)

Ro

+ [ Dy Ri(t)(Var(s,2) + Dy Var(s,2) J(dz) +
Ro

V. fi(s, z)u(dz)} ads] ,

(A.5.9)

Ro
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Ay =E° [ / ' Ri228) by 6 ds} , (A.5.10)
L R
Ay =+ FE [ t K1 (t)Vzo(s)Dsya ds] , (A.5.11)
el ' [ (Ra(0)+ DoeBr(0) {526 + D 320 vld) D ¥ )5 ]
(A.5.12)
Ag = E” /t+h/R )+ Dy ZKl( )) {Vﬁfy(s,z) + DSJ,_’ZVW'Y(S,Z)}V(dz)Ds+7zOéds:| .
(A.5.13)

Note by the definition of Y, with Y (s) = Y(%)(s) and s > t + h, the process Y (s)
follows the dynamics

ob 0 o0
ds + 22(s)d~B(s) + | <

92005 + 5 (s7,2)N(dz d"s)| ,(A.5.14)

dY(s) =Y(s7) N

for s,> t + h with initial condition Y (¢t + h) in time ¢ + h. By the It6 formula for

forward integrals, this equation can be solved explicitly and we get
Y(s)=Y({t+h)G({+h,s), s>t+h, (A.5.15)

where, in general, for s > t,

G(t,s) = exp (/t {ai(r) _ % (‘;g)z (r)}dr—l—/ts g—;('r)dB_(r)
+/S/Ro{1n <1+37(r,z)) —g';(r z)} v(dz)dt
/ /RO {m <1+( ,z)>}1\7(dz,d—r)).

Note that G(t,s) does not depend on h, but Y (s) does. Defining H{ as in Equation
(7.2.8), it follows that

T 9}
t a.’E

Ay = E* (s)Y (s)ds| .

Where H} (s) = Hi (s, X(s),7,6).
Differentiating with respect to h at h = 0, we get

d t+h 8ﬁ&
/t O ()Y (s)ds

dh

d
1 = —FE*
h=o dh

d €T
+ %E
h=0

of}
/+h 0 ()Y (s)ds

h=0
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Since Y (t) = 0, we see that

%Ex [/t”haa[?(s))/(s)ds] ~0.

Therefore, by (A.5.15), we get

d d T oH}
il . ) d
dhAl - dhE /t+h o (s)Y(t+ h)G(t+ h,s) s] -

Tda . |0oH}

h=0
Ta . |0oH}

-/ %E 9 (s)G(t,s)Y (t+h) ds,

h=0
where, Y (t 4+ h) is given by
t+h _.|ob do _ oy, . |~ _
Y(t+h)= t Y(r™) {ax(r)dr + %(r)d B(r) + /Ro 8I(r ,2)N(dz,d r)]

+a/tt+h [V,,b(r)dr + Vao(r)d B(r) + /RO vﬂ(r—,z)ﬁ(dz,d—r)] .

Therefore, by the two preceding equalities,

d

%x‘h . =A11+ Aig,
where
A= tT %Ew [%Ii)(s)G(t,s)a/tHh {Vb(r)dr + Vxo(r)d”B(r)
+ Vﬂv(r_,z)]\Nf(dz,d_r)H ds,
Ro h=0
and

T t+h -
A2 :/t dithf [aalj)(s)G(t,s) t Y(ro) {gz(r)dr + gx(r)d_B(r)

+ /RO g;l(r, z)ﬁ(dz,dr)Hho ds.
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Applying again the duality formula, we have

T t+h
Auy = /t < [ /t (VAb(r)Fi(t,5) + Vao (r) Do Fi (2, 5)
+ F1<t7 S) D+ Vg U {( 7TPY Tz +Dr+ sz’}/(r Z)) DT‘,ZF1<t7 S)
+ D+ Voy(r, 2)Fi(t, s)} V(dz)} dr], _, ds
= /tT E* [a { (Vwb(t) + D+ Vyo(t) + . D+ Vo (t, z)y(dz)> Fi(t,s)
vwo-(t)DtFl(t’ 8) + /

(V,r'y(t, z) + Dy Vo (t, z)) Dy . Fi(t, s)u(dz)H ds,
Ro

where we have put

Fi(t,s) = (ZJ?(S)G(@ s)
Since Y (t) = 0 we see that
A2 =0.
We conclude that
iAl = (A.5.16)
dh ’

