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Abstract

In this thesis, we study Gaussian processes generated by certain linear transfor-
mations of two Gaussian martingales. This class of transformations is motivated by
financial equilibrium models with heterogeneous information.

In Chapter 2 we derive the canonical decomposition of such processes, which are
constructed in an enlarged filtration, as semimartingales in their own filtration. The
resulting drift is described in terms of Volterra kernels. In particular we characterize
those processes which are Brownian motions in their own filtration. In Chapter 3
we construct new orthogonal decompositions of Brownian filtrations.

In Chapters 4 to 6 we are concerned with applications of our characterization
results in the context of mathematical models of insider trading. We analyze exten-
sions of the financial equilibrium model of Kyle [42] and Back [7] where the Gaussian
martingale describing the insider information is specified in various ways. In par-
ticular we discuss the structure of insider strategies which remain inconspicuous in

the sense that the resulting cumulative demand is again a Brownian motion.






Zusammenfassung

In dieser Arbeit untersuchen wir die Struktur von Gauflschen Prozessen, die
durch gewisse lineare Transformationen von zwei Gauflschen Martingalen erzeugt
werden. Die Klasse dieser Transformationen ist durch finanzmathematische Gleich-
gewichtsmodelle mit heterogener Information motiviert.

In Kapital 2 bestimmen wir fiir solche Prozesse, die zunachst in einer erwei-
terten Filtrierung konstruiert werden, die kanonische Zerlegung als Semimartin-
gale in ihrer eigenen Filtrierung. Die resultierende Drift wird durch Volterra-Kerne
beschrieben. Insbesondere charakterisieren wir diejenigen Prozesse, die in ihrer ei-
genen Filtrierung eine Brownsche Bewegung bilden. In Kapital 3 konstruieren wir
neue orthogonale Zerlegungen der Brownschen Filtrierungen.

In den Kapitaln 4 bis 6 wenden wir unsere Resultate zur Charakterisierung
Brownscher Bewegungen im Kontext finanzmathematischer Modelle an, in denen
es Marktteilnehmer mit zusatzlicher Insider-Information gibt. Wir untersuchen Er-
weiterungen eines Gleichgewichtsmodells von Kyle [42] und Back [7], in denen die
Insider-Information in verschiedener Weise durch Gauflsche Martingale spezifiziert
wird. Insbesondere klaren wir die Struktur von Insider-Strategien, die insofern
unauffallig bleiben, als sich die resultierende Gesamtnachfrage wie eine Brownsche
Bewegung verhalt.

iii






Contents

Abstract
Zusammenfassung
Chapter 0. Introduction

Chapter 1. Representations of Gaussian processes

1.1.  Gaussian processes and the Kalman-Bucy filter
1.2.  Canonical representation and Volterra representation
1.3. Some auxiliary lemmas

1.4. Volterra representations of Brownian motion

Chapter 2. Brownian motions generated by linear stochastic equations

2.1. An example of canonical decomposition
2.2. Linear stochastic equations and canonical decomposition
2.3. Characterization of Brownian motions

2.4. Some examples of Brownian motions

Chapter 3. Orthogonal decompositions of Brownian filtrations

3.1.  The basic example of an orthogonal decomposition

3.2.  Construction of orthogonal decompositions of Brownian filtrations
3.3.  Some related decompositions

3.4. A related class of Brownian motions

Chapter 4. An equilibrium model of insider trading

4.1. Definition of equilibrium in the sense of K. Back

4.2. Equilibrium in the case of full information

4.3. Equilibrium with increasing information

4.3.1. Partial information given by observing a Gaussian martingale
4.3.2. Partial information given by a Brownian motion

Chapter 5. Weak equilibrium and extended models

5.1. A modified notion of equilibrium
5.2.  Noisy information

5.3. Delayed information

5.4. A model with two insiders

Chapter 6. Insider trading and information costs

A%

il

11
14
17

21
21
26
33
42

47
47
48
59
61

65
65
68
69
73
78

81
81
92
95
103

109



6.1. Noisy information
6.2. Increasing information

6.3. Delayed information
Bibliography
Lebenslauf

Erklarung

109
111
115

121
125

127



CHAPTER 0

Introduction

In 1900, Brownian motion was introduced by Bachelier [6] as a model for price
fluctuation in the stock market. Since then, the analysis of Brownian motion has
become a central topic in the mathematical theory of stochastic processes, quite
independent of the original financial motivation. In particular, Brownian motion
plays a fundamental role in the theory of continuous martingales, and it is the basis
for Ito’s development of stochastic calculus.

Since the 60ies, there is a renewed interest in the financial interpretation of
Brownian motion. Diffusion models driven by Brownian motion have become the
canonical framework for analyzing the structure of financial derivatives. The Black-
Scholes formula for the price of an option is derived by computing the cost of a
perfect hedging strategy which duplicates the pay-off of the option. The gain of
the strategy is computed as a stochastic integral of the underlying price process X.
The construction of a suitable hedging strategy involves the methods of 1t6’s calcu-
lus and their connection to partial differential equations. In such models, investors
only use the information provided by the canonical filtration of the price process X.
Moreover, they are viewed as price takers, i.e., the underlying diffusion process of
stock prices is not influenced by the investors’ strategies. In recent years, there is a
growing literature which departs from these assumptions and introduces additional
market microstructure. For a “large investor”, the price process may be modified
by his investment strategy; see, e.g., Jarrow [34], [35], Frey [25], Cvitanic-Ma [19].
Moreover, the information available to the agents may be heterogeneous, i.e., some
“insider” may have access to a filtration which is larger than the canonical filtra-
tion (F7); see, e.g., Karatzas-Pikovsky [39], Amendinger-Imkeller-Schweizer [5],
Pikovsvy [50], Grorud-Pontier [28] and Amendinger [3]. From a financial point of
view, it is of interest to introduce both effects simultaneously and to analyze their
interplay. This has been discussed in the work of Kyle [42] and Back [7]. Related
models appear, e.g., in Glosten-Milgrom [26], Kyle [41], [43], Easley-O’Hara [22],
Admati-Pfleiderer [1], [2], Grossman [29], Back [8], [9], O’Hara [49], Biais-Rochet
[13] and Cho-El Karoui [15], [16].

In this thesis, we follow the approach of Kyle [42] and Back [7]. Our purpose
is to investigate some mathematical problems which appear in this context. From
a mathematical point of view, the problems related to insider trading of a large
investor belong to the theory of enlargement of filtrations and stochastic filtering.
In Chapters 1 to 3 we are going to concentrate on the mathematical analysis of

1



2 0. INTRODUCTION

such problems. In Chapters 4 to 6 we will return to the financial interpretation
and discuss some application of the results in Chapters 1 to 3 in the context of a
financial equilibrium model.

In order to motivate the following discussion, we first consider a well-known
classical example. Let X = (X})o<;<1 be a Brownian motion with canonical filtration
(FX). In the enlarged filtration generated by (F;*) and the final value X, the
process X admits the representation

x:m+t£;&m, (0.1)
o l—u

where (WW}) is a Brownian motion with respect to the enlarged filtration and is
independent of Xi; see, e.g., Jeulin-Yor [36]. In our context, we emphasize an-
other aspect of this equation. Let W be a Brownian motion, and let X; be an
N(0, 1)-distributed random variable independent of . The process X defined as
the solution of linear stochastic differential equation (0.1) is a Brownian bridge tied
to the final value X;. Furthermore, X is again a Brownian motion with respect to
its own filtration. Thus, the linear drift in (0.1) drives the Brownian motion W to
the new terminal value X, using the information in the enlarged filtration. But
it does so in such a way that the law of the process remains unchanged, i.e., the
resulting process X is again a Brownian motion. In this sense, the controlling drift
in (0.1) remains inconspicuous.

From this point of view, some natural questions arise. Replacing the normal
random variable X in (0.1) by some independent Gaussian martingale (S;), can
we characterize those drifts in the enlarged filtration (F,"°), which are linear in
W and S, such that the original Brownian motion (W) is driven to the final value
51?7 Can we construct such drifts which remain inconspicuous in the sense that the
resulting process (X;) is again a Brownian motion? More generally, can we compute
the Doob-Meyer decomposition as a semimartingale in its own filtration? Consider,
for example, the process X given by

X, =W, + Wu— X X g,
o l—u
where W is a Wiener process independent of W. In Section 2.1 we will show that
this Gaussian process converges to W, as t — 1, but that it is no longer a Brownian
motion with respect to its own filtration. In fact, the canonical decomposition of X
in its own filtration is given by

Xi:l%+fﬂu£uU3+1§éiflkpjgtf}§;_8y_dX#w, (0-2)

for 0 <t < 1, where A = (1 ++/5)/2, B = (1 —/5)/2, and (B,) is a Brownian

motion.

In Chapter 2 we explore the general structure of this problem. This may be
viewed as a case study in stochastic filtering. In order to prepare our analysis,
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we recall in Chapter 1 some basic facts concerning the representation of Gaussian
processes in terms of linear transformations of Brownian motion; this is based on
Kallianpur [38] and Hida-Hitsuda [32]. We review the structure of the Kalman-Bucy
filter and of the Volterra representation of a Gaussian process X in the form

t ps
X, =B, + / / l(s,u)dB,ds, (0.3)
0Jo

where B is a standard Brownian motion and [(s, u) is a Volterra kernel; see Definition
1.3. In Theorem 1.2, we characterize those Volterra kernels which generate a new
Brownian motion; this is based on Follmer-Wu-Yor [24]. We also introduce the
canonical decomposition of a Gaussian process X of the form

t
Xt = / F(t, u)dBu,
0

where (B;) is a Brownian motion such that the filtrations (F;¥) and (F7) coincide.
In Proposition 1.2 we describe the relation between the canonical decomposition and
the Volterra representation.

In the second chapter we study Gaussian processes X defined as solutions of
linear stochastic equation driven by a Brownian motion W and an independent
Gaussian martingale S. Explicitly, X is given by

Xt:Wt+/0t (f(s)Sg+/OSF(s,u)dSu+/OSH(s,u)qu> ds,  (0.4)

where f, F' and H satisfy some integrability conditions. First we use some methods
of stochastic filtering theory to obtain the canonical decomposition of such processes
as semimartingales in their own filtration; see Theorem 2.1. Based on this result,
we characterize those transformations which generate a new Brownian motion. In
Theorem 2.2 we show that X is a Brownian motion if and only if the kernel H (s, u)
satisfies the relation

—H(t,s)+ /08 H(t,u)H (s,u)du = f(t)f(s)var(Sy) + /05 F(t,u)F(s,u)d(var(S,)),

for almost all s < ¢. In particular, if S is a Gaussian martingale with E[S?] =1 and

satisfies
t u t 1

du < d ———du < 0.5
/0 (var(S,) — u)? U= an /0 var(S,) — u %= o0 (05)

for all ¢ < 1, then the process X satisfying

¢ Su - Xu

X, =W, ———d 0.6
! t+/ovar(5u)—uu (0.6)

is a Brownian motion with respect to its own filtration, and X; converges to S; as
t — 1. On the other hand, consider the case where S is a Brownian motion V.
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Clearly, condition (0.5) does not hold in this case. In fact, it can be shown that

there is no Brownian motion of the form

t
Xt = Wt +/ Yudu,
0

where Y is an (fg/V’W)—adapted drift, which converges to Wi ast — 1; see Proposition
2.3 below and Proposition 5.1 in Féllmer-Wu-Yor [23].

In Chapter 3 we investigate another aspect of our basic example 0.1. In fact,
equation (0.1) induces an orthogonal decomposition of the Brownian filtration in
the form

Fr=FV®o(Xy);

see Jeulin-Yor [37]. Our purpose is to construct some related orthogonal decompo-
sition; this is based on Wu-Yor [56]. First we continue the discussion in Chapter 2
and characterize Brownian motions X of the form

X, =W, + /Ot(f(u)Wu + g(u)X,)du, (0.7)

where f and ¢ satisfy weaker integrability conditions than in Chapter 2. Suppose
that the solution X of the equation (0.7) is a Brownian motion, and that one of
the functions f and ¢ is not identical to 0. Then the filtration generated by X
is strictly smaller than the filtration generated by W and W. In addition, we
construct a second Brownian motion Y in the natural filtration of W and W, which
is independent of the Brownian motion X. Using the process Y, we construct two
sequences (X ™) and (Y™) of Brownian motions in (F,"""") which are independent
of each other, and such that the corresponding natural filtrations decrease. For each
n > 1, this induces an orthogonal decomposition of the filtration generated by X
and by Y:

F=F" =ox@o(xV) @@ o(X) o FX,

Fr=F"" =0 @)@ @0y o 7.

In Chapter 4 we introduce a simple financial market model with insider trading
of large investors; this is based on Kyle [42] and Back [7]. We recall the definition
of equilibrium in the sense of Back. Prices of the underlying stock are set by some
“market maker” as a function P, = h(Xj,t) of the aggregate cumulative demand
X; up to time t. There are “noise traders” whose cumulative demand is given by

7

a Brownian motion (WW;). Moreover, there is an “insider ” who has in advance
additional information on the price P, = h(Si, 1) at the final time 1, where S; is
normal random variable with distribution N(0,1) which is independent of (W;). An
insider strategy specifies a cumulative demand (I;) based on the enlarged filtration
generated by (W;) and S;. Such a strategy will be called “inconspicuous” if the

resulting aggregate demand X = W + [ is again a Brownian motion. Using [t6’s
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calculus, it can be shown that the insider’s expected gain is maximal as soon as
his demand drives the aggregate demand X, to the final value S; as t — 1. An
equilibrium is defined by a pricing rule h(-,¢) (0 <t < 1) and by an insider strategy
(I;) such that I is inconspicuous and maximizes the expected gain. As shown in Back
[7], the mathematical discussion of the basic example in (0.1) proves the existence
of such an equilibrium, where the pricing rule A(-,-) is determined as the solution

1 > (y — )
\/ﬁ /_oo h(y,1)exp (—m> dy (0.8)

h(z,t) =

of the heat equation

1 0
(1 2)aco
with terminal value A(-, 1).

In Section 4.3 we study situation where the insider obtains increasing information
by observing a Gaussian martingale (S;); the discussion in Back [7] corresponds to
the special case S; = S; when the final information is already available at time 0.
We restrict our analysis to insider strategies which are linear in S and X. Thus, we
can use our results in Chapter 2. In particular, the characterization of Brownian
motion in Section 2.3 to describe those strategies which are inconspicuous. Moreover,
we examine the existence of equilibrium in the case of increasing information. In
particular, we consider the case where the insider information is given by observing
a Gaussian martingale S which satisfies (0.5) for all £ < 1. We show that there is
an equilibrium in this case. More precisely, the optimal insider strategy is given by

LS, — X,
I = _— .
t /0 var(S,) — udu’ (0.9)

and the pricing rule is again given by (0.8). If the insider information S is a Brownian
motion W, then it can be shown that there is no equilibrium, i.e., the insider cannot
reach his maximal profit without being discovered.

In Chapter 5 we discuss some extension of the insider trading model presented in
Chapter 4 and a modified notion of equilibrium. Again we require that the insider
strategy is inconspicuous, i.e., the insider uses strategies which turn the cumulative
order in the market into a Brownian motion. The pricing rule is assumed to min-
imize the combined expected profit of the informed and uninformed traders. We
give necessary and sufficient conditions on the rational pricing rule and on optimal
inconspicuous insider strategies. We show that the rational pricing rule is of the
form (0.8), and that a strategy is optimal in a set of inconspicuous strategies if it
minimizes the L2-distance with the final signal S; among the strategies in this set.
In addition, we study some modified versions of insider information, in particular
the case of noisy information and of delayed information, and a model with two
insiders with different degrees of information.
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In Chapter 6 we introduce information costs. The extra information the insider
gets is no longer cost-free. Is it profitable to purchase the information? If yes, how
can he invest in an optimal way? Which kind of information should he buy? We
analyze some examples in different settings.
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CHAPTER 1

Representations of Gaussian processes

In the present chapter we deal with representations of Gaussian processes in
terms of Brownian motion. In Section 1.1 we recall some basic facts about Gaussian
processes including the linear Kalman-Bucy filter. In Section 1.2 two representations
of Gaussian processes are introduced and analyzed: the canonical representation in
terms of linear functionals of Brownian motion, and the Volterra representation as
the sum of a Brownian motion and an absolutely continuous process whose density is
given by linear functionals of Brownian motion. We discuss the relationship between
these two representations and then give some examples. In Section 1.3 we collect
some lemmas which will be useful in the sequel. In the last section of this chapter,
we shall characterize Volterra representations of a Gaussian process which generate

a Brownian motion.

1.1. Gaussian processes and the Kalman-Bucy filter

Let (€2, F,P) be a probability space. First we recall the definitions and some
properties of Gaussian process and Brownian motion.

DEFINITION 1.1. (1) A stochastic process X = (X;);>0 on (2, F,P) is called
a Gaussian process, if any finite linear combination > ¢; Xy, a; € R, ¢; > 0, is a
Gaussian random variable.
(2) A process X is called a (standard, one-dimensional) Brownian motion with
respect to a filtration (F;);>o, if it satisfies the following two conditions:
i) X is a continuous, (F;)-adapted Gaussian process.
ii) For s <t the increment X; — X is independent of F; and normally distributed

with mean 0 and variance ¢t — s.

Note that if X is a Brownian motion with respect to the filtration (F;), then it
is a Brownian motion relative to the filtration generated by X. For simplicity, we
denote o-algebra generated by stochastic process X up to time ¢ by

FX = o{ X u < t},

where the superscript denotes the process which generates this o-algebra (e.g., FX¥
denotes the filtration generated by the processes X and Y).

There are several methods to check whether a process is a Brownian motion.
The following two will be often used in this thesis:

7



8 1. REPRESENTATIONS OF GAUSSIAN PROCESSES

(1) A process X is a Brownian motion with respect to its natural filtration (F7*) if
and only if it is a continuous Gaussian process with covariance E[X;X;] = sAt.

(2) (Lévy’s Theorem) A continuous (F;)-adapted process X is a Brownian mo-
tion with respect to (F;)¢>o if and only if it is a (local) martingale relative to
(Fi)e>0 and for all ¢ > 0 the quadratic variation (X'), is given by t.

The first statement is just a slight variation of the definition of Brownian motions;
as to the second, see, e.g., Karatzas-Shreve [40], Protter [51], Revuz-Yor [52].

A key tool of stochastic filtering theory is the Kalman-Bucy filter; see, for in-
stance, Davis [20], Liptser-Shiryaev [46], Kallianpur [38], Rogers-Williams [54]. In
this section we will describe its basic structure and we single out a special case which
is relevant for our discussion in the next chapter.

Suppose X, W and Z are three Gaussian processes. The process Z cannot be
directly observed and is called signal or system process. The process W is an (F;)-
Brownian motion and is called the noise process. The process X, which depends
on Z and W, is observable, and therefore we call it observation process. The goal
of the Kalman-Bucy filter is to find the conditional expectation of f(Z;) relative
to the o-algebra F;X, for a real measurable function f. In other words, we try to
use the observation process to estimate a function of the signal process. Since this
conditional expectation is usually not linear in X, this is called a nonlinear filtering
problem.

Let us begin with the following standard formulation of the Kalman-Bucy filter:

THEOREM 1.1 (Kallianpur [38]). Suppose the m-dimensional signal process (Z;)i>o
and the n-dimensional observation process (X;)i>o are given by the stochastic differ-

ential equations

dZ, = [Ao(t) + AL (1) Zy + As(t) Xy ]dt + U (t)dW, (1.1)
and

dX; = [Co(t) + C1(t) Z, + Co(t) Xy ]dt + V (t)dW, (1.2)

with initial values Xo = Zy = 0, where (W,);>0 is an (n+m)-dimensional Brownian
motion, A;, C;, U and V' (i = 0,1,2) are deterministic matrices of appropriate
dimensions, the entries in A; and C; (i = 0,1,2) are integrable and those in U and
V' are square-integrable. Then

Zy = E[Z,)F)],
the conditional expectation of Z, with respect to F;*, satisfies

dZy = [Ao(t) + As(t) 2y + As(t) XJdt + [P(4)CT (8) + UV (@0)][V () VT (1)) "2 dB,
(1.3)
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with Zy = 0. Here (By);so is an (FX)-martingale (called the innovation process),
defined by

B, =X, — /t(Co(u) + Cy(u) Z, + Co(u) X,,)du. (1.4)

Furthermore, the m x m matriz P(t),

2
P = E|(Z-E[2|7)| 7
= (B|2020| 7| - B 20| 7¥] 29| 7Y])
irj
the conditional variance of Z = (Zt(l), e ,Zt(m)), satisfies the ordinary differential

equation
P'(t) = A(t)P(t)+Pt)AT(t) + UUT(t)
= [P)CL () + ()VT(t)][V(t)VT(t)]‘l[Cl(t)P(t)+V(t)UT(t)],(1-5)
) =

Consider two independent Brownian motions W and W. In the sequel we will

(
©

with tnitial condition P(0

consider linear stochastic differential equations
dX,; = dW,; 4+ Ydt, (1.6)

with initial value Xy = 0, where (V;) is a linear functional in W, W and X. Explic-
itly, Y; is of the form

t t t
Yt:/ F(t,u)quJr/ G(t,u)qu+/ H(t,u)dX,,
0 0 0

where F', G and H satisfy some integrability conditions. The solution X is clearly
a Gaussian process.

REMARK 1.1. If the drift term Y is not linear, then the resulting process X
given by (1.6) is in general not a Gaussian process. For example, the process (W, +
fot |W, |du) is no longer Gaussian. But this does not mean that all resulting processes
X of the form (1.6) with a nonlinear drift term are not Gaussian. In Section 1.3 we
shall give an example of a Gaussian process with nonlinear drift term.

The following is a simple application of Theorem 1.1.

ProrosITION 1.1. Let W, W be two independent 1-dimensional Wiener pro-

cesses and X satisfy
t
dX, = dW, + f(t)/ g(u)dW,dt, (1.7)
0

with initial condition Xoq = 0, where f and g satisfy

//f v)dvdu < oo,

for allt < 1. Then
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(1) the innovation process B is an (.TX) -Brownian motion.

<2>E[/t(>dW ]/f u)dB,,

B [Wi| 7] / F(u)q(u)dB,,
where p, q are the solutions of the following system of differential equations:

¢'(t) + fA(Op(t)a(t) = (1),

(1.8)
p'(t) + FA)p*(t) = ¢ (1),

with initial values p(0) = ¢(0) = 0.

ProOF. Consider in Theorem 1.1 the particular case m =2, n =1, A; = 0 for
1€ {0,1,2}, Cy=0Cy=0,

ot = (0 1),

100
U(t) = (g(t) . 0), v(t):<0 | 0),

_ . \T
and a 3-dimensional Brownian motion W; = <Wt Wy Wt) . It follows from (1.2)
and (1.4) that

X, = Wt+/f du—Bt+/f

where (Zt(i)) and (Zt(i)) stand for the i-th component of (Z;) and (Z,), respectively.
This implies that the quadratic variation of the (F;*)-martingale B equals ¢. By
Lévy’s Theorem, B is a Brownian motion relative to the filtration (F;¥) and hence
the first assertion follows. Let

denote the conditional variance matrix. Due to (1.3) the conditional expectation Z,
is given by

7 = (?3) - [ Pwiciwan, - ?j

By (1.5) we see that the functions p(t) and ¢(t) are determined by

(Tl(t) ﬂt)) = UMU"(t) - POCT () CL(H)P(1)

q(t) p'(t)
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which results in the assertions 2 and 3. O

Let us consider the following illustration of this proposition.

EXAMPLE 1.1. Suppose the signal process (Z;)o<i<1 is given by
dZ, = dW, + aZ,dt, (1.9)
and the observation process (X;)o<;<1 satisfies
dX, = dW, + cZydt, (1.10)

for two independent Brownian motions (W})o<i<1, (Wt)0<t<1 and constants a, c.
Solving (1.9) and substituting it into (1.10) yield the representation

Xt Wt+0// a””deu

Using Proposition 1.1, we can compute the conditional expectations

N t 2,2t vt 2
E[Wt|ft)(] — / C[C € +2a(a+7)e (a—i_’)/) ]dBu,
0

ST+ (0t )
t _ t —au( 2vu 1

E |:/ efauqu ; :| :/ ce (6 ) dBu,
0 o (Y—a)e+v+a

where v := v/a? + ¢?. The second statement has been shown in Rogers-Williams
[54] P.327-329.

and

In Chapter 2 we will discuss an extension of the linear Kalman-Bucy filter and
some further applications.

1.2. Canonical representation and Volterra representation

Consider a centered Gaussian process X = (X;)o<i<1 on a probability space
(Q,F,P). In this section we focus on some representations for the process X and
their relationship. Let us begin with the definition of the canonical representation.

DEFINITION 1.2 (Hida-Hitsuda [32]). Suppose there exist a Brownian motion
B and a kernel given by a measurable function F'(¢,u) on [0,1] x [0, 1] satisfying

t
/ F(t,u)du < oo,
0
for all ¢, such that X admits the representation
t
X, = / F(t,u)dB,. (1.11)
0

If the filtrations generated by X and B are the same, i.e., F;* = FP? for all ¢, then
(1.11) is called the canonical representation of X, and F(t, u) is the canonical kernel.

