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Abstract

The thesis consists of three parts. The first part studies the Glosten-Milgrom model [25] where the
risky asset value admits an arbitrary discrete distribution. In contrast to existing results on insider
model, the insiders optimal strategy in this model, if it exists, is not of feedback type. Therefore,
a weak formulation of equilibrium is proposed. In this weak formulation, the inconspicuous trade
theorem still holds, but the optimality for the insiders strategy is not enforced. However, the
insider can employ some feedback strategies whose associated expected profit are close to the
optimal value, when the order size is small. Moreover, this discrepancy converges to zero when the
order size diminishes.

The second part extends Peng’s monotone convergence result [37] to backward stochastic dif-
ferential equations (BSDEs in short) driven by marked point processes. We apply this result to
give a stochastic representation to the value function of the insiders problem in the previous part.

The last part studies an optimal trading problem in limit order market with asymmetry in-
formation. The market consists of a strategic trader and a group of noisy traders. The strategic
trader has private prediction on the fundamental value of a risk asset, and aims to maximise her
expected profit. Both types of market participants are allowed to place market and limit orders.
We aim to find a trading strategy for the strategic trader who uses both limit and market orders.
This is formulated as a stochastic control problem that we characterise in terms of a HJB system.
We also provide a numerical algorithm to obtain its solution and prove its convergence. Finally,

we consider an example to illustrate the optimal trading strategy of the strategic trader.
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Chapter 1

Introduction

1.1 Trading on informational advantage

One main issue in trading is informational differences. Many trades originate not because indi-
viduals have investment or liquidation purposes, but because one agent has or believes she has
advanced information about what the price will be in the future. The primary reference in this
case is a study by Kyle [32]. In Kyle model, there is an agent denoted by insider or informed trader
who has strong informational advantage, i.e. she knows the true value of the asset. On the other
hand, other market participants do not have this information. The insider tries to optimally adjusts
her trading strategy based on the price impact that her trades generate. Back [5] formalises and
extends Kyle’s model in continuous time to allow any continuous distribution as the asset value.

Another influential model, Glosten-Milgrom [25] model, puts market makers at the centre of
the problem trading with counterparties who own advanced information. Market makers need to
set a positive bid-ask spread to compensate losses incurred by trading with informed traders even
when market makers are competitive and risk-neutral. There exists an equilibrium in which the
informed trader plays a mixed strategy.

Back and Baruch [6] connect Kyle and Glosten-Milgrom models by showing that a sequence
of the Glosten-Milgrom equilibria converges to the Kyle equilibrium when orders are smaller and
arrive more and more frequently. The convergence has been studied recently in a mathematical
framework in Cetin and Xing [18]. However, in [6] and [18], the asset value, denoted by o, is
assumed to have Bernoulli distribution which is quite restricted comparing to general results in
Back’s paper [5].

In Chapter 2, we consider the Glosten-Milgrom model whose risky asset value ¥ has a discrete
distribution. This generalizes the setting in [6] and [18] that © has a Bernoulli distribution. Then we
are interested to study whether the Glosten-Milgrom equilibrium still exists when the asset value ©

has general discrete distributions. In contrast to existing results on the insider model, the insider’s

7



1.2. Backward stochastic differential equation 8

optimal strategy in this model, if it exists, is not of feedback type. Therefore, a weak formulation
of equilibrium is proposed. In this weak formulation, the inconspicuous trade theorem still holds,
but the optimality for the insiders strategy is not enforced. However, the insider can employ some
feedback strategies whose associated expected profit are close to the optimal value, when the order

size is small. Moreover, this discrepancy converges to zero when the order size diminishes.

1.2 Backward stochastic differential equation

Backward stochastic differential equations (BSDEs in short) were first introduced by Bismut [11].
Then Pardoux and Peng [36] considered non-linear BSDEs in a Brownian setting. A solution to a

BSDE is a pair of adapted processes (Y, Z) which satisfies
T T
Vit [ gYazZods— [ zaw. o<i<r
t t

When the function g is Lipschitz continuous with respect to (y, z) and E[|¢[*] < oo, the existence
and uniqueness of the solution have been proved in [36].

Going beyond the Brownian framework, Barles et al. [8] consider a BSDE driven by a Brownian
motion and an independent Poisson random measure. Since then, many generalizations have been
considered. In particular, Confortola and Fuhrman [20] build up a connection between optimal
control problems and a class of BSDEs, both driven by a marked point process. They show that
there exists a unique solution to a BSDE which identifies the value function for the optimal control
problem.

Peng [37] studies a limit convergence of BSDEs driven by a Brownian motion such that
T T
Yt=§+/ g(s,Ys,Zs)ds—/ ZgdWs+Cr—Cy, 0Kt <T, (1.2.1)
t ¢
where C' is a cadlag increasing process with Cy = 0 and E[|Cr|*] < co.

Definition 1.2.1 Given a non-decreasing process C, a terminal value £ and a generator g, if the
pair (Y, Z) solves (1.2.1), then we call Y a supersolution of BSDE with generator g or simply called

g-supersolution on [0,T]. In particular, when C' =0, Y is called a g-solution on [0,T].

Peng proved a limit theorem that if a sequence of supersolutions Y increasingly converging to Y
with E[Supt |Yt]2] < 00, then Y itself is a cadlag supersolution of the same BSDE. As an applica-
tion, he constructed a family of penalised BSDEs, which converges to the smallest supersolution of
a BSDE with a constraint.

In Chapter 2, we consider the value function of insider’s optimal trading problem. There has
a boundary layer in value function as the time goes to the terminal time. The source of the

boundary layer can be determined by a convergence in value functions as the trading intensities of
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the insider goes to infinity. Since the value functions can be represented by a sequence of penalised
BSDEs driven by marked point processes, we analyse the convergence in BSDEs. In Chapter
3, we first extend Confortola and Fuhrman [20] to prove the well-posedness of penalised BSDEs
driven by marked point processes. Then we extend Peng’s [37] monotone convergence theorem
from Brownian setting to a marked point process setting. Finally, we analyse the convergence in

BSDEs to determine the source of the boundary layer.

1.3 Trading on limit order book

In Chapter 2, we focus on a control problem which relays on market orders only. However, in
practise, agents frequently post limit orders as they are cheaper than market orders. Hence, in
Chapter 4, we study a problem how a strategy trader uses her private prediction on the asset and
trades both market and limit orders to maximise her trading profits.

Since there are very few papers considering asymmetric information in limit order book, we
borrow ideas from the literature of optimal execution in limit order book. For instance, Back and
Pedersen [7] show that a strategic trader uses her private prediction gradually and completely in
whole trading period. Avellaneda and Stoikov [4] investigate that a market marker maximises
terminal wealth by trading in and out of positions using limit orders. Guilbaud and Pham [27]
study that a market maker is to maximize her expected utility from revenue over a short term
horizon by a trade-off between limit and market orders, while controlling her inventory position. In
this case, the agent searches for both an optimal trading size and a sequence of optimal stopping
times at which to execute market orders.

In our model, there are two types of agents, noisy traders and a strategic trader, all of whom
are risk neutral but they have different information. Both market participants are allowed to place
market and limit orders. The strategic trader has some private signal, which is her private valuation
prediction of the asset price. She uses the private prediction to trade in the market and maximise
her expected profit. Rest market participants are aggregated to noise traders.

Moreover, for market orders, we assume that the size of buy or sell order k takes values from
the set of integers K,, = {1,...,m} where the subscript m stands for market orders. These buy or
sell orders are modelled by Poisson processes. The strategic trader controls intensities of Poisson
processes, i.e. the speed of placing market orders. On the other hand, for limit orders, they are
executed when they are filled by incoming counterpart market orders. After previous execution of
limit orders, the strategic trader cancels unexecuted orders and submits new limit orders to wait
for next arrival of market orders. We assume that after each arrival of market orders, the strategic

trader can submit limit orders, either on buy or sell side, i.e. limit orders are submitted right after
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the last execution. If there is non-execution or partial execution of limit orders, she will cancel
the whole or rest orders immediately before placing new limit orders to wait a next execution.
Furthermore, for simplicity of the model, we assume that she always submits limit orders at best
bid or ask and those have highest priority to be executed compared to other outstanding limit
orders. Hence, according to our assumption, the strategic trader needs to control the size of limit
orders either on buy or sell side at each submission. In addition, we also consider the price impact
of limit and market orders in our model.

We formulate the problem as a stochastic control problem and prove that the value function
of the strategic trader is a solution to this HJB equation. We also investigate numerically the
strategic trader’s optimal strategy in a market where limit and market orders have two sizes, small
and large. We consider five different scenarios depending on sizes of orders allowed to trade by
strategic and noise traders. Our numerical solution shows that the strategic trader will place limit
and market buy orders when the magnitude of mispricing, which is the difference between her
private prediction on the asset and the current trading price, is higher than a threshold. In certain
cases, she may even employ a “round trip” strategy to first submit limit sell orders to push price
down, and subsequently uses market buy orders to make profit on low market price. In this round

trip of trade, the profits from the market buy are still more than losses from the limit sell.



Chapter 2

Asymptotic Glosten-Milgrom

equilibrium

2.1 Introduction

In the theory of market microstructure, two models, due to Kyle [32] and Glosten-Milgrom [25], are
particularly influential. In the Kyle model, buy and sell orders are batched together by a market
maker, who sets a unique price at each auction date. In the Glosten-Milgrom model, buy and sell
orders are executed by the market maker individually, hence bid and ask prices appear naturally.
In both models!, an informed agent (insider) trades to maximize her expected profit utilizing her
private information on the asset fundamental value, while another group of noise traders trade
independently of the fundamental value. The cumulative demand of these noise traders is modelled
by a Brownian motion in Kyle model, cf. [5], and by the difference of two independent Poisson
processes, whose jump size is scaled by the order size, in the Glosten-Milgrom model.

When the fundamental value, described by a random variable ¢, has an arbitrary continuous
distribution?, Back [5] establishes a unique equilibrium between the insider and the market maker.
Moreover, the cumulative demand process in the equilibrium connects elegantly to the theory of
filtration enlargement, cf. [35]. However much less is known about equilibrium in the Glosten-
Milgrom model. Back and Baruch [6] consider a Bernoulli distributed . In this case, the insider’s
optimal strategy is constructed in [18]. Equilibrium with general distribution of @, as Cho [19] puts
it, “will be a great challenge to consider”.

In this paper, we consider the Glosten-Milgrom model whose risky asset value ¥ has a discrete

! A profit maximizing informed agent is introduced in the Glosten-Milgrom model in [6]
2Models with discrete distributed @ can be studied similarly as in [5].

11
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distribution:

]P)(,D:Un) = Pn, n:1> 7Na (211)

where N € NU{oo}, (vp)n=1,...,N is an increasing sequence and p, € (0,1) with 27]:[:11711 = 1. This
generalizes the setting in [6] where N = 2 is considered, i.e., ¥ has a Bernoulli distribution.

In models of insider trading, inconspicuous trade theorem is commonly observed, cf. e.g., [32],
[5], [7], [6], [14], and [15] for equilibria of Kyle type, and [18] for the Glosten-Milgrom equilibrium
with Bernoulli distributed fundamental value. The inconspicuous trade theorem states, when the
insider is trading optimally in equilibrium, the cumulative net orders from both insider and noise
traders have the same distribution as the net orders from noise traders, i.e., the insider is able to hide
her trades among noise trades. As a consequence, this allows the market maker to set the trading
price only considering current cumulative noise trades. Moreover, in all aforementioned studies,
the insider’s optimal strategy is of feedback form, which only depends on the current cumulative
total order. This functional form is associated to optimizers of the Hamilton-Jacobi-Bellman (HJB)
equation for the insider’s optimization problem. However the situation is dramatically different in
the Glosten-Milgrom model with N in (2.1.1) at least 3. Theorem 2.2.6 below shows that, given
aforementioned pricing mechanism, the insider’s optimal strategy, if exists, does not correspond to
optimizers of the HJB equation. The result is consequence of the difference between bid and ask
prices in the Glosten-Milgrom model, which is contrast to the unique price in the Kyle model.

Therefore to establish equilibrium in these Glosten-Milgrom models, we propose a weak formu-
lation of equilibrium in Definition 2.2.11, which is motivated by the convergence of Glosten-Milgrom
equilibria to the Kyle equilibrium, as the order size diminishing and the trading intensities increas-
ing to infinity, cf. [6] and [18]. In this weak formulation, the insider still trades to enforce the
inconspicuous trading theorem, but the insider’s strategy may not be optimal. However, the in-
sider can employ some feedback strategy so that the loss to her expected profit (compared to the
optimal value) is small for small order size. Moreover this gap converges to zero when the order
size vanishes. We call this weak formulation asymptotic Glosten-Milgrom equilibrium and establish
its existence in Theorem 2.2.12.

In the asymptotic Glosten-Milgrom equilibrium, the insider’s strategy is constructed explicitly
in section 2.5, using a similar construction as in [18]. Using this strategy, the insider trades towards
a middle level of an interval, driving the total demand process into this interval at the terminal date.
This bridge behaviour is widely observed in the aforementioned studies on insider trading. On the
other hand, the insider’s strategy is of feedback form. Hence the insider can determine her trading
intensity only using the current cumulative total demand. Moreover, as order size diminishes,
the family of suboptimal strategies converge to the optimal strategy in Kyle model, cf. Theorem

2.2.13. In such an asymptotic Glosten-Milgrom equilibrium, the insider loses some expected profit.
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The expression of this profit loss is quite interesting mathematically: it is the difference of two
stochastic integrals with respect to (scaled) Poisson occupation time. As the order size vanishes,
both integrals converge to the same stochastic integral with respect to Brownian local time, hence
their difference vanishes.

This chapter is organized as follows. Main results are presented in section 2.2. The mismatch
between insider’s optimal strategy and optimizers for the HJB equation is proved in section 2.3.
Then a family of suboptimal strategies are characterized and constructed in Sections 2.4 and 2.5.
Finally the existence of asymptotic equilibrium is established in section 2.6 and a technical result

is proved in Appendix.

2.2 Main results

2.2.1 The model

We consider a continuous time market for a risky and a risk free asset. The risk free interest
rate is normalized to 0, i.e., the risk free asset is regarded as the numéraire. We assume that the
fundamental value of the risky asset ¢ has a discrete distribution of type (2.1.1). This fundamental
value will be revealed to all market participants at a finite time horizon, say 1, at which point the
market will terminate.

The micro-structure of the market and the interaction of market participants are modelled sim-
ilarly to [6] which we recall below. There are three types of agents: uninformed/noise traders, an
informed trader/insider, and a market maker, all of whom are risk neutral. These agents share the
same view toward future randomness of the market, but they possess different information. There-

fore, the probability space (2,P) with different filtration accommodates the following processes:

e Noise traders trade for liquidity or hedging reasons which are independent of the fundamental
value ©. The cumulative demand Z is described by the difference of two independent jump
processes ZP and Z° which are the cumulative buy and sell orders, respectively. Therefore
Z = 7B — 7% and it is independent of ¥. Noise traders only submit orders of fixed sized &
every time they trade. As in [6], Z%/§ and Z%/§ are assumed to be independent Poisson
processes with constant intensity 3. Let (%7 )telo,1] be the smallest filtration generated by Z
and satisfying the usual conditions. Then (%7 )telo,1] describes the information structure of

noise traders.

e The insider knows the fundamental value v at time 0 and observes the market price for the
risky asset between time 0 and 1. The insider also submits orders of fixed size § in every

trade and tries to maximize her expected profit. The cumulative demand from the insider is
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denoted by X := X B — X% where X? and X° are cumulative buy and sell orders respectively.
Since the insider observes the market price of the risky asset, she can back out the dynamics
of noise orders, cf. discussions after Definition 2.2.1. Therefore the information structure of

the insider .%/ includes %7 and o(¥), for any t € [0, 1].

e A competitive market maker only observes the aggregation of the informed and noise trades,
so he cannot distinguish between informed and noise trades. Given Y := X + Z, the informa-
tion of the market maker is (ﬁty)te[()’l] generated by Y and satisfying the usual conditions.
As the market maker is risk neutral, the competition will force him to set the market price

as E[0|. %) ], t € [0,1].

In order to define equilibrium in the market, let us first describe admissible actions for the
market maker and the insider. The market maker looks for a Markovian pricing mechanism, in

which the price of the risky asset at time ¢ is set using cumulative order Y; and a pricing rule p.

Definition 2.2.1 A function p : 6Z x [0,1] — R is a pricing rule if
i) y — p(y,t) is strictly increasing for each t € [0,1);
i) limy o p(y,t) = v1 and limy_,o p(y,t) = vy for each t € [0, 1];
iii) ¢+~ p(y,t) is continuous for each y € §Z.

The monotonicity of y +— p(y,t) in i) is natural. It implies that the market price is higher whenever
the demand is higher. Moreover, because of the monotonicity, the insider fully observes the unin-
formed orders Z by inverting the price process and subtracting her orders from the total orders.
Item ii) means that the range of the pricing rule is wide enough to price in every possibility of
fundamental value. The insider trades to maximize her expected profit. Her admissible strategy is

defined as follows:

Definition 2.2.2 The strategy (X?, X°;.%#1) is admissible, if

i) .Z#! is a filtration satisfying the usual conditions and generated by o(?), .#Z, and H, where

(Ht)tefo,1) is a filtration independent of © and 7 Z,

i) X B and X9, with XéB = XOS =0, are .#-adapted and integrable? increasing point processes

with jump size J;

iii) the (.#!,P)-dual predictable projections of X” and X are absolutely continuous with respect

to time, hence X B and X° admit .Z —intensities 68 and 6°, respectively;

3That is, E[X?Z] and E[X{] are both finite.
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iv) E [fol Ip(Yy, t)| |dX} — 59§dt|} < o0, for i € {B, S} and the pricing rule p fixed by the market

maker. Here | X' — fo 560'dt| is the variation of the compensated point process.

This set of admissible strategies is similar to [18, Definition 2.2]. Item i) assumes that the
insider is allowed to possess additional information 7, independent of ¥ and .##, which she uses to
generate her mixed strategy. Item iv) implies JE[ fol Ip(Yy,t)| 0idt] < oo, hence the expected profit
of the insider is finite. Item ii) does not exclude the insider trading at the same time with noise
traders. When the insider submits an order at the same time when an uniformed order arrives
but in the opposite direction, assuming the market maker only observes the net demand implies
that such pair of trades goes unnoticed by the market maker. This pair of opposite orders will be
executed without a need for a market maker. Hence the market maker only knows the transaction
when there is a need for him. Henceforth, when the insider makes a trade at the same time with
an uninformed trader but in an opposite direction, we say the insider cancels the noise trades. On
the other hand, item ii) also allows the insider to trade at the same time with noise traders in the
same direction. We call that the insider tops up noise orders in this situation. However, the insider
does not submit such orders in equilibrium, even when equilibrium is defined in a weak sense, cf.
Remark 2.4.6 below. The assumption that the insider is allowed to trade at the same time as noise
traders is different from assumptions for Kyle model where insider’s strategy is predictable. This
additional freedom for insider is not the source for Theorem 2.2.6 below, which states optimizers
for the insider’s HJB equation do not correspond to the optimal strategy; see Remark 2.2.8 below.

As described in the last paragraph, the insider’s cumulative buy orders may consist of three
components: X528 arrives at different time than those of ZZ, X571 arrives at the same time as
some orders of ZB, and X cancels some orders of Z°. Sell orders X° are defined analogously.
Therefore X8 = X85 + XBT 4 xBS and X9 = x99 + X5T 4 X558,

As mentioned earlier, the insider aims to maximize her expected profit. Given an admissible

trading strategy X = X B — X the associated profit at time 1 of the insider is given by

/01 Xi—dp(Yy, t) + (0 — p(Y1,1)) X;.

The last term appears due to a potential discrepancy between the market price and the liquidation

value. Since X is of finite variation and Xy = 0, applying integration by parts rewrites the profit as
1 1
| @-prmax? - [ @ pvin) axs
0 0

1 1
= / (0 —p(Yi_ +6,t)) dXPP +/ (0 — p(Yie +26,t)) dX BT
0 0

1 1
+ / (5 — p(Yi_, 1)) dXPS / (6= p(Yi — 5,8)) X5
0 0

1 1
- [ o= pie =26 ax5T — [ 6 pvic ) ax5”.



2.2. Main results 16

where Y increases (resp. decreases) § when X258 (resp. X°) jumps by 6, Y increases (resp.
decreases) 20 when XB7T (resp. X*7T) jumps at the same time with ZZ (resp. Z9), and Y is

unchanged when X% (resp. X5+ jumps at the same time with Z? (resp. Z%). Define

a(y,t) :==p(y+4,t) and  b(y,t):=py—61),

which can be viewed as ask and bid prices respectively. Then the expected profit of the insider

conditional on her information can be expressed as
! B,B ! B,S
B| [ @-atiepaxt s [ o p0i ) ax?
0 0

1 1
o BT _ | (5 =b(V_ — ST 2.
+/0 (5 — a(Yi_ + 6,1)) dX /0 (5= b(Ye_ — 6,1)) dX] (2.2.1)

1 1
- [ axs - [ i ax o).

Having described the market structure, an equilibrium between the market maker and the insider

is defined as in [6]:

Definition 2.2.3 A Glosten-Milgrom equilibrium is a quadruplet (p, X?, X%, . %) such that
i) given (XB, X5: 1), pis a rational pricing rule, i.e., p(¥;,t) = E[3|.%)] for t € [0,1];
i) given p, (XB, X%, .#7) is an admissible strategy maximizing (2.2.1).

When N = 2, [18] establishes the existence of Glosten-Milgrom equilibria. In equilibrium the
pricing rule is

p(y,t) =EY [P(Z1_9)], (y,t) € 0Z x [0,1]. (2.2.2)

Here PY is a probability measure under which Z is the difference of two independent Poisson
processes and PY(Zy = y) = 1. P is a nondecreasing function such that P(Z;) has the same
distribution as #. Moreover the optimal strategy of the insider are given by jump processes X%/, i €
{B,S}and j € {B,T, S}, with intensities § 0 (Y;_,t), t € [0,1]. These intensities are deterministic
functions of the state variable Y, hence this control strategy is a feedback control and it corresponds
to optimizers of insider’s HJB equation. However, when N > 3, Theorem 2.2.6 below shows that,
given the pricing rule (2.2.2), the optimal strategy does not correspond to optimizers in the HJB
equation, for some values of ©. This result is surprising, because it is contrast to existing results in
the Kyle and Glosten-Milgrom equilibrium; cf. [32], [5], [7], [6], [14], [15], and [18]. This mismatch
roots in the discrete state space of the demand process in the Glosten-Milgrom model. The discrete
state space yields different bid and ask prices, which is contrast to the unique price in the Kyle

model. See Remark 2.2.7 below for more discussion.
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2.2.2 Nonexistence of a feedback optimal control

To state aforementioned result, we introduce several additional notations. For each § > 0, let
Q% = ([0, 1],7Z) be the space of §Z-valued cadlag functions on [0, 1] with coordinate process Z°,
(ﬂtZ’é)te[ojl] is the minimal right continuous and complete filtration generated by Z°, and P? is
the probability measure under which Z° is the difference of two independent Poisson processes
starting from 0 with the same jump size ¢ and intensity 3°. We denote by P¥ the probability
measure under which Zg = y a.s.. Henceforth, the superscript § indicates the trading size in the
Glosten-Milgrom model.

For the fundamental value #°, let us first consider the following family of distributions.

Assumption 2.2.4 Given #° of type (2.1.1), there exists a 6ZU{—o0, oo} —valued strictly increas-
ing sequence (a9)n—1,.. n41* with a§ = —o0, a%,; = oo, and UM, [ad, ab_y) = 0Z U {—oo}, such
that

P( = v,) = P (Z;s e [ag,agﬂ)) ,  n=1,--,N. (2.2.3)

For any ¢ with discrete distribution (2.1.1), Lemma 2.6.1 below shows there exists a sequence
(29)5-0, each satisfies Assumption 2.2.4 and converges to ¥ in law as § | 0. Therefore any @ of type
(2.1.1) can be approximated by a ©° satisfying Assumption 2.2.4. Given ©° satisfying Assumption
2.2.4, define

M. t) =P (70 € b aln)), vedZ tel0l], me{l - N}, (224)
and
N
Py,t) = vah(y,t) = E [P(Zf_t)] : (2.2.5)
n=1

where the expectation is taken under P*¥ and
P(y) =v,, wheny € [a),al ;). (2.2.6)

Then (2.2.3) implies that ° and P(Z¢) have the same distribution. If p° is chosen as the pricing
rule, it has the same form as in (2.2.2). Finally we impose a technical condition on p°. This

assumption is clearly satisfied when N is finite.

Assumption 2.2.5 There exist positive constants C' and n such that |p®(y,t)| < C(1 + |y|*) for
any (y,t) € 0Z x [0, 1].

