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ABSTRACT

This thesis is devoted to investigating possible approaches to endogenous modeling of market
microstructure of an auction-based exchange. In chapter [l we develop the framework in discrete
time and apply it to understanding the economics of trading at high frequency. In chapter [III]
we adapt our modeling approach to continuous time and develop a rich beliefs-driven model of
limit-order book evolution between two trades. In the last chapter we introduce discrete admissible
prices (i.e. a finite tick size) into our model and investigate the special spatial structures of the
equilibria this produces.

Given the novelty of the approach, we have to solve somewhat unusual mathematical problems
throughout. We derive a novel estimate of conditional tails of general Ito processes in chapter [[I]
solve a 'non-monotone oblique reflection’” RBSDE system and a discontinuous infinite-dimensional
fixed point problem in chapter [[TI} and solve a system of control-stopping problems discontinuously
coupled through stopping barriers in chapter [[V]

We also develop some numerical examples in chapters [[I} [T]] to illustrate the features of our
models and indicate possible applications.
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CHAPTER I

Introduction

This thesis is devoted to investigating possible approaches to endogenous model-
ing of market microstructure, that is, dynamics of orders, trades, prices etc., on an
auction-based exchange. We refer the reader to the introductions of the individual
chapters for a more detailed discussion of the promise and advantages of such mod-
els. Our aim is to develop endogenous models which also have realistic mechanics,
capturing a possibly simplified but sensible view of the actual exchanges’ mechanism.
The disadvantage of this approach is that the resulting models are rather complex
and hard to analyze. We hope to convince the reader that hard in this case does not
mean impossible, and demonstrate that the resulting models are rich and interesting
and can shed light on various subtle microstructure issues.

This work is comprised of three somewhat independent projects, which are nev-
ertheless closely linked by the commonalities in the framework, modeling approach
and sometimes even mathematical issues arising. Below, we first describe how these
projects contribute to the development of our microstructure modeling framework
and what microstructure issues they deal with. We then describe mathematical
challenges and contributions of each project.

In the first project, described in chapter[[I| we develop a discrete-time continuous-



price model of a limit-order book formation at an auction-style exchange, in which a
continuum of players can submit both market and limit orders at any prices based on
their beliefs about the future order flow. After setting up and motivating the model,
we proceed to analyze how the market behavior, in particular the liquidity provision,
changes with increasing frequency of trading, arriving at the characterization of
efficiency-fragility role of high trading frequency. The results are valid for a very
general class of models, and thus should be viewed as concerning the fundamental
economics of trading on auction-style exchanges rather than specifics of a particular
model.

In the second project, described in chapter [[II, we focus on the market partici-
pants’ behavior between two consecutive trades. We extend the modeling framework
to continuous-time, and then investigate the trade-off between market and limit or-
ders faced by the agents. The resulting “microscopic” model, in equilibrium, can
produce rich dynamics of posted prices and limit-order book shapes. This model
allows us to investigate the impact of agents’ beliefs (or changes in the signals that
affect their beliefs) on the bid-ask spread and on the limit-order book evolution, al-
lowing one to model such beliefs-driven phenomena as for example indirect market
impact of both limit and market orders (e.g. the so-called “spoofing” effect).

In the last project, described in chapter [V] we consider a continuous-time and
discrete-price framework, by introducing a non-zero tick size. This allows one to
explore the interplay between the continuous “true price” estimate and the discrete
admissible order price levels, resulting in different behavior depending on whether
the “true price” estimate is close to admissible price level or not. Resulting models
can be used to explain the clustering of market orders over time and to predict the

consequences of changing the tick size.



On the mathematical side, the first project stands somewhat separate from the
other two. The main issues there arise from dealing with unusual functionals of
general It0 processes under multiple measures, leading us to develop some novel
estimates of conditional tails of general Ito processes.

The other two projects are similar in that they deal with (continuum- or two-
player) games, coupled through controls and stopping barriers in a way that lacks any
of the traditional monotonicity, convexity, contractivity or sometimes even continuity
properties, which makes them hard to solve.

In the second project, the difficulties arise from the fact that there are multiple
(>2) players whose stopping barriers are given by functionals of all other players’
value functions, making the players’ interdependence rather discontinuous. Such
continuum-player problem appears intractable in general, but under certain mono-
tonicity assumptions on agents’ beliefs we manage to split the problem into a 2-agent
control-stopping game and an infinite-dimensional fixed point problem. This 2-player
game we are then able to reduce to a somewhat unusual 2-dimensional system of RB-
SDEs with solutions reflected against each other. This system is still not amenable to
standard methods, but we manage to solve it by exploiting certain geometric proper-
ties of its generator and the specific nature of the reflection. The infinite-dimensional
fixed point problem above is also not trivial as its objective is discontinuous. We
solve it by exploiting the structure of the problem allowing us to show we can replace
that objective by its 'mollification’ to which standard fixed-point results can then be
applied.

The main challenge of the third project is solving a system of two (control-
stopping) optimization problems coupled through controls and barriers which are

discontinuous functionals of other agent’s value function. Because of the presence of



those discontinuous functionals, the fixed point problem corresponding to this sys-
tem is in a sense even more discontinuous than the one from the second project and
doesn’t appear tractable. This fixed point problem turns out to be continuous if we
can ensure certain monotonicity of individual agents’ value functions. We show this
monotonicity in the case of a sufficient noise using the recent geometric approach
to the optimal stopping of linear diffusions (with irregular barriers) combined with

certain special features of the problem.



CHAPTER II

Liquidity Effects of Trading Frequency

2.1 Introduction

This chapter is concerned with liquidity effects of trading frequency on an auction-
style exchange, in which the participating agents can post limit or market orders. On
the one hand, higher trading frequency provides more opportunities for the market
participants to trade, hence, improving the liquidity of the market and increasing
the market efficiency. On the other hand, higher trading frequency also provides
more opportunities for some participants to manipulate the price and disrupt the
market liquidity. Such a manipulation creates a new type of risk, which reveals itself
in unusually high price deviations, which cannot be explained by the changes in the
present, or projected, fundamental value of the asset. The most famous example of
this phenomenon is the “flash crash” of 2010. This example motivates the need for a
comprehensive study of the tradeoff between the liquidity providing role of strategic
players and the liquidity risk they generate, and its relation to trading frequency.
The collective liquidity of the market is captured by the Limit Order Book (LOB),
which contains all the limit buy and sell orders.

The goal of the present chapter is two-fold. First, we develop a new framework

for modeling market microstructure, in which the shape of the LOB, and its dynam-



ics, arise endogenously from the interactions between the agents. Among the many
advantages of such approach is the possibility of modeling the market reaction to
changes in the rules of the exchange: e.g. limited trading frequency, transaction tax,
etc. The second, and most important, goal of the present work is to investigate the
liquidity effects of trading frequency, using the proposed modeling framework. In
particular, the main results of this chapter (cf. the discussion in Section , as well
as Theorems , and Corollary , in Section describe the dual effect
of high trading frequency. On the one hand, if the agents choose to provide liquidity
in equilibrium, higher trading frequency decreases the bid-ask spread and makes the
expected profits of all market participants converge to the same (fundamental) value,
thus, improving the market efficiency. On the other hand, higher trading frequency
also makes the LOB more sensitive to the deviations of the agents from market-
neutrality. It is, of course, clear that a strong bullish or bearish signal makes the
market participants trade at a higher or lower price. However, the novelty of our
observation is in the role that the trading frequency plays in amplifying this effect.
Namely, we show that, if the trading frequency is high, even if the agents have plenty
of inventory, a very small deviation from market-neutrality may cause the agents to
stop providing liquidity, by either withdrawing from the market completely, or by
posting the limit orders very far away from the fundamental price. Such actions
cause disproportional deviations in the LOB, which cannot be explained by any fun-
damental reasons: they are much higher than the trading signal (i.e. the expected
change in the fundamental price), and they occur without any shortage of supply or
demand for the asset. We refer to such a deviation as an internal (or, self-inflicted)
liquidity crisis, because it is due to the trading mechanism (i.e. the rules by which

the market participants interact), rather than any fundamental reasons (note the



similarity with the flash crash). Our framework allows us to provide more insight
into how such liquidity crisis unfolds, connecting it to the so-called adverse selection
effect. In particular, Section [2.3|constructs an equilibrium model in which an internal
liquidity crisis does not occur because of an abnormally large market order, wiping
out the liquidity on one side of the LOB, but it occurs because the optimal strategies
of the agents require them to stop providing liquidity on one side of the LOB. On
the mathematical side, our analysis makes use of the properties of conditional tails
of the increments of a general Ito6 process, with the corresponding result stated in
Lemma [[I.23] This lemma provides a uniform exponential bound on the conditional
tails of the increments of a general It6 process. We believe that this result is useful
in its own right, and, to the best of our knowledge, it is not available in existing
literature.

In recent years, we observed an explosion in the amount of literature devoted to
the study of market microstructure. In addition to various empirical studies, a large
part of the existing theoretical work focuses on the problem of optimal execution:
see, among others, [48], [3], [54], [31], [22], [6], [5],[7], [24], [51], [36], [19], [37],
[57], and references therein. In these publications, the dynamics and shape of the
LOB are modeled exogenously, or, equivalently, the arrival processes of the limit
and market orders are specified exogenously. In particular, none of these works
attempt to explain the shape and dynamics of the LOB, arising directly from the
interaction between the market participants. A different approach to the analysis of
market microstructure has its roots in the economic literature. For example, [50],
[29], [34], [17], [44], [52], [27], [9], [L0], [12] consider equilibrium models of market
microstructure, and they are more closely related to the present work. However, the

models proposed in the aforementioned papers do not aim to represent the mechanics



of an auction-style exchange with sufficient precision, and, in particular, they are not
well suited for analyzing the liquidity effects of trading frequency, which is the main
focus of the present chapter. A somewhat related strand of literature focuses on the
endogenous formation of LOB in markets with a designated market maker: see e.g.
[33], [43], [28], [18], [1]. In these papers, the LOB is not an outcome of a multi-agent
equilibrium: instead, it is controlled by a single agent, the market maker. In the
present chapter, we model the entire LOB as an output of an equilibrium between
a large number of agents, each of whom is allowed to both consume and provide
liquidity (in particular, we have no designated market maker). Our setting is related
to the literature on double auctions (cf. [58], [27]), with the crucial difference that
the participants of each auction are allowed to choose two “asymmetric” types of
strategies: market or limit orders. In addition, the present framework assumes that,
ex ante, all agents have access to the same information, and, in this sense, it is similar
to [B0], [34], [52]. In particular, the adverse selection effect, herein, does not arise
from any a priori information asymmetry of the agents, and, instead, it is caused by
the mechanics of the exchange. We formulate the problem as a continuum-player
game — this abstraction allows us to obtain computationally tractable results (cf. [4],
[56], [15] for more on the concept of a continuum-player game, and [46], [14], [16],
[45] for the particular subclass of mean field games).

The chapter is organized as follows. Subsection describes the probabilistic
setting, along with the execution rules of the exchange and the resulting state pro-
cesses of the agents. Subsection defines the equilibrium and introduces the
notion of degeneracy of the market (which represents an internal liquidity cirsis). In
Section [2.3] we construct an equilibrium in a simple model, illustrating how an in-

ternal liquidity crisis unfolds, and how it is connected to the adverse selection effect.



Theorems [[I.19] [[T.21] and Corollary in Section [3.4] are the main results of the

chapter: they formalize and generalize the conclusions of Section 2.3} In Section [2.5]
we prove the key technical results on the (conditional) tails of marginal distributions
of It6 processes. Sections [2.6] [2.7] contain the proofs of the main results. We conclude

in Section 2.8

2.2 Modeling framework for a finite-frequency auction-style exchange

2.2.1 Mechanics of the exchange

We consider an exchange in which trading can only occur at discrete times n =
0,1,...,N. We assume that the market participants are split into two groups: the
external investors, who are “impatient”, in the sense that they only submit market
orders, and the strategic players, who can submit both market and limit orders, and
who are willing to optimize their actions over a given (short) time horizon, in order
to get a better execution priceﬂ In our study, we focus on the strategic players,
who are referred to as agents, and we model the behavior of the external investors
exogenously, via the exogenous demand. The interpretation of the external investors
is clear: these are the investors who either have a longer-term view on the market,
or who simply need to buy or sell the asset for reasons other than the short-term
profits. The strategic players (i.e. agents), on contrary, are the short-term traders,
who attempt to maximize their objective at a shorter time horizon N. During every
time period [n,n 4 1), all the orders coming to the exchange are split into the limit
and market orders. The limit orders are collected in the so-called Limit Order Book
(LOB), and the market orders form the demand curve. At time n + 1, the market

orders in the demand curve are executed against the limit orders in the LOB. Then,

1We do not distinguish the “aggressive” limit orders, which are posted at the price level of an opposite limit order,
and treat them as market orders. This causes no loss of generality, as the market participants in our setting have a
perfect observation of the LOB.
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the same is repeated in the next time interval. In particular, during a time period
[n,n+1) (for simplicity, we say “at time n”), an agent is allowed to submit a market
order, post a limit buy or sell order, or wait (i.e. do nothing). If a limit order is
not executed in a given time period, it costs nothing to cancel or re-position it for
the next time period. Notice that our framework does not allow to model the time-
priority of limit orders. However, introducing a time-priority would not change the
agents’ maximum objective value, as the “tick size” is assumed to be zero (i.e. the
set of possible price levels is R), and, hence, an agent can always achieve a priority by
posting her order “infinitesimally” above or below a given competing order. Further
details on modeling the formation of an LOB and the execution rules are presented
below.

The demand curves are modeled exogenously by a random field

D = (Dn(p))pGR,nzl,.-~7N

on a filtered probability space <Q, F = (]—"n)fj:0 ,IP’), such that Fj is a trivial sigma-
algebra, completed w.r.t. P. The random variable D, (p) = max(D,(p),0) denotes
the amount of asset that the external investors and the agents submitting market
orders are willing to purchase at or below the price p, accumulated over the time
period [n — 1,n), and D, (p) = —min(D,(p),0) denotes the amount of asset that
the external investors and the agents submitting market orders are willing to sell
at or above the price p, in the same time period. We assume that D,(-) is a.s.
nonincreasing and measurable w.r.t. F, ® B(R). We denote by A a Borel space
of beliefs, and, for each a € A, there exists a subjective probability measure P* on

(Q, Fn), which is absolutely continuous with resect to P. We assume that, for any n =

0,...,N and any a € A, there exists a regular version of the conditional probability
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P« given F,,, denoted Py E| We denote the associated conditional expectations by E¢.
We also need to assume that, for any a € A, there exists a modification of the family
{]P’g}N which satisfies the tower property with respect to P, in the following sense:

n=0’

for any n < m and any r.v. £, such that E*{T < oo, we have
ESELE = KR8, P-as.

There exists such a modification, for example, if P* ~ P. In any market model,
for every «, we fix such a modification of conditional probabilities (up to a set of
P-measure zero) and assume that all conditional expectations {E%} are taken under
this family of measures. The Limit Order Book (LOB) is given by a pair of adapted

)N

N, such that every v and v, is a finite sigma-additive random

process v = (v, v,
measure on R (w.r.t. F, ® B(R)). Herein, v/ corresponds to the cumulative limit

sell orders, and v, corresponds to the cumulative limit buy orders, posted at time

n.The bid and ask prices at any time n = 0, ..., NV are given by the random variables

pb = supsupp(v;, ), p% = inf supp(v;}),

respectively. Notice that these extended random variables are always well defined
but may take infinite values.

We define the state space of an agent as S = R x A, where the first component
denotes the inventory of an agent (i.e. how much asset she currently holds), and
the second component denotes her beliefs. Every agent in state (s, «) models the
future outcomes using the subjective probability measure P®. There are infinitely
many agents, and their distribution over the state space is given by the empirical
distribution process ju = (j1,)Y_,, such that every y is a finite sigma-additive random

measure on S (w.r.t. F,®B(S)). In particular, the total mass of agents in the set S C

2This assumption holds, for example, if Fy is generated by a random element with values in a standard Borel
space.
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S at time n is given by p,(S). The inventory level s represents the number of shares
per agent, held by the agents at state (s, ). In particular, the total number of shares
held by all agents in the set S C S is given by [ ¢ Stin(ds, da). The interpretation of
this definition in a finite-player game is discussed in Remark below. We refer

the reader to [I5] for more on the general concept a continuum-player game.

