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Abstract

In traditional Kyle-Back models, the only source of information is a static or dynamic signal
about the price of a risky asset received by the insider. We consider a more realistic version
of the Kyle-Back model with a private and a public signal. The insider builds a linear com-
bination of the public and private signals to make their valuation about the risky asset. The
market maker uses the public signal and the total demand to set a linear pricing rule that is a
martingale on their filtration. We show that any optimal strategy in equilibrium is such that
the mispricing, the difference between the price process and the insider’s valuation, converges
to zero almost surely in the insider’s probability measure. We introduce a particular linear
admissible trading strategy to show the existence of equilibrium in the economy. Moreover,
we use numerical analysis to show that the insider’s ex-ante expected profit relies on the
public signal and how this setting is able to explain a high-frequency trading pattern at the

end of the trading period.
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Introduction

In this thesis, we develop a Kyle-Back model with a public signal. In the traditional literature
of Kyle-Back models, the only source of exogenous information is the insider. The seminal
work Back (1992) presents the original Kyle-Back model (an extension for continuous time
of Kyle (1985)) considering an insider who knows in advance the value, which will only be
made public later, of a risky asset. Later, Back, Pedersen (1998) considers a setting in which
the insider receives a dynamic signal throughout the trading period such that the uncertainty
about the price of the asset will be known by the end of the trading period. However, in
all those cases and all the Kyle-Back models so far, the market maker only learns about the
price of the asset by trading with an insider (or several insiders as in Holden, Subrahmanyam
(1992), Foster, Viswanathan (1996), and Back et al. (2000)). If it were not for the existence
of someone with legal or illegal information, the market makers would not know anything
about the asset that is being traded.

Therefore, we understand that we should fill this gap in the literature. The idea behind
the setting of this model, that is introduced in Section 1.2, is that the market maker does
receive exogenous information about the price of the asset throughout the trading period. In
fact, as actual market makers, they have access to trading technologies, research divisions,
and other relevant sources such that they are able to process a lot of information coming from
outside the model that will be taken into account while they make their valuation of the asset.
As a consequence of that, we suppose that instead of having all the information released at
the end of the trading period, there is a signal that is public to all market participants so
that the uncertainty about the true value of the asset considering only the public signal will
be zero at the end of the trading period. That is, if we call X the public signal, as we do
in Equation (1.1), we shall have Var(V|ZX""), where V' is the price of the asset at the end
of the trading period and 7 ~ N(u, %), to be such that lim;_ Var(VL?tXM) =0.



There are quite a few interesting mathematical questions we had to deal with while
expanding the Kyle-Back model to introduce a public signal. The first one is the issue of
the insider’s valuation of the asset. In the previous literature, the insider’s valuation of the
risky asset was either given by her dynamic private signal as in Danilova (2010) or completely
inexistent!, as in the original Back (1992), since the insider already knew the final value of
the asset since the beginning of the trading period. Conversely, now the insider must take
into account both her private signal and the public signal to make her valuation of the risky
asset.

In Chapter 2 we study the insider’s valuation of the risky asset. Since we make a lot
of use of the theory of stochastic filtering, we take the opportunity to review some of its
basic aspects; but, most importantly, we present some theoretical results that will be used
throughout the thesis in section 2.1 to make it more accessible to the reader. In section 2.2,
we conjecture that the linear combination of two Markov bridges with the same terminal
condition could be written as a Markov bridge with the same terminal condition itself and
show what the coefficients of such a linear combination should be for it to be true. This
conjecture will greatly help us in proving the main theorem of the chapter, Theorem 2.3,

in section 2.3. In this section, we discuss that this result is slightly more general than

we need, but it is fundamental to us as it provides that Z; := E[n|.#/} ] can be written as
1-% 1-%
Zy = MBX] + MOXM, where M(t) = 1540, M(t) = 152, Ba(t) = [y oh(s)ds =

fo ((11 éf O] )2 o?(s) + (%)2 0]2\/[(5)> ds, and ¥y and X; are given by equations (1.1)
and (1.2) respectively.

In Chapter 3 we study the insider’s optimisation problem. According to Definition 1.3,
the insider’s objective is to maximize her expected profit at the end of the trading period.
We applied the dynamic programming principle to the value function of the insider, so we
find the related Hamilton—Jacobi-Bellman equation. From that procedure, we are able to
derive the value function for the insider under some assumptions on the price function. As a
consequence, we can prove Theorem 3.1, which establishes the conditions for any admissible
trading strategy to be optimal. The main condition turns out to be such that lim;_,;(S; —
ovZs — p)? =0, P*as..

That is in fact in line with the literature, as one can see from condition (ii) of Theorem

nexistent in the sense that one does not need to estimate the value of something they already know the
value of. Alternatively, it is possible to call it trivial valuation



6.1 in Cetin, Danilova (2018). This condition is often referred to as saying that the insider
makes a bridge so that the price converges to the true price of the asset at the end of the
trading period. Let us consider the static case for a moment to ease the explanation. The
idea is that the insider always buys when the price is below the actual price of the asset (i.e.,
the price that they know the price process is going to converge to) and sells every time the
price is above it. Every time the insider buys, she drives the price up, and every time she
sells, she drives the price down. Therefore, if by the end of the trading period the price is
below the final value, it means that the insider could have bought more stocks at a cheap
price during the trading period, and the other way around if the price of the asset reaches
the end of the trading period and is above the final value. Therefore, it is in the insider’s
best interest - hence its optimal strategy - to drive the price to the final value of the asset.

However, we cannot say the same when dealing with a public signal. Indeed, condition
limy_,1(S; — oy Z; — p)? = 0, P*-a.s. means that in equilibrium the price will be driven by
the final value of the asset. But by whom? Now, if the insider did not trade, the price would
still converge to the true value of the asset since the public signal X! will be enough to do
so. Therefore, in a way, the interpretation changes a lot as now what we can say is that it
is optimal for the insider to not drive the price away from the true value of the asset at the
end of the trading period.

Although we have proven in Theorem 3.1 for admissible trading strategies are such that
the price would be driven to the final value of the asset, we restrict ourselves to a smaller
class of trading strategies. As we do not claim that any equilibrium is unique, we allowed
ourselves to consider only linear trading strategies as described in equation (4.4). Hence,
from Chapter 4 onwards we consider only trading strategies of the form given by (4.4). We
do not add this restriction to the class of admissible trading strategies in Definition 1.2 as
we do for the linear pricing rules in Definition 1.2 because we wanted to make Theorem 3.1
more general.

In Chapter 4 we address the issue of the rationality condition for the market maker. As we
compare the rationality condition in other Kyle-Back models, it becomes clear that our task
is much more complex. In particular, it is interesting to note that as there was no non-trivial
projection of 7 into the insider’s filtration. Traditional Kyle-Back models did not have to
concern themselves with the matter of how to project n into the market maker’s filtration.

Now we need to handle the fact that there is a projection of 1 directly into the market maker’s

10



filtration, and there is the projection of Z, the projection of 1 into the insider’s filtration,
into the market maker’s filtration. In Chapter 4 not only do we calculate these projections,
but we need to worry about how they can be combined together. The consequence of this
is a much more complex system of ODEs for the variance of the price process than what is
usually seen in the literature. As we point out in section 1.3, we need to develop substantial
machinery to prove the existence and uniqueness of the system.

In Chapter 5 we show that for the particular pair of admissible trading strategy and
rational pricing rule, we have that the condition that lim; ,1(S; — oy Z; — u)? = 0, P*-a.s.
is satisfied. The major tool we have used in this proof was the Doob’s h-transform. Once
again, in order to keep this thesis more self-contained, we present a very brief review of this
tool in section 5.1.

Once we understand the conditions for an admissible pricing rule to be rational and have
shown that our candidate trading strategy is optimal, we can add those solutions together
and prove the existence of an equilibrium for our economy. That is done in Chapter 6.

We believe that the addition of a public signal will be able to expand substantially the
application of the Klye-Back framework for a variety of situations. In particular, we believe
that variations of the current model we are presenting will be useful to deal with toxic
arbitrage (see Foucault et al. (2017)) and multiple insiders (see Back et al. (2000)). However,
this initial version is already substantially robust to deal with high-frequency trading as
presented by Foucault et al. (2016).

Motivated by a series of empirical findings from several authors, Foucault et al. (2016)
concludes that directional high-frequency trading is done based on soon-to-be-released in-
formation. However, as the authors mention, the findings of Carrion (2013) suggest that
“directional HF T's realize a large fraction of their profits on aggressive orders over relatively
long horizons” (Foucault et al. (2016), p. 336). We believe our model can reconcile these two
empirical findings.

As we explain in Section 1.1, directional high-frequency trading means that the insider’s
strategy is based on the long-term value of the asset, as it is in our and other Kyle-Back
models. Therefore, the insider’s strategy is applied over the entire trading period. Neverthe-
less, we are able to integrate that with the fact that the insider also trades on information
that is about to be revealed.

Let us now consider what happens when time approaches the end of the trading period,

11



which in our model means that ¢ approaches one. The price process as given by (4.7) is
_ (1) (2)
dS; = oyw(t)dN, ' + B2(t)on (t)dN,;™,

where N is the innovation process in the filtration of the market maker related to the
demand process and N® is the one related to the public signal. In Proposition 4.2 we know
that y—jw(t) = 0 and the numerical analysis developed in Chapter 7 show that ;,102(t) = 1.

This means that insider trading becomes less influential in the price process when the
end of the trading period is approaching. Hence, the market becomes more and more liquid
towards the end of the trading period, converging to perfect liquidity at the end of it.

It is important to recall that one of the main features of the Kyle and Back framework
is the so-called feedback effect. This means that the insider can affect prices when trading.
Indeed, even in Kyle (1985) if the volume of the insider’s trading was unable to affect the price,
the insider’s profit would be infinite. Obviously, that would not be a reasonable hypothesis;
as for the insider to have finite but high enough profits, it would require a volume of trading
that would affect the price process. However, some of the intuition remains in our case.
As the market becomes more liquid the feedback effect declines, the insider is able to trade
aggressively, in a high-frequency manner, towards the end of the trading period when the

information about the asset is about to become public.
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Chapter 1

The Model

The study of Market Microstructure is dedicated to understanding, according to O’Hara
(1998), “the desire to know how prices are formed in the economy” (p. 1). Therefore, the
aim of this research field is to go beyond the traditional asset pricing theories that assume
no liquidity risk and perfect competition and study more realistic models that describe the
stylised facts that emerge from the real world in which bubbles and crashes seem to be
more the rule than the exception. Embedded in the assumption of perfect competition is
the assumption of symmetry of information. However, if one asks practitioners in the City
of London or Wall Street, they most likely are going to say that asymmetry of information
would be a much more realistic modelling choice.

The seminal work Kyle (1985) is a milestone in the development of the study of asymmetric
information using market microstructure. Kyle develops a model in discrete time in which
there is a single asset being traded by three different types of agents: market makers, noise
traders, and an insider. The latter agent has perfect information about the value of the asset
at the beginning of the trading period and exploits this advantage to maximize their expected
profits as they are risk neutral. On the other end of the spectrum, the noise traders buy and
sell their stocks non-strategically based on exogenous reasons. In his original model, noise
traders’ demand follows a random walk.

The market makers - like the insider - trade strategically. They observe the total demand
and clear the market under a fair-price rule, considering that the uncertainty about the
final value of the asset follows a normal distribution. These agents cannot observe directly

the insider’s demand as they cannot distinguish between the trades of the insider and the



non-strategic trades of the noise traders.

The work of Kyle was extended to a more realistic continuous-time version by Back (1992).
As should be expected, the discrete-time random walk trades of the noise traders become a
Brownian motion, and the initial distribution of the asset can be extended to other than
Gaussian distributions. The relevance of this extension is so great that since its publication,
this paper, the research field is known as the Kyle-Back framework; hence the title of the
present work.

Therefore, it is worth mentioning the equilibrium of the basic Kyle-Back framework afore-
mentioned. The first one is that equilibrium is defined in a Nash-type equilibrium in which
a pair of a trading strategy and pricing rule is optimal if, given the fair-pricing rule, the
strategy is optimal and, given the pricing rule, the strategy is the one that maximises the
insider’s profit. It is shown that equilibrium is reached for a pair of a fair-pricing rule and
a strategy that drives the price to be a Markov bridge converging to the value of the asset
known in advance by the insider.

The price process is a martingale in the market maker’s filtration since E(V|.Z M), where
V is the price of the asset at the end of the trading period and .#™ is the market maker’s
filtration, is a martingale. Furthermore, the demand in equilibrium is a Brownian motion
which makes the insider’s trading inconspicuous. As a consequence, it is not possible to know
in equilibrium what the insiders’ orders are or the noise traders’ orders are.

So far, the motivation behind these models was the intuitive meaning of insider trading:
a market participant who has information inaccessible to others via lawful means trading
with the goal of taking advantage of this illegal advantage. However, in Back, Pedersen
(1998) and later in Danilova (2010) we are presented with models in which the insider is
fed their private information through a continuous Gaussian signal. This version became
known as the dynamic information version of the Kyle-Back model. Besides the mathematical
relevance of those improvements in the original Kyle-Back model, there is a relevant change
in the interpretation of what an insider may be. Not only may the insider receive privileged
information in a continuous fashion, but it could also be interpreted as genuine participants
in the market that have either or both better access to information - in a lawful way -
or can process the information publicly available faster than others. Therefore, insiders in
this context could be seen as large investment banks with research divisions that update

their valuation of the asset based on a large flow of information. Another advantage of this



approach under a modelling perspective is the fact that we can consider a larger time horizon,
as with a continuous stream of information, we allow the insider to use information that did
not exist in the beginning of the trading period.

The takeaways of the model are quite similar. Taking into consideration Danilova (2010),
all the considerations made above are contemplated, but one. The only major difference is
that now the static Markov bridge is now a dynamic bridge (See Campi et al. (2011) and
Cetin, Danilova (2018) for a comprehensive approach on dynamic Markov bridges). Danilova
(2010) manages to find very mild conditions for the construction of the bridge. If V' defines
the cumulative volatility of the dynamic signal of the insider, the only major condition is
that the insider’s informational advantage,V (t) — ¢, to be positive. Therefore, as long as the
insider has some informational advantage to share, she will exploit it.

In the following section, we are going to describe the model proposed by Foucault et al.
(2016) which was a previous development of high frequency trading modelling using the Kyle-
Back framework. In Section 1.2 we shall present the setting of our model, considering both
a public and private signal that will be used throughout the thesis.

In section 1.3 we summarize the main challenges of adding a public signal to the Kyle-Back

model introduced to our model and how we addressed those issues mathematically.

1.1 High Frequency in Kyle-Back

To the best of our knowledge, the greatest attempt to model high frequency trading so far
was made by Foucault et al. (2016).

In their work, the insider receives a private signal, as is the norm in the literature, about
the fundamental value of the asset. The market maker, on the other hand, receives a noisy
version of the private signal that the authors named “news”. As is required for a model from
the Kyle-Back framework, there are also noise or liquidity traders. They buy and sell for
liquidity reasons, and their cumulative demand is given by a Brownian motion.

Their analysis consists in comparing two flow-execution models: the fast and slow models.
In an infinitesimal time interval [¢,¢ 4 dt] the market maker receives two signals about the
value of the asset: the news flow and the insider order flow. The market maker knows that the
total order flow is given by the sum of the insider’s demand and the noise trader’s demand.

Therefore, it is a noisy version of the insider’s demand hence it is informative of the insider’s



strategy and ultimately of their private signal.

A market maker is said to be fast if she updates her valuation of the asset before executing
the order flow, and she is said to be slow if she updates her knowledge after executing the
order flow. As the insider is the focal agent of this model, the model is said to be fast if the
market maker is slow, and it is said to be slow if the market maker is fast. Therefore, the
model is said to be fast if the insider is able to trade ahead of the news.

As a consequence, we get the concept of directional and non-directional trading in high-
frequency models. Let us take a moment to introduce a toy example to understand the
concepts of directional and non-directional trading. Suppose that the insider knows the true
value of the asset and it is $100. If the asset is being traded at $110 the long-term knowledge
of the insider would tell that she should reduce her inventory of the asset. However, if she
knows that before converging to $100 in the long term the price of the asset will go up in the
short term - lets say to $120 - the insider will trade non-directionally using her short-term
information to increase her inventory now and than to sell in the near future when the price
of the stock reaches $120.

In traditional Kyle-Back models, the insider can only trade directionally as the only source
of information is either their knowledge about the true value of the asset, as in Back (1992),
or they receive a signal about the asset, as in Back, Pedersen (1998). However, in our model,
all market participants also receive a signal about the value of the asset simultaneously that
plays an analogous role to the news in the slow model of Foucault et al. (2016).

Returning to Foucault et al. (2016), in the slow model, there is only directional trading as
the insider is unable to anticipate the news. Indeed, that is their Proposition 1. In the fast
model, on the other hand, the insider is able to profit from both the news and the long-term
information about the asset.

The conclusions of the paper claim that the increase in the trading volume as a conse-
quence of the more aggressive trading of the insider derives from the fact that she is able
to trade ahead of news. Therefore, they conclude that, in a purely directional model, there
would not be an increase in the trading volume at any point.

Indeed, one should consider that the trading strategy we have found in equilibrium by
Theorem 6.1 is a directional one, as it is neither correlated with the Brownian motion of
equation (1.1) nor takes advantage of short deviations of X*. Note that the optimal strategy

we have in equilibrium is such that only considers the mispricing of the asset - that is, it is



possible to write 8* having as the only stochastic term oy Z; 4+ pu — Sy, which is the difference
between the insider’s valuation of the asset, oy Z; + u, and the market maker’s valuation of
the asset, S¢, at time ¢.

However, our findings show that there is an increase in the market’s liquidity toward the
end of the trading period, even though we have an equilibrium that is a purely directional
one.

In Chapter 4, the price process in the filtration of the market maker is given by equation

(4.7), reproduced below:
_ (1) ()
dS; = oyw(t)dN," + Ba(t)onr(t)dN,~,

where N s are the innovations processes given by (4.2). In particular, N() is the innovation
process that comes from the demand component. Furthermore, in Proposition 4.2 we show
that w is such that w > 0 in [0,1) and lim;_,; w(¢t) = 0. Therefore, as times approach one,
the liquidity of the market increases such that it converges to a perfect liquid one at the end
of the trading period.

The liquidity of the market is a keystone in Kyle-Back models. As we mentioned earlier,
if the market were completely liquid at some point in [0, 1), the insider would be able to
make infinite profits. That is, if the insider was able to trade any amount of stocks without
affecting the price, they would trade an infinite amount of it, making any mispricing enough
to provide infinite profits. That is actually one of the reasons why it is so important for
our model to show that w > 0 in [0,1). The amount of insider influence on the price is the
feedback effect.

Therefore, the findings of this thesis that we mentioned above show that the feedback
effect decreases as the end of the trading period approaches, allowing the insider to trade
more aggressively.

One of the main stylised facts that the authors of Foucault et al. (2016) were trying to
model is that high-frequency trading often occurs in soon-to-be-released news. As discussed
above and much further in detail in Chapters 4 and 7, our model is a directional one that
models this soon-to-be-released-news phenomenon as we see the increase in the volatility of

the trading when the information is about to be released, which happens in time one.



1.2 Setting of the Model

Before proceeding to the description of the model, we establish that we are working in the
filtered probability space (2, .7, (%)t>0), P) satisfying the usual conditions of right continuity
and P completeness. This probability space must contain three Brownian motions: B, BM,
and B'.

In this model, we are considering a risky asset that is traded between moments 0 and 1 in
an economy where the risk-free interest rate is set to be 0. At the end of the trading period,
information about the true value of the asset, V', will be made public to market participants.
V' is supposed to be a Gaussian random variable, hence we write V = oyn + p such that 7
is a standard Gaussian random variable. n and hence V is assumed to be independent of all
Brownian motions B, BM, B!,

The hypothesis that V' will be made public at time 1 is aligned with the theory since
the early works of Kyle (1985) and Back (1992). The main innovation of this thesis is how
information is distributed to the public. Instead of being presented at all at once at the end

of the trading period, the following continuous bridge gives a public signal that converges to

n:
XM
XM = )dBM + s g 1.1
t / s / RS (1)
such that Y,/ (¢ fo 02,(s)ds and $7(1) = 1. In the sake of generality one may be tempted

to allow X/ (t*) = 1 for some t* < 1. However, note that if we allowed that, we would allow
to have the full disclosure of the information about V' before the moment we set to be the
one of the release of the information ¢ = 1. Hence, we require that ¥,/(t) < 1V ¢ € [0,1).
Furthermore, the precision of the public signal is given by #]M(t) As discussed before, it
will become perfectly accurate at the end of the trading period.

The insider, on the other hand, has access not only to the public information but also
to their own stream of information. Since Back, Pedersen (1998), it is traditional in the
literature to allow for a dynamic private signal. Not only could the extension of the model
developed by Danilova (2010) be cited, but also Campi et al. (2013) that extends the model
of a private dynamic signal for the trading of a risky asset that may default show that the
seminal work of Back, Pedersen (1998) established the dynamic signal as the benchmark for

Kyle and Back models. As discussed previously, the dynamic signal is also fundamental for



the high-frequency behaviour we aim to model.
Therefore, we can define the private signal, X!, given by the continuous bridge also

converging to 7 as follows:

1 1 ! 1 ! 2 n ‘(I
X, =X +/ orls st / or(s —_ ds 1.2

where ¥7(t) = % + fg o?(s)ds, (1) = 1. It is also important to point out that B! is a
Brownian motion that is independent of BM. Moreover, we require that n ~ N (0,1) can be
expressed as the sum of two independent random variables such that = X{ + 7 where X{
is a Fp-measurable random variable such that X{ ~ N(0,c?).

Often in the literature, we may want to separate the static and dynamic cases as is done
in Cetin, Danilova (2018). The so-called static case being the one in which the insider has
perfect information about the asset that is being traded, and the dynamic case being the one
in which the insider receives the information throughout the trading period (see Chapter 7
of Cetin, Danilova (2018)). One of the roles of ¢ in this setting is to allow the static case to
be a particular case of our model when ¢ = 1. All the results we present in the thesis hold
without any problem in the case when ¥;(0) = 1. Furthermore, we also allow the private
signal to converge before one, even if ¢ < 1. There is nothing that prevents us from having an
explosion in precision of the private signal ﬁ(t) at any point in the trading period t € [0, 1].
On the other hand, we ask ¢ not to be set at zero, as it would create a situation at ¢t = 0 in

which the insider does not have a better signal than the insider.

We shall make some regularity assumptions about the functions o; and oj;:
Assumption 1.1. The functions oy : [0,1] = Ry and oy : [0,1] — (0,00) are continuous.

It is important to realise that X' is not the insider’s signal. If that were the case, it would
be natural to demand X;(t) > X (t) Vt € [0, 1]. In fact, as will be discussed in Chapter 2,
we are able to find the optional projection of 7 into the insider’s filtration. In fact, the main
theorem of the chapter, Theorem 2.3, shows that it is given by a linear combination of both
signals. The precision of the insider’s signal will be given by #(t) where, as expected, as
long as ¢ > 0, we have X z(t) > X/(t) Vt € [0,1] as given by Corollary 2.1.

We can now proceed to describe the microstructure of the market, that is comprised

of three different types of agents: noise/liquidity traders, market makers and the informed

trader:



e Noise/liquidity trade trade for reasons that are exogenous to the model. Their cumula-
tive demand is given by a standard (.%;)-Brownian motion B independent of both B

and B,

o Market makers: observe the total demand given by
Y =0+ B, (1.3)

where 6 is the demand of the informed trader, and also observe the public signal given
by (1.1). As it is the tradition in the literature of Kyle-Back model, see for example
Back (1992), Campi, Cetin (2007), and Campi et al. (2013), the market maker uses the
information from the demand process to set their price process, but as they have access
to a public stream of information they also incorporate it to the price process, S, such
that
M _ M
S(Y[O,t}vX[Qt]at) - H(thtaXt ) Vie [O’ 1) (14)

where X is the unique strong solution to
dX; = w(t)dY; + (To(t) +ri1(t) X + m(t)XtM) dt Vtel0,1) (1.5)

for some deterministic functions w and (r;)7_, that will satisfy the admissibility condi-
tions specified in Definition 1.1. Furthermore, we shall require that, in equilibrium, we
must have a pricing rule that given the optimal trading strategy for the insider will be

a so-called rational pricing rule, i.e. H(t, X;, X}¥) = E[V|FM].

It is interesting to notice that the structure of X allows the market makers to incorporate
not only the contemporary levels of the demand and the public signal, but also the
cumulative level of the demand without losing its Markov property. In a modelling
point of view, one should consider that the market maker must take into consideration
two signals. The cumulative level of any of those signals must be relevant to weight the
level of each of the signals as their own uncertainty about the final value of the asset

vanishes.

Furthermore, the above definition of X allows more flexibility to the model so we can

address two issues separately. One should note that equations (1.8) and (1.5) could



be combined so at the end of the day we shall have a pricing rule that indeed satisfies
equation (1.4). However, such separation allow us to first solve the HJB equation of the
insider setting (r;)7_, for any set of (8;)7_, according to Assumption 3.2. After that,
we can both find the values of (Bi)?:o that satisfy the rationality condition Chapter 4

henceforth the correspondent values of (1;)2_.

Moreover, a pricing rule H must also be admissible in the sense of definition 1.1. This
pricing rule is enforced via a Bertrand competition: Market makers are willing to buy
or sell any quantity offered to them under their pricing rule. Furthermore, one can
note that the market maker’s filtration, which shall be denoted by .#™, the minimal
right-continuous and complete filtration generated by the demand, Y, and the public

signal XM
e The informed investor: observes the price process S, given by equation (1.4), the public
signal, XM given by equation (1.1), and a private signal, X', given by equation (1.2).

As we assume the insider to be risk-neutral, her objective is to maximize her expected

final wealth

sup E*[WY] (1.6)
0cA(H)
where
-
L e ()
0

A(H) is the set of admissible strategies for the given pricing rule H as defined in
Definition 1.1. E? is the expectation with respect to P?, which is the regular conditional

distribution of (Bs, X!, XM;s < 1) given By = X} =0 and X! = 2.

The existence of the probability measure P? is ensured by Theorem 44.3 in Bauer (1996).
Note that .# must be rich enough to contain all the null sets of .#!. The insider filtration
Z! is the universal completion of the filtration generated by X!, XM and S. Hence, the
cited theorem guarantees the existence and uniqueness of P|.#!. Section 2 of Cetin, Danilova
(2021) provides a detailed discussion of the expectation operator in this case and the filtration
Fl

We can now proceed to set the requirements for equilibrium. Hence, as mentioned above,

we must define both the set of admissible pricing rules and the set of admissible trading



strategies. The first will be defined in Definition 1.1 and the latter in Definition 1.2. When
considering the price process in equilibrium, one should note that H(t, X;, XM) = E[V|.ZM]
is a projection of a Gaussian random variable into the market maker’s filtration that is
comprised of Gaussian processes X and X! (provided that Y is Gaussian, which will be true
due to the fact that in equilibrium « will be defined by (4.4) as a linear equation of X, XM
and Z). As will be clarified in Chapter 2, such a projection is a linear one, ultimately leading
to the fact that E[V[.Z] must be a Gaussian process itself.

In a mathematical point of view, it is important to point out that we do not claim that
there would not be a more general set of pricing rules and strategies that would also lead to

other equilibria. The main focus of our research is to show the existence of an equilibrium.