Given the pricing rule (2.2.5), let us first study the insider’s optimization problem and derive the

associated HJB equation via a heuristic argument. In this derivation, the superscript J is omitted

“When N = 0o, N +1 = 0.
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to simplify notation. Definition 2.2.2 iii) implies that X%/ — § IN 09 dr defines an F! -martingale
for i € {B,S} and j € {B,T,S}. On the other hand, Definition 2.2.2 iv) and [13, Chapter I, T6]
combined imply that [} (& — p(Y,— +6,1)(dX>F — 507 Pdr) = [; (6 — p(Yr,r)(dXPF — 507 Pdr)

is an .Z -martingale. Similar argument applied to other terms allows us to rewrite (2.2.1) as
1 1
G| [0 st 6,000+ [0l 0B
0 0
1 1
b [ pv 28,88 dr = [ (o= p¥i - 8,005 ar
0 0
1 1
- [ ooz ar = [ a0 - 200057 arla]
0 0
This motivates us to define the following value function for the insider:

VO(B,y,t) = sup
943;ie{B,5},je{B,T,S}

51[«:{/1(@ —p(Y,_ +6,7))05P dr + /1(@ — p(Y,_,7)025 dr
t ‘ (2.2.7)

1 1
+ [ = pV - 280 dr = [ (o= p(¥i — 8.0))05S ar
t t
1 1
- / (0 = p(Y,—, )07 dr — / (@—pm_—26,r>>0§’Tdr\Yt:y,6],
t t

for o = {v1,---,on}, ¥y € 0Z, t € [0,1). The terminal value of V° is defined as V°(9,y,1) =
limg V5(17, y,t) °. Lemma 2.3.2 and Proposition 2.4.4 below show that the optimization problem
in (2.2.7) is well defined and nontrivial, i.e., 0 < V% < oo, for each § > 0. Let us now derive the
HJB equation which V? satisfies via a heuristic argument. Since positive (resp. negative) part
of Yis YB := XBB 4 XBT + 7B — X5B (resp. V¥ := X5 4 X957 4 75 — XB5). Hence
YB 5 [(B—02" =0T ydr — 6 [; 077 dr — 26 [ 07T dr (vesp. Y5 — 6 [ (B —67° — 077 dr —
5 J, 025 dr — 25 fg 02T dr) is an .#-martingale.’ Then applying Ito’s formula to V(3, Y,, r) and
employing the standard dynamic programming arguments yield the following formal HJB equation

for V°:
—Vi(vn,y,t) — H(vn,y,t,V) =0, ne{l,---,N}, (y,t)€IZx][0,1), (2.2.8)
where the Hamilton H is defined as (the © argument is omitted in H to simplify notation)

H(vn,y,t, V) :=(V(y+6,t) —2V(y,t) + V(y — 6,1))B

®Since the set of admissible control is unbounded, the HJB equation associated to (2.2.7) usually admits a boundary
layer, i.e., lim, 1 V®(%,y,t) is not identically zero even if there is no terminal profit in (2.2.1). Such phenomenon

also shows up in Kyle model, see [5].
6As discussed after Definition 2.2.2, the set of jumps of X% and X7 (resp. X*P and X®7) arrive at the same

time as some jumps of Z° (resp. Z7), then we necessarily have %% + 697 < g (resp. 58 + 657 < ).
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+ sup [V(y+3d,t) = V(y,t) + (va — ply + 3,1))5]6%F
QB,BZO

+ sup [V(y+26,t)—V(y+d,t)+ (va —ply + 26,t))5]657

08,7 >0

+ sw [V(y,t) = V(y = 6,t) + (vn — p(y,1))5]6"° (2.2.9)

+ sup [V(y - 5a t) - V(y7 t) - (vn - p(y - 57 t))é] GS’S

05:5>0

+ sup [V(y—26,t) = V(y —6,t) — (v — ply — 26,1))3] 67
QS,TZO

+ sup [V(y,t) = V(y+6,t) — (va — p(y, 1))6]0>7.
95’320

Optimizers 0%, i € {B,S} and j € {B, T, S}, in (2.2.9), are deterministic functions of v,,y and
t, hence they are of feedback form. They are expected to be the optimal control intensities for
(2.2.7). This is indeed the case in many existing results in Kyle model and Glosten-Milgrom model
(with N = 2), compare [32], [5], [7], [6], and [18]. However, when N > 3 in the Glosten-Milgrom
model, the following theorem shows any optimizers in (2.2.9) are not the optimal intensities when

U is neither v nor vy.

Theorem 2.2.6 Let N > 3 and ©° satisfy Assumption 2.2.4. Let p° in (2.2.5) be the pricing
rule and satisfy Assumption 2.2.5. Then any optimizers 0% (y,t), i € {B,S},j € {B,T,S} and
(y,t) € 8Z x [0,1), for (2.2.9) are not the optimal strategy for (2.2.7) when ©° = v, for1 <n < N.

Remark 2.2.7 When #° = v; (resp. vN), the insider knows the risky asset is always over-priced
(resp. under-priced). Hence she always sells (resp. buys) in equilibrium. This situation is exactly
the same as [18]. When @° is neither minimal nor maximal, let us briefly describe the proof of
Theorem 2.2.6 here. To ensure (2.2.8) to be wellposed, H must be finite for all (y,t) € 0Z x [0, 1).

Hence
(p(y,t) —vp)d < V(y+0,t) — V(y,t) < (p(y+,t) —vy)d, forall (y,t) € 0Z x [0,1), (2.2.10)

where the second inequality comes from the first three maximization in (2.2.9) and the first inequal-
ity comes from the last three. Since V >0, %/ =0, i € {B,S} and j € {B,T, S}, in (2.2.9) does
not correspond to the optimal strategy. Hence there must exist (yo,?o) such that one inequality
in (2.2.10), say the first one, is an equality. However, in this case, the discrete state space forces
the first inequality to be an equality for all (y,t) € 0Z x [0,1), which implies the second inequality
in (2.2.10) is strict for all (y,t), due to p(y + 6,t) > p(y,t). Therefore the optimizers in the first
three maximization in (2.2.9) must be identically zero, which means the associated point process
X does not have positive jumps. On the other hand, the dynamic programming principle and the

boundary layer of (2.2.8) at t =1 force Y1 = Z; + X1 € [a} + 6,al, ] a.s.. This can never happen
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when X does not have positive jumps. Therefore, Theorem 2.2.6 is the joint effort of the discrete

state space and the boundary layer of the HJB equation.

Remark 2.2.8 The statement of Theorem 2.2.6 remains valid when the insider is prohibited from
trading with noise traders at the same time; i.e., X5, XB5 X3T XS5 are all zero. In this case,
the second, third, fifth and sixth maximization do not present in (2.2.9). However, the first and
fourth maximization therein still lead to (2.2.10). Hence the same argument as in the previous

remark still applies.

Remark 2.2.9 Examples of control problems without optimal feedback control exist in literature
of the optimal control theory, cf., e.g. [43, Chapter 3, pp. 246] and [34, Example 1.1]. In these cases,
notion of relazed control is employed to prove the existence of a relaxed optimal control, cf. [34] and
references therein. For the insider’s optimization problem, instead of {6 : Z x [0,1] — Ry}, the
control set can be relaxed to {6 : 6Zx [0,1] — M*(R)}, where M'(R.) is the set of all probability
measures in R;. It is interesting to investigate whether (2.2.7) admits an optimal control in this

relaxed set. We leave this topic to future studies.

2.2.3 Asymptotic Glosten-Milgrom equilibrium

To establish equilibrium of Glosten-Milgrom type when the risky asset © has general discrete distri-
bution (2.1.1) with N > 3, we introduce a weak form of equilibrium in what follows. To motivate
this definition, we recall the convergence of Glosten-Milgrom equilibria as the order size decreasing

to zero and intensity of noise trades increasing to infinity, cf. [6, Theorem 3] and [18, Theorem 5.3]:

Proposition 2.2.10 For any Bernoulli distributed v (i.e. N =2 in (2.1.1)), there exists a sequence

of Bernoulli distributed random variables ©° such that
i) ¥ converges to ¥ in law as § | 0;

ii) For each § > 0, model with #° as the fundamental value of the risky asset admits a Glosten-

Milgrom equilibrium, (p®, XB:9, X950 Z1.9);

i) When the intensity of Poisson process is given by 0 := (262)71, X B0 — X959 £, X% asé6 10,
where X is the optimal strategqy in the Kyle model and £, represents the weak convergence

of stochastic processes7.

This result motivates us to define the following weak form of Glosten-Milgrom equilibrium:

"Refer to [10] or [30] for the definition of weak convergence of stochastic processes.
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Definition 2.2.11 For any ¢ with discrete distribution (2.1.1), an asymptotic Glosten-Milgrom

equilibrium, is a sequence (90, p®, X B0 X590 FZ10)s o such that

i) o° converges to ¥ in law as 6 | 0;

ii) For each § > 0, given (2%, X594, X0 Z19) and set Y := Z% + XB9 — X59 pd is a rational

pricing rule, i.e., p? (Y, t) = E[#° | 9tyé] for ¢t € [0, 1];

iii) Given (9%,p%) and 3° = (20%)7!, let J9(X B, X°) be insider’s expected profit associated to the
admissible strategy (X2, X®). Then

sup TOXB X5 — 70(XP9 X9 50, asé 0.
(XB,X5) admissible

In the above definition, rationality of the pricing mechanism is not compromised. However opti-
mality of the insider’s strategy is not enforced. Instead, item iii) requires that, when the order
size is small, the loss of insider’s expected profit by employing the strategy (X B xS0, ol ) is
small, comparing to the optimal value. Moreover this discrepancy converges to zero when the order
size vanishes. Therefore if the insider is willing to give up a small amount of expected profit, she
can employ strategy (X B.d x99, Z1.9) to establish a suboptimal equilibrium. The following result

establishes the existence of equilibrium in the above weak sense:

Theorem 2.2.12 Assume that ¥ satisfies (2.1.1) with N < co. Then asymptotic Glosten-Milgrom

equilibrium exists.

In this asymptotic equilibrium, the pricing rule is given by (2.2.5). When the order size is ¢,

the insider employs the strategy (X0, X9, Z1.9) with .Z1%-intensities

N 265 5 ] N ) 5 7
W (Y7 +6,t) WS (Y7 — 6,t)

1) 2 : n\"'t ) 52 : n\t¢ )
6ﬁ — H{f)‘;zvn} hg (}/t(i’ t) -1 65 — ]I{f}‘szvn} hg(}/t(i’ t) -1 )
n= L 14+ n=1 L 14—

N - N - (2.2.11)
B (Y7 — 6t B (Y7 + 6t
58S sy WYz =0.8) 4| | a0 LT (Y2 +6,8)

0 J o d ’
N I I e

n=1

respectively. In particular, when the fundamental value is v,, the insider trades toward the middle

level m? = (ad + al, | — 0)/2 of the interval [ad,a® ): when the total demand is less than m?,
the insider only places buy orders by either complementing noise buy orders or canceling some of

noise sell orders, when the total demand is larger than m‘fl, the insider does exactly the opposite.

More specifically, Lemma 2.5.2 below shows that y +— RS (y,t) is strictly increasing when y < m?
and strictly decreasing when y > m¢. Therefore, when Y < m?, (2.2.11) implies that: X559
S, (Y2 46,t) B.SS . o1 RS (Y2 —5,t)
7@&;&7&) — 1), X9 hag intensity o (1 — 7}12(%{’0

X990 and X582 are both zero. When Y2 > m? intensities can be read out from (2.2.11) similarly.

has intensity 2—16 ( ), meanwhile intensities of
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Even though Theorem 2.2.6 remains valid when the insider is prohibited from trading at the same
time with noise traders, the strategy constructed above depends on the possibility of canceling
orders. However, in this strategy, the insider never tops up noise orders, i.e., XBT = X5T = (.
This allows the market maker to employ a rational pricing mechanism so that Definition 2.2.11 ii)
is satisfied, cf. Remark 2.4.6 below.

The processes (X B9, X59: Z1.9) with intensities (2.2.11) will be constructed explicitly in section
2.5. The insider employs a sequence of independent random variables with uniform distribution
on [0, 1] to construct her mixed strategy. This sequence of random variables are also independent
of Z% and ©#°. This construction is a natural extension of [18]. In this construction, whenever a
noise order arrives, the insider uses a uniform distributed random variable to decide whether or
not submitting an opposite cancelling order. Hence this strategy is adapted to insider’s filtration,
rather than predictable as in the Kyle model. Such a cancelling strategy is called input requlation
and has been studied extensively in the queueing theory literature, see eg. [13, Chapter VII, Section
3.

When the fundamental value is v,, and the insider follows the aforementioned strategy, the total
demand at time 1 will end up in the interval [al, a3 ). Therefore the insider’s private information
is fully, albeit gradually, revealed to the public so that the trading price does not jump when the
fundamental value is announced. On the other hand, the total demand, in its own filtration, has
the same distribution of the demand from noise traders, i.e., the insider is able to hide her trades
among the noise trades. This is another manifestation of inconspicuous trading theorem commonly
observed in the insider trading literature (cf. e.g., [32], [5], [7], etc.).

The insider’s strategy discussed above is of feedback form. The insider can determine her
trades only using the current total cumulative demand (and some additional randomness coming
from the sequence of i.i.d. uniform distributed random variables which are also independent of the
fundamental value and the noise trades). Even though this strategy is not optimal, its associated
expected profit is close to the optimal value when the order size is small. Moreover the discrepancy
converges to zero as the order size diminishes.

The Figure 2.1 presents a numeric example illustrates the convergence of the upper bound
for insider’s expected profit loss as the order size decreases to zero. In this example, ¥ takes
values in {1,2,3} with probability 0.55, 0.35, and 0.1, respectively. The expected profit in Kyle-
Back equilibrium is 0.512. Compared to this, the following figure shows that the loss to insider’s
expected profit is small.

Finally, similar to Proposition 2.2.10 iii), insider’s net order in the asymptotic Glosten-Milgrom

equilibrium converges to the optimal strategy in the Kyle model as the order size decreases to zero.
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Figure 2.1: The mean and standard deviation of the upper bound for insider’s expected profit loss.

The figure is generated by Monte Carlo simulation with 105 paths.

Theorem 2.2.13 Let (XB";, X590, 91’5)5>0 be the sequence of insider’s strategy in Theorem 2.2.12.
Then
XBO xS0 £y X0 4560,

where X© is the optimal strategy in Kyle model.

2.3 Optimizers in the HJB equation are not optimal control

Theorem 2.2.6 will be proved in this section. Let us first make the heuristic argument for the
HJB equation rigorous by using the dynamic programming principle and standard arguments for

viscosity solutions. To this end, recall the domain of Hamilton:

dom(H) := {(vn,y,t,V) € {v1, -+ ,un} X 0Z x [0,1] x R
—valued functions | H (vp,y,t, V) < oo} .

Observe that control variables for (2.2.9) are chosen in [0, 00). Hence (vy,y,t, V) € dom(H) if

V(y+6,t) —V(y,t)+ (v, — ply +6,t))5 <0, (2.3.1)

V(y - 57 t) - V(Z/? t) - (’Un - p(y - 57 t))5 <0. (232)
Moreover, when (v,,y,t, V) € dom(H ), the Hamilton is reduced to

H(vp,y,t,V) = (V(y+9d,t) —2V(y,t) + V(y — 0,1))5. (2.3.3)
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Hence (2.2.8) reads
—Vi—(V(y+46,t) —2V(y,t) +V(y—9,t))3 =0 in dom(H). (2.3.4)
Proposition 2.3.1 The following statements hold for V°, § > 0:

i) V% is a viscosity solution of (2.2.8);

i) (vn,y,t,VO) € dom(H) for any n € {1,--- ,N} and (y,t) € 6Z x [0,1). Hence VO satisfies
(2.3.1), (2.3.2), and is a viscosity solution of (2.3.4);

i) t s VO(y,t) is continuous on [0,1];
) VO(y,t) = EP> [V‘S(Zs_t, s)] for any y € 6Z, and 0 <t < s < 1.
The proof is postponed to Appendix 2.7.1 where the dynamic programming principle together with

the definition of viscosity solutions are recalled. The proof of Theorem 2.2.6 also requires the

following result.

Lemma 2.3.2 For any 6 >0, n € {1,--- ,N}, and (y,t) € 6Z x [0,1), V(vy,y,t) > 0.

Proof. Without loss of generality, we fix 6 = 1, © = v, for some n € {1,--- N}, and (y,t) = (0,0).
The superscript § is omitted throughout this proof. When n > 1, let us construct a strategy where

the insider buys once the asset is under-priced. Consider
To=inf{r : p(Z,— +1,7) <wvy)} Al and o:=inf{r>7:AY, #0} ALl

Here 7 is the first time that the asset is under-priced and o is the arrival time of the first order
after 7. The insider employs a strategy with intensity 9B P — [{r<;<5) and all other intensities

zero. Then the associated expected profit is

E [/01 (0n — a(Yo, 7)) H{TSTSU}dr] _E [/0 (n = p(Zee +1,1))dr| >0,

where the inequality follows from the definition of 7 and the fact that P(7 < 1) > 0 due to Definition
2.2.11). When n =1, set 7 := inf{t : p(Z;— — 1,¢) > vi} A1 and 9;9’5 = I{7<i<}- Argument
similar as above shows that this selling strategy also leads to positive expected profit. Therefore,
in both cases, V > 0 is verified. [l
Proof of Theorem 2.2.6. Without loss of generality, we set § = 1 and omit the superscript ¢

throughout the proof.

Step 1: For any n € {1,---, N}, either one of the following situations holds:

e (2.3.1) holds as an equality and (2.3.2) is a strict inequality at all (y,t) € Z x [0, 1);
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e (2.3.2) holds as an equality and (2.3.1) is a strict inequality at all (y,t) € Z x [0, 1).

To prove the assertion, observe from (2.3.1) and (2.3.2) that
p(y7t) —Up < V(y + 17t) - V(yvt) < p(y + 1’t> — Un, (yat) SW/RS [O’ 1)
Since y — p(y, t) is strictly increasing for any ¢ € [0, 1), there exists n(y,t) € [0, 1] such that

V(y+1,t) = V(y,t) = ply, t) +n(y,t) (p(y + 1,t) = p(y,1)) —wvn, (y,t) € Zx[0,1).

Assume that either (2.3.1) or (2.3.2) holds as an equality at some point. If such assumption fails,
both inequalities in (2.3.1) and (2.3.2) are strict at all points in Z x [0,1). Then all optimizers in
(2.2.9) are identically zero, with the associated expected profit zero. Since V' > 0, cf. Lemma 2.3.2,
these trivial optimizers are not optimal strategies for (2.2.7). Hence the statement of the theorem
is already confirmed in this trivial situation. Let us now assume (2.3.2) holds as an equality at
(yo+1,t0), we will show (2.3.2) is an identity. On the other hand, combining the identity in (2.3.2)

and the strict monotonicity of y — p(y,t), we obtain
V(y+1,8) = V(y,t) =p(y,t) —vn <ply+1,t) —vn, (y,1) €Zx[0,1),

hence the inequality (2.3.1) is always strict. The other situation where (2.3.1) is an identity and
(2.3.2) is strict can be proved analogously.

Since (2.3.2) holds as an equality at (yo + 1,%g), then, for any s € (¢g, 1),

EY [p(Zs—ty,5)] — vn = p(y0, to) — vn = V(3o + 1, t0) — V(yo, o)
=EY [V(Zs—t, +1,8) — V(Zs—4, 9)]
where the first identity follows from (2.2.5) and the Markov property of Z, the third identity is
obtained after applying Proposition 2.3.1 iv) twice. On the other hand, the definition of n(y,t)
yields
B [V(Zs—to + 1, 8) = V(Zs—ty, 5)]
= E% [p(Zs—ty: 8) +1(Zs—t9,5) (P(Zs—ty +1,5) = P(Zs—19,8))] — Un.

The last two identities combined imply
B [1(Zst0,8) (P(Zs—ty + 1, 8) = P(Zs—ty, 8))] = 0. (2.3.5)

Recall that n > 0, p(- +1,s) — p(-,s) > 0 for any s < 1, and the distribution of Zs,_; has positive
mass on each point in Z. We then conclude from (2.3.5) that n(y,s) = 0 for any y € Z. Since s is
arbitrarily chosen,

n(y,s) =0, foranyyeZ,ty<s<1. (2.3.6)
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Now fix s, the previous identity yields, for any ¢ < s and y € Z,
V(y + 17 t) - V(ya t) =EY [V(Zsft + ]-a S) - V(Zsfta 5)]

=EY [p(Zsftv S)] —Un = p(y7 t) — Un,
where Proposition 2.3.1 iv) is applied twice again to obtain the first identity. Therefore n(y,t) =0
for any y € Z and ¢t < s, which combined with (2.3.6), implies (2.3.2) is an identity.

Step 2: Fix 1 < n < N. When (2.3.2) is an identity, any optimizers in (2.2.9) are shown not to be
the optimal strategy for (2.2.7). When (2.3.1) is an identity, a similar argument leads to the same
conclusion. Combined with the result in Step 1, the statement of the theorem is confirmed.

When (2.3.2) is an identity, sending t — 1, V(y, 1), defined as lim;_,; V(y, t), satisfies

The previous identity and (2.2.6) combined imply that V (y, 1) is strictly decreasing when y < a,,+1,
constant when y € [ay, + 1, an41 + 1), and strictly increasing when y > a,41 + 1. Thus y — V(y, 1)
attains its minimum value when y € [an 41, any1]. Let (X5, X5) be the point processes whose .Z!-
intensities are optimizers %7, i € {B, S} and j € {B,T, S}, in (2.2.9), and set ¥ = Z + X5 — X5,
Assuming that (XZ, X®) is the optimal strategy for (2.2.7), DPP i) in Appendix 2.7.1 implies

Viy,t) > Evt [V(Yl, 1)

1 1
+ / (vn — p(Yo— + 1,7))dX PP + / (vn — p(Yr— +2,7))dX T
t t

1 1
+ / (vn — p(Vo, 1)) dX DS / (o — p(Yy_ — 1,7))dX5S
t t

1 1
= [ = w0 = 2dXET = [ = p(T 1)aXE).
t t

where the expectation is taken under P¥ with P¥*(Y; = y) = 1. However, the value function V (y, t)
is exactly the expected profit when the insider employs the optimal strategy (X B XS ). Therefore,
the previous identity yields

EYHV (Y1,1)] = 0.

Recall that V(-,1), as limit of positive functions, is nonnegative, and it achieves the minimum at
[an, + 1, an+1]. The previous identity implies V' (y,1) = 0 when y € [a,, + 1, an41] and

Yi€lan +1,an41],  PY' —as.. (2.3.7)

However, when (2.3.2) is an identity and (2.3.1) is a strict inequality, any optimizer of (2.2.9)
satisfies BB = §B:5 = 0, i.e., XB =o. Therefore, Y = 2B—75_ X5 with only negative controlled
jumps from X3 cannot compensate Z° to satisfy (2.3.7), where [a, + 1, a,1] is a finite interval in

Z when 1 <n < N. O
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2.4 A suboptimal strategy

We start to prepare the proof of Theorem 2.2.12 from this section.
For the rest of the paper, N < co, assumed in Theorem 2.2.12, is enforced unless stated otherwise.

In this section we are going to characterize a suboptimal strategy of feedback form in the
Glosten-Milgrom model with order size 4, such that the pricing rule (2.2.5) is rational. To simplify
presentation, we will take § = 1, hence omit all superscript ¢, throughout this section. Scaling all
processes by 0 gives the desired processes when the order size is 9.

The following standing assumption on distribution of ¥ will be enforced throughout this section:

Assumption 2.4.1 There exists a strictly increasing sequence (an)p=1,... N41 such that

i) ap, € ZU{~00,00}, a1 = —00, a1 = 00, and UN_; [an, any1) = Z U {—oc0};
ii) P(Z; € [an,an+1)) =P(0=wv,),n=1,---, N,
iii) The middle level m,, = (an + an+1 — 1)/2 of the interval [ay, an+1) is not an integer.

Item i) and ii) have already been assumed in Assumption 2.2.4. Item iii) is a technical assump-
tion which facilities the construction of the suboptimal strategy. In the next section, when an
arbitrary © of distribution (2.1.1) is considered and the order size § converges to zero, a sequence
(afl)nzl,... N+1,6>0 together with a sequence of random variables (175)5>0 will be constructed, such
that Assumption 2.4.1 is satisfied for each § and ©° converges to ¢ in law. To simplify nota-
tion, we denote by m, := |(an + apn+1 — 1)/2] the largest integer smaller than m, and by
My = [(an + ant1 — 1)/2] the smallest integer larger than m,,. Assumption 2.4.1 iii) implies
an <m, <my, <my < apt+1 and My, —m,, = 1 when both a,, and a,4; are finite.

Let us now define a function U, which relates to the expected profit of a suboptimal strategy and
also dominates the value function V. First the Markov property Z implies that p is continuously

differentiable in the time variable and satisfies®

Dt + (p(y + 17t) - 2p<y7t) +p(y - 17t))5 = 07 (yvt) €L X [07 1)7

(2.4.1)
p(y, 1) = P(y).
Define
an—1 Y
Uvn,y,1) ==Y (vn — A() Ly, y + > (B() = va) Igysm,y, Yy E€Z,1<n<N, (24.2)
J=y Jj=an+1

8This follows from the same argument as in [18, Footnote 4].
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where A(y) := P(y+ 1) and B(y) := P(y — 1) can be considered as ask and bid pricing functions

right before time 1. Since (vy)n=1.... n is increasing, U(-,-, 1) is non-negative and
U(p,y,1) =0 <= y€lap—1,ans1+1). (2.4.3)
Given U(+,+,1) as above, U is extended to t € [0, 1) as follows:
U(on,y,t) := Ulvn, y, 1) + ﬂ/tl (p(y,r) = ply —1,7))dr, y =Ty, (2.4.4)
U(vn,y,t) := Ulvn, y, 1) + ﬁ/tl (p(y+ L) —ply,r))dr, y < my, (2.4.5)

fort € [0,1) and n=1,--- ,N. Since N is finite, p is bounded, hence U takes finite value.

Proposition 2.4.2 Let Assumption 2.4.1 hold. Suppose that the market maker chooses p in (2.2.5)
as the pricing rule. Then for any insider’s admissible strategy (XB, X%, F1), with F!-intensities
0™,i € {B,S} and j € {B,T, S}, the associated expected profit function J(vn,y,t; XB, X5) satis-
fies

T (v, y, t; XP, X5) < U(vp,y,t) = L(vp,y,t), nef{l,--- N} (y,t) €Zx[0,1].  (2.4.6)
where
1
Lm0 ) =8| [ (o0 = plinaer)) (9= 075+ 07°) Ty
t

+07" Ly, =mat1}) dr‘f’ = ""n]
(2.4.7)

=0 [ o= o) (5= 08+ 62) T
+9§’T Ly, 7:@1_1}] d?“‘{l = vn] .
Moreover (2.4.6) is an identity when the following conditions are satisfied:
i) Y1 € [an —1,an41+ 1) a.s. when 0 =vy;

ii) XtS’S = XtS’B =0 when Y- <m,,, XtB’B = XtB’S =0 when Y;_ > m,, 68T =0 when y>m,,

and 05T = 0 when y < ,.