Remark I1.1. The continuum-player game defined in this section can be related to a
finite-player game as follows. Denote by po the empirical distribution of the agents’
states at a given time. Recall that pg is a measure on S = R x A, and assume
that it is a finite linear combination of Dirac measures: pg = ﬁ Zf\il (si,a)- In this
case, we interpret s as the number of shares per agent held by the agents in the
tth group. Let us explain how this notion is related to the actual inventory levels
(i.e. the actual numbers of shares held by the agents) in the associated finite-player
game. To this end, consider a collection of M agents, whose states are given by
their (actual) inventories and beliefs, denoted (s, «), with the current states being
{(8" = s'/M,a")}. Define the “unit mass” of agents to be M. In this finite-player
collection, the mass of agents (measured relative to the unit mass, M) at any state
(Ms,«) is precisely uo({(s,«)}), and their total inventory is Msuo({(s,«)}). The
number of shares per agent is, then, defined as the total inventory held by these agents
divided by their mass, and it is equal to Ms. Choosing s = 5%, we conclude that,
in the finite-player collection, the number of shares per agent held by the agents at
state (5%, ') is given by M §* = s', which coincides with our interpretation of s® in the
continuum-player game. It is also easy to show that an equilibrium in the proposed
continuum-player game (defined in the next subsection) produces an approximate
equilibrium in the associated finite-player game, when the inventory levels {5’} are

small (cf. Subsection 2.3 in the extended version of this chapter, [32])
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As the parameter o does not change over time, the state process of an agent, de-
noted (.5,), is an adapted R-valued process, representing her inventoryﬁ The control
of every agent is given by a triplet of adapted processes (p,q,7) = (Pn, Gn, ™) - on
(2, F), with values in R? x {0,1}. The first coordinate, p,, indicates the location of
a limit order placed at time n, and g, indicates the size of the order (measured in
shares per agent, and with negative values corresponding to buy orders).ﬁ The last
coordinate r,, shows whether the agent submits a market order (if r, = 1) or a limit
order (if r, = 0). Assume that an agent posts a limit sell order at a price level p,.
If the demand to buy the asset at this price level, D/ +1(pn), exceeds the amount of
all limit sell orders posted below p, at time n, then (and only then) the limit sell
order of the agent is executed. Market orders of the agents are always executed at
the bid or ask price available at the time when the order is submitted. We interpret
an internal market order (i.e. the one submitted by an agent) as the decision of
an agent to join the external investors, in the given time period. Summing up the

above, we obtain the following dynamics for the state process of an agent, starting

with initial inventory s € R at time m =0,..., N — 1:

S®a (m,s,v) =5, ASLE) (m,s,v) =

ST(LP:’%J,) (m7 87 V) - Sﬁbpﬂ?T‘) (m7 87 V) = _qn]-{T’n:].}

(2.1)
_ + —a = —
1wy (Lo i (oo}~ B L0y (e} )+ 7= oo N =L

The above dynamics represent an optimistic view on the execution by the agents. In

particular, they imply that all limit orders at the same price level are executed in full,

3Note that, although P® does not change over time, the conditional distribution of the future demand, as perceived
by the agent, changes dynamically, according to the new information received.

4Note each agent is only allowed to place her limit order at a single price level, at any given time. However, this
results in no loss of optimality. Indeed, using the Dynamic Programming Principle derived in Appendix A, one can
show, by induction, that, in equilibrium, an agent does not benefit from posting multiple limit orders at the same
time. As shown in [56], this is typical for a continuum-player game.
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once the demand reaches them: i.e. each agent believes that her limit order will be
executed first among all orders at a given price level. In addition, all agents’ market
orders are executed at the bid and ask prices: i.e. each agent believes that her market
order will be executed first, when the demand curve is cleared against the LOB, at
the end of a given time period. These assumptions can be partially justified by the
fact that the agents’ orders are infinitesimal: ¢, is measured in shares per agent,
and an individual agent has zero mass. However, if a non-zero mass of agents submit
limit orders at the same price level, or execute market orders, at the same time, then,
the above state dynamics may violate the market clearance condition: the total size
of executed market orders (both in shares and in dollars) may not coincide with the
total size of executed limit orders (at least, as viewed by the agents). Nevertheless,
this issue is resolved if, at any time, the mass of the agents positing limit orders at
the same price level is zero, as well as the mass of the agents posting market orders.
In other words, (v, p, q,r) satisfy, P-a.s.: 1, is continuous, as a measure on R (i.e. it
has no atoms), and r, = 0. Such an equilibrium is constructed in Section 8 of the
extended version of this chapter, [32]. The general definition of a continuum-player
game and its connection to a finite-player game can be found, e.g., in [15] and in the
references therein (see also Subsection 2.3 in the extended version of this chapter,
[32]).

The proposed modeling framework has a close connection to the models of double
auctions, existing in the economic literature (cf. [27], [58]). The main difference
of the present setting is in the non-standard design of the auction. Namely, in the
proposed setting, the auction participants may choose different styles of trading, i.e.
market or limit orders, which generates an ex-post information asymmetry between

the participants: the limit orders have to be submitted before the demand curve is
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observed, while the market orders are submitted using a complete information about
the LOB. This difference is not coincidental — it is, in fact, crucial for a realistic
representation of the risks associated with each order type, and it is at the core of
the results established herein. A more detailed discussion of the information structure

of the proposed framework is provided in the next subsection.

2.2.2 Equilibrium

The objective function of an agent, starting at the initial state (s,«) € S, at any
time m = 0,..., N, and using the control (p,q,r), is given by the F,,-measurable

random variable:

+
(22) P (m,s,a,v) = E, {(Sﬁ’q”(m,s,w) pho— (S8 (m.s,0)) P

N—-1
- Z (pnl{rn=0} + pgl]'{rn:1:Qn<O} +pz1{rn=1,qn>0}) Asy(zﬁqfr)(m> S, V)]

where we assume that 0 - co = 0. In the above expression, we assume that, at the
final time n = N, each agent is forced to liquidate her position at the bid or ask
price available at that time. Alternatively, one can think of it as marking to market

of the residual inventory, right after the last external market order is executed.

Definition II1.2. For a given LOB v, integer m = 0,..., N — 1, and state (s,a) € S,
the triplet of adapted processes (p, ¢, r) is an admissible control if the positive part

of the expression inside the expectation in (2.2)) has a finite expectation under P?.

For a given LOB v, an initial condition (m, s, ), and a triplet of F x B(S)-adapted
random fields (p, ¢, 7), we identify the latter (whenever it causes no confusion) with

stochastic processes (p, ¢, r) via:

Pn = DPn (Sép,qm) (mu S, V)a Oé) y Gn = 4n (Sr(,,pﬂ’r) (ma S, V)a Oé) )

T =T (S,(Lp’q”")(m, S,V), 04) ,
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and the state dynamics (2.1]), for n = m, ..., N. This system determines (p, ¢, ) and

SPar) recursively.

Definition I1.3. For a given LOB v, we call the triplet of progressively measurable
random fields (p, ¢, r) an optimal control if, for any m = 0,..., N and any (s, ) €

S, we have:
e (p,q,r) is admissible,

° J(p,q,'/‘) (m’ s, q, V) > J(p’7q’7r’) (m’ S, «, V),

P-a.s., for any admissible control (p/, ¢, r').

In the above, we make the standard simplifying assumption of continuum-player
games: each agent is too small to affect the empirical distribution of cumulative
controls (reflected in ) when she changes her control (cf. [15]). Note also that our
definition of the optimal control implies that it is time consistent: re-evaluation of
the optimality at any future step, using the same terminal criteria, must lead to the
same optimal strategy. Next, we discuss the notion of equilibrium in the proposed
game. First, we notice that, if p% or p% becomes infinite, the agents with positive or
negative inventory may face the objective value of “—o00”, for any control they use.
In such a case, their optimal controls may be chosen in an arbitrary way, resulting
in unrealistic equilibria. To avoid this, we impose the additional regularity condition

on v.

Definition I1.4. A given LOB v is admissible if, for any m =0,..., N — 1 and any
a € A, we have, P-a.s.:

Eplpy| V [pi| < oo
Let us consider the (stochastic) value function of an agent for a fixed (m, s, a, v):

(2.3) Vr(s,a) = esssuppg’r{](p’q”") (m,s,a,v),
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where the essential supremum is taken under P, over all admissible controls (p, g, ),
and J®%7) is given by . Appendix A shows that, for any admissible v, V" (-, «)
has a continuous modification under P, which we refer to as the value function of
an agent with beliefs a. Using the Dynamic Programming Principle, Appendix A
provides an explicit system of recursive equations that characterize optimal strategies
and the value function. In particular, the results of Appendix A (cf. Corollary

yield the following proposition.

Proposition I1.5. Assume that, for an admissible LOB v, there exists an optimal
control (p,q,7). Then, for any (s,a) € S, the following holds P-a.s., for all n =
0,....,N—1:
Vi (s,0) = s A% (a) = s7A(a)
with some adapted processes \*(a) and \°(a), such that X\& () = p and X () =
P
The values of A\*(a) and \’(a) can be interpreted as the expected execution prices

of the agents with beliefs «, who are long and short the asset, respectively.

Definition I1.6. Consider an empirical distribution process pu = (u,)_, and a
market model, as described in Subsection [3.2l We say that a given LOB process v
and a control (p, q,r) form an equilibrium, if there exists a Borel set A C A, called

the support of the equilibrium, such that:
L. pn, <R X (A \ A)) =0, P-a.s., for all n,

2. v is admissible, and (p,q,r) is an optimal control for v, on the state space

S:RXA,



18

3. and, for any n =0,..., N — 1, we have, P-a.s.:

(24)  vi((—o0,z]) = /gl{pn(s,a)§x7rn(s7a)0} q (s, Q) pn(ds,da), VaxeR,

(2.5) v, ((—o0,z]) = fl{pn(s,a)g%rn(w):o} q, (s, a)pun(ds,da), Yz eR.
§

Remark 11.7. Tt follows from Proposition that, in equilibrium, it is optimal for
an agent with zero initial inventory to do nothing. Hence, in equilibrium, roundtrip
strategies are impossible. To allow for roundtrip strategies in equilibrium, one can
e.g. introduce an upper bound on |¢q| or on the total inventory of an agent (as it
is done, e.g., in [I3]). However, we do not believe that such a modification would
change the qualitative behavior of market liquidity as a function of trading frequency,

which is the main focus of the present chapter.

Notice that, because the optimal controls are required to be time consistent under
P, the above definition, in fact, defines a sub-game perfect equilibrium. It is also
worth mentioning that Definition defines a partial equilitbrium, as the empirical
distribution process p is given exogenously. A more traditional version of Nash
equilibrium would require 1 to be determined by the initial distribution and the

values of the state processes:
(2.6) 1o = i 0 ((5,0) = (SP90(0,5,0),0)) ",

which must hold P-a.s., for all n = 0,..., N, with S%%7(0,s,v) defined via ,
in addition to the other conditions in Definition [[I.6] Nevertheless, we choose not
to enforce the condition in the definition of equilibrium, in order to allow new
agents to enter the game, which, in effect, amounts to modeling ;1 exogenously. If

one assumes that no new agents arrive to the market, then, the fixed-point condition
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has to be enforced. Note also that our interpretation of the demand curve
D,,(+) implies that it consists of both the external (i.e. due external investors) and
internal (i.e. due to the agents) market orders. Therefore, it may be reasonable
to consider an additional consistency condition for an equilibrium. A part of this
condition is to ensure that a non-zero mass of agents submit market buy orders only
if the fundamental price rises above the ask price (i.e. only if a market buy order
is actually executed), and, similarly, a non-zero mass of agents submit market sell
orders only if the fundamental price falls below the bid price. We assume that the
agents’ market orders enter into the demand curve with the highest level of priority:
e.g. their market buy orders enter the demand curve at the price level infinitesimally
close to, but below, the fundamental price, in order to guarantee that they are the
first ones to be executed. Thus, another part of the aforementioned consistency
condition is to ensure that the absolute value of the demand curve to the left or
to the right of the fundamental price is sufficiently large to account for all internal
market orders. Mathematically, such consistency condition can be formulated as

follows:

(2.7) =, ({(5,0) : qu(s,a) <0, rp(s,a) =1}) >0

0 : + b
= Por > P I Dy (p) = dy,
n+1

(2.8) dy =, {(s,0) 1 guls,a) >0, rp(s,a) =1}) >0

0 b . —
= Pyt <P lim Dy (p) 2 dy,.
n+1

The above conditions become redundant if the agents never submit market orders
in equilibrium. Section 8 of the extended version of this chapter, [32], shows how

to construct an equilibrium which satisfies condition ([2.6)), and in which the agents
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never submit market orders (hence, (2.7)) and (2.8) are also satisfied). However, it is
important to emphasize that the main results of the present work (cf. Section [3.4])

provide necessary conditions for all equilibria: for those satisfying the conditions

(2.6)), (2.7), (2.8) and for the ones that do not.

Remark 11.8. Let us comment on the information structure of the game. In the
present setting, all agents observe the same information, given by the filtration F.
We consider an open-loop Nash equilibrium, in which the agent’s strategy is viewed
as an adapted stochastic process (rather than a function of the states and controls
of other players), and the definition of optimality is chosen accordingly. In addition,
as p is adapted to [F, each agent has a complete information about the present and
past states of other agents, and their beliefs. However, as the agents use different
(subjective) measures {P*}, their views on the future values of u may be different. Of
course, it would be more realistic to assume that the agents do not have a complete
information about each other’s current states, but this would make the problem sig-
nificantly more complicated. In the present setting, the agents also have a complete
information about the current location of the fundamental price. In the next chapter
we relax this assumption, which allows us to develop a more realistic model for the
“local” behavior of an individual agent. However, such a relaxation does not seem
necessary for the questions analyzed herein.

As all agents use the same information, the present work belongs to the strand of
literature that attempts to explain microstructure phenomena without information
asymmetry (cf. [34], [52], [50], [29]). Nevertheless, it is important to mention that
certain information asymmetry arises ex-post, between the market participants sub-
mitting market and limit orders. This asymmetry is not due to superior information

a priori available to any of the agents. Instead, it stems from the very nature of limit
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orders, which are “passive” by design (cf. the discussion on the last paragraph of

Subsection [3.2). Similar observation is made in [34].

Next, we need to add another condition to the notion of equilibrium. Notice that
equations f should serve as the fixed-point constraints that allow one to
obtain the optimal controls (p, ¢, ), along with the LOB v. However, these equations
only hold forn =0,..., N—1: indeed, the agents do not need to choose their controls
at time n = N, as the game is over and their residual inventory is marked to the bid
and ask prices. However, the terminal bid and ask prices are determined by the LOB
vn, which, in turn, can be chosen arbitrarily. To avoid such ambiguity, we impose an
additional constraint on the equilibria studied herein. First, we introduce the notion

of a fundamental price.

Definition I1.9. Assume that P-a.s., for any n =1,..., N, there exists a unique p?
satisfying D,, (p°) = 0. Then, the adapted process (p?)>_, is called the fundamental

price process.

Whenever the notion of a fundamental price is invoked, we assume that it is well
defined. The intuition behind p° is clear: it is a price level at which the immediate
demand is balanced. However, it is important to stress that we do not assume that
the asset can be traded at the fundamental price level. Rather, p® is a feature of
the abstract immediate demand curve, whereas all actual trading happens on the
exchange, against the current LOB. This makes our setting different from many

other approaches existing in the literature.

Definition II.10. Assume that the fundamental price is well defined and denote

Env = p% —p%_ ;. Then, an equilibrium with LOB v is linear at terminal crossing
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(LTC) if
(2.9) vy =vy_io(xz—=a+&y)Y,  P-as.

The above definition assumes that the terminal LOB vy is obtained from vy_; by a
simple shift, with the size of the shift equal to the increment of the fundamental price.
This definition connects the LOB at the terminal time with the demand process,
ruling out many unnatural equilibria. In particular, the question of existence of an
equilibrium becomes non-trivial. However, the mere existence of an equilibrium is
not the main focus of the present work: the existence results, established herein, are
limited to Section [2.3] which constructs an LTC equilibrium in a specific Gaussian
random walk model (a slightly more general existence result is given in Section
8 of the extended version of this chapter, [32]). What is central to the present
investigation is the observation that the agents may reach an equilibrium in which
one side of the LOB becomes empty (as demonstrated by the example of Section

2.3). We call such LOB, and the associated equilibrium, degenerate.
: q , deg

Definition II.11. We say that an equilibrium with LOB v is non-degenerate if

v (R)>0and v, (R) >0, foralln=0,...,N —1, P-as..

n

Intuitively, the degeneracy of LOB refers to a situation where, with positive proba-
bility, one side of the LOB disappears from the market: i.e. v (R) or v, (R) becomes
zero. Clearly, this happens when the agents who are supposed to provide liquidity
choose to post market orders (i.e. consume liquidity) or wait (neither provide nor
consume liquidity). Such a degeneracy can be interpreted as the internal (or, self-
inflicted) liquidity crisis — the one that arises purely from the interaction between
the agents, and cannot be justified by any fundamental economic reasons (e.g. the

external demand for the asset may still be high, on both sides). Taking an optimistic
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point of view, we assume that the agents choose a non-degenerate equilibrium, when-
ever one is available. However, if a non-degenerate equilibrium does not exist, an
internal liquidity crisis may occur with positive probability. One of the main goals
of this chapter is to provide insights into the occurrence of an internal liquidity crisis

and its relation to trading frequency.