Next we introduce the definition of a Volterra kernel and the Volterra represen-
tation.
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DEFINITION 1.3. (i) A measurable function I(s,u) on (0,1) x (0,1) is called
Volterra kernel if [(s,u) = 0, for 0 < s < u < 1. If, furthermore, [ is square-
integrable on (0,1) x (0,1), we shall call {(s,u) a square-integrable Volterra kernel.
(ii) Suppose that the process X can be represented in the form:

t s
Xt:BtJr// I(s, u)dB,ds, (1.12)
0J0

where B is a Brownian motion with respect to its own filtration (F7) and I(s,u) is
a Volterra kernel satisfying

/01 (/Osl2(s,u)du> ds < oo. (1.13)

Then the representation (1.12) is called a Volterra representation of X. If I(s,u)

N

is a square-integrable Volterra kernel, then we say that (1.12) is a square-integrable
Volterra representation.
(iii) A Volterra kernel I(s, u) is said to be continuously differentiable if the kernel [
defined by
l(s,u), s>u,
l(s,u) =
l(u,s), s<u,

is continuously differentiable for all 0 < u,s < 1.

REMARK 1.2. Note that the condition (1.13) guarantees that the stochastic in-
tegral [) [*1(s,u)dB,ds in (1.12) is well-defined for all ¢ < 1.

REMARK 1.3. The Volterra representation (1.12) with a square-integrable Volterra
kernel specifies the Doob-Meyer decomposition of X as a semimartingale with re-
spect to its own filtration (F;¥): the martingale part is given by the Brownian mo-
tion B, and the predictable process of bounded variation is given by the absolutely
continuous process (f(ffos I(s,u)dB,ds).

Hitsuda [33] shows that the law of a Gaussian process (X;)o<;<1 with E(X;) =0
is equivalent to Wiener measure if and only if X admits a Volterra representation
with a square-integrable Volterra kernel, i.e., we can construct a Wiener process B on
(2, F,P) and a square-integrable Volterra kernel [ such that (1.12) holds. Moreover,
this representation is unique in the sense that if X has another square-integrable
Volterra representation

t prs
X, =B, + / / I(s,u)dByds,
0 Jo

then B = B and I(s,u) = [(s,u) for almost all s,u € (0,1); see Hida-Hitsuda
[32]. But it I ¢ L*((0,1) x (0,1)), this representation is no longer unique. In the
last section of this chapter we shall discuss different Volterra representations of a

Brownian motion.
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Using the stochastic Fubini Theorem (see, e.g., Protter [51]) we can write the
representation (1.12) as

Xt:/ot <1+/utl(v,u)dv> dB,, (1.14)

provided the Volterra kernel [(¢, s) is square-integrable. The following theorem iden-
tifies the representation (1.14) as the canonical representation (1.11) of X.

PropPoOSITION 1.2. Consider a process X which admits a square-integrable Volterra
representation (1.12). Then we have (F;¥) = (FP). In other words, a process which
has a square-integrable Volterra representation (1.12) admits a canonical represen-
tation (1.14).

PrOOF. Given a square-integrable Volterra kernel [, there is a unique square-
integrable Volterra kernel R; which satisfies the equations

I(t,s) + Ri(t,s) + /tl(t, u)Ry(u, s)du =0,
) (1.15)
l(t,s) + Ri(t,s) + / Ri(t,u)l(u, s)du = 0;

for almost all s < t. We call R; the resolvent kernel of [; see Chapter 4 in Yosida
[58] or Hida-Hitsuda [32]. As in Hida-Hitsuda [32] p.136-137, we can now use the
kernel R; in order to reconstruct B in terms of X:

t
dXt+/ Ry(t,u)dX,dt
0
t t U
= dBt—i-/ I(t, u)dBudt+/ Ry(t,u) |:dBu+/ l(u,v)dBvdu] dt
0 0 0
¢ ¢
= dBt—i-/ (l(t,u)+Rl(t,u)+/ Rl(t,v)l(v,u)dv> dB, dt
0 U

— dBt

Thus, we have

t s
X, =B+ / / l(s,u)dB, ds, (1.16)
0 Jo

and

t prs
B, = X, +/ / Ri(s,u)dX, ds. (1.17)
0 /o

Therefore, the filtration generated by X coincides with the one generated by B.
Hence (1.12) is the canonical decomposition of X in its own filtration. Thus, we
know that the representation (1.14) is a canonical representation. O
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REMARK 1.4. Equation (1.17) in the proof shows in particular how the Brownian
motion (B;) in (1.12) can be reconstructed from (X;) by a linear transformation.
This method of reconstruction will often be used in the sequel. We can apply this
method not only in the case of a Brownian motion B. For example, the solution of
an integral equation

is given by

~n

—~
~+

N
I

m(t)+/0 R(t, u)m(u)du.

Further properties and applications of Volterra kernels can be found in Gohberg-
Krein [27] and Corduneanu [18].

REMARK 1.5. For a Volterra kernel [ that satisfies (1.13) but is not square-
integrable, there exists also a corresponding resolvent kernel, but the latter is no
longer square-integrable. In some cases, the associated resolvent kernel even does
not satisfy (1.13). For instance, the resolvent kernel of I(t,s) = —1/t is given by
Ry(t,s) = 1/s for s < t, which does not satisfy (1.13). If [ and R; both satisfy (1.13)
we know that (1.16) and (1.17) hold and this results in (F;*) = (FF). For example,
the resolvent kernel of a Volterra kernel [(¢,s) = 1/t is given by R(t,s) = —s/t?,
which satisfies (1.13). From this result and the stochastic Fubini Theorem we can
represent the random variable

‘B

X, = Bt+/ —du, (1.18)
0 u
t

t ! t
= Bt—i-/ log —dB, :/ <1+log —) dB, (1.19)
0 U 0 U

t u v

Bt = Xt — —qud’U/
2
0Jo U

Hence, (F;¥) = (FP). Consequently, (1.19) is a canonical representation of X, but

as

(1.18) is not a square-integrable Volterra representation, because the Volterra kernel
I(t,s) = 1/t is not in L?((0,1) x (0,1)). From this example we can also see that
a square-integrable Volterra representation is not guaranteed to exist even though
(FX) and (FP) might coincide.

1.3. Some auxiliary lemmas

Denote the space of all continuous functions on [0, 1] by C'[0, 1] and let (B;) denote
the canonical right continuous filtration generated by the coordinate process. We
begin by recalling the definition of “nonanticipative functionals” in Kallianpur [38].
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DEFINITION 1.4. A B; x B[0, 1]-measurable functional v : C[0,1] x [0,1] — R
is called nonanticipative if the process defined by (v(-,%))o<i<1 is adapted to the
filtration (B;).

The next lemma shows how a square-integrable Volterra representation can be
constructed for a particular class of Gaussian processes.

LEMMA 1.1 (Theorem 9.4.1 of Kallianpur [38]). Let y be a nonanticipative func-

tional, W = (Wy)o<i<1 a Wiener process and & = (&)o<i<1 @ Gaussian process
satisfying
& =W+ /Otv(f, s)ds, (1.20)
with
P[weQ:/t’yQ(f(M),s)ds<oo] =1, (1.21)
0

for allt < 1. Then & can be expressed in terms of W by the formula

t s
=W+ / / G(s,u)dW,ds,
0 Jo

for allt < 1, P-a.s., where G is a square-integrable Volterra kernel. In other words,

& possesses a square-integrable Volterra representation.

From this Lemma and the discussion of Hitsuda [33] in Section 1.2 above, we see
that the law of centered Gaussian process & of Lemma 1.1 is equivalent to Wiener
measure.

LEMMA 1.2 (Lemma 2.3 of Follmer-Wu-Yor [23]). Suppose the process (Xi)i>o
satisfies

t
Xt = Wt —|—/ Yudu,
0

with an (Fy)i>0-Brownian motion (W) and an (F;)-adapted process (Y)i>o sat-
isfying fOtE|Yu|du < oo for all t.

(i) The Doob-Meyer decomposition of X as a semimartingale in its natural filtration
(F{X) is given by

t
Xt:Bt+/ E[Y,|F ]du, (1.22)
0

where the process B defined by (1.22) is an (F;X)-Brownian motion, which is often
called the innovation process of X. In particular, (X;);>o is a Brownian motion if
and only if

E[Y,|FX] =0, dP x du — a.s..
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(ii) Furthermore, if the function s — Y is L*-continuous on (0,00) and (X;)i>o is
a Gaussian process, then (X;);>o is a Brownian motion if and only if
B(X,Y;) =0, (1.23)
for all 0 < s < t.
The previous lemma provides the construction of the Doob-Meyer decomposition
and an alternative characterization of Brownian motion which will be useful in the

rest of the thesis. For example, by combining this Lemma and Proposition 1.1 we
have the following corollary and example.

COROLLARY 1.1. Suppose the process X is given by (1.7). Then the canonical

decomposition of X is of the form

X, = / / F(0)p(v)dBydu, (1.24)

where p(t) is the solution of (1.8). Moreover, (1.24) is a square-integrable Volterra
representation of X.

ExXAMPLE 1.2. By the above corollary we get that the canonical decomposition
of X mentioned in Example 1.1 is given by

2fyu_1)
X, =B + ¢ / / 2 dB,ds,
y—a)eP +vy+a

where (B;)o<i<i1 is an (F;*)-Brownian motion.

With the help of Lemma 1.2 we can also construct a Gaussian process with

nonlinear drift term:

ExXAMPLE 1.3. Consider a Wiener process (X;)o<;<1 satisfying

X — X
dX, = dW, + iittdt, (1.25)
where (W3)o<i<1 is a Brownian motion. Clearly, the process X is a Gaussian
semimartingale with respect to the filtration generated by the process (W;) and
the random variable X, and it is also one with respect to the enlarged filtration
Fi = o{X;,sgn(X;)}. By Lemma 1.2 the canonical decomposition of X with respect

to this o-algebra is of the form

. "E[Xi|F) - X,
Xt:Wt+/ SFd = Xy,
0

1—u

where (W;)o<i<1 is an (F;)-Brownian motion. Therefore, we have to calculate the
explicit form of the conditional expectation of X; with respect to (F;):

E[Xﬂft] = E[X1|Xt,SgIl(X1)] = E[X1|Xt,X1 > 0]
= X;+ E[Xl — Xt|Xt,X1 - X; > —Xt]
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Let Y be an N(0,1)-distributed random variable. We can rewrite the second term
in the above equation as

X,
VI—ZE[Y]Y > -l

Moreover,

[Zyepdy  ¢(a)
EYW >d = S ~ sa— @)

with normal distribution ® and its density function ¢. Taking a = —\/%Xt, we get

V91—t ¢(\/%Xt)

2 @(ﬁXt)'

E[X | X, sgn(X))] = X, +

Therefore, we can write (1.25) as

~ 1 ¢(\/%Xt)
dX, = dW, + dt.
T Tt a(S X))

Thus the drift term of the Gaussian process X is clearly non-linear.

1.4. Volterra representations of Brownian motion

Consider a stochastic process (X;);>o on a probability space (2, F,P) which
admits a Volterra representation

t s
X, = B+ / / I(s, u)dByds. (1.26)
0 J0

As already mentioned in Section 1.2, Hitsuda [33] shows that the law of X is identical
to that of a Brownian motion under some equivalent measure P ~ P if and only if X
admits a square-integrable Volterra representation. Hence, from the uniqueness of
the Doob-Meyer decomposition we know that if X is a Brownian motion admitting
a Volterra representation (1.26), then the associated Volterra kernel [ is not square-
integrable unless [ = 0. For the case [ # 0, we can conclude that (F*) & (Ff),
i.e., the filtration generated by X is strictly smaller than the one generated by
B. Otherwise, the representation (1.26) would be the Doob-Meyer decomposition
of X as a semimartingale in its own filtration. Uniqueness of the Doob-Meyer
decomposition would imply [ = 0, which is obviously a contradiction. But is it
possible to find a Volterra representation for Brownian motion, where the kernel [
is not square-integrable? If so, how does the associated Volterra kernel look like?

THEOREM 1.2. The process (X;)i>o satisfying (1.26) is a Brownian motion if
and only if the Volterra kernel —I is self-reproducing, i.e.,

I(t,s) + /s [(t,v)l(s,v)dv =0, (1.27)

for all t and for almost all s < t. Furthermore, if the process (X;)i>o is a Brownian
motion, then {X,;s <t} is independent of fotl(t, u)dB, for allt > 0.
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PROOF. Thanks to the second assertion in Lemma 1.2 we see that (X;) is a

Brownian motion if and only if

E {Xs /0 e, u)dBu} 0,

for all s < t. It follows from (1.26) that

E {Xs /Otl(t,u)dBu] :/Osl(t,u)du—i—/Os/oul(t,v)l(u,v)dvdu.

Taking derivatives with respect to s, we get the first assertion. Furthermore. since
both X and fot [(t,u)dB, are jointly Gaussian, the second assertion follows. O

REMARK 1.6. The terminology “self-reproducing” is used in Neveu [48] in a
different context.

REMARK 1.7. If the Volterra kernel (¢, s) is continous, then it satisfies the fol-
lowing properties:

i) U(t, 1) < 0.

(i) li(t, ) < /T OG5, 9).

(iii) IfI(t,s) # 0, then I(¢,¢) ¢ L'(0, 1), and this implies [ ¢ L?((0,1)x(0,1)). This
is consistent with the above discussion. In particular we see that a non-zero
self-reproducing Volterra kernel [ is not square-integrable.

PROOF. Since [ is continuous, we get that [ satisfies (1.27) for all ¢ and for all
s < t. Taking s = ¢, we have

I(t,t) = — /t I (t, u)du, (1.28)

which leads to assertion (i). Then it follows from Holder’s inequality that

ol = </oslz(t’“)d”>%</os‘2(8,v)dv>%
< ([eaow) ([ Peom)

= It t)l(s,s).

This gives (ii). As for (iii), assume [ # 0. Since [ is continuous, we see that [(¢,t) # 0
for some ¢ € [0, 1] due to (1.28). Let us write

{s:1(s,s) #0} = U(aiv bi),
with disjoint intervals (a;, b;). Substituting (ii) in (1.27), we get

1t 5)] < —/IE B)1(5,5) /Osl(v,v)dv.
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This implies

—l(s,s) < (s, s) /Osl(v,v)dv,

for all s. Since I(s,s) = 0 for s < a := inf; a;, we obtain

/asl(v,v)dv = /Osl(v,v)dv < -1 (1.29)

for all s € J;[a;, b;]. Either we have a = g, for some i or a is an accumulation point
of (a;). In both cases, (1.29) implies [(¢,t) ¢ L'(0,1). In particular, we have

t v t
/ / (v, u)dvdu = / [(v,v)dv = —o0.
0 Jo 0

In order to illustrate Theorem 1.2 more explicitly, let us look at some special

O

cases:

COROLLARY 1.2. Let X be a process given by
t u
X, =B —/ a(u)/ b(v)dB,du,
0 0

with Xo = 0, where a, b are deterministic functions with a Z 0, f(f b*(u)du # 0 and

/Ot la(w)] </0 b2(v)dv>%du < o0,

for allt > 0. Then X is a Brownian motion if and only if

b(t)

alt) = _fot b2(v)dv’

i.€., the process X is of the form

B t b(u) U
X, =B, - /0 RO /0 b(r)dB,du. (1.30)

Furthermore, if X is a Brownian motion, then the o-algebra F;* is orthogonal to
the stochastic integral fot b(u)dB, for all t.

PROOF. Substituting the Volterra kernel [(t,s) = a(t)b(s) in (1.27) we see that
X is a Brownian motion if and only if

b(s) + als) / B(u)du = 0,

0

from which we derive (1.30). For s < ¢, we have

E [Xs /Otb(u)dBu] :/Os b(u)du—/:%/oubm)drdu:o.

This completes the proof. O
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If b is as in Corollary 1.2, then it is easy to check that the kernel
[(s,u) :=— b(s)b(u)

/05 b? (v)dv

satisfies all properties stated in Remark 1.7. In particular, if we take b(t) = t* for
k> —%, we see that the process

t u
X, =B, — (2k +1) / / u " WrdB,du
0J0

is a Brownian motion. This has been discussed in Lévy [44], [45], Chiu [14] and
Hibino-Hitsuda-Muraoka [31]. Especially, for the case k = 0, i.e., the Brownian

t
By
Xt = Bt - / —du,
o U

has been studied in a number of papers, e.g., Deheuvels [21], Jeulin-Yor [37], Yor
[57]. And we also know that the o-algebra F; is strictly smaller than F7 for all
t > 0. In fact, we have the decomposition

for all ¢; see Jeulin-Yor [37] or Chapter 1 of Yor [57]. In Chapter 3 below we shall
also discuss some generalizations of this process and the corresponding orthogonal

motion

decompositions of the Brownian filtration.



CHAPTER 2

Brownian motions generated by linear stochastic equations

Let W be a Wiener process, and let S be a continuous square-integrable Gaussian
martingale which is independent of W. Consider a Gaussian process X satisfying
the stochastic differential equation

dX, = dW, + Y, dt, (2.1)

where the drift term Y is linear in S and X. Explicitly, Y; is of the form

Yt:f(t)So+/tF(t,u)dSu+/tH(t,u)qu, (2.2)

where f, F' and H are deterministic functions satisfying some suitable integrability
conditions. Our aim is to construct the Doob-Meyer decomposition of such processes
X as semimartingales in their own filtration. It will also be called the canonical de-
composition of X. In particular, we characterize the drifts Y such that the resulting
process X is a Brownian motion in its own filtration. In addition, we investigate the
problem of choosing Y in such a way that X, converges to the final value Sy as ¢ — 1.
This analysis is motivated by an equilibrium problem in mathematical finance re-
lated the role of insider trading. The financial interpretation will be discussed in
Chapter 4 and Chapter 5.

We begin in Section 2.1 with the discussion of a special case where S is also a
Wiener process. In Section 2.2 we shall derive the canonical decomposition of Gauss-
ian processes with linear drift term. Using this result, we are able to characterize
the processes satistying (2.1) with drift term (2.2) which are Brownian motions in
their own filtrations; see Section 2.3. Some examples of such Brownian motions will
be given in the last section of this chapter.

2.1. An example of canonical decomposition

Let (W})o<i<1 be a standard Brownian motion with respect to its canonical filtra-
tion (F¥)o<i<1. Now let (W;)o<i<1 be another standard Brownian motion indepen-
dent of (W;)o<i<1. Denote the filtration generated by these two Brownian motions

by (F"" o<t
We know that the solution (X;),.,., of the stochastic differential equation

W — X,

dX, = dW,
¢ ¢+ ¢

dt, (2.3)

21
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with initial value Xy = 0, is a standard Brownian motion with respect to (F7) which
converges to the final value W, (cf., for example, Jeulin-Yor [36]). Now we look at
the process (X;)o<i<1 starting in X, = 0 which is defined by a similar stochastic
differential equation
W, — X

dX, = dW, + #dt. (2.4)
Clearly, for any ¢ € [0, 1], X; is normally distributed, and (X;) has quadratic varia-
tion (X), = t. The following lemma shows even that X; approaches W, as t — 1.

However, we will see that (X;)o<¢<1 is no longer a Brownian motion.
LEMMA 2.1. X, — W, ast — 1.

ProOOF. The explicit solution of (2.4) is given by

Xt:(l—t)/o %dsnL( t)/o ﬁdWs. (2.5)

The first term approaches W, and the second goes to 0 as ¢ — 1, and this implies
the result. Alternatively, we could note that the process 2’%(X — W) satisfies the
equation of a Brownian bridge tied down to the final value 0. U

LEMMA 2.2. For 0 <s <t <1, we have
E[X W, =t+ (1 —t)log(1l —t), (2.6)

and the covariance function of X is given by
EX; X)) =s+2s(1—1)+(2—s—1t)log(l —s). (2.7)

PROOF. Applying the integration by parts formula to the first integral in (2.5),
the solution of (2.4) is given by

LAW, —dW,
X, = (1—t)/ SR 1
Since (W;) and (W;) are independent, we establish

/ W (dW, — dWs)]

EX,WV] = (1-t)E -

= t+ (1 —1t)log(l — 1),
and

~ 2
S AW, — qu)

E[X,X,] = E[WW]+(1—-t)(1-sE (/ 1
dw, — dWw,
W, / ﬁ]

T sd u_d~u
| U]m_tw
0

1—u

= s+2s(1—t)+(2—s—1t)log(l — s).
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O

This Lemma shows that the process (X;)o<i<1 is not a Brownian motion, since
its covariance function differs from s A ¢. But from (2.4) we see that it is a semi-
martingale with respect to the filtration (ftW’W)ogtgl, and therefore it is obviously
a semimartingale relative to its natural filtration. A natural question arises: what
is the explicit form of its canonical decomposition? This is the purpose we want to
carry out in the present section.

A simple application of Lemma 1.2 shows that

COROLLARY 2.1. Let the process (X;)o<i<1 satisfy (2.4). Then the process B,
defined as

tEW,|FX - X,
B, = Xt—/ W |1f“] du, (2.8)
0 — U

- - . - X
is a Brownian motion relative to (F;* )o<i<1-

PROOF. Set
W, - X
Yu= f— u 5
then from the first assertion in Lemma 1.2, we obtain the required result. O

Recalling Lemma 1.2 we know that the process B given by (2.8) is the innovation
process of X. Therefore, if we desire to get the canonical decomposition of X;, we
only have to compute the conditional expectation of W, relative to the o-algebra
FX. If this is substituted in Corollary 2.1, then we get the desired result.

LEMMA 2.3. Set A:= (14 +/5) and B := (1 —/5). Then for 0 <t <1,

btz = [ BT UL g

0

PROOF. Due to (2.8), we may choose a nonanticipative functional v such that

¢
X, = B, +/ v(X, s)ds.
0

Using Lemma 1.1, X can be represented by

t prs
X, =B, + / / G(s,u)dB,ds,
0 Jo

where GG is a square-integrable Volterra kernel. Let R be the square-integrable
resolvent kernel of GG, then applying a similar argument as in the proof of Proposition
1.2, we deduce

t s
B = X, + / / Re(s, u)d X ds. (2.10)
0J0
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Comparing (2.8) and (2.10), we may therefore assume that the conditional expec-
tation of W, with respect to the o-algebra F;X is of the form

t
B[, FX] = / ot u)dX,,
0

with a continuously differentiable square-integrable Volterra kernel a(t,u). Applying
the projection property of the conditional expectation

E[Xs(Wt - E[Wt|ftx])] =0,

for all 0 < s <t < 1, as well as the martingale property we obtain
t
E(X,IV,) — a(t, ) B(X,X,) = — / 0 (1, 1) (X X, ) du.
0

Using (2.6), (2.7) and computing explicitly the left hand side (LHS) and the right
hand side (RHS) in this equation, we get

LHS = s+ (1 —s)log(l —s) —a(t,t)(s+2s(1 —t) + (2 — s — t) log(1 — s)).

RHS = — /08 az(t,u)(u+2u(l —s)+ (2 —s—u)log(l — u))du

_ /t as(t,u)(s + 2s(1 — u) + (2 — s — w) log(1 — s))du.

Taking the second derivatives with respect to s on both sides implies

1 a(t, t)(t —s) Pay(t,u)(u — s)
=5 (- _“Z(t’s)_/s a-s7

Multiplication of both sides with (1 — s)? leads to

1—s—a(tt)(t—s)=axt,s)(1—s)*— / az(t,u)(u — s)du,

and this implies

1 —s=uay(t,s)(1—s)*+ /ta(t,u)du.
Taking further derivatives with respect to s on both sides we get
(1 — 5)%ag(t, s) — 2(1 — s)ay(t,s) — a(t,s) +1=0.
The solution of this differential equation is given by
a(t,s) = c1(t)(1 — s) A +e(t)(1 —5) B4 1.

Substituting this equation in RHS and comparing the coefficients of s, log(1 — s)
and slog(l — s) in LHS and RHS, we derive the desired result. O

Therefore, combining Corollary 2.1 and Lemma 2.3 allows us to conclude the
following proposition.
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PROPOSITION 2.1. The canonical decomposition of the process X in (2.4) is

given by
“(B+1)( 1—3) (A+1)( s)~P
X, =B X 2.11
for0<t<1.

REMARK 2.1. As an alternative, we can use the Kalman-Bucy filter to get the

¢ ~
W,
@:m+/ d
0 ]__u

Applying Proposition 1.1 with f =1/(1 —¢) and g = 1 and Lemma 1.2 we can get

same result. We may set

the canonical decomposition of &

_ 1 V5(A(L - 5)* + B(1 - 5)")
&_B“ﬂA[:m1—@<l_ AL —s)A—B(1— 5 )d&m“

Substituting it into

t
Xy
Xt:gt_/l du
0 —Uu

derives the canonical decomposition of X

breoo1 VB(A(1 — s)* + B(1 — 5)P) X,
;&:B“ﬂél:m1—m<l_ Al —s)A = B(1 - s)P )d&m“f£1—u“'

Applying It6’s product rule and the stochastic Fubini Theorem we obtain

t 4B,

Xy = (1_75){
toru 1 V5(A(1 = 5)" + B(1 — 5)%)
+/0/0m(1— AQL—5)" = B(L— )7 )std“
1—¢t [t 1 V5(A(1 = 5)4 + B(1 — 5)5)
- B“”T?]//)1—u2<y* Al =)A= B(1—s)P )d&du

I

Comparing these two equations (2.11) and (2.12), we see they are of the same form
as (1.16) and (1.17) in the proof of Proposition 1.2, and that their kernels fulfill the
relation (1.15). In other words, they are square-integrable resolvent kernels to each
other, and (2.12) is the square-integrable Volterra representation of X.
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2.2. Linear stochastic equations and canonical decomposition

Let W be a Wiener process, and let S be a continuous square-integrable centered
Gaussian martingale which is independent of W. For simplicity, we denote the
variance of S; by V(t) and assume V(1) = E[S?] = 1. Furthermore, we assume
that V'(¢) is differentiable. Suppose the process X satisfies the stochastic functional
differential equation with linear drift

dX, = dW; + <f(t)So + /tF(t, u)dS, + /t H(t, u)qu> dt, (2.13)
0 0

where f € L?(0,1) N C(0,1) and F(t,u)y/V'(u) and H(t,u) are square-integrable
Volterra kernels on (0,1) x (0,1) (Since V(s) is non-decreasing in s, V'(s) > 0, this
implies \/V'(s) is well-defined.). We assume X, = 0. The following theorem will
give the canonical decomposition of X, i.e., the Doob-Meyer decomposition of X as

a semimartingale in its own filtration.