Definition 1.1. An admissible pricing rule is any quintuple (H,w,ro,r1,72) fulfilling the

following conditions:

1. w and (r;))2_, are continuously differentiable real valued functions defined on [0,1].

Moreover, w takes values in (0, 00).

H(t,l‘,(L‘l) = /BO(t) + Bl(t)m + BZ(t)ml, (18)
where 3; € C1([0,1)) fori=0,1 and 2.

3. x> H(t,x,u) is strictly increasing for every t € [0,1) and u € R. That is, 51 > 0 on
[0,1).

We will write (H,w,r) in short to denote (H,w,rp,71,72).

One of the key features in the literature regarding the insider’s optimal strategy is that
she can invert the pricing rule to know exactly the value of the demand Y at it, which is
explained in Section 6.2 of Cetin, Danilova (2018). That will also be the case in our model.
As a consequence of Proposition 4.2, the value of w never vanishes (note that according to
the previous definition w takes positive values). Therefore, since we also require 1 to be
positive, the insider can invert the price process to know exactly the value of Y; at any given
moment ¢ € [0,1]. As given by the sum of the insider strategy and the demand process for

noise traders, the insider has perfect knowledge of (Bs)s<: at any t € [0, 1].
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Since Back (1992) it is very well established in the literature (see, e.g. Campi et al.
(2013), Cho (2003), and Wu (1999)) that the optimal strategy for the insider should be one
that is absolutely continuous with respect to the Lebesgue measure, as martingale and jump
components in trading strategies are known to be suboptimal. There is no reason to believe
that the insider would profit from being able to perform jumps in their strategy, as is clear
from the proof of Theorem 6.1 in Cetin, Danilova (2018). However, with the introduction
of a public signal XM it is not possible to be sure that a nontrivial martingale part is still
suboptimal. Indeed, one could conjecture that by correlating their strategy to the public
signal (or the private one), the insider would be able to filter the flux of information that the
market maker gets. Therefore, in the admissible trading strategies, we have strategies of the

following form:

d6; = audt + vo(t)dBL + v (t)dBM

Note that the Brownian motions above are not the ones we define in equations (1.2) and
(1.1). That is because the bridges are defined in a filtration that considers the knowledge
of 1. Indeed, each of the bridges is a martingale in their own filtration. For the insider, as
long as ¢ < 1, they do not observe 1. As a consequence, they also do not observe neither
B! nor BM (i.e., B! and BM are not .#’-adapted) that are defined in a filtration enlarged
with o(n). Therefore, the insider’s strategy must be defined with respect to the innovation
processes in the insider’s filtration, namely 4! nor BM. As will be clear in Chapter 2, B! is
the innovation process with respect to B! and 8™ is the one with respect to M.

Furthermore, we write a; to keep the notation simple. In fact, o should not only be
considered a function of time. We allow the insider to use all the information available to her
in order to build her strategy. Therefore, we should consider that each admissible strategy «
is potentially a function of ¢, X, X7, X™ and Z. As we shall see in Theorem 3.1, any strategy
that drives the mispricing to zero at time one is an optimal strategy. In Chapter 4, we restrict
ourselves to a particular class of linear trading strategies given by Equation (4.4). Since Z is
a linear combination of X™ and X', we write « as a linear combination of t, X, X™ and Z
with coefficients that depend on time. At the expense of being repetitive, our main theorem,

Theorem 6.1, shows the existence of an equilibrium that does not claim uniqueness.

Definition 1.2. A continuous F!-semimartingale 0 is said to be an admissible trading strat-
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egy for a given pricing rule (H,w,r) if it satisfies the following:
1. It has an F'-Doob-Meyer decomposition given by
df; = audt + o (8)dBf + 7 (t)dBY, (1.9)
where the first term is the finite variation component, 1 and ™ are the Brownian
motions from Theorem 2.3 , and vy and v, are F!-predictable processes.
2. There ezists a unique strong solution to (1.5) on [0,1).
8. The following integrability conditions hold to rule out doubling strategies:

1
IEZ/ H?(s, X4, XM)ds < oo, (1.10)
0

283 (s)0i(5) + 0% (s)
w?(s)

1
EZ/ (H Y (s,0vZs 4+ p, XM) — X,) ds < o0, (1.11)
0

where H=1(t, z,u) is the unique solution of H(t,z,u) = z and X is the unique strong

solution of (1.5).
The set of admissible trading strategies for a given (H,w,r) is denoted by A(H,w,r).

Once we have established what are the requirements for both a price rule and an admissible
strategy, we can now define the equilibrium. That will be a Nash-type of equilibrium in which
a pair of admissible strategy and an admissible pricing rule is an equilibrium if at the same
time given the pricing rule the insider’s strategy is optimal and given that strategy the pricing
rule satisfies a rationality rule. The rationality rule given by equation (1.12) guarantees that
the market makers are trading at a price that is exactly their valuation of the risky asset.
Obviously, one should recall that the fairness is of the market maker’s on making. By the
Bertrand competition hypothesis we have set previously, implies that the perfect competition
among market makers is such that if anyone is willing to sell at a discounted price, the demand
will be infinite for the risky asset as well as if someone is willing to buy at a premium price.
Therefore, one can understand the Bertrand competition hypothesis as the output of perfect
competition among indefinitely many equally informed risk-neutral market makers.

We decided to label the equilibrium as a Nash-type equilibrium because in the original

paper Nash (1951) a (Nash) equilibrium is defined as one in which all agents maximise
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their payoffs. Therefore, an equilibrium is reached if given the other players’ best strategies,
every player is maximising their own payoff. As a consequence, we should not call the
equilibrium in our model a proper Nash equilibrium. In this game, on the other hand, only
the insider is maximising their payoff while the market maker’s requirement is only that
the price follow their valuation of the price of the asset. The justification for naming it a
Nash-type equilibrium comes from the fact that there is no incentive for any of the players
to deviate from their strategy. From the point of view of the insider, she is maximising her
payoff and, regarding the market maker’s perspective, they should not deviate from their
strategy as they are trading the risky asset at a fair price.

A final remark about the rational pricing rule is that as the price is enforced in the market
by the market makers at that level, the liquidity traders also buy and sell the risky asset at a
fair price. By that, we mean that they always trade the asset at the proper valuation of the
asset given the information that is available to the public. That is the reason why they are
known as liquidity traders: they do not trade strategically; instead, they buy and sell the risky
asset as a consequence of their consumption and investment decisions. Furthermore, they are
also known as noise traders, as if it weren’t for their existence, the market makers would
trivially identify who the insider is since they would be the only other agent they would be
trading with. As can be easily observed from equation (1.3), if there was no demand coming
from the noise traders, the market makers would be able to observe # directly. As is the case
in the literature, we shall see that the insider is able to trade inconspicuously because the
market maker cannot identify whether the orders come from the insider or noise traders.

Without further remarks,, we are now able to define the equilibrium in our economy:

Definition 1.3. A couple ((H*,w*,r*),0%) is said to form an equilibrium if (H*,w*,r*) is

an admissible pricing rule, 0* € A(H*,w*,r*), and the following conditions are satisfied:

1. Market efficiency condition: given 0*, (H*,w*,r*) is a rational pricing rule, i.e.

H*(t, X;, XM) = B[V |.ZM)]. (1.12)

2. Insider optimality condition: given (H*, w*,r*), 8* solves the insider optimisation prob-
lem for all z:

E* (W] = sup E*[WY] < oc.
O A(H* w*,r*)
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It is worth pointing out the language of Definition 1.3 that only defines what is a possible
equilibrium. In the main theorem of the thesis, Theorem 6.1, we show that there exists an

equilibrium, but do not claim the uniqueness for it.

1.3 Challenges and Contributions

Adding a public signal to the Kyle-Back model introduced several additional challenges to
it. In this section, we will make a summary of the main obstacles and the innovations we
present to deal with them. As a summary, we expect it to be supplemented by the remarks
presented throughout this thesis, in particular, at the beginning of each chapter.

In Chapter 2, we introduce the insider’s valuation of the risky asset. In the literature on
Kyle-Back models, we have two types of information delivery: static and dynamic. In the
static case, as presented in Kyle (1985) and Back (1992), the insider observes the value of the
asset at the beginning of the trading period. Therefore, there is no point in talking about
the insider’s valuation of the risky asset, as she already knows the value of it from ¢ = 0.

The dynamic case was first presented by Back, Pedersen (1998) and later extended by
Danilova (2010). In this case, the insider receives a dynamic signal as described by X' in
Equation 1.2. However, since there is obviously no public signal, we can interpret n solely as
the distribution of X7. In our case, we have two bridges given by 1.1 and 1.2 converging to
the same final condition; hence, there is a bridge component taking place here. However, if
there were no public signal, all we would be saying is 1.2 would be converging to some final
condition X7 that we are calling n. Hence, if there was no public signal 1.1 could have been
written as

I I ! I ¢ 2 “(1]_“<I
X, =X —|—/J sst—i-/U s)———2ds
t 0 0 I() 0 [()1—21(8)

which in turn is just a bridge representation of the process
t

X! =xt+ / or(s)dBL.
0

Therefore, if there were no public signals, we would have a special case of the model of
Danilova (2010) in which the only signal the observer inside is the process X! as described
above.

Furthermore, the main theorem of Chapter 2, Theorem 2.3, is more general than the
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application we present in this context. In fact, it works for every two martingales that share
the same final condition. It is interesting to note that the .#’-decompositions of X! and of

XM are dynamic Markov bridges (see Chapter 5 of Cetin, Danilova (2018)).

In our particular case, Theorem 2.3 gives us that Z; := E?[n|.%/] is given by Z; =
Mo(®) XTI+ (H)XM, where \o(t) = %f(%), Ai(t) = 11__5;((?). Hence, the insider’s valuation

of the risky asset that is being traded is a linear combination of both the public signal and
the private signal instead of just the private signal as in the previous literature.

Chapter 3 follows the literature on Kyle-Back models more closely. We have a more
complex task, but we do not use technology that is far from what has been done previously.
The structure of the value function given by (3.53) is not far from what is usually done in the
literature, as can be seen from equation (6.30) of Cetin, Danilova (2018). Obviously, there are
additional challenges to the model while incorporating an extra signal. Firstly, as we allow
the insider to correlate her strategies with the Brownian motions coming from the signals,
the insider’s optimisation problem now involves not only the v component as it is the norm
in the literature (as, for example, in condition (ii) of Theorem 7.1 of Cetin, Danilova (2018)),
but also the «y and «; components. That particular task is simplified by the fact that we find
it suboptimal for the insider to correlate their strategies. Furthermore, the value function for
the insider that used to be a function of time, the demand, and either the value of the asset,
in the static case, or the insider’s signal, in the dynamic case, now is a function of time, the
demand, the public signal, and Z, the linear combination of the public and private signals.
As Z is a linear combination of X! and X, knowing any two of the three is equivalent to
knowing all three.

One can note that in the model presented in Cetin, Danilova (2018), there is an analytical
solution to the value function, as both H and w in there do not follow very restrictive
functional forms. From equation (3.53) it may seem that we have a very clear closed form
for our value function as well, but it depends on w which will have its form discussed later in
Chapter 4. Indeed, after quite some work we are able to prove the existence and uniqueness
of w in Theorem 4.4.

The main theorem of Chapter 3, Theorem 3.1, shows the conditions for the optimality of
a given trading strategy. From Chapter 4 forward, we concentrate on showing the existence
of an equilibrium for the model in terms of Definition 1.3. In particular, we concentrate our

efforts on showing the existence of equilibrium for a particular functional form of o. We have
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left Theorem 3.1 in a more general form because it could be used for other models in this
research agenda in generalizations of this model.

Chapter 4 has imposed several mathematical difficulties. As we mentioned previously in
this section, even in the dynamic information setting, there is no projection of 7 into the
insider’s filtration. The insider would observe X! and the realization of 1 at the end of the
trading period would be just X { . Therefore, while dealing with the projection of 7 into the
filtration of the market maker, we are left with two projections: the projection of 7 into
the filtration of the market maker and the projection of Z;, which is itself the projection of
71 into the insider’s filtration into the filtration of the market maker. Obviously, those two
projections must coincide in some sense. Therefore, we had to go deeper into the theory of
stochastic filtering than is usually necessary in the literature. Furthermore, the ODE system
given by (4.29) resulting from the combination of both projections was much more complex
than what we would normally encounter; see, for example, equation (3.30) in Campi et al.
(2011).

In fact, a lot of effort was necessary to prove the existence and uniqueness of the system
given by (4.29). Firstly, we had to show the existence and uniqueness of a modified version
of the system given by (4.1), which would be equivalent to the original system if a particular
condition of the initial condition of the function w was satisfied. This condition, given by
equation (4.33), would be satisfied if equation (4.37) held. However, since we do not have a
closed form for w, we had to use a fixed-point algorithm to prove the existence of a solution
(4.29) for an initial condition given by (4.37). The use of all this technology mentioned in
this paragraph is necessary because we have a public signal, and none of it has been used in
the previous literature.

The use of Doob’s h-transform is not new in the literature to prove that a given trading
strategy is indeed optimal. As it was the case in Chapter 3, the fact that the market maker
observes a public signal makes this task much more complex. Even if we did not have to use
different mathematical tools, we certainly had to use the same ones more heavily.

Once we have found all the conditions for a pair of strategies to be optimal, all that is
left to do is to add them together to prove the equilibrium. That is basically what we do in
Chapter 6. However, some of the findings of the model need additional research beyond the
analytical results.

The fact that we only had existence and uniqueness results, but not a closed form for v
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and w as defined by (4.29) did not allow us to know some things that were quite important
for our analysis. The first was about the ex-ante value of information, i.e., the E(W;) in
equilibrium. An interesting fact about this quantity is that, as is the case in previous models
in the literature, it does not depend on the signal X!, not even if there is a signal X' or we
are dealing with the so-called static case. Therefore, we are interested to know if that is also
the case for X™. Furthermore, for the high-frequency trading that motivates the name of this
thesis, we need to understand the behaviour of the price process, that is given by equation
(4.7). As a consequence, we need to understand the behaviour of B2, which itself depends on
v as given by equation (4.26). Therefore, we had to use an ODE solver to find a numerical
approximation of the functions v and w and, hence, of the quantities we were interested in
studying. In order to do so, we developed a code in R. Although the code developed was
neither computationally nor mathematically difficult, since the purpose of the code is to find

approximations for the functions given by (4.29), it does not rely on the previous literature.
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Chapter 2

Stochastic Filtering

This chapter has two main purposes. The first is to introduce the technology used in the
thesis regarding the Theory of Stochastic Filtering. Such task is developed in Section 2.1. In
this section, we briefly explain the main ideas behind the Theory of Stochastic Filtering and
summarise the main results of Khalil (2002) that are most commonly used throughout the
thesis. That is particularly important for us because we deal with quite a few projections
of n (the stochastic part of V). In Section 2.3 we do the projection of 1 into the insider’s
filtration. We define such projection to be called Z. In Chapter 4, we both project n directly
into the market maker’s projection and project Z into the same filtration. As a consequence,
we see the need to expose the reader to the collection of results in stochastic filtering so that
we can clearly show the innovations we develop in this thesis.

The second purpose is to prove our main contribution we have made in this chapter,
Theorem 2.3. It is a well-known fact that for Markov bridges such as the ones represented
in equations (1.1) and (1.2), we have XM = E (n\EXM) and X/ = E (77|}}XI>. One could
find the projection of 7 into the filtration containing both X™ and X' using the theory that
we present in Section 2.1. Our contribution is to show that this projection E (n[.EX M’XI) is
a linear combination Z, as given by the equation (2.11) of X™ and X!. Furthermore, the
structure of this linear combination is such that Z; = E (77|]-"tX M’XI> =E (n|F#). The first
step we take is to find the coefficients of the linear structure that return a Markov bridge.
Hence, in section 2.2 we find the coefficients A\g and A; such that Z; = \o(t) X/ + A1 (t) XM
is a Markov bridge. The linear structure of the optional projection given by Theorem 2.1

will ensure to us that Z; = E (n[ftx M’XI> which is developed in section 2.3. Indeed, from a
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mathematical point of view, one could claim that the role of section 2.2 is almost a motivating
one except for the form of ¥z that must coincide with the variance of the projection found
in the following section. Apart from that, one could skip it and only read 2.3 ignoring where
the values of \g and A\ are coming from.

As it is the norm in applied mathematics, Theorem 2.3 is true for any two Markov bridges
with the same terminal condition, but our motivation is to find the insider’s valuation of the
risky asset. Once we are able to do it under the conditions explained here, oy Z + p will be
equivalent to the insider’s signal about the final value of the asset.

Unlike most chapters in this thesis, there is no counterpart to this chapter in the literature.
As one can see in Chapters 6 and 7 of Cetin, Danilova (2018), the traditional Kyle-Back
models with dynamic information are such that the insider observes a martingale such that
its state at ¢ = 1 will determine the price of the final value of the asset. In order to keep the
same notation we are using here, it would be the case that there is no public signal so X’
would be a martingale dX/ = o7(t)dW/ such that the final price of the asset would be given
by f(X¥) for some function f. Therefore, since X! would be the only source of information
for the insider, it would be obvious that X/ = E (X IFX I) =E (X{|F/) where F' stands for
the insider’s filtration so there would not be a point in talking about the insider’s projection
of an n that would be just X{ . On the other hand, once the insider has two sources of
information, it makes sense to talk about the insider’s filtration and her valuation about the
final value of the asset that is being traded.

It is also interesting to note that often in the literature there are significant differences
between the settings of the case when the insider has perfect foreknowledge of the value of
the asset or when she receives a signal that converges to it, as explained in Cetin, Danilova
(2018). However, as it is also the case in the literature, one can understand the static case
as a particular case of the dynamic signal. In fact, the very last corollary of this section,
Corollary 2.2, states that if any of the signals converge to n also will Z, the signal given
by the linear combination of the signals. Obviously, the interesting case is when the private

signal converges to 1 before one being the static case when Z; = n for all ¢.
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2.1 Review of Stochastic Filtering

Before anything else, it is necessary to understand the problem it is addressing. Suppose that
one is working in a filtered probability space (22, F, (]:t)te[o,T} , P) and wants to study a process
Y that is adapted to the filtration F; under a smaller filtration that is generated by some
Fi-adapted processes. Such processes are denoted by X and are known as the observational
processes. The intuition here is quite obvious: we consider agents that do not have access to
JFi and therefore must estimate Y with the information available to them.

The process of interest Y is called the signal process. Therefore, our aim is to find
E (f(Y2)|F{*), where F;* is the minimal filtration generated by X and f is an F;* -measurable
function.

Before proceeding with any calculation, it is important to address the issues of existence
and uniqueness. Beginning with the latter, as an immediate consequence of Kolmogorov’s
theorem on conditional expectations (see Williams (1991) Theorem 9.2) is defined almost

surely. However, it is possible to define the optional projection of (f (Yt))te[o T

Definition 2.1. Let Y be an (F;)-adapted integrable process. The (FiX)-optional projection
of Y is an (F;X)-optional process, °Y , such that for any (F;¥ )-stopping time T,

E (Y.|FX) =Y,

Theorem IV.5.5 of Revuz, Yor (2004) guarantees uniqueness up to indistinguishability.
The role of indistinguishability is very-well discussed by Karatzas et al. (1988) in page its
section 1.1. The proof of the existence of the optional projection can be found in Theorem
VIL.7.1 of Rogers, Williams (2000). As is standard, in the literature, we denote the optional
projection of a process Y as Y. Furthermore, throughout this thesis, every time we refer
to the conditional expectation of a process given the minimal filtration of an observation

process, we are referring to its optional projection. Hence,

~

E (f(Y)|FY) =° f(2) = f(Va)

for any measurable function f.
We can now introduce the so-called innovation approach to filtering. We shall now assume

that the observation process is of the form
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t
Xt :/ h5d8+Wt,
0

where W is an {F; }-Brownian motion in R", Wy = 0, and h is an {F; }-adapted process with

values in R"™ such that

1
IE/ |hs|?ds < oo.
0

The innovation approach is named this way because of the definition of innovation process,
presented here in Definition 2.2 that is a consequence of Theorem 2.1 first published at Fujisaki
et al. (1972). A proof of the following theorem can be found in Rogers, Williams (2000) as
Theorem VI.8.4.

Theorem 2.1 (Fujisaki, Kallianpur and Kunita).

e The process

t
Ny = X; — / hsds (2.1)
0

is a F;* -Brownian motion in R™.

e If Z is an L?-bounded F;* -martingale, Zo = 0, then there exists a JF;< -previsible process

C = (CH,...,C") such that:

and such that:

t t n
Z; = / (Cs,dNs) = / > CidN.
0 0 =1
We are now ready to define the innovation process as follows:

Definition 2.2. The F;*-Brownian motion N defined by the equation (2.1) is called the

imnovation process.

It is interesting to note that in our model we are going to work with two Markov bridges.

For example, the public signal is a bridge given by:

n— XM

=5 (5) %

t t
XM — / i (s)dWM + / o2,(s)
0 0

21



where W is an F,-Brownian motion. All agents observe X}, but not all observe W and 7.

Hence, Theorem 2.1 says that

M ' M Ly i — X
X" = [ om(s)dN; +/ oy (s)—=——ds
M= [ ot ot

where now N is an F*%,-Brownian motion, the innovation process, and 7 is the optional
projection of i into F;X. Once we are motivated to understand why it is relevant to understand
the optional projection of the observation process, we can now proceed to the more obvious
one: the optional projection of the signal process. The connection between Markov bridges
and the enlargement of flirtations is explored at length in Cetin, Danilova (2018).

We take the same approach as Wu (1999) and summarise the main results of Kallianpur

(2013) used in this thesis in a single theorem:

Theorem 2.2. (Modified from Kallianpur (2013)) Let the m-dimensional signal process
(Yi)t>0 and the n-dimensional observation process (Xi)i>o be given by the stochastic dif-

ferential equations:

dY; = [Ao(t) + A1(D)Y; + Ay Xy|dt + B(t)dW; (2.2)

dX; = [Colt) + C1(t)Y; + CoXyldt + D(t)dW; (2.3)

with initial randon variable Xo independent of (F{X), and Xo = 0 a.s.. Besides that, (W;) is
a g-dimensional standard Brownian motion and A;, C;, U and V (i = 0,1,2) are nonrandom
matrices of appropriate dimensions. The entries in coefficients A; and C; (i = 0,1,2) are

integrable and those in B and D are square-integrable. Then,

dY, = [Ao(t) + A1(H)Y; + Ay X,|dt
+Ho(t)CF (1) + B(O)D*(1)][D(H)D* ()] 2dN; (2.4)

where Yy is the optional projection of Y with into (.FtX) Furthermore, the innovation process

Ny defined as following:
t A
Ny =Xy — / <C’0(s) + Ci(s)Ys + Cg(u)Xs> ds
0
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is an (FiX)-martingale.

Moreover, let v(t) = E |Y;2 — ﬁﬂftX . Then,

dvu(t)
dt

= Ai(Do(t) + 0O A} (1) + BB (1) - [o()CF (1)

+B(t) D O)[DE)D* (1) [Cr(t)v(t) + D(t)B*(¢)]- (2.5)

Note that the equation (2.4) above is Equation (10.3.11a) and equation (2.5) is Equation
(10.3.15) of Kallianpur (2013).

2.2 Linear Combination of Markov Bridges

We are considering a Kyle-Back model with private and public information. The flow of
information delivered to all participants in the market is denoted by (XM )tefo,1], While the
information that is provided exclusively to the insider is denoted by (X/ )te[O,l]-

Both (XM)iejo.1) and (X{);ep0,1) are Markov bridges converging to the true value of the
asset n. We should take a moment to discuss what we mean by a Markov bridge in this
context. If we take either of the signals X™ or X' on their own, there is not much to
say. If we take into account the public signal, for example, a martingale dX = o (t)dW!
with initial condition X3 = 0, X/ (t) = fg 02,(s)ds and Xps(1) = 1, one would get XM ~
N(0,1). Therefore, considering only equation (1.1), what we have is just a Markov bridge
representation of a martingale labelling X/ as 7. The real bridge component here is when
we consider both signals given by equations (1.1) and (1.2) together as their final value is the
same. One would be tempted to say that what we have here for say XM is a dynamic Markov
bridge with final value given by another stochastic process X!, but after reading this chapter
it should be clear that it is not the case, even though the rationale would not be so far off.
As a sufficient condition, the first requirement in Assumption 5.1 of Cetin, Danilova (2018)
for dynamic bridges is not here and can be broken. Indeed, once we are done presenting the
theory in this chapter, we shall have two dynamic Markov bridges given by equations (2.34)
and (2.35). The .#!-decomposition of X! and of X™ are dynamic Brownian bridges with
the same bridge condition 7.

The purpose of this section is to show that a linear combination of two Markov bridges

23



that share the same final condition is a Markov bridge converging to such a terminal condition.
However, one could say that this is an optional section. In fact, when combined with the
other sections of this chapter, what we are really doing is showing how we have found the
linear coefficients in Theorem 2.3.

It is interesting to note that (XtM)te[o,l] is not a delayed version of (th)te[o,l}’ SO we
are not dealing with an insider who is able to receive the public information in advance.
Instead, we consider that the insider has access to a stream of information of their own. As
a consequence, Corollary 2.1 shows that the insider’s uncertainty with respect to the final
value of the asset is always smaller or equal to the market maker’s uncertainty.

We sake generality when presenting the setting of the main theorem of this chapter,
Theorem 2.3. Suppose that we have two static Markov bridges converging to the same final
value. We show the equivalence between the optimal projection of the minimal filtration of
the two bridges and the optional projection of a particular linear combination of the two of
them.

We can summarise the basic hypotheses of the Markov bridges in the above equations.

Let (Q, F, (]:t)te[o,T} ,IP) be a filtered probability space and

no= =No+tm (2.6)
o = Xé ~ N(Oa 02)7 (27)
n ~ N(0,1), (2.8)

I I ! I ! 2 U—XI
X :X+/a sdws—i—/a §)——=——ds, s. t.

t
Si(0) = ¢+ [ oo, Ti1) =1
0
t t —XM
XM = /adeSM—F/ o2 snisds,s. t.
t 0 ( ) . M( )].—ZM(S)

Yu(t) = /Ot o2(s)ds and $y(1) =1

where W/ and W}V are independent J;-Brownian motions.
Now, we want to find a process Z that satisfies two conditions. The first is that Z is a

Markov bridge with terminal condition 7 itself. Hence, Z must be written as follows:
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t t
-7
7 = g, 20— %s 9.
¢ o—i—/o oz(s)dW +/0 UZ(S)l—Zz(S)dS (2.9)

Yz(t) = 02+/ta%(s)ds and Xz(1) =1, (2.10)
0

where W is a Fi-Brownian motions and 7 is as described in equation (2.8).

Furthermore, the second aim is that Z be a linear combination of the two Markov bridges

with terminal condition 7. As a consequence, we would like that Z; be written in the following

form:

Zy = do(t)X] + M () XM (2.11)

for some time-dependent functions Ag and Ap.