2.3 Example: a Gaussian random walk model

In this section, we consider a specific market model for the external demand D to
construct a non-degenerate LTC equilibrium. More importantly, using this model,
we illustrate the liquidity effects of trading frequency, which, as mentioned in the
introduction, is the main goal of the present work. The present example, albeit
very simplistic, allows us to identify certain important phenomena that occur to the
optimal strategies of the agents (and, hence, to the LOB) as the trading frequency
increases. In particular, we demonstrate how the adverse selection effect may be
amplified disproportionally by the high trading frequency and may cause a liquidity
crisis. Note that the adverse selection phenomenon, in the present setting, is not a
consequence of any ex-ante information asymmetry but is due to the mechanics of
the exchange (i.e. the nature of limit orders), which is similar to the phenomena
documented in [34], [29]. In the rest of the chapter, we show that the conclusions
of this section are not due to the particular choice of a model made in the present
section and, in fact, persist in a much more general setting.

On a complete stochastic basis (Q,IF' = (.ﬁ)te[o,T],P), we consider a continuous

time process py:
(2.10) R=pdtrat+oW, pleR, tel0,T],

where a € R and ¢ > 0 are constants, and W is a Brownian motion. We also consider
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an arbitrary progressively measurable random field (D,(p)), s.t., P-a.s., the function
Dy(-) — D(-) is strictly decreasing and vanishing at zero, for any 0 < s < ¢t < T
Finally, we introduce the empirical distribution process (fi;), with values in the space
of finite sigma-additive measures on S. We partition the time interval [0, 7] into N
subintervals of size At = T/N. A discrete time model is obtained by discretizing the

continuous time onef’

Fo=TFonts Do =Ponss Du(p) = (Dnae = Din-1yae) (0 = P1),  fin = finac-

In this section, for simplicity, we assume that the set of agents’ beliefs is a sin-
gleton: A = {a} and P* = P. We also assume that (at least, from the agents’
point of view) there are always some long and short agents present in the market:
o ((0,00) X A) | piy, ((—00,0) x A) > 0, P-a.s., for all n. Clearly, N represents the
trading frequency, and the continuous time model represents the “limiting model”,
which the agents use as a benchmark, in order to make consistent predictions in the
markets with different trading frequencies. We assume that the benchmark model is
fixed, and N is allowed to vary. In the remainder of this section, we propose a method
for constructing a non-degenerate LTC equilibrium in the above discrete time model.
We show that the method succeeds for any (IV, o) if & = 0. However, for a # 0, we
demonstrate numerically that the method fails as N becomes large enough. We show
why, precisely, the proposed construction fails, providing an economic interpretation
of this phenomenon. Moreover, we analyze the market close to the moment when a
non-degenerate equilibrium fails to exist and demonstrate that the agents’ behavior
at this time follows the pattern typical for an internal (or, self-inflicted) liquidity

crisis.

5In order to ensure _the existence of regular conditional probabilities for the discrete time model, we can, for
example, assume that Fr is generated by a random element with values in a standard Borel space.
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In view of Proposition in order to construct a non-degenerate LTC equilib-
rium, we need to find a control (p, ¢, 7), and the expected execution prices (/A\“7 S\b), s.t.
the value function of an agent with inventory s is given by V,,(s) = s+5\g — 5_5\2, and
it is attained by the strategy (p,q, 7). In addition, we need to find a non-degenerate

LOB v, s.t. (3.7), (3.8) and (2.9) hold. Our ansatz is as follows:
v = (MO hnb ) o D5 =Py, +Pns Pl =P+ P, —00 <P, Py, < 00,

Pul(s) = Pilisop +P0Lscop,  Gu(s) = s, Fuls) =0, Xp =X+l A, = A+,
where ¢ is the Dirac measure, (p®, p°, 5\‘1, ;\b) are deterministic processes, and h? =
Jo” spn(ds) > 0, kb, = fi)oo |s|pn(ds) > 0. With such an ansatz, the conditions ,
are satisfied automatically. Thus, we only need to choose finite deterministic
processes (p%, %, A%, Ab) s.t.: p% = p%_,, Py = pi_, (so that the equilibrium is LTC)
and the associated (p,q,0) form an optimal control, producing the value function
Vi(s) = sTA% — s~ A\l Appendix A contains necessary and sufficient conditions for

characterizing such families (p®, p°, A%, A\’). In particular, we deduce from Corollaries

1.31{and [[1.32] that (5%, P41, A%_1, Ai_;) form a suitable family in a single-period

case, [N — 1, NJ, if they solve the following system:

(

Pi_1 € argmaxyeg E ((p _13?\/—1 - 5)1{§>p}) ) 15?\/—1 <0,
ﬁl])\f—l € argmaxpeg £ ((ﬁ?\f—l —p+ 5)1{£<p}) , Py >0,
.11) Moy = s + o+ E (0 — oy — Olgep 1)

~

)\?V—]. = ﬁN—l + OZAt - E <(ﬁ§b\f—l - ﬁlj)v_l + 5)1{5<ﬁ?\771}> ’

L P S Ao Ao SPhvon Do = P T [alAt,
where £ = Ap% ~ N(aAt,0?At). Let us comment on the economic meaning of
the equations in (2.11)). The expectations in the first two lines represent the relative

expected profit from executing a limit order at time N, at the chosen price level
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p+p%_;, versus marking the inventory to market at time N, at the best price available
on the other side of the book: i.e. p% = p&_ | +&+p&_; or p& = P& +E+ %,
Notice that a limit order is executed if and only if the fundamental price at time N
is above or below the chosen level of agent’s limit order: i.e. if p%_, +& > p+p%_,
or pd_; +& < p+ p?v_l.ﬂ Clearly, it is only optimal for an agent to post a limit
order if the relative expected profit is nonnegative, which is the case if and only
if p_, < 0 < p%_,. The third and fourth lines in represent the expected
execution prices of the agents at time N — 1, assuming they use the controls given
by (p%_,,P%_1). Each of the right hand sides is a sum of two components: the
relative expected profit from posting a limit order and the expected value of marking
to market at time N, measured relative to p%;_,. Let us analyze the inequalities in
the last line of . If the bid price at time N — 1 exceeds the expected execution
price of a long agent, i.e. ph_, + % ; > 5\7\,_1 + p%_;, then every agent with
positive inventory prefers to submit a market order, rather than a limit order, at
time N — 1, which causes the ask side of the LOB to degenerate. Similarly, we
establish A8 _, < p%_,. Finally, if a > 0 and p%_, < p%_, + aAt, an agent may buy
the asset using a market order at time N — 1, at the price p%_, +p%_;, and sell it at
time N, at the expected price p&_; +p%_; + aAt > ph_; +pX_; (a reverse strategy
works for @ < 0). This strategy can be scaled to generate infinite expected profit
and, hence, is excluded by the last inequality in the last line of .

We construct a solution to by solving a fixed-point problem given by the first
two lines of and verifying that the desired inequalities hold.|Z| We implement

this computation in MatLab, and the results can be seen as the right-most points

6The execution of limit orders simplifies in the chosen ansatz, because the agents on each side of the book (i.e.
long or short) post orders at the same prices level.

"In fact, it is not difficult to prove rigorously that, for any (a, o), there exists a unique solution to such system,
provided At is small enough. We omit this result for the sake of brevity.
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on the graphs in Figure[3.2l From the numerical solution, we see that, whenever At
is small enough, the conditions p4,_, < ;\3‘\,_1 and 5\?\,_1 < p%_, are satisfied (cf. the

right part of Figure E| In addition, for @ > 0, we have

0 <E(25(le-1 — P — &€ >ﬁ(]1V—1) =
~q _Ab _E(€|€>Aa )<"a _"b _ At
Pn_1 —DPnN-1 PN-1) = PN-1— PN—1 — QAL
which yields the last inequality in (2.11)). The case of a < 0 is treated similarly.
Notice that 5\‘}\, =y = P&, and p% |, = P% = 5\1}\, Thus, the single-period

equilibrium we have constructed satisfies:
(2.12) ph< s A <pn A <00 Ay, >0,

for n = N — 1. If one of the first two inequalities in fails, the agents choose
to submit market orders, as opposed to limit orders, which leads to degeneracy of
the LOB — one side of it disappears. If one of the last two inequalities fails, the
execution of a limit order, at any price level, yields a negative relative expected
profit for the agents on one side of the book (given by the expectation in the first or
second line of ) As a result, it becomes optimal for all such agents to not post
any limit orders, and the LOB degenerates. The latter is interpreted as the adverse
selection effect. For example, if the third inequality in fails, then, every long
agent believes that, no matter at which price level her limit order is posted, if it is
executed in the next time period, her expected execution price at the next time step
will be higher than the price at which the limit order is executed. Hence, it does not
make sense to post a limit order at all.

In a single period [N — 1, N], by choosing small enough At, we can ensure that
the inequalities in are satisfied. However, it turns out that, as we progress

8This is easy to explain intuitively, as the optimal objective values in the first two lines of (2.11)) are of the form
CVAt + aQ(A).
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recursively backwards, constructing an equilibrium, we may encounter a time step
at which one of the inequalities in fails, implying that a non-degenerate LTC
equilibrium cannot be constructed for the given time period (at least, using the
proposed method). To see this, consider the recursive equations for (p®, ;\a) (which
are chosen to satisfy the conditions of Corollary in Appendix A, given our

ansatz):

P € argmax,eg £ <<p - ;\Z+1 - f) 1{£>p}> )

(2.13)
Ao =My + At +E ((ﬁ% — An1 5) 1{£>ﬁ%)}> <0,

and similarly for (p°, 5\”) Using the properties of Gaussian distribution, it is easy to
see that, if 5\;’1 +1 < 0, we have p? > 0. Similar conclusion holds for (S\b,ﬁb). Thus,
if 5\% <0< 5\2, for k = n+1,...,N, our method allows us to construct a non-
degenerate LTC equilibrium on the time interval [n, N], with p* < 0 < p*. Such a
construction always succeeds if the agents are market-neutral: i.e. a = 0. Indeed, in

this case, assuming S\ZH <0< S\ZH, we have: p° < 0 < p? and

~

~ ~ +
AZ+1+(E ((pii — Anp1 — f) 1{£>ﬁ%)}>> =E (AZ+11{s>m>}>+E (7 = &) Liespany) < 0.

Hence, 5\2 < 0, and, similarly, we deduce that 5\5’1 > 0. By induction, we obtain a
non-degenerate LTC equilibrium on [0, N], for any (NN, o), as long as « = 0. Corollary
shows that, as N — oo, the processes (5\‘1, j\b) converge to zero, which means
that the expected execution prices converge to the fundamental price. The latter is
interpreted as market efficiency in the high-frequency trading regime: any market
participant expects to buy or sell the asset at the fundamental price. The left hand
side of Figure |3.3| shows that the bid and ask prices also converge to the fundamental
price if & = 0. This can be interpreted as a positive liquidity effect of increasing the

trading frequency.
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However, the situation is quite different if @ # 0. Assume, for example, that
a > 0. Then, the second line of 1} implies that A% increases by, at least, aAt at
each step of the (backward) recursion. Recall that the number of steps is N = T'/At,
hence, A2 > A% + oT. If |[X%] is small (which is typically the case if N is large),
then, we may obtain ;\fL 41 = 0, at some time n, which violates the third inequality
in (2.12)), or, equivalently, implies that the objective in the first line of is
strictly negative for all p. The latter implies that it is suboptimal for the agents with
positive inventory to post limit orders, and the proposed method fails to produce a
non-degenerate LTC equilibrium in the interval [n, N]. Figure shows that this
does, indeed, occur. Figures and also show that, for a given (finite) frequency
N, if || is small enough, a non-degenerate equilibrium may still be constructed.
Nevertheless, for any |a| # 0, however small it is, there exists a large enough N, s.t.
the non-degenerate LTC equilibrium fails to exist (at least, within the class defined
by the proposed method). This is illustrated in Figure .

It is important to provide an economic interpretation of why such degeneracy
occurs. A careful examination of Figure reveals that, around the time when \*
becomes nonnegative, the ask price p* explodes. This means that the agents who
want to sell the asset are only willing to sell it at a very high price. Notice also that
this price is several magnitudes larger than the expected change in the fundamental
price (represented by the black dashed line in the left hand side of Figure .
Hence, such a behavior cannot be justified by the fundamental reasons. Indeed, this
is precisely what is called an internal (or, self-inflicted) liquidity crisis. So, what
causes such a liquidity crisis? Recall that there are two potential reasons for the
market to degenerate: the agents may choose to submit market orders (if p° > 5\2

or p2 < Ab), or they may choose to wait and do nothing (if ;\Z+1 >0 or ;\I;L+1 <0).
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The right hand side of Figure [3.2] shows that the degeneracy is caused by the second
scenario. This means that the naive explanation of the internal liquidity crisis, based
on the claim that, in a bullish market, those who need to buy the asset will submit
market orders wiping out liquidity on the sell side of the book, is wrong. Instead, if
the agents on the sell side of the book have the same beliefs, they will increase the
ask price so that it is no longer profitable for the agents who want to buy the asset to
submit market buy orders. In fact, the ask price may increase disproportionally to
the expected change in the fundamental price (i.e. the signal), and this is what causes
an internal liquidity crisis. The size of the resulting change in the bid or ask price
depends not only on the signal, but also on the trading frequency, which demonstrates
the negative liquidity effect of increasing the trading frequency: it makes the market
more fragile with respect to deviations of the agents from market-neutrality. The
latter, in turn, is explained by the fact that higher trading frequency makes the
adverse selection effect more pronounced. To see this, consider e.g. an agent who is
trying to sell one share of the asset. Increasing the trading frequency increases the
expected execution value of this agent, bringing it closer to the fundamental price:
this corresponds to e approaching zero (from below). Assume that the agent posts
a limit sell order at a price level p. If this order is executed in the next period, then,
the agent receives p, but, for this to happen, the fundamental price value at the next
time step, pO,;, has to be above p. On the other hand, the expected execution price
of the agent at the next time step is p? gt 5\2 41+ Thus, the expected relative profit
of the agent, given the execution of her limit order, is E,(p —p%,, — A%, |p2., > p).
The latter expression cannot be positive, unless 5\% 4+ <0 and |5‘Z 1| is sufficiently
large. Therefore, if \5\2+1| is small relative to E,(p)., — p|ph., > p), the agent is

reluctant to post a limit order at the price level p. Hence, p needs to be sufficiently
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large, to ensure that E,(p%,, — p|p2,, > p) is smaller than [\%, | (in the Gaussian
model of this section, the latter expectation vanishes as p — oo0) — and smallest
such level of p determines the effect of adverse selection. It turns out that, if the
agents are market-neutral (i.e. o = 0), as the frequency N increases, the quantity
E,(p2, 1 —p|pS.1 > p), for any fixed p, converges to zero at the same rate as ]5\2+1|,
hence, the above adverse selection effect does not get amplified. On contrary, if the
agents are not market-neutral, 5\2 41 reaches zero at some high enough (but finite)
frequency, while E,,(p2,, — p|p2,, > p) remains strictly positive, for any p, which
amplifies the adverse selection effect infinitely and causes the market to degenerate.
Of course, so far, these conclusions are based on a very specific example and on a
particular method of constructing an equilibrium. The next section shows that all
these conclusions remain valid in any model (with, possibly, heterogeneous beliefs)
in which the fundamental price is given by an Ito process.

It is worth mentioning that a similar adverse selection effect arises in [34], and
it is referred to as the “winner’s curse” in [29]. However, the latter papers do not
investigate the nature of this phenomenon and focus on other questions instead. In
the literature on double auctions (cf. [27], [58]), a similar effect arises when the
auction participants choose to decrease their trading activity in a given auction,
because they expect many more opportunities to trade in the future. The latter
is similar to the agents choosing not to post limit orders and wait, in the present

example.