THEOREM 2.1. Suppose X satisfies (2.13). Then its canonical decomposition is
given by

X, = Bt+/0t (/OSG(s,u)dBu+/OSH(s,u)qu> s, (2.14)

where B is a Brownian motion. Here G is a square-integrable Volterra kernel deter-

mined by the integral equation
G(t,s) + /s G(t,u)G(s,u)du= f(t)f(s)V(0) + /5 F(t,u)F(s,u)V'(u)du. (2.15)
0 0

Moreover, we have (FX) = (FP), i.e., the filtrations generated by X and B are the

sarme.

PROOF. 1) Define a process £ by

£ = Wt+/0t (f(u)50+/0uF(u,v)dS,,> du. (2.16)

Due to Lemma 1.2 we know that there exists a Brownian motion B such that

t u
§& = By +/ E |:f(U)S() —i—/ F(u,v)dS,
0 0

75} du.

Since E[f(u)So+ [y F(u,v)dS,|F§](w) can be chosen to be both jointly measurable
in u and w and (F¢)-adapted, we can write

E [f(u)So—l—/OuF(u,v)dSv ]—"5] = (&, u)
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fﬁ} ) 2 du]
E _/Ot (f(u)Sg + /OUF(u,v)dSU>2du]

_ /Ot <f2(u) 4 /Ou F2(u,v)dv> du < o

/t72(§(w),s)ds<oo, P — as.,
0

with a nonanticipative functional . Furthermore, it follows from

E[/Ot'y2(§,u)du] - B /Ot (E [f(u)So—l—/OuF(u,v)dSv

IN

that

for all ¢ < 1. Applying Lemma 1.1 we know that £ can be represented as

t K]
€& =B+ / / G(s,u)dB,ds, P—as., (2.17)
0J0

which is a square-integrable Volterra representation with respect to the Brownian
motion B. As for the relation between F' and G, we can look at the equations (2.16)
and (2.17). For s < t, the covariance function of £ in (2.16) is given by

Fleg] = E[WsWt]+EK/OS (f(u)So+/0uF(u,v)dSv> du)

</0t (f(p)Sg + /Op F(p, q)d5q> dp)]
= st ([ rwa) ([ sww) vio

+2 /OS/OU/OUF(U,T)F(U,T)V'(r)drdvdu
4 / t /0 s /0 " B, 1) (v, 2)V () drdudu, (2.18)

And the covariance function of ¢ satisfying (2.17) is given by

El&&) = S+/08/0u G(u,v)dvdu+/st/os G(u,v)dvdu
+2 /Os/ou/ov G(u, )G (v, r)drdvdu

+/t/0/0 G (u, )G (v, r)drdvdu. (2.19)

The right-hand sides of these two equations should coincide. Differentiating first
with respect to t, and then with respect to s yield (2.15). From (2.17) and Propo-
sition 1.2, we know that the filtrations generated by & and by B are coincide.
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2) From (2.13) and (2.16), we see that
¢
dX, :d§t+/ H(t,u)dX,dt.
0

Using the same argument as in the proof of Proposition 1.2, we conclude that (F;¥) =
(Ff). This implies (FX) = (FP) due to 1). The canonical decomposition of X is
therefore given by (2.14). O

REMARK 2.2. In the notation of Kallianpur [38] p.235, equation (2.15) can be
viewed as the factorization S = (I + G)(I + G*) of the integral operator S defined
by I + FF* + FF*, Where F, F, G are integral operators with square-integrable

Volterra kernels f(t)1/V(0), F(t,s)\/V'(s) and G(t, s), respectively. More precisely,
for all g,h € L*(0,1), we have

(I + FF*+ FF*)g,h) = (I + G)(I + G*)g, h).

In order to see this, let g(u) = Lo (u) and h(u) = Iy (u) with 0 < s <t < 1.
Using the properties of Volterra kernels, we have

(I + FF*+ FF*)g,h) = (g,h) + (F*g, F*h) + (F*g, F*h)
=/Olg(> du+/ </f ﬁdv)(/f ﬁdr)
+/1 </ de) (/ F(r, u)h(r)Wdr) du

() ([ o)
+/0 (/ F(v,u)dv> </ F(r,u)dr) V' (u)du,

which equals the right-hand side of (2.18). On the other hand,
(I+G)I+G")g,h)y=(I+G")g,(I+G")h)

_ /01<g(u)+/01G(U,u)g /Gvu )du
_ /0 <1+/USG(U,u)dU> <1+/u G(U,U)dﬂ) du,

which is exactly the right-hand side of (2.19).

REMARK 2.3. (i) Comparing (2.13), (2.14) and Lemma 1.2, we see that

E {f(t)So—k/otF(t,u)dSu t} :/tG(t,u)dBu, (2.20)

for f € L'(0,1) N C(0, 1) and Volterra kernel F satisfying

//F2qu' Jdvdu < oo.
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(ii) We have obtained the conditional expectation in (2.20) under the assumption
that F'(¢,u)/V'(u) is a square-integrable Volterra kernel. In fact, it is enough to

/01 (/0 FQ(u,v)v'(v)dv) du < .

It is not difficult to show that for all s <,

E {Xs (f(t)So+/0tF(t,u)dSu—/OtG(t,u)dBu>] ~0,

and this result leads to the conclusion.

assume that F' satisfies

N

The representation (2.14) provides a canonical representation, but on the right-
hand side there is still a term of X. Can we represent X through B alone? In the
following we are going to give another representation for the process X satisfying
(2.14).

PROPOSITION 2.2. The unique strong solution of (2.14) is given by

X, = Bt+//< s,u) + R_g (s, )+/:RH(S,U)G(v,u)dv)dBuds, (2.21)

where R_p 1s the resolvent kernel of —H , i.e., R_pg satisfies the equations

R y(t,s)=H(t,s) + /t R_y(t,u)H (u,s)du,

R_y(t,s) = H(t,s) /Htu u, §)du.

PROOF. Define

t s t s
& =By +/ / G(s,u)dB,ds = Xy — / / H(s,u)dX,ds. (2.22)
0o Jo 0o Jo

Therefore similarly to the proof of Proposition 1.2 we get

X, =&+ / / 1(s, w)dE.ds.

Substituting the first representation of (2.22) into the above equation, we get (2.21).
In order to show the uniqueness of the solution, we assume there is another solution
Y of (2.14). Then from (2.22) we know that

t s
& =Y — / / H(s,u)dY,ds,
0 Jo

Y, =&+ / / (s,u)d&,ds = Xy, P —as..

and this implies
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Since F'(t,u)y/V'(u) and H(t,u) are square-integrable and since (F;X) = (FP)
due to Theorem 2.1, we can conclude that (2.21) is a square-integrable Volterra
representation of X.

Let us look at the special case where S is a standard Brownian motion 1. Thus,
X satisfies the linear stochastic functional differential equation

X, = Wt+/0t (/OSF(s,u)qu—i—/OsH(s,u)qu> ds, (2.23)

with square-integrable Volterra kernels F' and H on (0,1) x (0,1). The following
corollary is a direct consequence of Theorem 2.1.

COROLLARY 2.2 (Theorem 4.1 of Follmer-Wu-Yor [23]). The canonical decom-
position of X satisfying (2.23) is given by

dX, = dB; + </t Gp(t,u)dB, + /tH(t, u)qu> dt, (2.24)
0 0
where G is determined by
Gr(t,s) + /Os Gr(t,u)Gp(s,u)du = /05 F(t,u)F(s,u)du, (2.25)
for almost all s < t.

When F admits a factorization F'(t,s) = f(t)g(s) for some continuous functions
f and g which satisfy

t pru
/ / 2 (w)g*(v)dvdu < oo, (2.26)
0 Jo
for all ¢ < 1, we can write the above corollary more explicitly.

COROLLARY 2.3 (Corollary 4.1 of Follmer-Wu-Yor [23]). Suppose the process X
1s given by Xog =0 and

dX, = dW, + (f(t) /Otg(u)qu+/0tH(t,u)qu> dt, (2.27)

where f,g € C*(0,1) satisfies (2.26), f # 0 a.s., and H(t, s) is a square-integrable
Volterra kernel. Then the canonical decomposition of X is of the form

dX, = dB, + (f(t) /Ota(u)dBu + /OtH(t,u)qu> dt, (2.28)

where the function «(t) is the solution of the differential equation

a(t) , 204\ _ 2
<m> + a’(t) = g°(t), (2.29)

with initial condition a(0) = 0.



2.2. LINEAR STOCHASTIC EQUATIONS AND CANONICAL DECOMPOSITION 31

PROOF. We have only to prove that the solution of (2.25) is given by Gp(t,s) =
f(t)a(s), where « satisfies (2.29) with initial value a/(0) = 0. In fact, the right-hand
side of (2.25) is equal to

Gp(t,s) +/Os Gr(t,u)Gr(s,u)du = f(t)a(s)+ f(t)f(s) /05 o (u)du

= J0a(s) + 1056 [ urtu- 22

= 1076 | P@di= [ PP
0 0
which is exactly the left-hand side of (2.25). O

REMARK 2.4. Due to the special form of (2.27), this corollary can be also proved
by the Kalman-Bucy filter. Combining Theorem 1.1 and Proposition 1.1 we can get
the canonical decomposition of a process X of the form

dX, = dW, + f(t) / t g(u)dW,dt.
0

With a simple trick we can extend it to (2.27). In fact, the second equation in
(1.8) and (2.29) are equivalent, since if we set p(t) := «(t)/f(t) in (1.8), these two
equations are identical.

Let A(a.b) be a class of functions defined by
t
Ala,b) := {gp : ¢ measurable, / sp?(s)ds < oo foralla < t < b} :

For the case ¢ = 1, we can rewrite the integral condition (2.26) on the square-
integrable Volterra kernel F' as the condition f € A(0, 1). Under this condition, the
equation (2.29) can be written as

<@>,+a2(t) =1,

f(t)
with f # 0 and a(0) = 0. The corresponding solution is given by
f()¥(t)
AL \/) 2.
) = g (2.30)

where U(t) is the solution of the Sturm-Liouville equation
(t) = fA() 2 (1), (2.31)

with boundary conditions ¥(0) = 0 and U’(0+) = 1. Using this result we can
construct the following examples.

ExAMPLE 2.1. Consider a process (X;)o<<1 satisfying the stochastic differential
equation
a

dX, =d
=AWt 7

(W, — X,)dt,
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that is, f(t) = —h(t) = a/(1 — t), with a nonzero constant a. Then the correspond-
ing Sturm-Liouville equation is

" a2

@' (1) = ) (2.32)

The following argument is due to M. Yor (see, Follmer-Wu-Yor [23]). It is immediate
to check that a function (1—u)* solves (2.32) if and only if A(A—1) = @?, an equation
which admits the two solutions: A, (a) and A_(a), given by

1 1
Ai(a) == ij:\/a2+1.

Clearly, A_(a) < 0 < Ay(a). Thus, the decreasing solution of (2.32) is
®(u) = (1 — u)*+@.
And from the definition and the boundary condition of ¥(u) we can get

(]_ — u)/\—(a) — (]_ — u))‘-i-(a)

V1 + 4a?

From (2.20), the conditional expectation of W, relative to F; is given by

U(u) =

1 a?

EW,|FX] = qf'—(t)/ot\p(“) (ﬁquijXudu)

_ FA_(a) + 1)(1 — u) MO — (A (a) + 1)(1 — u) A=)
= X+ a/o (@) =) @ — () (1= )@ dX,.

In particular, if @ = 1, then A (1) = A and A_(1) = B, defined as in Lemma 2.3,
and we are led to the same result as in Section 2.1.

ExAMPLE 2.2. Consider the simple example. Suppose the process X is given by
dXt = th + (Z(Wt - Xt)dt,

with a nonzero constant a. The desired solution of the corresponding Sturm-Liouville
equation is of the form

1

U(t) = 2—@(6‘” —e ™).

Hence, the conditional expectation of W, with respect to FX is given by

- 2 ¢
E[Wt|ft){] = Xt — m/(; eiauqu.

Therefore, the canonical decomposition of X; has the form

t 2 u
X, =B, —/ s </ e‘“’dXU> du,
0 eau + efau 0

where (B;)o<i<1 is a Brownian motion relative to (F7*)o<i<1.
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2.3. Characterization of Brownian motions

In the last section we have shown how to compute the canonical decomposition
of a Gaussian process with linear drift term. In the present section we are concerned
with the applications of these theorems. Applying Theorem 2.1 we get the following

characterization of Brownian motions.

THEOREM 2.2. The process X satisfying (2.13) is a Brownian motion if and
only if the square-integrable Volterra kernel H satisfies

H(t,u) = —-G(t,u),
where G is determined by (2.15).

PROOF. 1) Suppose X is a Wiener process with respect to its own filtration
(FX). By the uniqueness of the Doob-Meyer decomposition in (F/*) and our repre-
sentation (2.14), we have B = X and

t
/ (G(t,u)+ H(t,u))dX, =0, (2.33)
0
P- a.s. for almost all ¢. But (2.33) implies
G(t,u) + H(t,u) =0,

for almost all u < ¢, since X is a Brownian motion.
2) Conversely, assume that G(t,u) = —H(t,u). The canonical representation (2.14)

can be written as

t s s
X, =B, +/ </ G(s,u)dB, — / G(s,u)qu> ds.
o \Jo 0

t prs t ps
X+ / / G(s,u)dX,ds = By + / / G(s,u)dB,ds.
0 Jo 0 /o

We can now apply the reconstruction argument in the proof of Proposition 1.2 to

This implies

conclude X = B. In other words, X is a Brownian motion. O

Using this theorem we see that

Xt:Wt+/0t (f(s)50+/osF(s,u)dSu—/OSG(s,u)qu> ds, (2.34)

with a square-integrable Volterra kernel G satisfying (2.15), is a Brownian motion
with respect to its own filtration. From (2.34) we have

X+ /Ot/OS G(s,u)dXyds =& := W, + /Ot (f(s)So + /05 F(s,u)d5u> ds.
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As in the proof of Proposition 1.2, the solution of (2.34) is given by

X, = §t+/0t/OSRg(s,u)d§uds

= Wt—l—/ot/osRG(s,u)quds+/0t <f(s)50+/OSF(s,u)dSu> ds

# [ rots.o) (s0+ [ Fluonas,) duds, (235)

where R is the resolvent kernel of G. The next theorem characterizes those cases
where a Brownian motion X with (2.34) is tied to the final value S; of the process

S.

THEOREM 2.3. Let X be a Brownian motion satisfying (2.34) with a square-
integrable Volterra kernel G given by (2.15). This process converges to Sy if and

only if there exists a function c(t) whose integral from 0 to 1 is equal to 1 such that
t t
F(&)V(0) + / F(t,u)V'(u)du = c(t) +/ G(t, u)c(u)du.
0 0

ProOOF. The formula (2.35) ensures the expectation of XS, is given by
t s
E[X,S)] = / <f(s)V(O) —i—/ F(s, u)V’(u)du) ds
0 0
t ps U
+// Re(s,u) (f(u)V(O) +/ F(u,v)V’(v)dv) duds.
0 Jo 0

Hence, we can calculate the value of
E((X; = 8,)°] = E[X}] + B[S}] - 2E[X,S)] = t + V(1) — 2E[X,S)].

The process X; converges to Sy if and only if E[(X; — S;)?] — 0 as ¢t — 1. This
implies that the necessary and sufficient condition for the process X tied to the final
value Sy is E[X5:] = 1. In other words,

/01 (f(S)V(O) + /SF(s,u)V’(u)du> s

+/01/08 Re(s,u) (f(u)V(O) 4 /OUF(U,U)V'(U)dU> duds = 1.
Let

c(s) == f(s)V(0) +/05 F(s,u)V'(u)du

+ [ Rets) (1) + [Pl )

we get the necessary and sufficient conditions for the convergence of X; to S, are

/01 c(u)du =1,
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and

F()V(0) + /0 F(t,u)V'(u)du = c(t) +/0 G(t, u)c(u)du.

O
Using the above two theorems we can derive the following special case.
THEOREM 2.4. (i) Suppose the process X satisfies
dX, = dW, + (f(£)S; + g(t) X,) dt, (2.36)

with initial value Xg = 0, where f and g are two non-zero continuous functions

satisfying

/ P )V (w)du < oo,

for allt <1 and g € A(0,1). Then this process (Xi)o<i<1 is a Brownian motion if
and only if it satisfies the stochastic differential equation
CSt - C2Xt

dX, = dW, + ————L
! A T gy

dt, (2.37)

with a constant ¢ satisfying the integrability conditions

1

— 0,1) N L. ([0,1)). 2.38
V(u) — 2u S 'A( ) ) loc([ ) )) ( )
(i) If the variance function of S satisfies (2.38) with ¢ =1, i.e.,
1
—_ NL 1 2.
V(U,) —u S A(Oa ) N loc([oa ))7 ( 39)
then the process (X;)o<i<1 given by the stochastic differential equation
S — Xy
dX; =dW, + ———dt 2.40
t t + V(t) —t ) ( )

s a standard Brownian motion. Furthermore, X; converges to Sy ast — 1.

PROOF. 1) We want to show that (2.37) is the only possible form such that the
process X with (2.36) is a Brownian motion with respect to its own filtration. It
follows from Theorem 2.2 that the process X is a Brownian motion if and only if
the function f and g satisfy

F@)f(s)V(s) = g(t)(sg(s) — 1)

for s <t. The associated solution of this equation is given by

c —62

f(t) SV - g(t):m,

for some constant c.
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2) Conversely, the solution of (2.37) is given by

t t C2
X, = — ——dv | dW,
t / e“’( / V(v) — v )

t t C2 CSu
— . 2.41
+/0 eXp( /uww—c%d“) V) — a4

Note that the stochastic integral is well-defined due to condition (2.38). In particu-
lar, if the condition (2.39) holds, the solution of (2.40) is given by

Xy = /Otexp (— /utﬁah)) dw,, + /Otexp (— /utﬁah)) %du.

(2.42)
3) If X is given by (2.40), due to (2.42) we obtain
! bl SuS
E[X.S) = /0 exp ( / Vo) = dv> ([u) _t]udu
! bl
= [ (- [ =)
t t
o] e <_/ =) T
= t,
using an integration by parts. Therefore,
E[(X; — 5)’] = E[X]] + E[S]] — 2E[X,S;] = V (t) — t, (2.43)
which is non-negative for all ¢ <1 and converges to 0 as ¢t — 1. U

Using this theorem, we obtain immediately the following result.

COROLLARY 2.4. If there ezists a positive constant k such that (2.38) holds, then
for all |¢| < k, the process X given by (2.37) is a Brownian motion.

What kind of process S does satisfy the condition (2.39)? For a given Gaussian
martingale S, which condition on the constant ¢ will guarantee that condition (2.38)
holds? In the following we will discuss some examples and some conditions on the
process S and the constant c.

LEMMA 2.4. (i) If ¢ satisfies (2.38), then
> <m:= inf (V(u)) : (2.44)

0<t<1 U

(i) If m < 1, then (2.38) does not hold for ¢ = ++/m.

PROOF. 1) Let ¢ be a constant satisfying

f <V(U)> << sup (V(U)>
0<u<1 U 0<u<l u
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FIGURE 2.1

Then the curves y = V (¢) and y = ¢*¢ intersect at at least one point on (0,1). Let
t € (0,1) be such a point, i.e., V() = c*. We distinguish three cases to discuss.

(a) V(t) = *t for all t € (t — &,t) with some £ € (0,%): In this case the integral of
1/(V(u) — c*u) in this neighborhood is equal to oo. This implies

t 1
. du=o
/0 V(u) — u =0

(b) V(t) < Pt for all t € (f — ¢,t) with some ¢ € (0,7): Let
ty = max{t < 1:V(t) = ’t}.

Since V (¢) is nonnegative and nondecreasing, t; > 0 and ¢*t > V (t) > c¢*¢; for all
t € (t1,t). Hence,

t 1 t 1
7du</ —_— = —0C.
/hV(u)—c% = Jy At —u)

(c) V(t) > c*t for all t € (t — £,t) with some ¢ € (0,%): Therefore, the variance
function V (t) satisfies
At —e) < u<V(u) <, forall t —e < u <t

see Figure 2.1. Hence,

K 1 K 1 1 ("1 1
/g_s V(u)—ccu  — /5_5 2t —c2(t —e) A2 Ji_. e c?

for all € € (0,¢). This implies
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i.e., the condition (2.38) obviously does not hold.
In summary, if condition (2.38) holds, the constant ¢ must satisfy

2 <m:= inf (V(”)> or &> M:= sup <V(“)> .

0<u<l U 0<u<l1 u

2) Consider a constant ¢ satistying

2> M := sup <V(“)>.

0<u<1 u

We may assume M < oo. Then V(t) < Mt for all t € [0, 1]. This leads us to

1 S 1 1

V() —ctu = \M~—-¢c%) u

which is not integrable at time 0. Therefore, from 1) and 2) we get the assertion (i).
3) If m < 1, the curves y = V (t) and y = mt intersect at at least one point. Using
the argument 1), we see that (2.38) does not hold. O

Therefore, (2.44) provides only a necessary condition for the integrability con-
dition (2.38). There exist even such cases, that all constant ¢ satisfying (2.44), but
none of them, except 0, is valid for (2.38). For example, if S is a Brownian motion,
i.e., V(t) =t, then for all ¢ € R, the function 1/(V (¢) — c¢*t) is not integrable, but

s (V) =, (M2 -1

LEMMA 2.5. (i) If V(t) > t for allt < 1 (this implies Sy # 0), then (2.39) holds.
(ii) If V(t) =P for 0 < p < 1, then (2.39) holds.
(iii) If S satisfies the condition (2.39), then t < V(t) <1 for all t € (0,1).

PRrROOF. 1) Since V(u) —u > 0 for all u € [0, t], we have

V(u) —u > inf (V(v) —v) >0,

v€E[0,¢]

for all u € [0,¢]. Therefore,

/ot Wu—U)Qdu B /olt mdu : /ot inf (V(1U) - u)2du

t
inf (V(u) — u)?

u€[0,t]

and

¢ 1 t
/0 Vo) —u ™S ol (V(w) =)

u€[0,t]

2) For V (t) = t? with 0 < p < 1, we have

t w t 1 t
—  du= du < —@r=D gy = ,12-P) <
/0 (V(u) — u)? " /0 w2y o 01/0 " = o
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and

t 1 bl
/ 7du:/ du < et P < o0,
0o Vi(u)—u 0 Ul —u

where ¢;, ©+ = 1, 2, 3, are suitable positive constants.

3) From (2.43), we get V (t) > t, for all ¢ € (0, 1). If there exists ¢ € (0, 1) such that
V(t) = t, using a similar argument as in the proof 1) (case (c)) of Remark 2.4 we
get the desired results. O

REMARK 2.5. If we drop the condition var(S;) =1, and define
to :=1inf{t > 0: ¢t > var(S;)},

then a similar argument of Theorem 2.4 shows that the process (X})o<i<, satisfying
(2.37) is a Brownian motion up to time ;.

Applying Theorem 2.4, Remark 2.5 and above discussion, we can provide the
following examples and applications.

EXAMPLE 2.3. Setting S; = Sy ~ NJ0,1], then from Theorem 2.4 we get that
the process X with
S1— Xy
1—1

is a Brownian motion and converges to S;. This example is of course well-known,

dX, = dW, + dt,
see, e.g., Jeulin-Yor [36].
EXAMPLE 2.4. If the martingale (S;)o<i<1 is given by
_ VON + [ g(u)dW,
\/6 + fol g?(u)du

where N ~ N(0,1), § > 0, g € L?(0,1) and W is a Wiener process independent of
W, condition in Lemma 2.5 (i) amounts to

/t1 g*(u)du < (1 — 1) (5 + /OIQQ(U)du> :

Under this condition the process X given
(0 + Jy 9 (u)du) (S — X))
J+ fot g*(u)du — (6 + fol g?(u)du)t

is a Brownian motion converging to S;.

Sti

dX; =dW, +

)

EXAMPLE 2.5. Suppose the variance function V(¢) of the Gaussian martingale
Sis 1(2¢* + ¢ +1). Then we have

1
t, ift>-=
<t ift>g,
V(t)

>t 'ft<1
1 —.
’ 2



40 2. BROWNIAN MOTIONS GENERATED BY LINEAR STOCHASTIC EQUATIONS

Hence, V(t) does not satisfy (2.39). It is easy to check that

, < (2t2+t+1)> 1+2v2
m= inf [———F )= ———.
0<t<1 t 4

This implies the condition (2.38) is valid, if ¢ < (1 + 2v/2)/4 (for ¢ = (1+2v/2)/4,
the condition (2.38) does not hold). Hence, the process (X;)o<i<: satisfying the

o=

stochastic differential equation

cS; — X,
L2 + (l _ C2)t+ 1
2 4 4

dX, = dW, + dt,

is a Brownian motion, for ¢® < (1 + 2/2)/4.

In the following we consider a process X satisfying a linear stochastic functional
differential equation driven by two independent Brownian motions W and W. By
Corollary 2.2 and Theorem 2.2 we get the following criterion for X to be a Brownian

motion.