In order to do so, we shall start applying the It6 formula to the above equation to find

the functional forms of A\g and A; such that we can write Z as in equation (2.9):

dZ;

Mo X ] dt + No(t)dX] + N, () XMdt + M (t)dXM (2.12)

Ao(H) X dt + No(2) <01(t)thI - a?(t)%dt)

_ XM
PN OXMdt + M) [ op AWM + o2 (1)-L—2L gy
1—Xp(t)

o) XL dt + Mo () <0%(t)1n__21(t)dt>

/ il 2 Xt]
Ao(£)X{ dt + No(t)oF (t) 7 ™ Aot 5yt
/ M 2 " XtM

+Xo(B)or(t)dW] + M (t)oar (t)dWM

(2.13)
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Hence,

dz, = N(0)X/dt+ ioit )zgf((t)) G = )Ej((;))X “

/ Ai(t)as, (1) A1 (t)as, (1)
+N () XMdt + m ndt — ﬁﬂ%xydt
+Xo(B)or(t)dW] + i (H)oar (t)dWM
Ay Ao()a7(t) 1 / Mo () um
— (000~ 24020 et (30 - O s
Mo(t)af(t)  Mi(t)oi,(t)
- (T - 1)
oo ()W + M (t)onr (t)dWM.

— X (t) o? (t) M\ (t) o2 (t)
— (Ag(t) - —IEl(t)) Xo(t)X{ dt + < Ai 01 _AéM (t)> M)XMdt (2.14)

Mo(H)a2(t)  M(t)o2,(t)
+(1—211(t) + 1_21\]‘;@))77(175 (2.15)
+Xo(t)or () AW + X (t)opr (£)dWM. (2.16)

Our strategy is to match equations (2.14), (2.15), and (2.16) with their respective parts
in equations (2.9) and (2.10). We may start by aggregating both Brownian motions into one

as it must be in (2.9). Hence, we have the following:

oz()dW; = XNo(t)or(t)dW] 4 A (t)on () dWM

= MO0 + K0, (0, (217

As a consequence, we get that for any functions \g and \; we must have that

o7(t) = A§(t)ot(t) + X (t)oiy(2). (2.18)

In the final part of this section, we show that for the functions Ag and Ay we will find
shortly, they will be such that the conditions in equation (2.10) will be satisfied.

We can now begin to find the functional form of \yg. One should note that in order to the
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linear form we proposed (2.14) be a Markov bridge, we must have

o3 (%0 o
S ca0xt o ax) = (30 - ) o

Ai(t) ) .
" (/\1(15) 1 —Ang(t)> AL(t)X; (2.19)

In particular, taking into consideration only the parts that multiply X/ we find that we

need to have

(%@) a3(t) ) —a3(t) (2.20)

Mo(t) 1-%1(t)) 1-Sz()

Therefore, we can rewrite the above equation as

() (i) = (557w).

Therefore, we may rewrite it as follows:

Ao(t) 1 —%z(t)1—%:(0)
Ao(0)  1—=X7(t) 1 -%z(0)

If we set ko = Ao(0) 11:3;((%)), we can write the above equation as

C1-N4()

)‘O(t) - 1 _ Ej(t)

ko. (2.21)

Analogously, doing the same calculations for A1, we get

M) 1—=3z() 1—%n(0)
AM(0)  1=3p(t) 1=3%2(0)°

Therefore,

_ 1=z

)\l(t) - 1 — EM(t)

k1. (2.22)

_ 1-%7(0)

where k1 = A1(0) 17215(0) .
There are two possible ways to proceed now. We could either find the initial conditions
of A\p and A1 by considering what should be the initial conditions of the Markov bridge of Z

and check that the final restriction involving (2.15) matches, or the other way around. The
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latter has a simpler way of presenting.
Therefore, we shall analyse what the values of kg and k; should be in order to have (2.15)
that match the part that multiplies 7 in the equation (2.9). Ie.,

oz() _ Mo®)oi(t) | M(t)od,(?)

1-%z7(t) 1-%() 1-Xm(t)

Combining the above equation with equations (2.21) and (2.22), we get the following;:

_ (0o | Bek ()

2
oz(t) ko o

However, by equation (2.18) we must have that

_ M0F(®) | AB)ag(t)

N(B)o7(t) + Xt (B (1) = = ki

Matching the denominators of the coeflicients on the right-hand side with those on the
left-hand side, we get kg = k1 = 1.
Therefore, we find that A\g must be such that:

Nolt) = 11__25((;) (2.23)
and
M(t) = 13:22;((?) (2.24)

Indeed, one can double-check the solution by noticing that :

(1= 3z(1)ai (1) — (1 — S (t)op(t)
(1—=%n(t)?

Therefore,
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XN ok (=Sz(®)o(t) - A= Bu®)oF(t)  of(t)

)\1(75) 1— 2M<t) 11:54‘;((?) (1 _ E]\/[(t))2 1-— EM(t)
_ o) o) o)
1-%Ypm(t) 1-%z(0) 1-2um()
2
__—oz(®)
= oo @ (2.25)
Hence, doing the analogous calculations for A;, we can rewrite (2.14) as
Ao(t) ot (t) I
- X
OREET0) M
Ay (t) o3 (t) > M o3(t) 1 o3(t) o
+ - M()Xdt = X;dt + X, dt
(o) ~ 7% M0 G R O
A (Mo(t) X[ dt + A (H) X Mdt)
1—x,(t) VOV I
2
—og(t)
—2Z—_Z,dt. 2.2
15,0 vt (2.26)

We can now proceed to show that our proposed solution also satisfies that (2.15) is equal

a%(t)
to 1—§Z(t) ndt.

Mo()a2(t)  M(t)o2,(t) L—=Xz(t) (Ao@®)a2(t)  A(t)o3,(t)
< - SHOI - S0 ) ndt = 97 zi(t) ( - SROI - SN0 > nd

= 1_;2(0 <)\0(t)‘7% 4 11__25((;)) 1 t)a?\/l(t)ll__;‘i((g
— o (8000 + 00 (0) nat
= 1—2132(75)0%(t)77dt

Therefore, we can rewrite (2.12) the following way:
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—a3(t)
dz, = —2Z _zdt
! 1—-%,(t)7"

2
-l—l 5,0 o (t)ndt

+0yz (t)th
—o5(t)

AR
—s,m2 "

n— Z

2
T Ez(t)GZ(t)ndt + oz (t)dW;

dt + o7 (t)dW,

Therefore, combining the solutions (2.23) and (2.24) with (2.11) leads to the conclusion
that Z must be

1 -3z()
1 —=X(t)

1—%z(t)

7 N7
! 1— (1)

Xt + XM, (2.28)

As we mentioned above, while setting the values for kg and k1 we have implicitly chosen
a particular initial condition for our Z. It should be clear from equation (2.28) that given
X} and X! for this particular choice of A’s we have an initial condition Zy for Z. As we
aim for Z to be the optimal projection of 7 into the filtration consisting of the processes of
X1 and XM by the calculations we will make in equations (2.45) and (2.46), we must have
Var (n|ﬂOXM’XI) =Var(n|X§, X)) =1—-%%(0) =1 — ¢ The rationale behind it is that
since the only information available considering both X! and X™ is that coming from Xé
that must be fully used to reduce the uncertainty about 1 when considering both filtrations.

Therefore, now one must show that if one assumes that ¥7(0) = ¢? the final condition of
Yz is such that it does not violate the hypothesis that ¥7(1) = 1 given by Equation (2.10)
which in turn is necessary to have a Markov bridge.

We can begin by rewriting Equation (2.18) as

Xp(t) ¥ X (t)

(1-%z(1)?* Q=%(1) (1-2u()*

Or equivalently in integral form:

A {()) Yp(t)
1—%z(t)  1-%(t)  1-Xn(t)

+ k. (2.29)
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Since ¥7(0) = ¢? and ¥,(0) = 0, if X7(0) = ¢? then k = 0.

If we set

we have that

a

Yz(x)=a(l—%z(x)) =a—aXz(x) = Xz(x)(1+a)=a= Xz(x) = T+ a

(2.30)

In this case, we would have that,

C T TS - S w) 231
(1—=%7(2)(1 — Xnm(2))
(=S ) — ()

(1 =%7(2)(A = Xn () + Xr(x) + S (2) — 257 (2) Xpr ()

(1—=%7(2)(1 - Xnm(2))
(1—=%7(2)(1 — Xn(2))

l1+a = 1+

= 14+

1— E](%)EM(Q‘)

= 2.32
RS EE) (232)
Therefore, we can replace equations (2.31) and (2.32) in equation (2.30)
Yr(t) + Xa(t) — 227(8) X (t

L= %(6)%u ()
As ¥1(1) = (1) = 1, we have that

Bz (1) = 1 - 2/(1)=m(1) 0

Hence, we can apply L’Hopital to check the limit
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LS+ S (1) — 25 (08w () = 2T (%) S4(1) + Th,(1) — 28 (1) = 29,(1)
i SO () — S, (O%10) =31 - ¥, (1)
~54(1) = S, (1)

S OED R

ultimately leading to the conclusion that ¥z(1) = 1. Therefore, equation (2.33) is a solution

to equation (2.18) with initial condition ¥7(0) = ¢? and final condition ¥z (1) = 1.

2.3 Main Result

Once we managed to show that the sum of two Markov bridges as of equation (2.28) is a
Markov bridge itself, we can proceed to show the main result of this chapter: to show that
the sum of (2.28) is such that it is equivalent to both signals.

Our innovation is to show that Z, = E(n|.%#) = E (n\ﬁtXM’XI> where Z is as described

X]\J XI
#; " has the same

in equations (2.9) and (2.10). Furthermore, we also show that 7|
distribution as n|.#Z.

By Corollary 3.1 of Cetin, Danilova (2018) it is clear that Z; is a martingale in its own
filtration and since the final condition of Z is n, Z; = E(n|-##). By Theorem 3.4 also of Cetin,
Danilova (2018) given .##, i is normally distributed with mean Z; and variance 1 — ¥ 7(t)
for each t € [0,1]. A more pedagogical explanation can be found in section 4 of Cetin (2018).

Our motivation to prove this theorem is to find the insider’s valuation of the risky asset,
ie. oyE (17|55 I ) + p. As the insider observes both public and private signals and there is

I M
FX5XT 0 As a consequence, we are

no other external information, it is obvious that .#! =
ultimately proving that Z as given by equation (2.28), is the insider’s valuation of the asset.
This will be very helpful in the following chapters of this thesis as we will be able to consider
oy Z + u as equivalent to the insider’s signal about the value of the asset.

Therefore, we can proceed to the main theorem of this chapter showing that if Z is as in

(2.28), then Z; = E (07" ) and 5|77 ~ N(Z,1 = 25(0):
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Theorem 2.3. The F!-decomposition of X! and of XM are given by

I I ! I ¢ 2 Z_KI
X:X+/Jsds+/ass 5_ds,

M ! M Ly Zs — X
X —/0’ s)dp; —|—/J §)—> > —ds,
t ; M (s)dpB ; M()l_E )

where BT and M are independent F!-Brownian motions and Z; = E?[n|.Z[].

Moreover, Z; = \o(t)X] + M () XM, where

_1=34(1)
L=t

1 -3z()

o(t) = o

A1(t)

Furthermore, [Z, 7] = Xz, Yz(t) = ¢® + fg 0%(s)ds, limy_,1 $7(t) = 1, where

2 2
0= (105 ) O+ (1onim ) oo,

(2.34)

(2.35)

(2.36)

Finally, given F{, n is normally distributed with mean Z; and variance 1 — Xz (t) for each

t€[0,1].

Proof. Let us begin identifying the observation processes and the signal process.

In the

notation of Theorem 2.2 in which the signal process is given by Y and the observation

process is given by X, we see that

Therefore, following the notation of the theorem, the coefficients are as follows:
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Ao(t) = Ai(t) = Ai(t) = As2(t) = B(t) =0 (2.37)

Ci(t) = ;;J{ff) (2.38)
L1-3as(t)
£y o

Oo(t) = e (2.39)
I & Y0
0 or(t) 0

D(t) = 71(?) (2.40)
0 0 onm(t)

We can find the optimal projection of the signal process applying equation (2.4) of The-

orem 2.2:

1
R — 0
_ o2(t) o3t | | or® M
dy;y = ’U(t) [I—IEI(t) 1—gM(t):| IO 1 dNt
o (t)

_ or(t o (t I,.M
- ”@)hfgh) kg;@}w%

= o(t) (‘”(t) de’M“)JriUM(t) dNtI’M(Z))

1—Xg(t) 1—Xn(t)
_ 1—-Xz(t) or(t) 1M (1) onm(t) I,M(2)
DI =5,0 <1—Z](t)dNt NSO )
= (t)— ;Z g (Mo@®er (N, MO 2y (Bor(B)an, M)

where N'M is a two-dimensional ﬁtXI’XM—Brownian motion, the innovation process, with
coordinates NtI’M(l) and NtI’M(Q). Moreover, v(t) = E |Y? — Ytz|ﬁtXI’XM} and * stand for
the transpose matrix.

Just as in (2.17), we can rewrite the linear combination of Brownian motions with coeffi-

cients A\o(t)or(t) and A\i(¢)ops(t) in the following way:

oz(t)dN; = Xo()or(t)dN]MD £ X (t)ops () dN] M P) (2.41)

= \/ N2(t)o3(t) + N (t)o2,(t)d N,
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— XI X]\/I . .
where N, is a #; '~ -Brownian motion. Consequently, we have that

1

dy; = v(t)m

oz(t)dNy (2.42)

Theorem 2.2 also provides a formula for the variance of the process v(t) as defined above

through equation (2.5):

do(t)
dt

= —(®?)CTOINDEH D (O] C1(1)]

If we consider equations (2.37)-(2.40) and the fact that v(t) is unidimensional, we can apply

equation (2.5) for our particular setting as follows:

dz(t) — @) [ A0 jm)] 7m0 1(—752%
t 1-32;(6) 1-Xpm(%) i 0 % 1:7%]\(;20
i o) _
= —(0®") | =g l—ZlM(t)] fﬁgét(g))
| 12 (E
e ( o1(t) )+< o (1) >]
1= %(0) S0

_ o\ (1 = 2z(1))° or(t) \° om(®) \?
- O Tsep [(1—&@)) () ]
1

= —(U(t)Q)W [A5(8)aF(t) + AT (t)ohs (1))

Hence, by equation (2.36), we have that

2
UC(Z? = —(v(t)2)7(1 _(%(th DE =~ <f @;Zig) (2.43)
Thus, v(t) must satisfy the following differential equation:
v(t) =v(0) — /t (U(S)JZ(S)>2 ds. (2.44)
o \1—2%z(s)
We may now study the initial condition of the ODE. Since all the information available
at time t = 0 is X{, 350XI’XM = o(X{), by equations (2.6), (2.7), and (2.8), we know that
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v(0) = Var(n|Xg, Xg")
= Var(no +m|X{§, Xg")
= Var(Xg +m|Xg, Xg")

(

= Var(m) (2.45)

the last equality being true because we assume that 7y L 7;. Since n ~ N(0,1) and 7y ~
N(0,c?), we have that:

Var(n) = Var(no +m)
= Var(no) + Var(m)
1 = 2+ Var(m)

1-c& = Var(m) (2.46)

Therefore, we find that since 1 — X 7(0) is v(t), it must be equal to 1 — ¢2. Indeed, one

can realise that 1 — X7 (¢) = v(t) is in fact a solution applying it to equation (2.43):

2
~a30) =0 = - (CEE) oz,

Therefore, we can rewrite Equation (2.44) as follows:

v(t)=1—c*— /0 o%(s)ds.

Once we have found that 1 — Xz(¢) is a solution for v(t), it is possible to replace it in

Equation (2.42) as follows:

fi=tor [ "ol (122 .~ 10+ | o4(s)dN,

By Theorem 2.1 we know that the innovation process, NtI ’M, is the difference between

the observation process and its projection. Therefore, we have the following:
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an,/ Mt

Hence,

Analogously,

M (o (N M =

If we sum (2.47) and (2.48) and replace it using (2.41), we have the following:

O'Z(t)dNt

1 1 I [(t) }/t Xt
Xldt+ X+ %(t)X dt = or(t) g e
5> yT
o1(t) 1Yt_ zﬁ% dy
Sy
M0 = Xo(BoH ) T
M(HAXM — i (t)o mfizfgﬁ

Y, - X/

Y, - XM
Aoa(t)———t

1—%um()
NodX! + XdxM
5 Aoot(t) Moy (t) >
-Y; + dt
t(1—2m> L—Zu (1)
AOO’I( )Xt d AlUM( )Xt dt
1—31(t) 1 —X(t)
NodX! + AdxM

odX] —

+AdXxM — dt

Moof(OX{ o Mok (X
1—3%()
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by equation (2.27). Replacing equation (2.12) into the above equation one gets that

oz(t)dN; = dZy — Ny(t) X[ dt — Ny () XMdt

. of(t)
Y, —L _at
1540
N OX] L Mok (OXY
1—-%(1) 1—%(t)
. o7 (t)
= dz, -V, —1\7/
dZ; T 5200 dt
Ao (1) / I
— | /=L - \\(#) ) X;dt

0_2
- <1/\1_gl((tg)dt - A’l(t)) XMat

2
- t
- dz, —Ytazi()dt

1=3Xz(t)
2 2
—oz(t) o1 —oz(t) om
——= 2 Xidt - —=2—_X,"dt
1-%(t)" " 1—Xp(t) !

by equations (2.20) and (2.25).Consequently, placing equation (2.26) into it, we have that

Vi3,

1—Xz(t) '

o7(t)dNy = dZ; — 0% (t)

Since by equation (2.42) we have that dY; = o (t)dN;, we may write

, Y, - Z,

Notice that Y; is a solution to equation (2.49) given X! and XM. As (2.49) is a linear

SDE, Y = Z is the unique solution. Hence Z is a .#X X M—martingale given by

t
Zy = Zy +/ 0%(s)dN,
0

Furthermore, equations (2.34) and (2.35) become an immediate consequence of Theorem
2.1 since Y = Z.
Also, recall that n is Gaussian by equation (2.8) so the claims about the mean and variance

are a consequence of the definition of optional projection.
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2.3.1 Properties of >,

This subsection brings two very relevant corollaries to understanding Theorem 2.3. The first
one, Corollary 2.1, shows that the remaining variance of the linear combination of Markov
bridges is always at least as small as either of them. Therefore, our application makes sense
as the insider must always have at least as much information about the true value of the
asset as the market maker. Furthermore, due to 2.1 we also have that both (2.34) and (2.35)
are such that Xz (t) > 3/ (¢) and Xz(t) > X (t) for all ¢ € (0,1).

Corollary 2.2 shows that if one of the signals is such that Var(77|9’tXI) =0or Var(77|§tXM) =
0 then Var(n|.##) = 0. That is, if any of the signals is such that there is a disclosure of the
true value of the asset, the insider will know about it. By hypothesis, we know that the asset
will have its value made public at t = 1, so we are not really interested in the possibility that
Ym(t) =1 for some ¢t < 1, but with the possibility that 3;(t*) = 1 for some t* < 1.

With respect to our model, there is a particular setting that is very interesting to us. If
¥7(0) =1 we have the so-called static case. In this case, the insider knows the true value of
the asset at the beginning of the trading period, as was the case with Back (1992). Obviously,
the latter does not consider a public signal.

It is also worth mentioning that both corollaries are indeed just immediate consequences

of equation (2.33).
Corollary 2.1. Xz(t) > X (t) Vt € [0,1].
Proof. By Equation (2.29):

2z(1) Em(t)
— > —— LVt 0,1
ORI E O R
Now suppose that there exist some t* € [0, 1] such that X,/(t*) > X(t*), then

S2(t)  _ _ Su(t)
1-S,(t) - 1— ()

(2.49)

which leads to a contradiction. O
Corollary 2.2. If ¥;(t) =1 or Zp(t) =1 for any t € [0,1], then Xz(t) = 1.

Proof. Since the case of the existence of a t* in which X;(t*) = 1 and Xy (¢*) = 1, but

Yr(t*7) < 1and Xy (") < 1is already covered, consider ¥(t) = 1 and Xj/(¢) < 1, then by
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(2.33): 14+ Sp(t) — 280 (t) 1 —Sp(t)
- 1 —Xu(t) S 1-Zu()

- _ (2.50)
Z
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Chapter 3

Insider’s Optimisation Problem

In Chapter 2 we have found the insider’s valuation of the price of the risky asset we are
studying as it is given by oy Z; + p. It is a Markov bridge that converging to V = oyn +
in ¢t = 1, or whenever t* is such that X7 (t*) = 1, as described by equation (2.9) and (2.10).

We can now go back to Chapter 1 in order to analyse the insider’s maximisation problem.
Recall that in order to have an equilibrium we must find a pair of a strategy in which the
insider is maximising their final wealth for a given pricing rule and a pricing rule that is a
rational one.

In this chapter, we devote our attention to the insider’s maximisation problem. The main
theorem of this chapter is Theorem 3.1. It gives the conditions for an admissible strategy
to be optimal given a pricing rule. Besides the fact that it is suboptimal for the insider to
correlate their strategy with the Brownian motions driving X’ and X the second condition
is that the difference between the price process, S, and the insider’s valuation about the price
of the asset, oy Z; + 1, goes to zero at some rate almost surely. The conditions under which
we are able to prove that such a requirement is fulfilled are developed in Chapter 4 and the
final proof of the almost sure convergence of the mispricing is developed in Chapter 5.

It is interesting to mention that in Chapter 4 we shall restrict ourselves to a particular
form of trading strategies given by equation (4.4). However, Theorem 3.1 is more general
than we will later use.

The path to Theorem 3.1 begins in Section 3.1. In this section, we find the expected
wealth of the insider at the end of the trading period. From there, in Section 3.2 we establish

the value function of the insider associated with the optimal insider trading strategy. We
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are able to apply the dynamic programming principle to obtain the associated Hamilton-
Jacobi-Bellman equation. The HJB equation provides a series of conditions both for the
value function of the insider and for the optimality condition of her controls. Upon finding
these conditions, we face a problem of overparameterization due to the structure of X given
by equation (1.5) combined with the price process given by equation (1.8). This issue is
addressed in Section 3.3 and is unravelled by Assumption 3.1.

The linear structure of the price process given by equation (1.8) combined with the fact
that there is a closed form for the derivative of the value function with respect to X as
one realises by equation (3.11) leads to a closed form for the value function for the insider.
The form of equation (3.11) is not particular to our model. It is analogous, for example,
to equation (6.31) of Cetin, Danilova (2018) when dealing with the dynamic version of the
Kyle-Back model and equivalent to the static case. On the other hand, the closed form of the
value function comes from the closed form of the price process. As one may lose in generality,
one gains in interpretability, which will be tackled as the thesis progresses to other chapters.
In the final section of the chapter, Section 3.4, we find this value function as described in

Equation (3.53) that provides all the results we need to prove Theorem 3.1.

3.1 Wealth

As we have discussed in Chapter 1, the insider’s goal as a risk-neutral agent is to maximise her
expected profit. All sections of this chapter, except this, are devoted to finding the conditions
under which we have an optimal strategy. However, before we are able to proceed with such
a task, we must find the expected wealth of the insider as a function of her controls «, 7o,
and ;.

The final wealth of the insider is given by (1.7) where it becomes clear that the insider
has two sources of profit: from the trading in the time interval [0,1) and from the gain from
the price jump from S;_ to V times her holding 6;_ of the risky asset at time 1.

We shall begin our derivation by noting that the final condition of Z is such that Z; = 7,
hence oy Z1 + 4 = oy + p =V, and applying integration by parts to the processes S and

42



0Z. By doing so, it is possible to rewrite equation (1.7) as:
1
W, = / 0,dS; + 91(‘/ — Sl)
0
1
~ V- / Sidd, — [0, S
0
1 1 1
= O'V/ 0,dZ,; —|—/ (O'VZt + ,u)d@t + O'V[H, Z]l — / S;df; — [0, S]l
0 0 0

1 1
_ av/ OtdZH—/ (0v Zi+ i — S))dby + o [0, Z]1 — [0, Sh (3.1)
0 0

Applying the expectation leads to:

1 1
Ez(Wl) = FE? (/0 (O‘Vzt +u— St)atdt + /0 (Uvzt +u— St)(’yo(t)thI +7 (t)thM)
1
+oy / 0,dZ; + Uv[e, Z]l — [9,5]1)
0

1
= FE* (/0 (ovZi + 1 — Sp)ondt + oy [0, Z]1 — [0, S]1> (3.2)

From Theorem 2.3, we have that NV and N are the innovation processes respectively

related to B! and BM, hence the projection of @ into the insider’s filtration is be given by

9, = audt + vo(t) AN + 4, (t)dBN?. (3.3)

It is now possible to calculate both [0, Z]; and [0, S];. From equation (3.3) and the projected

version of equation (1.8) into the insider’s filtration,

dlg,Sly = Bi()w(t)d[f, 0] + B2(t)onr(t)y1(t)dt

= Bi(Ow(t) (v (t) + 7 (t))dt + Ba(t)ons (t) i (t)dt (3.4)

and because of the martingale representation of Z, given by equation (2.17), and equation

(32)7

6,2 = Mo(t)yo(t)or(t)dt + A1 (t)y1(t)ons (t)dt (3.5)
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As both quadratic covariations are only functions of time, we can rewrite equation (3.2) as

1
E(Wl) = E </ (O'VZt + m— St)atdt
0

1
ﬂw%(%@%@w@+kﬁhﬁbM®Mt

1
0

- oxuﬁww«ﬁu>+vﬂw>+ﬁxwaM@yna»d{) (3.6

3.2 HJB Equation

In this section, we begin the study of the value function of the insider. It will be key in
proving Theorem 3.1 not only because it will provide the insider’s expected wealth at the end
of the trading period, but we show that any strategy that achieves this threshold given by
the value function is optimal. In fact, the mispricing condition mentioned in the beginning
of this chapter derives from the fact that limzp_, J(7T, XT,XQM, Zr) =0 a.s., where J is the
value function of the insider.