2.4 Main results

In this section, we generalize the conclusions made in the previous section, so that

they hold in a general model and for any choice of an equilibrium. As before, we
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begin with the “limiting” continuous time model. Consider a terminal time horizon
T > 0 and a complete stochastic basis (Q, F = (ft)te[O,T] ,P), with a Brownian motion

W on itﬂ We define the adapted process p° as a continuous modification of

t
0
where o is a progressively measurable locally square integrable process.

Assumption I1.12. There exists a constant C > 1, such that, 1/C < oy < C, for

all t € 0,7, P-a.s..

Consider a Borel set of beliefs A and the associated family of measures {P*} .,

on (£, ]:"T), absolutely continuous with respect to P. Then, for any a € A, we have
t
Py =po+ Ay + / o dWe, pdeR, Pas., Vte|0,T],
0

where W is a Brownian motion under P*, and A% is a process of finite variation.
We assume that A“ is absolutely continuous: i.e. for any o € A, there exists a locally

integrable process u®, such that:
t

AP :/ psds, P-as., Vt € [0,T].
0

Assumption I1.13. For any o € A, the process u“ is P-a.s. right-continuous, and

there ezists a constant C' > 0, such that |u3| < C, for allt € [0,T], P-a.s..

Thus, we can rewrite the dynamics of p°, under each P?, as follows: P®-a.s., the

following holds for all ¢ € [0, T:

t t
(2.15) ﬁg_p8+/ ug“ds+/ o dWS, ppeR.
0 0

In addition, we modify the above stochastic integral on a set of P*-measure zero, so

that (2.15)) holds for all (t,w). In what follows, we often need to analyze the future

9n order to ensure the existence of regular conditional probabilities for the discrete time model, we can, for
example, assume that Fr is generated by a random element with values in a standard Borel space.
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dynamics of 7° under P*, conditional on F;, for various (¢, ) simultaneously. This

is why we need the following joint regularity assumption.

Assumption I1.14. There exists a modification of reqular conditional probabilities

{pr=r(17)}
te[0,T], a€A,

such that it satisfies the tower property with respect to P (as described in Section

.

Assumption is satisfied, for example, if P* ~ P, for all a € A, or if the set
A is countable. Throughout the rest of the chapter, P refers to a member of the
family appearing in Assumption All conditional expectations fE? are taken
under such P%.

The main results of this section require additional continuity assumptions on o and
1. The following assumption can be viewed as a stronger version of L2-continuity

of o.

Assumption I1.15. There exists a function €(-) > 0, such that e(At) — 0, as

At — 0, and, P-a.s.,
P2 (E* ((0gvr — 0,) | Fr) < e(At)) =1

holds for allt € [0, T — At], all s € [t,t + At], all stopping times t < 1 < s, and all

o€ A.

The above assumption is satisfied, for example, if ¢ is an [t06 process with bounded
drift and diffusion coefficients. Next, we state a continuity assumption on the drift,
which can be interpreted as a uniform right-continuity in probability of the martin-

(07

gale B¢ .
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Assumption I1.16. For any o € A and any t € [0,T), there exists a deterministic

function £(-) > 0, such that e(At) — 0, as At — 0, and, P*-a.s.,

~ T ~ ~
( | (B~ Bz as
t

holds for all t <t' <t"<t+ At <T.

> s(At)) < e(At)

Notice that Assumptions [[T.14] [[T.15] and [[T.16] are not quite standard. Therefore,

below, we describe a more specific (although, still, rather general) diffusion-based
framework, in which the Assumptions reduce to standard regularity con-
ditions on the diffusion coefficients, and are easily verified. To this end, consider
a model in which p = a*(t,Y;), oy = d(t,Y;), and, under P, the process Y is a

diffusion taking values in R%:
dY; = T(t,Y)dt + 2(t,Y;)d By,

where T' : [0,7] x R — R ¥ = (X%9) is a mapping on [0,7] x R? with values in
the space of d x m matrices, and B is m-dimensional Brownian motion under P (on
the original stochastic basis). We assume that I and ¥ possess enough regularity to
conclude that Y is a strongly Markov process. Notice that Assumptions and
reduce to the upper and lower bounds on the functions g* and ¢. Assumption
is satisfied if we assume that P“ ~ P, for all & € A. Let us further assume that

the Radon-Nikodym derivative of each measure is in Girsanov form:
dpPe 1 /[t ¢ _
o = o (= [yl [ e,

with an R%valued function ¢, for each o € A. Let us assume that all entries of
[, v* and ¥ are absolutely bounded by a constant (uniformly over a@ € A). As-
suming, in addition, that & is globally Lipschitz, we easily verify Assumption [[I.15]

In order to verify Assumption [[I.16] we assume that the quadratic form generated
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by A(t,y) := 2(t,y)X7(t,y) is bounded away from zero, uniformly over all (¢,y),
and that the entries of I', v* and ¥ are continuously differentiable with absolutely
bounded derivatives (uniformly over o € A). Then, the Feynman-Kac formula im-
plies that, for any t < s,

Et ILLS - S’a(t Y%)’

where u®® is the unique solution to the associated partial differential equation (PDE):

d
O+ T™ 0, u™ + Z AW e =

yzyj
1,j=1

0, (t,y) € (0,5) xR, w™(s,y) = i*(s,y),

and I'* = ' + ¥+®. Assume that, for each s € [0, 7], the function n“(s,-) is contin-
uously differentiable with absolutely bounded derivatives, uniformly over all (s, a).
Then, the standard Gaussian estimates for derivatives of the fundamental solution
to the above PDE (cf. Theorem 9.4.2 in [30]) imply that every 0,,u>* is absolutely
bounded, uniformly over all (s,«). Then, It6’s formula and It6’s isometry yield, for

all t/ <t’ and s > t":
(0% o 2
<Et”:us t’ﬂs) -

m t”/\s 2
Z/ <Za w0, Y, ) 5 (v, Y)) dv < Cy(t"Ns — t),
j=1"t

with some constant C'; > 0. The above estimate and Jensen’s inequality imply the
statement of Assumption and complete the description of the diffusion-based
setting.

As in Section , we also consider a progressively measurable random field D,
s.t. P-a.s. the function D,(-) — Dy(+) is strictly decreasing and vanishing at zero, for
any 0 < s < t < T. We assume that the demand curve, D;(-) — D,(-), cannot be

“too flat”.
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Assumption 11.17. There exists € > 0, s.t., for any 0 <t —ec < s <t <T, there
exists a F, ® B(R)-measurable random function ky(-), s.t., P-a.s., re(-) is strictly

decreasing and |Dy(p) — Dy(p)| > |rs(p)], for all p € R.

Finally, we introduce the empirical distribution process (fi;), with values in the
space of finite sigma-additive measures on S. The next assumption states that every

fi: is dominated by a deterministic measure.

Assumption I1.18. For any t € [0,T], there exists a finite sigma-additive measure

w1 on (S,B(S)), s.t., P-a.s., ji; is absolutely continuous w.r.t. pd.

We partition the time interval [0,7] into N subintervals of size At = T/N. A
discrete time model is obtained by discretizing the continuous time one:

Fn = ﬁnAt? pg = ﬁgAta Dy(p) = (Dnat — D(nfl)At)(p - p?m)? M = flnAt-

Before we present the main results, let us comment on the above assumptions. These
assumptions are important from a technical point of view, however, some of them
have economic interpretation that may provide (partial) intuitive explanations of the
results that follow. In particular, Assumption [[.12 ensures that the fundamental
price remains ‘“noisy”, which implies that an agent can execute a limit order very
quickly by posting it close to the present value of p°, if there are no other orders
posted there. In combination with Assumption [[I.17] the latter implies that, when
the frequency, IV, is high, an agent has a lot of opportunities to execute her limit order
at a price close to the fundamental price (at least, if no other orders are posted too
close to the fundamental price). Intuitively, this means that the agent’s execution
value should improve as the frequency increases. Assumption [[I.16] ensures that,
if an agent has a signal about the direction of the fundamental price, this signal

is persistent — i.e. it is continuous in the appropriate sense. When the trading



37

frequency N is large, such persistency means that an agent has a large number of
opportunities to exploit the signal, implying that she is in no rush to have her order
executed immediately. The main results of this work, presented below, along with
their proofs, confirm that these heuristic conclusions are, indeed, correct.

As mentioned in the preceding sections, our main goal is to analyze the liquidity
effects of increasing the trading frequency. Therefore, we fix a limiting continuous
time model, and consider a sequence of discrete time models, obtained from the
limiting one as described above, for N — oo. This can be interpreted as observing
the same population of agents, each of whom has a fixed continuous time model for
future demand, in various exchanges that allow for different trading frequencies. We
begin with the following theorem, which shows that, if every market model in a given
sequence admits a non-degenerate equilibrium, then, the terminal bid and ask prices

converge to the fundamental price, as the trading frequency goes to infinity.

Theorem I1.19. Let Assumptions[I[1.13, [II.13, [II.14, [IT.15, [IT.17, [IT.18 hold. Con-

sider a family of uniform partitions of a given time interval [0,T], with diameters

{At =T/N > 0} and with the associated family of discrete time models, and denote

0,At

the associated fundamental price process by p”=t. Assume that every such model ad-

mits a non-degenerate LTC equilibrium, and denote the associated bid and ask prices

t t

by p>At and p®At respectively. Then, there exists a deterministic function (-), s.t.

e(At) — 0, as At — 0, and, for all small enough At > 0, the following holds P-a.s.:

a,At 0,At

bAt  0,At
PNy — Dy

The above theorem has a useful corollary, which can be interpreted as follows:
if the market does not degenerate as the frequency increases, then, such an increase

improves market efficiency. Here, we understand the “improving efficiency” in the
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sense that the expected execution price (i.e. the price per share that an agent expects
to receive or pay by the end of the game) of every agent converges to the fundamental

price.

Corollary I1.20. Under the assumptions of Theorem denote the support of
every equilibrium by A2 and the associated expected execution prices by A2t and

AL Then, there exists a deterministic function £(-), such that e(At) — 0, as

At — 0, and, P-a.s.,

sup  (JAL (@) = p2) + [ AR () — ™)) < e(Al),
n=0,...,N, acAA?

for all small enough At > 0.

Proof: Denote ES = E%At. It follows from Corollary , in Appendix A, and
the definition of LTC equilibrium that %™ (a) = p%>" and A% (a) = p%®'. Tt
also follows from Corollary (or, more generally, from the definition of a value
function) that A»2!(a) is a supermartingale, and A»2!(a) is a submartingale, under
P, Thus, we have: A%t (a) > E2ph2" and AbA (o) < E2p%>'. On the other hand,
notice that we must have: A%2t(a) < Eop%*" and Ab2(a) > Eop%*.  Assume,
for example, that A\%2*(a) > E2p%>" on the event Q' of positive P*-probability.
Consider an agent at state (0, ), who follows the optimal strategy of an agent at

state (1, «), starting from time n and onward, on the event 2 (otherwise, she does

not do anything). It is easy to see that the objective value of this strategy is

E* (1o (Xo2(@) - Epi™) ) >0,
which contradicts Corollary The second inequality is shown similarly. Thus,
we conclude that, for any n =0,..., N — 1, both A\%2(a) and A\»*(a) belong to the

interval

a, bAt o a,At
|:E pN I ]EnpN 9

n
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which, in turn, converges to zero, as At — 0, due to the deterministic bounds
obtained in the proof of Proposition [[.19

The results of Theorem and Corollary can be viewed as a specific case
of a more general observation: markets become more efficient as the frictions become
smaller. In the present setting, the limited trading frequency is viewed as friction,
and the market efficiency is measured by the difference between the bid and ask
prices, or between the expected execution prices. Many more instances of analogous
results can be found in the literature, depending on the choice of a friction type.
For example, the markets become efficient in [33] and [43] as the number of insiders
vanishes. Similarly, the markets become efficient in [27] as the trading frequency
increases and the size of private signals vanishes. It is also mentioned in [13] that
the market would become efficient if there was no restriction on the size of agents’
inventories therein.

The above results demonstrate the positive role of high trading frequency. How-
ever, they are based on the assumption that the market does not degenerate as
frequency increases. In the context of Section [2.3] we saw that the markets do not
degenerate only if the agents are market-neutral (i.e. a = 0). If this condition is vio-
lated and the frequency N is sufficiently high, the market admits no non-degenerate
equilibrium (i.e. there exists no safe regime, in which the liquidity crisis would never
occur). It turns out that this conclusion still holds in the general setting considered

herein.

Theorem I1.21. Let Assumptions[IT.13, [IT.13, [IT.1]], [IT.15, [IT.16, [I1.17, [II.1§ hold.

Consider a family of uniform partitions of a given time interval [0, T|, with diameters

{At =T/N > 0}, containing arbitrarily small At, and with the associated family

of discrete time models. Assume that every such model admits a non-degenerate
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LTC equilibrium, with the same support A. Then, for all « € A, we have: P° is a

martingale under P*.

The above theorem shows that the market degenerates even if the signal p® is very
small (but non-zero), provided the trading frequency N is large enough. Therefore,
as discussed at the end of Section such degeneracy cannot be attributed to any
fundamental reasons, and we refer to it as the internal (or, self-inflicted) liquidity
crisis. Let us provide an intuitive (heuristic) argument for why the statement of
Theorem holds. Assume, first, that all long agents (i.e. those having positive
inventory) are bullish about the asset (i.e. have a positive drift 4*). Then, similar
to Section [2.3] the higher trading frequency amplifies the adverse selection effect,
forcing the long agents to withdraw liquidity from the market (i.e. they prefer to
do nothing and wait for a higher fundamental price level). Note that, in the present
setting, the agents may have different beliefs, the LOB may have a complicated
shape and dynamics, and the expected execution prices are no longer deterministic.
All this makes it difficult to provide a simple description of how the high frequency
amplifies the adverse selection. Nevertheless, the general analysis of this case is still
based on the idea discussed at the end of Section .3t it has to do with how fast
Eop, (00,1 — p| P2, > p) vanishes (as the frequency increases), relative to the rate
at which the expected execution prices approach the fundamental price. Thus, there
must be a non-zero mass of long agents who are market-neutral or bearish. As the
trading frequency grows, these agents will post their limit orders at lower levels.
Next, assume that there exists a bullish agent (long, short, or with zero inventory).
Then, at a sufficiently high trading frequency, the agent’s expected value of a long
position in a single share of the asset will exceed the ask prices posted by the market-

neutral and bearish long agents. In this case, the bullish agent prefers to buy more
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asset at the posted ask price, in order to sell it later. As the agents are small and
their objectives are linear, the bullish agent can scale up her strategy to generate
infinite expected profits. This contradicts the definition of optimality and implies
that an equilibrium fails to exist. Thus, all agents have to be either market-neutral
or bearish. Applying a symmetric argument, we conclude that all agents must be
market—neutralm A rigorous formulation of the above arguments, which constitutes
the proof of Theorem [[T.21] is given in Section [2.7]

It is worth mentioning that the possible degeneracy of LOB is also documented
in [33], and is referred to as a “market shut down”. The setting used in the latter
paper is very different: it analyzes a quote-driven exchange (i.e. the one with a
designated market maker) and assumes the existence of insiders with superior in-
formation. Nevertheless, it is possible to draw a parallel with the LOB degeneracy
in the present setting. Namely, the degeneracy in [33] occurs when the number of
insiders increases, which implies that the signal, generated by the insiders’ trading,
becomes sufficiently large. The latter is similar to the deviation from martingality
of the fundamental price in the present setting. However, an increase in the number
of insiders in [33] also implies an increase in frictions (since the insiders can be inter-
preted as friction in [33]). Theorem on the other hand, states that a market
degeneracy will occur when the frictions are sufficiently small. Perhaps, this dual
role of the number of insiders did not allow for a detailed analysis of market shut
downs in [33]. Many other models of market microstructure (cf. [34], [52], [50], [29],
[27]) are not well suited for the analysis of market degeneracy, either because the
agents in these models pursue “one-shot” strategies (i.e. they cannot choose to wait

and post a limit order later) or because the fundamental price (or its analogue) is

10This argument, along with the fact that Definition requires an optimal control to be optimal for all «,
explains why the statement of Theorem [I1.21| holds for all, as opposed to un-a.e., o € A.
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restricted to be a martingale.