Before proving this result, let us derive equations that U satisfies. The following result shows

that U satisfies (2.3.4) except when y = m,, and y = m,,, and U satisfies the identity in either

n’

(2.3.1) or (2.3.2) depending on whether y < m,, or y > T,.

Lemma 2.4.3 The function U satisfies the following equations: (Here © = v, is fized and the

dependence on v is omitted in U.)

U+ Uy+1,t) —2U(y,t) + Uy — 1,t)) =0, y >, ory <m,, (2.4.8)
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U+ (U(y +1,t) = 2U(y,t) + Uy — 1,t)) B = (p(m2, 1) —vn)B, Y =Tnn, (2.4.9)
U+ Uy +1,t) = 2U(y, 1) + Uy — 1,1)) B = (vn — p(Min, 1)) B, y =my, (2.4.10)
Uy, t) —U(y + 1,t) — (v, —p(y,t)) =0, y >y, (2.4.11)
Uy, t) = Uy — 1,t) + (vn —p(y,1)) =0, y < m,. (2.4.12)

Proof. We will only verify these equations when y > m,,. The remaining equations can be proved

similarly. First (2.4.2) implies
Uly+11)-Uly,1)=B(y+1) —vn=Py) —vn,  y =My
Combining the previous identity with (2.4.4),

Uly+1,t)—Uy,t)=U(y+1,1) = U(y, 1)
1
+6/t (p(y +1,7) = 2p(y,r) +p(y — 1,7)) dr
:p(yat) — Un,

where (2.4.1) is used to obtain the second identity. This verifies (2.4.11). When y > m,,, summing
up (2.4.11) at y and y + 1, and taking time derivative in (2.4.4), yield

Ut + (U(y + 17t) - 2U(yat) + U(y - 17t)) 6

= —B(p(y,t) —ply — 1,1)) + B(p(y,t) — p(y — 1,1))
=0,

which confirms (2.4.8) when y > m,,. When y = m,,, observe from (2.4.2), (2.4.4) and (2.4.5) that
U(myp,-) = U(m,,,-). Then

U+ Uy +1,t) =2U(y,t) + Uy — 1,1)) B

= =B (p(Mn, t) — p(my,, ) + B (U(Mn + 1,t) — U(Mn, 1))
= =B (p(Mn, t) — p(my,,t)) — B (vn — p(Mn, t))

= B (p(my,,t) — vn),

where the second identity follows from (2.4.11). O
Proof of Proposition 2.4.2. Throughout the proof the v = v, is fixed and the dependence on v is
omitted in U. Let YB = ZB 4 XBB L XBT _ X9B and Y = 754 X554+ X5T — X B.5 be positive
and negative parts of Y respectively. Then Y5 — Jo(B — 9B _ GF’T)dr -/ 058 ar — 2 IN 05T qr
and Y5 — [ (8- 055 — 02Ty ar — Jo 025 dr —2 IN 02T dr are #!-martingales. Applying It6’s formula
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to U(Y,, -), we obtain
U(Y1,1)
=U(y,t) + /tl U (Yy—,r)dr
-/ Ur) - Uy / )~ U ]y

=U(y,1) + /1 (U, (Yoo, 7)) + (U(Yoo +1,7) = 2U (Yy—,7) + U(Y,— — 1,7)) B dr
1 t (2.4.13)
+/ U(Y,—+1,7)=UY,—,7)] (971?,3 _ 9;9,3) dr

1
+/ Yo 4 2,0) — U(Ye +1,7)] 057 dr
t

[U(
1
—I—/ U(Y,- —1,r)=U(Y,—,7)] (9;9,5 _ 975,3) dr
t
1
+/ Ur- =2,7) = U(Yr— = 1,7)] ef’TdT + My — My,
t

where
M= / [U(Y;,r)—UY,_,r)]d <Yf — / (B—057 + 0538 +08T) du>
0 0

+ [0 U n)a (v = [ (5029 403+ 037 au).

Since (2.4.11) and (2.4.12) imply U(y+1,t)—U(y, t) is either p(y, t) —v, or p(y+1,t) — vy, which are
both bounded from below by v; — v, and from above by vy — vy, hence M is an .# I -martingale (cf.
[13, Chapter I, T6]). On the right hand side of (2.4.13), splitting the second integral on {Y,_ > m,},
{Y,—- = m,}, and {Y,— < m,,}, splitting the fourth integral on {Y,_ > m,}, {Y,— = m,}, and
{Y,— <m,}, utilizing U(m,, -) = U(m,, -), as well as different equations in Lemma 2.4.3 in different

regions, we obtain

U(Y1,1)
1 1
=U(y,t) +/t (p(my,7) — vn) Blyy, _ —m,ydr +/t (vn = p(Mn, 7)) Blyy, _—m, ydr

1
- / (vn = p(Yre 7)) Iy, s,y (057 — 62F)dr
t

1
(vn —p(Yr— +1,7)) ]I{YT_<mn}(97]~B’B - QE’B)dT

1
(0 = p(Yom + 1,7)) Ly, 5 1077 dr
1
('Un - p(Y;‘— +2, T)) ]I{Y,«_<mn—l}0rB7Tdr
1
(vn - p(Y;"— -1, T)) H{Yr7>ﬁn}(9§7s - 9rB7S)dT

1
(vn — p(Yoe, 7)) Ly, < 3 (025 — 085)dr

+

|
— S S S —

+



2.4. A suboptimal strategy 31

+ /tl (v, — p(Yr— —2,7)) ]I{yrf>mn+1}9;g’Tdr
+ /t 1 (vn — p(Yoe — 1,7)) Ly, <y 05" dr + My — M.
Rearranging the previous identity by putting the profit of (X2, X®) to the left hand side, we obtain
Uly,t) —U(Y1,1) — K — L+ M; — M,

1
/ (v —p(Yr— +1 7“))93 By —i—/ (v — p(Yr— + 2,7)) Hf’Tdr
¢

1 ! (2.4.14)
/ W, r))05 5 dr —/ (vn = p(Yre — 1,1))075dr
t t
1 1
/ Y, —2,7) 05 dr — / (vn — p(Yo—,7))02 P dr
' t
where
1
K= [ (Y- +1r)—pY—, ) Ly, sm 02 dr

o~

(Y1) = p(Yr— — 1,r) Ly, s 055 dr
(p(Yoe +2,7) = p(Yoe +1,7) Ly, sy 105 dr

(p(Yoe, ) = (Ve = 1,7)) Ly, < 055 dr

(p(YT— - 17T) _p(Yr— - 277’)) H{yr_gmn}ef’Tdr,

[on, — P02, )] [(B = 02 + 075y, —my + 02 Iy, g1y ) dr

l
J
J
+ /t 1 (p(Yy— + L) = p(Yoey 1)) Ly, <y 105 Pdr
J
J
J

[vn - p(mm T)] [(ﬁ - HE’B + evﬂB’B)]I{Yr_=mn} + 0rB7T]I{Yr_=mnfl}] dr.

Taking conditional expectation E[-|.%/,Y; = y] on both sides of (2.4.14), the right hand side is
the expected profit J(X?, X*%), while, on the left hand side, both U(-,1) and K are non-negative
(cf. Definition 2.2.1 i)). Therefore (2.4.6) is verified. To attain the identity in (2.4.6), we need i)
Y] € [an — 1,041+ 1) a.s. so that U(Y7,1) = 0 a.s. follows from (2.4.3); ii) 058 = 55 = 0 when

y > My, 099 = 058 = 0 when y < m,,, 057 = 0 when y > m,,, and 57 = 0 when y < ,. U

Come back to the statement of Proposition 2.4.2. If the insider chooses a strategy such that
both conditions in i) and ii) are satisfied, then the identity in (2.4.6) is attained, hence the expected
profit of this strategy is U — L. On the other hand, define U : {vy, - ,on} x Z x [0,1] — R via

U(’Un7y,t) y > mn

US (vn, y, ) = (2.4.15)

U(vp,y—1,t) y<m
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The next result shows that U dominates the value function V, therefore U® — U + L is the upper
bound of the potential loss of the expected profit. In section 2.6, we will prove this potential loss
converges to zero as § | 0. Therefore, when the order size is small, the insider losses little expected

profit by employing a strategy satisfying Proposition 2.4.2 i) and ii).

Proposition 2.4.4 Let Assumption 2.4.1 hold. Then V < U, hence V < oo, on {vi,--- ,on} X
Z x [0,1].

Proof. Fix v, and omit it as the first argument of U® and U throughout the proof. We first verify

US(y,t) —US(y+1,t) — (vn, — p(y,t)) =0, (2.4.16)

UP + (US(y+ 1,t) — 205 (y,t) + U (y — 1,1)) B = 0, (2.4.17)
for any (y,t) € Z x [0,1). Indeed, when y > m,, (2.4.16) is exactly (2.4.11). When y = m,,,

US(m,,,t) — U (ip, t) = U(m,, — 1,t) — U(,, t)

n

= U(mn - ]-7t) - U(mnat) = Un _p(mnat)a

where the second identity follows from U(m,,t) = U(m,,,t) and the third identity holds due to
(2.4.12). When y < m,,,

Us<y7t) - Us(y + 17t) = U(y - 17t) - U(yat) = Un _p(y7t>7

where (2.4.12) is utilized again to obtain the second identity. Therefore (2.4.16) is confirmed for
all cases. As for (2.4.17), (2.4.16) yields

Us(y + 17t) - 2Us(y7t) + US(:U - ]-7 t) = p(y7t) - p(y - ]-7t)
On the other hand, we have from (2.4.4) and (2.4.5) that

Uiy, t) = —B(p(y,t) —ply — 1,1)) y > my,
Uiy — 1,t) = =B(p(y,t) —ply — 1,1)) y<m,

Uts(yv t) =

Therefore (2.4.17) is confirmed after combining the previous two identities.
Now note that U®(-,1) > 0, moreover U* satisfies (2.4.16) and (2.4.17). The assertion V < U*
follows from the same argument as in the high type of [18, Proposition 3.2]. O
Having studied the insider’s optimization problem, let us turn to the market maker. Given
(XB, X%, Z1), Definition 2.2.11 ii) requires the pricing rule to be rational. This leads to another

constraint on (X B, X5; Z7).

Proposition 2.4.5 If there exists an admissible strategy (XP, X5: . F1) such that



2.5. Construction of a point process bridge 33

i) YB = ZB 4 XBB 4 XBT _ X5B qnd Y = 7% + X% + X5T — XBS are independent

FY —adapted Poisson processes with common intensity B3;
it) [Y1 € [an,any1)] =[0=vy],n=1,---,N.
Then the pricing rule (2.2.5) is rational.

Proof. For any t € [0,1],
p(Ye, ) =EV'[P(Z14)] = E[P(Z1)| Ze = Vi) =E [P(V1) | 7| = E[0| 7],

where the third identity holds since Y and Z have the same distribution, the fourth identity follows
from ii) and (2.2.6). O

Remark 2.4.6 If the insider places a buy (resp. sell) order when a noise buy (resp. sell) order
arrives, Proposition 2.4.5 i) cannot be satisfied. Therefore in the asymptotic equilibrium the insider
will not trade in the same direction as the noise traders, i.e., XZ7 = X5T = 0, so that the market

maker can employ a rational pricing rule.

Concluding this section, we need to construct point processes (X?, X°;.%7) which simultane-
ously satisfy conditions in Proposition 2.4.2 ii), Proposition 2.4.5 i) and ii)?. This construction is
a natural extension of [18, Section 4], where N = 2 is considered, and will be presented in the next

section.

2.5 Construction of a point process bridge

In this section, we will construct point processes X Z and X on a probability space (Q, Z 1, (Z/] )eef0,1]> P)

such that X57T = X5T =0, due to Remark 2.4.6, and satisfy

i) YB =284 XBB _ X5B and Y = 254 X9 — XB9 are independent .#Y -adapted Poisson

processes with common intensity f;
i) XPP = XP% =0 when Y;_ >m,, X% = XPP =0 when V;_ < m,;
iii) [Y1 € [an, an+1)] = [0 = vp] P-as. forn=1,---, N.

The construction is a natural extension of [18] where N = 2 is considered. As in [18], X? and X*
are constructed using two independent sequences of iid random variables (7;);>1 and (¢;);>1 with
uniform distribution on [0, 1], moreover they are independent of Z and ¢. The insider uses (7;);>1

to randomly contribute either buy or sell orders, and uses ((;);>1 to randomly cancel noise orders.

9Note is Proposition 2.4.5 ii) implies Proposition 2.4.2 i).
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Throughout this section Assumption 2.4.1 is enforced. Moreover, we set § = 1, hence suppress the
superscript 6. Otherwise XZ and X*° can be scaled by § to obtain the desired processes.
In the following construction, we will define a probability space (Q,.Z!, (F/ )te(0,1]> P) on which

Y takes the form N
Y:Z+ZH{AH}(XB—XS). (2.5.1)

Here Z is the difference of two independent .#-adapted Poisson processes with intensity 3, A4, €
9’0 such that P(4,,) = P(Z; € [an,any1)) foreachn=1,--- | N.

Before constructing X? and X satisfying desired properties, let us draw some intuition from
the theory of filtration enlargement. Let us define (D([0,1],Z), #, (F¢)iejo,1): P) be the canonical
space where ([0, 1], Z) is Z-valued cadlag functions, PP is a probability measure under which Z? and
7% are independent Poisson processes with intensities £, (ﬁt)te[o,l] is the minimal filtration gener-
ated by ZP and Z° satisfying the usual conditions, and .# = \/te[O,l}?t‘ Let us denote by (Gt)ieo,1)
the filtration (?t)tem,l] enlarged with a sequence of random variables (Iy 7, cja,,,an.1)})n=1, N

In order to find the G-intensities of ZZ and Z°, we use a standard enlargement of filtration
argument which can be found, e.g. in [35]. To this end, recall h,(y,t) = P[Z1 € [an, an+1) | Zt = y].
Note that h,, is strictly positive on Z x [0,1). Moreover the Markov property of Z implies h,, is

continuously differentiable in the time variable and satisfies

8thn + (hn(y + 1a t) - 2hn(yvt) =+ hn(y - 17t)) ﬁ = 07 (yvt) €L X [Ov 1)a
(2.5.2)

hn(y7 1) = H{yé[an,an+1)}'

Lemma 2.5.1 The G-intensities of ZB and Z° at t € [0,1) are given by

N
h,, (Zt— +1,1) ho(Zi— —1,1)
)L TPUC/ SR PRI o Ui/ St 51 )
2 {Z1€lanant)} 7 7 T B ; heloneni)} (7,200 ’
respectively.

Proof. We will only calculate the intensity for ZZ. The intensity of Z° can be obtained similarly.
All expectations are taken under P throughout this proof. For s < t < 1, take an arbitrary E € %
and denote MP := ZP — pt. The definition of h,, and the .Z-martingale property of M? imply

E (M = M2, eanansi)})

[(MP — MPY pyhn(Zy,t)]

[Ty ((MP 0 (Z., ) = (M h(Z.,-))s)]
]I{E}/ B (hp(Zy— +1,7) — h (ZT_,T))dr]

hn(Zr— + 1,7“) — hn(Zr_7T)
[H{E}/ 5H{Z1€[an,an+1)} hn(Zr—ﬂ') dr| .
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These computations for each n = 1,--- , N imply that
N
' ho(Zr— +1,7) — hp(Zr—, 1)
MB o I[ n T Y n r—> d
/s B T; {Z:1€lan,ant1)} b (Zo— 1) r
defines a G-martingale. Therefore the G-intensity of Z? follows from ZP = MP + Bt. U

To better understand intensities in the previous lemma, let us collect several properties for hy:

Lemma 2.5.2 Let Assumption 2.4.1 hold. The following properties hold for each hp,,n=1,--- N:
i) hn(ey ) = hn(2my, — -, -); in particular, hy (M, ) = hp(m,, ).
i1) y > hyp(y,t) is strictly increasing when y < m,, and strictly decreasing when y > T,.

= 00).

Here, when n =1 (resp. n=N), m,, =m, = —oc (resp. M, =m,,

Proof. Recall that a, + ap11 — 1 = 2m,,. Then

hn(yat) = ﬁ[zl € [an7an+1) | Zy = y] = @[y + 21t € [anaanJrl)]

I
=]

[2mn —y—Z1-¢ € (2mn — Qpg1,2My — anH

=P2m, —y — Z1_4 € [an, ani1)] = hn(2my, — y, 1),

where the last identity holds since Z and —Z have the same distribution. This verifies i). To prove
i), rewrite hy,(y,t) = P[Z1_¢ € [an — ¥, ant1 — y)]. Then the statement ii) follows from the fact
that y — P(Z1_; = y) is strictly increasing when y < 0 and strictly decreasing when y > 0. O

In what follows, given A, € ﬂol such that P(4,) = P(Z1 € [an, ani1)), (XB. X% Z1)on A,
will be constructed so that .Z -intensity of Y (resp. Y¥) on A, match G-intensities of ZB (resp.
Z5) on [Z1 € lan,ant1)]. Matching these intensities ensures that (XB, X®;.#7) satisfies desired
properties, cf. Proposition 2.5.5 below. Recall Y2 = ZB4 XBB_X5B and Y = Z54+ X55_XB.S,
Subtracting § from G-intensities of ZZ (resp. Z°) in Lemma 2.5.1, we can read out intensities of
XBB _ X5B (resp. X5 — XB). Since property ii) at the beginning of this section implies that
6B and #° are never positive at the same time. Therefore, when the intensity of X558 — X958 is
positive, the insider contributes buy orders X Z# with such intensity, otherwise the insider submits
sell orders XF with the same intensity to cancel some noise buy orders from ZZ. Applying the
same strategy to X9 — X555 and utilizing Lemma 2.5.2, we read out .#!-intensities for X%,

i,j €{B,S}:

Corollary 2.5.3 Suppose that F!-intensities of YE and Y match G-intensities of ZB and Z°
respectively, moreover XtB’B = Xf’s = 0 when Y;_ > m, and XtS’S = XtS’B =0 when Vi <m,,.
Then F-intensities of X, 4,7 € {B, S}, have the following form on A, when Y;_ = y:

B,B _(laly+1,t) B,S _(laly—1,8)
’ (y’t)_< hn(y, t) 1>+ﬁ7 ’ (y’t)_< hn(y, t) 1>_B’
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s, _ hn(y_Lt)_ S,B _ hn(?/"'l,t)_
’ (y7t)_< hn(y, 1) 1>+ﬁ’ ’ (y’t)_< hn(y, 1) 1>_/B'

In particular, 657, i,j € {B, S}, satisfies the following properties:

i) 05B(y,) = 685(y,) = 0, 05%(y,-) > 0, and 058(y,:) > 0, when y > Mn; 05°(y, ) =
HS’B(y, ) =0, QB’B(y, ) >0, and HB’S(y, ) >0, when y < m,,;

i) 058 () = 055 (2my, — -, ), 085(., ) = 058 (2m,, — -, -);
iii) 688 (m,,, ) = 095 (m,, ) = 0.

As described in Corollary 2.5.3, when A, € Z is fixed, the state space is divided into two
domains S:={y € Z:y >my} and B:={y € Z:y <m,}. AsY making excursions into these
two domains, either X or X7 is active. In the following construction, we will focus on the domain
B and construct inductively jumps of XZ until Y leaves B. When Y excusers in S, X can be
constructed similarly.

When Y is in B, one of the goals of X is to make sure that Y7 ends up in the interval [a,, @, 1).
In order to achieve this goal, X? will add some jumps in addition to the jumps coming from Z5.
However this by itself will not be enough since Y also jumps downward due to Z°. Thus, X? also
needs to cancel some of downwards jumps from Z°. Therefore X? consists of two components
XB:B and X5 where XBP complements jumps of ZZ and X B cancels some jumps of Z°. Let
us denote by (7;);>1 the sequence of jump times for Y. These stopping times will be constructed

inductively as follows. Given 7,1 < 1 and Y;, |, < m,,, the next jump time 7; happens at the

—1

minimum of the following three random times:
e the next jump of Z5,
e the next jump of XB:B,
e the next jump of Z° which is not canceled by a jump of X5,

Here X 5B and X2 need to be constructed so that their intensities 52 (Y;_, t) and 655 (Y;_, t)
match the forms in Corollary 2.5.3. This goal is achieved by employing two independent sequences
of iid random variables (7;);>1 and ((;);>1 with uniform distribution on [0,1]. They are also
independent of F and (Ap)n=1,.. n. These two sequences will be used to generate a random

variable v; and another sequence of Bernoulli random variables (&;;);>1 taking values in {0, 1}. Let

)i21 and (O’-

; )i>1 be jump time of ZB and Z%, respectively. Then, after 7;_1, the next jump of

(o7

B +
ZPisat o,p e

Ti—1

of XBS ig at = min{aj_ > 71 : &, = 1}. Then the next jump of Y is at

the next jump of X575 is at v;, and the next jump of Z° not canceled by jumps

— 5T ) -
Ti = Oyp +1/\VZ/\TZ~ .

Ti—1
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The construction of v; and (§;;);>1 using (7;)i>1 and ((;)i>1 is exactly the same as in [18, Section
4], only replacing h therein by h,.

All aforementioned construction is performed in a filtered probability space (Q, Z#!, (F] Jeel0,1], P)
such that there exist (Ay)p=1... v € Fd with P(A,) = h,(0,0) and two independent sequences of
iid .#!-measurable random variables (mi)i>1 and (¢;)i>1 with uniform distribution on [0, 1], more-
over these two sequences are independent of both Z and (Aj,)p=1,.... n. These requirements can be
satisfied by extending F (resp. .Z) to Z{ (resp. #1). As for the filtration (%] )telo,1]> We Tequire
that it is right continuous and complete under P, moreover Z, as the difference of two indepen-
dent Poisson processes with intensity 3, is adapted to (%} )te[o,l]- Therefore Z is independent of
(Ap)n=1.- N, since Z has independent increments. Finally, we also assume that (%] )telo,1] is Tich
enough so that (v;);>1 and (7, );>1 discussed above are .#!-stopping times. An argument similar

to [18, Lemma 4.3] yields:

Lemma 2.5.4 Given point processes (XB,XS;ﬁI) constructed above, the F!-intensities of YB

and Y3 att € [0,1) are given by

-l—lt (Y- —1,t
ZH{A} ))5 and ZH{A} htytj))@

respectively.

Now we are ready to verify that our construction is as desired.

Proposition 2.5.5 The process Y as constructed above satisfies the following properties:
Z) Dfl € [anva’n-i-l)] = An a.s. fO’l" n = ]_’ PN ’N’-

i) YB and Y° are independent Poisson processes with intensity B with respect to the natural

filtration (9?/)1&6[0,1} of Y;
iii) (XB, X%, F1) is admissible in the sense of Definition 2.2.2.

Proof. To verify that Y satisfies the desired properties, let us introduce an auxiliary process

(Et)te[o,l):
hn (0,0
by = ZH{An} )) t e [0, 1).
When n = 2,--- | N — 1, there is only almost surely finite number of positive (resp. negative)

jumps of Y on A,, when Y. > m,, (resp. Y. < m,). Therefore Y; is finite on these A,, when t < 1
is fixed. When n =1 (resp. n = N), there is finite number of positive (resp. negative) jumps of Y’

on A; (resp. Apy) before ¢t. Hence Y; < 0o on A; (resp. Y; > —oo on Ay). This analysis implies



2.5. Construction of a point process bridge 38

hn(Yy,t) > 0 on A, for each n = 1,--- | N and t < 1. Therefore (¢;),c[,1) is well defined positive
process with £ = 1.
To prove i), we first show that £ is a positive .%/-local martingale on [0,1). To this end, It6

formula yields that

N
hn(Y;f—yt) _hn(Y;f—"i_lat) B hn(Y;f—yt) _hn(Y;f— _17t) S
= I - M, M,
. nzl e [ (Y +1,t) M+ ho (Yie — 1,t) My

where ¢ € [0,1). Here
Yr_+1 r
=vP- 5/ § jH{A} ) Pnl¥r- F L,7) g,

-1
YS 5/ ZH{An T)T)d?",

are all .#!-local martingales. Define (;; = inf{t € [0,1] : ¥; = m} and ¢, = inf{t € [0,1] : V; =

—m}. Consider the sequence of stopping time (7, )m>1:

= (Lot any G A G+ Tay G+ Ty Gn ) A (1= 1/m).

It follows from the definition of h,, that each h, (Y%, t) on A, is bounded away from zero uniformly in
t € [0,mm]. This implies that 7™ is bounded, hence £ is an .%!-martingale. The construction of Y’
yields limy,—e0 7 = 1. Therefore, ¢ is a positive .Z-local martingale, hence also a supermartingale,
on [0,1).

Define ¢y := lim;_,; /;, which exists and is finite due to Doob’s supermartingale convergence
theorem. This implies h,(Y1-,1) > 0 on A,,. On the other hand, the construction of Y yields
Y¥ (resp. YPB) does not jump at time 1 P-a.s. when Y;_ < m,, (resp. Yi_ > 7i,). Therefore
hn(Y1,1) > 0 on A,,. However h,(-, 1) by definition can only be either 0 or 1. Hence Y] € [ay, ap+1)
on A,, foreach n =1,---, N, and the statement i) is confirmed.

As for the statement ii), we will prove that Y7 is an .#Y -adapted Poisson process. The similar
argument can be applied to Y as well. In view of the .Z-intensity of Y calculated in Lemma

2.5.4, one has that, for each i > 1,

ATNL N
i h (Y _+1 U)
n\fu ) d
)'/\Ti/\l ﬁ (/ Z { L}W _,u) u)

is an .#-martingale, where 7; is the i*” jump time of Y. We will show in the next paragraph that,
when stopped at 7; A 1, Y is Poisson process in .#Y by showing that (Y,5,; — 8(7i At))tefo.1] is an
ZY -martingale. (Here note that 7; is an .#Y -stopping time.) This in turn will imply that Y2 is
a Poisson process with intensity 5 on [0,7 A 1) where 7 = lim;_, 7; is the explosion time. Since

Poisson process does not explode, this will further imply Y2, < oo and, therefore, 7 > 1, P-a.s..
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We proceed by projecting the above martingale into .#Y to see that
hn(YT_ +1,7)
- / P(A b o e A
Z (V1)
is an .#Y -martingale when stopped at 7; A 1. Therefore, it remains to show that, for almost all

€[0,1), on [t < 7],

N
ho(Yie +1,1)
Y ) _ 2
g P(A, | % )—hn( ) 1, P-as. (2.5.3)

To this end, we will show, on [t < 7],
P(An|.ZY) = hp(Yi,t), forte[0,1). (2.5.4)

Then (2.5.3) follows since Y; # Y;_ only for countably many times.