COROLLARY 2.5 (Theorem 5.1 of Follmer-Wu-Yor [23]). A process X satisfying

t t
dX, = dW, + < / F(t,u)dW, + / H(t,u)qu> dt,
0 0

is a Wiener process with respect to its own filtration (F;X) if and only if H(t,s) =
—Gr(t,s), where Gp is the square-integrable Volterra kernel determined by

Gr(t,s) + /05 Gr(t,u)Gp(s,u)du = /05 F(t,u)F(s,u)du.

Using a similar argument as in the proof of Proposition 2.2, we get the following

conclusion.

LEMMA 2.6. The unique solution of the equation

t s s
X, =W, +/ </ F(s,u)dW, — / Gp(s,u)qu> ds
o \Jo 0

Xt:Wt—l—/Ot{/Os Lp(s,u)qu—i-/Os(F(s,u)—i-/us LF(S,U)F(v,u)dv)qu}ds.

15 given by

Here Ly is the resolvent kernel of G, i.e., Lr satisfies the equation
t
Gr(ts) + Le(t,) + [ Le(t,u)Gir(u, s)du =0
it
Gr(ts) + Le(t,s) + [ Gr(t.w)Li(u, s)du =0

for s <t.
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As in the last section we want to look at some special cases. Let F(t,s) =
f(t)g(s) with some functions f,g € C'(0,1) satisfying

//f v)dvdu < oo,

for all t < 1. Then we obtain immediately from Corollary 2.3, Corollary 2.5 and
(2.30) the following result.

COROLLARY 2.6 (Corollary 5.1 and 5.2 of Follmer-Wu-Yor [23]). Suppose the pro-
cess (Xi)o<i<1 satisfies

dX, = dW, + (f(t) /Otg(u)qu + /OtH(t, u)qu> dt,

with f,g € C'(0,1) satisfying (2.26) and f # 0, a.s. and a square-integrable Volterra
kernel H(t,s). Then X is a Brownian motion if and only if
H(ta u) = _f(t)a(u)a

where «(t) is the solution of (2.29) with initial condition «(0) = 0. In other words,
if (Xt)o<i<1 s a Brownian motion with respect to its own filtration, it must be of the

dX, = dW, + f(¢) < /0 ()i, — /0 ta(u)qu> dt. (2.45)

In particular, if g = 1, (2.45) can be written as

dX; = th+f()<Wt /f“i)“)

where V(t) satisfies (2.31) with initial conditions ¥(0) =0 and V'(0+) = 1.

form

X ) dt, (2.46)

REMARK 2.6. If X satisfies the stochastic differential equation
dX, = dW, + (f(t)W, + h(t) X,)dt, (2.47)

with f,h € C'(0,1) N A(0,1), and if one of the functions f(¢) and h(t) is not
identically 0, then X cannot be a Brownian motion.

PROOF. Suppose X is a Brownian motion satisfying (2.47). Then from (2.46)

fu
/ \IJ’ dX — Xt;

for some constant c¢. Consequently, we see that

FOT() = W' (1), (2.48)
Substituting (2.48) into (2.31), we get

(t) = cf (1)¥'(1).

we know that
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Hence, the corresponding solution of the Sturm-Liouville equation is given by

W(t) = /Ot exp <c/0uf(v)dv> du.

Substituting this solution again in (2.48), and taking derivatives on both sides with
respect to t, we have

ef'(t)+ (1 - A)f(1) =0,

whose solution is of the form

c 1
t) = =
If ¢ # 0, this function f does not belong to the class A(0, 1). O

In the above remark it has been shown that any process satisfying (2.47) with
f,h € C'(0,1) N A(0,1), cannot be a Brownian motion unless f = h = 0. But as
we shall see in the next chapter, there does exist a Brownian motion satisfying the
stochastic differential equation (2.47). The main difference is that the functions f
and h which we are going to discuss in Chapter 3 do not belong to the class A(0, 1).

Clearly, the condition (2.39) does not hold, if (S;)o<i<1 is a standard Brownian
motion 1. In fact, the following proposition in Follmer-Wu-Yor [23] shows that a
processes X of the form

t
0

cannot converge to Wy, if Y is adapted to (F"").

ProPOSITION 2.3 (Proposition 5.1 of Féllmer-Wu-Yor [23]). Let X be a Brow-
nian motion of the form (2.49) with a drift term (Y;)o<i<1 adapted to (F;). If Z is
any (Fy)-Brownian motion such that X, = Z,P-a.s., then we have Z; = Xy, = W,
and in particular, Y; = 0, dt X dP-a.s..

2.4. Some examples of Brownian motions

At the end of this chapter we want to give some examples of Brownian motions
of the form (2.13).
EXAMPLE 2.6. Let kK > 2 and
F(t) = VE(k + 1)t + k(k + 1)2tk
B thtt 4+ (k+ 1)t

Then the solution of the Sturm-Liouville equation is given by

1

This implies that the process X satisfying

VE(k+ 1)t + k(k +1)2¢k [ - / Vurk + k+1
dXt:th tk+1 (k+ ) ( k+ / uk qu dt
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is a Brownian motion. For the case k = 2, we see that the process X satisfying

t2 1 4 2
dX, = dW, + 67—’_( lt_\/7/ Vu +3u )dt

t w2l
is a Brownian motion with respect to its natural filtration.

ExAMPLE 2.7. Consider the case ¢t € [0,1). Let

f(t) = % sec (gt) :

Then the solution of the corresponding Sturm-Liouville equation is given by
U(t) = tan (gt) :

Hence, the process (X;)o<i<:1 starting in Xy = 0 and satisfying

dXt—thJrﬁseC( )(Wt f/ sin dX)d

is a Brownian motion.

EXAMPLE 2.8. Setting § = 1 and ¢(t) = ¢ in Example 2.4, we see that the
process X satisfying

(1+A) (N +cW, — V1 + X))

V1+ce2(1—-1) at

dX; = dW; +
is a Brownian motion.

In the end, we want to give an example of process X of the form
t t
dX, = dW; + (f(t)Wl +/ F(t,u)dW, +/ H(t, u)qu> dt,
0 0

with initial value Xy = 0, f € C'(0,1) N L?(0,1) and square-integrable Volterra
kernels F, H € C"'((0,1) x (0,1)). We are going to apply Theorem 2.4 together
with Remark 2.5, and for this we need the following lemma.

LEMMA 2.7. Suppose the process S s given by
t
Sy = f(t)W, +/ F(t,u)dW,,
0

with f € L*(0,1)NC"(0,1) and a square-integrable Volterra kernel F € CH((0,1) x
(0,1)). Then the following three statements are equivalent:

(i) S is a martingale with respect to the filtration (FV V o(W))).
(ii) The relation between f and F is given by
F(t,u) = =f(t) + (f(u) = f'(u)(1 — u)), (2.50)
i.e., S 1s given by

S, = F(1) (W, — W) + / (F(u) — (1= u) f'(u))dVV,. (2.51)
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(iii) f and F are given by
F(t,u) = m(t) + n(u),

(2.52)
f(t) = c—m(t),
where ¢, k are constants and m(t), n(t) satisfy
(1= Hym(t) /tn(u)du —k (2.53)
0
PRrROOF. (i) = (ii): Let
G = FV v o(W).
Suppose S is a martingale, then
0 = E[S;— Ss|G]
~ t ~ s ~
_E [(f(t) _F(s)W+ (/ F(t, u)dW, — / F(s, u)qu> ‘ gs]
0 0
= (O~ FEW+ [ (Fltn) = Fl)d,+ Fe 0BG
0
—F(t,s)W, — /t Fy(t, u) E[W,|Gsdu. (2.54)
Since W is a Brownian motion, we have

Substituting this formula in (2.54), we see

0 = (f(t)— f(S))Wl + /OS(F(t,u) — F(s,u))dW, + 1 =

— S

/tF(t, w)du (VW — T77,)

= () = 16) + 1 [ Pltwdn) (W~ T5) + (£(0) ~ £,

1—s

/ F(t, w)du(VW, — 17,) +/OS(F(t, w) — F(s,u))d,.

+1—s

From the fact that W; — W, and W, are independent for all v < ¢, we know that

£ = F(5) + 7 /tF(t,u)du —0.

Differentiating with respect to s , we get (2.50).
(ii) = (iii): Due to (2.50) we obtain the first equation in (2.52). Therefore,

m(t) + f(t) = f(u) — f'(u)(1 —u) — n(u) = constant c,

for all u < t. Hence,

flu) = f(u)(1 = u) = n(u) =c,
with f(u) = ¢ —m(u), and it implies (2.53).
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(iii) = (i): If F and f are of the form (2.52), we have to check that E[S; —S;|Gs] =0
for all s <t. From (2.54) and (2.55), we see that

E[St - Ss|gs]
- $ - 1 t - -
= (f(t) = f(s))Wy +/ (F(t,u) — F(s,u))dW, + ﬁ/ F(t,u)du(W, — Ws).
0 - s
Substituting (2.52) and (2.53) in this formula, we get the desired result. O

This result can be seen as a special case of Theorem 3.4 in Amendinger [4].
ExXAMPLE 2.9. The process (S;)o<i<1 satisfying
W, - W,

0 l_u

St = Wt— du

t
= log(l—t)W; + / (1+log(l —u) — log(1l —t))dW,,
0
is a martingale with respect to (G;). Furthermore, it is a Brownian motion.
Due to Lemma 2.7 and Remark 2.5 we get the following proposition.

PROPOSITION 2.4. Let f € L'(0,T) for all T < co and

to := inf {t >0: f2(t)(1—1t)+ /t(f(u) — (1 —u)f'(u))*du < t} :
0
Then the process X starting in Xo = 0 and satisfying the stochastic differential
equation
FOV = W) + [i(f () = (1= w) f'(u))dW, = X,
PR =)+ [y (f(w) = (1= u)f(u))?du —t

is a Brownian motion on [0, ty).

dX; = dW, + dt

PROOF. Substituting (2.51) into Remark 2.5, we get the desired result. O

ExAMPLE 2.10. (i) For the case f(t) = ¢ > 0, the process (X;)o<i<.> with Xy =0
and
Wi - X,

dX, = dW, + & dt,

-t
is a Brownian motion. Furthermore, X; converges to Wy as t — 2
(ii) For f(t) =1 +t, we see that

1 5
tozinf{t20:§t3—t2+1§0}:1—2cos<§7r> ~ 1.3473.

Hence, the process X satisfying
(L+6) (Wi — W) + 2 [} udW, — X,
s — 12+ 1

dX, = dW, + dt,

is a Brownian motion up to time .
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CHAPTER 3

Orthogonal decompositions of Brownian filtrations

Consider a process X satisfying the stochastic differential equation
dX, = dW, + (f(t)W, + h(t) X,)dt, (3.1)

with X, = 0, where W, W are two independent Wiener processes. We have seen in
Remark 2.6 that X cannot be a Brownian motion if f and h belong to the space
A(0,1) N C(0,1) with f? + h? # 0. In this chapter, we will show that there exist
Brownian motions of the form (3.1) if the conditions on f and h are relaxed.

Following Yor [57] we describe in Section 3.1 a basic orthogonal decomposition
of the Brownian filtration. In Section 3.2 we will construct a Brownian motion X of
the form (3.1), and then another Brownian motion Y which is represented in terms
of W and W and is independent of X. Using iteration, we get two sequences of
Brownian motions X(™ and Y™, which are independent of each other. This leads
to the construction of new orthogonal decompositions of Brownian filtrations; see
Wu-Yor [56]. In Section 3.3 a similar decomposition of a Brownian motion related
to X will be investigated. In Section 3.4 we replace X by W on the right-hand side
of (3.1) and characterize Brownian motions of the form

X, =W, + /Ot(f(u)Wu + g(u)W,)du.

3.1. The basic example of an orthogonal decomposition

Let (B,);>0 be a standard Brownian motion. In Jeulin-Yor [37] and Chapter 1
of Yor [57] it has been shown that the natural filtration generated by (By);>o can
be decomposed into the direct sum of two independent o-algebras

for all ¢ > 0, where the o-algebra G, is given by

G = o (Bu - %Bt;u < t)

= 0 /Otf(u)dBu;f € LZ[o,t],/Otf(u)du = 0)

= O'<Bu—/ Bt_Bvdv;uSt)
g t—w
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Define an operator 1" as
t
B,
0 U

It has been established that the process (1'(B)¢);>o is a Brownian motion; see De-
heuvels [21] and Chapter 1 in Yor [57]. For the sake of convenience, we write
T°(B) = B. Consequently, for any non-negative integer n, the process (T"(B):)i>0
is a Brownian motion relative to its natural filtration. Using this notation we can

rewrite the decomposition (3.2) as
FP=0(B)@o(T(B)yu<t).

Using the same argument as above iteratively, we can get an orthogonal decompo-
sition of -algebra FF in the following form:

FP = o(B) ®o(T(B),) ®o(T*(B),;u < t)
= o(B)®c(T(B)) ®o(T*(B)) ®o(T*(B)y;u<t)=---. (3.4)

From Yor [57] Chapter 1, we know that the random variable 7"(B); can be
represented as

™(B), :/0 Ln(log(%))dBu,

where (L (u))n>0 is the classical Laguerre polynomials defined as

L) =Y (Z) SO 9

k=0

which is a sequence of orthonormal polynomials for the measure e “du in R*; in
other words, for m,n € NU {0},

/ Ly (uw) Ly (u)e ™ du = 8y p,.
0

REMARK 3.1. Since (t72T"(B),)nen is an orthonormal system in L2(PP), we con-
clude that for fixed ¢t > 0, the sequence (1™(B);),>0 is not strongly L*-convergent,
but converges weakly to 0 in L2,

3.2. Construction of orthogonal decompositions of Brownian filtrations

In this section we want to construct a Brownian motion satisfying the stochastic
differential equation

dX, = dW, + (f()W, + g(t) X,)dt, (3.6)

where f and ¢ satisfy some integral conditions (which we will discuss later). This
will involve some orthogonal decompositions of the Brownian filtration similar to
(3.4).
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Let W, W be two independent Wiener processes. Consider the process X satis-
fying the stochastic differential equation

CWt - C2Xt
(1—e2)t

with Xg = 0 and some constant |¢| < 1. If ¢ = 0, then X; = W;. If ¢ # 0, the
solution to this equation is given by

X, = /Ot (%)aqu + % /Ot (1- (%)) W, (3.8)

with the constant a defined by

62

1

Using this formula, we see that X satisfies the identity

a

t t
dX, = dW, — at @L / utdW,dt + (9) g / utdW,dt. (3.9)
0 ¢ 0

PROPOSITION 3.1. For all constant 0 < |¢| < 1 the process X satisfying the

stochastic differential equation (3.7) is a Brownian motion with respect to its own
filtration (F;X).

PRrOOF. For the case ¢ = 0 it is clear, since X = W is a Brownian motion. For
0 < |¢] < 1 and s < t, we compute the covariance function of X using (3.8)

pve= [ (2 (2 awe b [0 () (- (2) o=

This ensures that the Gaussian process X is a standard Brownian motion with
respect to its natural filtration. O

REMARK 3.2. In Remark 2.6 we saw that the solution of (3.6) cannot be a
Brownian motion, provided that f,g € C'(0,1)N.A(0,1). However, the function 1/t
does not belong to A(0, 1), but to A(0, 1), where A(0, T) is defined by

A0,T) = {p(u) : /0 Vulp(u)|du < oo for all t < T'}.

In the following discussion of (3.7), we will always exclude the trivial case ¢ = 0.

Now, we want to construct a new Brownian motion from W and W which is
independent of X. Our first attempt is a Brownian motion, say Y, of the form
—cW, — %Y,

dY, = dW
e =dWet (1—e2)t

dt.

We can easily check that X, and Y; are independent for all t. But the processes
X and Y are not independent. Hence we have to look for other Brownian motions
which might be independent of X. The following proposition gives us one example.
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PROPOSITION 3.2. The process Y satisfying the stochastic differential equation

W, — (11— 62)Wt — %Y,

dY; = dW, + o)

dt, (3.10)

15 a Brownian motion independent of X.

PRrOOF. The solution of (3.10) is given by

O Py (=Y P

Then for s < t, it can be shown that E[Y;Y;] = s. It means that Y is a Brownian
motion. Furthermore, we have E[X,Y;] = F[X,Y;] = 0, for all s < ¢. This implies
X and Y are independent. O

REMARK 3.3. At the beginning of Section 3.1 we saw that the process (7'(W);)i>0
defined by

.
~ - 4%
TW) =W, — / —=du,
0 U
is a Brownian motion and that its natural filtration (F, (W)) is strictly smaller than
(FV). Using this notation, (3.10) can be written in the form
- W, — %Y,
dY; = dT(W ————dt.
! (W) + (1—e2)t
Since W and W are independent, the processes T(W) and W are clearly also in-
dependent. In the same way, we know that the process (T'(W););>o is a Brownian
motion independent of W as well as T'(1), and that ]—}T(W) G F[V. Using again the
same argument as in Proposition 3.2, we know that the process X satisfying

~ (W), —c2X
dX, = dT (W), + ((1 %CQ)t L

dt, (3.12)

is a Brownian motion independent of Y. Looking at the processes X and X, we
see that the equations (3.12) and (3.7) have the same form. Only the o-algebras
generated by the driving Brownian motions T(W) and T(W) are strictly smaller
than those generated by W and W, respectively. Hence, we get also ]—‘tf( c FX.

Furthermore, from

%, - /0 () arowy. /0 (1= (9" arom),
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we deduce
sy = [ () [ ) [ ()
o [ =G 0 (7))o
L) [0
for all s < t. This iml)_lieso;ff ¢ Fr.

Iterating this procedure, we define

X™ .= /Ot (E)adT”(W)u +1/0t (1 . (%)) dT™ (W), (3.13)

t c

=L [ (- ())aron.s |

forn > 0 and 0 < |¢| < 1. In other words, the processes X® and Y™ gatisfy the

and
t

(%)adT”“(W)u, (3.14)

stochastic differential equations
T (W), — X

dX™ = dT"(W), + =y

dt, (3.15)

and
I (W), — Y,
(1—e2)t

From Proposition 3.2 and Remark 3.3 we know that for each n > 0 the processes

dy,\"™ = drt (W), + dt. (3.16)

X@® and Y™ are Brownian motions and

X x (0) D x (1) D D) X (n) »
J t J t = J t =TTz J t 7z )
Y 7_—Y(0> ) 7_—Y(1> D) D) 7_-y(n) 5

t t Zz vt Z= e Z

Furthermore, the processes X(™ and Y™ Y and X®+D are mutually indepen-
dent. The next lemma provides a representation of X and Y as stochastic
integrals with respect to W and W.

LEMMA 3.1. The processes X™ and Y™ can be represented as

. t t 1 3 t ~
X = /p(”)(log—)dWﬁ_/ ¢ (log —)dW,, (3.17)
0 U CJo [
m _ 1/ t ) (log Lyt
neo= _/ q("’(log—)qu+/p(”“(log—)qu, (3.18)
C 0 u 0 u

where functions p™ (u) and ¢ (u) satisfy the recurrence relation

1) = 1w~ [ 0,
0
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with initial conditions p (u) = e~ and ¢°) (u) = 1 —e~™. More explicitly, p™ (u)

and ¢ (u) can be represented in the following form:

P = S () e (3.19)
and
¢™ (u) = Ly(u) = p™(u), (3.20)

where the sequence (1)) satisfies the recurrence relation:

(7"3“—7“8—1-(@;:1)”, Vn>0,
it =1, Vn>1, (3.21)
it = 4, V0<k<n,

L 75 =0, forp <gq,

and (L, (w))n>0 s the sequence of Laguerre polynomials given by (3.5).

PrOOF. Let p{®(u) = e=® and ¢\ (u) = 1—e~%. From (3.13) and the stochastic
Fubini Theorem (see, e.g., Protter [51]) we have

" t 1 t
X" = /0 P (log L S)dT" (W), +E/0 ¢ (log - )dT”(W)

= [ (#0008~ [ 250008 b ) aze-rm,
= <q<°>(1og§> - [ La000s bydo) 1),
= [ 000g ar=ony,s L [ o bar=am,

t 1 [t t. -
= ...:/p( (log — )dW + = /q(”)(loga)qu,
0 0

where
t ‘1 t
k+1 1 (k;)l Y - (k)l d
log ) = 1 l0g 1) — [ +9®0g Ly,
for v*) = p®) or ¢®), and for all £ > 0. Applying a change of variable, we obtain
1) =)~ [ w)d.
0

The relations (3.19) and (3.20) follow directly by induction. O
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REMARK 3.4. We can write the recurrence relation (3.21) as

SO IR b S ) I

aal)n —a.

for n > m, with initial conditions r'!_; =1 and r{ = a(

In Section 3.1 it has been shown that

1(B)y = [ Lullog()dB
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for a sequence of orthonormal polynomials (L,(u)) for the measure e “du in RT.

For our two new sequences of Brownian motions X and Y™, we want to know

whether the corresponding p™ (u) and ¢(™ (u) are also orthonormal. The following

two sequences.

proposition shows that they are not. But we can see some further properties of these

PROPOSITION 3.3. Let m,n be nonnegative integers, then the sequences of func-

tions (p™ (u))n>o and (¢™ (u)),>o possess the following properties:

~ (11— ¢, n=0,
(a) / P (u)e “du =
° \ 0, n>1
0o ( 02, n =0,
0) [ e tdn =
’ \ 0, n>1.
o0 2m 1— 2
(c) /0 p™ (U)p(“m)(u)e’“du = ¢ 1(+ C2C ), for all m > 0.
([ 2¢*
P — O
00 142’ m ’
(d) / g™ (u) g™ (w)e "du = |
0 C2(m+1)(1 _ 62) -
(1 —¢?)
R =0
00 14+¢2 7’ mn ’
© [ P e e tdu =
0 _ch(l —?) -
\ 14¢2 7 -
([ A2(1 - ¢?)
- — O
o0 14+¢2 7 =
(0 / P (w)g" ™ (u)e " du = 4
0 2(m+1) (1 _ 2
_c (1-c ), s 1
14 ¢? -
1,
(2) / p™ (w)p™ ™ (u)e " du + — / )g" ™ () et du =
0
0,
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PROOF. 1) For n =0,

(0@ (0@ 1
O (u)e "dy = / e~ @t gy, — =1-¢
| 0w 0 =12,

and

/ ¢ (u)e ™ du = / (1- p(o)(u)) e Udy = —— = .
0 0

a+1
For n > 0, from (3.19), we know that

o0 1] 1 (a+1\"
(n) Uy = —= n_lk
[ e ran= St g (57

Due to (3.21), we get

3
|

1 n—2 n—2 a+ 1 n—1
D =g Y = e = ()
k=0 k=1 k=0

and this implies

o 1 1 1 \"
/ P (u)e “du = ——(i)’"”1 + — (a i ) =0.
0

Using (3.20), we have, for n > 1,

/qu(n)(u)eud” - /ooo Lu(u) =" (w)) e "du = /000 Lu(u)e "du

These ensure the assertions (a
2) Since
t I b
xm = /p (log —)dW,, + — /q(”)(log—)qu
0 U 0 u
ty o | O A
= p N(log =)dT" (W) +~ | 4™ (log —)dWL,
u ¢ Jo u

and

! 1/t t o~
xmm) / pltm)( log )dW, + — / ¢"t™ (log —)dW,
u

0 0
1 t
— / ™) (log — )dT”(W) wt / (ntm) (log — )qu,
0 0

for all n > 0, and the processes T™(W) and T"(W) are Brownian motions, we get

n n-m ! t n+m t n+m t
R B R e log5>q<+ (o5 )
0

! t t
= / 9 (log —)p™ (log Jdu + — / log ¢ ™ (log — ) du.
0 u U
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Hence, due to the change of variables and (3.19), we have
X pmtm ey L[y my g
"™ (u)p (u)e “du = p p'" (log —)p (log —)du
0 0 u u

o0

! ¢ ¢ _
= 4 [ P08 e tog Ddu = [ 50 (™ @
0

0

20 +1 1+c27

> 1 1—
/ (0 ()26 du = ¢
0

which is exactly the same form in assertion (c¢) for the case m = 0. As for m > 1,
we have to compute

m—1

2%7” a+1 (a + 1)k+17

From the recurrence relation (3.21), we conclude that

A(m) = o’ —i—m_l(rm1 +7r b (=1
at+1l k F=17 (a4 1)k+!
rm m—2 (—l)k Tm_l m—2 k
= ——+ e o - Zr - k 1
a+1 — (a+ 1)1 a+1 a+1 — a+1 +
_ a (a+1)m2
_ A . m __ ,.m—1 — A -1 .
a+1 (m )+a+ (5" =rg"™) a+1 (m )+ am—1

This implies

00 1 m 2m 1 — 2
/ p(n) (u)p(ner) (u)e*“du — ( a ) — ¢ ( ¢ ) )
0

2a +1\a+1 1+¢2

Using the same argument and the fact that (L,(u))n>o is orthonormal with respect

to the measure e “du, we get
/ ¢ () g™+ (w)e " du = / ¢ (u)g™ (u)e " du
0 0
- / (Lo(w) — p© () (L (1) — p™ () e~ du
0

= 60,m+/ p(o)(u)p(m)(u)eudu—/ p(m)(u)eudu_/ Lm(u)ef((”l)udu.
0 0 0
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For the case m = 0,

/Ooo(q(n)(U))Qe—“du = 1+ /Ooo(p(o)(u))%—udu _ 2/000 2O (w)edu

1 2 2a2 2¢t

+2a+1 a+1 (2a+1)(a+1) 1+4+¢

For m > 1, from the definition of L, (u) we get

/ L (u)e™ @ uqy, =
0

Due to assertion (a), we have

1 < a >m+1 B 62(m+1)(1 o 62)

" 2a+1\a+1 1+ c2

/ ¢ ()¢ (w)e du =
0

Hence, the statements (c¢) and (d) are proved. And it follows (g).