2.5 Conditional tails of the marginal distributions of Itd6 processes

As follows form the discussion in the preceding sections, in order to prove the main
results of the chapter, we need to investigate the properties of marginal distributions
of the fundamental price p° (more precisely, the distributions of its increments).
In order to prove Theorem [[I.19, we need to show that the difference between the
fundamental price and the bid or ask price converges to zero, as the frequency N
increases to infinity. It turns out that, for this purpose, it suffices to show that
the distribution of a normalized increment of 7 converges to the standard normal
distribution. The following lemma summarizes these results. It is rather simple,
but technical, hence, its proof is postponed to Appendix B. In order to formulate
the result (and to facilitate the derivations in subsequent sections), we introduce
addiitonal notation. For convenience, we drop the superscript At in many variables
which do, in fact, depend on At, hoping it causes no confusion (we emphasize this
dependence whenever it is important). For any market model on the time interval
[0, T, associated with a uniform partition with diameter At = T/N > 0, and having
a fundamental price process p°, we define
(2.16)

&=p—p0  =p0 —p0 |, EX=E! PY=P¢, t,=nAt, n=1,...,NT/At

We denote by 79 a standard normal random variable (on a, possibly, extended prob-

ability space), which is independent of Fy under every P*.

Lemma I1.22. Let Assumptions[IT.13, [IT.13, [IT.1], [II.15 hold. Then, there exists a

function €(-) > 0, s.t. e(At) — 0, as At — 0, and the following holds P-a.s., for all

peER, allae A, and alln=1,...,N:
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(i) (Ipl v 1)

P, (\f& > p) -Pe (Utn_lﬁo > p)‘ < e(At)

;- a &n a
() [B s (S eurvmionp) ~ B (Gl oy )| 58

In addition, the above estimates hold if we replace (&, 10, D) by (=&, —10, —P)-

In order to prove Theorem [[I.21] we need to compare the rates at which the con-
ditional expectations E%(p%,; — p|pd,; > p) vanish (as the frequency N goes to
infinity) to the rate at which the expected execution prices converge to the fun-
damental price. This requires a more delicate analysis — in particular, the mere
proximity of the distribution of a (normalized) fundamental price increment to the
Gaussian distribution is no longer sufficient. In fact, what we need is a precise
uniform estimate of the conditional tail of the distribution of a fundamental price
increment. The desired property is formulated in the following lemma, which, we
believe, is valuable in its own right. This result allows us to estimate the tails of the
conditional marginal distribution of an It6 process X uniformly by an exponential.
To the best of our knowledge, this result is new. The main difficulties in establishing
the desired estimates are: (a) the fact that we estimate the conditional, as opposed
to the regular, tail, and (b) the fact that the estimates need to be uniform over the
values of the argument. Note that, even in the case of a diffusion process X, the
classical Gaussian-type bounds for the tails of the marginal distributions of X are
not sufficient to establish the desired estimates. The reason is that, in general, the
Gaussian estimates of the regular tails from above and from below have different
orders of decay, for the large values of the argument, which makes them useless for

estimating the conditional tail (which is a ratio of two regular tails).

Lemma 11.23. Consider the following continuous semimartingale on a stochastic
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basis (Q, (ﬁt)te[o,l]u P) :

t t
Xt_/ ﬂudu+/ 6,dB,,  tel0,1],
0 0

where B is a Brownian motion (with respect to the given stochastic basis), fi and &
are progressively measurable processes, such that the above integrals are well defined.
Assume that, for any stopping time T with values in [0,1], ¢ < |6,| < C holds a.s.
with some constants ¢,C' > 0. Then, there exists € > 0, depending only on (¢,C),
s.t., if

2<e, B((Gwr 601 F) << as,

for all s € [0,1] and all stopping time T, with values in [0,1], then, for any c¢; > 0,

there ezists Cy > 0, depending only on (c,C,e,c1), s.t. the following holds:

~

P(X;>x+ 2| Xy >2) <Cie®® Vz,z>0.

Proof: In the course of this proof, we will use the shorthand notation, E, and IFDT,

to denote the conditional expectation and the conditional probability w.r.t Fr. We

t t
At = / ,[Ludu, Gt = / 6udBu
0 0

For any = > 0, let us introduce 7, = 1 Ainf {t € [0,1] : X; = 2}. Then

also denote

]fD(Xl >x+z) < ]f”( sup Xy >z +2) = 1) (1{Tm<1}1@>fz ( sup (X5 —x) > z))

te(0,1] S$E[Tz,1]
Notice that, on {7, < s}, we have: Xy —z = Ay, — A, + Ggoyr, — G, In addition,
the process (Y)scp], with Yy = Ay, — A-,, is adapted to the filtration (ﬁmvs),

while the process (Z)scp,1, With Z; = G-, — G, is a martingale with respect to

it. Next, on {7, < 1}, we have:

P, ( sup (X5 —x) > z) =P, (sup (Ys + Zs) > z)

SE[’T:MI] 86[071}
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s€[0,1]

B 1 1
<P, ( sup exp (chs - 503(2)5) > exp (clz — Ve - 50302» :
where we used the fact that (Z), < (X); < C?, for all s € [0, 1]. Using the Novikov’s

condition, it is easy to check that

1
M = exp (chs - §C%<Z>s> ., s€0,1],
is a true martingale, and, hence, we can apply the Doob’s martingale inequality to
obtain, on {7, < 1}:

R 1
IP’TI( sup exp <chS - §C%<Z>S) >
s€[0,1]

1 1
exp (clz — /e — 50302) ) < exp (—clz +ci1ve + §C%Cz> .

Collecting the above inequalities, we obtain
(2.17)

P(X, > 242) < P(sup X; > x+2) < Cole)e *P(r, < 1) = Cy(e)e P ( sup X, > ).
te[0,1] t€[0,1]

The next step is to estimate the distribution tails of a running maximum via the

tails of the distribution of X;. To do this, we proceed as before:

~ ~

(2.18) P(X, > 1) =E (1{%0}1@% Y+ 21 > 0)> ,

with Y and Z defined above. Notice that, on {7, < 1},

~

B, (Yi+2,>0) =

R B, — B, 1 ! 1 !
P, (o =+ Audu—i——/ Ouvr, — 04,)dB. >0,
(o s [ e = [ G =)
where BY = B,y,, is a continuous square-integrable martingale with respect to

(ﬁsvm ). Denote

Ry = / (Guyr, — 0,,)dBE, s €10,1],
0
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and notice that it is a square-integrable martingale with respect to (]:"Swz). Then,

on {7, < 1} (possibly, without a set of measure zero), we have:

A 1 S G 1t
]ETx (ﬁFh) = ﬁETﬁR% S 11—~ / ]ETx ((3'uv7—m - &Tx)ZdU S g.
x T T JTy

In addition,

R 1 1 2
E, ( ydu | <e.
‘ V 1 — Tz /m ) N

Collecting the above and using Chebyshev’s inequality, we obtain, on {7, < 1}:

5 . B, — B,
Rﬂm+z>m—m(%,l Z<%WN§%W.

Vior =

On the other hand, due to the strong Markov property of Brownian motion, on

{7 < 1}, we have, a.s.:

. B, - B . gl/3
b, (6,20 Fr < o) —p(g< 21
S R

;
=07,

where ¢ is a standard normal. As &,, € [¢, C], we conclude that the right hand side
of the above converges to 1/2, as € — 0, uniformly over almost all random outcomes

in {7, < 1}. In particular, for all small enough € > 0, we have:

~ ~

Pr, (Vi+ 20 S0) =By, (Vi + 21> 0)] < 1greydle) < 1,

1<y
and, in view of (2.18)),
B(Xy > 2) > B (1P (Vi + 2 £0)) = 8(0)P(r, < 1)
Summing up the above inequality and , we obtain
OP(X; > x) > (1 —0(e))P(rp < 1) = (1 — 6(e))P(sup X, > z),

te[0,1]

which, along with (2.17)), yields the statement of the lemma. &
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2.6 Proof of Theorem [IL.19

Within the scope of this proof, we adopt the notation introduced in (2.16|) and

use the following convention.

Notation II.24. The LOB, the bid and ask prices, the expected execution prices,
and the demand, are all measured relative to p°. Namely, we use v, to denote
Vpo(z— x+p2)~L, p? to denote p® —p2, p2 to denote p? —pl, A% to denote A% —p?,

AL to denote A2 — p?, and D,,(p) to denote D, (p + p).

Herein, we are only concerned with what happens in the last trading period — at
time (N — 1), where N = T'/At. Hence, we omit the subscript N — 1 whenever it is
clear from the context. In particular, we write p® and p® for p%_, and p% _,, v for
vn-1, and £ for £y. Note also that, in an LTC equilibrium, we have: p* = p{, = p{_1,
with similar equalities for p® and v. For convenience, we also drop the superscript
At in the LOB and the associated bid and ask prices. Finally, we denote by A the
support of a given equilibrium. As the roles of p® and p’ in our model are symmetric,
we will only prove the statement of the proposition for p®. We are going to show that,
under the assumptions of the theorem, there exists a constant Cy > 0, depending

only on the constant C' in Assumptions [[T.12/and [[T.13] such that, for all small enough

At, we have, P-a.s.:

(2.19) —Cy < p*/VAL <0

First, we introduce Ae (p; x), which we refer to as the simplified objective:
(2.20) Aa(pQ z) =Ey_, ((p — &= 5)1{E>p}) :

Recall that the expected relative profit from posting a limit sell order at price level
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p, in the last time periOdE is given by A%(p; p% ), where

(2:21) A%(pia) = By, (<p - §>1{D$(p—s>>u+<<—oo,p>>}) :

The simplified objective is similar to A“, but it assumes that there are no orders
posted at better prices than the one posted by the agent. In particular, fla(p; x) =
A%(p;z) for p < p®. Corollary [[I.31], in Appendix A, states that, in equilibrium,
P-a.s., if the agents in the state (s,«) post limit sell orders, then they post them
at a price level p that maximizes the true objective A%(p;p®). The following lemma
shows that the value of the modified objective becomes close to the value of the true

objective, for the agents posting limit sell orders close to the ask price.

Lemma II.25. P-a.s., either v ({p®}) > 0 or we have:
A% (p;p”) = A*(p*p")| = 0,
as p | p*, uniformly over all o € A.

Proof: If v ({p®}) = 0, then v is continuous at p*, and v*((—o0,p]) — 0, as p | p*.
Then, we have
ol b Ao (ra. b
‘A (p;p") — A%(p ,p)’
= ‘E?vq <(p -’ = 5)1{D§(pf§)>u+((foo,p))}> —EX_, ((pa —p’ - 5)1{§>pa}) ‘
< |p _pCL’ + Hpa _pb - éHH‘Q(PaN—l) IP)?\ffl (5 > pa7 D]J\r/(p - 5) < V+((_Oo7p)))

Thus, it suffices to show that: (i) H p® — pb ) is bounded by a finite random

o 5“1}}(]}»%71

variable independent of «, and (ii)

Py, (fN > p®, Dy(p—§) < V+((—OO,p))) — 0, P-a.s.,

1 Recall that everything is measured relative to the fundamental price, according to the Notational Convention

27
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as p | p, uniformly over . For (i), we have:

10" =" = Ellaes, ) < 0" = Pl + lellieeg ) < 0" — P + 20V AL,

where the constant C' appears in Assumptions [[I1.12{and [[I1.13] For (ii), we note that

{fN > paa D]—i\_f(p - 5) S V+((—OO,p))} = {éN > pa’ 5 S p—= DJTII (V+(<_Oo7p)))}7

as Dy(+) is strictly decreasing, with Dx(0) = 0. Assumption [I1.17]implies that

K (v ((=00,p))) < Dy (v* (=00, p))) <0,

where k is known at time N — 1. Therefore,

Py 1 (€ > 9% Di(p—€) < v ((—o0,p)) <Py, (€ (% p—r (T ((—00,p)))])

It remains to show that, P-a.s., the right hand side of the above converges to zero,
uniformly over all a. Assume that it does not hold. Then, with positive probability

P, there exists ¢ > 0 and a sequence of (pg, ay), such that py | p* and

P, (€€ (0 pk — w7 (0 (—o0,ph))]) > e

Notice that, P-a.s., the family of measures { f. =Py, o 5*1} . 1s tight. The latter
follows, for example, from the fact that, P-a.s., the conditional second moments of £
are bounded uniformly over all o (which, in turn, is a standard exercise in stochastic
calculus). Prokhorov’s theorem, then, implies that there is a subsequence of these
measures that converges weakly to some measure i on R. Next, notice that, for any

fixed k in the chosen subsequence, there exists a large enough &', such that

f ((Pa,pk — 5_1(V+((—oo,pk)))]) — ((p“,pk — /i_l(V+((—OO,pk)))])| <e/2.

Thus, for any £ in the subsequence, we have

i (0" pi — 5 (0 (00, pi)))]) > 2/2.
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The above is a contradiction, as the intersection of the corresponding intervals,
(p*, pr — k(v ((—00,pr)))], over all k is empty. =

Now we are ready to prove the upper bound in (2.19)).

Lemma I1.26. In any non-degenerate LTC equilibrium, p® < 0 < p®, P-a.s..

Proof: We only show that p® < 0 hold, the other inequality being very similar.
Assume that p® > 0 on some positive P-probability set ' € Fy_;. We are going
to show that this results in a contradiction. First, Corollary [[I.31] in Appendix A,
implies that, P-a.s., if the agents in state (s, «) post a limit sell order, then we must
have: sug A%(p; p®) > 0. In addition, on ', we have: fla(p“;pb) <0forall €A, as
S
¢ has le)lu support in R under every P%_; (which, in turn, follows from the fact that o
is bounded uniformly away from zero). Then, Lemma implies that there exists
a Fy_1-measurable p > p® such that, on ', the following holds a.s.: if v ({p?}) =0

then p > p®, and, in all cases,
(2.22) A%(p;p?) <0,  Vpe[p®pl, Vaeh

Clearly, it is suboptimal for an agent to post a limit sell order below p. However, an
agent’s strategy only needs to be optimal up to a set of P-measure zero, and these
sets can be different for different (s,«). Therefore, a little more work is required to

obtain the desired contradiction. Consider the set B C ' x R x A:

B = {(w,5,0)|d(s,a) > 0, p(s,a) < p}.

This set is measurable with respect to Fny_1 ® B (]R X A), due to the measurability
properties of ¢ and p. Notice that, due to the above discussion and the optimality
of agents’ actions (cf. Corollary , in Appendix A), for any (s,a) € R x A, we
have:

P({w|(w,s, o) € B}) =0,
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and hence

IEN—1/ Ap(w, s, a)un—1(ds, da) =
RxA

/ Eny (Ln(w, 5, 0)pyi(w, 5, ) g%, (ds, da) = 0,
RxA

where py_; is the Radon-Nikodym density of puy_1 w.r.t. to the deterministic mea-
sure p%_; (cf. Assumption [I1.18)).
The above implies that, Py_j-a.s., 1g(w,s,a)py_1(w,s,a) = 0, for u%_;-a.e.

(s,). Notice also that, for all (w,s,a) € Q' x R x A,
Lips,cr<ppd (5,0)1pe = 0.

From the above observations and the condition (3.7)) in the definition of equilibrium

(cf. Definition [II1.6), we conclude that, on €Y', the following holds a.s.:
V+([pa’ﬁ]) =0,

where p > p?, and, if v ({p®}) = 0, then p > p®. This contradicts the definition of
p® (recall that p is P-a.s. finite, due to non-degeneracy of the LOB). n

It only remains to prove the lower bound on p® in . Assume that it does not
hold. That is, assume that there exists a family of equilibria, with arbitrary small
At, and positive P-probability Fy_;-measurable sets Q2% such that p® < —Cyv/At
on Q4. We are going to show that this leads to a contradiction with p® > 0. To this
end, assume that the agents maximize the simplified objective function, Aa, instead
of the true one, A%®. Then, it turns out that, if p’ is negative enough, the optimal
price levels become negative for all a. The precise formulation of this is given by the

following lemma.
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Lemma I1.27. There exists a constant Cy > 0, s.t., for any small enough At, there

exist constants €,0 > 0, s.t., P-a.s., we have:

A%(=0;x) > €+ sup A%(y; ),
y>0

for all a € A and all x < —CoV AL.