1

We have seen that (£uar,)uco, is a strictly positive .7 ‘-martingale for each i. Define a proba-

bility measure Q' ~ P on .%#/ via dQ'/dP| 71 = Lrine. 1t follows from Girsanov’s theorem that Y8
is a Poisson process when stopped at 7; A t and with intensity S under Q. Therefore, they are
independent from A,, under Q. Then, for ¢ < 1, we obtain from the Bayes’s formula that
B [Iga,)6 ' |7 ]

e #Y]
E% [a,y sy |2

24
EQ (Y0, a2t 12 ]

]I{rgTi/\t}P(Aﬂer) - ]I{TSTi/\t}

(2.5.5)

= H{rgn/\t}

= Lp<rnyhn (Yo, 1),
where the third identity follows from the aforementioned independence of Y and A, under Q’
along with the fact that Q' does not change the probability of 901 measurable events so that
Q'(A,) =P(A,) = h,(0,0). As result, (2.5.4) follows from (2.5.5) after sending i — oo.

Since YB and Y° are .ZY-Poisson processes and they do not jump simultaneously by their
construction, they are then independent. To show the strategy (X2, X9; %! ) constructed is ad-
missible, it remains to show both E[XB]I{A y] and E[XfH{A y] are finite for each n = 1,--- | N. To
this end, for each n, E[X{I4 3] :E[X ’ ]I{A }]—HE[X ' H{A 1), where E[ X B, ]I{A 3 < E[Z%] < o0
and E[X] H{A 1 < E[YPTa,] +E[X1’ Iiay) < ElZP| Z € [an, ans1)] + E[Z]] < co. Similar
argument also implies E[X} [{4,}] < oo. Finally, since N < oo, p is bounded, Definition 2.2.2 iv)
is verified using E[X T4 ], E[X{T{4,3] < oo for each n € {1,...,N}. O

2.6 Convergence

Collecting results from previous sections, we will prove Theorems 2.2.12 and 2.2.13 in this section.
Let us first construct a sequence of random variables (7°)ss, each of which will be the fundamental

value in the Glosten-Milgrom model with order size §.
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Adding to the sequence of canonical spaces (9,.7 %9 (ﬁtz’é)te[o,l] ,P%), defined at the beginning
of section 2.2.2, we introduce (Q°,.79, (9\,50)156[071},1?0), where Q¥ = D([0,1],R) is the space of R-
valued cadlag functions on [0, 1] with coordinate process Z°, and P? is the Wiener measure. Denote
by P%¥ the Wiener measure under which Z) = y a.s.. Let us now define a R U {—o00, co}-valued

sequence (a2),—1..n+1 Via
a(l):—oo, a?z:q)_l(pl_‘_"'_kpnfl)’ n:27"'aN+]~a

where ®(-) = f;oo \/%6_12/ 2 dz. Using this sequence, one can define a pricing rule following the

same recipe in (2.2.5):

N
po(y?t) = Zvnhg(y,t), yE Ra te [Oa 1]7 ne {]—7 e aN}7 (261)

n=1

where hy (y, t) := P (Z2)_, € [a),, a) 1)) = P(af 4 —y) — B(ay, — ).

n
As we will see later, this is exactly the pricing rule in the Kyle-Back equilibrium. Moreover,
the sequence (ag)n:1 _N+1, associated to (~ )s>0 constructed below, converges to (a g)nzl,l..,NH

as ¢ | 0, helping to verify Definition 2.2.11 i).

Lemma 2.6.1 For any v with distribution (2.1.1) where N may not be finite, there exists a sequence

of random variables (0°)so, each of which takes value in {vy,--- ,vx}, such that

i) Assumption 2.4.1 is satisfied when ¥ therein is replaced by each ©°19;

i) Law(?®) = Law(?d), as 6 | 0. Here = represents the weak convergence of probability

measures.

Proof. For each § > 0, #° will be constructed by adjusting p,, in (2.1.1) to some pfl, n=1---,N.
Starting from [¢ = v1], choose a} = —o0, a§ = inf{y € 6Z : P°(Z{ < y) > p1}, and set P°(3° =
v1) = P°(Z¢ € [af,a3)). Moving on to [#° = ws], choose af = inf{y € 6Z : P*(Z) < y) >
p1+p2 and (a§ +y — 8)/2 ¢ 6Z} and set P2(3° = vy) = P°(Z¢ € [a3, a3)). Following this step, we
can define afl inductively. When N < oo, we set a,‘];\, 41 = 00. This construction gives a sequence
of random variables (%) taking values in {vy,--- ,vx} such that P°(#° = v,) = pd = P*(Z9 €
[ad,ad. ) with 25:1 pd =1, moreover each sequence (al),—1 ... n+1 satisfies Assumption 2.4.1.
It remains to show Law(?’) = Law(?) as § | 0. To this end, note that a’ is either the
Oy ! i)t quantile of the distribution of Z¢ or § above this quantile. When (3% is chosen as 1/(262),
it follows from [24, Chapter 6, Theorem 5.4] that P° = P, in particular, Law(Z?) = Law(ZY?).

Therefore,

lim a‘s a

n=1,---,N+1. (2.6.2)
510

1%When the order size is §, Assumption 2.4.1 iii) reads (a5 + a’; — 0)/2 ¢ 6Z.
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For any e > 0 and n € {1,---, N}, the previous convergence yields the existence of a sufficiently

small 8 ,,, such that [ad +€,a0,, —€) C [ad,a%,,) C [ad —€,a%,; +¢€) for any § < & ,,. Hence

P (Zl [amanJrl)) <P (Zl [ evanJrl + 5)) — P° (Z? € [a% - 67‘19L+1 - 6)) )

P (2] € lah,ahin)) 2 P (20 € [0 + e,aly —€)) = PO (20 € [a) + e,aly — €))

as § | 0, where both convergence follow from Law(Z{) = Law(Z{) and the fact that the distri-
bution of Z) is continuous. Since e is arbitrarily chosen, utilizing the continuity of the distribution

for ZY again, we obtain from the previous two inequalities

lim P’ (2] € [a). a}1)) = B (2] € o} af11))

Hence limg)o p), = p!), for each n € {1,--- N} and Law(?°) = Law(?). O
After (%)ssg is constructed, it follows from Sections 2.4 and 2.5 that a sequence of strategies
(XBO X590, F19)s ) exists, each of which satisfies conditions in Proposition 2.4.5. Hence p® in
(2.2.5) is rational for each § > 0. It then remain to verify Definition 2.2.11 iii) to establish an
asymptotic Glosten-Milgrom equilibrium.
Before doing this, we prove Theorem 2.2.13 first. Let us recall the Kyle-Back equilibrium. Fol-
lowing arguments in [32] and [5], the equilibrium pricing rule is given by (2.6.1) and the equilibrium

demand satisfies the SDE
Oy h0 YO
0
=7 +ZH{U Un}/ hO YO, r d?“,

where ZY is a P?-Brownian motion modeling the demand from noise traders. Hence the insider’s

strategy in the Kyle-Back equilibrium is given by

ZH{’U Un}/ ho YO dr.

Proof of Theorem 2.2.18. As we have seen in Lemma 2.6.1, Assumption 2.4.1 is satisfied by each
#9. Tt then follows from Proposition 2.5.5 i) and ii) that the distribution of Y on [0 = v,] is
the same as the distribution of Z° conditioned on Z¢ € [ad, a’ +1)- Denote YO = YO]I{f}:,Un} as
the cumulative demand in Kyle Back equilibrium when the fundamental value is v,,. The same

argument as in [18, Lemma 5.4] yields
Law(Z°| 70 € a8, al 1)) = Law(Y"™), asd 0,
for each n € {1,--- , N}. It then follows

Law(Y?; 719 = Law(Y%; . Z10), asé |0, (2.6.3)
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where the filtration .Z 10 is .Z0 initially enlarged by 4. Recall from (2.5.1) that Y° = Z0 + X B0
X9 moreover YO = Z° 4 X%, Combining (2.6.3) with Law(Z°) = Law(Z°), we conclude from
[30, Proposition VI.1.23] that Law(X?9% — X59) = Law(X°) as § | 0. O

In the rest of the section, Definition 2.2.11 iii) is verified for strategies (X5, X990, #19)s
which concludes the proof of Theorem 2.2.12. We have seen in Proposition 2.4.2 that the expected

profit of the strategy (X 59, X59: Z1.9) constructed in section 2.5, satisfies
jd(vna 07 0; XB’67X576) = Ud(vn? 0? 0) - Lé(vna 07 0)7 ne {17 T aN}v

where

1
L’ (v,,0,0) = 68° E*O { /O (vn = P°(mip, 7)) Lpys sy

00 = vn}
L (2.6.4)
— §B°EX [/ (vn, —pé(ﬁi,r))ﬂ{yaizmg}dr 70 = Un] )

0
This expression for L’ follows from changing the order size in (2.4.7) from 1 to § and utilizing

0BS3(ml ) = 0559(ml, ) = 05B2(mS,-) = §BBI(ml,.) = 0 from Corollary 2.5.3 i) and iii),

QB,T,(S — HS,T,J =

0 from Remark 2.4.6, and the expectations are taken under P*?. Here mi =
§[(an + any1 — 8)/25] the largest integer multiple of § smaller than m¢ and by m% := 6[(a, +
ans1 — 0)/28] the smallest integer multiple of § larger than m$. To prove Theorem 2.2.13, let us
first show

%L‘*(vn,o,o) =0, ne{l,---,N}. (2.6.5)

In the rest development, we fix v, and denote L? = L(v,,0,0).
Before presenting technical proofs for (2.6.5), let us first introduce a heuristic argument. First,

since 8% = 1/(26%), (2.6.4) can be rewritten as

5 5,0 [ 76,
L3 =% [11"

P = vn] _ %0 [ l(ls,n

7 = vn] , (2.6.6)
where

— ’ m ' 6

I - / (vn =P (Y, = 8,7)dLY™, 17" = / (on = P (V2 +6,1)) ALy ™,

0 0
and L2 = 2—15 fo H{Y{:y}dr is the scaled occupation time of Y at level y. Here Y? is, in its natural
filtration, the difference of two independent Poisson Y59 and Y5 with jump size § and intensity
/3%, cf. Proposition 2.5.5 ii). For the integrands in 7" and I%" we expect that v, —p® (Y944, ) £,
iy
v —p°(YP, ), where Y0 is a P*-Brownian motion. As for the integrators, we will show both £
S

and £ converge weakly to £, which is the Brownian local time at level m,, := (a + a2 41)/2.
Then the weak convergence of both integrands and integrators yield

7" and PNy (L / (v — PP (Y2, 7)) dLm™, asé | O.
0
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Finally passing the previous convergence to conditional expectation, the two terms on the right

hand side of (2.6.6) cancel each other in the limit.

Proposition 2.6.2 On the family of filtration (ﬁty’é)te[o’l]’(gzo, generated by (Y‘S)(;ZO,
PPV L6, S %Y, onD0,1) as 6L 0.

Proof. To simplify presentation, we will prove

P8 5P asé Lo, (2.6.7)
The assertions with £6¢ can be proved by replacing Y° by Y9 +§. First, applying Itd’s formula and
utilizing (2.4.1) yield
1 —B.5
P =p 0.0+ [ 5P 46 =P ) Y
o . (2.6.8)
+/ g <p6(Yvr§f - 57T) _pé(Y;éfv 7’)) d?fﬁ?
0

where ?,B’(S —yBo_ 639 and 7,5’6 =Y59 6% are compensated jump processes. For p5(0, 0) on

the right hand side, the same argument in Lemma 2.6.1 yields lims}o p?(0,0) = p°(0,0). As for the

other two stochastic integrals, we will show that they converge weakly to

1 ’ 1 ’
\/5/0 BypO(YT,O,r)de and _\@/0 8yp0(Y;P,r)dW;q, respectively,

where WP and W* are two independent Brownian motion. These estimates then imply the right

hand side of (2.6.8) converges weakly to

1°(0,0) + / Ay’ (Y,), 1) dW,,
0

where W = W5 /y/2 — W9 /y/2 is another Brownian motion. Since p° satisfies 9;p° + %agypo =0,
the previous process has the same law as p’(Y?, ). Therefore (2.6.7) is confirmed.
To prove the aforementioned convergence of stochastic integrals, let us first derive the conver-

gence of (p°(- +9,-) — p°(-,-))/6 on R x [0,1). To this end, it follows from (2.2.5) that

1
g(p‘s(y +6,t) — p’(y, 1))
1N
= 520 [P(Z) € ah,ad ) PPU(Z] € [ ady))
n=1 -
1
=53 [PZL = a - 0) ~ P2 =l - 5)]
n=1
N i ) B
1 a) —9d—y al, 4 —0—vy
n=1 L
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Here le_t is the difference of two independent Poisson random variables with common parameter
(1—-1)B% = (1 —1)(20%)~! under P19, Hence the fourth identity above follows from the probability
distribution function of the Skellam distribution: PY°(Z1_, = k) = e "I /(2u), where Ijy(-) is

the modified Bessel function of the second kind and pu = (1 —t)(262)~!, cf. [40]. The convergence
above is locally uniformly in R x [0, 1) according to [3, Theorem 2]. The last identity above follows

aO —
from taking y derivative to p°(y,t) = 27]:[:1 (<I>< Al y) — <I>< L y)), cf. (2.6.1). Combining

Vit V-
the previous locally uniform convergence of (p°(- + 4,-) — p’(-,-))/d with the weak convergence

Y? £5 Y0 in their natural filtration, we have from [10, Chapter 1, Theorem 5.5]:

S (PO 460 -7 077,)) 5 0,20, onD0,1) as 5 L 0.

B i> WB/\@ and ?S’a i) Ws/ﬁ Moreover, both

S’6>t =t/2, for

As for the integrators in (2.6.8), Y
(?3’6)5>0 and (?S’é)(bg are predictable uniform tight (P-UT), since <?B’6>t =Y
any d > 0, cf. [30, Chapter VI, Theorem 6.13 (iii)]. Then combining weak convergence of both

integrands and integrators, we obtain from [30, Chapter VI, Theorem 6.22] that

5 5y B L, B
/5 (YO +6,r)—p° (Y2 ,r)dY, f/ﬁyp ,7)dW,” on D[0,1) as 0 | 0.

A similar weak convergence holds for the other stochastic integral in (2.6.8) as well. Therefore
the claimed weak convergence of stochastic integrals on the right hand side of (2.6.8) is confirmed.
O

Having studied the weak convergence of integrands in 7" and I%™, let us switch our attention

to the integrators L3970 and L£Omn,
Proposition 2.6.3 On the family of filtration (JY’ Jtelo,1],6>0, for anyn € {1,--- | N},
Lo £y g gnd  £omn £y pme o D[0,1] as 6 | 0.
Proof. For simplicity of presentation, we will prove
L0 L5 00 asso. (2.6.9)

Since limg g mfl = lims o m‘s = m,, follows from (2.6.2), the statement of the proposition follows

from replacing Y9 by Y? —m? (or by Y9 —m ) and Y? by Y° — m,, in the rest of the proof. To

n
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prove (2.6.9), applying Ito’s formula to |Y°| yields

YO = (1= )

r<.

= [ (v ol = W) a5 - g
0

(Y2 =8 = Y2 ) (V395 — pir
(e =a1= ) a5 — g 2610

[ (¥ o+ 2~ 8- 2vE ) goar
0
= [ (ol =iy av s [ (v ol - i) s
0 0

"1
+ / —lys _gndr,
0 0 {Y,_=0}
where the third identity follows from |y +d|+ |y — 6| — 2|y| = 20 I, —¢y for any y € R. On the other

hand, Tanaka formula for Brownian motion is
sl =/ sgn(Y,)) dY,” + 2.7, (2.6.11)
0

where sgn(z) =1 when x > 0 or —1 when z < 0.

The convergence (2.6.9) is then confirmed by comparing both sides of (2.6.10) and (2.6.11).
To this end, since Y —£5 Y0 and the absolute value is a continuous function, then |Y?°| N 1YY
follows from [10, Chapter 1, Theorem 5.1]. Then (2.6.9) is confirmed as soon as we prove the
martingale term on the right hand side of (2.6.10) converges weakly to the martingale in (2.6.11),

which we prove in the next result. U

Lemma 2.6.4 Let M° = [3 (V2 + 3 — [V2|) dV}* /o+ [, (1Y — 6| — [V |) dY;° /6 and MO :=
Josgn(Y,?) dY,. Then M?® £ MO on DI[0,1] as 6 } 0.

Proof. Define f°(y) := %(|ly + 6| — |y|) for y € R and observe

1 y>0
Ply)=2 29/6+1 —6<y<0 .
-1 y< =4

It is clear that fO converges to sgn(-) locally uniformly on R\ {0}. On the other hand, Y £y yo
and the law of Y is continuous. It then follows from [10, Chapter 1, Theorem 5.5] that f0(Y?) £
sgn(Y?). As for the integrators (?3’5)5>0, as we have seen in the proof of Proposition 2.6.2, they
converge weakly to W5 /y/2 and are P-UT. Then [30, Chapter VI, Theorem 6.22] implies

’ ~B,5 c 1 0 B
Y2 ka1 ) dr s s [ sgn(v)dw?.
/o ( ) V2 Jo
Similar argument yields
1

(v — s — vl ) avS s Ly - [ san(v®yawS.
(e = a1 =) v s £ - [ sgnoit)aw;
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Here W5 and W* are independent Brownian motion. Defining W = whB / V2-W5 / \@, we obtain

from the previous two convergence that
MO £ / sgn(Y,Y) dW, which has the same law as M. O
0

—=o,n

Propositions 2.6.2 and 2.6.3 combined yields the weak convergence of (I"") 550 and (I°™)ss0. More-

over the sequence of local time in Proposition 2.6.3 also converge in expectation.
Corollary 2.6.5 On the family of filtration (93/’6%6[0,1},520} foranyn e {1,--- N},
" and o Ly o o D[0,1) as 6 | 0.

Proof. The statement follows from combining Propositions 2.6.2 and 2.6.3, and appealing to [30,
Chapter VI, Theorem 6.22]. In order to apply the previous result, we need to show that both
(L5550 and (L5050 are P-UT. This property will be verified for (£ )s-¢. The same argu-
ment works for (E‘s’mi)(bo as well. To this end, since L0 is a nondecreasing process, (L";’mi)bo
is P-UT as soon as (Var(ﬁ‘s’mi)l)bo is tight, where Var(X) is the variation of the process X, cf.
30, Chapter VI, 6.6]. Note Var(£5™); = Ei’m(’i, since £5™ is nondecreasing. Then the tightness
of (Var(ﬁé’mél)l)bo is implied by Proposition 2.6.3. O

Corollary 2.6.6 For anyn e {1,--- ,N} and t € [0,1],

laiﬁ)lEM [ﬁfﬁi] _ léiigEg,o [ﬁf,mi] — 00 [cme].

Proof. For simplicity of presentation, we will prove lims E570[£f’0] = E%9[LY]. Then the statement

of the corollary follows from replacing Yf by Yt‘S — 7m0 0

o o in the rest of the proof. Since

or Y —m

the stochastic integrals in (2.6.10) are P*-martingales,
2B = EXO) YY)

Since E[(Y;)?] = t for any 6 > 0, (|]Y?];P%0)ss0 is uniformly integrable. It then follows from
24, Appendix, Proposition 2.3] and Law(|Y?|) = Law(|Y?|) that lims o E*°[|Y;?|] = E%C[|Y}].
Therefore the claim follows since E*V[|Y,?|] = 2E®°[L?] cf. (2.6.11). O

Collecting previous results, the following result confirms (2.6.5).
Proposition 2.6.7 For the strategies (XB9, X59: Z1.9)s_ constructed in section 2.5,

lim L%(v,,,0,0) = 0 1,---,NY.
i (Un,0,0) =0, ne{l,---,N}
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Proof. Fix any € € (0,1). Corollary 2.6.5 implies that Law([l G TV = Law([iJ ", 79). Recall

Law(#%) = Law(?) from Lemma 2.6.1. Tt then follows
Law <Ti’i I[{f)a:@n}; ﬁY,zS) — Law (_]?L”E Lo, ); 970) )

On the other hand, since N is finite, p? is bounded uniformly in 6. Then there exists constant
C such that |Il €|]I{U5_U y < C’El’ 51, where the expectation of the upper bound converges, cf.
Corollary 2.6.6. Therefore appealing to [24, Appendix Theorem 1.2] and utilizing lims P5(65 =
vp) = PY(¥ = v,) from Lemma 2.6.1, we obtain

-5,
ES0 |:Il7j€ H{ﬁézvn}:|
PO (30 = vy,)

2.6.12
R0.0 |:I§),n ]I{~, }:| ( )
PO(0 = vy,)

as § J 0. On the other hand, since limsjo P°(9°) = P%(% = v,) > 0, there exists a constant C' such

—

0,0 | 7On | ~
=E [Il_6|v:vn},

that
76,
E*0 [|I 1 I 1— e|

=6 —5
U — ,Un:| < CE&O |:£(15,mn _ ﬁ(ls,—nin:| N CEO’O [ﬁ?lnn o gn_ng] :
as 0 | 0, where the convergence follows from applying Corollary 2.6.6 twice. For the difference of

Brownian local time, Lévy’s result (cf. [31, Chapter 3, Theorem 6.17]) yields
EO [ — £ ] = EO ™ (L9 — £9_ ]

1 2
= [sup Y2 — sup YT,O] = \/7(1 —V1—e),
2 r<1 r<l—e m

where Y is a PY-Brownian motion and E%¥[sup,, Y,°] = /2t/7 +y is utilized to obtain the third
identity. Now the previous two estimates combined yield

lim sup E*° [\T?’n - T‘;ﬂ_u
510

= vn} <C(1—-+1—¢€), for another constant C. (2.6.13)

Estimates in (2.6.12) and (2.6.13) also hold when " s replaced by I%™. These estimates then
yield
=6, ~
Ry [11” M = vn}

=0 ~ —0,n
< E(S’O {Ilfe _l(}fe ’Ua = Un} + Eé,o [‘Il7 - Il e‘

v —vn}

~0

FE (|15 - 17| 8 = ]

Sending 6 | 0 in the previous inequality, the first term on the right side vanishes in the limit,
because both conditional expectations converge to the same limit, the limit superior of both second
and third terms are less than C'(1—+/1 — €). Now since € is arbitrarily choose, sending € — 1 yields

. =6 ~ ..
lim supy o EOO T — 1 (15’" |90 = vn] < 0. Similar argument leads to

lim nf Ry [11 M = vn] >0,
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which concludes the proof. O
Finally the proof of Theorem 2.2.12 is concluded.

Proof of Theorem 2.2.12. It remains to verify Definition 2.2.11 iii). Fix v, and (y,t) = (0,0)

throughout the proof. We have seen from Proposition 2.4.4 that V9 < US?. On the other hand,

Proposition 2.4.2 yields J (X5, X59) = U® — L%. Therefore

sup j6(XB7XS) o jﬁ(XB,(s’XS,(S) < US,J . U5 + L6.
(XB,X5) admissible

Since lims}o L2 = 0 is proved in Proposition 2.6.7, it suffices to show limg o U%® — U% = 0. To this
end, from the definition of U9,

U%(0,0) — U(0,0) = (U°(=6,0) — U*(0,0)) Tjgms y = 6(vn — p*(0,0))Ifg<pms - (2.6.14)

The second identity above follows from (2.4.12) which reads U° (y, ) —U®(y—1,t)+6 (v, —p°(y, 1)) =
0 for y < mi when the order size is §. Therefore limsjo U S0 _ U% = 0 is confirmed after sending

§10in (2.6.14). O

2.7 Appendix

2.7.1 Viscosity Solution

Proposition 2.3.1 will be proved in this section. To simplify notation, 6 = 1 and ¥ = v, are fixed
throughout this section. First let us recall the definition of (discontinuous) viscosity solution to
(2.2.8). Given a locally bounded function!! v : Z x [0,1] — R, its upper-semicontinuous envelope

v* and lower-semicontinuous envelope v, are defined as

v*(y,t) :=limsupv(y,t'), wvi(y,t):=liminfo(y,t'), (y,t) €Z x[0,1]. (2.7.1)
' —t t'—t

Definition 2.7.1 Let v :Z x [0,1] — R be locally bounded.

i) v is a (discontinuous) viscosity subsolution of (2.2.8) if

—i(y,t) — H(y,t,v*) <0,

forally € Z, t € [0,1), and any function ¢ : Z x [0,1] — R continuously differentiable in the

second variable such that (y,t) is a maximum point of v* — .

HSince the state space Z is discrete, v is locally bounded if v(y,-) is bounded in any bounded neighborhood of t

and any fixed y € Z.
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ii) v is a (discontinuous) viscosity supersolution of (2.2.8) if

7@t(y7t) - H(yvta U*) 2 Oa

forally € Z, t € [0,1), and any function ¢ : Z x [0,1] — R continuously differentiable in the

second variable such that (y,t) is a minimum point of v, — .

iii) We say that v is a (discontinuous) viscosity solution of (2.2.8) if it is both subsolution and

supersolution.

For the insider’s optimization problem, let us recall the dynamic programming principle (cf.
e.g. [38, Remark 3.3.3]). Given an admissible strategy (X, X®), any [t, 1]—valued stopping time

7, and the fundamental value v,,, denote the associated profit by
T T
I, ;:/ (vn — p(Yre + 1,7))dX P8 +/ (vn — p(Yre + 2,7))dX T
¢ t
T T
b [ = w0 axPS = [ = p0 - 1)ax S
tT ¢ T
= [ = w0 = 2T [ pv xS,
¢ t
where Y = Z 4+ XB — X, Then the dynamic programming principle reads:

DPP i) For any admissible strategy (X”, X®) and any [t, 1]-valued stopping time 7,
V(y,t) > E¥ V(1. Y:) + I, ).