3) It remains to show the assertions (e) and (f). Since for m,n > 0, the processes
X® and Y™ are independent, using the same argument at the beginning of 2),
we know that the values of the integrals

/ P ()™ (uw)e "du  and / P (1) g™ (w)e " du
0 0

are independent of n. It follows from (3.20) and the assertions (a) to (d) that

/ p(”+m)(u)q(n)(u)67udu — / p(m) (u)q(o)(u)e*udu
0 0
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as well as

/ p(n) (u)q(n+m) (u)e’“du _ / p(O) (u)q(m) (U)efudu
0 0

= / q(m)(u)e_“du—/ "™ (u)q© (u)e " du
0 0

, 2 A(1-¢)

_ - -0
“71 +c? 1+c¢2 m ’
62(m+1)(1 _ C2)
— , m > 1.
1+ ¢?
This completes the proofs. O

REMARK 3.5. From the construction of X Y™ and the assertion (g) of

Proposition 3.3, we know that for every ¢t > 0 and every n > 0, m > 1, Xt(”),

Xy and V"™ are mutually independent.

In fact, from this Proposition we even know that

BIXMOXM] = B Y] =0

S S

for all s < t, i.e., (X,S"H))sgt and (Ys(nﬂ))sgt are independent of Xt(") and Yt("),
respectively. The next proposition gives us more information about these two se-
quences of stochastic processes.

PRrROPOSITION 3.4. Forn >0 andt > 0, we have
Xt(n+1) _ T(X(n))t
and
Y;(HH) _ T(Y(n))t_

PROOF. From (3.13), (3.14), the definition of T(X®),, T(Y™), and the sto-

chastic Fubini Theorem, we get the desired results. O

Due to this Proposition we can rewrite (3.15) and (3.16) as

L (W) — ET™(X),,
(1—c?)u

T X)e=T"(W): + / du,

and
Tn(Y)t :Tn+1(W)t+/0 CTn(Wziu__cgjzm(Y)u

And from these results we see the following corollary.

du.

COROLLARY 3.1. For f,,g, € C(0,1) N .A(0,00), the expectations

E [th(n+1) </01 fn(U)quS") +/: gn(u)dYu(”)>] =0,
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E |:th(n+1) </1 fn(U)qugn) + /1 gn(U)dYu(n)>:| =0,
0 0

for all t <1 if and only if f, and g, are constant. More precisely, for constants A,

and

B and every n > 0,
EIX™V(Ax{” + BY{")] =0,

By, ax™ + BYy") =o.

Proor. Without loss of generality, we may assume n = 0. Furthermore, for the
sake of convenience, we denote f = f; and ¢ = ¢go. Hence, we have only to check
that

E [T(X)t /0 1 f(u)qu} —0 and E [T(Y)t /0 lg(u)dYu] 0,

for all t < 1 if and only if f and g are constant. From

E {T(X)t/olf(u)qu] :/Otf(u)du—/oti/ouf(v)dvdu,

we see that this expectation is equal to 0 if and only if f is a constant. In the same
way, we get

1
{T(Y)t/ g(u)dYu] =0 ifandonlyif ¢ = constant.
0

O

From Remark 3.1 we know that the processes (T7(X);)n>0 and (T"(Y):)n>0
do not L2-converge strongly, but weakly to 0 in L2. Furthermore, the orthogonal
decompositions of the filtrations generated by (X;);>o and by (Y;)i>0, respectively,
are given by:

F=F" =ox@o(xV) @@ o(X) & FX,

(n+1)

oo e oo™y e F ",

for all £ > 0. Now, we look at some more relations between the natural filtrations
of X Y™ T"(W) and T™(W).

PROPOSITION 3.5. (i) The filtration generated by X™ and Y™ is strictly smaller

than that generated by T™(W) and T™(W), i.e., for alln >0 and t > 0,
f;((n),y(m _ j_.tx(m @7__3/@) ; }_tTn(W) EBﬂTn(W) _ ftT”(W),T"(W)‘

Moreover, we have

fix(rﬂ—l),y(n) _ fg{(ﬂ-{—l) @ ft}/(n) ; fgn(w) @ ftTnle(W) _ ffn(w)’Tn+l(W)‘
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(ii) For all 0 < n < m, the o-algebras FX™ @ FY™ and FM g ftTm(W) do not

contain each other. The same result is also valid for the o-algebras TtX(nH) fty(n)
1 (W) TN (W)

and F, o F

(iii) For |c| <1 andt >0,

X+cY _ mW+HeW
F; =F .

PrOOF. Here we prove only the case
¢h) (0) T(W
FY e C Ve Fl
The general case can be proved by a similar method. We can easily check the
inclusion
FXoF " CcFY e FIW,

due to the definitions of (XM and (). Suppose the o-algebras FX" @ £ and
FV e .7-",5T ) coincide. Then we know from the above proposition that the random
variable XtEO) is independent of FX" @ FY”. Tt is therefore also independent of
FV e ftT(W). But it is easy to compute

E[X,S(’)T(W)t]:%/ot@—% u——/ / 1—— dvdu

—a
S e

cla+1)
which obviously contradicts the above assumption. The second assertion follows by
the same argument and the property E[Xt(n)Tmfl(W)t] # 0 for all m > n. The last
statement follows directly from the relation:

Xt + CY; = Wt + CWt,
for all ¢ > 0. O

3.3. Some related decompositions

Let us look at some further properties of the process X. Consider the process

(Z1)i>0 defined by
*1
= t/ —dX,.
U

From Chapter 1 in Yor [57] we see that this process Z is a Brownian motion.
Furthermore, it is easy to check that X; and Z; are independent for any ¢, but that
the processes X and Z are not. In this section we want to give a representation of
Z in terms of W and W, and compare it with the representation of X.

LEMMA 3.2. The process X with (3.7) satisfies

® dX, -
Z, = t/ — = VEW) + V2(W), (3.22)
t
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where

t
VW) = (1-¢°) / AWy th“/u“qu,
0

VEW) = 1—02/,: u/o v dW,du.

PROOF. It follows from It6’s formula and (3.9) that

t
t_a_l/ uaqu_S—a—l/ adW / <U —1/ adWy)
0 0
t u
— / <—(a—|—1)u_“_2/ v“dedu+u_1qu>
s 0
1 [tdw, 1 [tdX, I R
— __/ +a+ / o / u_“_Q/ v*dWydu.  (3.23)
al, u a Js u c Js 0

Due to the time-change there exists a standard Brownian motion I' such that

t
—a—1 a —a—1 —(a+1
t /0 wdWy =t T g, =t I e,
Applying the law of large numbers we get
lim ¢ "9, =0,
t—o0

for any € > 0, hence

t
lim ¢ ! / u*dW, = 0.
0

t—00

Letting ¢ go to oo, it follows that (3.23) can be written in the form (3.22). O

From the decomposition in the previous Lemma, we can derive another repre-
sentation for (3.22).

PROPOSITION 3.6. If the process X satisfies (3.7), then

to=i [T B (Y amt [ (- (4))aBe Gy

with B and B are two independent Brownian motions given by

t oodWU
Bt:—Wt—i-// du
0 Ju v
- . b dw,
Bt:—Wt+// du
0 Ju v

and
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PROOF. The covariance function of (V,;'(W))> is given by

BV W)V (W)] = (1—)stE [ / i / W, } T g / 2
0
—(1 — A)c?st™ “E{ / “dW]
ct 1 — c
— 1 — o a-l—lt—a - ) - a+1t_a
( *)%s + et 13 - (s S )

- (is) e
C

This is exactly the covariance function of the process fo

H

©)*dBy )0 for some stan-

dard Brownian motion B. Similarly, we have
2 2 1 - 02 a+1;—a
EVWVEW)] =s— (3 ) s" 7,

which coincides with the covariance function of ( fo dB w)i>o for some
standard Brownian motion B. Since the processes (V;I(W)) and (V?(W)) are inde-
pendent, B and B can therefore be selected to be independent. Hence, we get the
representation (3.24). Furthermore, from

t a o] d ; t
/ (3) dB, = VI (W) = (1—02)t/ W —c2t“/ utdW,,
o 1 ¢ u 0
l/t (1_ (E) )dB i) = & /OouH/uvadW du
cJo t 1—¢? 0 v

we get the representations of B and B in terms of W and W, respectively. O

and

3.4. A related class of Brownian motions

Let (W;)i>0 and (WW;);0 be two independent Brownian motions. Deheuvels [21]
has shown that the process (X;)¢>o defined by

t
X, =W, +/ g(u)W,du,
0

is a Brownian motion if and only if g(f) = 0 or g(t) = —1/t. Now we want to
generalize this result; see also Wu-Yor [56]. For two functions f and ¢ in C'(0,00)N
A(0, 00) we consider the process X given by

X, =W, + /0 t( Fw)W, + g(w)W,.)du, (3.25)

and we ask for which functions f and ¢ the resulting process X can be again a

Brownian motion.
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THEOREM 3.1. Denote

t Ws _ t Ws
U, :/ ds and U :/ ds.
0o § o S

For the functions f,g € C(0,00) N A(0,00), the process (X;)i>0 given by (3.25) is
a Brownian motion if and only if f(t) = £vVv —v?/t and g(t) = —v/t, for some
v € [0,1]. In particular, both processes

t /1, _ 1,2 _
XE =W, - / <5Ws + um) ds, (3.26)
0 S

S

are Brownian motions.

PROOF. (i) Denote Z, = W; + ivv — 12U, and I, = W, — vU,. Therefore,
essentially from the previous computations, we find

E(T,T\) = B(Z,Z,) = E(WW,) — (v — V*)E(U,T).
Hence, the covariance of the process (W, — vU; £ Vv — 1/2(7,5),520 is
E(Fsrt) + (V - VQ)E(ﬁsUt) =5+ (V2 - V)(QO(SJ t) - E[Usﬁt]) =5,

which implies that the process X* are Brownian motions.

(ii) Conversely, since in Deheuvels [21] the case f = 0 has been proved, here we may
assume f # 0. Suppose (X;);>o is a Brownian motion. Then from Lemma 1.2, we
know that, for s <1,

FO)B(X,W,) + g(t)E(X,W;) = 0.

Due to (3.25) we can compute F(X,W;) and E(X,W;), which yields:

f(t)/ uf(u)du + g(t) <S—|—/ ug(u)du) = 0.
0 0
Taking derivatives with respect to s, we get

sf(s)f(t) + (1 +59(s))g(t) = 0. (3.27)

Since f is continuous, there exists a countable collection of disjoint component in-
tervals {(a;, b;) : i € N} in (0, 00), such that

7£ 0, \V/t € U (ai, bz),
=1

f(t) 0
= 0, Vt € (0, OO) \ U (ai, bz)
i=1
Without loss of generality, we have only to look at the case: f € C(0,00)N.A(0, 00),
f(t) # 0 for all t € (a,b), and f(t) = 0 on the set (0,00) \ (a,b). Then for all
s,t € (a,b), s < t, we can rewrite (3.27) as
9(t)

sf(s) + m(l +s9(s)) =0,



3.4. A RELATED CLASS OF BROWNIAN MOTIONS 63
which implies g(t) = c¢f(t) for some nonzero constant ¢, for all ¢ € (a,b). Plugging
this result into (3.27) it follows that

c
§) = ————
/() (14 ?)s’

which is not equal to 0 on R*. Since f is continuous, we get (a,b) = (0, 00), which
gives the results. O

REMARK 3.6. The intersection of the class of all processes X of the form (3.26)
and of the class of processes satisfying (3.7) for some ¢ € (—1,1) contains exactly
one element, namely, the Brownian motion X = W.

PROPOSITION 3.7. The processes Y;= defined by

- Ll —w - Vi — 12
YE = Wt—/ ( VWsiqu> ds,
0

S S

are Brownian motions independent of the processes X;=, respectively.

PROOF. If we change the roles of W and W in the process X*, we get that the
resulting process is still a Brownian motion. Hence, we see that the process Y is a
Brownian motion. Furthermore, it is easy to check E[X;"Y*] = E[X*Y;*] = 0 for
all s <. O
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CHAPTER 4

An equilibrium model of insider trading

From this chapter on we are concerned with insider trading of a large investor.
We want to investigate a mathematical model of a financial market, in which some
investors have more information than others, and where the investment of the traders
can influence the price of the stock. Several such models have been proposed by a
number of authors, e.g., Back [7], Bagehot [12], Copeland-Galai [17], Easley-O’Hara
[22], Glosten-Milgram [26], Grossman [30], Kyle [42]. Our study will be based on
the model introduced by Kyle [42] and Back [7]. They develop a model with a risk
neutral informed trader who knows in advance the final stock price at time 1. As an
extension of their study, we also consider the case where the insider obtains more
information as time increases. This idea already appears in Back-Pedersen [11].
Our purpose is to analyze the structure of insider strategies in such an extended
setting. Our analysis will be based on the results on stochastic filtering in Chapter
2.

In Section 4.1 we specify the basic assumptions on our model and a definition
of equilibrium introduced by K. Back. We shall review some results of Kyle [42]
and Back [7] in Section 4.2. In Section 4.3 we derive generalized versions of the
results in Back-Pedersen [11]. Moreover, we consider special cases of sequential
information where information is obtained by observing some Gaussian martingale,

and in particular a standard Brownian motion.

4.1. Definition of equilibrium in the sense of K. Back

In this section we introduce a simple model of insider trading and formulate a
notion of equilibrium due to K. Back [7].

Assume that there are only one bond and one stock in the financial market. The
interest rate of the bond is equal to 0. Trading occurs continuously during the time
interval [0, 1]. Before the trading begins, the final stock price P, at time 1 is already
determined by the outcome of some N (0, 1)-distributed random variable S;. More

precisely, we assume
P1 = h(Sl, 1), (41)
where h(-,1) is some continuous, strictly increasing function satisfying

E[h%(S1,1)] < oo (4.2)

65
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4. AN EQUILIBRIUM MODEL OF INSIDER TRADING

Suppose all market participants are risk neutral. We can classify the agents

in the market into three groups: uninformed traders, informed trader and market

maker.

(1)

uninformed traders: The uninformed traders have no information about
the future price of the stock, and they can only observe their own cumulative
demands. Their cumulative demand at time ¢ is a standard Brownian motion
(W), which is price-inelastic and independent of the final price P;. We call
the uninformed traders also noise traders or liquidity traders.

informed trader: There is only one informed trader in the market, also
called insider. He gains continuously some extra information about the fi-
nal price of the stock. This information process is a continuous centered
square-integrable Gaussian martingale, denoted by (S;)o<i<i. Furthermore,
the informed trader can observe the cumulative orders in the whole market,
from which he can derive, in particular, the cumulative orders W of the noise
traders. Hence, the insider can choose his cumulative orders, denoted by
(I;), depending on his additional information flow (S;) and the cumulative
demands by the noise traders W. Technically, this means that the insider
strategy (I,) is (F;"°)-adapted. In the sequel, we assume that the process
(I,) is a semimartingale with respect to the filtration (F;"*). We denote the
collection of such strategies by Z, i.e.,

T = {(I)o<i<1 : I is an (F"®)-adapted semimartingale}.

market maker: There is only one market maker in the market. He knows
from the very beginning of the trading the distribution of the stock price at
time 1. He decides the stock price according to the cumulative orders in the
whole market. Thus, at each time ¢ € [0,1) the stock price is a functional of
the demand process (X,),<;, where X; := W, + I; is the sum of cumulative
demands of the uninformed and informed traders. This is a semimartingale
with respect to its own filtration.

In this chapter we discuss only the case where the market maker uses a price

functional of the form

P, = h(X,, 1), 0<t<1) (4.3)

for some continuous function A(-, t). Since stock prices rise with increasing demand,

we assume that the function h(zx,t) is strictly increasing in z for each ¢ € [0, 1].

Due to this assumption the inverse function h™'(-,t) exists for every fixed time ¢.

Furthermore, we suppose that h(z,t) is twice continuously differentiable with respect

to z, and once with respect to t € [0,1). We also assume that h(x,t) satisfies the

integrability condition

E UOI h2(Wu,u)du] < 00. (4.4)



4.1. DEFINITION OF EQUILIBRIUM IN THE SENSE OF K. BACK 67

DEFINITION 4.1. A function h(-,-) satisfying the preceding conditions will be
called a pricing rule. The pricing rule is called space-time harmonic if it is a solution
of the heat equation

1
forall 0 <t < 1.

LEMMA 4.1. There is exactly one space-time harmonic pricing rule h(-,-) whose
boundary values h(-,1) are given by the function in (4.1), namely the function defined

by
hz,t) = Eh(z+W, —W;,1)]

1 (y —x)?
\/ﬁ /_oo h(y,1)exp (—m> dy. (4.6)

PROOF. Assumption (4.2) means that
2

\/%/ h2(z,1) exp <—%> dr < oco. (4.7)

Under condition (4.7), equation (4.6) defines a smooth function h(z, t) which satisfies
(4.4) and (4.5); this is well known from the theory of the heat equation. Moreover,

y— )’
h(z, t / ) ex ( (7>d >0, 4.8
(z,1) = T Pl=oa—y )W (4.8)
and this implies that h(-,¢) is strictly increasing in x for all ¢t € [0, 1). O

Recall that at the terminal time ¢ = 1 we assume the stock price to be given by
a function of the final signal S, i.e., P = h(S;,1). Thus, given the development
(X}) of the cumulated demand in the whole market, the resulting price process (P;)

is given by

h(X,t), for0<t<1,
Pt -
h(S1,1), fort=1.

Note that although the price process can (and will) be influenced by the trading
activities over the time interval [0,1), at the terminal time 1 it will assume to the
value h(Si, 1) regardless of what has happened before.

With this formalization of the price process at hand we are now in a position to
define the profit resulting from a given process of cumulative demands £ by

1—

(P —P)&- + §u—dPy, (4.9)

0
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where we assume, for simplicity, that all agents have initial capital 0. For an informed
trader using strategy I = (I;) € Z, his final profit is given by

17
Al = Al(h, ]) = (h(Sl, 1) — ]’L(le, 1—))]1 + / Iu,dh(Xu, U)
0
1—
— (PP + / I, dP,
0

- /l(p1 — P, )dl, — [P, I],_, (4.10)

where for the last equality we used It6’s product rule and where ([P, I];)o<;<1 denotes
the optional quadratic variation of the processes (P;) and (I3).
Let us now recall the definition of equilibrium in Back [7].

DEFINITION 4.2. (1) (Market Efficiency) Given an insider strategy I = (I;) €
Z, a pricing rule h(z,t) is called rational given I if it satisfies

h(Xy,t) = E[h(Sy,1)|FX], (4.11)

for all t < 1.

(2) (Profit Maximization) Given a pricing rule h(z,t), the insider strategy I* =
(IF)o<i<1 € T is said to be optimal given h if it maximizes the corresponding expected
final profit

E[Al(ha I*)] = I?eaIX E[Al (ha ])]

(3) (Equilibrium) A pricing rule h and a strategy I* for the insider define an
equilibrium (h, I*) if h is a rational pricing rule given I* and I* is an optimal insider
strategy given h. In this case, we call h an equilibrium pricing rule.

Let us now address the question of existence of an equilibrium in the above sense.
First we investigate the case of an insider with full information (Section 4.2) and
then the case of an insider with increasing extra information (Section 4.3).

4.2. Equilibrium in the case of full information

In this section we assume, as in Kyle [42] and Back [7], that the insider has full
information about the final stock price already at the beginning of the trading. It
is also assumed that the final signal S; is independent of the Brownian motion W,
the cumulative orders of the uninformed traders.

By using a discrete time approximation, Kyle [42] shows that there exists a
unique linear equilibrium (A, I*) for which the function h(x,t) does not depend on t
and is linear in z, provided the final stock price is normally distributed. Note that
Kyle [42] uses a definition of equilibrium different from our Definition 4.2. Rochet-
Vila [53] construct a nonlinear equilibrium model in the sense of Kyle. In the more
general setup reviewed in the previous section, Back [7] shows that there exists an
equilibrium in the sense of Definition 4.2. He proves that the insider reaches his
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maximal profit if and only if he drives the cumulative orders in the whole market to
the final value X; = S;. He also gives an explicit description of the equilibrium:

(B1) The rational pricing rule is given by
dPt - hw(Xt, t)dXt, (412)

where h(:,-) is the space-time harmonic pricing rule defined in (4.6).
(B2) The optimal strategy for the insider is given by

t
S — X,
Ir = —d 4.13
t /0 1—g S, ( )

which is continuous and of bounded variation. Therefore, the optional qua-
dratic variation of P and [* vanishes identically.

(B3) The cumulative demand in the whole market (X;)o<;<1 forms a Brownian
motion with respect to its own filtration (see Example 2.3), and it converges
to S; as t — 1. In fact, equation(4.13) shows that the optimal strategy
consists in constructing a Brownian bridge tied to the final value S;.

Recall that Back [7] does not assume the insider strategy I to be absolutely
continuous a priori. Using Bellman’s equation and an optimization argument he

shows that any optimal strategy must have this property.

REMARK 4.1. Property (B3) means, in particular, that the market maker cannot
discover that there is an insider in the market. This is due to our assumption that he
can only observe the cumulative orders in the whole market. But these cumulative
orders evolve like a Brownian motion whether there is an insider (using an optimal
strategy) or not.

4.3. Equilibrium with increasing information

In this section we would like to consider a more general setup. We assume
that instead of possessing the full information from the beginning the informed
trader now gains an increasing amount of information by observing a signal process
(St)o<i<1. Here S is supposed to be a continuous centered square-integrable Gaussian
martingale with respect to its own filtration and with final value S; ~ N (0, 1). Back-
Pedersen [11] consider the special case

t
S; =Sy + / U(u)qu,
0

where Sy is normally distributed with mean 0, and (Wt)ogtg is a Wiener process,
both independent of W. Moreover, o(u) is assumed to be a deterministic continuous
function satisfying

1
var(Sy) +/ o?(u)du = 1,
0
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and

€

/d%)d<1_t (4.14)
o (u)au .
¢ I

forall 0 < ¢ < 1, with some constant € > 0. Furthermore, Back-Pedersen [11] restrict
the insider to use only absolutely continuous strategies. Under these assumptions
Back-Pedersen [11] show that there exists an equilibrium in the sense of Definition
4.2. More precisely, the optimal strategy for the insider is of the form

/f 1_02 —du, (4.15)

and the pricing rule is given by (4.6). Again the cumulative demand in the whole

market turns out to be a Brownian motion. Hence, we are again in a situation where
the market maker will not be able to discover the insider (c.f. Remark 4.1).
Let us now consider the existence of equilibrium in our extended model where
S is only a continuous centered square-integrable Gaussian martingale. We follow
Back-Pedersen [11] in restricting the insider to absolutely continuous strategies.
Next we are going to discuss the insider’s optimization problem under this as-
sumptions. Using the same argument as in Back [7] we get the following result.

LEMMA 4.2. Let I* € T be an absolutely continuous insider strateqy and let h be
the space-time harmonic pricing rule of (4.6). If I* satisfies Sy = Wy + If, then it

15 an optimal strategy, i.e.,
E[A(h, IM)] = E[Ay(h, 1],
for all I € Zy. Moreover, if I*™* is another optimal insider strategy, then IT = IT*.

PROOF. For a constant a in the range of A(-, 1), let

G%(z,1) = /hl(-,l)(a)(h(y, 1) —a)dy, (4.16)

so that
Ge(x,1) = h(z,1) — a. (4.17)

Since h(-,1) is strictly increasing, G%(-,1) is strictly increasing. Hence, G*(-,1)
is strictly convex, and has its minimum at the point A7'(-,1)(a). It follows from
G*(h7'(-,1)(a),1) = 0 that G%(-,1) is nonnegative. We define

Gz, t) = E|[G"(xz+ W, —W;,1)]
\/ﬁ/ Gz +V1—ty, )exp(—%)dy

for 0 <t < 1. Then G* is a solution of the heat equation

<A+;>m:o (4.18)
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on the strip R x [0, 1) with boundary condition (4.16). As in (4.8), we have
Gi(z,t) = E|[Gy(x + W, — W, 1)] = E[h(x + W, — Wy, 1)] — a,
hence
Gi(z,t) = h(z,t) —a

since h is assumed to be space-time harmonic. Alternatively, we could directly define
the function

= [ ey [ ),

and check that this function does satisfy conditions (4.17) and (4.18). Let us now

apply this construction pathwise for a = h(Sy,1). It follows from (4.17) and It6’s
formula that

GMERD (X, 1) — G (0, 0)
- /Ghsl’ 5 8)dX, +/G So(x,, s)ds + = /Ghsl’ (X,, $)d(X),

= [0 s+ [ (G4 2) 6o 0x s

_ /t(h(xs, 5) — h(Sy, 1))dX.. (4.19)

Thanks to (4.18) the last term on the third line vanishes. Since W is a Brownian
motion with respect to its natural filtration, and since W and S; are independent, we
know that W is a Brownian motion relative to the enlarged filtration (F}¥ V o(S5)).
Hence, for all t <1,

E t(h(Xs,s)—h(Sl,l))dWS — 0, (4.20)
J |

due to (4.2) and (4.3). Using (4.20), (4.17) and (4.19), we can rewrite the expected
profit of the insider as

B[A)] = EUot(h(sl,1)—h(xs,s))dfs]

= & | [ s - i,
E[G"5:D(0,0)] — B[GM5Y (X, 1)].