Proof: Denote & = £/+/At and consider the random function
A (pi2) =E{ 1 (P~ 2= ey -
Notice that
A%(p;x) = VALA® (p/\/ At;z/V At) ,

and, hence, we can reformulate the statement of the lemma as follows: there exists
a constant Cy > 0, s.t., for any small enough At, there exist constants €, > 0, s.t.,
P-a.s., we have:

A%(=6;x) > e+ sup A%(y; z),
y=>0

for all « € A and all z < —(). Notice that

Aa(—é; l‘) - Aa(y; x) =
— 2By (Lscecyy) — ENoy (Elqscecyy) — OEN_1 (Lieosy) — VEX -1 (Lesyy)

is non-increasing in x, and, hence, such is A%(—4; x) —sup A*(y; z). Hence, it suffices

y=>0
to prove the above statement for z = —Cj. Next, consider the deterministic function
A, (p; x), defined via
(2.23) As(p;x) =E ((p — T = 0770)1{0770>p}) )

where 1) is a standard normal random variable on some auxiliary probability space

(Q,P). Tt follows from Lemma [[1.22] that there exists a function eo(-) > 0, s.t.
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g9(At) — 0, as At — 0, and, P-a.s., we have:

A%(p; —Cp) — A (p; —Co)| < e2(At),

OtN—1

for all @ € A and all p € R. Then, as we can always choose At small enough, so
that e9(At) < ¢, the statements of the lemma would follow if we can show that there

exist constants €, 9, Cy > 0, s.t., P-a.s.,

AcTtN,1 <_57 _OO) > 3e+ sup AUtN71 (y, _OO)

y=>0

As oy, (w) € [1/C, O], P-a.s., it suffices to find €, d, Cy > 0, s.t.

A, (—0;—Ch) > 3e +sup A, (y; —Cy), Vo e[1/C,C].

y=0
Note that the above inequality does not involve w or ¢, and it is simply a property of
a deterministic function. Notice also that A,(p;x) = cA; (p/o;x/0), with A; given
in (2.23). Then, if we denote by F(z) and f(x), respectively, the cdf and pdf of a
standard normal, we obtain:
Apia) = (=)= F@) - [t
p

A straightforward calculation gives us the following useful properties of A; and A,:
(i) For any o > 0 and any = < 0, the function p — A, (p;x) has a unique maximizer
Po(7), in particular, it is increasing in p < p,(z) and decreasing in p > p,(z).

(ii) The function

z = po(x) = opi(z/o) = o (L= F)/f) (~x/o)

is increasing in x < 0 and converges to —oo, as * — —o0.
Then, choosing Cy large enough, so that p;(—Cy/C) < 0, ensures p,(—Cp) < 0,

for all o € [1/C, C]. Setting 6 = —p1(—Cy/C)/C guarantees that p,(—Cpy) < =0, for
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all o € [1/C,C]. Then, by property (i) above, we have, for all o € [1/C, C|:

A, (=8;—Cp) > A,(0; —Cy) = sup 4, (y; —C).

y>0

Finally, as A,(—d; —Cy) — A,(0; —C) is a continuous function of o € [1/C,C], we

can find ¢, such that

A, (—0;—Ch) > 3e +sup A, (y; —Cy), Vo e [1/C,C].

y=0

Recall that our assumption is that p® < —Cyv/At holds on a set Q2% of positive
P-measure. Recall also that p* > 0, P-a.s., due to Lemmal[[1.26] Then, Lemmas [[1.25]
and imply that there exists Fy_i-measurable p > p, s.t., on Q2! we have a.s.:
if v ({p®}) = 0 then p > p*, and, in all cases,

A%(psp) < sup A°(p"), Vp € "7l Vo€ A
p'E
It is intuitively clear that posting limit sell orders at the above price levels p must
be suboptimal for the agents. However, the above inequality, on its own, does not
yield a contradiction, as the agents’ strategies are only optimal up to a set of P-
probability zero, and these sets may be different for different states (s, «). To obtain
a contradiction with the definition of p®, we simply repeat the last part of the proof
of Lemma (following equation (2.22))). This ensures that holds and

completes the proof of the theorem.

2.7 Proof of Theorem [II.21]

Within the scope of this proof, we adopt the notation introduced in (2.16)) and
use Notational Convention [[1.24] (i.e. we measure the LOB, the expected execution

prices, and the demand, relative to p°, but keep the same variables’ names). Assume
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that the statement of the theorem does not hold: i.e. there exists ag € A, such that
7Y is not a martingale under P*. Then, there exists s € [0,7T), s.t., with positive
probability P* . we have:

05 # ..
Without loss of generality, we assume that there exists a constant 6 > 0 and a set
) € F, having positive probability P* (and hence P), s.t., for all random outcomes

in €, we have:
(2:24) B (5 —53) 2 0

(the case of negative values is analogous). Next, we fix an arbitrary At from a given

family and consider the associated non-degenerate LTC equilibrium.

Lemma I1.28. There exists a deterministic function () > 0, s.t. e(At) — 0, as
At — 0, and, for any small enough At > 0, there exists n = 0,...,N — 3 and

Ve F,, s.t. P2(Q") > 0 and the following holds on Q":
Pota (EnGs (P — Phys) < 0/2) < e(At).

Proof: The proof follows from Assumption [[I1.16| Consider t = ¢ = s and t" = ¢, 5.

Then, Assumption [[T.16] implies
Epe

5 T 5 T
o (N T

on 2, a.s.. Notice also that

> 5(At)) < =(At)

T
B2 - %) = B2 [ pivdu
Then, assuming that €(At) is small enough and recalling ([2.24]), we obtain

T
e (B [ ot < 39/4) < ()
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on . Therefore, there exists a set Q" € F, C Fy,, s.t. I@’ff(@”) > (0 and
3 T
Ef‘f+2/ patdu > 36/4,

on ”. Next, we choose t = s, t' = t,,2, t” = t,,3, and use Assumption [[1.16] to

=0
IP>tn+2 (

on " a.s.. Assuming that £(At) is small enough and using the last two inequalities,

obtain:

T T
Ef‘fH/ ugodu—E?fH/ paldu Ze(At)) < e(At),

we obtain

T
Ip?noﬂ <I~E?£+3/ oy du < 5/2) < e(At).

Finally, due to Assumption [[I1.13, and as At is small, we can replace fs 4 paldu by

ftf+3 péodu, and §/2 by §/4, in the above equation. This completes the proof of the
lemma. =

Using the strategy at which the agent in state (1, ap) waits until the last moment
n = N, we conclude that the process (A% (ap) +p2) must be a supermartingale under

[P0, More precisely, due to the definition of an optimal strategy, we have, P-a.s.:

)‘Z+2(a0) > Ezb)‘?\/(ao) + Ei‘iQ (Egis(p?v - P2+3) + §n+3) .

Recall that A% (ag) = p% and, due to Theorem [[I.19] (more precisely, it follows from
the proof of the theorem), there exists a constant Cy > 0, s.t., for all small enough

At > 0, the following holds P-a.s.:
—CoVAL < pby <0 < pl < CoV/AL
Thus, we have, P-a.s.:

(2~25) Z+2(040) > —CoV AL+ Egiz (Egiza(p(])v - p2+3)) + Eg%fnw-
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Due to Assumption [[I.13] we have, P-a.s.:
Bt abnrs < CAL B2 5(pX — Poys)| < CT.

and, hence,

Ao (ag) = —CoV/AL + CT + CAL.

In addition, making use of Lemma we conclude that, for any small enough At,

there exist n =10,..., N —2 and " € F,,, s.t. P2°(Q") > 0 and
Pris (Eg+3 (p(])V - p2+3) < 5/2) < e(At), on Q"
Using and assuming that At is small enough, we obtain:
Ao o) >6/4,  on Q"

Next, Corollary in Appendix A, implies that, P-a.s.,

p2+1 > Eiil (/\Z+2(040) + §n+2‘§n+2 < plflﬂ) .
Thus, on €2, we obtain:
(2.26) p2+1 —E7% (€n+2‘fn+2 < p’;ﬂ) > 6/4.

The following lemma shows that, for any number p, the conditional expectation
of the fundamental price increment, E}%, (§,12/&n+2 < p), approaches p as the size of

the time interval vanishes. This result follows from Lemma [T.23]

Lemma I1.29. There exists a constant C3 > 0, s.t., for all small enough At > 0,

and for any t € [0, T — At], the following holds P-a.s.:

sup
p<0

P—E (Pyae — B | Pliae — B < 9)| < CoV/AM.
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Proof: Fix t and At > 0 and consider the evolution of 3%, for s € [t,t + At], under
Py

PN = / HEOdu + / AW,
t t

where W0 is a Brownian motion under P*. Rescaling by v At, we obtain

(Y — )/ VAt = X(styne, X =/ ,&udqu/ G, dW,, s el0,1],
0 0

with

~ « A T 1 « o
s =V At ,UJH?SAt, Os = OtisAt Ws = E (WH?SALL — Wt O) s S € [O, ]_]

Notice that the above processes are adapted to the new filtration ]ff’, with .7:"5 = .7:",5“ Ats
and, P-a.s., under I@f‘o, W is a Brownian motion with respect to F. Next, due to

Assumptions [[[.12] and [[T.15], for any small enough At > 0, P-a.s., the dynamics of

(—Xs), under If”f‘“, satisfy all the assumptions of Lemmalll.23, As a result, we obtain:
PYO(X) < —x — 2) < Che "PX(X, < —x), Va,z > 0.

Finally, we notice that

P =B (30— |50 a0 — 87 < p)| = VALsup

p<0

sup p—fEfO (X1|X1 <p)’

p<0

fi$dﬁb?0(X1 < —33’)
IF)?O(Xl <p)

fooo IP’?O (X1 <p—2)dz

= VAtsup —
Py (X1 < p)

p<0

< C1V AL,

= VAt sup
p<0

p_

which completes the proof of the lemma. m
Using (2.26) and Lemma [[1.29] we conclude that, for all small enough At, we
have: p?_ ;> 0 on ", P-a.s.. In addition, Corollary [[.31] in Appendix A, implies

that, for any o € A, the following holds P-a.s.:

A?L-‘rl(a) > p?z—l—l‘
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Next, with a slight abuse of notation (similar notation was introduced in the proof
of Proposition [I1.19)), we consider the simplified objective of an agent who posts a

limit sell order at the ask price p&:

~

A%(pn; Aper) = Eg (pfz — A =1 | §n > PZ)
The above estimates imply that, on 2", we have, P-a.s.:
(2.27)

fl”(pi; o) SES(0h — &1 | §ngr > p)—Ex (p2+119” | &ngr > P?L) <0, Vo € A.

To obtain the last inequality in the above, we recall that Q" € F, and, P-a.s.,
1P, (2\ Q") =0, pby > 0 on Q) and P&,y > p2) > 0, for all @ € A.
Next, repeating the proof of Lemma (and using the fact that A2, is absolutely
bounded, as shown in Corollary [[L.20)), we conclude that, P-a.s., either v, ({p®}) > 0,
or we have:

A (s X ) = A )| 0,

as p | p%, uniformly over all a € A, where we introduce the true objective,

A 1) = B (= Mot = §051) Lot gty (ommh) )
This convergence, along with , implies that there exists a JF,,-measurable p >
p2, such that, on Q" the following holds P-a.s.: if v/ ({p%}) = 0 then p > p?, and,
in all cases,
A%(p; Aiy) <0, Vp € [p},pl, Vo €A

Finally, we repeat the last part of the proof of Lemma m (following equation
(2.22))), to obtain a contradiction with the definition of p?, and complete the proof
of the theorem. The last argument also shows that, when At is small enough, it
becomes suboptimal for the agents to post limit sell orders, as the expected relative

profit from this action becomes negative, causing the market to degenerate.
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2.8 Summary and future work

In this chapter, we present a new framework for modeling market microstructure,
which does not require the existence of a designate market maker, and in which the
LOB arises endogenously, as a result of equilibrium between multiple strategic players
(aka agents). This framework is based on a continuum-player game. It reproduces
the mechanics of an auction-style exchange very closely, so that, in particular, it can
be used to analyze the liquidity effects of changes in the rules of the exchange. We
use the proposed modeling framework to study the liquidity effects of high trading
frequency. In particular, we demonstrate the dual nature of high trading frequency.
On the one hand, in the absence of a bullish or bearish signal about the asset, the
higher trading frequency makes market more efficient. On the other hand, at a
sufficiently high trading frequency, even a very small trading signal may amplify the
adverse selection effect, creating a disproportionally large change in the LOB, which
is interpreted as an internal (or, self-inflicted) liquidity crisis.

The present work raises many questions for further research. Notice that the main
results of the present work are of a qualitative nature: they demonstrate the general
behavior of LOB, as a function of trading frequency, but do not immediately allow
for any computations. It would also be interesting to establish quantitative results.
In particular, we would like to construct an equilibrium in a more realistic, and more
concrete, model than the one used in Section [2.3] Such a model would allow for
heterogeneous beliefs, and it would prescribe the specific sources of information (i.e.
relevant market indicators) used by the agents to form their beliefs. A model of this
type could be calibrated to market data and used to study the effects of changes

in relevant market parameters on the LOB. Finally, it is interesting to develop a



61

Figure 2.1: On the left: ask price p* (in red) and the associated expected execution prices e (in
blue); different curves correspond to different trading frequencies (N = 20, ...,500);
black dashed line is the expected change in the fundamental price a(T — ¢). On the
right: ask price p* (in red) and the associated expected execution price A* (in blue),
bid price p* (in orange) and the associated expected execution price b (in green), for
N = 100. Non-degenerate equilibrium exists only on a time interval where A < 0. All
prices are measured relative to the fundamental price and are plotted as functions of
time. Positive drift: « =0.1,c =1, T = 1.

continuous time version of the proposed framework, in order to better capture the

present state of the markets, where the trading frequency is not restricted. All these

questions are the subject of the next chapter.

2.9 Appendix A

This section contains several useful technical results on the representation of the
value function of an agent in the proposed game. Notice that (2.1)) and (2.2)) imply

that, if v is admissible, then, for any (a,m, p, q,r), we have, P-a.s.:
‘J(p’q’r) (m,s,a,v) — Jwar) (m, s, a, 1/)’ <|s —&|E2p%| v |p%], Vs, s’ € R

This implies that every J®") (m, -, a,v) and V*(-,a) has a continuous modification
under P. Thus, whenever v is admissible, we define the value function of an agent

as the aforementioned continuous modification of the left hand side of ([2.3)).

Lemma I1.30. Assume that an optimal control exists for an admissible LOB v.
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Figure 2.2: The horizontal axis represents trading frequency, measured in the number of steps
N. Left: time-zero bid-ask spread in the zero-drift case (v = 0). Right: the maximum

value of drift « for which a non-degenerate equilibrium exists on the entire time interval.
Parameters: 0 =1, T = 1.

Assume also that, for any o € A, the associated value function V' (-, «), defined

in (2.3), is measurable with respect to F, @ B(R). Then, it satisfies the following

Dynamic Programming Principle.

e forn= N and all (s,a) € S, we have, P-a.s.:
(2:28) Vi(s, @) = stply — sy
e foralln=N—1,...,0 and all (s,«a) € S, we have:

V2(s,a) =

esssup, g { Lirn=oy B (Vi1 (5,0) 4 (qupn + Viiey (s = qn, @) = Vil (s, @) -

n

(2.29) ' (1{%20, D1 )i (—oowa))} T Hauco, D;H(pn)»;((pmoo))}))

1oy (a5 p) — a0l + EoVy iy (s — an, @) }

where the essential supremum s taken under P, over all admissible controls

(p,q,7).
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Proof: The most important step is to show that, foralln =0,... N—1and (s,«) € S,

(2.30) VY (s,a) = esssup, , . Eq <Vn”+1 <sz’1(p’q’r), a) — 0" (P Gus Ty Dn+1>> ,

where the essential supremum is taken under P, over all admissible controls (p, ¢, ),

and

9n (pm Gn, Tn;, Dn+1) = (pnl{rnzo} +pzl{rn:1,qn<0} + pzl{rn:17qn>0}) ASZfi(p’W)
does not depend on s. Assume that J®%") (n, - a,v) is a continuous modification of

the objective function. Notice that, for all m < k < n, we have, P-a.s.:

n—1
EZJ(P#LT) (TL, S;n,s,(p,q,’r)7 a, V) = J(p,qﬁ‘) (ka S;V%&(pﬂlﬂ’)? «, V) +Eg Z g;/ (pj7 4,75, Dj-i-l)
=k

Notice also that, for any (p,q,r) we have, P-a.s.: J®7) (m, s, a,v) < V¥(s,a), for
all s € S. Let us show that the left hand side of is less than its right hand
side:
Vi(s,a) = essupm,r(](p’q”) (m, S;Z’S’(p’q’r), a, V)
= essup, , Ky, (J(p"”) <m +1, SZf’l(p’q’r), a, V) — g, (Pmy Gy Ty Dm+1)>
< essup,, . B, ( 1 (Sﬁfi(p’q’”, a) — Gum (Prs s T Dm+1)>
Next, we show that the right hand side of is less than its left hand side. For

any (p,q,r), we have, P-a.s.:

E?n ( rlr/LJrl (SZfi(p7q’T)7 Oé> - g;jn (pma qm > T'm, Dm—i—l))

=E;, <J(’A”q"z) (m +1, 50500 o V) — 9% (P Gy Ty Dm+1)) =
J @) (m,s,a,v) < V(s a),

where (Dy, Gn, Tn) coincide with (py, Gn, ), for n > m + 1, while they are equal to

(Pms Gm, Tm), for n = m. The proof is completed easily by plugging the dynamics of

the state process, (2.1)), into (2.30). =
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The following corollary provides a more explicit recursive formula for the value
function and optimal control. In particular, it states that the value function of an
agent at any time remains linear in s, in both positive and negative half lines (with

possibly different slopes).