DPP ii) For any € > 0, there exists an admissible strategy (X, X¥) such that for all [, 1]-valued

stopping time T,
V(y,t) — e < EWV(r,Y;) + I ).

The viscosity solution property of the value function V follows from the dynamic programming prin-
ciple and standard arguments in viscosity solutions, (see e.g. [38, Propositions 4.3.1 and 4.3.2]12.)

Therefore Proposition 2.3.1 i) is verified.

Remark 2.7.2 The proof of DPP ii) utilizes the measurable selection theorem. To avoid this
technical result, one could employ the weak dynamic programming principle in [12]. For the

insider’s optimization problem, the weak dynamic programming principle reads:

WDPP i) For any [t, 1]-valued stopping time 7,

V(y,t)< sup E¥' [V*(7r,Y:)+TI}.].
(XB,X5) ’

12Therein the stopping time 7, can be chosen as the first jump time of ¥ where Y;,, =y for a sequence (tm)m — t
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WDPP ii) For any [t,1]-valued stopping time 7 and any upper-semicontinuous function ¢ on
Z x [0,1] such that V' > ¢, then
V(y,t)> sup EY'[p(r,Y;) + 17, ] .
(XB,X5)
Conditions A1, A2, and A3 from Assumption A in [12] are clearly satisfied in the current context.
Condition A4 from Assumption A can be verified following the same argument in [12, Proposition
5.4].  Therefore aforementioned weak dynamic programming principle holds. Hence the value

function is a viscosity solution to (2.2.8) following from arguments similar to [12, Section 5.2].

Now the proof of Proposition 2.3.1 ii) is presented. To prove (v, y,t, V) € dom(H ), observe from
the viscosity supersolution property of V' that H(v,,y,t, Vi) < oo, hence (vy,y,t, Vi) € dom(H).
On the other hand, for any integrable intensities 6/, i € {B, S} and j € {B, T, S}, due to Definition
2.2.2 iv), one can show E¥*[Z}"] is a continuous function in ¢. As a supremum of a family of
continuous function (cf. (2.2.7)), V is then lower-semicontinuous in ¢. Therefore Vi, = V, which
implies (vp,y,t,V) € dom(H) for any v, (y,t) € Z x [0,1). It then follows from (2.3.1) and (2.3.2)
that

V(y—1,t)+ply—1,1) —vn < V(y,t) < V(y—1,8) +p(y,t) —vn, for any (y,t) € Zx[0,1). (2.7.2)

Taking limit supremum in ¢ in the previous inequalities and utilizing the continuity of ¢ —
p(y,t), it follows that the previous inequalities still hold when V is replaced by V*, which means
(Un,y,t,V*) € dom(H) for any vy, (y,t) € Z x [0,1). As a result, H(vy,y,t, Vi) and H(vy,y,t, V*)
have the reduced form (2.3.3) where V is replaced by Vi and V*, respectively. Hence Definition
2.7.1 implies that V' is a viscosity solution of (2.3.4).

To prove Proposition 2.3.1 iii) and iv), let us first derive a comparison result for (2.3.4). The
function v : Z x [0, 1] — R has at most polynomial growth in its first variable if there exist C' and

n such that |v(y,t)| < C(1 + |y|™), for any (y,t) € Z x [0, 1].

Lemma 2.7.3 Assume that u (resp. v) has alt most polynomial growth and that it is upper-
semicontinuous viscosity subsolution (resp. lower-semicontinuous supersolution) to (2.3.4). If

u(+,1) <w(1), thenu <wvinZ x [0,1).

Assume this comparison result for a moment. Inequalities (2.7.2) and Assumption 2.2.5 com-
bined imply that V' is of at most polynomial growth. Then Lemma 2.7.3 and (2.7.1) combined yield
Vi < V* < V,, which implies the continuity of ¢t — V(y,t), hence Proposition 2.3.1 iii) is verified.

On the other hand, one can prove V(y,t) := E¥%* [V (Z1,1)] is of at most polynomial growth and is
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another viscosity solution to (2.3.4)!3. Then Lemma 2.7.3 yields
V(y,t) = V(yt) = B [V(Z,1)],

which confirms Proposition 2.3.1 iv) via the Markov property of Z.
Proof of Lemma 2.7.3. For A > 0, define & = eMu and © = eMv. One can check @ (resp. ©) is a

viscosity subsolution (resp. supersolution) to
—wy + Iw — (w(y + 1,t) — 2w(y, t) + w(y — 1,t)) 8 = 0. (2.7.3)

Since the comparison result for (2.7.3) implies the comparison result for (2.2.8), it suffices to consider
u (resp. v) as the viscosity subsolution (resp. supersolution) of (2.7.3).
Let C and n be constants such that |u|,|v] < C(1 + |y|™) on Z x [0,1]. Consider ¥ (y,t) =

e~ (y?" + C) for some constants a and C. Tt follows

—r+ M+ (P(y 4+ 1,8) — 2¢(y, 1) +(y — 1,1)) 8
> e ((a+ N> + C) = 28 ) > 0,
when o+ A > 25. Choosing « satisfying the previous inequality, then v + &3, for any £ > 0, is
a viscosity supersolution to (2.7.3). Once we show u < v + &1, the statement of the lemma then
follows after sending & | 0.
Since both u and v have at most linear growth

lim (u—v—&Y)(y,t) = —oc. (2.7.4)

ly|—o0

Replacing v by v+&, we can assume that u (resp. v) is a viscosity subsolution (resp. supersolution)

to (2.7.3) and

sup (u—wv)= sup (u—wv), forsome compact set O C Z.
7Zx[0,1] 0x]0,1]

Then u < v follows from the standard argument in viscosity solutions (cf. e.g. [38, Theorem 4.4.4]),
which we briefly recall below.
Assume M := supz,o1)(v — v) = suppyjo1y(v —v) > 0 and the maximum is attained at

(z,t) € O x [0,1]. For any € > 0, define
<I>€(m,y,t,s) = u(m,t) - v(y,s) - ¢e(93,y775, S)v

where ¢(z,y,t,s) == [z —y[> + |t — s|?]. The upper-semicontinuous function ®, attains its

maximum, denoted by M., at (xc, Ye, te, S¢). One can show, using the same argument as in [38,

BWrite V(y,t) = E° [V(Zi—¢ +y,1)]. One can utilize the Markov property of Z to show that V is continuous

differentiable and V is a classical solution to (2.3.4).
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Theorem 4.4.4],
M, — M and (Ze,Ye, te,se) = (T,7,1,1) € O* x [0,1]* as e 0.
Here (e, Ye, te, 5¢) € O2 x [0,1]? for sufficiently small e. Now observe that
o (z,te) is a local maximum of (z,t) — u(z,t) — ¢e(T, Ye, t, Se);
® (Y, S¢) is a local minimum of (y,t) — v(y, s) + de(xe, Y, te, S).

Then the viscosity subsolution property of v and the supersolution property of v imply, respectively,

2
— —(te — Se) + Mu(we, te) — (u(me + 1,t¢) — 2u(xe, te) + u(ze, te)) B <0,
€

2
- g(te - Se) + XU(?Je, 36) - (u(ye + 17 Se) - 2U(y67 86) + U(yea 86)) B Z 0.
Taking difference of the previous inequalities yields
(A +28)(u(ze, te) — v(Ye, Se))

< B(u(@e +1,te) +u(@e — 1,te)) — B(v(ye +1,8¢) +v(ye — 1, 8¢)) -

Sending € | 0 on both sides, we obtain
(A +28)M = (A + 2B8)u(z, t)
<B(wE@+1,1) —v@+1,1) + 8 (u@—1,7) —v(@—1,1)) < 28M,

which contradicts with AM > 0. O



Chapter 3

Monotone convergence of BSDEs
driven by marked point processes and

an application

3.1 Introduction

In Chapter 2, the value function of the insider presented in (2.2.7) has a boundary layer V°(7,y, 1) =
limy_,1 V¥(%,y,t). The boundary layer is due to the unbounded trading intensities of the insider.
Where does this boundary layer comes from? To answer the question, we consider a family of
control problems where insider’s trading intensity is at most n € N. For each constrained value
function, we represent it via solutions of a BSDE driven by a marked point process. The value
function of these problems increasingly converges to the original value function as n — oo, which
implies there also has a convergence in BSDEs.

To take the monotone limit, we extend Peng’s [37] monotone convergence of BSDEs from
Brownian setting to market point processes. Before considering the monotone convergence, we use
[20] to prove the well-posedness of a family of penalised BSDEs.

Confortola and Fuhrman [20] studied a class of BSDEs driven by marked point processes.
They prove existence, uniqueness, a priori estimates and continuous dependence upon data of the
BSDE. They also apply this family of BSDEs to study a class on non-Markovian optimal control
problems whose randomness is driven by marked point processes. In the Brownian setting, Peng
[37] proved a monotone convergence result for supersolutions to BSDEs. More precisely, if there
exists a sequence of cadlag supersolutions Y™ (cf. Definition 1.2.1) converging to a process Y
with E[SUPogth |Yt|2} < 00, the process Y is also a cadlag supersolution of the same BSDE.

In addition, Peng considers a family of penalised BSDEs converging to the smallest supersolution

53
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satisfying the constrained BSDE.

First we consider a sequence of BSDEs

T T
yi =gt / gs(Y7', Z0())dA, / /E 20 (y)a(ds dy) + O — CF. (3.1.1)

for 0 <t <T and n € N, where g is Lipschitz continuous and C"™ is a continuous increasing process
representing penalty of violation of a constraint. Rewriting (3.1.1) as a Lipschitz BSDE, we use
[20] to establish existence and uniqueness of a solution to (3.1.1). Next we establish a comparison
theorem in Theorem 3.3.7 to show that the sequence (Y"),cy is increasing. If the sequence of
supersolutions Y increasingly converges to the process Y in (3.1.1) with E[supogng V|* | < o0,
we show that the process Y is also a supersolution. Moreover, there exist C which is the weak limit
of C™ and Z which is the strong limit of Z™. Both Y and Z satisfy the BSDE with the constraint.
Finally the general result described above is applied to the insider’s optimisation problem to give
a stochastic representation of the boundary layer.

This chapter is organised as follows. The next section introduces a market point process and
defines spaces of functions, random variables and processes. In section 3.3, we prove the well-
posedness of a BSDE and provides a comparison theorem which is used in the following sections.
In section 3.4 we provide a monotone convergence theorem in Theorem 3.4.2 and consider the
smallest supersolution subject to a given constraint on (Y, Z). Finally, in section 3.5, we consider
an application, insider trading problem and represent the value function by a monotone sequence

of BSDE solutions.

3.2 Marked point process

In this section, following [13, Chapter VIII], we introduce marked point processes and stochastic

integrals with respect to them.

3.2.1 Definitions

Consider a measurable space (E, &), and a random sequence (Ty,(n)n>0 € [0,00) X E, where
(T)n>0, starting from T = 0, is an increasing sequence of non-anticipating random times to
describe the occurrence of events and (,, € E is a quantity observed at time T},. We assume that T},
is non-explosive, i.e. T;,, — oo P-a.s. as n — oo, which guarantees the number of events occurring
on any finite interval, is almost surely finite. The random sequence (7},, (,)n>0 is called a marked
point process, where (1,)n>0 is a point process and ((,)n>0 are marks. Define a counting process
Ni(K) by

Ni(K) = Lip<plicery, Ke&. (3.2.1)

n>1
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We associate to each K € & the counting measure p such that
w((0,t], K) = Ny(K), t>0. (3.2.2)

Let (Q, %, (Z)t>0,P) be a probability space and satisfying the usual conditions. Denote by & the
Z -predictable algebra on 2 x [0, T]. If any process H is & ® &-measurable satisfying

E[/OT/EyHt(k)u(dt k)| < oo, (3.2.3)

it follows from [13, Chapter VIII, T14] that there exists a function ¢; and an increasing process A
with Ag = 0, such that

i) K — ¢4(K) is a probability measure on (E, &);
ii) t — ¢4(K) is a predictable process;

iii) we have
IE[/OT/EHt(k:)u(dt dk)] :E[/OT/EHt(k)@(dk)dAt] (3.2.4)

The predictable random measure ¢;(dk)dA; is denoted by v(dt,dk) and called the compensator
of p or dual predictable projection of pu. For H satisfies (3.2.3), we can define the compensated

stochastic integral
¢
My = / / H, (k)q(dr dk), (3.2.5)
0 JE

where q(dt dk) := p(dt dk)—v(dt dk) is called the compensated measure. It follows from [13, Chapter
VIII, C4] that M is a martingale.

3.2.2 Spaces of functions, random variables and stochastic processes

Assumption 3.2.1 The process A is an absolutely continuous increasing process with respect to

time. There exists a constant « such that Ar < « a.s..

Now let us introduce the following spaces of functions, random variables and stochastic processes.
e Let L?(E;R) denote the space of &-measurable functions ¢: E — R satisfying
[ e o) < o
o Let L2(€;R) denote the space of random variables &: € — R satisfying

&P == E[[¢] < oo
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e Let L2 (2 x [0,T];R) denote the space of adapted cadlag processes Y: Q x [0,7] — R, which

are ¢-measurable, satisfying

T
v|? ::E[/O \Y;]QdAS] <

where ¢ denoted by the (.%;):>0-progressive algebra on Q x [0, T7;

e Let L2,(2 x [0,T] x E;R) denote the space of processes Z: Q x [0,T] x E — R, which are

& ® &-measurable, satisfying

127 =8] [ [ 12 osanaa] < oo

o Let Sgp(Q x [0,T]; R) denote the space of adapted cadlag processes Y : Q x [0,7] — R, which
are ¢-measurable, satisfying

Y2 =E| sup |Vi] < oo
0<s<T

o Let S? ,(2x[0,T);R) denote the subspace of S (£ x [0, T]; R) which consists processes with

wmc,

non-decreasing trajectories;

o Let S2

inc,c,d

(€2 x [0,T];R) denote the subspace of S Q1 x [0, T]; R) which consists processes

Z?’lCJ(

with continuous and non-decreasing trajectories;

To simplify notations, let K?(R) denote the space of LZ(Q x [0,T];R) x L2,(Q x [0,7] x E;R),
endowed with the norm ||(Y, Z)||* := |Y|* + || Z||.

3.3 Backward stochastic differential equation

In this section, we will consider a BSDE driven by a marked point process. Under suitable assump-
tions, we prove the existence and uniqueness of a solution. Finally we state a comparison principle

which allows us to compare solutions of BSDEs.

3.3.1 Uniqueness and existence of the BSDE solution

Let us consider a pair of processes (Y, Z) € K?(R) satisfying

Y, = £+/ 9s(Ys, Zs())dAs — // q(dsdy)+Cr—Cy, 0<t<T, (3.3.1)

which is called the backward stochastic differential equation. In the above equation (3.3.1), the
function g is called a gemerator, and the process Z is called control process as it controls an adapted

process Y so that Y satisfies the terminal condition Y = £.
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Definition 3.3.1 Given a non-decreasing process C, a terminal value £ and a generator g, if the
pair (Y, Z) solves (3.3.1), then we call Y a supersolution of BSDE with generator g or simply called

g-supersolution on [0, T]. In particular, when C' =0, Y is called a g-solution on [0,T].

Assumption 3.3.2 There exist the process C, the random variable £ and the generator g satisfying
following conditions:

1) C€S},.4(Qx[0,T];R) with Cy = 0;

2) € is a .Zp-measurable random variable and ¢ € L2(Q; R);

3) for t € [0,7T], r € R, a mapping g;(r,-): L?>(E;R) — R is given, then

i) for every Z € L2,(Q x [0,7] x E;R), the mapping (t,7) — g(r, Zi(+)) is ¥ @ B(R)-

measurable;
ii) we have E[fOT gs(0,0)dAs} < 00;
iii) there exist 44 > 0 and 4} > 0 such that 7, r’ € R and z, 2’ € L?(E;R), we have
3
|9:(r, 2(-)) = (', 2/ ()| <A |r =o' +m </E |2(y) = 2/ (v)|” ¢>t(dy)> : (3.3.2)

Proposition 3.3.3 When Assumption 3.3.2 holds, there exists a unique solution (Y, Z) € K2(R)
solving the BSDE (3.5.1), and Y € S%(2 x [0, T]; R).

Proof of Proposition 3.3.3. We introduce a fixed positive constant 8 > 77 + 2v{ and denote
K258(R) by a space satisfying the norm of (Y, Z) such that

I 2 = Y+ 1211
where
T
\Y\% = E[/ ePAs \YS\QdAS} < 00,
OT
21 =B [ e [ (2.0 oufanan] <

The weighted space K>#(R) is equivalent to the unweighted space K?(R) defined in section 3.2.2
due to Ap < « in Assumption 3.2.1.
Next we define a process Y := Y + C and a random variable £ := ¢ 4+ C7 to construct an

equivalent BSDE

T T
Y =¢ +/t 9s(Ys — Cs, Zs(-))dAs — /t /E Zs(y)g(dsdy), 0<t<T. (3.3.3)

Once we can show there exists a unique solution (Y, Z) solving (3.3.3), it is equivalent to show that

there exists a unique solution (Y, Z) solving (3.3.1).
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We also define a mapping I' : K*#(R) — K2#(R) satisfying (Y, Z) = I'(U, V) if (Y, Z) satisfies
T
Y, zf—l—/ gs(Us — Cg, Vi)dAs — / / q(dsdy), 0<t<T. (3.3.4)
t

The Assumption 3.3.2 on the generator g implies that E [f P g (U, — Oy, Vi) ‘ dA } < 00, SO
by [20, Lemma 3.3], there exists a unique solution (Y, Z) € K?#(R) to (3.3.4) and I is well-defined.

Then we apply [20, Theorem 3.4] to represent that there exists a unique solution solving (3.3.3).
The sketch of the proof is shown as below. Let us (Uz, V), i = 1,2, be elements of K>#(R) and let
', 2) =T(U',V?). Denote AY =Y — Y, AZ=2'—22, AU=TU - U and AV = V! - V2,
Using the Lipschitz conditions of g, [20, Theorem 3.4] establishes that

2
<f8 T sz) [AY[; + 1821 < es|aVIE+ L ‘AU{B’

for every c3,cqs > 0. By the assumption on 3, i.e. 8 > ~3 + 274, it is possible to find c3 € (0,1)

such that
2 /
7 27
B>—+—
3 4/c3

If 44 = 0 we see that I' is a contraction on K*#(R) endowed with the equivalent norm (Y, Z) —
2 —
(6 — Z—;) ’Y‘Z + ||Z|]% If 1 > 0 we choose ¢4 = 1/,/c3 and obtain
AV 418212 < o3 ||AV]2 + A, v/es | AT = ¢ il AT + |aV]|%
Nkl 5 < e lIAVls +mves |AU], = e { Z= AU, 3
so that T is a contraction on K?#(R) endowed with the equivalent norm (Y, Z) — \'/% ‘?‘Z +1|Z] \é
In all cases there exists a unique fixed point which is the required unique solution to the BSDE
(3.3.3). O
Proposition 3.3.3 illustrates that a supersolution Y on [0,7] is uniquely determined once the
terminal value &, the increasing cadlag process C' and the generator function g are given. On the

other hand, we can extend [37, Proposition 1.6] for (3.3.1) to show:

Lemma 3.3.4 Given a supersolution Y on [0,T), there exists a unique pair (Z,C) € L%,(Q2 x
[0,7T] x E;R) x §2 (2 x [0,T];R) with Cy = 0.

inc,d
Proof. We suppose two triplets (Y, Z, C) and (Y, Z’, C") simultaneously satisfying (3.3.1). Applying
It6 formula to |Y; — Yt = 0, we have

/ /!Z )= Zi) buldy)dd, + Y (A]C,— L))’

t<s<T

T
+/O /E|Zs(y)—Z§(y)|2q(dsdy):0,

Then taking expectation on both sides, we have

2| [ 126 - 20 saman] 5| 3 (ale. -] =o

0<s<T
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which makes sure Z = 7’ and C = ' as.. O

Definition 3.3.5 If (Z,C) is uniquely determined by the supersolution Y, (Z,C) is called the

unique decomposition of Y.

3.3.2 Comparison theorem

Now we have proved the uniqueness and existence of the solution to the BSDE (3.3.1) under
Assumption 3.3.2. In the next section, we can go further to consider the convergence of BSDEs.
Before moving on to the next section, we present Comparison Theorem. The Comparison Theorem
in [22] is used to compare two supersolutions of BSDEs driven by Brownian motions. Here we can

present the comparison theorem for supersolutions of BSDEs driven by a marked point process.

Assumption 3.3.6 For any t € [0,7], r € R and z, 2/ € L*(E;R), there exist two constants

c1 > ¢ > —1 such that we can find a measurable map p: Q x [0,T] x E x R3 — [cg, 1] satisfying

g¢(r,2() = ge(r, 2'()) S/(Z(y)—Z'(y)) P> (y)dr(dy). (3.3.5)

E

Theorem 3.3.7 (Comparison Theorem)
Given (€%, g%, C?) satisfying Assumption 8.5.2, let (Y?,Z%) € K?(R), i = 1,2, be the unique solution
to the following BSDE

Ytzsz/ L(YE, ZE(4)dAs / /Zl q(dsdy)+ChL—C, 0<t<T,
t
where g% also satisfies Assumption 3.3.6. Moreover we assume that
i) &2 —¢1>0, as.,
i) gt(Y, Zi () — 9t (V' 2} () 2 0, as., ae,
iii) CF — C} is a cadlag increasing process,
then we have Y2 > Y,! as for all t € [0,T).

Proof. The proof is motivated by [23, Proposition 4.1] with proper modifications. Let us denote
AY (= Y2 -V A€ = & — ¢ AZ = 72 - 7', Ag = ¢*(Y?, Z%()) — ¢ (Y, Z'(-)) and
AC := C? — O such that

AY; = A€ +/ AgsdAy — / / AZy(y)q(dsdy) + ACr — ACy,, 0<t<T. (3.3.6)

Let us define a process a by

2y2z2._2yl22'
at::gt( > t())AY%gt( s t())H{AYt;&O}: 0<t<T.
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Note that the process a are bounded a.s. since g? is Lipschitz continuous. Observe also that the

process AK defined on [0, 7] by

t
ai=ac— [ [ A2 azwemin+ [ 0020 - 02 2H0)] da,
0
is a non-decreasing process since

Y],2},72
Z/Eptt T (Y)AZ(y) pe(dy),

where the first inequality follows the assumption #i) in this Theorem and the second inequality

follows Assumption 3.3.6. With these notations, we rewrite (3.3.6) as

T T
AY; =A¢ + / 0, AY;dA, ~ / | Azwatdsay)
t JE
/ / st ’Zs’Z VAZs(y)ps(dy)dAs + AKp — AK;.
Consider the positive process = which is the solution of the following SDE

1 1 2
d=y = Z4 (atdAt +/ pft o2 (y)q(dt dy)) , Zo=1L1
E

Notice that E[supogng |ES|2} < oo since a and p are bounded, and = is positive since p > —1 in

Assumption 3.3.6. Applying the product rule to d(Z;AY;), we have

YZZ

d(EAY:) = =, / AZy(y)q(dt dy) + =, / AZ(y  (y)q(dt dy)
E

— v}, z}, 72 -
+ AYt:t/ pt U (y)g(dt dy) — Evd(AKY).
E
Hence, the process =AY is a supermartingale because of = > 0. Therefore
EAY; > E[E7AE.%] >0, 0<t<T,

makes sure AY > 0. O

3.4 Monotone convergence of supersolutions

3.4.1 Monotone convergence theorem

In this section, we want to extend Peng’s monotonic limit theorem in [37] for BSDEs driven by
marked point processes. In order to show the monotone theorem of g-supersolutions, we need to

introduce a sequence of triplets (Y™, Z™, C™) satisfying the assumption as below.

Assumption 3.4.1 The following conditions hold for all n € N.
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i) € € L2(;R) is a Fp-measurable random variable;
ii) Y™ increasingly converges to Y with Y € SZ(Q x [0, T]; R);
iii) C" €S2, 4(Q % [0,T);R) with Cf' = 0.

wmec,c,

Given C", £™ and ¢ satisfying Assumption 3.3.2, Proposition 3.3.3 implies the existence of a unique

solution (Y™, Z™) solving
Y}"—ﬁ"—l—/ 9s(YJ', Z2())dAs / / ZMy)q(dsdy)+Cp—Cp, 0<t<T, neN. (3.4.1)
t

Theorem 3.4.2 (Monotone convergence theorem)

When item 3) in Assumption 3.3.2, 3.3.6 and Assumption 3.4.1 are satisfied,

i) there exists a constant L such that |Y™2 _ +|Z"||* + |C™ 2, < L for all n;

sup sup —

ii) there exists a unique decomposition (Z,C) € L2,(Q2x [0,T] x E;R) x S?

inc,d

(Q2x[0,T];R), such
that
Y —Y"?+||Z-2Z"* =0, 1<a<?2,

and C' is the weak limit of C™. Moreover, (Y, Z,C) is the weak limit of (Y™, Z™, C™).

iii) (Y, Z) is the solution of the BSDE

Y, = f—f—/ 9s(Ys, Zs(+))dAs — / / q(dsdy) +Cr —C;, 0<t<T. (3.4.2)

The proof of Theorem 3.4.2 is postponed to the Appendix.

3.4.2 BSDE with constraints
Now we will study the BSDE of type (3.3.1) with a constraint imposed to the solution, i.e.
Y, = §+/ 9s(Ys, Zs())dAs / / q(dsdy) +Cp —C,, 0<t<T, (3.4.3)

as well as the constraint
he(Yy, Zi(y)) =0, asforall (t,y) € [0,7] x E. (3.4.4)

Definition 3.4.3 Given a constraint function h, a terminal value ¢ and a generator g, if the

(Y, Z,C) solves (3.4.3), then we call Y a supersolution of BSDE subject to the constraint (3.4.4).