We can now start our task by setting the insider’s problem. Recall that «, v9 and ~; are
the controls of the insider. Hence, the insider’s problem is to maximise the function (3.6)

with respect to her controls as defined below:

1
sup E*(W1) = sup {E (/ (ovZi + 1 — Sp)oydt
0

Q770,71 Q70,71

HWA(M@%@W@+M®%®MNDﬁ

1
—A(m@wmﬁw+ﬁmwﬂwwmwmmﬁﬂ
(3.7)

The value function of the insider, J, is the expected profit of the insider under her optimal
controls. Therefore, J must be equal to the r.h.s of equation (3.8). However, one may be
asking what J should be a function of. At any given moment between 0 and 1 the value
function must provide the final expected wealth given the states of the processes the insider

is able to observe. Taking into account insider filtration, these processes should be X, XM,
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X' and Z. However, we recall from Theorem 2.3 that any one of the processes Z, XM and
X7 is just a linear combination of the other two. As a consequence, one may select two of
them to be incorporated in the value function. Therefore, we establish J to be a function of
time, X, XM and Z. Hence, one should interpret J (¢, X;, X, Z;) as the wealth obtained
by the insider from trading between time t and 1 given that the state of the processes X,
XM and Z are respectively X, XtM , and Z;. Moreover, under this interpretation of .J, the
requirement that limy_ J(T, X7, XM, Zr) = 0 a.s. becomes quite intuitive as one would
expect that the profit in the remaining trading period from ¢ to 1 should go to zero as t
approaches 1

Once we have established the parameters J should be a function of, we can write it as

follows:

1
J(t,x,u,z) = ess sup {E </ (ovZi + p — Si)oyds
anom t

1
+aV/t Co(H)10(B)or (1) + M (E)n (o (1)) ds

1
—/t (BLOwWE) (% (1) + 17 () + Bo(B)orr () (1)) ds| Xy = 2, XM = u, Z; = 2)]
(3.8)

The application of the dynamic programming principle leads to the following Hamil-

ton—Jacobi—Bellman equation:

0 = O[s.wupv [(Jow(t) +ovz+p—H(t,z,u))o
+Jozw(t) (Ao (t)v0(t)or(t) + )\1( )n(t)on(t))

FJeww (A ()71 (H)onr(t) + Jm(’y (t) + 75 ()
+ov(Ao()0(t)or(t) + M) ()own(t))

= (BLOw®(F () + 7 (1)) + Ba(t)oar () 711(1))]
+Jp + Jp (ro(t) +ri(t)r 4 ra(t)u)

2 cTu 2
1 2 1 2
+§me (t) + ijuuUM( ) + Jzz (/\OUI( ) + /\10M( )) : (3.9)
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In order to simplify our analysis, we may define the following differential operator:

02

9 Z—u 0 Bw? 9% oi 0?2 0% O?
0z0u’

L= (T0+T1$+T2u)ﬁ+O‘M ——+M 24 \oYy
oz 1 - 0u 2 0z2 2 Ou? 2 022

As one may note from the equation above, we can establish such operator as it does not
contain any of the insider’s controls so it does not provide any information about them. As

a consequence, we can rewrite Equation (3.11) as

0=J;+LJ+ sup {(JI’LU +oyz+u— H)Oz + sz’w(A(]”yoJ[ + )\1710]\4)

;70,71

1
+ JeuwAi 100 + §me2(7§ +71 + ov(Xovor + Aiyiow) (3.10)

— (ovw(rg + 1) + Beonn) }

As it is recurrent in the literature of Kyle-Back models (see, for example, Equation (6.18)
of Cetin, Danilova (2018)), in order to guarantee the existence of an optimal « and the

finiteness of the value function, we must have that the following equation must be satisfied:

0= Jyw(t)+ovz+p— H(t,x,u). (3.11)

One should note from equation (3.7) that if it were not for the equation above, the
maximisation problem would not have a solution. Indeed, suppose that one claims that there
is an optimal strategy o*. It would always be possible to find another strategy o** > «* that
would be more profitable for the insider!.

Furthermore, the first order condition of the maximisation of vy gives

0= Jpw(®)Ao)or(t) + Jeew? (E)10(t) + ov-ro(t)or(t) — 281 (H)w(t)vo(t) (3.12)

!The reader should be remainder that o’s are functions so o** > a* has the ordinary meaning of pointwise
dominance in the domain of the functions.
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and the first order condition of the maximisation of v is

0 = Jow®M@®)on(t) + Jeww(t)on (t) + Jepw? (#)70(t)

oy (t)on(t) — 281 () w(t)(t)) — B2(t)on(t) (3.13)

From equation (3.11), we have that:

Jow(t) = Bo(t)+ Gi(t)x + Ba(t)u — 2 (3.14)
szw(t) = —0vy (315)

As a consequence, we can rewrite Equation (3.12) as
0= —=Xo(t)or(t) + Bi()w(t)y0(t) + ovro(t)ar(t) — 261 (t)w(t)yo(t) (3.18)

hence, —p1(t)w(t)yo(t) = 0. Since f1(t)w(t) > 0 for all ¢t € (0,1) we have that vo(t) = 0.
Moreover, we have that the second order condition for the maximisation is —f;(¢)w(t) < 0.

Likewise, we can rewrite equation (3.13) as

0 = —M)om(t) + B2(t)onm(t) + Bo()w(t)v0(t) + ovAi(t)onm(t)

=281 (H)w(t)n (1) — B2(t)onr(t). (3.19)

Like the previous case, —f31(t)w(t)y1(t) = 0 and —p1(t)w(t) < 0 guarantee that v, (t) = 0 is
the maximum.
Once we have proven the validity of equations (3.11), (3.12), and (3.13), it is possible to

replace them into equation (3.11) to rewrite it as
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Z—U
1- ()

4 Teatt?(0) + 3 hua(0) + 5T (FoH0) + Nk (1) (320)

0 = Jo+Jo(rot) +ri(t)z +ra(t)u) + Juois (1) + LA (t)o3, ()

That in the sense of the operator defined above means that

Ji+ L] =0 (3.21)

One can note that equation (3.11) shows a relationship between the derivative of the value
function with respect to x and the coefficients of H and w. In equation (3.22) we differentiate
(3.20) with respect to 2 so we can do two things at the same time: first we find a relationship
between the coefficients of J and those given by (3.11) and secondly, as long as the function
f defined in equation (3.34) does not depend on z, satisfying equation (3.22) will also satisfy
(3.20).

Therefore, we can take the derivative (3.20) with respect to z again to find that

zZ—U
1—3pm()
1 1
+ Tz 1o, (1) + 5me%t) + 5Jmal%( )+ Jm (A§o7(t) + Ajo3 (1))

0 = Jur+ Juw (ro(t) + r1(0)z + ra()u) + Jor1(O)x + Jeuoas(t)

(3.22)

The linear structure of H is inherited by J,, as we can see in Equation (3.14). As a
consequence, Jy,, = Jrze = Jruw = Jr2r = 0, hence,
1 1
Tozudi03y (8) + 5 T () + 5 Toun0 7 () + Jm (AGo7(t) + Afoi(t)) =0.

Furthermore, one can find the coefficients of J,; by its relationship with J, as developed

here:

The same can be done with the other coefficients of (3.22) considering equation (3.11)
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and (1.8):

~oypBa(t)
SO}
_ Ba(t)
szm = Jpzz = Jozu = Jouu = 0
As a consequence, we can rewrite Equation (3.22) as
0 = Bolt) + ﬁl(t()y)e e UL (Bo(t) + Br(t)x + Ba(t)u — zov — p) ;U;((tt)) +
o) (RO AL BOUZE =Y B 140 4 a0+ ra)
o2(t) z—u
+Ba(t) (3.24)

1—2p(t) w(t)

One way to be sure that regardless of the values of x, u, and z equation (3.24) is satisfied
is to make sure that all coefficients of the above equation are set to be zero. Therefore, we

would like to have

0 = B (50(0) - s + P ) 2 (3.25)
0 = fj(tt))—ﬁl(t>;";((tt))+2r1(t)il((g (3.26)
0 = Z;(é)) 2((::)) +i)2((;))1j]2\§i\j)(t) (3:27)
0 = - 0

+T2(t)il((f)) iQ((tt))l—U]z\;]E\?(t) (3.28)

which leads to equation (3.24) being satisfied. Rearranging the terms of the equations above

one gets that
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o(®) = 5.7 (0600 = )20 = 5500 - Bult) — 1 (0). (3.29)
W) B0 w0 B
o 50) = w0t T b

3() out) _ Ba(t)
<<1 iv)l—ﬂgé(t)_ﬁz(t))' (3.31)

(3.30)

3.3 Overparametrization

We can take a moment to realise that we are dealing with an overparameterization. Indeed,

the first step one should take to note that is applying It6 formula to the price process:

dsy = (By(t) + B(t) Xy + By(t) X} )dt
+ 51 (t)w(t)dydt

+B1(t) (ro(t) + r1(6) Xy + ro(t) XM ) dt
St—p XM

+52(t)012\4(t)ﬁ

+B1 () w(t)dNDY + Ba(t)oar(H)dNS (3.32)

dt

where N and N are innovation processes given by equations (4.2) and & the projection
of o into the market maker’s filtration also given by (4.2). Those innovation processes are
relevant as the price process is defined by the market maker following a rational pricing rule.
Now the overparameterization becomes clear when substituting equation (3.24) into the one

above to get the following price process:

Sy = Bu(tyw(t)dedt + Bi()w(t)AN + Ba(t)orr (AN, (3.33)

One can note that w and (B, are not distinguishable for the market maker regarding the
price process. The market maker aims to follow a rational pricing rule, so she will set the
values of the s in order to do so. Hence, for any function w there will be an 51 such that the
above equation follows a rational pricing rule. However, it should be noted that the process

X is also built by the market maker. As both w and $; work analogously as controls for the
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market maker?, it is irrelevant to her what values each one of the functions are taking at any
given moment as long as the pricing rule is rational. Therefore, instead of allowing w to be
almost anything, we shall set the value of 31 to be equal to a constant oy and ask w to do
the job of ensuring that the market maker’s goal is achieved.

Therefore, we can, without loss of generality, make the following assumption:

Assumption 3.1. 81 = oy, where 81 is the function appearing in the representation of the

pricing rule as defined in Definition 1.1.

The above assumption becomes quite relevant to us at this point because we may now
simplify the conditions on the r’s to have Equation (3.24) satisfied. We can rewrite equations
(3.29), (3.30), and (3.31) under the conditions of the above assumption, as of Assumption
3.2 below:

Assumption 3.2. The functions (r;)?_, and (B;)?_, satisfy the following relationships for
allt € [0,1):

ro(t) = oyt (Bo(t) — )25 = Bo(Boy ' — oy (Bo(t) = mra(b),

W(t) _w(t) | Bat) o)

_w(t)
"= T e T oy T-sn @)

_ pa(t) Ba(t)y  ois(t) B5(t)
ra(t) = iv ((1‘ jv )1_A§M(t) _ﬁz(t)>'

3.4 The Value Function

Once we know the conditions the value function must satisfy, we can now show what functional
form it should take. From the previous section, we know that the «’s optimal controls are

such that v9 = 71 = 0. Furthermore, equation (3.11) ensures that the derivative of J with

H(t,xu)—oyz+p

b0 and we also have a form for the derivative

respect to x must be such that J, =
of J with respect to ¢ given by equation (3.21).

This structure allows us to wonder about the actual form of J as a function of time, X,
XM and Z. Equation (3.11) ensures that .J is such that there should be an integral as in the

r.h.s of (3.34). Furthermore, the choice of the lower limit of integration comes from the fact

ZNote that it does not make sense to say that they are controls for the market maker as they are not solving
any maximisation problem. They work analogously as controls because the market maker sets those functions
so that they can satisfy the rationality condition
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that J must be such that limp_,; J(T, XT,X:M, Zr) = 0 a.s.. Furthermore, from equation
(3.24) we know that equation (3.37) below is satisfied for ¢ defined as the integral in (3.34).
As a consequence, f in Equation (3.34) must be a function that depends only on time. We
go further in this section and show the functional form of f.

Therefore, we can now conjecture that J must be of the form below for some function f

that will be found also in this section:

x H _ _
J(t,az,u,z):/ (t,y,u) t“"z Boay + f8), (3.34)
H-1(t,oyz+p,u) w( )

for some function f to be determinate where H follows equation (1.8) and H (¢, y, u) is such

that H(t, H '(t,y,u) = y, hence H(t, H ' (t,0p 2 + p,u) = oyz + p. Therefore,

— Bo(t) = Balt
H1(t gy — 2500 = Aoty -
ov
Let us begin by defining

r Hi(t — —

o(t,x,u,z) = / (t,9,u) —ov= 'udy. (3.36)
H=1(t, 0y z4u,u) w(t)
Note that by the previous calculations, we must have that ¢ is such that

9 z—u

ot + oz (ro(t) + r1(t)x + ra(t)u) + puois(t) ——=—— = 0. (3.37)
1—3um()

which is equivalent to satisfying the equation (3.22). As a consequence, the role of f is to
make sure that once (3.22) is satisfied, it also will be (3.20).

Let us start by recalling that, by the structure of (3.36), it is trivial that:

H(t,x,u) —oyz —

Pa(t, T u, 2) = (D) (3.38)
hence we can see that equation (3.11) is fulfilled. Furthermore, we have that
H,(t — —
@mz(t,x,u,f&') — Z‘( 71'771/) oyz M _ oy (339)
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We may now proceed by calculating ¢,,:

* H,(t
oult,z,u,2) = / Mdy
H-1(t,oyz+p,u) w(t)

—H Yt ovz + p,u) <

/’C Hu(t,y,U)dy

H=1(t,ovz+p,u) w(t)
_ oyzZ+pu—oyz—u
—H, Y t,ovz + p,u) ( 0 >

_ / Mdy (3.40)
H-1(t,oyz+p,u) w(t)

N / m BQ(t)dy
H-1(t,oyz+p,u) w(t)

= B2(t) (z—H '(t,ovz+ p,u))

H(t,H_l(t,O'VZ + pyu),u) —oyz — [
w(t)

w(t)
w(t) oy ’ ’
This also allows us to calculate py,,:
ouu(t, T, u) = /x Mdy
e H-1(t,oyz+p,u) ’LU(t)
-1
—H ' (t,ovz + p,u) <H“(t’ H (tz’v(zz/)z + s ), U)>
_ —Ba(t)\ Ba(t) _ B3(1)
= 0 (T20) ) = v 42

We can finish calculating all the coefficients that do not depend on t by calculating ¢,

and its second derivatives:
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’ Hi(t Coyr
0.t 7, u,2) = / 8( (t,y,u) — ovz “)dy

H-1(t,oyz+p,u) % w(t)

H(ta Hil(ta oyz+ M?u)7u) —O0yz — [
w(t)

7 v )

— /m —U—de
H-1(t,oyz+p,u) w(t)

_ oyz+u—oyz—
—H; 1(t7avz+u,u)< vETREZ OV M)

w(t)
(x —H Y(t,ovz + p, u))

- wl(?)
= (o - oA = ) 5.13)
Which also allow us to the calculate ,,:
— g1 —
otz = —2 (UV (= %V + u,u))) _ ffff) (3.44)
and @,,:
o ((x—H Yt,ovz+ p,u)) ov
oty miuz) = =5 o) = 20 (3.45)

We must also have the calculations of the derivative of ¢ with respect to ¢t. First note

that

! 9 (H(t,yw))
t,r,u,z) = — [ —=—=)d
spt( ) /Hl(t,avzqtu,u) ot w(t)

_ H(t,H Yt,ovz+ p,u),u) —oyz —
—Htl(t,avz+u,u)< ( (t,ov [ u), u) |4 M)

w(t)
- /l:l(t,z,u)({i (H(Lg; U)> W

_ +u—ovz—pu
_H lt UVZ
t (,Z,U)( w(t)

= / 9 (H(t’y’“)> dy (3.46)
H-1(t,oyz+p,u) ot UI(t)
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so we can now perform the calculations on the derivative inside the integral above:

Q (H(t7y7u)> _ Ht(ta y7u)w(t) — (H(t7y7u))wl(t)
at \ w(t) w?(t)
o Ht (ta Y, u)w(t) — (H(t’ Y, u))w/(t)
= o) (3.47)
which can be written as:
Hy(t,y, ww(t) — Ht,y,w)w'(t) _ Byt)w(t) — fo(t)w'(t)
w(t) w?(t)

i (TUV?Z/)@)) v
N (@(t)w(tzv 2—(£Q<t>w'<t>> }

Therefore,

otz ) = Bé(t)w(tz)v;(tﬁ)o(t)w/(t) (v~ H \(t,0v2 + pu))

I <_‘7Vw/(t)> 1 (2* — (H ' (t,ovz + p,u))?)

) u (x fH_l(t,JquL,u,u))

<W1’/(t)> (x+H Yt ovz+ p,u))

(B0 - 0w u] (o= Bt ovs + o)

Now, one can note that

_ _ ovz+p—Bo(t) — Ba(t)u
(x—i—H l(t,avz—i—u,u)) = <:C-|— - >

_ <2$ n ovz+pu—Po(t) —ove — 52(t)u)

ov
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As a consequence,

oi(t,z,u,2) = [56(t>w(t3uz—(go(t)w’(t)
—oyw'(t) . By ()w(t) — Ba(t)w' (t) §
(e ) ()
1—w'(t)oy <0vz +u—Po(t) —oyx — 52(75)“> ]
2 uR(1) .

X (:1: —H ' (t,ovz +p, u))

We can replace the equation for r1 in Assumption 3.2 into the equation above so we have

that
ot o) — [ﬁé(t)w(tzu ;(tﬁ)o(t)w’(t)
N <—O;Uv22é’)(t)) - (ﬁé(t)w(tzuz—(gz(t)w’(t)> u
) <Uv2 - Bo(;)(; ovi— m)u) ]
x (x— H Yt ovz + p,u))
Moreover, note that
Az, “;(_t)""z g I;’(Vt) (x— H Y (t,002 + p,u)) (3.48)
Hence, if we define ¢(t) = g1 + @ (ro(t) + r1(t)z + r2(t)u) + 0ot (t) s
o) = | BEEOU 60y oyt patoy = ove— ) L1+
m® ( Bo(t) + ova + wﬂ(gt()t)u — oy — u)
*%) (ro(t) + r1(£)z + ro(t)u)
+/Z)2((;)) 1 _U?ng\?(t) (2 — u)] (x— H (t, 002+ p,u))

As a consequence of equation (3.24), we have that ¢(t) = 0.
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Hence, in order to make equation (3.20) true we need to set

P = e (02 (8) + St (8) + o0 (8) + mpee (A0() + A20%,(1)) (3.49)

2 2 2
Thus,
s —Ba(t) 1—=37(1) 1 1 B2(t) 11
—fi(t) = oyt 1= EM(t)U%At) + §va(t) + iaVQw(t)J]zV[(t) + §UVT(t)U%(t) (3.50)

As a consequence, we may define the integral:

ft) = ;/tl oyw(s) + 5%(5)0-12\4(8) + U%(S) _ 20]2\4(3)ﬁ2(5))‘1(8) ds (3.51)

oyw(s) oyw(s) oyw(s)

Therefore, we can rewrite equation (3.34) as

v H — _
J(t,z,u,z) = (t,y,u) —oyz ,ud
H=(t,2,u) w(t)
41 /1 r(s) + B3(s)o3(s) n oy(s) 20%4(8)&(8))\1(8)(15
2 Ji oyw(s) oyw(s) oyw(s)
(3.52)
The calculations above prove the following proposition:
Proposition 3.1. Suppose that the integral
/1 ovw(s) + B3(s)o2,(s) n ovoz(s) B 20]2\/[(8)B2(8)/\1(8)d8
0 O'VU)(S) /w(s) w 8)
exists and is finite. Then, the function J : [0,1) x R® — R defined by
‘ Hit — —
J(t,z,u,z) :/ (t,y,u) —ovz de
H-1(t,oy z+p,u) w(t) (3 53)
L ()0 (s) | ovadls)  20%(s)a(s)M(s)
+ - [ oyw(s)+ _ ds
2 )i oyw(s) w(s) w(s)

solves (3.21) with J, = %

We can now proceed to prove the main theorem of this chapter. Equation (3.53) is
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equivalent to 1 in Equation (6.30) of Cetin, Danilova (2018). In the Kyle-Back models
without a public signal, we still have the same structure for the derivative of the value function
with respect to the process X, so some version of equation (3.11) is present. Therefore, the
first integral in the above equation is quite equivalent to what we have in our case. With
some subtleties, the same could be said about the second integral. However, it is true that
a lot of care was taken to ensure that the second integral would depend only on time in our
case. Furthermore, as is traditional in the literature, the form of the value function depends
on the price process. In both Equation (6.30) of Cetin, Danilova (2018) and Equation (3.53)
in our case, the form of the pricing rule H provides the form of the value function. Therefore,
the main innovation of the theorem below is not how it is different from the previous Kyle-
Back models but how we are able to adapt a public signal without completely changing the
structure of the value function.

There is also an interesting debate about the fact that in the literature it is said that the
insider drives the price to the final value of the asset almost surely. Indeed, the price goes
to V when time goes to one, as we need that lim;_,; ¢(¢, Xt,Xt]\/[, Z;) = 0, P*-a.s.. However,
it is no longer clear whether that is insider-made. Since now the market maker has her own
signal XM about the final value of the asset, she no longer depends on the insider driving the
price to V' at the end of the trading period. If the insider did not trade, the price would also
go to the same value. In Chapters 5 to 7 we address this issue a few times. In those chapters,
we discuss whether at the end of the trading period the market maker is relying on her own

(public) signal or if she is being driven by the information coming from the process X.

Theorem 3.1. Suppose that the hypothesis of Proposition 3.1 is valid. Let (H,w,r) be an

admissible pricing rule and define

) H(t gua—
¢(t,x,u, Z) :/ ( ,y,u) oyz ,u,dy
H=1(t,oy z4p,u) w(t)

If 0 is an admissible trading strategy for this pricing rule with vo = ~v1 = 0 and limy_1 ¢(t, Xy, XM, Z;) =

0, P*-a.s., then it is optimal. Moreover, the expected terminal wealth associated with any op-
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timal strategy is given by

—z 2
J(0,0,0,2) = %
1 L 63(8)012\4(8) UV(T%(s) 20]2\/[(S>62(3))\1(8) (3.54)
+ 2/0 ovw(s) + rvols) T w(e) e s,

Proof. Note that for any admissible strategy 6, we can apply It6’s formula to obtain

dJ(t, X, XM, Z,) = Jydt + Jpd Xy + JdXM + J.dZ,
- Joud[ X, XMy + Jpod[X, Z)s + Juod[ XM, Z);
+%de[x, X + %Juud[XM XM+ %Jzzd[Z, AR
= (@ — f'(t))dt
+Jy [w(t)(dBy + dby) + r(t, X, X}M)dt]
012\/[(75) M
+Ju(z — u)mdt + Juo (t)dB;
+Jzuon ()1 (E)w(t)dt + Jozw(t) (Ao ()0 (t)or(t) + Ar(t)y1(t)on(t))dt
g T ()1 23(0) + A Ot + 5ok (1)t
1

5T (NG (D)TF (1) + M (1) (1) dt (3.55)

Note that Ji(t, z,u, z) = ¢i(t,x,u, z) — f'(t) having ¢ being defined as in equation (3.36).
Thus, J; = ¢z, Ju = pu, and @(t) = ¢+ Jpr(t, x,u) + Juajz\/[(t)#;(ﬂ = 0 as a consequence
of equation (3.24).

Furthermore, as

f't) = <pzu)\1(t)a%/[(t) + %gomuﬂ(t) + %g&uuaﬁ(t) + %g@zz ()\(Q)U%(t) + )\%012\4(15)) ,  (3.56)
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equation (3.55) can be rewritten as

dJ(t, X, XM, Z,) = Jyw(t) (dBy + dby) + Juon(t)dsM
+J.(t, X, XM | Z4)d 2,
+Jruopr (E) 71 (H)w(t)dt

or

+Jz2w(t) (Ao (t)v0(t)or(t) + A ()1 (t)om(t))dt
1

+§me2(t)(7§(t) +i(t)dt (3.57)

or, equivalently, in the integral form

Jt, X, XM 7,) = J(o,o,o,z)+/1 wa(t)dBtJr/l Jyw(t)do;
1 ’ 1 °
+/0 Juch(t)dBﬂ‘r/f/O J.(t, X, XM, Z,)dZ,
1
+/0 Ba(t)on ()1 (t)dt
1
= [ Qo) + e (o)

1

1
= / v (D) (23 (1) +~3(1)dt (3:58)

Next, for T' < 1, let
T T
e [0 [ sy 7.5
0 0

and recall from (3.1) that limp_,; Wy = Wy; which the terminal wealth of the insider.

Moreover, applying equations (3.4), (3.5), and (3.58) into the above equation, we get that

T
J(T, Xp, XM, Zr) = J(0,0,0,2) — Wr +/ Jo(t, X, XM, Z)w(t)d By
0
T o o 1 T
4 [ e X0 XY, 20w s - ov [ w@GR0) + 220N
0 0

T
+/ Jz(ta XtaXtNlazt)dZt-
0
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Observe that limy_,1 ¢(T, X7, XM, Zr) > 0, where the existence of limits follow from the

continuity of (W;)¢cp,1) and the stochastic integrals. Thus,
1 1
Wi < J(0,0,0,2) + / Jo(t, Xe, X{, Zy)w(t)dBy + / Jult, Xe, X{, Z)orr (t)dBy!
0 0
1 1 T
4 [0, 20dz - Sov [ w@OF0) + 30
0 0

The admissibility conditions in equations (1.10) and (1.11) imply that the stochastic integrals

above have zero mean. Therefore,

1 T
B IA] < 7(0.0.0.2) — 5ovE*| [ wlodo) + o]
0
where if 79 = 71 = 0 then the inequality is an equality if and only if limy_,; J(T, X7, XM, Zr) =

0. Therefore, an admissible strategy with the properties given in the statement is optimal.

O]

61



Chapter 4

Rationality Condition

In this chapter, we address the issue of the rationality condition of the market maker. At first
glance, it should not be so different than what we had in the previous case of the literature:
the market maker projects V into her filtration to find her valuation of the risky asset.
Therefore, we aim to find E(V|.ZM) for any given optimal strategy of the insider!, but now
the complexity of this task is much greater.

Indeed, the original condition Back (1992) has found for the price process to be a martin-
gale in the market maker’s filtration was that the pricing rule should follow a heat equation -
since H was originally just a function of the demand, it would mean that in equilibrium the

2 was the variance of n ~ N (0, 0?).

pricing rule should be such that H; + %JZHyy = 0 where o
Proceeding further in the literature we can mention Campi et al. (2011) where the market
maker also uses a statistic for the demand process such that dX; = w(t, X¢)dY; where Y
is the demand process. In this model, the rationality condition is satisfied in equilibrium if
H(t,z)+ w(%y + Hyp(t,x) = 0 and wy(t, z) + w(%y + Wy (t, z) = 0. As we shall see in this
chapter, even with some simplifying hypothesis, such as the one given by Equation (1.8), we
have a more complex task.

In Chapter 2 we mentioned that there was no counterpart in the literature to the insider’s
projection of n into her filtration because either she would know the outcome of this random
variable from the start of the trading period or she would receive a private signal such that

her valuation of the risky asset would trivially follow this process.

However, now the projection of V into the market maker is much more complex than

'Recall that any strategy that satisfies the conditions of Theorem 3.1 is optimal.
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before. The market maker now has two sources of information. An endogenous one, resulting
from her interaction with the insider by trading with her, as in the cited previous literature,
and an exogenous one, X7,

Furthermore, one can say that now there are two possible ways to project n into the
filtration of the market maker. The first is 7 directly into the filtration of the market maker,
but the second is the projection of 7 first into the insider’s filtration, hence Z;, and further
into the filtration of the market maker. As we shall discuss shortly, not only do we have to
deal with both projections now, but also they must coincide in some sense. In the previous
cases in the literature, there would be no projection of the projection as, without X, X/
would determine the insider’s valuation of the asset, and we would only worry about the
projection of X! into the market maker’s projection.

Let us first note that the price process should follow the projection of V' directly into the

market maker’s filtration as follows:

E(VIFM) = ovE@mFM) + i

How we find this projection is discussed in Section 4.2. However, as we mentioned before,

ffM

since #M C Z[ for all t in [0, 1], it is immediate from the tower property that

E(VIZM) = ovEmFM) + p = ovEEMIF)FN) + p = ovE(Z) FM) + . (41)

The projection of Z into the market maker’s filtration is developed in section 4.3. The
fact that those projections must coincide is also discussed in that section. As presented in
section 2.1, the stochastic filtering gives us an ODE for the variance of the projection of the
signal process. As in our case, not only do we have to make sure that the projections coincide
but also that we have made an important assertive about the form of the rq coefficient in
Assumption 3.2 while solving the insider’s maximization problem, we end up with a system
of ODEs to be solved.

The solution of the ODEs is not trivial. In fact, we developed an innovative strategy to
prove the existence of a modified version of the system in Section 4.4. The equivalence to
the modified version with the original relies on a particularly suitable initial condition to the

system that is defined in a circular manner itself. We developed a fixed-point algorithm to
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prove the existence of such an initial condition in Section 4.5 and ultimately the existence
and uniqueness of the whole system. Hence, we use non-standard machinery in both sections
4.4 and 4.5 to prove the existence and uniqueness of this system of ODEs.