The first term on the third line is fixed, since the final signal S; is determined before
the trading begins. Therefore, we can reformulate the optimization problem as

h(S1,1) L
E[GM5 (X, 1)) = i (4.21)
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Since G™51D (- 1) is nonnegative and achieves its minimum 0 in S), (4.21) certainly
holds if X; = S;. This means that the insider can reach his maximal profit if he can
drive the cumulative orders X; to the final value S; as t — 1. [

From now on, we assume that the informed trader does not want to be discovered.
From Remark 4.1 we infer that this is assured if we allow the insider to use only
strategies such that the resulting demand process (W;+1;) is again a Wiener process;
such strategies will also be called inconspicuous. More precisely, let us introduce
the class of strategies

t
Iy = {(It)ggtgl o :/ Y,du, where (V) is (F"*°)-adapted,
0

t
E [/ YUZdu] < oo, forall t <1, and (W; + I;)o<i<1 is a Wiener process} )
0

PROPOSITION 4.1. Consider an inconspicuous insider strategy I* € Iy. If X| =
W, + I} converges to Sy ast — 1, then there exists an equilibrium. The pricing rule
h(zx,t) is given by (4.6). Furthermore, there is no jump of the stock price at time 1,
i.e., P1, == Pl-

PrROOF. Lemma 4.2 shows that the absolutely continuous strategy I* is optimal
as soon as X; — S;. Moreover, X* is a Brownian motion for I* € Z;. Market
efficiency (4.11) now follows from the fact that h(X,,t) is a martingale, since h(-, )

is space-time harmonic. O

Therefore if the insider can use a strategy I* driving the terminal cumulative
demand W; + IF to Si, this strategy I* is optimal, and (h, I*) is an equilibrium,
where h(-,t) is defined by (4.6). But conversely, if I* yields

E[Al(h’a I*)] = maxE[A(h, '[)]7

IeT

we cannot say that Wi 4+ I must be equal to S;, because it can happen that there
is no process I € Z such that W; + I; = S;. In Subsection 4.3.2 and in the next
chapter we will give several examples for such a situation. Therefore the converse
of the lemma fails to be true in general.

In Proposition 4.1, we consider just those insider strategies which turn the cu-
mulative order process into a Brownian motion. In other words, the primary goal of
the insider is not to be discovered (cf. Remark 4.1). The discussion in Section 2.3
suggests several classes of such strategies defined by certain linear transformations
of W and S.

In the following two subsections, we discuss existence of equilibria in the case
where (S¢)o<i<1 is a Gaussian square-integrable martingale whose variance satisfies
some integrability conditions, and in the case where S, = W;, a standard Brownian

motion.
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4.3.1. Partial information given by observing a Gaussian martingale.
Assume that the insider’s extra information is given by observing a continuous cen-
tered square-integrable Gaussian martingale (S;)o<i<1. We assume that its variance
function V'(t) := var(S;) satisfies

V(1) =E[S?]=1 (4.22)

and the two integrability conditions

1

T = € AOD N L (0,1)). (4.23)

PROPOSITION 4.2. Assume condition (4.22) and (4.23) hold. Then there exists
an equilibrium (h, I*). Explicitly, the rational pricing rule is given by (4.6), and

LS, —X
Ir .= —t % 4.24
B Sireri 20

15 an optimal insider strategy.

Proor. It follows from the second assertion in Theorem 2.4 that the process X
satisfying

tSu_Xu
X, =W, —d
¢ t+/0 V(u)—uu’

is a Wiener process and converges to S; as t — 1. Due to Proposition 4.1 we get
the desired result. O

This proposition shows the existence of an equilibrium in our present setting.
But regarding uniqueness, in the terminology in Cho-El Karoui [15] we are only
sure that there exists a weakly unique equilibrium (i.e., there is a unique pricing
rule, but there may be multiple optimal strategies in the class Zy). Explicitly, due
to Lemma 4.1, we derive the uniqueness of the rational pricing rule (h(-,¢)). But
we cannot prove uniqueness of the optimal insider strategy. However, the insider
strategy (4.24) is the unique optimal strategy in the collection of linear strategies

I = (It)()gtgl € I() . It == /t (f(u)Su + g(u)Xu) du,
Il = 0
where f(t) \/ma g(t) S 01(07 1) n L%OC([O, 1))7

PROPOSITION 4.3. I” is the unique optimal strategy in Z;.

Proor. From Corollary 2.4 we see that [ € Z; if and only if

teS, — X,
I, = —d
! /0 V(u) — Pu b
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for some |c| < 1. Hence,

E[(Wl + ]1 - 51)2] == 2 - 2E[(W1 + [1)51]
! ! ? cV(u)
= 2-2 — d d
[:“p<tl‘4m—&v”>va—éu“
= 2(1-o¢),
which is equal to 0 if and only if ¢ = 1. O

REMARK 4.2. Condition (4.23) holds if either there is enough insider information
at time 0 or the additional information at time 0 increases quickly enough. In the
next subsection and in the next chapter we will relax condition (4.23) and discuss

more general forms of insider information.

The following remark shows that Proposition 4.2 is an extension of the results
in Back-Pedersen [11].

REMARK 4.3. Assume that the Gaussian martingale S is given by

t
S =Sy + / o(u)dWy, (4.25)
0
where W is a Wiener process and o(t) satisfies
1
V(0) + / o2(u)du = 1. (4.26)
0

To derive the results in Back-Pedersen [11] as a special case of Proposition 4.2 we
can apply the above discussion as follows. From (4.25) and (4.26) we see that

V() = V(0) + /Ot o2(u)du = 1 — /t1 o2 ().

Thus, (4.15) coincides with our insider strategy (4.24). The condition (4.23) can be
written as

A<wm+ﬁﬂwwﬁmzﬁu_ﬁﬂ@my“<“ (4.27)

for all ¢ < 1. Thus, the condition (4.14) as considered in Back-Pedersen [11] is
a special case of our condition (4.27). For instance, the case where Sy = 0 and
o(t) = \/ptr1 does not satisfy (4.14), but we still have (4.27). Furthermore, not
all continuous centered Gaussian martingales (S;) can be represented in the form
(4.25) with a Brownian motion W and a deterministic function o. For example,
consider the process

St == So + Bg(t); (428)
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where Sy is an N (0, 1/4)-distributed random variable and B is a Brownian motion
independent of Sy. Moreover, suppose that g is given by

1

g(t) :=
1+1t 1<t<1
4 27 2 -

where f(t) is the Cantor function. In this case we have (S), = ¢g(t) for all ¢t < 1.
And the variance

1 1
1
V() = E[S¢] = E[Sg] + 9(t) = 7 +9(t) = L ,
Syt Z<t<
S5t 5 <t

is strictly larger than ¢ for all ¢ < 1. Suppose S can be represented in the form
(4.25). From (4.25) we see that

E[(S; — Sp)?] = /0 o*(u)du,

which is absolutely continuous for all £. On the other hand, by (4.28), we conclude
that for 0 <t <1/2,

1
E[(Si = S0)’] = E [Bgy] = 9(t) = 7+ F(0).
This is clearly a contradiction, since the Cantor function f(¢) is not absolutely
continuous.

Now let us consider two typical examples.

ExAMPLE 4.1. As in Kyle [42], we suppose the final price of the stock is given
by
Pr=m+o05;,
where m € R and o > 0. From Proposition 4.2 and the above discussion we see

that there exists a weakly unique equilibrium in this model. Explicitly, an optimal
strategy of the insider is given by

LS, — X
I*:/ 2 =% du.
! 0 V(U)_U

Using this strategy the informed trader can drive the cumulative demands X; to S;.
Therefore, in equilibrium, the pricing rule of the stock is given by

P, = h(X;,t) = E[P|FX] = m + oE[S;|F*] = m + oE[X,|FX] =m + 0 X,.
Thus, the price process P satisfies the stochastic differential equation

dpt == O'dXt,
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with initial value Py = m. Since P; and W; are independent, the processes X and
W are both Brownian motions. The insider’s expected final profit is therefore given
by

E[\] = E [Plf1 - /1 Pdl,| =E {Pl(Xl — W) — /1 Pud(X, — Wu)]
= E[(m+ asl())sl] =o0. 0

This value is independent of the expected value of the price m. Moreover, it coincides
with the expected final profit of an informed trader who owns the full information.
Furthermore, the noise traders’ expected final profit is given by

1 1
E [(Pl—Pl_)W1+/ WudPu] - E [PIWI —/ PydW, — (P,W),_
0 0

= FE[(m+ oS))Wi] — E[(m+ ocX,W);_]
= —E[{cW, W), | = —0.

Thus, the expected profit of the insider is at the expense of the noise traders.

ExAMPLE 4.2. Suppose the final price P; is log-normally distributed, i.e., P; is
given by

v =P, =exp(m+0S5y),

where S; ~ N(0,1), m € R and 0 > 0. Due to Proposition 4.2 we know that there
exists an equilibrium. Thus the price process of the stock P; is of the form

P(X;,t) = E[P|F]=exp <m + %02> E {exp <051 - %02> ‘ ff}
= exp <0Xt +m + %02(1 — t)) ,
i.e., the equilibrium pricing rule is given by
h(x,t) = exp (aaz +m + 502(1 — t)) :

Therefore, the price process P satisfies the stochastic differential equation of geo-

metric Brownian motion
dPt — UPtht,

with initial condition Py = exp(m + %0’2), i.e., we are in the context of the standard
Black-Scholes models. Furthermore, from the discussion above, we conclude that
the optimal insider strategy is of the form

LS, —X
I*:/iu “du,
! OV(U)_U’
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and that (h, I*) forms an equilibrium. Hence, the expectation of the final profit of

the insider is given by

EIA) = BIXh(S1, 1)) = [slexp(mwsln:aexp(mﬁ),

as in the case where the insider has full information. Using a similar argument as in
the last example, we see that the expected final profit of the noise traders amounts
to —oexp(m + 0%/2).

REMARK 4.4. From the two examples above, we see that the expected profit
of the insider does not depend on whether he has full or only partial information,
provided the latter satisfies the integrability condition (4.23). But what is the dif-
ference between these two cases?” Let us compare the insider strategy in case of full

0 u

and that in case of partial information:

S, — XP
Ip::/ U du.
‘ o V(u) —u

Here the processes X/ and X? denote the cumulative demands in the whole market

information

in the cases of full information and of sequential information, respectively. We know
that both processes X/ and X? are Brownian motions with respect to their own
filtrations, and that S; = le = XP. Measuring the activity of the insider strategies

as
' - X/\? t 2] _ f £\2
Fl(t) = / gl (5= | g = / B[S?] — 2B[S, X{] + (X))
0 l—u 0 (1—u)?
t1_ i t
= /1 2E[XIX“]M’du:/ L =log [ —
0 (1 —u)? 0o 1—u 1—¢
and

P = [ B (%)] i [ B3P0 PO,

~ ["V(u) = 2E[S1XE] +u . "V(u) - 2B[XPXP] 4+ u y
- /o (V(u) = u)? = /0 (V(u) — u)? !

t 1
_= 7du
/OV(U’)_U
t 1 ;
du = F7(t
~ /ol—uu ().

we see that the activity for the insider with partial information is strictly larger than

that of the insider with full information.
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REMARK 4.5. Up to now we have only discussed the insider information as a
Gaussian martingale with variance function satisfying (4.23). Due to the first asser-
tion in Theorem 2.4 we can relax condition (4.23) to get Brownian motions driven
by a more general class of Gaussian martingales. But these extra Brownian motions
may not converge to S;. In the end of Section 5.1 we shall investigate this general

situation.

4.3.2. Partial information given by a Brownian motion. In this sub-
section we want to investigate the case where the insider’s additional information
consists in observing a standard Brownian motion W. Clearly, W does not satisfy
the integrability conditions (4.23). Therefore, the discussion in the last subsection
is not valid for this case. We want to ask whether there is an equilibrium in the
model. If so, what is the associated optimal insider strategy and the equilibrium
pricing rule? If not, which strategies can the insider apply to get a positive expected
profit?

Suppose the pricing rule h(z,t) is space-time harmonic. If the cumulative orders
in the whole market X, converge to W; as t — 1, we know from the discussion in
Section 4.2 that the insider reaches his maximal expected profit. But suppose that
X is a Brownian motion satisfying the stochastic differential equation

dX; = dW, + Yidt, (4.29)
with initial value Xy = 0, and where (Y;) is an (ftW’W)—adapted process. Then X
does not converge to W, as t — 1 as has been shown in Follmer-Wu-Yor [23] (see
Proposition 2.3 above). But this does yet not imply that there is no equilibrium in

this model. A priori, it might happen that there exists an insider strategy (1) such
that

E[Al(h’a I*)] = r?ea‘IXE[Al(ha '[)]7
but W, + IF # W1.

DEerFINITION 4.3. We say a strategy I € Z, belongs to Z, if I is given by

t U
L= [ (Wt [ Gl vix)dn
0 0
where f € A(0,1)NC(0,1), G is a continuous square-integrable Volterra kernel.

In the following we first want to give an explicit representation of such strategies
I € Z,, then to check if there exists an insider strategy I* € Z, such that

E[A(P, I*)] = max E[A, (P, ).

I1€Z>

Due to Corollary 2.6, we see that a strategy I € Zy belongs to Z; if and only if

I, = /0 ) (Wu— /0 ua(v)dXv> du, (4.30)
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where «(t) is defined by

_ 0¥ ()

a(t) = 0N (4.31)

and ¥(¢) is the solution of the Sturm-Liouville equation

(t) = fA()e(t)

with initial conditions ¥(0) = 1 and ¥'(0+) = 0. In addition, solving the equation
X =W + I, we get another representation of I as

I, = /0 t \1{ ,((‘?) ( /0 W () di, — /0 s f(u)\IJ(u)qu> ds (4.32)

(as in the equation (70) in Follmer-Wu-Yor [23]).
Now let us investigate the existence of an equilibrium in this model. To simplify,

we take here a simple example where the final price is given by W1, i.e., h(z,1) = z.
Since the price process (P;) is (F{¥)-adapted and B[, P?du] < o, we have

E{/OlPuqu} :EUOIPuqu] = 0.

Then the corresponding expected final wealth of the insider is given by

EAN(h,I)] = E UOI(P1 — Pu)dfu} = F {Plfl — /01 P,d(I, + Wu)] = E[W1 1)

/01 \I{'((?) /0 s V' (u)duds = /0 1a(u)du-

REMARK 4.6. Note that we do not need to compute the pricing rule explicitly

here, since from the above equation we see that the insider’s expected final profit is
independent of the behavior of the price process between 0 and 1—.

The following corollary provides an upper bound for the expected profit fol a(u)du.

COROLLARY 4.1. Suppose that f € C'(0,1) N A(0,1) and « is given by (4.31).

Then
1
/ a(s)ds < 1.
0

PROOF. Due to (4.30), we have, for all 0 < ¢ <1,

E[(X, -~ W1)°] = E[X{]+ E[W] - 2E[X, W]
2 — 2/0 é;((?) /OS V' (u)duds = 2 — 2/0 a(s)ds,

which is nonnegative. The equality holds if and only if X; = W,. But as we have

shown in Proposition 2.3, these two random variables cannot coincide. This leads
to the desired result. O



80 4. AN EQUILIBRIUM MODEL OF INSIDER TRADING

Thus, fol a(s)ds, the expected final wealth of the insider, cannot be equal to 1.
But how close can the insider come to the upper bound? Let us look at a simple

example.

EXAMPLE 4.3. Let f(t) = ¢ with a constant ¢ > 0. Then the solution of the
associated Sturm-Liouville equation is given by

1
U(t) = — ct _ _—ct .
(1) = (e =)
This implies
ect _ €_Ct
)= ——.
Oé( ) ect + e—ct

Hence, the expected final profit of the insider is

1 c —c
E[A] :/ a(t)dt = %log (%)
0

which is a strictly increasing function in ¢ which starts at 0, and approaches 1 as

c — OQO.

This example shows that the supremum of fol a(s)ds is equal to 1. But the
supremum cannot be reached. Hence, we conclude that there exist no equilibrium
if the insider observes an independent Brownian motion and is inconspicuous, even

though the insider can come as close to the value 1 as he wants.



CHAPTER 5

Weak equilibrium and extended models

In Chapter 4 we have seen that an equilibrium in the sense of K. Back exists if
the informed trader has either full information or a rather special kind of sequential
information. In the present chapter, we introduce a modified notion of equilibrium.
It is based on the idea that the pricing rule should minimize the expected combined
profit of noise trading and insider trading. In addition we consider some extensions
of the basic model: the insider information may jump at the final time, it may be
delayed, and there may be several insiders with different degrees of information.

5.1. A modified notion of equilibrium

In the general context of Section 4.3, let us consider the expected final profit of
an insider strategy I € Z,. In contrast to the last chapter, we now admit general
pricing rules of the form

h((Xu)u<t, t), t <1,
h(Sl, ].), t = 1,

where h is a nonanticipative functional on C[0, 1] x [0, 1] such that

[ [ R (e t)dt] < o (5.2
[

0

see Definition 1.4. We assume that the process (FP)o<;<1 defined by (5.1) is a semi-
martingale whose paths are continuous on [0, 1).

From now on, we only consider insider strategies belonging to Z,. As before, the
cumulative order process induced by I € Z; is given by

t
0

LEMMA 5.1. Under the preceding assumptions on the pricing rule, the expected
profit of a strateqy I € Iy is given by

E[Ay(h, I)] = E[Lh(S1,1)] = E[X1h(S), 1)]. (5-3)

In particular, it is independent of the special choice of the pricing rule h(-,t) for
time t < 1.
81
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Proor. Using the same argument as in Section 4.1 we see that the final profit
of an absolutely continuous strategy I € 7 is given by

1—
Al(h,I) == (PI_PI)II+/ Iudpu
0

1
- IIPI_/ Pudlu,
0

where we have used It6’s product rule in the last step. Since (W})o<<1 is a Brownian
motion with respect to the filtration(F,"®) and independent of S, we get

E[A(h, )] = E {(Il + Wh) P — /01 P,d(I, + Wu)}

= E|X1h(5,1) — 1Puqu : (5.4)
sy = [ pax

here we use the fact that condition (5.2) implies

1
E {/ Puqu] =0.
0

If I belongs to Zy, then (X})o<i<; is again a Wiener process. Using again (5.2) we
see that equation (5.4) reduces to (5.3). O

In view of Lemma 5.1, we denote the expected final profit of the insider by
E[A(I)] instead of E[Ai(h,I)]. Let us introduce the following notion of profit

maximization for the insider.

DEFINITION 5.1 (Inconspicuous profit maximization). An inconspicuous in-
sider strategy I* € Z; is called optimal if I* maximizes the expected final profit
E[A(I)] = E[I,h(S1,1)] of the insider for all I € T, i.e.,

E[A{(I*)] = max E[A;(])]. (5.5)
I1€Zy
In the following discussion we will restrict ourselves to certain subclasses Z, of
Zy.

LEMMA 5.2. Consider a subclass Ty of Iy consisting of strategies of the form

It:/ot (f(u)Sg+/0uF(u,v)dSU+/0uH(u,v)dXv> du,

where f € L*(0,1)NC(0,1) and F and H are Volterra kernels satisfying F (t,u)/V'(u),
H(t,u) € L*((0,1) x (0,1)); see Section 2.2. A strategy I* € Iy satisfies

E[A(I")] = max E[A(1)]
I1€Zy
if and only if I* minimizes the L?-distance between X, = W1+ 1, and the final signal
Sy for all I € Iy, i.e.,
E[(X} - S)’] = min E[(X; — S$1)7],

I1€Zy
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where X7 = Wy + IT. In particular, optimality of I with respect to T, does not
depend on the special choice of the pricing rule for all time 0 < t < 1. Furthermore,
if X3 =S, then I* is an optimal inconspicuous insider strategy (in Iy).

PROOF. 1) First we recall that
0 < E[NA(N, 1)] < oo, (5.6)

for all N(0,1)-distributed random variable N. In fact, since h(-,1) is strictly in-

creasing, we see that
h(z,1) — h(—z,1) >0, for all z > 0,

and this implies,

2
E[NRh(N,1)] = zh(z, 1) exp( J;)d.’lf

1) — h(—x,1)) z exp <—%2> dz > 0.

7.
=l

The second inequality in (5.6) follows from (4.2) and the Cauchy-Schwartz inequality.
2) Due to the special linear form of the strategies in T,, the distribution of (X1, 51)
is Gaussian. Thus, the conditional expectation of X; given S; is of the form

BX4|S,] = %5} — E[X,S1]S,.
Due to (5.3) we get
E[A (1] = ETh(S1,1)X4] = E[h(S1, 1) E[Xy|51]] = E[Si1h(Sy, DIE[X1 51 (5.7)

Moreover, we know that the final signal S; and the price function h(-, 1) are already
fixed before the trading begins. Hence, the insider can only influence the term
E[X,S;]. Furthermore, due to 1) and

E[(X:-%)] = E[X]]+E[S] —2E[X:54]
— 2 (]_ - E[Xlsl]) ,

we conclude that
E[(X{—51)?% =minE [(X; - 51)°]

IeT

e B = max Bl (D)

3) If X} =Sy, then
min £ [(X; — 51)?] <min E [(X; — S1)?] =0.

I1€Zy Iy

This implies
E[A(I*)] = max E[A;(1)],

I1€Zy
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i.e., I* is an optimal inconspicuous strategy in Z,. O

Let us now discuss the role of the market maker. Since the cumulative order pro-
cess in the whole market is (X;), the combined gain of the informed and uninformed
traders is given by

((p1 ~PL)X+ /0 - XudPu> , (5.8)

depending on the choice of the pricing rule in (5.1). We are going to characterize
those pricing rules which generate a martingale with respect to the filtration (F;)
up to time 1—, and which minimize expectation of the combined gain (5.8).

DEFINITION 5.2 (Weak Market Efficiency). Given an inconspicuous strat-
egy I € Iy, a pricing rule h(-,t) is called rational with respect to I if the following
two conditions hold:

(i) The price process P, = h((Xy)u<t,t) satisfies

P, = E[P_|F], (5.9)
forall t <1, and L(P,) = L(P,_). In other words, the price process is a martingale
with respect to the information of the market maker (F;X) up to time 1—, and the
distribution of P;_ is the same as that of P;.

(ii) The expected combined profit of the informed and uninformed traders is minimal,

ie.,
1= 1
E (h’(sb 1) - h((Xu)u<la 1_))X1 +/ Xtdh((Xu)ugta u < t) = min, (510)
0
over all pricing rules satisfying the assumptions preceding Lemma 5.1.

REMARK 5.1. Suppose that the total profit on the market amounts to 0. Then
the profit of the market maker is equal to the entire loss of the insider and the noise
traders, i.e., at the terminal time 1 the market maker earns

- <(P1 —P)X, + /01_ XudPu> .

Thus, the problem (5.10) may be viewed as a problem of profit maximization for the
market maker. It means that the market maker has also a dealer function. This idea
appears in Stoll [55] and also in the the bid-ask spread model of Copeland-Galai
[17].

Define the class ‘H as the set of all pricing rules satisfying the first condition in
Definition 5.2, i.e.,

H = {P=(P)o<i<1: P is a uniformly integrable martingale with respect to (F;")
and L(P) = L(P,-)}.

First let us look at a lemma.
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LEMMA 5.3. Let Z be an N(0,1)-distributed random variable on (2, F,P) and
let h(-) be a continuous increasing function. Then

m]s}XE [Zh(N)] = E[Zh(Z)],

where the maximum is taken over all random variables N on (Q, F,P) with dis-
tribution N(0,1). Furthermore, the mazimum is attained if and only if N = Z,
P-a.s..

Proor. Without loss of generality, we may assume h(0) = 0. Let N be an
N(0, 1)-distributed random variable on (£2, F,P). Due to the Fubini Theorem we
get

o0

E[Zh(N)] = E {z /0 001(N>5)dh(s)} B {z / 0 1(N<s)dh,(s)]

— /OOE[Z1N>S]dh,() / E [Z1(n<y)] dh(s).

o0

Consider the maximum of E[Z14] over all sets A with P(A) = 1—®(s), where s > 0
and ¥ is the distribution function of N(0,1). Let A* = {Z > s}. Then for any set
A with P(A) =1 — ®(s) and P(A \ A*) > 0, we obtain that

E[Z14] = E[Zlma]+ E[Z140a:]
< sP(A\AY) + E[Z1ana] = s P(A*\ A) + E[Z140a-]
S E[ZlA*\A]‘i_E[ZlAﬂA*]:E[ZIA*]

We see that the maximum is attained if and only if A = A* = {Z > s}. In the
same way we see that the minimum of E[Z1,4] over all sets A with P(A) = ®(s) and
s <0is E[Z1(;<y]. Hence,

E[Zh(N)]s/ooE[le>s]dh() /0 E [Z1(z<)] dh(s) = E[Zh(Z)]

—00

for all N ~ N(0,1), and the equality holds if and only if N = Z, P-a.s.. O

The following theorem gives the explicit form of a rational pricing rule in this
class H.

THEOREM 5.1. Given an inconspicuous strateqy I € 1Ly, there exists a unique
pricing rule in the class H which is rational with respect to I in the sense of Def-
inition 5.2. It is given by the space-time harmonic function h(-,-) in (4.6), hence
independent of the special choice of I € Ly. In particular, the resulting price Py is
only a function of the current cumulative orders Xy, not a functional of the past.

PROOF. Let us fix I € Zy. Suppose P € H with P,_ = h(N, 1), where N is
an N (0, 1)-distributed random variable. The expected combined final profit of the
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informed and uninformed traders is given by
1—
E |:(P1 - Plf)Xl —|—/ Xudpu:| - E [(Pl - Plf)Xl] y (511)
0

since P is an (F;X)-martingale up to 1— and X is a Brownian motion. Hence, the

market maker wants to minimize
E(h(S1,1) = h(N, 1))X,] = E[h(S1, 1)X:] = E[A(N, 1)X1],

over all N (0, 1)-distributed random variables N. Since P, = h(S},1) is fixed and
Xy = Wi+ 1 is also fixed for the given insider strategy I, the market maker cannot
influence the first term on the right-hand side. Hence, this optimization problem can
be reformulated as follows: the market maker wants to find an N (0, 1)-distributed
random variable N* such that
*
Eh(N*,1)X,] = NLIJIV%(J) Eh(N,1)X;].