Assumption 3.4.4 The constrained function h : © x [0,7] x R x R — RT satisfies following

conditions:

i) h is Z-predictable and non-negative;
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ii) there exist y2 > 0 and ~4 > 0 such that for any ¢ € [0,7] and r, ', z, 2’ € R, we have
‘ht(?", z) — ht(r’,z’)‘ <4 ‘7" — r" + o ‘z — z" : (3.4.5)
iii) for any t € [0,7], z, 2’ € Rand z > 2/, h(,2) > hi(-, 2);
. T 2
iv) E [fo 175(0,0)] dAs} <

Assumption 3.4.5 We assume that there exists at least one g-supersolution ¥ € L2, (2 x[0,T];R)
solving (3.4.3)-(3.4.4) with unique decomposition (Z,C) € L%(Q x [0,T] x E;R) x ngj(ﬂ X
0, 1 R).

We will find the minimal g-supersolution later.
Definition 3.4.6 A g-supersolution Y on [0,7] with the decomposition (Z,C) regarded as the

smallest g-supersolution, given Y = £ subject to the constraint (3.4.4), whenever Y < Y a.e., a.s.,

for any other g-supersolution Y satisfying (3.4.3) and (3.4.4).

Theorem 3.4.7 When Assumptions 3.3.2, 3.5.6, 8.4.1, 8.4.4 and 3.4.5 hold along with a sequence
of BSDEFEs

v" —§+/ 9s(Ys"', Z3())dAs — / /Z” q(dsdy) + Cp — C}, (3.4.6)
where
t
Cpi=n /0 | Z2westanaa. (3.47)

then

i) there exists the smallest g-supersolution Y € S%,(Q x [0,T];R) to (3.4.3)-(3.4.4);
i1) the sequence Y™ increasingly converges to 'Y ;

iii) there exists a unique decomposition (Z,C) € L%,(2x [0,T] x E;R) x S?

inc,d

(Q2x[0,T];R), such
that
Y —Y"*+||Z - Z"|* = 0, for each 1< a < 2,

and C' is the weak limit of C™. Moreover, (Y, Z,C) is the weak limit of (Y™, Z™,C™).

Proof. Let us first prove the existence of the unique solution to (3.4.6). Define f™ := g 4+ nh and

rearrange (3.4.6) to have

n"=5+/tT<gs<Ys”72£<->> w [ hve 2z >>¢sdy>dA //Z o(ds dy)

—£+/T (gs +nhs) (Y2, Z2(-)dAs — / /Z” q(ds dy) (3.4.8)

_§+/ YR, Z0())dA, //Z" o(ds dy).
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The Lipschitz property of f™ is satisfied since both g and h are Lipschitz. Moreover, for any
t€[0,T], 7 € R and z, 2’ € L?>(E;R), we have

f(r,2() = f(r, ()
< [E (2(y) — 2/ )Py (W) ér(dy) +n /E (h(r, 2(y) = h(r, 2 (y)) de(dy) (3.4.9)
< [ G - 2™ o)

/\r,z,z/( ) r,z,z

where p, = p, 77 (1) + nyelz()s2()y 18 located in [c2,c1 + ny2] where ¢a > —1. The first
inequality follows (3.3.5) and the second inequality follows the non-decreasing property of h in z
(cf. Assumption 3.4.4 iii)). Then applying Proposition 3.3.3 by assuming C' = 0, it shows that
there exists a unique solution (Y™, Z") to (3.4.8), which implies the existence of the unique solution
to (3.4.6).

Now let us prove that (Y™),, is increasing by Comparison Theorem 3.3.7. Consider (Y, Z") as
a solution to (3.4.8). Items 4) - iii) of Theorem 3.3.7 are obviously satisfied. Moreover f" satisfies
(3.4.9) and f" is increasing. Hence Theorem 3.3.7 implies that (Y™),, is non-decreasing. For the
g-supersolution (?,2, 6’) in Assumption 3.4.5, consider (Y, Z") as a solution to (3.4.8). Since
(Y, Z,C) satisfies the constraint (3.4.4), (Y, Z,C) is a supersolution to (3.4.8). Hence Theorem
3.3.7 implies Y™ < Y for all n.

To prove convergence of (Y™, Z™, C™), we directly apply Theorem 3.4.2. In addition since there

exists a constant L such that |C’”|2 <L, ie.

sup
¢ 2
02eer </0 /Eht(YS 2 (y>)¢s(dy)dAs)

the constraint (3.4.4) is satisfied. In conclusion, (Y, Z,C) is one of the candidate solutions to

(3.4.3)-(3.4.4).

E | sup |C7)?| =n’E <L,

0<s<T

Since the sequence of Y™ is upper-bounded by }A/, ie. Y < }A/, we take the limit on both sides
to obtain

limY"=Y <Y,

ntoo
which illustrates Y with decomposition (Z, C') is the minimal solution. Finally, by applying Lemma

3.3.4, we can state that there exists a unique decomposition (Z,C) of Y. Il
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3.5 Application in an insider trading problem

3.5.1 Glosten-Milgrom model

Here we follow the assumptions and definitions in the last chapter. We consider a continuous time

market for the risky asset whose fundamental value v follows a discrete distribution,
P(@:Ui):pi, 1= 1, ,N, (351)

where N € NU {oo}, (v3)i=1,.. v is an increasing sequence and p; € (0,1) with Z i pi = L.
The risk free interest rate is 0. Without loss of generality, we assume the trading period is [0, 1]
which can be scaled to any time interval. All of participants are risk neutral and will know this
fundamental value at terminal time 1, at which point the market will terminate.

Noisy traders trade for liquidity reasons, and their aggregated demand is the difference of two
pure jump processes I'® and I', which represents the cumulative buy and sell orders respectively.
Noisy traders only submit orders with fixed size §. T'®/§ and I'°/§ are assumed to be two in-
dependent Poisson processes with intensity A. The net demand from noisy traders is defined as
[:=T8 -1 Then (F} )telo,1] describes the information structure of noise traders.

The insider observes the market price and knows the fundamental value 9. The net order from
the insider is defined as I := I® — I°. The admissibility of insider’s strategy is defined in Definition
2.2.2. The insider’s filtration .%/ includes .#} and o (%), for any t € [0,1]. Moreover, the insider’s
buy orders I” consist two components: we denote by 7% the cumulative buy orders which arrive
at different time than those of I'Z, and by I%"° the cumulative buy orders which cancel some of I'S.
Sell orders I°% and I'*B are defined analogously. According to Definition 2.2.2 (iii) together with
[30, Chapterl, Theorem 3.15], we have that Iti’j — O\ fg 0%7ds is a .Z!-martingale for i € {B, S}
and j € {B, S} for any t € [0, 1], where \0*/ is .%!-intensity.

A competitive market maker only observes the aggregated demand M := I + I and sets the
price only based on it. The market maker’s filtration .#™ is the smallest o-field generated by M.
Moreover, the net buy orders consists three components: M5B := BB + TB — 198 The net sell
orders M® := %5 + TS — B is defined analogously. In addition, MZ — \¢ fo Bds (resp. M® —
A [, n2ds) is a Zl-martingale where n? := 1 + 058 — 998 (resp. n° := 1+ 659 — 959),

To simplify the presentation, we assume the order size § = 1. The definition of pricing rule, [,
is the same as Definition 2.2.1. Given an admissible trading strategy I := I® — IS, we follow the

similar way (cf. [18]) to derive the associated profit at time 1 for the insider conditional on her
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private information,

E [/1(@ — a(M;_, 1)) dIPP + /l(a — UMy, t)) dIP®
0 0 (3.5.2)

1 1
—/ (5 — b(My_, 1)) dI>S — / (& — 1(M;_, 1)) dItS’B‘f;] ,
0 0
where a(m,t) := [(m+ 1,t) is ask price and b(m,t) := I(m — 1,t) is bid price for any m € Z. Since
the insider always aims to maximize her expected profit and I*7 — 6\ fo Hi’j ds is a .Zl-martingale

for i,j € {B, S}, the insider’s value function can be expressed such as

V(0,m,t) :nBS,:gzo AE [/tl(ﬁ —I(M,_ +1,8)(n8 —1)Tds + /tl(f) —U(M,_,s))(nB —1)"ds

1 1
—/ (0 —1(Ms— —1,5)(n? —1)Tds —/ (0 — 1(My_, 1)) (05 — 1)‘ds‘Mt = m,f}} ,
t t
(3.5.3)
for © = {vy,--- ,on}, m € Z and t € [0,1). The terminal value of V is defined as V(0,m,1) =

limyyy V (9, m, t). Since n® and n° are uniquely determined by insider’s strategy (67), we consider

nP and n° as insider’s control in (3.5.3).

Remark 3.5.1 The equation (3.5.3) is consistent with the value function (2.2.7), since the insider
will hide her trades among noisy trades, i.e. not placing any buy (resp. sell) order to compensate

a noisy buy (resp. sell) order. Therefore, second and fourth terms in (2.2.7) are equal to 0.

Instead of unbounded control in (3.5.3), we consider a family of control problems where the trading

intensities n” and n° are bounded by n. The value function of the bounded control problem is

1 1
V*(0,m,t) = sup AE [/ (0 —1(Ms— 4 1,5))(n2 — 1)"ds +/ (0 —I(M,_,s))(nP —1)"ds
nB nSe(0,n] t t

1 1
— [ o=t = 1) = 1= [ o= 1M ) = 1) ds| M m] |
(3.5.4)

where the superscript n stands for the upper bound of trading intensities 2 and 7°. The terminal
value V"(9,m, 1) = 0. According to HJB equation (2.2.9), we can obtain HJB equation of V" such
that

Vit (vi,m, t) + AV (vi,m + 1,8) = 2V"™ (vi,m, t) + V™ (vi,m — 1,1)]

[(vi = L(m +1,8)) + V™v,m + 1,8) — Vv, m, )]

+(n—1)
+ (n—1)[(vi = Ulm —1,8)) + V™ (vi,m, t) = V" (vi,m — 1,t)] (3.5.5)
+ [ = U(m, 1) + V™ (v, m,t) — V™ (vs,m — 1,8)]©

+ [ (

mvt) + Vn(viam + 11t) - Vn(viv mat)]i = Oa
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where i = {1,--- , N} and (m,t) € Z x [0,1).

We notice that the terminal value of V' in (3.5.3) is non-zero. This is so called “boundary layer”
or “face-lifting” which usually appears when controls are unbounded. However, the terminal value
of V™ is zero because the control is bounded. Our question is where this face-lifting comes from?
Since the value functions V" can be represented by the solution Y;, of a BSDE driven by a marked
point process, the convergence of (V) leads to a non-decreasing process C' which we interpret as
the boundary layer. In Lemma 3.5.2, by applying (4.17) and Theorem 4.10 in [20], we can find
an expression of Y to represent the value functions V. Finally, in Proposition 3.5.3, we apply
Theorem 3.4.7 to show the existence of the smallest supersolution Y which is exactly the value
function V' as n goes to infinity.

For any n € N, consider the following BSDE

1
v = / 05(Z0(-))ds —/ /{ |, 2 dy) + O ~CF, 1e o) (3.5.6)
where
1
Cr o= (n— 1)/t he(Z7())ds, (3.5.7)
Zi(y) = V"0, My +y,t) = V"(0, My, t), (3.5.8)
9:(Z () = (0 = UM, t) = ZP (1)) + (0 = I(Mz—, 1) + Z (1)), (3.5.9)
hi(Z(-) = (0 = 1(My— + 1,8) + Z{(1))" 4+ (0 — (M~ — 1,t) — Z*(-1)) 7, (3.5.10)
g(dt dy) = d(Ny(y) — 2)). (3.5.11)

Here N¢(y) is the counting process for y € {—1,1} where 1 (resp. —1) represents a buy order (resp.

sell order) to compensate the net order M.

Lemma 3.5.2 The equation (3.5.6) admits a unique solution (Y™, Z"™) and Y{" = V"(0, My, t) for
all t € [0,1].

We put the proof of Lemma 3.5.2 in the Appendix. Now let us consider a scenario that the
upper bound of the insider’s intensity goes to infinity, i.e. V? =Y" 1tV =Y asn 1 co. We first

assume that the supersolution Y with a unique decomposition (Z, C') to satisfy

Yt:/ ds—// q(dsdy) + C, — Cy, te€]|0,1], (3.5.12)
{ 11}

where Y1 =0, Zi(y) = V (0, My— +y,t) — V (0, My, t), the definitions of the functions ¢ and h are
(3.5.9) and (3.5.10). Furthermore, there exists the inequality (2.2.10), for all (m,t) € Z x [0,1) and
i={1,...,N}, so we have

l(m>t) —v < V(Uiam + 1at) - V(Uia mvt) < l(m + 1’t) — Y

(3.5.13)
v —l(m,t)— < V(vi;,m —1,t) = V(v;,m,t) <wv; — l(m+ 1,t),
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which implies that the generator function g.(Z;(:)) = h¢(Zi(-)) = 0. When t = 1, we have the
similar result. Hence the following supersolution Y of the BSDE to represent the insider’s value

function V such that

// Ja(dsdy) +Cr — Gy, te[0,1], (3.5.14)
-1

with the constraint

hi(Zi(-)) =0 a.e. as..

In Proposition 3.5.3 below, we use Theorem 3.4.7 to show the convergence from (3.5.6) to (3.5.14)

as n T oo.

Proposition 3.5.3 The sequence (Y")nen in Lemma 3.5.2 increasingly converges to Y which is

the smallest supersolution of (3.5.14) and
Y =Y P+ ||Z-2"|* =0, 1<a<?2,
and C' is the weak limit of C™.

Proof. Let us check that all assumptions of Theorem 3.4.7 are satisfied. Then the statement readily
follows from Theorem 3.4.7. Assumptions 3.3.2, 3.3.6 and 3.4.4 are automatically satisfied because
of Lemma 3.5.2. Moreover Assumption 3.4.5 holds obviously. Now let us check Assumption 3.4.1.
The item (i) is automatically satisfied as Y7 = 0. As Y™ represents the value function V" when
the intensities n” and 7° are bounded by n, Y™ is increasing. In addition, according to (2.4.15),

there exists a upper bound for the value function, such that
0 < V™(vi,m,t) < V(vi,m,t) < US(vi,m,t), formeZandi={1,--- ,N}.

Moreover, as the definition of U, we have U® (v;, m,t) = A fg(l(m, s) —I(m —1,s))ds. Combining
with |v;|> < oo for i = {1,---, N}, we confirm US € LZ(Q x [0, 1]; R) which implies ¥ € SZ(Q x

[0,1];R). We can also determine C" € S? (€ x [0,1];R) with CJ = 0 by (3.5.7). Hence

inc,c,d

Assumption 3.4.1 is satisfied. Finally we apply Theorem 3.4.7 to obtain for ¢t € [0, 1],

Y; = / ds—/ / q(dsdy) + C1 — C4,
{ 11}
/ / dsdy) + Cl Ct,
{-1 1}

h(Zi(-)) =0 a.e. a.s.. O

(3.5.15)

with the constraint
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3.5.2 Numerical results

In the following numeric example, we investigate the convergence rate of V" to V as n — oco. In
this example, we assume v follows Bernoulli distribution {0,1} with equal probabilities. We also
assume that the intensity of noisy orders A is 300 and the order size § is defined as 1/ V2\. Hence
the value V is 0.3787 by applying equation (3.6) in [18] when insider’s intensities n® and n° are
unbounded. Next we also need to solve HJB equation (3.5.5) numerically to obtain V" when the

insider’s intensities n® and n° are bounded by n. The Figure 3.1 shows that V — V™ ~ n =032,

-35 T T T T

T
# Finite Difference Results

—Dedression Line

Logarithm of Difference of Value Functions

5 1 1 1 1 1
4 5 G 7 3 9 10

Logarithm of the Upper Bound of Insider's Trading Intensity

Figure 3.1: Simulation results and regression line for (In(n),In(V — V™)). The slope of the regression line

is about -0.32.

3.6 Appendix

Proof of Theorem 3.4.2. 1. Boundedness. Since (Y"™) is monotonic, there exists a constant L'

such that

2
sup

+[Y[5, <, (3.6.1)

sup [Y"2 < ’Yo‘ sup <
neN

sup —

where L’ is independent of index n. Applying It formula to |Y;*|?, recalling C™ is continuous and

taking the expectation, we have
2 g 2
evpp]ve| [ [ 1z26 o aan] (3.62)
T T
—u i) 22| [ vraor zinia) 4o | [ vracy]
0 0

<] 2 [ [ e [l + A ( [ 1z @) s
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+2E [CF sup [V]

s€[0,7T]

n T n 1 n 1
<Bje?] +28 [ [(71+7%+1) 2+ 122 o) + 1. 0.0)F | aa,

+2E |CF} sup |V

s€[0,T

where the first inequality follows the Lipschitz condition of g. Then we rearrange the above in-

equality to have

127 < 2B ¢"? | + 4 |C} sup [¥7]
s€[0,T]
. (3.6.3)
e Uo [('Yl + DY+ \95(0 0)| :|dAs:| :

Since

T T

ci <1141+ [ a0 zilaa+ [ [z wlaasdy),
there exists a constant 3 > 0 such that
O™ < (14 V"R + 11271 ). (3.6.4)

2
Applying the inequality 4ab < 83 |a]2 + % for a, b € R, we have

n|2
4E C% sup ‘Y:@n| < 873 ‘Yn|sup | |SUP
s€[0,7] 273

1 2
<89 Y2, +5 (1+ |Y”|Sup +llz"11)

1
*IIZ”II +5 IY”I + 5

< 8’)/3 |Yn’ sup 5

sup

Combining the last inequality with (3.6.1) and (3.6.3), we obtain a constant 74 such that
2 2
HZ ]+ Y™ [ < -
Then combining the last inequality with (3.6.4), there exists a constant L such that

1271 4+ Y " [ + 1C" [ < L.

sup sup —

2. Weak convergence. According to the uniform boundedness, we need to show that there exists
a subsequence of (Z",C™,g.(Y", Z™)) weakly converging to (Z,C,G) € L%,( x [0,T] x E;R) x
St (2% [0, T];R) x L (2 x [0, T]; R). Identifying the limits of (Y™), and (2",C", g.(Y™, Z"))p,

there exists a G such that

Y, = §+/GdA // qldsdy) +Cp —C;, 0<t<T. (3.6.5)
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To prove the above identity, we first claim that the stochastic integral ftT J5 Z2(y)q(ds dy) converges
weakly to ft [ Zs(y)q(ds dy). For any n € L?(Q;R), by martingale representation theorem, there

exists a predictable process ¢ such that

0=8 + [ e, (36.6)

It implies a convergence such that

f o] |f Lo
[ Lomioma] 5[ siowen]

Now define I WS and I 7 such that
T T
Bri= Y7 +6+ [ 0.007.220)dA, - / | Zxwatasay) + e~ c,

ItT——Yt+£—|-/ GsdAs — / / q(dsdy) + Cp — Cy.

Due to I}y = 0, the weak convergence of all terms on the right implies I; 7 = 0 a.s.. Therefore
(3.6.5) is satisfied.

3. Properties of the process C. All of proofs in this part have been done by Peng in [37].
According to [37, Lemma 2.2], we know the process C is cadlag. In addition, [37, Lemma A.1] tells
us the process C has a finite number of jumps. We can construct a successive jump times (O‘n)N +01
with o9 = 0, ony+1 = T and jump size bigger than a sufficiently small constant » > 0. Moreover,

[37, Lemma 2.3] allows us to find another a sequence of jump times (7, )n—o and construct a finite

number of pairs of jump times (o, 7, )o<u<n With 0 < o, <7, < T such that
(i) (04,7510 (0%, %] = 0 for each j # k;
(i) E {Z;\;o(% - O-u)i| >T —¢

(i) E [0 0 X0, crcn, (ACH?| < 6.

This result means that for any cadlag increasing process defined on [0, T, the total size of jumps
in the process mainly concentrated within a finite number of time intervals is sufficiently small.

4. Strong convergence. Since |Y,? — } > [Y;" — Y;|* = 0 as. for all t € [0,T7], and
r 2
IE[/ Y — Y| dA,
0
applying dominated convergence theorem, we have
Y —Y"* 50, as n — oco. (3.6.7)

Now let us prove the strong convergence of Z. According to the statement of part 3, there exists

a finite number of disjoint intervals (o, 7], w = 0,1, - | N, satisfying
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() E[So(r—ou)] 2T -

(i) B[S0 Yo, crzr, (AC?] < 5.

9

[\l

Applying It6 formula to |V; — Y| on (0, 7] and summing over u, we have

ZEU /‘Z" Ol ¢s(dy)dA}+ZE[\Y” 7]

u=0

- ;E vz -] + 2Z_IE [/(Y V) (g (Y Z2() - Gs>dAs}
N .
) ;M;mm@ﬁ —QZEU )dC]HUZ%EU% (yn —Ys)dog].

As the last term of the above identity are less than zero and E [Eiv:o(Tu — Uu)} < T, we have

[ / |1z - zwP @(dy)dA] (3.6.)

T
< ZE vz - v [?] + 28 [ [ = vl 20 - Gulaa ]
u=0

N T
+E|> > |AC? +2]E[/0 |Y;-Ys|dcs].

u=0 0, <s<Ty

N sup |V - Y,|? >Z|Y” Yo |> =0,
s€[0,T7] n—0

and

NE | sup [V —Y;|?
s€[0,T]

applying dominated convergence theorem, we have

N

SE[v - v P 50, asn > o0 (3.6.9)
Moreover, as |V — Y;| > [Y* — V3| — 0 for t € [0, 7] and

EUJ\Y?S@M@]s(

applying dominated convergence theorem, we have

sup !YO Ys‘z
s€[0,T]

) (e <o

T
E [/ Y — Y| dC’S] — 0, as n — oc. (3.6.10)
0
Finally, applying Cauchy Schwartz inequality, we have

5| [ Y il Z00) — G i, (3:6.11)
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< (&[] a0z - Gs|2]>; (s] [ - Y‘S‘Qd“‘sbé

1
T 2
gL(E [/ ]YS”—Y;]QdASD — 0, as n — oo,
0

where the second inequality holds since g satisfies Assumption 3.3.2 and G € LZ(Q x [0,T]; R).
Combining (3.6.8), (3.6.9), (3.6.10) and (3.6.11), we have

Tim E[/ /yzn (y)]? ¢s(dy)dA}<E Z D jAcy)? g%

nToo
u=00,<s<7y

Thus there exists an integer [s. > 0 such that when n >[5 > 0,

U [1zw - zwPsaaa < 5.

Therefore, in the product space (2 x [0,T] x E, & ® &), for n > l5., we have
FOP ((s,9,w) € Ul o(ousml x Bx & |Z2(y) = Zs(w)> = 6) < e,
where p is predictable random measure on &2 ® &. This implies that

lim 5 P ((s,y,w) € Ulo(ow mal x B x 5 Z2(y) = Z(y) 2 6) =

ntoo
Thus Z™ converges in measure to Z. Since Z" is bounded in L%,(2 x [0, T] x E;R), then for each
€ [1,2), it converges in L%, (2 x [0,7] x E;R). Combining (3.6.7) and strong convergence of Z,
we have

Y —Y"?+||Z - Z2"|* =0, foreachl<a<2.

Since we already know the strong convergence of (Y, Z") to (Y, Z), we know g¢:(Y;"*, Z}*(+)) strongly
converges to g;(Yz, Zi(-)) by showing

|| Y2 Z20) — au(¥a Z.0)) A,

t
VI T N
SE[/t Y1 1Y Ys’dAs]—i—E /t 90t (/E]Zs(y) Zs(y)| ¢s(dy)> dA,

Here ¢4(Y, Z1(+)) identifies with Gy, i.e.

Gi=g:(Yi, Zi(0)), 0<t<T,

which immediately shows (Y, Z) is the solution of the BSDE (3.4.2). O

Proof of Lemma 3.5.2. Thanks to Theorem 4.11 in [20], we can apply it to prove this lemma.
Before applying the theorem, we need to check whether we have satisfied Hypotheses 4.1 and 4.9
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of [20]. In the insider problem, control space is a measurable space. When the controller 7,
i € {B,S}, bounded by n, the profit of the insider is bounded. The value function V"™ (v, M;,1)
is .#M-measurable. In addition, for each of n, there exists an optimal strategy to maximise her
expected profit. Therefore Hypotheses 4.1 and 4.9 in [20] are satisfied. Now we can apply Theorem
4.10 in [20] to generate a sequence of BSDEs

1
Y =(n — 1)/ (0= UM, +1,5) + Z2(1) T+ (5= UM —1,5) = Z2(-1)) " |ds
+ /t1 [(f} — UMy, s) = Z0(=1)) " + (0 — U(M,—, 5) + Z§(1))‘}ds (3.6.12)

-/ |, @

where q(dt dy) = d(Ny(y) —2At). Moreover, the functions g and h automatically satisfy Assumption
3.3.2 and 3.4.4 respectively since both functions come from (4.8) in [20] which satisfies Hypothesis
3.1 of [20].

Compared to (3.5.6), once we determine the value of Z"(y) for y € {—1,1}, the proof will be

done. Since V" = Y™, we can take the differentiation on V" to have
1
e [ VM ) = VM) atds dy (3.6.13)
¢ Ji-11y
1
- / [Vt"(a, M,_. ) + A(V(3, Ms_ + 1, 8) — 2V™(5, M,_, ) + V;* (5, My_ — 1, s))]ds.
t

Now combining (3.5.5), (3.6.12) and (3.6.13) together, the processes Z"(y) for y € {—1,1} can be
determined. O



Chapter 4

Trading in limit order market with

asymmetric information

4.1 Introduction

In the study of asymmetric information, a continuous time model, Glosten-Milgrom model [25] and
Kyle model [32] are influential. In both model, market participants submit market orders to a risk-
neutral market maker. Other than the market maker, traders are of two types: informed traders
(insiders) and noise traders. The insider possesses the knowledge of value of the asset before the
trade and aims to maximise her expected profit by utilizing her private information on the asset.
In addition, there are plenty of works extending Glosten-Milgrom model [25] and Kyle model [32]
e.g. [6], [5] [18] [33], etc. In these studies, agents are only allowed to submit market orders with
unique order size.