In Section 4.6 we investigate some further results on w that will be relevant to prove the
existence of equilibrium in Chapter 6. In addition to that, those results are also required to
show that lim; .1 ¢(t, X;, XM, Z;) = 0, P*-a.s. in Chapter 5. Section 4.7 is a small optional
section showing that indeed the price process converges to V. We call it optional as we use
some more robust mathematical techniques to prove that lim; 1 ¢(¢, X3, X¥, Z;) = 0, P*-a.s.
in Chapter 5 which is what we actually need to prove the existence of an equilibrium.

However, before all that, we restrict ourselves to a smaller class of trading strategies than
we have so far. From section 4.1 onwards we only consider linear strategies as will be defined
in equation (4.4). Our aim in this model is to show the existence of an equilibrium such that
it satisfies definition 1.3. We do not claim that the equilibrium we present in Theorem 6.1 is
in any form unique, as is the case in the literature (see Section 7.2 of Cetin, Danilova (2018)).
The only reason why we do not embed such restriction in equation (1.9) in Definition 1.2 is
because we want to make sure that it is clear that such hypothesis is not necessary to prove

Theorem 3.1.

4.1 Linear Strategy

Before we proceed presenting the linear strategies to which we restrict ourselves, let us recall
two important facts that will be relevant to our discussion of the linear strategies.

The first fact is that the admissibility condition for the insider’s strategy given by Def-
inition 1.2, in particular Equation (1.9), and Theorem 3.1 ensure us that v = 71 = 0. As
a consequence, we have that any optimal admissible trading strategy must be of the form
db, = audt.

The second is from Theorem 2.1 we can find the innovation processes associated with the
observation processes for the market maker. Indeed, applying the theorem mentioned above

in equations (1.1) and (1.3) considering equation (1.9) with 79 = v = 0 we have that:
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AN = dB, + (oy — éy)dt, and

. 4.2
XM — iy dt (4.2)

where N and N@ are innovation processes associated with the filtration of the market
maker. In line with the notation developed in Chapter 2, we denote by & the .#M-optional
projection of a, which makes & a version of E(a|.Z). Furthermore, we denote the optional
projection of Z; with respect to the insider’s filtration by Z;.

Replace the above equations with (1.1) and (1.5), one gets the following;:

Mdt
1—%um() (4.3)
dX, = w(t) (dtdt + dNt(l)) + (ro(t) + 11 (8) Xy + ra () XM) dt,

dXM = o3 ()dANP + 02, (1)

Recall from the conditions of Theorem 3.1 that if 79 = 73 = 0 a sufficient and necessary
condition for an admissible strategy that is absolutely continuous with respect to the Lebesgue
measure to be optimal is that lim_,; ¢(¢, Xt,XtM,Zt) = 0, P?-a.s.. Since our aim in this
chapter is to show that there exists at least one optimal strategy, we shall do so by showing

that there is an optimal linear strategy of the form:

ar = ap(t) + a1 () Xy + aa(t) XM + az(t) Zy, (4.4)

for some measurable deterministic functions «;, @ = 0,1,2 and 3. Before we explain why we
have chosen such functional form, let us take a moment to look at &, the projection « into

the market maker’s filtration under the above condition:

& = ap(t) + a1 ()X + () XM + as(t) Zs. (4.5)

Therefore, the first interesting fact we get from this linear structure is that due to the
linear statement of Theorem 2.1 and the fact that both X and X™ are observable to the
market maker, we have that as long as we know the projection of Z into the market maker’s

filtration, we can easily get the value of &.
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Furthermore, from the very definition of a rational pricing rule given in Definition 1.3, the
price process must be a martingale in the filtration of the market maker. As a consequence,
from Equation (3.33), we have that a necessary condition to have S; as a martingale is that
B1(t)w(t)ay is equal to zero for all ¢ € [0,1]. Therefore, in the next section, Section 4.2, we

shall find the coefficients of (ozi)?:l such that the price process is a martingale.

4.2 Optional Projection of V'

As we mentioned at the end of the last section, by the very definition of a rational pricing rule
given by Definition 1.3, the projection of V into the market maker’s filtration, hence the price
process, must be a martingale in the market maker’s filtration. Furthermore, equation (3.33)
shows that a necessary condition for it is that S (¢)w(t)ay is equal to zero for all t € [0, 1].
Our strategy in this section to ensure that S is a martingale is to find the coefficients of
(e;)3_; such that & = 0 for all ¢t € [0,1]. In fact, Lemma 4.1 below shows exactly that this

is the case if we set (a;)?_; to be as in (4.6).

Lemma 4.1. Suppose (H,w,r) is an admissible pricing rule and Assumption 3.2 holds.

Assume further that the insider’s trading strategy from (4.4) satisfies the following:

aolt) = (1 — o)) 22D,

oy
on(t) = —as(), (4.6)
s(t) = —pa(t) 28,

ov

Then, the price process S admits the following F™ -dynamics if Sy = H(t, X¢, X}M) for each
t and (H,w,r) is a rational pricing rule:

dS; = oyw(t)dNY + By(t)oar(t)dN?, (4.7)
where N s are the innovations processes given by (4.2).

Proof. First, we can apply the Ito formula to the price process as we did in the previous

chapter and rewrite the equation (3.32) under the conditions of Assumptions 3.1 and 3.2:
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dS; = oyw(t) <a0(t) +a1(t)Xe + az ()X + as(t) Sta; M) “

+ovw(t)dN + Ba(t)orr ()N

Applying the coefficients (4.6): one gets:

ds, =1ww<<xu Bo(t)) — as(t)ov Xe — as(t) Ba (XM + as(t)(S: — ) dt
+oywt) AN + Ba(t)orr (H)AN
= w(t)a ()( (Bo — 1) — ov Xy — Bo() XM + (Sp — p)) dt
+ovw(t)dN + By(t)oar (H)dN,”
:uwmwﬂ< — ) + (S — ) dt
+WMU Y+ Ba(t)on (8N
)

= opwt)dNY + By(t)on (£)dN.

O

Therefore, the price process is a martingale in the filtration of the market maker. As a
consequence, so must the projection of Z into the filtration of the market maker. We shall
address such projection in the next section.

However, before that, as an immediate consequence of the fact that the price process is a
martingale in the market maker’s filtration, we have that so the demand is. In fact, we call
the next proposition a corollary because they are the same parameters that make the price a

martingale that also make the demand a martingale because E(a|.ZM) = 0 for all ¢ € [0, 1].

Corollary 4.1. Under the conditions of Lemma 4.1, the demand process, Y, is a FM-

Brownian motion.

Proof. From equation (4.3), we have dY; = éztdt+dNt(2). Combining that with equation (4.5)

and (4.6), we have that
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;= (ao(t) +a1()X: + ez () XM + ag(t) ;) dt + AN

= (= 500 "2 — a0, ~ a0 20X + a2 )t +

ov
t N
= aj-‘(/) (—/Bo(t) — UVXt — ,BQ(t)ng + UVZt + /‘L) dt + dNt(Q)
t
- Oﬁ(v) (=S + Sp)dt + AN = dN/? (4.8)

4.3 Optional Projection of Z;

As we mentioned in the beginning of the chapter, we can now proceed to find the projection
of Z into the market maker’s filtration. We can now apply the theory of stochastic filtering
to find the distribution of Z; = E [Z|.7}] as we did in Chapter 2 for the insider’s filtration.

Before we proceed, it is important to realise that the distribution of Z;|.# is not the
same as the distribution of n|.Z as they only share the same expectation. In this section, we
will also discuss the distribution of 7|.%. As they are both Gaussian random variables, the

only thing that remains to be shown is the variance as we know, from the previous section,

in particular Lemma 4.1, that

:St_'u
ov

E [2:|7}]"] = E [ElF/ 7] = E [1|.7"]

Let us now define v(t) := E[Z2|.ZM] — Z2. Now we can easily find the distribution of
n|-ZM. Indeed, applying the law of total variance to 7 into the market maker’s filtration one

gets

Var(nFM) = EWVar(n|F)|FM] + VarEn.F)]FM)
= E[1 - Xz0)|.FM] + Var(z,|FM)

= 1-55(t) +u(t) (4.9)

An immediate consequence of it that will be relevant to us in the next section is that

since Var(n|.Z") is the unconditional variance of 7, we have that
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1=1-34(0) +v(0). (4.10)

Now we can proceed with the projection of Z into the market maker’s filtration through
Lemma 4.2 below. This lemma is just an application of Theorem 2.2. Usually, one would go
further to find a process that would be a solution for the system given by (4.11) as we did
for the insider. However, we cannot do it yet because, as we discussed previously, there are
other requirements we need to fulfil as we need the projection of 7 directly into the market
maker’s filtration to coincide with the projection of 7 first into the insider’s filtration than

further into the market maker’s filtration.

Lemma 4.2. Suppose that (H,w,r) is an admissible pricing rule and « satisfies (4.4). Then,

FM is Gaussian with mean Z; and

for each t € [0, 1], the conditional distribution of Z; given

variance vy, where

dZ, = v(t)as()dNY + _ou(®) (w(t) +1—3z()dNP . Zy =o0;
(4.11)

TN o3 (t) o
oz (t) —v'(t) = v*(t) a3 (t) + &W (0(t) +1=Sz(1)*, v(0) =L4(0).

Proof. We shall use the same setting as we did in Chapter 2 to find the optional projection
of Z into the market maker’s filtration. First, note that now we have Z; as the signal process

and X; and XtM as the observational processes; we can rewrite it in terms of Z;, X; and XtM :

dZ; = [Ao(t) + A1(t)Zy + As Xy]dt + B(t)dW, (4.12)
dX; = [Co(t) + C1(t)Zs + CoX{|dt + D(t)dW; (4.13)
where
_ xM
X, = (4.14)
Xy
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and W, is a (m + n)-dimensional Brownian motion given by

B
W= |pM]|. (4.15)
By

In our case, we can apply the filtering equations from the insider’s filtration into the
market maker’s filtration. As we have seen, we can write Z; as
dZ; = Mo(t)op(t)dBE 4+ A1 (t)onr (t)dBM

where df! and dBM are independent Brownian motions in the insider’s filtration. Further-
more, according to Theorem 2.3, in particular (2.34), we have that the public signal can be

written as

Zy — XM

deZUM(t)d5y+U%4(t)m

dt

and the demand process as

dXy = w(t) [(a(®) + a1 ()Xs + as(t) XM + as(t)Z;) dt + dBy]

+ (ro(t) + rL(t) Xy + ra(t) X)) dt (4.16)

Therefore, the coefficients of Theorem 2.2 are as follows:
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Ao(t) = Ait) = Ai(t) = As(t) =0 (4.17)

B(t) = [)\o(t)aj(t) M (8o (t) 0] (4.18)

Colt) = w(t)ao(t) +ro(t) (4.19)
I 0

Ci(t) = w(fiiff” (4.20)

Colt) = w(t)oq (t) + r1(t) w(t)afg)(;:rz(t) (421)
i 0 =S
0 0 w)

D(t) = (4.22)
0 opm(t) 0

Equation (2.4) of Theorem 2.2 gives the general form

dZ; = [Ao(t) + A1(1)Y; + A Xy)dt

+[v(t)CT(t) + B(t)D*(t)][D(t)D*(t)] ~2dN, (4.23)

since the innovation process must have the same dimension as the observational process, N;
. . . : : . . 1 2
is a two-dimensional .#-Brownian motion with coordinates Nt( ) and Nt( ),

*

Moreover, * stands for the transpose matrix. Applying (2.4) to our particular case, we

have the following.
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47, = {U(t) [w(t)as(t) 102%11»%}
0 0 1
[)\0( Jor(t) Ai(t)om(?) 0} 0 omlt) {wot) )
v o o)
| 1
= {[v0uast) v ]+ |0 nwed]} {wg) ol
o)

v(Hw(t)as(t)

w0
02 w
v(t)lglgzt)—l—)\l(t)a?w(t)]}{ ® ]dNt
ij[(t)

- {l
o(t) 240+ (t)aM(t)} } N,

= {[owasv
= v(t)ast)dNY + (v(t) Aé(t) + M (o (t)) an?

G
= v(t)as dN1)+J ( Et >dN(2)
o(t) (0
= o(t)as ( — 1_22())611\@(2)
= u()as(t)aND + ”()<<>+1—zz< 1) dN?. (4.24)

Recall that (2.5) from Theorem 2.2 also provides a formula for the variance of the process

v(t) as follows:

do(t)
dt

= ALt)olt) + v() AL () + BB (1) — () CF (1)

+B() D (O)][D(#) D™ ()]

Replacing equations (4.17) -
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do(t)

dt
1
0 v(t)as(t)
o w2(t)
— [v(Das(t) v(t) BTy + M(ou(?) .
[ m () } 0 ol O3S + o)
= ay(t)
1
— 0 v(t)as(t)
3y w2(t)
— [v(Das(t) T30 () + 1 T(1)) .
[ w0 } 0 aﬁj(t) 1&%) (v(t) +1—-2z(t))
Hence,
2 ’ 2 2 ‘712\4(75) 2
oz (t) —v'(t) = v*(t)az(t) + ESNOE (v(t)+1—Xz(t)) (4.25)
Now note that v(0) = Var(Zo| M) which is the unconditional variance of Zy. Since
Var(Zy) = Xz(0), then v(0) = Xz(0). O

4.4 Existence and Uniqueness

We now have all the ingredients to set the system of ODEs that must be solved to find the
solution of v, hence the distribution of n].#M.

The first thing to mention is that from equation (4.1), we have
dSt = O'VdZt

Combining the above equation with equation (4.11) from Lemma 4.2, which gives us the
projection of 7 into the market maker’s filtration through the projection of Z into the market
maker’s filtration, with equation (4.7) from Lemma 4.1 obtained by projecting n directly into
the market maker’s filtration and the martingale requirement given by the rational pricing

rule, gives us the following equality:

dS, = ovw(t)dNDY + By(t)on (t) AN,

o (t)

Vm (v(t) +1—Xz(1)) dNt(Q)-

as; = oyv(t)as®)dNY +o
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Therefore, we must have, for all ¢ < 1:

O‘M(t)

Ty, O +1-22(0) = Baltom(t) (4.26)

v(t)as(t) = Bi(t)w(t) (4.27)

ov

However, before setting the system, one should recall that from Assumption 3.2 the

following identity also holds for all ¢ < 1:

W) B o
’LU(t) oy I—ZM(tY

(4.28)

Therefore, considering the ODE for the variance given by equation (4.11), we have an

ODE system that can be summarised by the following;:

WO 7,0
9 .
o2 (t) — v/ (t) = w?(t) + %)Q(U(t) +1-2z(t)2, v(0)=c%

(1—Xm())

for some initial condition w(0) yet to be determined.

Indeed, we cannot look at this system purely from an ODE point of view. Recall from
equation (4.9) that v + 1 — Xz is the variance of n|.#. Therefore, we do not want any
solution to v. We need a solution for v such that v+1— 3y is such that v(0)+1—-X7(0) =1,
v(l)+1—-%z(1) =0, and v + 1 — Xz are decreasing.

The main result of this section, Proposition 4.1, proves the existence and uniqueness of
a solution for a modified version of the above system that only considers the positive part of
v+1—2X 7 with all the above requirements satisfied. Furthermore, this proposition shows that
if w_%(O) > fg w%(s)ds, Vt € [0,1), then v(t) + 1 — Xz(¢t) > 0 for all ¢ € [0,1). Therefore, if
the initial condition of w is such that the above inequality holds, the positive part restriction
we set for v + 1 — Xz is not triggered.

As a consequence, in section 4.5 we develop a fixed point algorithm to find w(0) such that
w(0) = < fot w%(s)ds) 72. Therefore, we are able to show that under that particular initial

condition the system has a unique solution such that v + 1 — ¥ is indeed the variance of
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nlZ tM-
In order to keep this thesis self-contained, we present two important results from Khalil
(2002) that will be the key to proving Proposition 4.1. Indeed, the major result that allows

us to show the existence and uniqueness of our case is the following:

Theorem 4.1 (Theorem 3.2 of Khalil (2002)). Suppose that f(t,x) is piecewise continuous

i t and satisfies

1t 2) = f&y)| < Lz —yll

for all x,y € R™, ¥t € [to,t1]. Then, the state equation © = f(t,x), with x(ty) = o, has a

unique solution over [to,t1].

As a consequence of the above theorem, it becomes clear that a key element in the proof
of the existence and uniqueness of the system in (4.30) is to show that the solutions are
indeed Lipschitz. The way we use to prove that the pair of solutions is indeed Lipschitz is
by showing that the equations in (4.30) are uniformly bounded and by evoking the following

lemma:

Lemma 4.3 (Lemma 3.3 of Khalil (2002)). If f(t,z) and [0f/0z] (t,x) are continuous on
[a,b] x R™, then f is globally Lipschitz in x on [a,b] X R™ if and only if [0f/0x] is uniformly

bounded on [a,b] x R™.
We can now state and prove the main proposition of this section:

Proposition 4.1. Consider the system

w'(t) _ o3 (t)
o2
TH0) (1) = w(0) + [T (000) + 1= Sa0)(0(0) + 1= S20) L 0(0) =
(4.30)
where xt := max{z,0} for any x € R. For any initial condition w(0) > 0, there exists a

unique continuous solution (w,v) to (4.30) on [0,1]. Moreover, the following statements are

valid:
1. w and v+ 1 — Xz are decreasing and v < Y.

2. wandv+1—3yz do not depend on Y.
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8. Forallt <1,

1

o) +1 = Sy(t) = wh (1) (w_2(0) _ /Otwg(s)ds> " and (4.31)

t oy (s
w(t) = w(0) exp <_2/0 (v(s) +1- EZ(S))jLUV(l _ME(J;(S)P

ds) (4.32)

4. 1f

w

N

t 3
(0) — / w2(s)ds >0, Vtel0,1), (4.33)
0
then 0 < v(t)+1—3z(t) <1—3p(t) forallt €0,1).

Proof. We shall begin the proof by the existence and uniqueness of the system given by (4.30).
Let us fix T < 1 and define

x = (w,u) (4.34)

where w and wu are the solutions of (4.30) defined on [0,1). In particular, we denote v+1—%
by u. Hence, as a consequence of equation (4.10), we have that w(0) = 1. Therefore, the
system (4.30) can be written as

Va(t) = f(t,x) (4.35)

where Vz(t) := (w'(t),u/(t)) and f(t,x) = (f1(t,z), fo(t, z)) with

B o2 () _ a3 (t)
filtor) = —2wut s () = -t T s,

Note that both derivatives of the system are negative, so w and u are nonincreasing. In
particular, note that
2 Ynm(t
mwzwmmm(”“>)

oy 1 —X(t)
which is finite for all t < T < 1.
Now, suppose that there is an t° < T such that w(t°) = 0. Then for all ¢ such that
tP<t<T

u(t) = — /tt w?(s)ds

o
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as the second term in the r.h.s. of the second equation of (4.30) has disappeared. Since we
have just seen that w cannot be negative, u will remain negative. However, if that is the
case, the rate of w becomes zero by the first equation of (4.30). Recall also that w(0) > w(t)
for all t € [0,t]. Hence, as a limiting case, suppose that u(0) = 0, then the farthest u(¢) can
go up to time T is —w?(0)T.

Hence, the images of w and u are in compacts [0,w(0)] and [~w?(0)T, 1], hence making
the derivatives w’ and ' uniformly bounded. Next, observe that, for each ¢ < T', the function
f(t,+) : [0,w(0)] x[~w?(0)T, 1] — R is Lipschitz since s is continuous. Therefore, by Lemma
4.3 we find that f as defined above is globally Lipschitz.

As a consequence, it allows us to claim Theorem 4.1 to guarantee the existence and
uniqueness of the system given by (4.30) in [0, 7.

At this point, we do not need to calculate the limits of W and u as they go to one. All
that is relevant now is that since they are both monotonic functions, Theorem 4.29 of Rudin
(1976) guarantees the existence of the limit.

Now, note that since u is decreasing, we have u < u(0) = 1, hence v+ 1 — ¥ < 1, which
implies that v < X 5.

Note that u does not depend on X7 even through its initial condition. Therefore, if u is

the solution of (4.30) and ¥z is an exogenous function, we can define

v=u—(1-2Xyz).

Since w is only a function of u, which is independent of ¥z, it also does not depend on
Yz.

Let us now prove (4.32), take w as given by it. Obviously % Inw(t) is indeed the first
equation of (4.35). Since (w,v) is a unique solution for the system, we have the desired result.

Let w be the unique solution of of (4.35) as defined above. Lets define @ as the following:

a(t) = /(D) <k:— /Otw?’/Q(s)ds> (4.36)

for some k € R.
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@) = ;\%2) (k /0 w3/2(s)ds>—\/w(t)w3/2(t)
_ }wl(t) m _ tw3/25 s ) — w?
— o (k- [ weas) - ute)
o lw'(t)
= 5w(t)u(lt)—w?(t)

. . . _ 1
the last equation being true because of the first equation of (4.30). Set k = Jw0)’ SO we
have 4(0) = 1 Since now @ is one solution to ', by the uniqueness of u, we must have @ = u.

Now suppose (4.33) holds; then

w

N|=

(0) — /Otwg(s)ds >0, Vtelo,1).

As we did before, suppose that there is t° < 1 such that the above equation is zero. Since
w does not vanish in [0, 7], we have ft% w? (s) > 0 making the above integral negative. Hence,
by Equation (4.31), we have u > 0 in [0,7]. In fact, if the above is 0 for some t° < 1, it will
become strictly negative for all ¢ > ¢° since w never is 0. Thus, v > 0. Therefore, if (4.33)

holds, we have

ey o3y (t)
o7 (t) = v'(t) = w?(t) - gM(t))Q (v(t) +1 = 2z(1)) (v(t)?
Hence,
9 (1 o3t
o (u(t)) = A= su)?
Therefore,

R Lood(s) B 1 B
) 2/0 A Su)?  A-Su@)

Rearranging the terms and recalling that we have already concluded that, if (4.33) holds,

u > 0 leads to our statement. O

We have proven the existence and uniqueness of a system that coincides with (4.29) if
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u > 0 for all ¢ in [0,1). As we have seen in the proof of the last proposition, such a condition
is satisfied when equation (4.33) is satisfied. Therefore, our next task, that we shall develop

in the next section, is to find an initial condition such that (4.33) is satisfied.

4.5 Initial Condition

-2
From Proposition 4.1 we see that as long as w(0) < (fol w3/2(t)ds> , there is a unique
solution to (4.29) such that v + 1 — Xz behaves as a variance should.

Therefore, if we are able to set the initial condition such that

2
1

we would be able to finally guarantee the existence and uniqueness of the system given by
(4.29).

However, one may note that there is a circular reasoning in the above equation: w(0) is
determined by the function w, which obviously depends on knowing the value of w(0) to be
calculated. In order to show that equation (4.37) has a solution, we present a fixed point
algorithm in Theorem 4.3 to show that there is a fixed point function for the ODE system
(4.30) with initial condition v(0) + 1 — ¥z(0) = 1 and w(0) given by equation (4.37).

With the result provided by Theorem 4.3, we are able to prove the main theorem of this
section, which is Theorem 4.4. It shows that under the conditions of Theorem 4.3 all the first
three numbered statements of Proposition 4.1 are true.

Before explaining the steps of the fixed point algorithm, note that, in view of equation

(4.30), we may rewrite equation (4.37) as follows:

w(0) = (/01 exp (—3 /Ot(v(s) vl &@)ﬁ%@) dt>_é. (4.38)

We can easily check that the above equation is true by noticing that if w(0) is defined as

above, we have that
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w?(0)

_ 1
fol w3/2(0) exp (—3 fot(fu(s) +1- Eﬂs))JF%ds) dt
1
- (4.39)

which is equivalent to (4.37).
We can now move on to the description of the fixed-point algorithm we use in this section.
Let us begin the description by defining the operator T'. Denote by C([0,1) the space of
continuous functions in [0,1) and let the function 7": (0,00) — C([0,1) x C([0,1) defined by

T(r) = (T"(r), T%(r)) = (w,v),

where (w, v) is the unique solution of (4.30) with w(0) = r. Therefore, for any initial condition
w(0) = r, the operator provides the solution to our system (4.30).
We can now consider the initial value for our algorithm. If we start with rqg = g where I’

is given by

=

r= (/01 exp ( - 3%)&) : (4.40)

so that wg = T (rg) and vg = T?(rg). Note that I' < oo since fol(l — Yp(s))3ds = 0 if and
only if ¥37(0) = 1 which goes against the condition that ¥p(t) < 1 for all ¢ < 1 - recall
that we impose this condition because if 3;(t) = 1 for some ¢t < 1 we would have the public
information about the true value of the asset being released before time 1.

Once we have the initial condition for our algorithm, we can move forward presenting it

by showing its updating rule. Define for n > 1,

= ([ (8 [ a1 -ma) Sy a)

Hence, applying the operator 1" defined above, we can define the sequence ¢ such that

T(rn) = (bn(t) = (vp+1—3z,wy) (4.42)
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on [0,1] where v,(t) + 1 — Xz and w,(t) are the solution to the following system of ODEs:

w/ 02
wzgg = 20 +1-20)" T (4.43)
g v = 4ok (Mg ) 1= Sa0) wan

with initial conditions given by v,(0) +1 — 32(0) =1 for all n € NU {0} and w,(0) = r,—1
for all n € N and wy(0) = g

Our goal is to show that one can extract a convergent subsequence (r,, wy,.vy,) so that the
limit (w,v) solves (4.30) satisfying (4.33). That will be the case because 7, has a limit.

It should be clear now what the rationale is behind the fixed-point algorithm. Every iter-
ation of the algorithm produces a new value for w,(0) and following produces new functions
wy, and v, + 1 — Xz, If at some step we find that the value w,(0) = w,+1(0) the functions
wy, and v, + 1 — Xz will not be updated any more and we will have reached a fixed point.

As the initial value of ¢, w,(0) depends only on the functions wy,_1(0) and v,—_1(0), so

that the operator T' such that
n+1 =ToN.

Our strategy to show the existence of a fixed point is to show that there exists a sequence
of (v),(t) + oz(t),w)(t)) that converges uniformly on [0,7] for any 7" < 1 and that (w,(0))

converges to (w(0)). By doing that, we can apply theorem 4.2 below to guarantee that there

exists a limit function such that the limit function is indeed the derivative of the limit of ¢,,.
Theorem 4.2 (Rudin (1976) 7.17 ). Suppose {fn} is a sequence of functions differentiable
from [a,b] and such that {f,(xo)} converges for some point xo on [a,b]. If {f,} converges
uniformly in [a,b], then {fn} converges uniformly in [a,b], to a function f, and

fi(x) = lim fi(z) (a<ax<b).

n—n

We have a lengthy lemmata until we are able to reach Theorem 4.3. The structure of it
is such that each lemma is used to prove the following. Hence, the reader could first read the
proof of Theorem 4.3 to check why every lemma is important and work it backwards until

they come back to this point. Our task begins by showing that ¢, is bounded.
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Lemma 4.4. (¢,,)2, as defined by equation (4.42) is a bounded sequence of functions.

Proof. Note from equation (4.42) that the sequence ()52, defines a sequence of functions
(0n)52y. By Proposition 4.1, we find that (¢,):°, is bounded as long as (1,)2, is bounded.
Therefore, all we need to show is that the sequence ()2 is bounded.