Corollary I1.31. Assume that an admissible LOB v has an optimal control (p, g, 7).

Then, for any (s,a) € S, the following holds P-a.s., for alln =0,...,N — 1:

1. V¥(s,a) = sTA%(a) — s~ A\ (), with some adapted processes \*(a) and \(a),

such that X% (a) = p% and Ny (a) = p%;
2. pt > EY (X (a)) and pb <EX (N, (a));
3. if, for some p € R, P¥ (D}, (p) > vf((—00,p))) > 0, then
p < EY (N (@) | Dia(p) > v ((—00,p))) ;
4. if, for some p € R, P% (D;H(p) > v ((p, oo))) > 0, then
p = B (Xi(@) [ Do (p) > v (p,00)))
b. for all s > 0,

. X(a) =

+
max {quwEg)‘Z-H(a) + (SuPpeR E; ((p — Mo )) 1{Dn+1 p)>y;((7oo,p))}>> }:

o if Gu(s,a) # 0 and 7,(s,a) = 0, then

X (0) = ESAL 1 (0) +sup S (0= Ayt (0)) L ot (oo} )

peER

and p = pp(s,a) attains the above supremum,
o if §u(s,a) =0 and 7,(s, ) = 0, then \%(a) = ESAL (),

o if Fu(s,a) =1, then \e(a) = p°;
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6. for all s <0,

o X(a) =
_l’_
min {vaEg/\ZH(O‘) - (SuppER En <(/\I;L+1(04) —p) 1{Dﬁ(p)>'/;_1((p,oo))}>> }y

o if Gu(s,a) #0 and 7,(s,a) = 0, then

An(@) = EZAL 4 (a) — sup E} ((AZ-&-I(Q) —p) 1{D£(p)>1/;1((p,oo))}> )

peR
and p = pp(s, ) attains the above supremum,
o if Go(s,a) =0 and 7, (s, @) = 0, then Ao (o) =EXN,, (),

o if Fo(s,a) =1, then \o(a) = po.

Proof:

Let us plug the piecewise-linear form of the value function into ([2.29):
V2i(s,a) = esssup,, , {l{mzo} (sﬂEg n(a) — S_Eg)\flﬂ(oz)

+E, ((ann + (s — Qn)+)\2+1(a) —(s— Qn)_)\lﬁﬂ(a) - 3+)\z+1<04) + 5_>\2+1(04)> :

(1{%20,D,t+1(pn>>u$<(—oo,pn>)} T 1{qn<o, D,;+1(pn>>u;(<pn,oo>>}))>
Loy (G Ph = G v + (s — a0) "ERNG 1 (@) = (s — 40) "ERN 1 (@) }
First, notice that it suffices to consider the essential supremum over all random
variables (pn,qn,rn)m Moreover, the essential supremum can be replaced by the
supremum over all deterministic (py,¢,,7,) € R? x {0,1}. To see the latter, it
suffices to assume that the supremum is not attained by the optimal strategy (with

positive probability), and construct a superior strategy via the standard measurable

selection argument (cf. Corollary 18.27 and Theorem 18.26 in [2]), which results in

12The admissibility constraint does not cause any difficulties here, as, in the case where (pn, gn,rn) do not attain
the supremum, they can be improved, so that (pn,¢n) increase by no more than a fixed constant.
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a contradiction. It is easy to see that, for any fixed (p,,s,r,), the above function
is piece-wise linear in ¢,, with the slope changing at ¢, = 0 and ¢, = s. Hence,
for a finite maximum to exists, the slope of this function must be nonnegative, at
¢n — —o0, and non-positive, at ¢, — oo. This must hold for any (p,,7,,s), to
ensure that the value function of an agent is finite: otherwise, an agent can scale up
her position to increase the value function arbitrarily. Considering r, = 1, we obtain
condition 2 of the corollary. The case r,, = 0 yields conditions 3 and 4. Notice also
that the maximum of the aforementioned function is always attained at ¢, = 0 or
¢n = s. Considering all possible cases: r, = 0,1, ¢, = 0,5, s =0,s >0 and s <0
— we obtain the recursive formulas for A2 and X% (i.e. conditions 5 and 6 of the
corollary). In addition, as the optimal ¢, takes values 0 and s, it is easy to see that
the piece-wise linear structure of the value function in s is propagated backwards,
and, hence, condition 1 of the corollary holds. m

It is also useful to have a converse statement.

Corollary I1.32. Consider an admissible LOB v and admissible control (p,q,7),
such that ¢, (s, a) € {0, s}. Assume that, for any o € A and anyn =0,..., N, there
exists a progressively measurable random function V¥ (-, «t), such that, for any s € R,
P-a.s., (p,q,7, V") satisfy the conditions 1-6 of Corollary[IL.31 Then, (p,q,7) is an

optimal control for the LOB v.

Proof: 1t suffices to revert the arguments in the proof of Corollary [I.31] and re-
call that ¢ can always be chosen to be equal to 0 or s, without compromising the

optimality. m
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2.10 Appendix B

Proof of Lemma [II.23 The following lemma shows that the normalized price

increments are close to Gaussian in the conditional L2 norm.

Lemma I1.33. Let Assumptions[IT.13, [IT.13, [IT.17], [II.15] hold. Then, there exists a

deterministic function €(-) > 0, such that e(At) — 0, as At — 0, and, P-a.s., for all

a€ A andalln=1,..., N, we have:

B (60 VAT - o 7 = Wi )VER) ) < e

Proof: Notice: &, /VAt — oy, (W — W) /VAL = \/% tfn pods + \/% tfn (05 —
tn-1 tn—1

oy, )dW. Then, using Assumptions , , and [td’s isometry, we obtain the
statement of the lemma. n

The next lemma connects the proximity in terms of .2 norm and the proximity
of expectations of certain functions of random variables. This result would follow
trivially from the classical theory, but, in the present case, we require additional
uniformity — hence, a separate lemma is needed (whose proof is, nevertheless, quite
simple).
Lemma I1.34. For any constant C' > 1, there exists a deterministic function y(-) >
0, s.t. v(e) = 0, as e — 0, and, for any e > 0, o € [1/C,C], and any random

variables 1 ~ N(0,0%) and & (the latter is mot necessarily Gaussian), satisfying

E(¢ —n)2 < ¢, the following holds for all p € R:
(i) (Ip| vV 1) [P(§ > p) = P(n > p)| < 7(e),

(i) [E(€1iespy) — E(ngysp)| < v(e)-

Proof: (ii) Note that

[E(1(espy) — Elpspy)| < E (€= m)liespm) | + [E (0(Liespy — Linsp)]
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< Ve + nlly VPE > p,n <p) +P(E < p,n > p),

and

PE>pn<p) <Plp>n>p—+/e)+P(J—n > e) <
M</e + E(é/_g)z)Q < (M + 1)V,

where we used the fact that n has a density bounded by a fixed constant M. We can
similarly show that P[¢ < p,n > p] < (M + 1)/e. The resulting estimates yield the
statement of the lemma. n

Taking e(At) = v(e(At)) and applying the above lemmas, we get the statement

of Lemma [[1.22, with (W2 — W _)/v At in place of 1. Finally, we note that the

laws of the two random variables coincide under P ,, and the statement depends
only on these laws. The last statement of Lemma follows from the fact that

Lemma is stable under analogous substitution. m ®



CHAPTER III

Dynamics Between Trades

3.1 Introduction

In this chapter, we continue the development of an equilibrium-based modeling
framework for market microstructure, initiated in the previous chapter. As in that
chapter, we analyze the market microstructure in the context of an auction-style
exchange (as most modern exchanges are), in which the participating agents can
post limit or market orders. A crucial component of such a market is the Limit
Order Book (LOB), which contains all the limit buy and sell orders, and whose
shape and dynamics represent the liquidity of the market. We are interested in
developing a modeling framework in which the shape of the LOB, and its dynamics,
arise endogenously from the interactions between the agents. This is in contrast to
many of the existing results on market microstructure, which assume that the shape
and dynamics of the LOB are given exogenously. Among the many advantages of
our approach is the possibility of modeling the reaction of the LOB to the changes
in a relevant market indicator or in the rules of the exchange/l]

Herein, we extend the discrete time modeling framework proposed in chapter

to continuous time. We analyze the dynamics of the LOB between two consecutive

1We refer the reader to chapter whose introduction contains a more detailed explanation of the problems of
market microstructure and a motivation for our study.

69
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trades. The latter simplifies the problem and is justified by the well known empiri-
cal fact that most changes in the market microstructure are not due to trades. We
manage to establish the existence, and obtain a numerically tractable representation,
of an equilibrium in a general continuous time framework, in which the competing
agents have different beliefs about the future demand for the asset. These beliefs
determine the future distribution of the demand, given the (common) information
observed thus far. The latter may, e.g., be generated by a relevant signal (or, market
indicator). One can view such conditional distributions as the “models” that the
market participants use to predict future demand, and which are based on the (com-
monly observed) relevant market indicators. Given the beliefs, the agents choose
their optimal trading strategies (i.e. limit and market orders), aiming to maximize
their expected profits. and find an equilibrium Herein, we obtain the desired “quanti-
tative” description of an equilibrium in such a game, which constitutes an endogenous
model of market microstructure. Such a result can be used for modeling the reaction
of a LOB to various changes in the relevant market indicators. In particular, if the
relevant market indicator depends on the LOB itself, our framework allows one to
model the indirect market impact: i.e. how an initial change to the LOB may cause
further changes to it. Note that the initial change may or may not be due to a trade.
Indeed, a trade (i.e. a market order) eliminates a part of the LOB, thus, making a
direct impact on it. However, it is well known that, even after a trade is completed,
the LOB keeps changing, representing the reaction of the market participants to the
information revealed by the initial change. Similarly, a large incoming limit buy or
sell order does not constitute a trade, nevertheless, it also affects the LOB, which
causes further changes to it, due to the same reason. In fact an extreme example of

the latter activity is called “spoofing”, and it is an illegal activity aimed at manipu-
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lating the market. Our model can be used to quantify such indirect market impact,
and it can be, ultimately, used to improve the optimal execution algorithms or to test
the consequences of “spoofing” activity. We provide a simplistic example illustrating
the use of our model in Section B.5l

On the mathematical side, the problem we analyze is the construction of an equi-
librium in a control-stopping game with a continuum of players (cf. [4], [56], [15],
for more on the general theory of continuum-player games). The main mathemat-
ical challenges stem from three sources: the complicated dependence between the
individual state dynamics and the controls of other players (which lacks the stan-
dard convexity and continuity properties), the presence of multiple participants (as
opposed to analyzing a two-player game) and the mixed control-stopping nature of
the game. KEquilibria in the games with any number of players can often be con-
structed directly, by means of a system of Partial Differentia Equations or a system
of (Forward-) Backward Stochastic Differential Equations (BSDEs). However, as
the number of players grows, solving such systems numerically becomes very chal-
lenging. In such cases, the description of an equilibrium is, typically, limited to the
proof of its existence, which, in turn, is obtained by an abstract fixed-point argu-
ment. However, even the latter method presents a challenge in the game considered
herein. Namely, the complicated dependence structure between the players’ controls
and state processes, along with the mixed-control stopping nature of the game, make
it very challenging (or even impossible) to (a) find the right space for the controls
and states, on which the compactness of the range of the objective function can be
established, and (b) establish the sufficient regularity of the objective function (e.g.
even its continuity may be lacking). In order to overcome these challenges, we make

certain “monotonicity” assumptions on the space of agents’ beliefs (which is a part
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of the state space), which allow us to split the problem into two parts: a control-
stopping game with two players, and a pure control game (without stopping) with a
continuum of players. Such a split simplifies our task dramatically, but both resulting
problems remain challenging. The first one, concerned with the construction of an
equilibrium in a two-player game, leads to a non-standard system of Reflected BS-
DEs (RBSDEs), whose components reflect against each other, and whose generator
lacks to desired regularity. In Subsection [3.3.2] we prove the existence of a solution
to this system, and, in Section [3.5, we show how it can be computed in a simple ex-
ample. The second problem, concerned with the equilibrium in a continuum-player
game (without stopping), reduces to the maximization of an instantaneous reward
function, which depends both on the individual controls and on the joint controls of
all players. The latter is formulated as a fixed-point problem, and is solved in Sub-
section [3.4.1] One of the computational benefits of the solution method proposed
herein is that the aforementioned fixed-point problem can be solved separately for
each (f,w). In particular, it is not necessary to solve a forward-backward system at
each step of the iteration, as it is, for example, done in a typical mean field game
(cf. [46], [14], [16], [45], for more on mean field games). On the other hand, the
local nature of the fixed-point problem causes additional measurability issues, in the
proof of the existence result (i.e. choosing a measurable selector from the set of
fixed points requires more work than choosing it from the set of maxima points). In
addition, the objective function of the aforementioned fixed-point problem lacks the

¢

desired continuity properties, and, hence, it has to be “mollified” before an abstract

fixed-point argument can be applied. All these issues are addressed in Subsection
3.4.1] and the main existence result is stated in Theorem in Section Of

course, the results of Section [3.3] and Subsection |3.4.1] are also needed to construct
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an equilibrium (which is demonstrated in Section [3.5).

The literature on market microstructure is vast. However, most of the theoretical
work is concerned with the problem of optimal execution, in which an investor needs
to liquidate her position in the asset within a given time horizon, by submitting
smaller (limit or market) orders and aiming to maximize the profits. The relevant
publications, include, among others, [48], [3], [53], [54], [31], [47], [22], [6], [5],[7],
[24], [51], [36], [19], [37], [57], and references therein. In these publications, the
dynamics and shape of the LOB are modeled exogenously, or, equivalently, the arrival
processes of the limit and market orders of other agents are specified exogenously.
In particular, none of these works attempt to explain the shape and dynamics of
the LOB, arising directly from the interaction between market participants. Finally,
several recent papers have applied an equilibrium-based approach to the problem
of optimal execution (cf. [55], [40]). These papers describe an equilibrium between
several agents solving an optimal execution problem, with the LOB (or, the market),
against which these agents trade, being specified exogenously, rather than being
modeled as an output of the equilibrium. The endogenous formation of the LOB is
investigated, e.g., in [50], [29], [34], [17], [44], [52], [9], [10], [11], [12]. However, the
models proposed in the aforementioned papers do not aim to represent the mechanics
of an auction-style exchange with sufficient precision, which is needed to address the
questions we investigate herein.

The chapter is organized as follows. Section [3.2]describes the proposed continuum-
player game and defines the associated equilibrium. Section [3.3| introduces an aux-
iliary two-player game. This game can be interesting in its own right, but its main
purpose is to facilitate the construction of an equilibrium in the continuum-player

game. The equilibria in the two-player game can be described by a system of RBS-
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DEs, whose generator does not satisfy the desired regularity conditions. Proposition

.20} in Subsection |3.3.2] provides the existence and uniqueness result for such a sys-
tem, which, to the best of our knowledge, is not available in the existing literature.
Section [3.4] completes the construction of an equilibrium in the continuum-player
game, stating the main result of the chapter, Theorem [[I1.29] Finally, in Section [3.5]
we implement an example of the proposed continuum-player game and show how it

can be used to study certain empirically observed phenomena.