In recent years, with growth of electronic exchanges, more than half of the markets use a limit
order book (LOB) mechanism to facilitate trades. In LOB market, there is no market maker or
specialist who provides bid and ask quotes. There are many papers studying models of LOB. For
instance, Rosu [39] considers an equilibrium model that insiders arrive randomly to the market
according to an independent Poisson process. Informed investors learn the current value of the
asset, and decide whether to buy or sell one unit of the asset, and whether to trade with a market
order or a limit order. He illustrates that each informed trader observes the value of mispricing
to decide submit which types of orders depending on a given threshold. Moreover, he also states
that compared to market orders, limit orders have a smaller price impact by a factor about four.
Avellaneda and Stoikov [4] follow early work by Ho and Stoll [29], and represent an inventory
management problem that an agent controls the distances between limit orders and mid price to

maximise expected terminal profits of the inventory. Guilbaud and Pham [26] propose a framework

74
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to study optimal trading strategies in a one-tick pro-rata LOB. The trader decides to submit either
market orders or limit orders, which are represented, respectively, by impulse controls and regular
controls. Furthermore, several papers, e.g., [16], [27], [41], describe optimal strategies for high
frequency trading on cash equities or foreign exchange.

In this chapter, we study an optimal trading problem of a strategic trader, who has a private
prediction or signal on asset value. She maybe wrong on her prediction but wants to maximise
her trading profits by using this private prediction together with market and limit orders. Rest
market participants without this private prediction are aggregated to noisy traders. All of market
participants are allowed to submit market or limit orders with multiple sizes. We know that market
orders are costly but execution is immediately, and limit orders guarantee the price but execution
is uncertain. Hence, the strategic trader faces a trade-off between immediate execution but at a
less favourable price, or waiting to be executed but at a better price. From the modelling point of
view, for market orders, she tries to control intensities of point processes for associated different
order size. On the contrary, we model the strategy of limit orders as continuous controls for order
size, due to the fact that these orders can be cancelled immediately with no cost. We also consider
the price impact of limit and market orders in our model. In this context, the strategic trader
maximises the expected profit over a short time horizon by submitting between limit and market
orders.

We formulate the problem as a stochastic control problem and prove that the value function
of the strategic trader is a solution to this HJB equation. We also investigate numerically the
strategic trader’s optimal strategy in a market where limit and market orders have two sizes, small
and large. We consider five different scenarios depending on sizes of orders allowed to trade by
strategic and noise traders. Our numerical solution shows that the strategic trader will place limit
and market buy orders when the magnitude of mispricing, which is the difference between her
private prediction on the asset and the current trading price, is higher than a threshold. In certain
cases, she may even employ a “round trip” strategy to first submit limit sell orders to push price
down, and subsequently uses market buy orders to make profit on low market price. In this round
trip of trade, the profits from the market buy is still more than losses from the limit sell.

In this chapter, we first recall market point processes to build up our model and explicitly write
down the optimization problem. Then we derive Hamilton-Jacobi-Bellman (HJB) equation for the
optimization problem. Finally, we provide a computational algorithm for the resolution of HJB,

and illustrate numerically the behavior of the strategic trader under specific scenarios.
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4.2 The Model

4.2.1 Marked point process

Consider a measurable space (E, &), and a random sequence (Ty,(n)n>0 € [0,00) X E, where
(T)n>0, starting from T = 0, is an increasing sequence of non-anticipating random times to
describe the occurrence of events and (,, € E is a quantity observed at time T},,. We assume that T},
is non-explosive, i.e. T;, — oo P-a.s. as n — oo, which guarantees the number of events occurring
on any finite time interval, is almost surely finite. The random sequence (75, (n)n>0 is called a
marked point process, where (1},)n>0 is a point process and ((,)n>0 are marks. Define a counting
process Ny (K) by

Ni(K) =Y Lip<pylicery, Ke&. (4.2.1)

n>1

We associate to each K € & the counting measure p such that
w((0,t], K) = Ny(K), t=>0. (4.2.2)

Let (Q,.%#,(%:)t>0,P) be a probability space where .# satisfies the usual conditions. Denote by &

the Z-predictable algebra on Q2 x [0,T]. If any process H is & ® &-measurable satisfying

E[/OT/EWt(k)m(dt,dk)} < 0, (4.2.3)

it follows from [13, Chapter VIII, T14] that there exists a function ¢; and an increasing process A
with Ag = 0, such that

i) K — ¢4(K) is a probability measure on (E, &);
ii) t — ¢4(K) is a predictable process;

iii) we have

E[/OT/EHt(k)M(dt,dk)} :E[/OT/EHt(k)gbt(dk)dAt . (4.2.4)

Assumption 4.2.1 The process A is an absolutely continuous increasing process and with respect

to time.

The predictable random measure ¢;(dk)dA; is denoted by v(dt,dk) and called the compensator
of p or dual predictable projection of pu. For H satisfies (4.2.3), we can define the compensated

stochastic integral
t
M, = / / H, (k) i(dr, dk), (4.2.5)
0 JE

where ji(dt,dk) = u(dt,dk) — v(dt,dk) is called the compensated measure. It follows from [13,
Chapter VIII, C4] that M is a martingale.
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4.2.2 Trading model

After recalling marked point processes, let us consider the trading model. In this paper, the micro-
structure of the market are modelled similar to [6], [18] and Chapter 2. There is a market in
continuous time for a risky asset, whose fundamental value denoted by v. We assume that v has
the upper bound and the lower bound denoted by vV and v’ respectively and vY > vF. For
simplicity, the risk free interest rate is normalised to 0, i.e. the risk free asset is regarded as the
numéraire. There are two types of agents, noisy traders and a strategic trader, all of whom are risk
neutral but they have different information. The strategic trader has some private signal about
0, which is private valuation/prediction of the asset price based on strategic trader’s information
advantage. This information advantage will lose its value in a future time, say 1. Therefore we
assume that the value of v will be revealed to all market participants at time 1. She uses the private
value prediction to trade in the market and maximise her expected profit. Rest market participants
without this private information are aggregated to noise traders. As the strategic trader always
has advance private information on the market, the probability space (2, P) with different filtration
accommodates these two types of market participants.

In our model, both market participants are allowed to place market and limit orders. Let us
consider the model of market orders for both market participants.

Noisy traders are allowed to place buy or sell market orders with maximum m € N shares
each time. This maximal order size is usually determined by the stock exchange. We assume that
the asset is indivisible, therefore the size of buy or sell order k takes values from K, = {1,...,m}
where the subscript m stands for market orders. The arrival of these buy or sell orders are modelled
by exogenous Poisson processes. To count the number of buy or sell market orders, we denote by
1B and 1 counting measures associated to market buy and sell orders. We also denote by A\* the
buy or sell intensity for order size k. The buy and sell are assumed to be symmetric, i.e. the same
¢ for both buy and sell of order size k. We assume that \* is decreasing against k because of
large orders arrivals less frequent than small orders. The compensator of u?(dt, k) and p®(dt, k) is
¢(k)dA, defined in (4.2.4), where ¢(k) = % and dA; = Y00, Mdt. Here the A represents the
arrival of buy/sell market orders of any size and ¢(k) represents the probability that an incoming
market buy/sell order is of size k. We denote by ZZ and Z° market cumulative buy and sell orders
respectively. They can be represented as

.m . m
zB = / > kuPat k), z°= / > kS (dt, k).
0 k=1 0 k=1
The cumulative demand is denoted by Z = ZB — Z% with initial condition Zy = z € Z.
The other market participant is the strategic trader. She has an object to maximise her expected

profit out of trading. She applies her private prediction on the asset to place market orders with
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arbitrary size in K,,. We denote by ® and i° the counting measures for her market buy and
sell orders. For each jump size k, the two processes have intensities 65* and #%F respectively. We
assume that these two intensities are bounded by 6 > 0. The strategic trader controls the values
of trading intensities to maximise her expected profit, so the intensities are regarded as control

variables. The compensator of 4 (dt, k) is ¢(k)d A, where ¢ (k) and dA; = Z;nzl 6843 dt.

GB,Ic
= <m B7
ST 0P

We use similar notation for sell side with superscript S. The cumulative market buy and sell orders,

XB and X%, for the strategic trader can be represented by

5 [ N~,.8 s [N~
X _/0 > kpPdt k), X _/0 ;kﬂ (dt, k). (4.2.6)

k=1
The cumulative order is denoted by X = X5 — X% with initial condition Xy = 0.

Now let us consider limit orders for both market participants. We assume that limit orders
submission or cancellation are free of charge. We also assume that any market order submitted by
the strategic trader will be executed against existing orders on the market. Therefore, limit orders
from noisy traders are not explicitly modelled.

The limit orders placed by the strategic trader are executed when they are filled by incoming
counterpart market orders. After previous execution of limit orders, the strategic trader cancels
unexecuted orders and submits new limit orders to wait for next arrival of market orders. We
assume that after each arrival of market orders, the strategic trader can submit limit orders, either
on buy or sell side, i.e. limit orders are submitted right after the last execution at time T},, n € NV,
which is defined as below with initial value Ty = 0. If there is non-execution or partial execution of
limit orders, she will cancel the whole or rest orders immediately before placing new limit orders
to wait a next execution. Furthermore, for simplicity of the model, we assume that she always
submits limit orders at best bid or ask and those have highest priority to be executed compared to
other outstanding limit orders. The limit order size is denoted by I* € K;, where K; = {0,1,..., 1}
and [ € N. Here the subscript [ of K; stands for limit orders. The cumulative submitted buy/sell
limit orders up to time ¢ € [0,1) is denoted by L{, which is defined as Lj = Y2 I} Ty, <43, where
i € {B,S}. In addition, we define 0 = inf{t > T}, : AZ® # 0} and 7 = inf{t > T}, : AZP # 0}
to represent the execution time of buy and sell limit orders after last execution time T}, then
the next market order arrives at T,11 = 0 A 7. As the submission time of limit orders is earlier
than the next arrival of market orders, we might need a shifted limit order processes defined as
I:% = Li;,jnf, where T,, < t < Tpy1. According to the definition of Li, L? jumps at the same time

with counterpart X and Afﬁfm = ALiTn = llfn represents how many limit orders are waiting

1

to be executed by incoming market orders at T,,11. Hence, the number of executed limit buy at

'If the jump size is 0, it implies the insider does not place any limit order.
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time o can be modelled as ALZ A AZS. The executed limit sell can be represented analogously.
The aggregated limit orders from the strategic trader can be defined as L = LB — [ with initial
condition l(])g if a limit buy order of size l(]]g is submitted at time 0 or —l@q if a limit sell order of size
I§ is submitted at time 0.

Now let us consider an example to understand how the strategic trader places limit orders.
There are four market order arrivals from 73 to Ty. At Ty = 0, she places a limit buy order with
l%ﬁo size. A market sell order comes at 17 with AZ:,*?1 size. At the same time, if AZ% > l%, the
limit buy is fully filled. Otherwise, she cancels unexecuted buy orders and places a new limit buy
with size l%. At Ty a market buy comes in but it cannot fill any limit buy order, so the strategic
trader cancels limit buy and places another limit buy order with size l%. After the last market

order arrivals at Ty, L1, = lqlfo + l% + l% - l% - l%1 and l~lt =L,_ = l% + l% + l% — l% for ¢t > Tjy.

AZE  AZE

l%) l% [ ?
T 2
Ty T T, Tgl . Ty l . Time
l T3 l T4
AZY, AZ3,

Now let us consider the aggregation of the informed and noise trades from buy and sell, i.e. Y& =
ZB + XB 4 LB Y5 = 75 4 X5 + LS respectively. The total aggregation is Y = Y — Y, which
can be regarded as order flow imbalance defined in [21], since it is aggregated orders from buy and

sell sides.

4.2.3 Pricing rule

We consider market participants who are price takers with respect to an exogenously given pricing
rule for shares bought or sold of this stocks within the trading interval. Instead of market partici-
pants facing the same price for any order size, they now face a pricing rule that depends on their
order demand. Moreover, we also assume that there exists a price impact generated by market and
limit orders in our model. The price impact of trades has been extensively studied in the literature.
It is usually classified as permanent and temporary price impacts. The permanent price impact is
the price change that is due to the information content of the trade. The temporary price impact is
the transitory change in prices due to market frictions such as the liquidity effect and the imbalance
between demand and supply. In our model, we simply introduce an coefficient of the price impact
to combine permanent and temporary price impacts together.

To achieve the properties we assume above, we might define a pricing rule which is the function

of Y and ¢ such that:
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Definition 4.2.2 A function p: [0,1] x Z — RT is a pricing rule if
i) y — p(t,y) is strictly increasing for each ¢ € [0,1);

ii) limy oo p(t,y) = v and limy o p(t,y) = vy for each t € [0,1] where vy, and vy are

constants and vy, < vg.

The monotonicity of y — p(t,y) is natural in asset pricing markets, which implies that when the
demand is higher, it generates higher price impact and pushes the price higher. The quantity
impact on the price is due to either information effects from the strategic trader or supply/demand
imbalances from all market participants.

Now let us consider the price impact on market orders. Cetin et al. [17] study a stochastic supply
curve for a security’s price as a function of trade size. In Kyle-Back [5], [32] and Glosten-Milgrom
[25] models, informed trades cannot be distinguished from non-informed trades, then all trades
will generate permanent impact on the price since other agents will believe that a fraction of these
trades might contain some private information. For instance, after a buy market order submitted
by the strategic trader with AX/ size, as the price will become p(t,Y; + AX}) compared to
p(t,Y; ), the strategic trader needs to pay AXPp(t,Y;— + AXP). For a sell market order, it has a
similar result. For temporary price impact on market orders, Alzahrani et al. [2] illustrate that the
temporary price impact only contributes one tenth of permanent price impact. On the contrary,
Almgren et al. [1] state that permanent and temporary components have equal weight to contribute
the total price impact. To compromise different conclusions about permanent/temporary price
impacts, we introduce a price impact coefficient €” > 1, which combine permanent and temporary
components together. For instance, after a buy market order submitted by the strategic trader with
AXP size, the price will become p(t, Y;— + €™ AXP) compared to p(t,Y;_) for any time ¢ € [0, 1).
The permanent price impact is p(t,Y;— + AXP) — p(t,Y;_) and the temporary price impact is
p(t, €Y, +AXP) —p(t,Y:— + AXP). The €™ —1 can be regarded as the temporary price impact
factor. If we want to exclude the temporary price impact, we just make €™ be 1. Here, the
superscript m of € stands for market orders.

Next let us consider the price impact on limit orders. Hautsch and Huang [28] show that limit
orders do have significant effects on the price. Cont et al. [21] also state that the price changes are
mainly driven by the order flow imbalance, i.e. the aggregation order Y in our model. They also
present that there exists a linear relation between price impact and order flow imbalance in short
period. To consider the price impact on limit orders, we can also introduce another coefficient
e > 1, which aggregates permanent and temporary components together. For instance, if the
strategic trader submits AEtB limit buy orders followed by AX; noisy sell market orders, the price

will become to p(t,Y;_ + € ALF — AXS) compared to price p(t,Y;_) for any original time ¢ € [0, 1).
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For a sell limit order, it has a similar result. The €/ — 1 can be regarded as the temporary price
impact factor. Here, the superscript [ of € stands for limit orders.
Before considering the strategic trader’s profit, let us first consider an admissible strategy for

her.
Definition 4.2.3 The strategy (X?,X°, LB L%; #7) is admissible, if

i) XB and X% are .#!-adapted and integrable marked point processes with initial condition

XP=X5=0

ii) LB and L° are .#!-adapted and integrable marked point processes with initial condition which

may not be zero;

iii) the (#!,P)-dual predictable projections of X? and X are absolutely continuous functions of

time and intensities bounded by 6 > 0.

It implies that for each jump size k € K,, from buy side there exists .Z!-intensity #%* such that
- J5 i kOPFdr = IN v k(@B (dr k) — 02 %dr) is an .Z!-martingale. The sell side has a

similar result.

4.2.4 Strategic trader’s profit

As mentioned earlier, the strategic trader aims to maximise her expected profit. Given an admissible
trading strategy from market orders (X7, X%), the associated profit from market orders at time 1
is given by

1 1

/ ( p(r, Yoo + emAX,?))dX,? / ( p(r, Y, — emAXE))dX,?
/ Z 5 plr, Vi + ™) kP dr, ) / Z 5= plr. Yoo — k) )i (dr. k).
0 k=1 0 k=1

Therefore the expected profit of the strategic trader from market orders conditional on her private

prediction is

([ 5

Since pricing rule p is bounded, combined with (4.2.5), we have [; 37", <17—p(7", Y}_—&-emk)) k(iB (dr,

p(r, Yo + emk:)>lw (dr, k) / —plr, Yo — k))kﬂs(dr, l{:)‘ﬁ]. (4.2.7)

kl Okl

k)— o8 ’kdr) is an .#-martingale. The sell side has a similar result. Therefore, the expected profit

from market orders can be expressed as

gip>

> v— rYr+emk:)>k:GBkdr/0 Z p(u, Yy — k))k&f’kdr‘ﬁ}. (4.2.8)
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According to our assumption, given admissible strategy from limit orders (L?, L), the associ-

ated profit from limit orders at time 1 is given by
1
/ (5~ p(r Y, + dALE — AZE))(@LE 7 dzf)
0

1
_ / (5~ p(r. Yoo — ALY + AZP)) (4L 7 dzf)
0

_ /1 S (a —p(r, Y, + I ALB — k:)) (ALB A k) (dr, k)
0

k=1

_ /1 Em: (1; —p(r, Y, — ALY + k)) (ALS A k)P (dr, k).
0

k=1
We also know that the expected profit of the strategic trader from limit orders conditional on her
information is

/Z o —p(r,Y,_ +ALB — k))(Aif/\k),us(dr,k‘)
O k=1

/ Z o —p(r,Y,_ — AL + k)) (ALS A K)p® (dr, k‘)‘ﬁ}

0 p—1

(4.2.9)

Since pricing rule p is bounded, combined with (4.2.5), we have [; Zzﬁ:l (17 —p(r,Y,— + GZALB —
k‘)) (ALB A k)i (dr, k) — Nedr) is an .#-martingale. The sell side has a similar result. Therefore,

the expected limit profit (4.2.9) can be expresses as

/ Z o —p(r,Y,_ +€ALB — k))(AiffAk)A’fdr

0
h=1 (4.2.10)

/0 Z 5—p(r, Y, —dALS + k))(AEf A k)Akdr(@]

4.2.5 Control problem
Let U be a set of admissible controls, which consists of [0, )™ x [0, I]?-valued processes. For given

w= (021, ... 9B™ ¢St g5m 1B %),

we define a function for the insider at time ¢ as

MS'

C(t,y,u { plt,y + €"k)K6PF + (p(t,y + €™k) — ) kO"

k=1

+ (5 —plty+ 1B — k) IB AN + (p(t,y — 15 + k) — ) (15 A k:))\k}.

Therefore, when the strategic trader uses a control u € U, the expected profit is

Ju(t,y) / C(r,Y,—, uy dr‘Y} =y, 0 } (4.2.11)
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The value function can be defined as
V(t,y,v) = esssup Jy(t,y). (4.2.12)
uelU
Now employing the standard dynamic programming arguments yields the following HJB equation

for V:
_‘/t(t7y71~)) - H(t,y,f), Vap) = 07

(4.2.13)
V(la Y, ’D) =0,
where © € {0,1}, (¢,y) € [0,1) x Z. The Hamilton H is defined as
H(t,y,9,V,p) == HV(t,y,5,V) + sup HO(t,y,5,V,p), (4.2.14)

uelU
where U = [0, 0]>™ x [0,1]?,
k=1
and

H(Q) (t7 y? /67 V’ p)

= [Vit,y+k) = V(t,y) + (0 — plt,y + €"k))k]07F

i
I

(V(t,y — k) = V(t,y) + (p(t,y — €"k) — 9)k] 05

+
Ms

=
Il
A

+) [Vty+18 = k) = V(t,y— k) + (0 - p(t,y + €18 — k) (1P A k)] AF

+

M T

[(V(t,y =15 +k) = V(t,y+k)+ (p(t,y — €15 + k) — 0) (I A k)| AP

b
Il
—

Theorem 4.2.4 The system (4.2.13) admits a unique bounded solution V continuously differen-

tiable in the time variable. Moreover, there exists a measurable function u* satisfying
u*(t,y) =arg max H(2)(t, y,0,V,p). (4.2.15)
ue

Proof. This proof is motivated by [13, Chapter VII, T3 Theorem|. To simplify notation, we suppress
¥ in V and also p in H throughout the proof. We know U is a compact set. We also notice that
the mappings t — Hf’k(y), t— Hf’k(y), for any k € K, and (¢, u) — C(t,y,u) are continuous and
bounded. The pricing rule p is bounded as well.

Let [*° be the Banach space of real bounded sequences. The supermum norm is defined as |1|;oc =
supyen |ln| for 1 = (...,121, 1o, l1,...). Then let us consider the following ordinary differential
equation in [°°:

V(t) = —H(t, V), V(1)=0,
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where

V(t) = ( L) V(t, _1)7 V(t7 0)7 V(ta 1)7 ... )7
(4.2.16)
H(t,V)=(..,H(t,—-1,V), Ht,0,V), Ht,1,V),...),
and H comes from (4.2.14). The symbol V denotes differentiation with respect to ¢ and relative

to the sup norm on [*°. In fact, the differentiability of ¢ — V() in the [ sense implies the

differentiability of t — V (¢, y) for all y in the usual sense, and moreover

. dV(t,—1) dV(t,0) dV(t1)
V(t)z(..., 2 D 2 )

Now the mappings V — (A7V),, where j = {1,2, 3,4} from [* into [* given by

AV =V (- +k) =V (),
(A*V)p =V (= k) =V (),
(AV)e =V (- +12 — k) =V (),
(AW, = V(- =15+ k) = V(-,),

are Lipschitz operators for I' € Ky, i € {B,S}, and k € K,, since ‘AjV|loo < 2|V/|;e. Under the
conditions of boundedness for the intensities 65%, 5% and A*, combined with the profit per unit
time C, it is not difficult to show that the mapping from R*™ to R defined by
m m m
(x!, x%,x3, x) — supueU{ Zx,lﬁB’k + Zx%@s’k + Z(m% + 2N+ C(t,y, u)} (4.2.17)
k=1 k=1 k=1
is Lipschitz and this for all y and ¢ € [0, 1]. Therefore, by composition of (A7V);, and (4.2.17), i.e.
replacing ac{C by (A7V)i(y), V — H(t, V) is Lipschitz map for all ¢ € [0, 1]. We can therefore apply
the classical results on differential equations on Banach spaces that guarantee the existence of a
unique solution of (4.2.13) in [*°. The last assertion follows from the classical results on measurable

selections in [42]. O

Proposition 4.2.5 We have stated in Theorem 4.2.4 that there exists a function V (t,y,7) € C*
in time t € [0,1] satisfying the system (4.2.13). Then u; defined by

uf = u*(t, V), (4.2.18)
where u* comes from (4.2.15), is an optimal control.

Proof. To simplify notation, we ignore v in V. Applying It6’s formula to V (-, Y.), we obtain

1 1. m
V(1,Y1) =V(ty) —i—/t Vi(r,Y,—)dr +/t Z (V(r, Yoo +k)— V(?”,Yr—))@{g’kdr
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1 m
+/ S (V(r Y —k) = V(r,Y;_)) 07" dr
bog=1

1 m
+/ > (V(r, Yoo + ALP — k) = V(r,Y,_)) Ndr
t

1 m
+/ Z(V(T‘, Y, — ALY + k) - V(r, Yr_)))\kdr+M1 — M,
t k=1

where

M = / i (V(Ta Y,_ +k)—V(r Y,n_))([LB(dT7 k) — QP’kdr)
0

(V(r, Yoo = k) = V(r,Y2)) (2 (dr, k) — 6% dr)

Ms

+

B
Il
—

(V(r,Y,— + ALE — k) = V(r,Y,2)) (15 (dr, k) — Nedr)

B
Il
—

(V(r,Y,— — ALY + k) — V(r,Y,2)) (1P (dr, k) — Nedr)

M

_l’_

_l_
S— 5— — ¢
=

£
Il
—

is a martingale. Now, we add ftl C(t,Y,—,u,)dr on both sides in above equation, we have

1 1
/ Clr, Yoo u)dr = — V(LY1) + Vit ) + / Vi(r, Y, )dr
t t

+ /1 i (V(r, Yoo + k) = V(r,Y,_)) 05 dr

1 m
+/ Z (V(r,Y,— — k) — V(T,YT_))Hf’kdr
t =1
1 m
+/ > (V(r Yoo + ALY — k) = V(r,Y,_)) Ndr
t

1 m
+/ > (V(r, Y = ALY + k) = V(r,Y,-)) dr
t

1
—|—/ C(t,Yr—,up)dr + My — M.
t

Moreover, taking the conditional expectation with respect to ﬁtl on both sides, by the HJB equation
(4.2.13), we have
Jult,y) <V(t,y) = V(L) =V(ty), (4.2.19)

where the equality is attained at u* by the definition in (4.2.18), and the identity is because of the
terminal condition of V. ]
4.3 Numerical example

In this section, we solve (4.2.13) numerically then illustrate the strategic trader’s optimal value and

strategy. We assume that the asset price ¢ follows a Bernoulli distribution with P(¢ = 0) = p and
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P(0 =1) =1 — p. To ease of notation, we suppress ¢ in each function below.

4.3.1 Pricing function

In our model, the pricing function defined in Definition 4.2.2 is general. To observe the behaviour
of the strategic trader, we need to specify a pricing function in the numerical scheme. We can
borrow the pricing rule from literature [18], who illustrates that when there only exists market
orders with unique order size, the pricing function is p(t, Z;) = E{f}]ﬂt} set by a market maker
to achieve an equilibrium. Even though we do not consider the equilibrium here, we want to see
the impact of limit orders with the same order size as well on strategic trader’s optimal value once
limit orders are allowed. In particular, p(t, Z;) = E[@\ﬁt} describes market’s implied probability
that © = 1 since ¢ has Bernoulli distribution. The price p(t, Z;) is market’s evaluation of the asset
at time ¢ and satisfies (3.5) in [18] due to the Markov property in Z. Here we assume that p(¢, Y:)
is market’s evaluation and satisfies
m
Pty {p(ty +k)—p(ty) +plty— k)}Ak =0, (t,y)€l0,1) xZ,
k=1 (4.3.1)
p(Ly) = Ply), yei,

where

P(y) := , (4.3.2)
for any value of z € Z.