First, note that by the construction of (4.43)

/
n

n(

t
t

w

—~
~—

2
o
M <0

= ~2(0a(t) + 1= Z21))" s <

g

~—

therefore, we have r2 > 1.

2
n
Moreover, equation (4.43) also shows that since (v, (t) +1 — Xz (t))" < 1:

ol = (—3 /Ot u+(s)%ds> > exp <—3 /Ot %d“;)

:exp(—Bl?]\;](;)(t)).

Thus, for n > 1,

1

1<r2 <
- n—= Sar(t
fo exp<—317§4]é()t))dt

=T? < 0. (4.45)

O]

The previous lemma guarantees that ¢, with image in [0, 1] x [0,T"] is well-defined for all
n € NU{0}. (i.e., ¢n: R —[0,1] x [0,T7]).
We can now show that the sequence of functions defined by our algorithm, (v, +1-Xz, wy,),

is indeed equicontinuous.

Lemma 4.5. (v,+1-%7,w,) are equicontinuous sequences of functions [0, T] for any T < 1.

Proof. One may start by noticing that by equation (4.44):

1-%,)t\?
i) -0zl = ot (I
1—Xy
2 0'%/1
< T T 4.46
- +1—ZM(T) (4.46)



2 2
where 0%, is an upper bound for o7,.

The above shows that (v,+1—X7) is a bounded sequence of Lipschitz continuous functions
with the same Lipschitz constant, so it is equicontinuous.

Analogously, by equation (4.43)

2
o= 2w (vy+1 -5yt — M
|wy, wy, (v, + z) (1= Sar)?
2
< of M 4.47
< T s,m) (447)

forany T' € [0,1). Like the previous case, (wy,) is a bounded sequence of Lipschitz continuous

functions and hence it is equicontinuous. ]

Once we have established that both (w,,) and (v, +1—X) are equicontinuous sequences
of functions on [0, 7] for any T' < 1 by Lemma 4.5, we can proceed to show that since their

derivatives are linear combinations of them, they are also equicontinuous.

Lemma 4.6. (v), — oz, w)) are bounded equicontinuous sequences of functions [0,T] for any

T<1.

Proof. As both w, and v, +1 — Xz are nonincreasing functions, their derivatives are always
bounded from above by 0. In addition to that, (4.46) shows that v/, is also bounded from
below and equation (4.47) does the same for w/,.

Since (wy,) and (v, + 1 — Xz) are equicontinuous sequences of functions on [0, 7] for any

T<1,Ve>03d6>0s.t.

d(wy(t1), wy (t2)) < /2

and
1— X (T))?
MW@ﬂ+1—Eﬂﬁy%@ﬁ+1—Eﬂm»<£——%¢)Le
2079,
whenever d(t1,t2) < 4.

As a consequence, for all n:

E+ o2 (1_EM(T))26*
2 (1-3u()?* 202

d(oz(t1) — v, (t1), oz(t2) — v, (t2) <
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for d(t1,t2) < 6 making oz — v), itself an equicontinuous sequence of functions.

Analogously, Ve > 034§ > 0 s.t.

d(vn(tl) +1-— EZ(tl),Un(tQ) +1—- Ez(tg)) < we
209,

whenever d(t1,t2) < 4, so for all n

d(vn(tl)+1—Zz(t1),vn(t2)+1—Ez(tg)) < — €E=¢€

for d(t1,t2) < ¢ also making w/, an equicontinuous sequence of functions. O]

As a consequence of the equicontinuity of the functions and the fact that (w,(0))22, is
bounded, we can prove the following lemma that guarantees the existence of a converging
subsequence of our functions.

One should bear in mind that due to the fixed point nature of the algorithm, a convergence

subsequence will be enough to make it work properly, as we shall see in Theorem 4.3.

Lemma 4.7. There exists a converging subsequence (wp,;, (0), ¢n,,,) of (wn(0), ¢n) that con-

verges to (w(0), ¢) such that the convergences of (wn,;,(0)) and ( — oz) are uniform.

/
Uniji

Proof. The algorithm constructed in the beginning of this section defined by equations (4.43),
(4.44), and (4.41) defines a bounded sequence (w,(0))s>,. Therefore, by the Bolzano-
Weierstrass theorem (see Bartle, Sherbert (2011) Theorem 3.4.8) there exists a converging

subsequence (wy, (0)).

/

7,) is a bounded sequence of equicontinuous functions in [0,7] for any 7' < 1

Since (w
by Lemma 4.6, (w), ) is also. Therefore, by the Arzela-Ascoli theorem (see Rudin (1976)
Theorem 7.17) there is a converging subsequence (wy},, ;).

Analogously, (v], —oz) is a bounded sequence of equicontinuous functions in [0, 7] for any
T <1 by Lemma 4.6, (vy,, — 0z) is also. Therefore, by the Arzela-Ascoli theorem, there is a
converging subsequence (v;ijk —0yz).

O]

Theorem 4.3. There exists a fized point ¢ such that the system of ODFEs given by the
equations (4.30) is satisfied with the initial conditions given by v(0)+1—%7(0) =1 and w(0)
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given by equation (4.38).

Proof. For a matter of notation, let’s rearrange the terms of the subsequence given in Lemma,

4.7 such that we have that

lim r, = w(0)
n—oo
lim 0% —v, = 0% —v uniformly
n—o0
lim w, = w' uniformly
n—oo

Therefore, there is a limit to equations (4.43) and (4.44). Theorem 4.2 guarantees that
(wy) converges to a function such that the ODEs (4.38) are satisfied in [0,1) as they are
the limits of equations (4.43) and (4.44). Furthermore, the theorem also guarantees that
lim,;, 00 wy, (0) = w(0) are their initial conditions with that v(0) +1 — X2(0) = 1.

As a consequence, we have that if we apply the ODEs to the initial condition w(0) given
by equation (4.37) we would get the output w(0) = <W>2 again.

Therefore, the fixed point property is satisfied for (v(t) + 1 — Xz(¢),w(t)) with initial
conditions (4.37) and v(0) + 1 — X2(0) = 1.

Or equivalently

<
I

Té.
O

Now that we have a suitable value of w(0) that can guarantee that v+1—Xz > 0 for all

t in [0,1), we are ready to prove the main theorem of this section:

Theorem 4.4. There exists a pair (w,v) that solves (4.29) and satisfies

1 1 3
w~2(0) = /0 w2 (s)ds < 0.

Moreover, the following statements are valid:
1. w and v+ 1— Xz are decreasing, and v < Xz — .

2. wandv—+1—3yz do not depend on Y.
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8. Forallt <1,

1

() + 1 — Sy(t) = wh (#) <w_2(0) - /0 twg(s)ds> " and (4.48)

t o2, (s
w(t) = w(0) exp <_2 /0 (w(s) +1— Zz(s))(l_g]é()swds> (4.49)

Proof. The first claim is the same as the one in Theorem 4.3. Recall that finiteness is a
consequence of the existence of the limit in the previous theorem and Lemma 4.4.

The existence of a fixed point in the previous theorem also guarantees that the limit
functions inherit the second and third statements of Proposition 4.1.

Note that the equations in (4.30) would be the same as (4.48) and (4.49) if u > 0. However,
that is the case for w as described in the statement of this theorem due to Proposition 4.1.

The fact that © > 0 also leads to the fact that

0 1 o2,(t)
o (u(t)) > A5 OP

As a consequence,

1 t a2,(s) B 1 B
w 2/0 - Su)?  A-Su@

So,v+1—Xz <1-— X, which leads to the final claim. O

4.6 Further Results on w

In this section, we show two propositions related to the behaviour of the function w that will
be relevant in further discussions on the equilibrium. We have already established that w
does not vanish in [0, 7] for any 7' < 1. Perhaps the most interesting fact of this section is
that lim_,; w(t) = 0.

Together, these two facts are quite relevant for our high-frequency motivation. First, the
fact that w(t) > 0 for all ¢ in [0,1) shows that the changes in the level of the cumulative
demand are always relevant in the trading period, but the fact that the limit of w is zero
when time approaches one also shows that such impact is very reduced close to the end of

the trading period.
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Proposition 4.2. Let w be the function of Theorem 4.4. Then, lim;_3 w(t) = 0. Moreover,

Zﬁ3>(1_zMu»? (4.50)

~—

Proof. Using integration by parts and the ODE (4.29), we have

/t(y(5)+1_22(3))012\/1(5)ds>_1+/tw2(5)d8
0 0

(1=2m(s))* ~ 1—Xp(s)
L wt@) [t ay(s)
> -1+ K /0 1_2M(8)d5
— 00 sy
- n M )

where K is an upper bound for 02, on [0, 1], since w is decreasing. Now, suppose lim;—,; w(t) >

0. Then, as ¥p(1) =1,

2w2(t)
K

lim w(t) < e lim exp ( In(1 — EM(t)),) =0,
t—1

t—1

which is a contradiction.

Similarly, since v +1 — ¥z <1 — ¥ by Theorem 4.4, we have

w(t) took(s)
In—=>-2 [ ——"—ds=2In(1 — Xp(¢)).
) % 2, T = 2 B
This proves the remaining claim. O

We can now prove a proposition that, even though it seems rather ordinary, will be very

important in showing the equilibrium condition of our model.

Proposition 4.3. Let w and v be the functions from Theorem /.4. Assume op(1) # 0.
Then,

hnl”@)*-l—-zz(ﬂ

lim o = 0. (4.51)

Proof. Let u=1v 41— Xz. Note that

L_ fg w32 (s)ds (S fg w?/?(s)ds

u(t) _ Juw) _ V0O
w(t) w(t) T Vw(0)(1-Eup()
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Then, L’Hospital’s rule yields

3/2
lim ut) < w™2(0) lim w2 (t>,
t—1 w(t) t—1 JM(t)

which converges to 0 by Proposition 4.2.

4.7 Price Process for the Market Maker

This section should be considered optional. We are not addressing anything relevant to equi-
librium. As we have mentioned before, what we actually need to have an admissible strategy
to be optimal is that it drives the mispricing to zero almost surely, i.e. lim; 1 ¢(¢, Xy, XM, Z;) =
0, P*-a.s.. This question will finally be addressed in the pages following this section in Chap-
ter 5. As will be presented in the chapter, we use Doob’s h-transform to show that the
strategy given by equation (4.6) in Lemma 4.1 is indeed optimal to the insider.

However, as a consequence of equation (5.2) we find that the mispricing requires that
the price converges to V P?-a.s. Combining that with the fact that the market maker now
observes a signal that converges to a linear function of the final price, it would be expected
that the price process converges to V' also in the market maker’s filtration. In this section, we
show that this is indeed the case. As an exercise that is not required to prove the equilibrium
of the model, one should not find a counterpart to this section in other Kyle-Back models.

Furthermore, the end of this section is dedicated to showing an interesting result on the
coeflicient By. In equilibrium, it either converges to zero or one. That means that by the end of
the trading period, the market maker is either absorbing all the marginal information coming
from the public signal or ignoring it completely. Each possibility has different consequences
on the liquidity of the market during the final moments of the trading period and will be
carefully investigated in Chapter 7.

Before we proceed to the next proposition, we need to collect the following result:

Lemma 4.8. Under the conditions of Theorem 4.4 and B2 as defined in equation (4.26), i.e.,

(t) +1—Xz(1)
Yz(t)

Ba(t) = oy
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Then,

1 =%p(t)
Proof. Suppose that there is £k € R, such that lim;_,; 17522%(’&) = % As a consequence,
limy 1 2% = k. Therefore, Ve >03t": V>t
Ba(t)
<k-+e. 4.53
SO (4.53)
Therefore, by equation (4.28), 15;(%) > —2(k + €)o3,(t). Hence,
w(t) )
In W) > —2(k+e)(Xp(t) — Zp(t7)) > —2(k +¢€) (4.54)
leading to
w(t) > w(t*)exp (—2(k+¢€) >0 (4.55)

the above equation is in contradiction to Proposition 4.2. As a consequence, the limit of

equation (4.52) is true. O

With the previous lemma proved, we can now investigate the limit of the process X; in

the market maker’s filtration. This limit will be key in proving Proposition 4.4.

Lemma 4.9. Under the conditions of Theorem 4.4, then

lim X; = —oy" Bo(1) + (1 — ﬁ;(t)> N a.s.

t—1 v

Proof. Firstly, note that under the assumption 3.2, we have

r(t) = ;Z,’((;)) (4.56)
As a consequence, rg and 79 can be rewritten as
n(t) = o (Galt) — ) — o 540 (4.57)
1) (B0 ) B0
ni) = 5 < = 1) = (4.58)
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Now note that

dexp < /0 trl(s)ds)Xt = —r(t) X, exp < trl(s)d5>dt+exp < /0 trl(s)ds)dXt

0

= exp (— /0 t rl(s)d8> (dX; — r1(t) X, dt) (4.59)

Due to equation (4.56),

exp (— /0 t rl(s)ds> = exp (— /0 :;TU:((;) ds>
- ool 3280

_ ”Z(((z)) (4.60)
Therefore,
@71(((2)) X, - Z((%) (dX, — r1(t)X,dt)
Z((g)) (w(t)dBy + ro(t)dt + ro(6) XM dt)

by the definition of the process X. Using equation (4.58), we have that

ro(t) 1
wt) 2 (w(t)3?

w'(t) <B2(t) _ 1) B

oy oy w(t)

Furthermore, applying It6 formula,

-20) o aw 1 W) () -y
a w(t) Xt = (w w(t)+§(w t))3/2<av _1)>X’f i+ w(t) aXi
) g, =20
- w(t)Xt dt + e e (4.61)
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Combining the last equation with equation (4.61) and considering the fact that

=) B ) O
Bt oy w(t ovJw(t 0 20y (w(t))B/2)’

we have that

— 527(15)) Ba(t)

Bo(t) — 1) S I AN G Py
d =\w dBt+d<W>+d<uth >+ 0 dX;” (4.62)

Lets define F; = fg Vw(s)dBs and Gy = ft (Ba( S) 1)dXM. Then, we know that F; ~
N(0, fo s)ds) which has a finite variance as w is bounded by w(0). Regarding the inte-

grability of GG, it does not depend on the filtration we consider the process. In the filtration
ﬁ2( )_ )

generated by XM, we have that G; = fo 1(8)dIM | where I is the innovation pro-

cess of that filtration and hence a Brownlan motlon. We can now consider two scenarios, the

B2(s) _1y2
first one is if fo %O‘M( )ds < oo. In this case, G is integrable.
Ba(s) ¢
In the second case, if [, ! % 17(s)ds = oo the quadratic covariance of \/w(1)Z;
seems to be unspecified as
Ba(s) )2
¢ (=1
o e ou()ds oo
lim T =—.
t—1 oo

w(t)

However, if we apply L’Hopital rule to the above equation, one gets that

B2s) )2 B2l _1y252 (s
Jo o KON : ofy(s)ds T w(?ﬁ) .
lim = lim ;
t—1 1 t—1 —w'(t)
w(t) w2(t)
(29— 1)(1 - Su(t)
= lim —ZV
t—1 252(t)
= 0 (4.63)

the second equality being true due to equation (4.28) considering Assumption 3.2 and the
last one being true due to lemma 4.8 . Therefore, in both cases \/w(t)G¢ converges to zero

as t — 1. We can now proceed to write equation (4.62) in its non-differential form:
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w(t) w0 Thre
B IO RO I Gl B8Y
w(®) w(t)

Hence,

oyt + (1- 29

1%
. Xo+a‘71(50(t)7u),(17f27(m)x(]y
Since -
V/w(0)
Xo+a;1(ﬂo(t)—“)_(1_ﬁ27(0))xéw

proposition 4.2 the limit of \/m Jo0) -

must be zero. As a consequence, the limit of X; given by equation (4.64) when ¢t — 1 is

—oy ! (Bolt) = ) + (1 = ZPH X, =

+ F; + Gy is just a real-valued random variable, by

4+ F;+ Gy | whent — 1

FM.

Proposition 4.4. Under Assumption 3.2, then, in equilibrium, the price process is an

martingale converging to oyn + (.
Proof. Considering Assumption 3.2, the price process becomes Sy = By (t)+oy XM + B2 (1) XM.
Since, by Proposition 4.9, X1 = o' (Bo(t) — p) + (1 — 5(2775/1))({\/1)’ we have that

lim Sy = Bo(1) = (Bo(1) — ) + (ov = Ba(8)) X1 + Bo() XV =y + ov X{!

hence, S; = oyn+ pu =V since XM is a Markov Bridge converging to by construction. [

Even though we do not need to study the behaviour of 52 as time goes to one as Theorem
4.4 does not require any particular value of S in the limit, it is interesting to notice that
under the very reasonable assumption that o3,(1) > 0 it could be either 0 or 1.

One can start by noticing that




Therefore, to find the limit of S when ¢ goes to 1 one must apply L’Hopital rule:

| R0
fun fo(t) =l == 8
w0+ o)
=1 o3(t)
2
— i 2 i g2 (4.64)

t—1 012\4 (t)  t=1

By Proposition 4.2, that the limit of w is zero when time goes to one, as long as lim;_,1 03, (t) #
0 the limit of % goes to zero. Hence, equation (4.64) shows that the only two possible limits
such that the limits for By are either zero or one. In our numerical analysis, we only found
the B2 converging to one, but one cannot ensure that there is not a setting in which 82 could

go to zero.
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Chapter 5
Mispricing

In this chapter, we finally address the issue of the mispricing of the market maker. Recall
that from Theorem 3.1 we see that for any strategy to be optimal, we need that v =y =0
and limy .1 ¢(t, Xy, XM, Z;) = 0, P*-a.s.. In the last chapter, we have confined ourselves to
the set of linear strategies of the form of equation (4.4). In the previous chapter, we have
also seen that such a strategy could only be compatible with a rational pricing rule if the
coefficients of (a)?_, follow equations (4.6). Therefore, the main aim of this chapter is to

show that the strategy 6 such that

Z, - X, - 2O xM
v(t)

df; = w(t) dt, 0y =0

is indeed optimal for the insider for the functions v and w from Theorem 4.4.

We shall in a moment explain in words what the misprice means in terms of the model,
but, in order to do so, note that by equation (1.8), we have that the function H is given by
H(t,z,21) = Bo(t) + B1(t)x + Pa2(t)x1. Therefore, we find that ¢, as defined in Theorem 3.1,

is:

o(t,x,u, 2) = /:C Bo(t) + B1(t)y + Ba(t)r1 —ovz — 'udy

H-1(t,oyz+p,u) w(t)

As a consequence,
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Bo(t) + Po(t)z1 —ovz —
w(t)

otz u,z) = (x—H Yt opz+ p,u))
Bu(t) 1
w(t) 2
= (z—H Yt,ovz+ p,u)) x
(50(75) + Bo(t)z1 —ovz —p

(.%'2 - (H_l(ta ovz+ W, u))2)

w(t)
+ il((tt)) %(1‘ F(H  (tovz+p, u))> (5.1)
Now, one can note that
1 B ovz+ pu—Bo(t) — Ba(t)u
(z+H '(t,ovz+ p,u)) = <ZL‘ + ) >
B . ovz+p—Bo(t) — Bi(t)z — Ba(t)u
B <2 " Ba(t) )
and
1 I ovz+ p—Bo(t) — Ba(t)u
(x—H '(t,ovz+pu)) = ( Bi(t) )
_ (UVZM+ﬁo(t)+51(t)$+ﬁ2(t)u>
Ba(t)
_ H(t,x,x1) —oyz—p
w(t)
Therefore,

otz u,z) = (H(t,w,xi(t—) oz — ) (H(t,x,a:l)Q_ ovz— 1)
B (H(t’mé)w@f va=i)® (5.2)

First, note that from a modelling point of view, we can only have lim; 1 ¢(t, X;, XM, Z;) =

0, P*-a.s. if lim; 51 (S — oy Z; — p)? = 0, P*-a.s.. If we consider that (S; — oy Z; — p)? is the
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mispricing of the asset under a quadratic loss function, it is a necessary condition' that this
mispricing goes to zero as the trading period ends.

The misprice condition is not uncommon in the literature (see, for example, condition
(ii) in Theorem 6.1 of Cetin, Danilova (2018)). However, when there is no public signal, one
can say that the insider drives the price process to the final value of the asset at the end
of the trading period. In our case, on the other hand, one cannot say the same. Since the
market maker observes a public signal that is itself a Markov bridge converging to a linear
combination of the correct value of the asset, one cannot claim that the insider is the one
bridging the price as the market maker no longer needs the insider to do so and still has the
misprice condition satisfied.

Furthermore, if we are able to show that lim;_,q W&%jfi‘;% = 0, then by Fatou’s
lemma, limg .1 ¢(t, X¢, XM, Z;) = 0, P*-a.s..

The way we are going to deal with that is through the use of Doob’s h transform. The
role of it will be explained in Section 5.1. In Section 5.2 we describe the law of the process

X in the filtration of the market maker, and in Section 5.3 we use the technology described

in the previous section to find the law of the mispricing in the filtration of the insider.

5.1 Doob’s h-transform

In this section, we develop the intuition for the role of Doob’s h-transform for the change
of measure necessary to find the law of a bridge related to a given Markov process. The
reader is invited to read Chapter 4 of Cetin, Danilova (2018) for a much more formal and
wholesome review of this tool. However, for the sake of formality, we also borrow from the
aforementioned book the required theorem, Theorem 5.1, to properly prove Theorem 5.2
which is the main theorem of this chapter that will be proven in Section 5.3.
Suppose that we have a Markov process X defined in a filtered probability space (2, .7, (%¢)t>0, P)with

transition density p(-,-,). If we want to find the density of this process given time ¢ condi-

tional on its position in s and 1 we could easily do it by conditioning

PP(X, € dv, X, € dy, X, € dz)
P*(X, € dv, X; € dz)

p(l — tayv Z)
p(l - S5,0, Z)

=p(t—s,v,y) dy (5.3)

Yet not sufficient since we know from Proposition 4.2 that lim¢—,; w(t) = 0, we need the mispricing to go
to zero at least at a certain speed.
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for 0 < s <t <1 where P* is the law of the process starting at x.
The above conditioning defines a relationship between the stochastic process X and what

we call its bridge. Indeed, 5.3 defines a new law, P77, for every pair x, z that is the law of

the Markov bridge starting at x and ending at z at time 1. Therefore, for every measurable

function F' : C([0,t],R) — R, we have

p(l—t,XuZ)

p(lftht’Z)
p(L,2,2)

in measure from P* to Py7f. Indeed, if we define h(t,z) = p(1 — t,z, ), one can rewrite

One may have noticed that the role of the coefficient is to define a change

equation (5.3) as:

>

(t,y)
(0,2

p(t -5, :Evy)

=
-~

In fact, we can define a probability measure, QT , using the density above in Fr by

log h(T, Xr)
_ AT e,
a5 = how) o TelT

where 7' < 1. The process (X)iec[o,7] under the new measure QT is called the h-transformed
of X and the function h is called h-transform. One should note that in fact by doing that we
have a martingale Z such that

~dQT h(t, X)

Z = =
T dprlE T h(0,x)

The remark about the martingale is relevant as in practice what we aim at in this chapter
is to show that a candidate martingale, as properly defined in definition 5.1, defines a law
that is indeed the law of a Markov bridge. That is exactly what we do in Theorem 5.2 which
cuts many corners in the general theory presented in Cetin (2018).

Such a procedure is allowed us due to the Girsanov Theorem (see Theorem 38.4 of Rogers,
Williams (2000)). Basically, if Z is a continuous density process as above. Then, for any

continuous P*-local martingale M the process

t
M’:M—/ L, 7
0o 4
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is a @”-local martingale. Therefore, if a candidate h is such that

h(0, z)

dM] = dM, — hED

hy(t, Xy)d[M, M,

where h, is the derivative of h with respect to the second component, it defines the SDE of
a Markov bridge, then the measure it defines Q7 is indeed PF7¥.

As a consequence, we may now properly define an h-transform as the following:

Definition 5.1. (Definition 4.1 of Cetin, Danilova (2018)) We call a function h : [0,T*] x
E — [0,00), an h-function if it is strictly positive on [0, T*) x B, belongs to C12([0, T*] x E),
and

(h(t, Xt)t>0, (Bt)t>0)
is a martingale under every P%%.
The main theorem we shall use to prove the main result of this chapter is the following:

Theorem 5.1. (Theorem 4.1 of Cetin, Danilova (2018), modified) Let X be a strong Markov
process under any P** for all s > 0, where p is a probability measure on E and T* < co.
Let h be an h-function such that h(T*,-) > 0 and h € CY2([0,T*] x E). Define P"5% on
(Q, Br+) by

dPhsT  (T*, Xp+)

dPs* — h(s,x)

Then, Phs% is the unique solution of the local martingale problem for A" starting from x at

s, where . o
Al = A, + le aij(t, $)m;xi' (5.4)
and | 5 4 5
A= 121 ag;(t, )M + EZ: bi(t, ')87%7

is the generator associated with the transition function (Psy).
Consequently, X is a strong Markov process under every P for s, T*, and x € E, and

the associated transition function (P;ft) is related to (Psy) via

1
h(s,x)

Py (x, A) = /Ah(t,y)Ps,t(x, dy), z€E, AcE teT,. (5.5)
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A couple of remarks about the above theorem are needed, as we took it out of context.
The first one is that as things are defined above we do not claim that P;ft is a Markov bridge.
What it is saying is that every martingale h(7T, X7) defines a change of measure and that the
original process has density Psfft and operator A?. The second one is that in both equations
(5.4) and (5.5) should be clear the role of the change of measure as we very briefly discussed

above. In particular, in Equation (5.4) the role of the Girsanov theorem should be clear.

5.2 Equilibrium demand process

In this section, we shall take a deeper look into market makers’ signal X that is expected to
appear in equilibrium. Given the hypothesis of the results in the previous section, we shall

assume the following throughout.

Assumption 5.1. w and v are the functions from Theorem 4.4, Bo = u, and equations

(4.26) and (4.27) are satisfied. Moreover, Assumption 3.2 holds and o;s satisfy (4.6).

All assumptions, except the one of Sy = p have already been made at some point before.
Since all rg does is adapt to changes in 3y, we can set such a restriction. Furthermore, one
can note that as we reach the last fundamental result of the thesis and we have not required
to impose any further restriction on Sy what we are doing is to kill a free parameter that we
do not need to use.

Moreover, setting By = u also sets ro = 0.

Given the above condition, let us consider the following SDE on (£2,.%, (%] )eefo,1], P):

Ba(t)

ov

dX, = w(t)dBy + {r1(t) X, + ro() XM Yt + w(t)os(t) (zt ~x, - 2 M )dt. (5.6)

One should note that all the coefficients of the above SDE depend only on time. Moreover, all
coefficients are bounded for any ¢ € [0,7] with 7" < 1. As a consequence, the linear structure
implies the existence of a unique strong solution on [0, 1) by Theorem 2.7 of Cetin, Danilova
(2018).