Due to Lemma 5.3 we see that N* = X;. Thus, if the market maker determines the
price (P;) with P;_ = h(Xy, 1), he minimizes the expected combined terminal profit
of the informed and uninformed traders. Moreover, from the martingale property
and the strong Markov property, the price process should be of the form

P, = E[P_|FX] = E[h(X1,1)|F] = EX[h(X1-4,1)] = h(X,, 1), (5.12)
i.e., h is the space-time harmonic pricing rule given by (4.6) above. O

Combining Definition 5.1 and Definition 5.2 we may define a modified equilibrium
as follows.

DEFINITION 5.3 (Weak Equilibrium). Consider a pricing rule h € # and an
insider strategy I* € Z;. The pair (h, I*) is called a weak equilibrium if h and I*
satisfy the conditions of inconspicuous profit maximization (Definition 5.1) and weak
market efficiency (Definition 5.2). Furthermore, if I* is an optimal inconspicuous
insider strategy in some subclass Zy, i.e.,

E[A (IM)] = max E[A ()],

I1€Zy

then (h, I*) is called a weak equilibrium in Zj.

Now let us look at the relation between the notion of equilibrium in the sense of
Definition 4.2 and of Definition 5.3.

THEOREM 5.2. Let I* € Zy and Wy + I7 = Sy. Then the pair (h,I*), where h is
given by (4.6), is an equilibrium both in the sense of Definition 4.2 and in the sense
of Definition 5.3.
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PROOF. 1) Due to Proposition 4.1 we see that (h, I*) is an equilibrium in the
sense of Definition 4.2.
2) From the proof of Theorem 5.1 we see that P, = h(Xy,1). Since X; = S;, we
get P = h(Xi,1) = h(S1,1) = P,. This implies that (P;)o<;<1 is a martingale
with respect to (F;*), which coincides with the rational pricing rule in the sense of
Definition 4.2. O

This theorem implies that the equilibrium defined in Definition 4.2 is equivalent
to the one defined in Definition 5.3, provided that there is a process I € Z, which
yields Wy + I, — S; as t — 1. In Kyle [42], Back [7] and Back-Pedersen [11]
equilibrium is discussed only in this case. But if there is no insider in the market, a
pricing rule which is rational in the sense of Definition 4.2 satisfies

P, = E[P\| 7] = E[h(S1,1)| "] = E[h(S), 1),

and this is of course unrealistic. In our weak equilibrium, the resulting rational
pricing rule h(z,t) = x due to Theorem 5.1. In the next three sections, we will
introduce some other cases of insider information where the difference between these
two notions of equilibrium will appear.

In the sequel, we consider two examples where a weak equilibrium can be com-

puted explicitly.

EXAMPLE 5.1. As in Kyle [42], we suppose that the final price of the stock is
given by P; = h(S;,1) = m+0S;, where m € R and o > 0. Thanks to Theorem 5.1
we know that the expected combined final profit of the informed and uninformed
traders is minimal if the market maker determines the stock price at time ¢ in the
following form:

P, = E[P,_|F*] = E[h(X,1)|F*] = Em + o X,|F*] = m + 0 X,.

Hence, the expected gain of the noise traders amounts to

gl powi+ [ WudPu] _ E[PAW] - E[(P,W)_] = —0.

0

The expected combined final profit of the informed and uninformed traders is given
by

E[Ple] - E[(P,X>1,] - E[Ple] -
(a) If there is no insider in the market,
E[P1X:] = E[h(S:,1)W1] = 0.

Thus, the expected combined final profit of the informed and liquidity traders
equal to —o.
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(b) If there is an informed trader with full information, we know from Theorem
5.2 that it is optimal for the insider to drive the cumulative demand (X}) to
the final point Sy, i.e., an optimal inconspicuous insider strategies is of the

t
— X,
I;:/ Xy, (5.13)
0

1—u

form

This implies that the expected final profit of the insider is equal to o, hence
the expectation of the informed and uninformed traders’ combined final gain
equals 0.

EXAMPLE 5.2. Suppose that the final price of the stock is a log-normally dis-
tributed random variable with positive constants m and o, i.e, P, = exp(m + 057).
Due to Theorem 5.1 we conclude that the equilibrium pricing rule is given by

1
P, = E[P,_|FX] = Elexp(m + 0X,)|F*] = exp <m + 502(1 —t) + aXt> ,

which is a geometric Brownian motion relative to (F;), i.e., P, satisfies
dpt == O'Pt dXt,

with initial value Py = exp(m+0?/2). The expected combined loss of the uninformed
traders is given by

ElE-nows [ I_Wudpu] — B(P,WY), | = BI(P,X) |

(r27)
= oexp m+§a .

On the other hand, if the total profit in the market is equal to 0, the expected profit
of the market maker is

E[(P,X), | — E[P,X,] = o exp <m + %&) — B[PXY],

which depends on the cumulative orders in the whole market at time 1. The associ-
ated expected profit of the informed trader is E[P; X;]. Let us consider two extreme

cases:

(a) If there is no insider in the market,
E[P.X)] = E[h(S,, s)W] = 0.

We conclude that the expected final gain of the market maker is given by
oexp (m+ 10?).

(b) If the informed trader has full information, the optimal inconspicuous insider
strategy is given by (5.13), which implies X; = S;. Hence, the maximal profit
of the insider is given by

1
E[P,X,| = E[Siexp(m+0S1)] = oexp <m + 502> :
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In this case, the expected profit of the market maker is equal to 0.

As the last two examples, we see that the expected loss of the noise trader is

given by
1
~E|[(Pi= AW+ [ Wadp| = B(PX)1-] = B ). 0]

which does not depend on the insider strategy, i.e., even though there is no insider
in the market, the noise traders will lose a certain amounts of wealth. But when
the uninformed traders always lose their money, why should they trade? Milgrom-
Strokey [47] propose a “no trade equilibrium”, where the uninformed traders trade
because of some particular exogenous reasons.

At the end of this section let us consider the model of insider trading with
increasing extra information which we have introduced in Section 4.3. Suppose the
insider information consists in observing a continuous centered square-integrable

Gaussian martingale (S;) with var(S;) = 1.

FIGURE 5.1

Case 1: The variance function of the insider extra information V'(¢) satisfies the
integrability conditions
1
A0, 1)N L ([0,1));
T € A0 N L (0.1)

see Figure 5.1. Due to the second assertion of Theorem 2.4 and Theorem 5.2, we

tS,— X
1*2/7“ % du
! o V(u)—u

is the unique optimal inconspicuous strategy for the insider in the class Z;. Thus,

conclude that the strategy

in this case, there exists a weak equilibrium.
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FIGURE 5.2

Case 2: Suppose the variance function of S satisfies

1

—————— € A(0,1)n L'([0,1 5.14
Ty e € AL L(0,), (514)
for some positive constant ¢ < 1, but it does not hold for ¢ = 1 (See Figure 5.2. The
case ¢ = 1 is concluded in case 1). Define Z; as the class of all T € Z; such that the
process X = W + I solves the linear stochastic differential equation

cS; — X,
V(t) — 2t

for some c satisfying (5.14). It follows from the first assertion in Theorem 2.4 that

dX, = dW, + dt, (5.15)

for all I € Z;, W + I is a Brownian motion with respect to its own filtration.
Furthermore, given a process I € il, we see that the solution of (5.15) is given by

t t C2
X, = — —dv | dW,,
t / e“’( / V(v) — v )

t t 2 cS,
— d v du.
+/o eXp( / V() — 2 ) Viw) - u"

In fact, we only have to consider the case where P, = S to get an optimal inconspic-

uous strategy in the general case; see Lemma 5.2. Hence, when the insider follows
the strategy I, the resulting expected final profit amounts to

c

EAM(D)] = E[PL] = E[SiX,] = /0 exp (- / 1 o : dv) Vg,

) — v V(u) — cu

= c
Define

1
= sup{c> 0: m S A(O,l)ﬁLl(O,t) for all t < ]_},

whose square is the largest slope of the linear function under the curve V(¢) and
passing through the origin. Using a similar argument as in the proof of Lemma 2.5,
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we conclude that (5.14) does not hold for ¢*. This implies

¢ = sup E[A(])],
167:'1
but a maximum on the right-hand side is not attained. Thus, there is no equilibrium
in fl in this case.
Case 3: Suppose S does not satisfy the above two cases, i.e.,

i (1) <

Figure 5.3 shows two typical examples. In the special case where S is a Wiener
process W, we see from Subsection 4.3.2 that there exists no insider strategy I*
such that

E[A(I")] = max E[A ()],

This implies that there exists no equilibrium in this case. In the case where the
variance of the insider information V'(¢) is #* for some p > 1, (5.14) does not hold
for all ¢ > 0. It follows from Theorem 2.4 that there exists no inconspicuous insider
strategy of the form

dXy = dW, + (f(1)S: + g(t) Xo) dt,

with initial value Xy = 0, where f and g are nonzero continuous functions satisfy
fot f2(u)uPdu < oo, for all t < 1 and g € A(0,1). However, it does not imply that
the insider should not trade at all. He could start to trade a little later. In Section
5.3 we will discuss this further.

FIGURE 5.3
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5.2. Noisy information

In this section we consider the case where the insider information is obtained by
observing the process

Si+ceN, 0<t<1,
St:
Sl; t:]-a

where S; and N are independent with standard normal distribution N(0,1), and
where ¢ is a nonnegative constant. In contrast to the previous chapter, the Gaussian
process (.S;) is now constant during the interval [0,1) and then jumps to the final
value S;. Thus, at time ¢ < 1 the insider observes the final signal corrupted by some
noise. We call ¢ the size of the noise. In Karatzas-Pikovsky [39] the authors discuss
this kind of insider information, but in the context of a small investor model where
the insider is a price taker. In our model prices are affected in this context by the
insider strategy. We want to examine the existence of weak equilibrium. According
to Theorem 5.1 a rational pricing rule exists. Hence we have only to find an optimal
inconspicuous strategy for the informed trader.

As before we denote by (X;)o<;<1 the cumulative orders in the market. Suppose
that the insider follows a strategy given by a linear transformation of S; + ¢N and
X. More precisely, we introduce the class Z¢ of all strategies I = (I;)o<i<1 € Zy such
that the process X = W + I solves the equation

X, =W, + /Ot(f(u)(Sl +¢N) + g(u)X,)du, (5.16)

for some f € C'(0,1) N L2.([0,1)) and g € C*(0,1) N .A(0,1). The requirement
I € 7y means that X is again a Brownian motion. The following proposition gives
a characterization of these strategies. In other words, we characterize Brownian

motions in the class of processes X which are of the form (5.16).

PROPOSITION 5.1. A process X satisfying (5.16) is a Brownian motion with
respect to its natural filtration if and only of f and g are of the following form

M
t) =
f(®) M2(1+¢%) -t
(5.17)
0 =
A VeI e
where M?(1 + ¢*) > 1. In other words, X is a solution of
M N) - X
ax, = aw, + M ) = X (5.18)

M2(1+4¢2)—t

with initial value Xy = 0.
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PROOF. We use a similar technique as in Chapter 2. If a solution of X (5.16) is
a Wiener process, then due to the characterization in Theorem 2.2 the functions f
and g must satisfy the relation

f(s)f(t) = (sg(s) = 1)g(t),

for almost all s < ¢. This implies f(t) = —Mg(t) for some constant M. Substituting
this result again into the above equation, we get (5.17). Conversely, the solution of
the process X satisfying (5.18) is of the form

t dw, t
X, = (M?*(1 2—t/ “ Sy + ¢N). 5.19
(= (A + ) —1) . M2(1+62)—u+M(1+02)( 1+ cN) (5.19)
Hence for s < t, we have
s du st(1+ ¢?)
EIX,X,] = (M*(1+¢) —s)(M?*(1 2—t/
[ t] ( ( +C) S)( ( +C) ) 0 (M2(1+62)—U)Q+M2(1+C2)2
= 3.
This means that X is a Brownian motion. O

From this proposition we know that all processes in the class Z¢ are of the form

tM(Sl+CN)—Xu
I, = d
t t W,
I N — (M2(1 + ¢2) — u .
M(1+c2)(51+c )= (ML + ) t)/o (M2(1+c2)—u)2d“

Using this strategy, the expected final wealth of the insider is given by

Eh(S,,1)S
E[A()] = E[PL] = E[P,X)] = H
It follows from M?(1 + ¢?) > 1 and E[h(S1,1)S;] > 0 that
h(S1,1)54]

El

for all I € Z¢. The maximum is attained at M = 1/+/1 + ¢2, and the corresponding
strategy of the informed trader is given by

L(14¢) 2 N)—-X
I;:/ (+c) 2 (S +eN) =X, (5.20)
0

1—u

EXAMPLE 5.3. Suppose the final price of the stock P, is normally distributed,
i.e., h(S1,1) = m + oS with constants 0 > 0 and m € R. Then the final profit of
the insider is given by
_E[PS] o
VIt E VIt
The associated optimal inconspicuous strategy in Z¢ is of the form (5.20), which
converges to (S + ¢N)/v/1+ % as t — 1. Hence, we see that

E[(X{ - 85)°] = }TeliII}E[(Xl —S1)°] #0.

E[A]
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This means that no process I in Z¢ yields W1+1; = S;. Furthermore, due to Example
5.1 we know that the price process is of the form P, = m+ 0 X;. Hence, the expected
profit of the uninformed traders is —o, as in Example 5.1. The expected combined
profit of the informed and uninformed traders amounts to —o(1 — 1/v/1 + ¢2).

For the case ¢ = 0, we see that the extra information is Sy, the final signal. The
corresponding optimal strategy is given by

S — X,
0 U

This coincides with the results in Kyle [42] and Back [7] (see also Section 4.2).

EXAMPLE 5.4. Suppose that the final price is of the form P, = exp(m + 0S5)
with ¢ > 0 and m € R. Then, due to Lemma 5.2 and the above example, the
strategy I* defined in (5.20) is an optimal inconspicuous strategy in Z¢ and the
optimal final profit of the insider is given by

1
E[A(IM)] = 0 exp (m + 502> :
The expected gain of the uninformed traders is —o exp(m + 02/2).

REMARK 5.2. Let us consider the equilibrium in the sense of Definition 4.2 for
this case. We have shown in Example 5.3 that no process in Z¢ converges to S, — W,
and that the optimal strategy I* in Z¢ is given by (5.20). If the final price P; is
equal to m + oS, then the rational price process in the sense of Back’s Definition
4.2 should be of the form

PP = B[RS, )|FX] = Ejm + oSy |FX] =m + —2—X,,
t [ ( 1 )| t] [ 1| t] \/H—CQ 13
i.e., the rational pricing rule is given by

ot

V1+c2

for t < 1. Hence, (h?,I*) is an equilibrium in the sense of Definition 4.2. Further-
more, we see that this equilibrium depends on the insider information and PP # P,
if ¢ # 0. In this equilibrium the expected final wealth of the insider is o/v/1 + ¢2, as
in Example 5.3. But the expected combined profit of the informed and uninformed

hB(z,t) = m +

traders amounts to

1—

E[(PI—PI_)XI— 0 XudPu} - E[((m+aSl)—<m+ 1102X1>>X1]

~ (E[Sle] - \/11+—c2> 0,

which is not equal to the result in Example 5.3.
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5.3. Delayed information

So far we have discussed the case where the insider gets his extra information
at the initial time 0. In the present section we deal with the case where the insider
gets his information at time ¢y > 0. Can he invest in such a way that the cumulative
demand in the market is again a Brownian motion? If so, which strategy yields the
maximal expected profit?

As before we suppose that the extra information is given by a continuous centered
square-integrable Gaussian martingale (S;)o<¢<1 with var(S;) = 1. The informed
trader starts to observe this process only at time 3. In order not to be discovered,
the informed trader has to invest in such a way that the cumulative demand in the
market X is again a Brownian motion.

Consider the stochastic differential equation

th, t S tO;
X, = (5.21)
AW, + (f()S; + g(O) Wy, + h()X,) dt, to <t <1,

with Xy = 0, X;, = W,, and continuously differentiable functions f, g, h satisfying
ft'; f2(u)V (u)du < oo, for all t € (tg,1), g € L},.([to,1)) , h € A(tp, 1).
In the following proposition we characterize those cases where the process given

by (5.21) is again a Wiener process.

PROPOSITION 5.2. A process X satisfying (5.21) is a Brownian motion if and
only if the functions f, g and h are of the form:

1 = AV(t) +ty—t
Mﬂ==§v@i%_f (5.22)
R —

CQV(t) + to - t,
where ¢ 1s a nonzero constant satisfying

ﬁwwi%_ueA%wahmmm. (5.23)

Thus, the process X satisfying

dWy, for t < tg,

CSt + Wto - Xt
A, dt, fort>t
AV e e

15 a Brownian motion with respect to its own filtration.

PROOF. 1) If the process X is a Brownian motion, the covariance function sat-
isfies E[X;X;] = s forall 0 < s <t < 1. For ty < s <, applying Theorem 2.1 and
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Theorem 2.2, we see that f, ¢ and h must satisfy

h(t)(sh(s) —1) = V(s)f(s)f(t) + tog(s)g(t). (5.25)
For s <ty < t, we have due to (5.21)

Xy =Wy + /t (f(u)Sy + g(u)Wi, + h(u)Xy,) du.

to

Multiplying both sides by Xy and taking expectation, we see that

s = BIX.X)] = ELX,W] + / (G(W) E[X W] + h(w) ELX. X.]) du

to
t
= s+ s/ (9(u) + h(u))du.
to
This yields g(t) + h(t) = 0. Substituting this result in (5.25), we see that the
associated solution is given by (5.22).
2) The solution of (5.24) is given by

Wi, for t < t,
Xt —
1 ¢ c ! G(u)S,
W, +—— | Gu)dw, du, fort >t
CRaeTE /t (W)dWo + 7155 /t V() +lo—u' TP
(5.26)

with a deterministic function

This implies E[X;X;] = s after some calculation. O

Proposition 5.2 shows that possible inconspicuous insider strategies are of the

form
(

0, for t < t

du, fort >t

/t CSu+Wt0 _Xu
o CCV(u)+tg—u

0

(0, for ¢ < t,

(5.27)

Ly i e

for some c satisfying (5.23). We denote the set of such strategies by Z(tp). In
particular, we have Z(0) = Z;. Note that Z(s) N Z(t) = {0}, if s # t.
Let us consider the condition (5.23). Using a similar argument as in Section 2.3

we see that a necessary condition for the constant ¢ to satisfy (5.23) is given by

t—1
> > sup < 0), (5.28)

to<t<1 \ V()
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1
Lo <M>
c? T to<t<1t \ 't — 1y

This means, 1/c¢? is the positive slope of an affine linear function under V' (¢) which

ie.,

passes t =t and does not intersect V' (¢) on [tg, 1). Hence, we have to calculate the
lower bound of ¢ by (5.28) and check whether all constants ¢ larger than this lower
bound satisfy condition (5.23).

Sometimes, the insider is forced to delay his investment if he wants to remain
inconspicuous. For example, if the insider information yields lim; (V' (¢)/t) < oo,
he cannot apply linear strategies of the form

= (S0 + g(w) Xa)du,

where f and g are continuous and satisfy some integrability conditions; see Theorem
2.4 above. But when he starts his trading later, he can use linear inconspicuous
strategies of the form (5.27). However, we have to find the optimal time where the
insider starts his trading. We need three steps to compute this optimal starting
time.

a) For fixed t; > t, let

k = sup (t_h);.
n<t<i \ V(t)
Furthermore, we have to check whether £ satisfies (5.23).
b) If the insider starts his trading at time ¢;, the supremum of his expected profit
is given by
sup E[A(D)] = —— 1.

I€Z(t1) k

If k satisfies (5.23), there exists an optimal inconspicuous insider strategy in Z(t;).
c) Let

t* := arg max sup F[A;(])].
t>to  I€L(t)
Then t* is the optimal time for the insider to start his trading.
In the next example, we will calculate this time explicitly.

ExXAMPLE 5.5. Consider Example 4.1 with « = 0 =1, i.e., the final price of the
stock is P, = S;. The price process P, is equal to X, and the expected profit of the
insider is given by

EIA (D] = B[S X)] = = /tl G)Vlv) 4 L=t

G(1) AV(v)+ty—wv c
where we use (5.26) and integration by parts. In order to obtain the maximal
expected profit of the insider in the class Z(y), we have to find a minimal positive
constant ¢ satisfying (5.28). Consider the following special cases:
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(1) Full information: Due to (5.28), we see that

t—1¢

2 0

c” > sup =1—1t.
to<t<1 ( V(#) ) "
Furthermore, we see that for (¢*)? = 1 — t,

1 1
)2V (u)+to—u 1—u

€ Alto, 1) N L}, ([to, 1)).

This implies that ¢* is valid for (5.23). Thus, the maximal value of E[A;(I)] is
V1 —1ty with ¢ = /1 —ty. Therefore, the optimal strategy of the insider in this
class of strategies Z(ty) is of the form:

0, for t < ty,

I = (5.29)

du, fort > tg.
1—wu

/t VI—=15+ W, — X,

The expected profit of the noise traders is —1. If ty = 0, the result coincides with
the one in Section 4.2.
(2) Sequential information (W;)y,<i<1 (to > 0): Since var(W;) = t, we have

) t—ty t—ty
c°> sup | —=—] = sup =1—t,.
to<t<1 \var(W;) to<t<1 t

We see that for (¢*)? =1 — ty,

1
(*)2V(u) +to—u  to(l —u)

provided ty # 0. Therefore, if ¢y # 0, the optimal strategy in Z(ty) is of the form

S A(to, 1) N Llloc([tOJ 1))7

0, for t < tg,
I =

du, fort > ty,

/ VI—to Wy + Wy, — X
to

to ]_—U)

and the corresponding maximal profit is /1 — ;. In fact, for t; — 0, we get the
expected final profit of the insider converges to 1. Hence, there exists a sequence
of insider strategies whose expected profit converges to the supremum of E[A(I)].
Nevertheless, if ¢, = 0, there exists no inconspicuous insider strategy in J,.,o; Z(?).
This coincides with the results in Section 4.3.2, i.e., there exists no optim&fincon—
spicuous strategy for the insider, but he can come arbitrarily close to the maximal
value.

(3) Sequential information with V' (¢) = ((t — ¢)/(1 — t))? for 0 < p < 1: Since

t—1
sup (—0> = sup (t —to)' (1 —to)P =1 —to,

to<t<1 \ V(?) to<t<1



5.3. DELAYED INFORMATION 99

(5.23) holds for ¢ = 1 — 3. The maximal insider profit in Z (o) is v/1 — ¢; and the
corresponding strategy is given by

0, for t < to,
I =

t

’ ~ X,

/ it Wti T du, fort > t,.
to (u—to)[(u—to)P=1 (1 — to)r=" — 1]

The case p = 0 is just like the case (1) above, i.e., V(1) =1 = E[S?].
(4) Partial information with V' (¢) = ((t — t)/(1 — t))? for p > 1: Since

“w <t—t0>_ (1—to)” _
e \ V() ) T =t~

we have ¢ = co. This means that if the insider does not want to be discovered, he

cannot use strategies in the class 7, except I = 0. Nevertheless, it does not mean
that the insider should not invest. If he submits orders after time ¢; > ¢y, he could
still get a positive profit without being discovered.

In the following we want to calculate the optimal time for the insider to begin
his investment. Let

t—t t—1)(1 = to)?
o= sup < 1) — sup (t —t1)(1 — to)
n<t<t \ V(?) n<t<t  (t—to)?
—1\" ' 1=t\" 1—t
(p ) ( 0) ,ift € (to, 1 — 0,
t1 — to p p
1—1t
1—t, if t; € [1— ¢ 1).
p

We can check that if ¢; € (tg, 1 — (1 — t9)/p), the constant k does not satisty (5.23).
On the other hand, if t; € [1 — (1 —ty)/p, 1], (5.23) holds for k. Therefore, if the
insider starts to trade at time ¢;, the supremum of his expected gain for strategies
in Z(t;) is given by

1—t
sup B[\ (D)) = ——
I€Z(ty)
( pP(L—ty)(ty — o)D) 11—t
ft, € (ty,1 —
% \/(p—l)(l’—l)(l—to)p’ if ¢, € (to, D ),
1—t
vI—1, if t, € [1 — ¢ 1].
\ p

Since for ¢, € [1 — (1 — tp)/p, 1], k satisfies (5.23). This implies that /1 — ¢; is not
only supremum, but also maximum of the expected final profit. In order to calculate

t* = arg max sup E[A;(])]
t>to  I€Z(t)

and the corresponding expected profit, we have to consider two different cases.
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i) If 1 < p < 2, the optimal time for the insider to start trading is t* = 1— (1 — o) /p.
He can use the strategy

0, for t < t*,

I =

t V(1 —ty) Sy +We — X,
/ ’ i ?zp + e du, fort > t*.
o (u—10)P(1 —to) P +p(1 —u)— (1 —tp)
to attain his maximal profit /(1 —tp)/p.
ii) If p > 2, we get that
141

arg max sup E[A(])] = ,
t>tg  I€Z(t) 2

i.e., the optimal time for the insider to start his trading is (1 4 ¢5)/2. But the insider
can only come arbitrarily close to the supremum of his expected profit

p?
\/2(p+1)(p — 1)1 (1=to).