_ /t "B [a { <V7rb(t) +DeVaolt) + [ Des Tl z)l/(dz)> At s)
+ V,o(t)DiFy(t,s) + /R 0 (Vav(t, 2) + Dy+ ,Vary(t,2)) Dy Fi(t, s)u(dz)}] ds,

Moreover, we see that

d

%AQ —E Hf(l(t) (v,,b( ) + Dy Vao(t) / Dy Vor(t, 2)v (dz)>

+ Vafi(t) + DRy (t)Vro(t)

| Dy K (t) <V7r’y(t, 2) + Diy . Var(t, z))V(dz)} a} , (A5.17)
%fu =E [IA(l(t)Vﬂa(t)DHa} : (A.5.18)
%AG =B [ /R 0 {f{l(t) n Dt,zfcl(t)} (vﬂ(t, 2) + Dyy . Var(t, z))y(dz)Dt+7za] .

(A.5.19)
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On the other hand, differentiating As with respect to h at h = 0, we get

d
iy
dn’?

d th o do(s)
=—F K
[ t 1(#) Ox

heo dh
d T do(s)
—F K
o [t+h 18) 5y

DY (s)ds|

h=0

DS+Y(s)ds}
h=0

Since Y (t) = 0, we see that

d
iy
dn’?

. :%E [ :h fﬁ(s)agf)DH (Y(t +h)G(t+h, 8))ds}

- /t ' C;ihE [fcl(s)agf) D, (Y(t +R)G(t+ I, s))] ds

T =~ gls
:/t %E [Kl(s)aai ) (DS+G(t Y hys)-Y(E+h)

4D Y(t+h) - G(t+h, s))] s

T = gls
:/t %E [Kl(s)aafr) Dy Yt + h)G(t, s)] s

Using the definition of p and H; given respectively by Equations (7.2.17) and (7.2.16)

in the theorem, it follows by (A.5.7) that

E [Vﬂfll(t,)?(t),ﬂ(t))’gﬂ +E[A]=0 ae in (f,w), (A.5.20)
where
d d d d
A= 24 4 ) ) A5.21
an?, T an T an T an,, (A-5.21)

Similarly, we have

0= QJZ(%, g+ vn) (A.5.22)

ov

v=0

. R S _
o [/0 /R {aamfg(t,X(t),%g(t),%l(t,z),90(t)791(t,2)a2)v(t)
T fi(t XEO), Ro(6), Rt ), 00(1), 03(8,2),2)|_ 0 (6) | szt

0=0

+ g (X@NV (D).
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where
V() = (t) = dix<*ﬁ+vn> ) (A.5.23)
v v=0
- /0 {;xb(s,X’(s),ﬁo(s),é\o(s))V(s) + Vﬂb(s,X%’o(s) 770(3),90(3))‘ :An*(s)}ds
+ /0 t {ia(s,f(s),%()(s),50(3))1/(3) + Vao(s, X™(s) ﬂg(s),ﬁo(s))’ :An*(s)}dB(s)
[ e XA a) v
V(s XTO(s7), Fols™), fo(s7), z)‘e_ n*(s)} N(dz,d"s).
Define

D(s) =D(t+ h)G(t+ h,s); s>t+h,
where G(t, s) is defined as in Equation (7.2.20). Using similar arguments, we get
E [VwﬁQ(t,)?(t),ﬁ(t))’ g}] + E[B]=0 ae. in (t,w),
where B is given in the same way as A. This completes the proof of (i).

(ii) Conversely, suppose that there exist 7 € Ay such that Equation (7.2.14) holds. Then
by reversing the previous arguments, we obtain that Equation (A.5.7) holds for all
Ba(8s) == ax(ii4+n) (s € Am), where Ay, ..., Ag are given by Equation (A.5.10),..., Equa-
tion (A.5.13) respectively, for some t,h € (0,7), t + h < T, where a = a(w) is
bounded and G?—measurable. Hence, these equalities hold for all linear combinations
of B,. Since all bounded 5 € Ap can be approximated pointwise boundedly in (¢,w)
by such linear combinations, it follows that Equation (A.5.7) holds for all bounded
0 € Apn. Hence, by reversing the remaining part of the previous proof, we conclude
that

0Jy . ~

7(71- +yﬁ79)

a9y =0, for all S5.

y=0

Similarly, suppose that there exist 0 e Ag such that Equation (7.2.15) holds. Then,

the above argument leads us to conclude that

0Jy _ ~
(7,0 4 vn)

90 =0, for all n.

v=0
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This complete the proof.
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