Once we have the uniqueness of equation (5.6), we can be sure that the process X as
defined above is indeed the same as the one in equation (4.3) under the conditions given by
(4.6), the restrictions given by equations (4.26) and (4.27), and the processes X™ and the

Brownian motion B. Therefore, we may apply Lemmas 4.1 and 4.2. Furthermore, recalling
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that Z is the FM -optional projection of Z, we may summarise both lemmas in Proposition

5.1:

Proposition 5.1. Suppose Assumption 5.1 holds and consider X in (5.6). Then, S :=
Bo + oy X + B XM is a (FMP) martingale. Moreover,

dXy = w(t)dNY + {ro(t) + r1(t) X; + r2(£) XM }dt
Zy— XM
1— Su(t)

(5.7)

dXM = o1 ()dNP + o2(1) dt,

where (N, N®) is a two-dimensional (P,.F™)-Brownian motion. In particular, S = p +

ovZ, and the random variable Sy ~ N (j1,X5(t)) for every t € [0,1], where

Ys(t) ::/0 U‘Z/wQ(s)ds—i—/O Ba(s)o3,(s)ds. (5.8)

Proof. First note that Lemma 4.2 shows that, given .#M, Z; is normally distributed with
mean Z; and variance v in view of Theorem 4.4 and the particular form of w given by equation
(4.27).

Equation (4.27) with Assumption 3.2 sets the conditions for the application of Lemma
4.1 that shows the martingale property for S, which readily yields the identity % = 7.

Moreover, from Lemma 4.1 we have that
dS; =o dN(l) + 5 o N(Q)
t vw(t) t 2(1) M(t) t o

Therefore, Var(n|FM) =[S, S]; = ¥s(t) as defined in (5.8). Furthermore, recall that E(n) =
0, so E(Sy) = p. O

We can now address the issue of the second moment of S; — u — oy Z; that we have raised
in the beginning of this section.

Recall from Theorem 3.1 that the optimality condition on insider strategy requires seem-
ingly strong conditions on the second moment of mispricing, that is, S; — u— oy Zy, under the
insider’s probability measure. Our next goal is to show that this condition will be satisfied

under the existing conditions for the candidate equilibrium strategy of the insider.
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5.3 On the second moments of mispricing

In this section, we shall find the second moment of mispricing, S; — p — oy Z;, under the
insider’s probability measure. Our strategy for doing so is to define a process with the same
law of S; — yu — oy Z; under the equilibrium condition by a  h-transform of (X, X™) under
the probability measure P.

We shall start with the case when the insider has the perfect knowledge of V'; that is the
private signal is such that ¥; = 1.

Recall that P? is the law of (B, XM, X7) given that z = X[. As a result of ¥ = 1,
we replace Z by 7 in (5.6) as a consequence of 2.3. Now, we can find the dynamics of XM
under P using the theory of enlargement of filtrations theory (see, e.g., Theorem 4.2 in Cetin,

Danilova (2018) that

n— XM

de:UM(ﬂdﬁy*‘UJQ\/[(t)m

dt, (5.9)

for some (P,.#!)-Brownian motion 3j;. Therefore, writing the dynamics under the measure

P* and assuming that Assumption 5.1 is satisfied, leads to the following system:

dAQ::u&ﬂdBt+{nﬂﬂ—%rﬂﬂ)ﬁ—%rﬂﬂ)ﬁ”hﬁ%—wig)Cv—)Q——&xw)Qw)dt
(% oy

(5.10)
X = a5 + o3

where (w,v) are the functions from Theorem 4.4 with ¥z = 1, and M is (with an abuse of
notation) a (P, .#!)-Brownian motion.

To get a description of the P*-moments of S;—V', we shall apply a particular h-transformation
to (X, XM) from (5.7). The first step is to show that our candidate h-transform is indeed an
h-transform. That will be done by Lemma 5.1 showing that our transformation is a martin-
gale. Theorem 5.2 shows that the h-transformation to (X, X*) has the same law of (X, XM)

under P?.

Lemma 5.1. Let g be the transition density of a standard Brownian motion; that is,
a(t,2,2) = (27t) V2 exp(— (z — 2)2/(21).

Let (X, XM) be the solution of (5.7) on (Q, Z,(FM),P) and fir = € R. Then, for any T < 1,
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(Le(2))tepo,r) s (P,.FM)-martingale, where
Li(z) == q(v(t), X¢ + 0, B () XM 2) (5.11)

and (w,v) is the pair from Theorem 4.4 with ¥z = 1.

Proof. Note, under the hypothesis of the lemma, that for any ¢t < 1, P(n € dz|FM) =
q(o(t), Xy + J;lﬁg(t)X ,z)dz by Proposition 5.1. Thus, for any test function,

E[f / f(z ), Xt + oy Ba(t) XM, 2)dz.

Since the left-hand side is a martingale, so is the right-hand side. This yields the martingale
property for almost all z due to the arbitrariness of f, and thus for all z due to the joint

continuity of the transition density. O

Since L is a P-martingale, one can use it to change the probability measure using Theorem

o.1.

Theorem 5.2. Suppose Assumption 5.1 holds and consider the solution (X, XM) of (5.7)
on (0,7, (FM),P). For any T < 1, define Q* on Fr by % = L1(z), where L(z) is given
by (5.11). Then, for any bounded and measurable F

E[F((Xe)iefo,r), (X)) = Lo (ELr(2) F(Xo)iefo.r)s (X )sego,r))]-

Moreover, under Q?

dX, = wt)dW," + {r1(t) X, + ro () XM }dt + “Iig) (z . - 5;(;) XM )dt
(5.12)
dXM = o (t)dW? + (t)lz_ZX]\:)dt
- M

where (W W) is a two-dimensional (Q?,.FM)-Brownian motion, and (w,v) is the pair

from Theorem 4.4 with Xz =1 .

Proof. First lets rewrite the dynamic of the process X given by equation (5.7) under the new

102



generator given by (5.4) from Theorem 5.1 under Assumption 5.1:

X, :wamw§%+&ﬂﬂ&ﬁwﬂwxyyu+%%¥z—xy—%9Xy)ﬁ

since Ba(t)
OL(z)(x1,22) T+ =
6—351 = L(z)(xl, .Tz) U(t)

and a;; = w and, by the Independence of the original Brownian motions, aj2 = 0 from the

original generator.

Before we proceed it is worth recalling that Z; = S;;“ , hence,
. S, —
7, = t— M
oy
_ Bo(t) +ovXe + B () XM — p
ov
t
_ x4 2O g
oy

Furthermore, since ¥; = 1 implies that ¥z = 1 by Corollary 2.2 leading to the fact that

equation (4.26) becomes f—i =15

Now, as we did for the signal X, we can find the dynamic for X given by Equation (5.7)
under the new generator given by (5.4) from Theorem 5.1 under Assumption 5.1.

Furthermore, also from the original generator we have as; = 0 and a9y = ojs. Likewise,

OL(2)(x1,22) By(t) 21 + 202
8—$2 = —L(z)(xl,xg) o U(t)

Therefore,

A~

Z — XM

Ba(t) o3,(t) Ba(t) s
oy v(t) (Z — A oy Xi )dt
5 M
— aMuyﬂﬁQW+aﬁanz;£iﬂdt
o3 (t) ;
+1 — EM(t) (Z - Zt)dt
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As a consequence, (X, XM) follow the dynamic given by (5.12) for some (WM, W) is

a two-dimensional (Q?,.Z™)-Brownian motion O

Note that since (5.12) has a unique strong solution in [0,7], the law of the solution
coincides with that of (X, X™) in P?, where (X, X™) has the dynamics given by (5.10).

This leads to the following representation of the second moment of Z — z under P=.

Corollary 5.1. Suppose Assumption 5.1 holds and X1 = 1. Let (X, XM) be as in (5.10) and
consider 7 = X + %XM. Then,

IEZ[(Z _ 2)2} _ Q(Zs(t)a;z +v(t),0, 2) (vv(t)ZS(t)g‘;z 02(,5)2,2 )7

q(1,0,2) )+ Ss(t)oy?  (v(t) + Zs(t)oy?)?
where v is the function of Theorem 4.4 with ¥z = 1.

Proof. In view of the absolute continuity relationship in Theorem 5.2 and the distribution of

Z from Proposition 5.1,

1

EZ[(Zt - 2)2] = Q(l,O,Z)

/Rq(v(t), x, z)q(Zs(t)a;2, 0,2)(z — 2)*da.

However, using the explicit structure of the Gaussian density, we can rewrite the above as

g 1 1
drq(1,0,2) \/r

=2 (f(é) 3 <%r_3/2q(r_1v(t) + Bs(1)032,0,2) + 17 2 (r () + Ss(t)ey %, 0, 2)0(D)).

E*[(Z; — 2)%] = —20(¢) /Rq(r_lv(t), z,2)q(Es(t)oy?, 0, 7)dx

Note that the above is independent of r. Thus, we may take r = 1 and arrive at the claim

using the fact that
atzy) 1 (z-y)?
q(t,z,y) 2t 22

O]

Although the above corollary computes the second moment when the insider has full
information about the value of n, it also yields the result for the general case. To see this,

first observe that in general

P? = / Q%q(1 — 2,0, 2)dz,
R
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where Q7 is the law of (B, XM, X!) given that X()’ = z and X; = 1. Then, the following

result is immediate in view of the independence of v + 1 — ¥z from ¥z by Theorem 4.4.

Corollary 5.2. Suppose Assumption 5.1 holds. Let (X, X™M) be as in (5.10) and consider
Z =X+ 2XM. Then,

s [ a(1= 0, 29aSs (o +ut),0,2)  uBSs(oi? | w02 2
E((Zi=21)] = /R A(1.0.2) <u(t)+ES(t)‘;v2 u(t)+2s(éf>0v§> "
5.13

where u = v + 1 — Xz with v being the function from Theorem 4.4.

Corollary 5.3. Suppose Assumption 5.1 holds. Let (X, X™) be as in (5.10) and consider
7 =X+ 2XM. Then, limy 1 (t, X;, XM, Z1) = 0, P*-a.s.

Proof. First note that,

A~

E*((Zs — ZS)Q) = EZ[Zg + (2)3 - 2ZSZS] = EZ[ZSQ + (2)2 - 22125]
=B*(Z] = 2} + (Zs = Z1)") = EF[(Zs — 21)) = (1 = 32(5))

< E*[(Zs — Z1)? (5.14)

Observe that ¢(t, z,u, z) = (H*(téﬁgﬁ(;f_“)2 by equation (5.2). Therefore, ¢(t, Xy, XM, Z;) =
(Zi=21)?

oV Tu)

Now, note that in equation (5.13) for every ¢ € [0, 1), we calculate the second moment of
(1-¢%,0,2)4(Ss (H)oy,* +u(t),0,2)
q(1,0,2)

z _ 72
of the integral goes to zero as time goes to one, we have lim;_ W = 0, which is a

a random variable with kernel 2

. Hence, as long as the second part
consequence of Proposition (4.3) that states lim;_q % =0.

Since we have the expectation of non-negative stochastic process converging to zero, the

above implies lim;_,1 ¢(t, X, XtM7 Zt) = 0, P*-a.s. by Fatou’s lemma.
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Chapter 6
Equilibrium

We are now ready to obtain an equilibrium for this economy. We have collected all the results
we need to show that there is a pair of an admissible pricing rule, as given by Definition 1.1,
and an admissible strategy, as given by Definition 1.2, that is an equilibrium under Definition
1.3.

First, let us recall that Theorem 3.1 guarantees that any trading strategy of the form given
by equation (1.9) is optimal if 79 = 71 = 0 and limy_,1 ¢(¢, X3, XM, Z;) = 0, P*-a.s. where
o(t, z,u,2) = flﬁ—l(t,oku,u) Wdy In Corollary 5.3 we prove that the above limit
is achieved for a trading strategy given by equation (4.4) where Z is given by Theorem 2.3
and the coefficients of («;)2_ are given by(4.6) and a particular pricing rule.

The particular pricing rule we show provides the equilibrium with the mentioned trading
strategy, which must be a linear one as given in equation (1.8) of Definition 1.1. Furthermore,
in order to be a pair for the given trading strategy, it is also required that the coefficients
(r:)2_, of the process X given by (1.5) follow Assumption 3.2 and the coefficients of (;)%_,
are such that By = u, f1(t) = oy, as of Assumption 3.1, and Sy = av% from equation
(4.26).

Note that all the coefficients of the a’s, 71, 9 and of 5o depend on the pair of functions
(w,v). The existence and uniqueness of these functions are given by Theorem 4.4.

Therefore, we have used all the major theorems of this thesis to show that there is a pair
of an admissible pricing rule and an admissible trading strategy such that for this trading

strategy the pricing rule is rational and given the pricing rule the trading strategy is optimal.

We can now combine everything we just mentioned in one single theorem that will prove
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the equilibrium for the particular pair ((H*,w*,7*), (0*,75,77):

Theorem 6.1. Suppose that Assumptions 3.1 and 3.2 hold, w* and v* are the functions w

and v, respectively, from Theorem 4.4, vo =11 =0, Bo = u, and By = 0\/1)?,172_52- Then,

((H*,w*,r*),0%) is an equilibrium, where

H*(t,z,u) = p+ oyz + fa2(t)u
Zy — X, — 2O xM

7V dt, 65=0
v*(t) 0 ’

dw* ) ,
re=0,ri =9 andr; = 62((1—&)01‘/[ —2>,

2w oy

0} = w* (1)

Moreover, the expected wealth of the insider in equilibrium is given by

i (2;?0> * /01 wit)di - 2£EO>>

Proof. Note that given 0*, (H*,w*,r*) is admissible as it satisfies all the condition of 1.1.

Moreover, it is a rational pricing rule by Proposition 5.1.

Next, given H*, 8* is an admissible trading strategy for the insider as satisfying all the
conditions of Definition 1.2. First note that 6* satisfies equation (1.9). In the previous chapter
we have seen that X as defined in (5.6) has indeed an strong solution. To guarantee that no
doubling strategies are allowed just note that (H*)~'(s, oy Zs 4 pu, XM) — Xy = Z, — Z,. by
equation (5.2).

Moreover, by equation (5.14), we have that E*((Z, — Z,)?) < E*[(Zs — Z1)?]. Proposition
4.3 says that lim;_,q % = 0 which in turn implies that %;)ZS)Q) is bounded on [0, 1]. This
yields the desired admissibility since B2 is bounded in view of Theorem 4.4.

Corollary 5.3 says that lim; ng(t,Xt,XtM, Z;) = 0, P*-a.s., hence establishing the opti-
mality of 6* via Theorem 3.1.

Theorem 3.1 gives a sufficient condition for the optimality of the insider provided an
additional integrability property is valid. In particular, we need to check that the integral in
equation (3.54) is finite. The strict positivity and continuity of w implies we only need to

check that

N BE(S)GJZ(S) n ovoy(s) _ 20(s)B2(s)M(s)

=y {"Vw<s> ovu(s) T wls) w(s)

t—1
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Indeed, letting By = B2 we have

= —UV,

fly = 7 [ A B o4 = (),

w(s)
ov (1 202(s) + 282(5)0% () +v(5) 203 () Ba(s)us)

2 Jo w(s)
v M) 2 PO 2o (Br(s) = M)
2 Jo w(s)
However,
o)+ 1-3z(t) 1-Xz(t) u(t)
WONOETIIS® T 1o s
Consequently,

ov (
2 w(s)  w(s)(1—Xn(t)
oy [* V(s)  w(s)v(s)

= 7‘/ ; 2w(s) + o) wi(s) ds

o [ s 1 T 2®)ov v(0)
—V/O ($)ds + 5 0@ ~ 2 wlo)”

The above limit is finite due to Proposition 4.3 that shows that lim; ,q

v(t)+1-Xz(t)

w(t)
U

The next corollaries collect some properties of the equilibrium above. The first has two

Corollary 4.1.

relevant statements. The first statement is that the equilibrium demand is a martingale in
the filtration of the market maker, as is the case in the literature since Back (1992), which
is relevant to the model, as it shows that the market maker cannot predict any movement of

the demand. This is a direct consequence of the rational pricing rule, as we have shown in

The second statement of the first corollary says that in equilibrium the price process con-
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verges almost surely to the final value of the asset in the insider’s filtration. This has always

been the case since the very first continuous-time version of Kyle-Back models. However,



there is an important fact about the interpretation of it. In the previous models before this
thesis, the only source of information would come from the insider - or insiders as in Holden,
Subrahmanyam (1992), Foster, Viswanathan (1996), and Back et al. (2000) - hence it was
clear that the insider was the one driving the price to V' at the end of the trading period.
However, in our model, if the insider did not trade, the final price of the asset would
also go to V' at t = 1 because the market maker’s signal would drive the price by its own.
Therefore, we can no longer say that the insider drives the price, but rather that the price is
driven - both by the insider and the market maker’s public signal - to V' at the end of the

trading period.

Corollary 6.1. Let ((H*,w*,r*),0%) be the equilibrium in Theorem 6.1. Then, the following

statements are valid.
1. Y* := B+ 0% is an (P, #M)-Brownian motion.

2. limy_y1 H*(t, Xy, XM) =V, P*-a.s., where X is the unique strong solution of (1.5) with
Y replaced by Y*.

Proof. The first statement is a consequence of Corollary 4.1 under the optimality condition of
the Theorem above. The second is a consequence of the fact that lim; 1 ¢(t, X, XtM ,Zy) =

0, P*-a.s.. O]

The second statement is about the ex-ante expected wealth of the insider. We have added
a proof of the corollary just to remind the reader that P is the unconditional probability
measure in our filtered probability space.

Both insider’s expected wealth in equilibrium and her ex-ante expected wealth have a
closed form in the literature, as is possible to see in Theorem 6.1 of Cetin, Danilova (2018)
and in the discussion at the end of Chapter 6 of the cited book. The ex-ante expected wealth
is also known as the value of information. Since the insider is risk neutral, that is the value
that an agent would be willing to pay to become an insider, hence it is the price the agent is
willing to pay to observe Z.

It is interesting to note that the value of the information does not depend on the insider’s
private signal, as is the case in the literature. In our case, it is even more remarkable to
realize that the value of information depends only on the weighted value of the demand for

the market maker when applying the rational pricing rule in equilibrium. Since we only
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know that there exists a function w such as presented in equilibrium, but we do not have
an analytical solution to it, we estimate this value in the numerical analysis developed in

Chapter 7.

Corollary 6.2. Under the equilibrium conditions of Theorem 6.1, the ex-ante expected wealth

of the insider, i.e. the expected wealth of the insider under P, is

E(W)) = o </01w(t)> . (6.1)

Proof. Recall that from Theorem 2.3 that Zy ~ N(0,c?). Hence, combining it with the

definition of P? and applying the tower property, we get that

E(Wi) = E(E”(W) = E(EWi|Z))

R C IR 0)
= (o)
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Chapter 7

Numerical Analysis

In Chapter 6, we have shown that a specific pair of an admissible trading strategy and an
admissible pricing rule is an equilibrium for our model. However, both the strategy and the
pricing rule depend on a pair of functions (w,v) for which we do not have a closed form.
Therefore, one would like to know how those functions would look like for different values of
public and private signals.

Moreover, it is not only curiosity that drives one to want to know the form of both w
and v. They are also important with respect to the interpretability of the model we have at
hand.

Let us begin recalling that in Corollary 6.2 states that the ex-ante value of information -
i.e., the maximum amount a risk-neutral agent would be willing to pay to become an insider

in our model - would be given by

oy /0 (bt

according to equation (6.1) which depends on knowing the value of the function w. Therefore,
if we would like to know the expected advantage that the insider has by receiving the signal
X!, Furthermore, we also would like to understand whether the speed with which the insider
receives X! would affect their expected wealth.

The second matter we would like to address is the limiting behaviour of f2 when time
goes to one. From equation (4.64), we see that in equilibrium the limit of Sy must be either
zero or one. This is particularly important to understand the liquidity of the model. Recall

that equation (4.7) tells us that the price process is given by
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dS; = oyw(t)dNY + By(t)oar(t)dN?,

From Proposition 4.2 we already know that lim;_,; w(t) = 0, therefore if we want to know
what the behaviour of the price is towards the end of the trading period, we must understand
what happens with fs. If it goes to zero, then the analysis is rather complicated. The speed in
which w and S could change a lot from what one could expect. However, if lim;_,; S2(t) = 0
we would have a price that was still going to V because it would be driven by the public
signal, but, on the other hand, the liquidity of the market would increase to a perfect liquid
one.

As a consequence, we would expect the two elements to behave in the same way as we
have seen in Foucault et al. (2016). There would still be some room for profit, as there would
be an opening in (V — S;), but very little feedback effect, as the marginal trading of the
insider would affect the price very little. As a consequence, we would have the insider trading
very aggressively towards the end of the trading period as predicted by the mentioned paper.
Again, it is interesting to point out that unlike in Foucault et al. (2016) the insider does
not trade aggressively because she has short-lived information, but because the life of the
information she possesses is ending.

Therefore, we are very interested in knowing what the behaviour is like for 8y towards
the end of the trading period.

If we go back to Chapter 4, we will see that there are two things we would like to know
to have the solution for the system in (4.29). The first is the functional form of v and the
second would be the initial condition w(0).

As a consequence, the aim of this section would be to analyse the behaviour of (w,v)
and therefore of the ex-ante value of information and S, for different speeds of X! and XM,
However, from Theorem 4.4, we know that ¥ is independent of v + 1 — X therefore, we do
not need to conjugate different public and private signals to understand the behaviour of the
aforementioned parameters.

The fact that the parameters w are Py are not influenced if the signal of the insider is
static or dynamic allows us to compare v + 1 — Xz with the static case. Recall from Back
(1992) that when the signal is static, then v + 1 — Xz = v =1 — ¢t. We should not take that

benchmark as an iron law once as long as the insider strategy drives the price process to V'
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that we have optimally'. We refer to Cetin (2018) for a specific study of the static case and
to Cetin, Danilova (2018) for a more wholesome analysis of the dynamic case. The rule of
v =1—1is used as a reference for the static case, as we have a constant trading rate for the
insider, making it the most smooth trading strategy among inconspicuous ones.

Therefore, the aim of this chapter becomes to find the initial value of w and to solve the
ODE system (4.29) for different values of 1 — 3. In particular, we set 1 — X to be equal
tot(l—In(t)), 1 -+t 1—t,1—t>1—15 and 1 — 2.

The most complicated step in this task is to find w(0). For each value of 1 — X/, we
must implement the fixed-point algorithm we developed in Chapter 4. The details on how
we implement the algorithm will be left to sections 7.1 and 7.2, however the basic ideas are
the same in the cases developed in both sections.

The first step would be to find a suitable starting value for ry our updating scheme. In
Chapter 4, as we were concerned with the computational efficiency of the algorithm, we have
set rg to be given by g where T is given by the equation (4.40). However, now that we are
concerned with efficiency, we suggest a different method to begin the algorithm in sections
7.1 and 7.2.

Once we have an initial value wy(0), we can describe the update scheme for w(0). Suppose
that you have w,,(0) as the initial condition of w for the n-th step of the algorithm. We use
an ODE solver package to find the solutions of (w,u), where u is defined by equation (4.30)
as v+ 1— Xz, as given by (4.29) for the initial value w,(0). Now we can update the value of

w(0) as described by equation (4.39) as follows:

P = wns1(0) = ( /O lwi/2<t>dt)_2- (7.1)

As described in Lemma 4.7, there is a suitable converging subsequence for (r;)72, such that
from Theorem 4.3 we know it converges to w(0). Once we know the value (r;)2°, converges
to, we can use the ODE solver again to find (w,u) as the proper solutions to (4.30) and
perform all the mentioned analysis.

As we can see in figure 7.1, all of the functions we considered for 1 — X; start at one for

t = 0 and go to zero as time approaches one. The difference between them is the speed at

Tt is relevant to mentioned that there is also not uniqueness for the pricing rule as well. Considering the
model presented in Chapter 6 of Cetin, Danilova (2018), which is a generalisation of Back (1992), any pricing
rule that satisfies equations (6.24) and (6.25) is a rational pricing rule. However, it is important to note that
these functions are generally affected by demand that is an output of a given trading strategy.
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Figure 7.1: 1 — Xy

which they go to zero. Compared with the linear case, both convex functions #(1 — In(t)),
1 — /t start to go much faster to zero than 1 — ¢ and start to decelerate when approaching
one. This means that a lot of information is released at the beginning of the trading period,
but the speed with which this information is released diminishes as time evolves.

On the other hand, 1—¥); equals 1—t2, 1—t%, and 1—¢!2 have the opposite behaviour: they
start delivering very little information and the closer they get to the end of the trading period,
they give a lot of information. As we shall discuss later, we believe that 1 — Xy, = 1 — ¢12
would work almost as a benchmark for the case where the insider trades without a public
signal for most of the trading period.

In a modelling point of view the convex cases are not as interesting as the concave ones.
By delivering a lot of information through the public signal at the beginning of the trading
period, it only reduces the uncertainty about the final value of the asset V' very early in the

game. As an exercise, suppose what would happen if all the information was delivered at the
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very beginning of the trading period, that is, ¥,,(0) = 1. In this case, both the insider and
the market maker would agree on the valuation of the risky asset. Furthermore, at t = 1, it
would be made public that their valuation is indeed the price of the asset at the end of the
trading period. It is also interesting to point out that this limiting case is exactly the one in
which there is no insider. If ¥,,(0) = 1 there is no uncertainty for the insider, but there is also
no uncertainty for the market maker throughout the trading period. Therefore, the insider
has no informational advantage with respect to the market maker from ¢ = 0 onwards, and
hence no way to profit from this trading. As a consequence, we know that in this limiting
case, the ex-ante profit of the insider is zero as no one would be interested in paying for
information that brings no advantage for those who possess it. Obviously, that is a limiting
case. It could be the case that the insider could explore their informational advantage in the
beginning of the trading period so fiercely that her expected outcome profit-wise would be
the same. As will be made clear by the end of this chapter, that is not the case and the
insider makes less profit as the information is released very quickly close to t = 0.

On the other hand, as more information is delivered later in time, the greater the in-
sider’s informational advantage. Our numerical studies also show that the later in time the
information is released, the higher the insider’s profit.

We can now proceed to the specifics of our numerics. The convex functions impose some
additional challenges when solving the ODEs. Therefore, we have developed a specific code
for dealing with them, which is explained in Section 7.2. In that section, we also discuss the
conclusions regarding both the estimates for (6.1) and the behaviour of S when 1 — X/ is
concave. Obviously, we also want to understand how v + 1 — ¥z behaves for the different
concave functional forms of 1 — X, as it is proportional to the uncertainty the market maker
has about the value of V. In Section 7.2 we also address that.

In the following section, Section 7.1, we explain the details of the algorithm we developed
for convex functions. As we do for the concave functions in Section 7.2, we analyse how
the behaviour of 1 — X, affects the values of 35, the value of information, and v+ 1 — X
for the convex functions in Section 7.1. In both concave and convex cases, simulations were
performed on the software R, R Core Team (2021).

We collect all the takeaways from our numerical analysis so we can finally say in Section
7.3 how the speed at which 1 — s goes from one to zero affects, if it does, the shape of 5o,

particularly the value of limy_,1 52(¢), the behaviour of the function v 41— Xz, and the value
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of the integral (6.1) that is the ex-ante value of information.

We once again mention the independence between ¥ and u = v+1—X 7 given by Theorem
4.4 to explain that the numerical analysis developed in Section 7.4 is more an illustration of
how the function v would behave for the approximation of © we have performed. Since X,
and u are independent, we obtain the estimated value of Var(Z;|.#™M) simply by taking the

value of 1 — ¥ z(t) from the value of u(t) we have found for all the values of ¢ in our grid.

7.1 Convex case

In this section, we are going to describe the algorithm we develop to study the convex cases
we have selected. As is also the case for the concave functions of 1 — X, the most difficult
task we have is to find the initial value of w. Therefore, as discussed in the previous section,
we must implement the algorithm we developed in Chapter 4.