4.3.2 Numerical results

Let us introduce parameters in the computational scheme which numerically solve the system
(4.2.13). The time interval [0,1] can be discretised with time step At = 1/N and a regular
time grid Ty = {t, = nAt, n =0,...,N}. We assume that the interval of aggregated demand
Y is [~ My, My] which implies the state space Y is truncated at —My and My for large My
Then we can discretise the state space with size step Ay = 2My /Ny and a finite regular grid
Yr, = {ym = —My + mAy, m = 0,...,Ny}. To find the optimal strategy for the strategic
trader, we need to perform the algorithm (4.4.4) with parameters shown in Table 4.1. The details
of the numerical scheme are deferred to the Appendix.

In Table 4.1, we assume that ¥ follows Bernoulli distribution with 0 or 1 values. When the value
p = 0.5, it illustrates that ¥ is an unbiased Bernoulli random variable. In addition, we assume that
the strategic trader predicts © being equal to 1 by using her advanced information. As the whole

trading period is [0, 1], we set terminal time 7" as 1. For simplicity reason, we also suppose that
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all of agents are allowed to place orders with maximum two units of orders. One unit size can be
regarded as small orders, which arrives frequently with intensity A! = 200. Two units size can be
regarded as large orders with intensity A> = 20, which only has one tenth of A! as large orders
arrivals much less frequent than small orders. The intensities of market orders #F, where i € {B, S}
and k € {1,2}, is bounded by 6, which is 400. We assume that the number of time partitions is
N = 5,000, which means the time interval At = 1/N = 0.0002. In addition, we assume that the
interval of aggregated orders is defined as 1/v/2\!, which is motivated by [6] and [18]. The value of
My is three times of standard deviation of results obtained by 10° times of Monte Carlo simulation
for the difference of two independent of Poisson processes with the intensity A! + 2. Once we have
values of Ay and My, the value of Ny will be determined. Since p = 0.5 and the difference of
independent Poisson processes, the value of z in (4.3.2) is the middle point of [— My, My] which
is 0. Finally, we assume that the price impact of market orders will generated three times effect

compared to limit ones, i.e. 6 and 2 respectively.

Parameter Value Parameter Value | Parameter Value
P 0.5 T 1 z 0
0y 1 Al 200 A2 20
0 400 N 5000 At 0.0002
Ay ﬁlﬁ =0.05 My 72 Ny 2880
em 6 é 2

Table 4.1: Parameters for numerical scheme

Here we consider five different scenarios listed in Table 4.2. The range of scenarios is from all of
market participants only allowed to place market orders with small unit order size to all of them
allowed to place market and limit orders with small and large order size. The second column is the
values of VA5AY-My (0, 0) defined in (4.4.4) when the strategic trader applies her optimal strategy to
trade each time. The first three scenarios are classified to the first group and the rest are aggregated
to the second group as the values in last two scenarios have a significant jump. The reason will be
explained later. In the each of group, the values gradually increase along with extending trading

options. Now let us consider these five scenarios one by one.

The numerical results are listed in section 4.4.3, the y-axis is the trading period from 0 to 1 and

the z-axis is the number of order units for aggregated orders. In general, as the private prediction
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Scenarios Value at y=0and t =0
1 Market Order Size Only 0.2658
1 Market Order Size, 1 Limit Order Size 0.3508
2 Market Order Size, 1 Limit Order Size 0.4024
1 Market Order Size, 2 Limit Order Size 8.2242
2 Market Order Size, 2 Limit Order Size 8.8654

Table 4.2: Optimal values for different scenarios

of ¥ is 1, the strategic trader always wants to push the aggregated demand y above the z = 0 due
to (4.3.2) and the definition of Z.

In the Figure 4.3, we display the optimal strategy when only both market orders with small order
size are allowed. There are two regions for the strategy of market buy, active region and inactive
region. Since the control problem is of bang-bang type, optimal intensity is either maximal 6 in
the active region or 0 in the inactive region. At the beginning of the trade, she is patient to place
market buy orders. However, as time passed by, she becomes more and more impatient and tries to
place market orders once the number of aggregated orders is less than zero, i.e. the number of sell
more than the number of buy. In market sell side, the strategic trader does not place any orders
to sell since it incurs a permanent loss, which is not the optimal strategy for her.

In the Figure 4.4, we display the optimal strategy when market and limit orders in small order
size are allowed. The strategy in limit buy orders is very similar as market buy orders. At the
same time, she does not place any market and limit sell orders. The reason of no limit sell orders
submitted can be demonstrated by an example as below. For instance, at time ¢, when the strategic
trader places the limit sell with small order size [°* = 1 which is fully filled by the following market
buy with order size k = 1 submitted by noisy traders, the strategic trader suffers the loss when

€™ = 6 and €' = 2 such that
Loss = (p(t,y — €15 + k) = 0)(I° N k) = p(t,y — 1) — 2.

Since the price of the asset is less than v = 1 for any y and ¢, the value of the above identity is
non-positive. After posting a limit sell followed by a market buy order with the same size, the
aggregated order is unchanged, i.e. y — 1+ 1 = y, due to the negative one contributed from the
limit sell and the positive one contributed from the market buy. Next the strategic trader places a

market buy order with small order size k = 1 at time ¢’ > ¢ to obtain the profit such that

Profit = (0 — p(t,y + €"k))k =0 — p(t,y + 6).
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For simplicity, we assume that there is no any other orders coming in between the time interval ¢

and t'. The net profit is

Net Profit = Profit 4+ Loss

=p(t,y—1) —p(t,y +6) <O0.

The negative net profit also happens when she submits limit sell orders followed by limit buy orders.
Hence, submitting limit sell orders is not the optimal strategy as the profit from the market buy
is less than the loss from the limit sell in this scenario. Furthermore, comparing to the strategy in
Figure 4.3, we find that the strategic trader is more patient at early of the trade as she has one
more option, limit buy orders, to make profits.

In Figure 4.5, we display the optimal strategy when market orders with both order sizes and
limit orders with only small order size are allowed. The pattern of the trading strategy is similar
as the previous two scenarios. The main difference is that the strategic trader is the most patient
among these three scenarios as she has the most trading options in the third scenarios.

Now let us consider last two scenarios together. In Figure 4.6 and 4.7, the trading strategies in
market buy, market sell and limit buy orders are similar to three previous scenarios. However, the
values of strategic trader’s profit in the fourth and fifth scenarios, 8.2242 and 8.8654 respectively,
are much larger than values in the three previous scenarios. The main reason is the strategy in
limit sell orders. It is easy to use an example to explain the reason. For instance, at time ¢, when
the strategic trader places a limit sell order with large order size [* = 2 which is partially filled by
the following a market buy order with size £ = 1 submitted by noisy traders, the strategic trader

suffers a loss such that
Loss = (p(t,y — €'l° + k) — 8)(I* A k) = p(t,y — 3) — 7,

which is non-positive. Now the number of the aggregated order is y —2+1 = y — 1 due to negative
two contributed from the limit sell side and positive one contributed from the market buy side.
Next the strategic trader places a market buy order with large size k = 2 at time ¢’ > ¢ to obtain

a profit such that
Profit = (0 — p(t,y — 1+ €"k))k = 2(0 — p(t,y + 11)).

We also assume that there is no any other orders coming in between the time interval ¢ and ¢'.

Hence the net profit is

Net Profit = Profit + Loss

=20 —p(t,y+11)) +pt,y —3) —
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=0—p(t',y+11) +p(t,y — 3) — p(t',y + 11).

As the pricing rule is non-decreasing against y and is always less or equal to ¥, the value of
the net profit might be positive when the value of © — p(#/,y + 11) is larger than the value of
p(t',y + 11) — p(t,y — 3). Therefore, the strategic trader will place market orders with large size
when it happens, which is demonstrated in the fourth plot in the Figure 4.6 and 4.7. In summary,
the strategic trader submits limit sell orders with large size to push the trading price down and
suffers a loss, and places market buy orders with large order size to take advantage of low trading
price and make immediate profit which is larger than the previous loss. Therefore, comparing to

do nothing in the limit sell, the behaviour of “round trip” trading is an optimal strategy for her.

4.4 Appendix

4.4.1 Numerical scheme

In this section, we will consider the details of the numerical scheme to solve the system (4.2.13).
Besides introducing parameters listed in Table 4.1, we defined a truncated function denoted by
o(y) == =My V (y A My ). Now let us define an operator associated to the (4.3.1): given a [0,1]-real

valued function ¢ on [0,1] x R, we define

PAt,Ay,My (t, n d’) — d’(t y + At Z { ,(p y+ kAy)) Qb(t, y) + ¢(t, So(ym — kAy)) })\k.

We also define an operator associated to the (4.2.13): given a real valued function % on [0, 1] x R,

we define
SABYMY (1 y 1), ¢) = p(t,y) + At x H(t,y,,9),

where

H(t,y, v, ¢) == HD(t,y,7) +Sl€1pH J(t,y, ¥, )
such that

Mty )= v [ t.o(y +kAy)) — 20(t,y) + o (t oy — kAy))} AR, (4.4.1)

k=1

and

(9, 1,6) =D [0 (tly + kAY)) —(ty) + (5= 0t oy + €"kAy))) kAy| 07+

k=1

+Z[ oy = kAY)) = (L y) + (6(t oy — €"kAY)) - §)kAy|65*
=1
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+
M

[w(t, oy + (17 = k)Ay)) — ¥ (t, oy — kAy)) (4.4.2)

£
Il
—

+ (5= o, oy + (€15 — k) Ay))) (1B A k)Ay} AR

+
Ms

[w(t, oy — (1° = k)Ay)) — v (t, oy + kAy))

=
Il
—

+ (8t oy — (15 = k)Ay)) = ) (15 A k) Ay | AF.

Now we can approximate the solution p in (4.3.1) by the function pt2¥My on (t,,yn) €

Tx X Yps solution to the computational scheme

At,Ay,My( — 'pAt:Ay,MY( AtyAvaY)

P trs Ym) tng1s Ym, P

(4.4.3)

At,AvaY (

P tN,Ym) = P(ym).

We can also approximate the solution V' in (4.2.13) by the function V*2¥My on (¢, y,) € Ty x Yy

solution to the computational scheme

At, Ay, M- _ QAL Ay,M At, Ay, M- At, Ay, M-
Vv Yy Y( =8 Yy Y( 1% ) Y7 Y Y)7

tTL?ym) tn+17ym; p

(4.4.4)

VAt’Ay’MY (tN, ym) =0.

The algorithm can be described explicitly in backward induction by the following pseudo-code: for

each v, € Yz,

At, Ay, My (tNa ym) — p(ym);

o forty =1, set p
o forn=N—1,...,0, assign p2¥Mv (¢, 4,.) by computing PAEAYMY (1, 1y y,,, pRbAyMy )
o for ty = 1, set VALAYMy (tNsYm) = 0;

e forn=N—1,...,0, compute

H(l) (tn+17 Ym, VAt’Ay’MY) and -H(2) (tn-i-l) Ym, VAt’A%MY ) pAt’Ay’MY )7

and store §BF* 93k* [B* and [9* the argmax. Finally assign VAHAYMy (¢, ) by com-

puting

VALAY, My (tnst, Ym)+AL (gu) (tns1s Yms VALAY, My )+g(2) (tnst, Ym, VALAY, My ’ pAt,Ay,My)) )

The convergence of the numerical scheme (4.4.4) is by showing the monotonicity, stability, and
consistency properties of this scheme. The proof is provided below. Now we can confirm that the
solution VA4AY:My t6 the numerical scheme (4.4.4) converges locally uniformly to V on [0,1) x Z,

as (At, Ay, My) goes to (0,1, 00).
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4.4.2 Proof of convergence

In this section, the proof follows [26, Section 4.2] with proper extension. To ease of notation, we
suppress the parameter ¥ for each function in this section. We denote by Cg the set of bounded
continuously differentiable functions on [0,1] x R with bounded derivatives, and C[lo 1 the set of

[0,1]-bounded continuously increasing functions on [0, 1] x R with bounded derivatives.

Assumption 4.4.1 To prove the convergence of VALAYMY t6 V as (At, Ay, My) goes to (0, 1, 00),

we assume that

i) the functions ¢ € C[lo ) and 1 € Cl

ii) the solution p~»2¥My to the numerical scheme (4.4.3) converges locally uniformly to p for

(4.3.1) on [0,1) x Z as (At, Ay, My) goes to (0,1, 00).

Remark 4.4.2 Here we assume that item ii) in Assumption 4.4.1 holds without a detailed proof
as the way to finish the proof is similar as the technique in the proof of the convergence from
VALAYMyY 6 1/ illustrated below. It is needed to show monotonicity, stability and consistency
properties of the scheme (4.4.3). Combining these three properties, we can confirm that there

exists a convergence from (4.4.3) to (4.3.1) as (At, Ay, My) goes to (0,1, c0).

Now let us study the convergence of numerical scheme (4.4.4) by showing monotonicity, stability

and consistency properties of this scheme.

Lemma 4.4.3 (Monotonicity). For any At > 0 s.t. At < (2 S (W 4 5)) , the operator
SALAYMy (¢ ah, @) is non-decreasing in 1), i.e. for any ¢ € C'[lo 1 Y1 and g € CF, s.t. 1y < aba:

SHAVMY (¢ y 1, ¢) < SEEEVMY (1,4, 0), (ty) €[0,1) x R.
Proof. We see that the SM2YMv (¢ 4. 4)) can be written as

SALAYMY (4 4 4 @)

=t y) + At x (A (t,y,v) + sup AO(t,y,,0))
uelU

M:

[0t ply + kDY) = () + (5 = 6(t oy + "RAY)) KAy | Atg7H

uelU 1

:w(tv y) + sup {

i

+ 3 [0t oty — kAY) = (L y) + (8lL oy — €"kAY)) — ) kAy| Atg>

Wty + (17 = K)AY) = 0 (ty) + (5 - 6lt, oy + (17 — K)AY)) 17 A K)Ay| Atx*

+

+
M I T

(b ply — (5 = B)AY) = ¥ (ty) + (Bt ey — (€15 = K)AY) - 5) (5 Ak)AyY| Amk}

b
Il
—_
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= sup {wu, v+ { — (077 + 0% + 20 Aty (¢, y)

uelU b—1

+ [¢ (t,oly + kAY)) + (5 — o(t, oy + emkAy)))kAy} AtfBF

+ [1/1 (t, oy — kAy)) + (gb(t, oy + €"kAy)) — 17) kAy} At@s’k}
+ 3 [0t ety + (17 = B)AY) + (5 - 6t oy + (17 — K)Ay)) (17 A k)Ay| Atk

+

M= 11z

i
I

[V (tply = (5 = B)AY) + (6L oy — (€15 — K)Ay) - ) (15 A k) Ay] AtAk}.

From the expression above, it is clear that SAHAY-My (t,y,v,¢) in 1 is monotone once At <
N
(zzggluue)) . O

Lemma 4.4.4 (Stability) For any At, Ay, My > 0 there exists a unique solution VALAYMyY o the

VAtszzMY)

numerical scheme (4.4.4), and the sequence ( is uniformly bounded for any (tn,ym) €

TN X YM.

Proof. Existence and uniqueness of VAH2¥:My follows from the backward scheme (4.4.4). Let us
now consider the uniform bounds. Since 6%, I*, \F and p~t2vMy for i € {B, S} are bounded,

there always exists a constant v to make VAHALMy <~ O

Lemma 4.4.5 (Consistency) For all (t,y) € [0,1) x Z, we have 1 € C}, ¢ € C[IO ) ond

li 5
(At,Ay,Mgglﬁ(O,l,oo) ¢,
()= (t,y)

where ¢ is the function on [0,1] x Z, then we can show

1 .
1; = t/ N QAt,Ay,My tl At / — _ t — H(t .
e v(.y) - s (' + Aty 0,6)| = ~tu(t,y) — H(t.y,¥,0) (4.4.5)

(" y")—=(ty)
Proof. We have all (¢',y') € [0,1) x R,
1 1 i
[Py = A+ Aty 0)| = (Y = V' + Aty = A+ Aty v, 0).

The first term converges trivially to —i(¢,y) as At goes to 0 and (¢',y') goes to (¢,y). To com-
plete this proof, we just need to show the convergence of H(t + Aty 1, $) to H(t,y,,¢) as
(At, Ay, My ) goes to (0,1,00) and (¢, y') goes to (¢,y). Alternatively, we need to prove the conver-
gence of HOV (¢ +At, /) and HO (' +At, i, 1, ¢) to HO (¢, y, ) and HP (¢, y, 1, ¢) respectively.

Now let us consider the convergence of fl(l)(t’ + Aty 1p) to HD(t,y,1). The convergence of
the first term in ﬁ(l)(t’ + At, 5/, ) to the corresponding term in HM (¢, y, ) is such that for three
bounded constants 71, 2 and 73,

m
Bt

k=1

DAk [w (t' + Aty + kAy)) —o(ty + k)} bt + At (Y + kAy)) —P(t,y + k)
k=1
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A

I
-

¢(t + At y + kAy) ¢(t, y + k)’]l{y/-i-k‘AyG[—My,My]}

B
Il

1

Ak

MS‘

+ w(t/—i_At? MY) _w(t7y+k)

H{y/+kAy>My}

>
Il

1
+ )N f(
k=1

<m \W LO (At+ |y + 1=y — Ay|) + n2 1Yo Ly sempaysmyy + 13 19l Lyt empay<—nry }s

3

t/ + At, —My) — ’(/)(t, y + k)‘ﬂ{y’+kAy<My}

where v is bounded by || and the derivative of ¢ is bounded by W)(l) {OO because of Assumption
4.4.1. Once (At, Ay, My) — (0,1,00) and (¥,y") — (t,y), the convergence is proved. Now let us
consider the second term in H (1)(t’ + At,y/, 1) such that for a bounded constant 7,

m

> {v + Aty - }‘

k=1

m

V(' + At,y) w(t,y)‘ < 774‘1#(1)’00 (At+ |y —¢]),
k=

which converges to 0 as (At, Ay, My) — (0,1,00) and (¢,y’) — (¢,y). For the third term, it can
be done as similar as the first term. Hence, combining these three results, we can confirm
lim HY( + Aty ) = HO(t,y,1).

(At,Ay,My)—(0,1,00)
(t"y") = (ty)

Next let us consider the convergence from sup,, s HC V(' + Aty 1, ¢) to SUD,cpr H® (t,y, 4, gb)
The convergence of the terms of market buy in sup, ;s H® )(t’+At, y', 1) to the corresponding term

in sup,ep H®(t,y,v) is such that

m

Bskul[) ) { [w (' + At p(y + kAy)) — (' + At y) + (0 — ot + At, oy + emkAy)))kAy} ank}
k=1 0B5-k€(0,0

m

~)  sup { [d)(t, y+k) = o(ty) + (0 — oty + 6mk))/’f} GB’k}‘

i1 0Bk€[0,0)
<Y ORI + At oy + kAY)) — oty +E) |+ > 0P + At y') — (¢, y)
k=1 k=1

o(t' + At, oy + €"kAy)) Ay — d(t,y + €"E)|.

+Z/~c93"f

As the control problem is of bang-bang type, the optimal intensity is § when the coefficients are

positive. Hence applying the inequality ‘x+ - 9:;’ < |z — 2’|, we can obtain the above inequality.
As the convergence of the first and second terms on the right hand side of the above inequality have
been proved in last paragraph, and the convergence of the third term automatically holds due to
Assumption 4.4.1, we can confirm that the terms of market buy in H® (¢ + At,y/, 1, ¢) converges
to the corresponding terms in H (t Y, 0, <Z5) We can apply the same technique to finish the rest
of proofs. O
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Proposition 4.4.6 (Convergence) The solution VAYAYMy to the numerical scheme (4.4.4) con-

verges locally uniformly to V on [0,1) X Z as (At, Ay, My) goes to (0,1, 00).

Proof. Given the above monotonicity, stability and consistency properties, the convergence of the
sequence (VALAY:My) towards V', which is the unique bounded viscosity solution to (4.2.13), follows
from [9]. We claim that V* and Vi defined as
V*(t,y) = lim sup VALAYMy (¢ 1y,
(AL, Ay, My )—(0,1,00)
" y") = (ty)
Vity) =, liminf | VESSA (),
"y )= (ty)
which are finite upper and lower semi-continuous functions on [0, 1] xZ, and inherit the boundedness
of (VALAYMy) " are viscosity sub and super solutions of (4.2.13) respectively. If we assume that
the claim is true, we can obtain V* < V, by the strong comparison principle for (4.2.13). Since
the converse inequality is obvious by the definitions of V* and V,, we can show that V* =V, =V
is the unique bounded continuous viscosity solution to (4.2.13), hence completing the proof of
convergence.
Next we prove the viscosity supersolution property of Vi. The viscosity subsolution property of

V* can be proved analogously. We introduce (£,3) € [0,1) x Z and let ¢ € C} be a test function

such that (¢,7) is a strict global minimum point of Vi — 1, i.e.

0= (V.= )Eg) = min (V. —)(t) (4.4.6)

By definition of V,(t,7), there exists a sequence (t],,v;,) in [0,1) xR, and a sequence (Aty,, Ayy, M7})

such that
(thoyn) = (69),  (Aty, Ay, M) — (0,1,00) and  VESmME (4 1) — V,(£,9),
when n goes to infinity. By the continuity of ¢ and (4.4.6), we also have that
G 1= (VA S — ) (8, 7) = 0,

when n goes to infinity. By the definition of ¢,, we have VAt AU M > 4 4 ¢ From the definition

SALAY,

of the numerical scheme My and its monotonicity, we then have

o+ (th, yhy) = VAIAUMEG )y

At Ayn, / 1A Ay M Aty Ayn, M2
=8 Y t, + Aty y,, V YoMy p YoMy

Z SAtnaAynyM;}' (t/n + At’r“ y;“ Cn + ,l/}?pAtnaAynyM;})

= SAtn,Ayn’ t;z + Atnv y;w 1/}7pAtn7Ayn’M;}) + C’n
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= Y(tl, + Aty yh) + Aty x H(t], + Aty yhy, 1, pSin2vm M) 4 ¢,

which implies

U(ty,, yp) — (b, + Atn,yy,)
At,

— H(t), 4+ Aty b, pAtmAm My > g,

By the consistency property combined with Assumption 4.4.1, and by sending n to infinity in the

above inequality, we obtain the required viscosity supersolution property

_77/)15({7 g) - H<£7 g7w7p) > 0. O

4.4.3 Numerical optimal trading strategy

Now we list all of numerical results of the strategic trader’s optimal strategies in different scenarios

listed in Table 4.2.

Warket Order Buy

1
9 -
8- |
7 -
B |
[l
£ 5 Market Buy - 1 Order Size Mo Order —
=
4 ,
3L -
HL ,
[ -
il |
-1440 a 1440
Aggregated Order
tarket Order Sell
1 T
9 |
8 -
7 |
B |
[l
£ 5 Mo Order -
=
4 ,
3L ,
oL -
[ ,
il |
-1440 a 1440

Aggregated Order

Figure 4.3: Optimal strategy of 1 market order size only
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Warket Order Buy

Time
i
T

Market Buy - 1 Order Size Mo Order

1}
Aggregated Order

Warket Order Sell

Time
by i B n @ B i

Mo Order

i
Aggregated Order

Limit Order Buy

Time
i
T

Limit Buy - 1 Order Size Mo Order

1}
Aggregated Order

Limit Order Sell

Time
in
T

Mo Qrder

Figure 4.4:

i
Aggregated Order

1440

Optimal strategy of 1 market order size and 1 limit order size
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Time Time
b b in

Time

Time

n
-1440 1}

n
-1440 0

n
-1440 0

n
-1440 1}

Warket Order Buy

Market Buy - 1 and 2 Grder Size
Mo Order

Aggregated Order

Warket Order Sell

I

~ Mo Order

Aggregated Order

Limit Order Buy

Limit Buy - 1 Order Size
Mo Order

Aggregated Order

Limit Order Sell

1
T

5 Mo Qrder

Aggregated Order

1440

Figure 4.5: Optimal strategy of 2 market order size and 1 limit order size
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Warket Order Buy
1
gl -
sl ,
7L -
el ,

[l

£ 5 Market Buy - 1 Order Size No Qrder 7

=
4 ,
sl -
P ,
1L -

|

1440 a 1440

Aggregated Order

Warket Order Sell
1 T
gl -
sl ,
7L -
el ,

@

£ 5 Mo Order *

=
ne -
sl ,
2L -
1L ,

|
1440 a 1440
Aggregated Order
Limit Order Buy

1

ol ,
al -
7L -
el ,

@

£ 5 Limit Buy - 2 Order Size Mo Crder 7

=
A -
ir Limit Buy - ]
s 1 Order —

Size
1L ,
|
1440 o 1440
Aggregated Order
Limit Order Sell

1

gl -
sl ,
7L -
el -

T Limit Sell -

E - Mo Order 2 Ordler Mo Crder —
s Size .
sl -
P ,
1L -

|
1440 o 1440

Aggregated Order

Optimal strategy 1 market order size only and 2 limit order size



4.4. Appendix

100

Market Order Buy

Time
i
T

Market Buy - 1 and 2 Grder Size

No Qrder

o
Aggregated Order

Warket Order Sell

Time
by i B n @ B i

Mo Order

i
Aggregated Order

Limit Order Buy

Time
i

Limit Buy - 2 Order Size

Mo Order

o
Aggregated Order

Limit Order Sell

Time
in
T

Mo Qrder o Order

Limit Sell - 2 Order Size

Figure

i
Aggregated Order

1440

4.7: Optimal strategy 1 market order size only and 2 limit order size
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