In particular, we may consider the case where ty = 0, i.e., the insider information

consists in observing a continuous centered Gaussian martingale S with E[S?] = ¥
starting at time 0. Since info<;<1(V'(¢)/t) = 0, we conclude from the above discussion
that the insider should not trade immediately. Explicitly, we get the following

results.
‘ l<p<?2 ‘ p>2
optimal time to start trading | 1—1/p 1/2
imal d final profi s
maximal expected final profit 1/p \/2(1’“)(19 =Y
(maximum) (supremum)
Existence of equilibrium yes no

For the case 1 < p < 2, the optimal insider strategy in | Jy.,., Z(t) is given by

1

0, fort <1——,

p

= ! Sy +W X 1
/ \/ﬁpu -1/ “du, fort>1-—-.

1 wWHp(l—u)—1 p

(5) Partial information with V (t) = 1(2t* + ¢ + 1).
i) tp > 0.2: The function (¢t — ty)/V (t) is increasing on the interval (¢y,1). This

implies
t—1 1—1¢
2 0 0
c® > su = =1—1t.
= ogtel < V(1) ) V(1) ’
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For ¢ = /1 — ty, the condition (5.23) holds. Therefore, the optimal strategy in Z(to)
is of the form

0, for t < t
IF =

du, fort > ty.

/tqm—%&+mrxw
to(

1—u)(1+ 3ty — 2u(l — to))

The maximal profit of the insider is given by /1 — ;.
ii) ¢, < 0.2: The function (t — ty)/V(t) attains its maximum on [ty, 1] at ¢ =

to + /13 + 3to + 3. Thus,
t—t t—t, 16 to 1 1
2 0 0 2 0 ~2
¢ 2 su = ——=—(\i+5+s—th—= | =¢&.
= eten < V(t) > V) 7 ( 0T T 4)

Hence, the optimal insider strategy in Z(to) is of the form

0, for t < ty,

Eo4(]e] Sy, + Wy, — X,
/ = elS, + Wiy ) du, fort >t,.
1o C2(2u? +u + 1) + 4ty — 4u

I =

The corresponding profit is given by (1 — t())\/ 2+ %’ + % + 1o+ i and it is easy
to check that this value is strictly smaller than /1 — .

From the discussion of case (4), we see that the insider may not be able to use
linear strategies from the beginning of the trading, since otherwise he would be
discovered. However, we can also provide an example where the insider can get
some positive profit, provided that he invests from time 0 on. But if he delays his
orders and starts at some positive time, he could get more gain. For instance, let

71 1

LI il <t<t

6' 6 1- :
V(t) =

1

LI
1T Yo w

We see that supy<,« (V' (t)/t) is equal to 1/2. The supremum of the insider’s profit
in 7, is \/5/2 ~ 0.707107. But this supremum will not be attained. Consequently,
there is no weak equilibrium in Z;. However, if the insider starts to trade a little
later, he could get more profit. Since

1—t
arg max =

1

0<t<1 (s—t>1/2 7

su
oo \V(s)

and since the associated expected profit amounts to (6/7)%? =~ 0.79356, we see
that in this case the insider obtains more profit if he begins to trade first at time
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1/7 instead of trading from the beginning (see Figure 5.4). Moreover, this value is
maximal. It means there exists a weak equilibrium in | J,,., Z(t).

1

172

18 :
e[

FIGURE 5.4

EXAMPLE 5.6. Suppose that the final price of the stock P, is of the form
P, =exp(m + 051),
with constants m € R and o > 0. Thanks to (5.7) we see that the final profit of the
insider with the strategy (5.27) is given by

EMJDF:E@mmwﬂﬁﬂXﬂ:gg%jﬁwpon+%¥.

We have to find a minimal positive constant c¢ satisfying (5.28). The rest of the
discussion is just as in the above example.

REMARK 5.3. Now let us look at the equilibrium in the sense of Definition 4.2
in the model of delayed information. Consider the case (1) in Example 5.5, i.e., the
case where the insider knows the final signal S; from the time ¢, on. We know that
the optimal inconspicuous strategy is of the form (5.29). Using this optimal strategy,
the cumulative order process (X;) converges to /1 —t,S; + Wy, as t — 1. If (PP)
is a rational price process in the sense of Back’s Definition 4.2, it must satisfy the
martingale property for ¢ € [0,1]. Thus,

1
PE = E[S||FX]=F ﬁ(xt—wto) ]—}X]
07 tSth
S S PR EW,,|FX] =
I e S e e 1

(= Xa), >0

For t > ty, PP is not of the form h(X;,t). Hence, we conclude that there is no
equilibrium in the sense of Definition 4.2 if we consider only insider strategies in
Z(to),-
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5.4. A model with two insiders

Up to now we have discussed the situation where there is one insider in the
market. In the present section we want to consider the case of two insiders with
different degrees of information. Such model has been discussed in, for example,
Back-Cao-Willard [10].

Suppose the final stock price is given by P; = h(Nj, N3), where h is a smooth
function on R? and N;, N, are two independent N (0, 1)-distributed random vari-
ables. We classify the agents in the market into four groups: market maker, noise
traders, partially informed trader and fully informed trader. The roles of the market
maker and the noise traders are as before. The cumulative order of the noise trader
is a Brownian motion W which is independent of N; and N,. Both insiders can
observe the cumulative orders in the market. The partially informed trader knows
N; at time 0; he is not aware of the existence of the other signal Ny and the other
insider, and he assumes that the final price will be a function of N;. The discussion
in Section 4.2 suggests that his strategy will be given by

LNy — X,
M= | g, (5.30)

o l—u

where X is the cumulative demand in the market. The fully informed traders is
aware of the presence of the partially informed trader, and he observes the signals
N; and N,. We want to consider the optimal strategy of the fully informed trader
under this condition.

For the fully informed trader, not to be discovered by the market maker is his
main purpose. Hence, we define the class Z?) of all strategies (1,5(2)) of the fully
informed trader of the form

It(2) — /Ot(f(u)Nl + g(u)Ng + k(u)X,)du, (5.31)

where f,g € C*(0,1)NL?[0,1), h € C*(0,1)N.A(0, 1), and the process W+ 14 4 1)
is again a Wiener process. In the next proposition we want to characterize Brownian

motions of the form

dX, = dW,+dI" +d1®

AW, + ((f(t) + L) Ny + g(6)Ns + <k(t) _ L) Xt> dt

1—t 1—t
= dWi+ (F(t)N1 + G(t) N, + K (t)X,) dt. (5.32)
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PROPOSITION 5.3. The process X satisfying (5.32) is a Brownian motion if and
only if the functions F', G, K are of the forms

k

PO = wara—r

G(t) = 162(%]22)4, (5.33)
~1

KO = warey—v

where k*(1 + ¢*) > 1.

PRrROOF. 1) Assume that X is a Brownian motion and the process (& )o<i<1 is
defined by

& = Xt—/OtK(u)Xudu (5.34)

= W+ </0tF(u)du> N+ (/OtG(u)du> No. (5.35)

The covariance of £ in (5.34) is given by

Bleg] = 3—2/ K (u u—s/K du+2// K (u)K (v)vdvdu
+</0 WK (u du></K du>.

The covariance of £ in (5.35) is given by

Ble,&) = s+ </08F(u)du> </0tF(u)du> + (/OSG(u)du> </0tG(u)du> .

These two values should be identical. Differentiating with respect to s and t, we
know that if the process X is a Brownian motion, F', G and K must satisfy the

equation
K(t)(sK(s) — 1) = F(s)F(t) + G(s)G(1),

for s <t. Solving this equation we get (5.33).
2) The solution of (5.32) with (5.33) is given by

X, =K1+ — t)/0 20 :ZLWC/;‘) — R i =) (N1 +cNy). (5.36)
Hence,
BLX.X) = RO+ =)W1+ ) =) [ o

(R4 —t)s st B

E2(1+ c?) - E2(1+¢?)

This means that X is a Brownian motion. O
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From this proposition we see that a strategy I® of the form (5.31) in Z®) if and

only if
k 1
&) = Rl+e)—t 1-¢t
0~ FE AT
1 1
O TFe pr g g

where k(1 + c?) > 1. Applying (5.36) we rewrite 1) as

@ = B(W,t)+/0t <f(u)+k(u)ﬁ> du - N,
+/01t <g(u) +k(u)ﬁ> du - Ny

= B(W,t)+ <<1 - m> N — %) log(1—1), (5.37)

PRI+ —u v dW,
B(W t) .= 1 ———d
(W.1) /0< 1—u )/0 k2(1+c2)—vu

Let us look at an example.

where

EXAMPLE 5.7. Suppose that the final price of the stock is given by P, = S; =
ANy + /1 — A2N, with 0 < A < 1. This implies P, ~ N(0,1). From Example 5.1
we know that the pricing rule of the stock is h(z,t) =z, i.e., (Po<i<1 = (Xi)o<i<1
and this implies

(P,W),_ = (P,X),_=1.

Hence, the expected final profit of the noise traders is given by

1— 1
E (P, — P )W, + WudPu} - E [WlPl - / P,dW, — (P, W>1]
0 0

- E [Wl(ANl + V1= AZN,) — 1] — 1,

which is independent of the strategies of both insiders. Now let us compute the
expected profit of the insiders. Due to Itd’s product rule, we get that the expected
profit of the partially informed trader is given by

1
E [(P1 — P )Y+ / Iff)dPu] = F [Plfl(” - / Pudffﬁ]
0

0

1—

and that the expected profit of the fully informed trader is of the form

1— 1
E [(p1 — PP + / 1§2>dpu} =) [Plfl(?) - / Pudlf’] :
0 0
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Furthermore, if the fully informed trader applies a strategy of the form (5.37), the
cumulative order X is a Brownian motion satisfying (5.36). This implies that

t
E{Pllt(l)— / Pudfgn] { / X, diI{! ]
0

ZQWEBMM_ ElSi\ X, /“ﬂMXl Blx2

1—wu 1—wu

_ /Otliu<A—ﬁ(A+cm)—m+u>du
_ ﬁq (A+1)+7Ck 11_0;42 log(1 —t)
(1+¢?) (1+¢*)

* (AZ(ET <k<11+c2> ‘1>> §

As t — 1, this value converges to the expected profit of the partially informed
trader, and this is dependent on the parameters ¢ and k of the strategies of the fully
informed trader. In addition, using a similar method we get that the expected profit
of the fully informed trader amounts to

1
E [PIJP— / Pudlf)]
0
t t
- hmE[Pll() / Pudlf)] :hmE{SIIt@)— / Xudlff)]
t—1 0 t—1 0

If the fully informed trader uses a strategy of the form (5.37) with

0<ec< -4 d Lot 1+\/1_A
J— a J—
¢ 1+ A " V142 1+ ¢? NVira)

then his expected final profit is equal to co, but at the same time that of the partially

informed trader equals —oo.

So far we have assumed that the partially informed trader is not aware of the
existence of the fully informed trader. But, since the partially informed trader can
observe the cumulative demand in the market, he also knows the process W + I,
Hence, if the fully informed trader does not want to be discovered by the partially
informed, he has to drive the process W + I to be again a Brownian motion.
However, we can prove that a process I?) given by (5.31) turns both W + (V) 4 [(2)
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and W 4 I® into Brownian motions if and only if f, g and k are of the form

k 1
0= 5= i

k(k—1
o) = YHEZD,

1 1
) = 510

with some constant £ > 1. This implies that the expected profit of the fully informed

trader amounts to
) (k—1)(1— A?) 1 B
1ﬂ¢ sl =™

provided £ > 1 and A < 1. Hence, if the fully informed trader applies the strategy
1

[ (s e () w)
_ <klog (%)—Hog(l—t)) N+ VEE =1 log (%) N,

+/t Lo 1 Vxa (5.39)
o \1—u k—u utth '

with £ > 1, then the fully informed trader can get an infinite profit and the expected
loss of the partially informed trader is also infinite. Moreover, we see that, if the fully
informed trader follows the strategy (5.38), then the combined cumulative demand
of the noise and fully informed traders is a Brownian motion independent of the
random variable N;. This means that the partially informed trader cannot discover
the fully informed trader if the latter follows the strategy (5.38).
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CHAPTER 6

Insider trading and information costs

In the last two chapters, we have studied pricing rules and insider strategies in
some models where the insider’s extra information is simply given. In the paper of
Grossman-Stiglitz [30], the authors consider a model where the insider has to pay
certain costs to obtain this extra information. In this chapter, our main purpose is
to introduce information costs in our model and to analyze the optimal strategy of
the insider in such a setting.

As in Chapter 4 and 5, we assume that all market participants are risk neutral.
The uninformed traders have no extra information and their cumulative order pro-
cess W is a Brownian motion. There is a market maker who determines the price
of the stock according to the cumulative demand in the market. Furthermore, there
is an investor who may obtain some additional information. But in contrast to the
models we have discussed so far, we now consider the case where this agent has to
pay some costs to get this information.

6.1. Noisy information

Suppose the full information is Sy, a standard normal random variable. The
insider can buy at time ¢ = 0 the noisy information S; + ¢N at costs a(c) > 0,
where N is an N(0,1) distributed random variable independent of S; and ¢ > 0 is
the size of the noise. If ¢ = 0, the insider buys the exact information about the
final stock price. If the size of the noise increases, the costs will decrease. Hence,
we assume that the cost function «(c) is non-increasing in c.

For a given value of ¢, it has been shown in Section 5.2 that the inconspicuous
insider strategy

L(14¢) 2 N)—X
po [(UE) i) =N (6.1)
! 0 1—u

yields the maximal expected profit
E[h(S1,1)X4]

Hence, after paying the information costs the expected final net profit of the insider

E[A(I7)] =

amounts to

EIA(IY) — a(c)] = % ~ o).

109
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Based on this quantity as a function of ¢, the insider will decide how much informa-
tion to buy.
Let us look at an example.

ExAMPLE 6.1. Suppose the terminal stock price is given by S;. Then the final
profit of the insider is given by

1
E[A] = N a(c),

and the associated optimal strategy I* given by (6.1). Should the investor become
an insider? If yes, what kind of information should he buy? Let us now look at
some different cost functions «(c) and the corresponding optimal constants ¢*.
(i) @ = 0. In other words, the insider candidate does not need to pay any costs to
be an insider. The optimal expected final wealth is given by 1/v/1 + ¢2. Obviously,
it is always profitable for the investor to get this information regardless of the size
of the noise. Figure 6.1 shows the expected profit of insider with noisy information
S1+cN. We see that this value is maximal if he gets the exact information (¢ = 0)
at time t = 0. The corresponding optimal strategy is given by
o ! I/T/l - Xu

I = du.

o l—u

This strategy coincides with the results in the papers of Kyle [42] and Back [7]; see
section 4.2.

FIGURE 6.1. the case (i): a(c) =0

(ii) a(c) = 1/(1 + ¢*). The insider has to pay 1/(1 + ¢?) to obtain the information
S14cN. Figure 6.2 shows that it is not optimal for the insider to buy the information
without noise, since the full information is too expensive. In fact, we see that if the
insider buys the exact information, his profit is exactly equal to 0. However, it is
always profitable for the insider candidate to buy the information if ¢ > 0. The
optimal ¢* is v/3 and the corresponding profit is 1/4. This implies that the optimal
information for the insider is of the form S; + v/3N and the corresponding optimal
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strategy for the insider is given by

t
S 3N —2X,
It*:/ L+ V3 du.
0 2(1 —u)
0.25
0.2
0.15
0.1
0.05
2 4 6 8
1

FIGURE 6.2. the case (ii): a(c) = T
(iii) a(c) = 1/(4c). Figure 6.3 shows that if the investor buys the exact information,
his profit will be —oo. If the size of the noise c is larger than 1/\/ﬁ, the informed
trader earns a positive profit. Thus, if ¢ < 1/4/15, it is not profitable for the
insider candidate to buy the information. The optimal value of ¢ is given by ¢* =
0.811149 .., and the corresponding maximal gain is 0.468422 - - -.

FIGURE 6.3. the case (iii): a(c) = —

This example shows that the decision of the investor to become an insider or not
depends on the costs of the information. It may be profitable to buy some noisy

information, and it may be better not to buy any information.

6.2. Increasing information

Suppose the investor can choose one of several different processes (S;) of in-
creasing extra information. Which process should he buy to maximize his expected
profit?
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Suppose that the insider can get increasing information by observing a continuous
centered square-integrable Gaussian martingale (S;)o<;<1 with S; ~ N (0, 1). Denote
by Vs(t) the variance function of S;. Let us consider the L*-distance between S; and
S1 which is given by

E[(S; — S1)’] =1 —2E[S,:S)] + E[S}] =1 — E[S}] =1 — Vs(t).

The smaller this distance is, the more valuable this information is. Thus, we intro-
duce a cost function of the form

/0 BV (),

where (3 : [0, 1] — R is continuous and nondecreasing in t. For example, the insider
has to pay

/ B(Va(1)du = B()

for obtaining the process S; = S;. If (S;) is a Wiener process, the information cost
is equal to fol f(u)du. Especially, if 8(t) = t for all ¢, then information cost of (S;)
is equal to the area under the curve V(t) (see the area A in Figure 6.4).

With these information costs we conclude that the expected final net profit of
the informed trader is given by

1 1
E {Al(l) —/ 5(V5(u))du} =F {h(Sl,l)Il —/ ﬁ(Vg(u))du} .
0 0
Let us first consider the following simple example.

EXAMPLE 6.2. Suppose the final price P, is given by a Gaussian random variable
S1 ~ N(0,1). Furthermore, suppose [(u) is given by fu with f > 0. Then the
expected final profit of this information is given by

HML:EPAU—AhWﬂWMﬁ:ﬂ&M—ﬁﬂuﬁmm.

First we recall some results from Section 5.1 and use them to compute the expected
net profit of this information.
Case 1: If S satisfies the integrability conditions
1
———— € A(0,1) N Lj,.([0,1)), 6.2
P = € A0 N L (0.1) (62)

then using the strategy
LS, —X
IF = / — " du,
o Vs(u) —u
the expected gross profit is 1; see Example 4.1. Hence, the expected net profit of
the insider amounts to

E[A]=1- 5/01 Vs(u)du.
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{22 A AR i

FIGURE 6.4

Since Vg(t) satisfies (6.2), using the third assertion in Lemma 2.5 we conclude that
Vs(t) > t for all t € (0,1). This results in

1
E[A1]<1—B/ uduzl—g.
0

Case 2: If S is a Brownian motion W, the information cost amounts to

/OIB(VS(U))du = /01 Pudu = g

Due to the discussion in Subsection 4.3.2, we see that the insider can use this
information to realize an expected profit as close to 1 — /2 as he wishes.

Combining Case 1 and Case 2, we see that if § > 1, the information as in the
above two cases is not valuable. If § < 1, it is profitable to buy the information S
which forms a Brownian motion.

Case 3: Suppose (S;)o<¢<1 is a continuous Gaussian martingale satisfying

1

W € A(0,1) N L;,.([0,1)) (6.3)

for some positive constant ¢ < 1. But S does not satisfy (6.2). Let

c* ::sup{c>0: € A(0,1) N L'(0,t) for allt<1}.

V(u) — u

Thus, supremum of E[A;(I)] amounts to ¢*. This implies that the expected gain
E[A4] is bounded above by ¢* — 3 fol Vs(u)du. Furthermore, from the discussion in

Section 2.3 we see that
v
:— inf <&> <1
0<t<1 t
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for all ¢ satisfying (6.3). This implies ¢* < \/m. We can interprete m as the smallest
slope of the linear function passing the origin 0 which intersects the curve Vg(u) on
the interval (0, 1]; see Figure 6.4. We see that the integral fol Vs(u)du is the area A
under the curve Vg(u), and this is larger than the area B which is m/2. Hence,

E[A1]<c*—ﬁ%§¢%—ﬂ7ms
1 s :

If 8 <1, the discussion is as in Cases 1 and 2. But if g > 1, it is advantageous for
the insider to buy a process S whose variance function is, for example, of the form

5+ — t, ifo<t<1-9,
Vs(t) = (6.4)

1—(1—%) <%—1>(1—t), if1l—6<t<l,

for some 0 > 0 small enough.
Case 4: Suppose the variance function of S satisfies

i (157 <o

Then if the insider does not want to be discovered, he cannot use linear strategies
of the form

L= ()0 + g(u) Xa)du,

where f and ¢ are continuous functions satisfying some integrability conditions; see
Theorem 2.4. However, he may start to trade at some later time ¢y, but he has
to pay the full information costs, since he obtains the information from time 0 on.
Suppose the insider uses a delayed strategy of the form (5.27) where the constant ¢

= inf < V() ) :
to<t<1 \ 't — ¢y

satisfies

1

2Sm:—

c
see Section 5.3. Then the expected net profit of this information is given by

EA] < m(l—ty) — B/OIVS(u)du < V(1 —tg) - 570

(1—t) (1-%), if B <1,

— - (vin- ) <

1—1 1 .
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FIGURE 6.5

From the above discussion we conclude that it is profitable for the insider to buy
information whose variance function is linear with slope 1/3? A 1 on the interval
[0,1 — ¢] for some small 6 > 0; for example, of the form (6.4).

6.3. Delayed information

In this section we look at the case where the insider can decide at which time
he buys his extra (full or partial) information (S,). When he buys the information
at time ¢ > 0, he pays no information cost during the time interval [0,¢]. Some
natural questions arise: At which point of time is it optimal for the investor to
buy the information? Can he achieve his maximal expected gain while remaining
inconspicuous?

Let (1) be the process defined by

0, for s < t,
I = 6.5
s CSU + Wt — Xu ( )
5 du, for s >t,
, AV(u)+t—u
with
1
t,1)N L. ([t,1)).
C2V(U,) Lt—u S A( ’ )ﬂ loc([ ’ ))

From the discussion in Section 5.3 we see that if the insider starts to trade at
time ¢ € (0,1) and follows the strategy I, he will not be discovered during the whole
trading interval. Due to the discussion in the last section we see that the information
cost from time ¢ to 1 amounts to ftl B(Vs(u))du. Hence, the expected final profit is
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given by

E [Al(]) —/tlﬂ(VS(u))du] _F [h(Sl,l)Xl —/tlﬂ(Vg(u))du].
Let us look at a simple example.

EXAMPLE 6.3. Suppose the final price of the stock is given by P, = S;. Suppose
the insider decides to purchase the information (5,) first at time ¢t > 0 and uses the
strategy given by (6.5). Then his profit is given by

60 =& [0 - [ svstpan] = == [ s,

where (3 is the cost function. Let us consider the following cases:

(1) S(u) = 0, i.e., no information costs. Then the discussion is just the same as in
Example 5.5. The insider can reach his maximal profit if he gets the extra informa-
tion from the beginning, but in this case the cumulative demand in the market is not
necessarily a Brownian motion. This depends on the structure of the information
process (5,) the insider desires to buy. If (S,) is a standard Brownian motion, he
cannot use strategies of the form (6.5) if he does not want to be discovered. In the
case S; = 57 he can achieve the maximum while remaining inconspicuous.

(2) B(t) = B > 0. Since

1 1
[ 8vstwydu = [ gdu= 51~ 0),
t t
the expected profit of the insider is given by

Gt =vI—1-B(1-1).

If 5 < 1/2, it is profitable for the insider to buy the information at time 0. But
whether he can reach his maximal profit without being discovered depends again on
the structure of (.S,).

For the case # > 1/2, if the informed trader wants to reach his maximal profit,
he should not buy the information at the beginning of the trading. It is easy to check
that in this case the optimal point of time for the insider to buy the information is
1—1/(4/?%). In the following we look at the optimal time for the informed trader to
buy the information for different values of the constant f.

(i) p = 0.8, i.e., the profit of the insider is given by

G(t) =T —1—08(1—1).

Figure 6.6 shows that G(t) does not attain its maximum at ¢ = 0, but at time
t = 39/64. Thus, in this case it is not optimal for the insider to buy the information
too early.

(ii) 8 =1, i.e., the profit of the insider is given by

Gt =vI—t—(1-1).
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FIGURE 6.6. the case = 0.8

In this case the optimal time to buy the information is at ¢ = 3/4. But whenever the
informed trader buys the information, he will get a non-negative profit; see Figure
6.7. Hence, it is always worth for the insider to buy the information.

FIGURE 6.7. the case =1

(iii) # = 1.2. From Figure 6.8, we see that the insider should not buy his information
too early, otherwise he will get a negative profit. More precisely, he should not buy
the information at time ¢t < 11/36. After this time, he will get a positive profit. The
optimal time to buy the information is ¢ = 119/144.

FIGURE 6.8. the case f =1.2
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(3) S(u) = Pu with a constant 5. Then the information cost is given by

/ B(Vs(w)du = / Vi(u)du,

Hence, the profit of the insider is given by

1
Gt)=v1—-t— 5/ Vs (u)du.
¢
(a) If S, = Sy, i.e., Vg(u) =1 for all u, then the expected gain is of the form
G(t)=vV1—-t—p(1-1).

The rest of the discussion is the same as in the case (2).
(b) If (S,) is a Brownian motion, then

Glt) = vVI—t— %3(1 _ ),

(i) B = 1. If the investor wants to get the full information from time ¢, he has
to pay £(1 —t?). From Figure 6.9, we see that it is optimal for him to buy the
information from the beginning of the trading. But as we have shown, there are no

such strategies which remain inconspicuous.

FIGURE 6.9. the case =1

(ii) # = 1.8. From Figure 6.10 we see that whenever the insider buys the infor-
mation, he gets a positive profit, and at time ¢ = 0.927319---, he can reach his
maximal profit.

(iii) B = 2. See Figure 6.11. The optimal time to buy the information is ¢ =
0.905997 - - -. In contrast to the last case, the expected profit of the insider will be
negative if he buys the information too early.
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FIGURE 6.10. the case f =1.8

-0.05

FIGURE 6.11. the case =2
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