Let us begin by describing how we performed any given step of the algorithm. The method
used to solve the ODEs was ode45 from the package deSolve. We have made a time grid to
input in the function of size 20 from 0.01 to 0.99 with lengths of the same size. Using this
grid as input to the package with initial conditions «(0) = 1 and some w,(0), the package
returned us approximate values for v and w. We do not use an index for neither the functions
u nor w because we do not keep track of these functions before we find the limiting value of
wy,(0) to which the algorithm converges.

Therefore, the next step of the algorithm would be to find a new value of wy,4+1(0) according
to the update scheme given by equation (7.1). Due to the fact that we have estimated the
function w and the time lengths are also the same size, we could calculate the above equation
in an ordinary way. With the values of w applied to the time grid, we could calculate wi/ 2
applying the correct exponential. After that, we took the average value of w;g’/ 2(t) for every
t in the time grid. By doing that, we would be therefore calculating fol wf’/ 2(t)dt. Finally,
once we have the integral value, all that was left to do to find the updated value wy,+1(0) was
apply the exponential —2.

It is important to note that any package developed to solve the ODEs system does not
alm to produce an integral as described before, so we may have the error propagation from

the estimate solutions to the integral, particularly because we are not only integrating, but

also applying transformations before and after the integration.
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As we mentioned in the previous section, while developing the fixed-point algorithm,
we did not need to worry about computational efficiency, as all we needed for Lemma 4.7
was a convergent subsequence. Considering that and the fact that while producing the
approximation for the functions w and w with the computational package, we may have a
propagation of errors when finding the integral in equation (7.1), we have made an effort to
start the algorithm in a suitable candidate for the value of w(0). Otherwise, starting too far
away from the value the algorithm should converge to, we could have it diverging due to the
aforementioned possible propagation of error.

In addition to that, it is interesting to note that 1 is a lower bound for the sequence r,
for all t as given by equation (4.45) in the proof of the lemma 4.4. While performing the
algorithm we have notice that if the sequence 7, would increase by a certain threshold that
lower bound would be reached. Furthermore, often by applying 1 to a given r, we would get
below 1 again by r,42. Therefore, I think it is safe to say that the propagation of error could
be big enough to prevent our algorithm to converge if we started ro very far away from the
limit value w(0).

On that account, we have decided to add an additional routine to our code. This routine
sets the initial value rg to perform the algorithm mentioned above.

We developed a grid starting from the lower bound 1 up to 3 by steps of size 0.1. For each
candidate value for rg we recorded if r1 would be smaller or greater than rg. We then select
the smaller value of rg so that it generates an updated value r; smaller than ry. Taking into
account the function 1 — 3y, = ¢(1 — In(¢)), such a value was 2.5. ILe., all ro’s from 1 to 2.4
generated values of r; greater than their respective rg’s. On the other hand, values from 2.5
and above would generate values smaller than themselves. Since we are interested in a value
that is the result of an converging subsequence, we know that for 1 — X5, = ¢(1 — In(¢)) the
converging value w(0) should be in the interval from 2.5 to 2.6.

For that reason, the same procedure was repeated for the values between 2.5 and 2.6 with
steps of size 0.01 for the case 1 — Xj; = ¢(1 — In(¢)). The value we found was 2.57. The
approach was repeated for the following decimal term such that we have found an initial
value to start the proper algorithm of 2.570.

Accordingly, we could now start the algorithm described in Chapter 4 with an initial value
ro = 2.570 for 1 — X3 = t(1 — In(¢)). However, to manage the instability of the algorithm,

we decided to work with a moving average of size seven. Hence, the input to calculate r,
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Figure 7.2: Evolution of w, for 1 — ¥y, = ¢t(1 — In(¢))

for any given n was the average of the previous seven results. All the values for (r,)S_,
in the actual code were just the initial condition developed in the previous term, that is,
r; =2570Vi=0,...,6.

From figure 7.2 we can see that our attempts to avoid volatility paid off as we managed
to get convergence for the case when 1 — X, = t(1 — In(¢)). Note that, as expected due to
our initial routine, we have found a value quite close to the initial condition we started with:
2.570948.

Now that we have found our estimate for the initial value w(0), we can now apply the
function ode45 from the package deSolve to find the approximation for the functions u =
v+1—Xz and w. In figure 7.3 we can see the estimated function w for w(0) = 2.570948.
Such function led to an integral fol w(t)dt of 0.57. The estimated function v + 1 — Xy is
represented in figure 7.4.

In figure 7.4 it is possible to see that the market maker takes a lot of information from
the public signal as a lot of information is delivered in the beginning of the trade period.
Throughout the entire trading period the uncertainty of the market maker is much smaller

than she would have without a public signal. However, it is interesting to note that she also
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Figure 7.3: w for 1 — X5 = t(1 — In(¢))

uses quite some information coming from the trading as the estimated curve is substantially
smaller than she would have without any information coming from the demand.

This behaviour is in line with the estimate function 8. As will be the case in all numerics,
we have a (s beginning at one. That is because in order to perform the numerical analysis
we have set oy to be equal to one. As a consequence, since u(0) = v(0) +1—37(0) = 1 and
1 —%(0) =1 we have from (4.26) that 52(0) = 1.

In this particular case, as one can see in Figure 7.5, we have By with relatively high
values showing that during most of the trading period the market maker heavily relies on the
information coming from the public signal to build their valuation about the risky asset.

We can now move forward to the case when 1 — X3 = 1 — v/t. Let us begin with our
search method for the candidate ryg. The same package in R and the same time grid used for
the previous case was used for this case. By performing an analogous code for the previous
case, we have found a suitable value for rg of of 2.248. The main algorithm has started with
a little bit less volatility than in the previous case, as it is possible to see in Figure 7.6, and
with 1000 iterations we had already found convergence for w(0) = 2.248458. Again, our

efforts in finding a candidate that would produce a stable candidate for the algorithm have
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Figure 7.5: B2 for 1 — ¥y = t(1 — In(t))
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Figure 7.6: Evolution of w, for 1 — ¥ =1 — Vi

been successful, as r¢ is very close to w(0).

The estimated value of the integral fol w(t)dt was 0.6650335. This shows a trend that
will be confirmed with the other cases: the slower the speed of ¥ in the beginning of the
trading period, the higher is the value of f01 w(t)dt and the smaller is the value of w(0).
With the information provided by the other numerics in this chapter, the implications of this
consideration will be addressed in Section 7.3.

Again, once we have the value of w(0) we can produce the approximations of (u,w) using
ode45 now to evaluate the behaviour of u, w and fs.

The behaviour of £s is quite similar as in the previous case as we can see by comparing
the figure 7.5 with the figure 7.7.The main difference is that the minimum value of By is
a little longer in time, occurring about ¢ = 0.7. From figure 7.1 it is possible to see that
the square root case has a delivery quite slower than the previous case. We understand
that the behaviour for the case when 1 — ¥, = #(1 — In(¢)) has a minimum early because
the uncertainty for the market maker becomes small very fast so she does not use a lot of
incremental information.

On the other hand, figure 7.8 shows that the uncertainty for the market maker is quite
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Figure 7.7: B9 for 1 — Xy =1 — Vi

similar in both convex cases. Again, the value of v+1— X5 is quite small from the beginning,
but the gain from having access to the information coming from trading with the insider is
far from negligible, as it is possible to see from the difference between the red dotted line and
the black line in Figure 7.8.

The estimate function w when 1 — ¥, = 1 — v/t is also quite similar to the previous case
as it is possible to see in figure 7.9.

We can proceed to the next section, where we analyse the remaining cases for 1 — X,

1—t1—1t%21—1% and 1 — ¢t

7.2 Concave Cases

We can now start describing the numerics we developed for the linear and concave cases. The
main challenge of the ODEs solver package is the fact that we have two stiff equations, i.e.
they have fast-varying parameters. As we can see in the images 7.3 and 7.9, in the convex
cases, the estimated w decreases very fast in the beginning of the trading period, but towards
the end of the period, it becomes more flat. Therefore, we had to use a specific method to

deal with the convex cases, as we explained in Section 7.1.
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However, for the concave cases, as it is possible to see from figures 7.10, 7.11, 7.19, and
7.22, the behaviour of w is much more stable than in the previous cases, particularly in the
beginning of the trading period.

To develop our numerical analysis for these cases we have also used the software R, but
now we have used the function ode78 of the package pracma. We have opted for this package
because it produces more accurate results than the DeSolve. Hence, we took advantage of
the stability of the concave functions to improve the accuracy. Recall that any estimation
errors we have on the estimates of the solutions of the ODEs are propagated when calculating
the integral of (7.1), hence it is important to seek accuracy whenever it is possible.

To further increase the precision of the estimates, we use the function ode78 to estimate
v+1—3Xy and In(w) instead of w. It is interesting to mention that, unlike DeSolve, pracma
has the time grid as an output of the function. In particular, for the linear case, we also had
a time vector of size 20.

From the estimated function of w - i.e. the exponential of the estimated curve for In(w) -
in figures 7.10 and 7.11 it is possible to see that the R functions produce trapeziums below the
curve of the functions. Indeed, the trapezium shape comes from the fact that the estimated
values of w are connected to each other in a straight line.

The trapezoidal shape will be key for us to estimate r, for all the steps. At every step
of the algorithm, we are given two functions v + 1 — Xz and In(w). Now, the first step to
find r,, is applying the transformation z % exp(z) to the function In(w), which gives us an
estimate for w3/ 2(t) to every t belonging to the time grid the package provided as an output.

Let (ti)le be the times provided by the time grid. Note that we have k — 1 trapeziums
with sides w3/ 2(t;) and w3/ 2(t;41) and height ¢;11 — t;. Therefore, we can easily calculate
rn, by finding the area of each trapezium, then summing all the areas of the trapeziums and
finally applying the exponential —2 as required by equation (7.1).

Since the output produced by the function is now In(w) we adapted our search mechanism
for the initial value of w. Now we do the same procedure with a grid starting at zero up to
one with steps of size 0.1 likewise the searching algorithm for the concave case.

The smallest value for In(w) that generated an updated value smaller than itself for
1—%3 =1—1t was now 3. Due to the greater variability of the logarithm, we extended our
search procedure up to 1074, Therefore, we initialised our main algorithm with an initial

condition In(wg(0)) = 0.3261, or equivalently, w(0) = 1.385554.
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Figure 7.11: w for 1 — Xy = 1 — ¢2
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Figure 7.12: Evolution of w, for 1 — ¥, =1—1¢

Our efforts to increase the accuracy have shown their role while performing the algorithm
as well. We managed to reduce the moving average from the previous algorithm, for concave
functions, from seven to three. Furthermore, note from figure 7.12 that even in the linear
scale for w the convergence was much faster.

Even though we have performed 300 iterations of the algorithm, it is possible to see that
by about 100 iterations we already had almost reached convergence. Again, the value found
by the main algorithm for w(0), 1.385647 was quite close to the initial condition. Indeed,
one by now could say that the proper algorithm to find w(0) is acting more as an inspection
criterion for the search algorithm.

Again, once we have reached an initial condition for w, we can use package pracma once
more to produce the approximation functions w and u. We do that by applying function
ode78 on R. In each iteration of the algorithm, we have calculated fol w3/?(t)dt for a different
function w; hence now we can use the same procedure we used to calculate fol w2 (t)dt to
find fol w(t)dt, but now instead of applying the transformation z — %exp(x), we apply the
transformation z — exp(z).

From figure 7.10 we can see that w for the linear case decays much slower than the ones
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Figure 7.13: v+1—-Yz for 1 =Xy =1—1¢

represented in figures 7.3 and 7.9, almost in a linear fashion. It is interesting to note that
concave values for the public information produce concave functions w and convex functions
of 1 — Xjs produce convex functions of w. The linear case is still convex, but it is very close
to linear.

It is not possible to compare the estimate of the integral fol w(t)dt with the previous
ones as it is a different method, but we shall compare the estimate of 0.5663463 that was
calculated for the linear case with the convex cases.

The uncertainty of the market maker with respect to 7 is quite interesting in the linear
case. This is so because both the benchmark when there is no public signal and the case
when the market maker only receives the public signal coincide. One can see from figure 7.14
that the gap between both benchmarks opens, reaching the maximum around 0.4, which is a
little bit before the minimum for By in this case. As we will confirm later, indeed the more
delayed the information is the further in time is the minimum of (.

Once we are done with the numerics for the linear case, we can proceed with our numerical
analysis for the case when 1 — X, = 1 — ¢%.

While performing the search algorithm for 1 —#? we have reached an interesting case. The
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Figure 7.14: fo for 1 =Xy =1—1t¢

value found for r¢ was 1.061837, which is very close to the lower bound found by equation
(4.45). Indeed, after performing the main algorithm with the same moving average of three we
got an estimate of 1.063186 as we can see in figure 7.15. That would allow us to conjecture
that for convex cases in which the delivery of information would happen quite late in the
trading period we would have w(0) going to one. Once again the searching mechanism for
the initial value of the algorithm allowed us to start in a very close neighbourhood of the
final solution.

However, the most interesting thing about the case when 1 — 3, = 1 —¢? was to consider
the estimate of v +1 — X . Note in figure 7.16 that before time ¢ = 0.8 we have the estimate
for v+ 1 — Xz crossing the curve of 1 —¢.

This behaviour could mean that the public information comes at a certain speed such
that the uncertainty for the market maker is greater than it would be if there were no public
signal. We need to be cautious about the previous assertive as it could be the case that our
estimate for v + 1 — Xz is not accurate enough to say that for sure. However, we cannot
dismiss this hypothesis now. As the market maker receives two different signals: the direct

one coming from the public signal and an indirect one coming from their interaction with
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Figure 7.16: v +1 — Xz for 1 — X3 =1 —¢2
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Figure 7.17: (o for 1 — Xy =1 — ¢?

the insider by trading. The market maker knows she is learning about the price of V', but
she does not know what she knows; hence it could be the case that she gets more puzzled by
the different sources of information so her uncertainty increases by receiving a public signal.
That is a matter that requires further investigation in future research in the theme of this
thesis.

In figure 7.17 is possible to see that at the same time [ starts to increase and goes quite
steeply to one. Going back to figure 7.16 we can see that after the crossing with 1 — ¢ the
variance attaches to the curve representing the public signal. Therefore, we can conclude
that the market maker in the ending of the trading period relies most heavily on the public
signal rather than trying to extract information from the demand.

The aforementioned conclusion is quite in line with the motivation of high-frequency
trading. When approaching the end of the trading period, the market maker gives much
more weight to the public signal while w is going to zero, hence making the feedback effect
for the insider diminish. Therefore, the insider is able to trade very aggressively without
affecting the price process, so she does that in order to maximise her profit.

The numerical value found for fol w(t)dt was 0.6465513. Again, while dealing with the
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Figure 7.18: Evolution of w, for 1 — ¥, =1 — 16

release of the information, we increased the ex-ante expected profit. We can also see from
figure 7.11 that the function w became clearly concave.

As the reader may now expect, while performing the searching algorithm for the initial
value rq for the public signal such that 1 — X, = 1 — 5, we could not find a value that was
greater than one that would produce an updated value also greater than one.

Therefore, the logical thing to do was to use 1 as the initial value rg and perform the
algorithm to check what would be the limit of (r,,)?°,. The results are shown in figure 7.18.
As we can see from the figure, the algorithm has also found equilibrium below the lower
bound of 1 given by equation (4.45). It is very interesting to note that the value found of
0.856 is substantially smaller than the lower bound. As a consequence, we have used 1 as the
initial value of w(0).

In figure 7.19 we can see the behaviour of the function w. Even though it has started in
the lowest of all values studied in this chapter, it has stayed almost flat during the first half
of the trading period, hence also very clearly concave.

The behaviour of v +1 — X for the case when 1 — X = 1 —t% also tells us an interesting

story. Like was the case when 1 — ¥, = 1 — t2, the uncertainty of the insider follows very
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Figure 7.20: v +1— Xz for 1 = X3 =15
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Figure 7.21: fy for 1 — Xy =1 — 6

closely the constant rate line, but, by the end of the trading period, we have it attaching to
the public signal line. Again, that movement of relying very closely on the public signal is
represented by a sharp rise of the parameter (s.

It is also very interesting to note that the presence of an uninformative signal actually
increased the uncertainty of the market maker. Unlike the square case in which the function
v+ 1— Xz only crosses the 1 — ¢ curve at the end of the trading period to attach itself with
the public signal, in this case, when 1 — X7 = 1 — 5, we have the curve v + 1 — X above the
1 —t line throughout the whole trading period. One could say that the role of an informative
signal seems to be working more like noise.

There was a substantial increase in the value of the ex-ante profit of the insider in this
case, going to 0.7204667.

If 1 — Xy = 1—1t% was already quite elucidating of the limit behaviour when there is a big
flow of information released by the end of the trading period. From figure 7.1, it is possible
to observe that the line 1 — ¥, = 1 — t12 is almost flat until at least 60% of the trading
period.

The numerics for the case when 1 — ¥, = 1 — t'2 were much simpler than the previous
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Figure 7.22: w for 1 — X = 1 — 12

cases. That is because if both the searching algorithm when started at 1 would lead to an rg
below one and the proper algorithm for (r,,)$2; would lead to an initial value below one as well
for 1 — ¥ = 1 -5, that would be aggravated in the case when 1 — X, = 1 —¢'2. Therefore,
all the numerics the reader sees for 1 — Xy = 1 — t!2 were done considering w(0) = 1.

By comparing figure 7.22 with the other estimated values functions w it becomes clear
that in the limit case when all public information is delayed at the latest possible moment,
w would be a flat line over the value one. As a consequence, fol w(t)dt would be one. Indeed,
the estimated value of the integral for 1 — X, = 1 — t12 was 0.9787778.

Furthermore, the value of betas decreased as the insider gathered information about the
value of the asset through the demand process and increased as the public information became
more relevant.

The behaviour of the uncertainty is also very interesting. As during most of the period
there is almost no information coming from the public signal, v4+1—3% 7 follows the benchmark
of the 1 — ¢ line. Unlike the case in which 1 — X3, = 1 — 5, when the existence of an
uninformative signal would increase the level of uncertainty, there is so little information

during most of the trading period that the market maker’s uncertainty just follows the 1 —¢
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line, which is smaller than the uncertainty of the case when 1 — ¥3; = 1 — 5. One could
wonder whether the market maker does not take into account the value of the public signal,
but not only do we know that lim;,; w(t) = 0, but also we can see in figure 7.22 that our
numerics capture that feature of the model.

Analysing back figures 7.3 and 7.9 it becomes clear that the greater the speed of the flow
of information in the beginning of the trading period, the faster we have w going to zero.
As a consequence, we shall postulate that fol w(t)dt should be zero if all the information was
made public at the beginning of the trading period. Such conjecture is very intuitive. In
the limit, if all the information was made public at ¢ = 0 the insider would have no relevant

information to exploit; hence, her profit should be zero.

7.3 Conclusions of the Numerical Analysis

In this section we discuss and summarize our main findings from the previous two sections
of this chapter. In those sections we were concerned with describing the algorithm we imple-
mented and how all of the outputs for every functional form for 1 — ¥, were. Now we are
interested in describing the general trends for every parameter we were interested in studying
across the different functional forms for 1 — X,;.

Let us begin with the functional form of w. In figures 7.3, 7.9, 7.10 we have w being
convex functions. The faster the signal X in the beginning of the trading period, the faster
the function w decreases in that period. Figures 7.11, 7.19, and 7.22 show the same pattern.
In those functions the speed at which w decreases is so slow that those functions became
concave. Another interesting aspect of w is its initial value w(0) for the different shapes of
1 — X7 The slower XM in the beginning of the trading period, the higher the initial value
w(0). That is interesting because just by the form of the function w one would not be able to
say if the ex-ante profit of the insider increases or decreases as 1 — s goes to zero faster. If
on one hand the faster is the signal, the faster w goes to zero in the beginning of the trading
period, on the other hand, the smaller is the initial value w(0). Fortunately, we did estimate
the value of fol w(t)dt.

As we mentioned previously, we know that if 33,(0) = 1 the insider would not have
any ex-ante profit as the information would also be public, hence she would not have any

informational advantage. However, it was not clear considering only the analytical results of
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this thesis if the insider could profit greatly in the beginning of the trading period while the
market maker is receiving a lot of information, but has not acquired a substantial amount
of it. That case would be analogous to the dynamic case when Back, Pedersen (1998) and
later Danilova (2010) in which the ex-ante value of information does not depend on how
the information is revealed. Nevertheless, our numerical analysis shows that the slower the
information is made public the greater the insider’s expected profit. Indeed, since the later the
information is released the smaller is the initial value w(0) such that we are able to reach the
lower bound given by equation (4.45) we can say that the maximum of the integral fol w(t)dt
is one. Therefore, the maximum the insider’s ex-ante expected profit is oy. Conversely, our
numerics suggest that the minimum of such expectation is actually zero.

Perhaps the most unclear conclusion we can take is that depending on how fast ¥, goes
to one, the uncertainty about V' could be greater than what it would be if there were no
public signal. In the original paper Back (1992) considers a strategy for the insider such
that n|.#M would variance of 1 — ¢. Indeed, the literature has shown that there are several
optimal strategies such that v, the variance of E(n|.#M), goes from v(0) = 1 to v(1) = 0.
Nevertheless, v(t) = 1 —t is the one with a constant rate that represents an insider’s strategy
in which she does not increase or decrease the volume of stocks traded for no reason. As a
consequence, one can use 1 — t as the benchmark for the market maker’s uncertainty about
7 if there was no public signal. Recall that v + 1 4+ ¥z is independent of ¥z, hence there is
no difference between a dynamic and a static signal when regarding this matter.

In two occasions, our numerics have given v(t) + 1+ Xz(¢) > 1 — ¢ for at least some ¢. In
figures 7.16 and 7.20 it is possible that it happened for 1 =Xy, =1 —t?and 1 — X, = 1 — 5.
The conjecture that this could be possible because the market maker has difficulties dealing
with both the direct public signal and the information she learns by trading with someone
with greater knowledge about the value of 7 is supported by figure 7.24. There we can see
that when the information is delayed greatly we have v(t) + 1 + Xz (t) very close to 1 — ¢
throughout most of the trading period. As a result, we can conjecture that depending on the
shape of X7, the uncertainty about V could be greater than what it would be if there were
no public signal.

One of the reasons we have decided to implement numerical analysis for our model was
due to the discussion about the limit of 3. From equation (4.64), we know that the limit

of B2 must be either zero or one. In all the cases we considered, both packages DeSolve and
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pracma have given as output B2 going to one as time goes to one, as we can see from figures
7.5, 7.7, 7.14, 7.17, 7.21, and 7.23.
This is particularly interesting because it is quite relevant regarding the price process.

Recall that the price process given by (4.7) reads:

dS; = oyw(t)dN + By(t)oa (H)dAND.

Furthermore, from Proposition 4.2 we know that lim;_,; w(t) = 0. Therefore, as time gets
closer to one we have the price process start relying more on the public signal as So gets
closer to one and less on the information coming from the demand as w goes to zero. This
behaviour is so powerful that in all the cases studied, we have v+ 1 — Y attaching to 1 — X,
- as it is possible to see in figures 7.4, 7.8, 7.13, 7.16, 7.20, and 7.24 - suggesting that by the
end of the trading period the market maker relies almost solely on the information coming
from the public signal.

Since Kyle (1985) the reason the insider does not have infinite profits is because there
is a feedback effect in the trading of the insider. That means that if the insider knows the
price is below the value of the asset (recall that in Kyle (1985) the insider knows the value of
the asset in advance) she will buy the cheap stock and increase the price by doing so. If the
market were perfectly liquid the insider’s profit would be infinite. In our model, the market
is never perfectly liquid as, also by Proposition 4.2, w(t) > 0 for all ¢ € (0,1), but the effect
of the insider trading declines over time. For that reason, the insider can trade more and
more aggressively as the end of the trading period approaches.

Furthermore, by Corollary 5.3, as it is the case in the literature, the price is converging
to the true price of the risky asset. Therefore, as time approaches one, the gap between the
price in which the price is being traded and the final value is closing, making the marginal
profit on each transaction relatively small. Hence, the insider must have plenty of volume to
compensate for the reduced marginal profit.

Like Foucault et al. (2016) we have found that as the informational advantage of the insider
is about to expire, she trades more aggressively, in a high-frequency fashion. However, in
contrast with the authors, we show that such behaviour does not depend on the existence
of short-term information being fed to the insider. It can also happen when the long-lived

information is about to become void when competing with a public signal. Therefore, high-
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frequency trading does not mean high-frequency information.

7.4 Dynamic Comparison

In the very last section of this thesis, we present another optional topic. By Theorem 4.4, we
know that u = v+1—3z and w do not depend on ¥ z. That is a very interesting result for us
as it shows that the market maker’s uncertainty about n does not depend on the signal X?’.
In particular, the variance of 7|.# does not depend if the insider has a dynamic or a static
signal. As a consequence, we developed all the numerics of this chapter without worrying
about either the signal X' nor the function v which is the variance of Z;|.# M, as given by
Lemma 4.2.

However, one may be interested in analysing the behaviour of the function v. Once we
have the estimates for u, we can find the function v by just doing u—(1—X). The only thing
that one must be cautious of while doing that is that given X3, 7 cannot be anything. Note
that by the construction of the model we have as impute two different signals that determine

Z. Indeed, we have from equation (2.36) that

Sz(t) =+ /Ot 0%(s)ds = c* + /Ot ((%)20%(8) + (%)20?\4(80 ds.

As a consequence, we have from Corollary 2.1 that Yz(t) < X (¢) Vt € [0,1]. For this
reason, while pairing two functions for ¥z and X,; one must make sure they are compatible.
Indeed, Theorem 4.4 gives us a more restrictive condition, which is that v+1—%7 < 1—X,,.

Therefore, our task here was to find values of X7 that were compatible with the above
restriction. In figure 7.25 it is possible to see the several possible private signals,1 — >y, for
the public signal 1 — ¥, = 1 — t2. Hence, what we did was to pick a private signal for each
function v + 1 — ¥z such that v would never be negative.

In figures 7.26 and 7.27, it is possible to see the value of v for the public signal 1 — 3, =
1—-t2for 1-%; = 0.7(1—t) and 1— X7 = 0.7(1 —/#) respectively. One interesting fact about
those images is that, as it is the case in figure 7.27, we may have the variance of Zt\cFM
increasing over time as the variance of Z; may increase more than it is revealed for the market

maker. The rationale behind the fact that v is exactly the same as the restriction that s(t),
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Figure 7.25: 1 — Xy =1 —t2

the variance of 1 with respect to the insider’s filtration when she receives a dynamic signal,
in Danilova (2010) must be smaller than 1 — ¢ as the uncertainty about the final value of the
asset must be always greater for the market maker than it is for the insider.

While we performed several combinations of ¥z and ¥;;, we believe that the most inter-
esting one is the one with 1 — X, = 1 — 2. In figure 7.25 it is possible to check that the
combinations did not lead to a clash with our analytical discoveries, so we assume there are
private signals that would lead to those pair of signals.

Analysing v for ¥z = 0.7(1 —t) and s — 2 in figure 7.26 we see what one would expect:
as times goes by the uncertainty about Z reduces. However, one must be aware that variance
of Z increases over time. Indeed, v for X3y = t? and ¥z = 0.7t(1 — In(t)) shows an increase
in the variance before going to zero.

Indeed, if we keep X7 = 0.7t(1—1In(t)), but change %5 to t% we get a considerable increase

before going to zero.
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