3.2 Modeling framework in continuous time

3.2.1 Preliminary constructions

We consider an auction-style exchange in which the trades may occur, and the
limit orders may be posted, at any time ¢t € [0,7]. The market participants are
split into two groups: the external investors, who are “impatient”, in the sense that
they only submit market orders and need to execute immediately, and the strategic
players, who can submit both market and limit orders, and who are willing to spend
time doing so, in order to get a better execution price. In our model, we focus
on the strategic players, who we refer to as agents, and we model the behavior of
the external investors exogenously, via the external demand. The external demand
for the asset is modeled using three components: the arrival times of the potential
external market orders, the value of the potential fundamental price at these times,
and the elasticity of the demand. In our previous investigation in chapter [T, we have
considered a general family of discrete time games for an auction-style exchange, with
the exogenous demand process given by a discretization of a (very general) continuous
time demand process, over a chosen partition of [0,7]. One of the main conclusions

of that chapter can be, roughly, interpreted as follows: in order for a non-degenerate
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equilibriumﬂ to exist in a high-frequency limit (i.e. as the diameter of the partition
vanishes), the agents have to be market-neutral — i.e. they should not expect the
future fundamental price of the asset to increase or decrease. In other words, the
results of chapter [[I| seem to imply that it is hopeless to search for an equilibrium in
a continuous time game (i.e. with unlimited trading frequency) in which the agents
have non-trivial trading signals about the direction of the future moves of the asset
price. This may sound very discouraging, however, there is a subtle feature hidden in
the setting considered in chapter [[IL Namely, the assumptions of that chapter imply
that, in the limiting high-frequency regime, the (potential) external market orders
arrive with an infinite frequency, while the beliefs of the agents (i.e. their trading
signals) satisfy certain continuity properties. In other words, the agents’ signals are
assumed to be persistent relative to the trades — they cannot change on the same time
scale on which the market orders arrive. It turns out that this assumption is crucial,
and, allowing the (potential) external market orders to arrive at a finite frequency,
and making the agents’ beliefs be short-lived (i.e. only lasting until the next market
order is executed), we can obtain a non-degenerate equilibrium in the continuous
time (i.e. unlimited trading frequency) regime. Thus, herein, we model the arrival
of the (potential) external market orders via a (rather general) point process, and
we assume that the game ends after the first trade occurs.

Let (Q,F = (f})te[o,T],P) be a stochastic basis, satisfying the usual conditions,
and supporting a (multidimensional) Brownian motion W and a Poisson random
measure N. We assume that the compensator of N is finite on [0,7] x R (i.e.
N is the jump measure of a compound Poisson process) and that it is absolutely

continuous w.r.t. Lebesgue measure in time and space. We denote by F" the usual

2Degeneracy of an equilibrium is defined formally in chapter [[I} For the discussion presented herein, it suffices to
know that degeneracy is an extremal state of the market, and the present work is concerned with the description of
the typical (or, normal) states.
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augmented filtration generated by W. We assume that W and N are independent
under P. The arrival times of the potential external market orders and the values of

the potential fundamental price at these times are described by a counting random

measure M on [0,7] x (R\ {0}), defined as

M(4) = / / 14 (t, () N(dt, de),

where J : (t,z) — Ji(x) is a predictable random function (as defined in [39]). We
assume that J is adapted to F" (in particular, it is independent of N). It is clear
that the compensator of M is finite on [0,7] x R, it is absolutely continuous w.r.t.
Lebesgue measure in time and space, and it is adapted to F. Then, it can be
represented as A fy(x) dt dr, with an R-valued process A > 0 and a random func-
tion f : (t,x) — fi(x) > 0, progressively measurable and adapted to F and s.t.
Jg fi(z)dz = 1. Notice that, conditional on F}, M is a Poisson random measure
with the compensator A\, fi(x)dtdz. The t-components of the atoms of M are the
arrival times of the potential external market orders, and their xz-components repre-
sent the values of the potential fundamental price at these times. A positive value
of x corresponds to the arrival time of a potential external buy order, and a neg-
ative value corresponds to the arrival time of a potential external sell order. More

precisely, we define the fundamental price process X as the jump process of M:

X, - / sM({t) x d).

The process A describes the intensity of arrival of the potential external market orders
(both buy and sell). The function f; is the probability density of the value of the
potential fundamental price at time t. We refer to f as the density process of the jump
sizes. When the jump size of the fundamental price (along with the demand elasticity,

defined below) is not enough to trigger a trade, the jump remains “unregistered”
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by the agents, and the fundamental price returns to zero. The elasticity of the
external demand for the asset is described by the progressively measurable random
field D : (t,p) — Dy(p), adapted to FW. We assume that, a.s., D;(-) is a strictly
decreasing continuous function taking value zero at zero. Then, the total external
demand to buy and sell the asset at time t, at the price level p and at all more
favorable prices, is equal to

(3.1)

DZF(P) = max (07 Dy(p — Xt)l{Xt>0}> , D (p) = —min (0, Dy(p — Xt)l{Xt<0}) )

respectively.

At any time ¢, every agent (i.e. strategic player) is allowed to submit a market
order or a limit order. The assumptions made further in the chapter make it possible
to submit a limit order at such a level that it may never get executed — this, effectively,
allows the agents to wait (i.e. do nothing). We do not allow for any time-priority in
the limit orders. Instead, we assume that the tick size is zero (the set of possible price
levels is R), and, hence an agent can achieve a priority by posting her order slightly
above or below the competing ones (and arbitrarily close to them). The game stops
at the terminal time 7" or at the time when the first trade occurs — whichever one is
the earliest. The mechanics of order execution are explained in the next subsection.
There is an infinite number of agents, and the inventory of an agent is measured
in “shares per unit mass of agents” (see a discussion of this assumption in chapter
. We assume that the agents are split into two groups: the ones whose initial
inventory s is positive (the long agents, typically, indicated with a superscript “a”),
and those whose initial inventory s is negative (the short agents, indicated with a
superscript “b”). We assume that the absolute size of each agent’s inventory is the

same, s € {—1, 1}, and that an agent with inventory s posts orders of size s. These
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assumptions are motivated by the results of our previous investigation in chapter [}
which demonstrate that, in equilibrium, the absolute value of the agent’s inventory
only scales the size of her orders proportionally, but does not change their type and
location (which, ultimately, is due to the fact that each agent is infinitesimally small
and has no risk aversion). We also assume that we are given a pair of measurable
spaces of beliefs, A and B, and, for each a € AUB, there exists a subjective probability
measure P* on (Q, I~F>, which is dominated by P. An agent with beliefs o models the
external demand under measure P¢. The empirical distribution of the agents across
beliefs is given by a pair of countably additive finite measures p = (u?, ub), on A and
B, respectively. Note that, because the game stops right after the first market order
is executed, the empirical distribution u remains constant throughout the game. We

make the following assumption on the measures {P*}.

Assumption IIL.1. Under every P*, W remains a Brownian motion, and the jump

process of N is a process with conditionally independent increments w.r.t. F) (in

the sense of [39]).

The above assumption holds throughout the chapter. It implies that, under every
P, X is a process with conditionally independent increments w.r.t. FJ”. Using this
observation and the absolute continuity of P* w.r.t. P, it is easy to deduce that,
under every P%, the compensator of the jump measure of X, i.e. of the measure M,
is given by

A fE () dtd,
with some nonnegative F"-adapted A and F"W-progressively measurable ¢, s.t.
fR ff(x)dr = 1. The interpretation of \* and f is the same as the interpreta-
tion of A and f, but under the measure P*. It is clear that the above assumption is

satisfied if Z¢ = dP*/dP is given by a stochastic exponential of a process that is an



79

integral of F"-adapted random function w.r.t. compensated N. Namely,
070 = 7 / 19 () [N(dt, dz) — A fy () dtda],
R

where I'* > —1 is FW-progressively measurable. The compensator of N under P® is
obtained by multiplying its compensator under P by 1+T'*, hence, Assumption
is clearly satisfied in this case (cf. [39]). In Section [3.5 we provide an example of a

family of probability measures {P*} in the above form.

3.2.2 The continuum-player game

Throughout the rest of this chapter we, mostly, work with the filtration F", hence,
we denote F = F". The state of an agent is (s,a) € ({1} x A)U ({-1} x B) =: S.
Let us now discuss the controls of the agents and the order execution rules. First,
we assume that «, representing the agent’s beliefs, does not change over time.E|
Therefore, the state process of an agent represents only her inventory, which can
only change once (because the game ends after the first trade). The control of every
agent is given by a pair of processes (p,v) = (pt, v¢)iejo,7], Progressively measurable
with respect to F (note that the controls are, in particular, predictable). The process
p takes values in P(R), the space of probability measures on R, equipped with the
weak topology, while v takes values in R. The first coordinate, p;, indicates the
time-t distribution of the agent’s limit orders across the price levels. For example,
if p; is a Dirac measure located at z, then, at time ¢, the agent posts all her limit
orders at the price level x. The collection of all limit orders is described by the Limit
Order Book (LOB), which is a pair of process v = (v, 1})ejo.7], with values in the
finite sigma-additive measures on R, adapted to F. Herein, v;' corresponds to the

cumulative limit sell orders, and v? corresponds to the cumulative limit buy orders,

3Note that the conditional distribution of the future demand can change dynamically, according the new infor-
mation revealed.
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posted at time ¢[ The bid and ask prices at any time ¢ € [0,7] are given by the

random variables
P, = Q% (1)), PP =Q (v}),

respectively, where the functions Q~ and QT act on sigma-additive measures x on R

(3.2) Q" (k) = supsupp(x), Q™ (r) = inf supp(k).

Notice that p? and p? are always well defined as extended random variables, but
may take infinite values. Assume that, at time ¢, an agent posts a limit sell order
at a price level p’. If the demand to buy the asset at or below the price level p/,
D;(p'), exceeds the amount of all limit sell orders posted below p' at time ¢, i.e.
D (p') > v#((—o0,p')), then the limit sell order of the agent is executed. Analogous
execution rules hold for the limit buy orders. Thus, for an agent following strategy

(p,v), her limit order is (partially) executed by an external market order at the time
TP* =inf{t € [0,T] : D; (Q’(pt)) > vy ((—oo, Q’(pt)))},

TP = inf{t € [0,T] : D; (QT(p)) > v¥ (QF(pe),00)) },

for the long and short agents, respectively. The value of v; indicates the critical level
of the bid or ask price (i.e. a threshold), at which the agent decides to submit a
market order. We assume that the size of the agent’s market order is equal to her
inventory, and it is executed at the bid or ask price available at the time when the

order is submitted. Thus, the agent will submit her own market order at the time

7 =mf{t € [0,T] : v, < pi}, ™ = inf{t € [0, 7] : v > pi},

4For convenience, we sometimes refer to v¢ as a “measure”, rather than a “pair of measures”.
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for the long and short agents, respectivelyﬂ The collection of all thresholds v is
described by the pair of processes 6 = (6¢, Qi’)te[oﬂ, with values in the finite sigma-

additive measures on R, adapted to F. We define
v, =QF(6), vl =Q(67)

Remark TI1.2. The above definitions of the execution times make use of the assump-
tion that each agent is infinitesimally small, and, hence, her order is necessarily
executed once the demand reaches it. They also use the following two implicit as-
sumptions: each agent believes that her limit order will be executed first among all
orders at the same price level, and her market order will be executed at the best
price available. These assumptions and their connection to a finite-player game are

discussed in chapter [[1]

Consider the first “significant” execution times of external market orders:

(33) T =inf{t € [0.T] : D} () > vi((=o0, s},
T = inf{t € [0,T] : D; (p) > v2((p?, 00))},

Similarly, we define the first “significant” execution times of internal market orders:
(3.4) 7% =inf{t € [0, 7] : v < pl}, " =inf{t € [0,T] : v* > pi}.

For a long agent with strategy (p,v), the game ends at the time TP* AT"* AT AT A
T® AT* A7° (and similarly for the short agents). If an agent has any inventory left at
the end of the game, then it is marked to market. The precise rules for computing an
agent’s payoff are described below. For a given market (v,0, M, D), let us introduce
the clearing prices:

pe =sup{p < Q" (V) : DS (p) > vi((=00,p))}, i = P Ligposypy,

v,a/b

51t is clear that, for every stopping time 7
that 7¢:¢/? has the above representation.

with respect to F, there exists a process v+, adapted to FF, such
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~c,b . _ . _ c,b ~c,b
pr’ =inf{p > Q™ (%)) : Dy (p) >/ ((p.o0))}, by =B L ooy

Consider a long agent who follows a strategy (p,v). Then, the payoff function of the

agent is described by the following list of rules.

e Assume that TP AT AT? < T A7 A 7° (note that equality is impossible, as

the right hand side is predictable and the left hand side is totally inaccessible).

— If TP AT® < T (equality is impossible), then the payoff is

5 -
/ zpi(dz) + / (Pt +p))pe(dz),  with ¢ =TP* AT

~c,a
—0o0 Py

— If T° < TP AT*, then the payoff is pb, +p;g.
e Assume that T A 7% A 70 < TP AT A TP,

— If 7 AT < 7° then the payoff is pl..

— If 7 < 7 A T then the payoff is P

Remark 111.3. The above choice of the payoff is motivated by the desire to project the
agent’s view on what happens after the game is over. In particular, if an external
market order arrives but does not fully execute the agent’s limit orders, then the
residual is marked to the bid price shifted by the clearing price (i.e. the new projected
value of the bid price, after the game is over). If an internal market order is executed
first, then, depending on which side of the book initiates this order, the agent’s

position is marked to the bid or to the ask price.

Similar rules apply to the short agents. Thus, the objective function of an agent

in the market (v,0, M, D), starting at the initial state (1, a) and using the control
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(p,v), is given by:

(3.5) J@OP (] q) =
o b c,a
E [/R (Zl{zgﬁ;;a} + (pTAp,a +pr7a> 1{Z>15;Z,a}) Dip.a (dZ)].{Tp,a<Tb/\7zv,a/\Tb}+
b+ ) 1y % T D el bmrnay) 1y
Py + Py {Tb<Tp7a/\‘f‘”7a/\Tb} + (pr {rb<tvay T Proa {TbZT“’“}> {TP:a Tb>3v.apnrb}

where TP% = T ANTP* AT®, 79% = T A 799 A 7%, and we assume that 0 - co = 0.

Similarly,

(3.6) JOP)(_1 q) =
E°| - /R <Zl{zzﬁ;§’,,b} (P + 15 ) 1{z<ﬁgz,b}) Do (d2) Lo cpapsunpgoy

a c,a b a
— (P7o + Pra) Lipacipipsvbprey — (pral{r“<+v’b} +p+vqb1{7“2+v’b}) Liponressvbnra

where TPY = T ATPY A TP, 790 = T A 790 A 72, Every agents aims to maximize the
objective. In the following definitions, we assume that a stochastic basis, a Brownian
motion W, a random measure M, a random field D, spaces A and B, an associated
set of measures {P*},caup, and the empirical distribution p, are fixed and satisfy
the assumptions made earlier in this section. The above objectives may seem very
convoluted — this is because they are meant to provide a close approximation to
the real-world execution rules and marking to market. In the next subsection, we

establish a more transparent representation of the objectives.

Definition IIT.4. For a given market (v,6) and a state (s,a) € S, a pair of F-
progressively measurable processes (p,v) is an admissible control, if the positive
part of the expression inside the expectation in (3.5) (if s = 1) or (3.6) (if s = —1)

has a finite expectation under P“.

Definition III.5. For a given market (v, ) and state (s, «) € S, we call an admissible
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control (p,v) optimal if
J(l/,@),(p,l)) (S, Oé) 2 J(V,@),(p/,l)/) (S, Oé)

P-a.s., for any admissible control (p’,v’).

In the above, we make the standard assumption of games with a continuum of
players: each agent is too small to affect the distribution of cumulative controls (de-
scribed by v) when she changes her control. Next, we define the notion of equilibrium

in the proposed game.

Definition ITI.6. A given market (v,6) and a pair of F-progressively measurable

random fields (p,v) : Q x [0,7] x S — P(R) x R form an equilibrium, if
L. for pa.e. (s,a) €S, (p(s, ), v(s,)) is an optimal control for (v, 6) and (s, a),

2. and the following holds P-a.s., for any t < T := T AT* AT° A7 A 7°) and any

r € R:
vi(~o0,al) = [ pe (1, o (00, 2]) p(dev),
(3.7) /A
V(0. 2]) = / pr (1, a; (—00, 2]) (o),
(3.8)

02 ((—o0,2]) = / Lporacapti®(da),  62((—oo,a]) = / Lo (1012 (dar).

Remark I11.7. In the above definition, it is implicitly assumed that the empirical
measure of the agents’ states remains constant in time until the game is over for all
players. This is, indeed, the case, if the equilibrium is such that, P-a.s., for all t < T,

we have:

(3.9) po((s,a) = Si(s,a)) " = p,



85

with
Si(1,@) = 11 potiaraprotiara) (), and Si(=1,0) = =1 o rwsprot-t..0) (0):

The condition may fail if a non-zero mass of agents manages to execute their
orders strictly before T i.e. if TP(1he)e A po(bade < T for a set of o with a positive
pe-measure, or TP(—hedb A 7v(=La)b T for a set of o with a positive pu’-measure.
However, the first scenario is impossible, because the external market orders only
arrive at a finite number of times and, before 7¢ A T® > T, only a zero mass of
agents can execute their limit orders against any such market order (cf. ) It
is also true that, at any time ¢, before 7 A 7% > T, only a zero mass of agents can
execute their internal market orders (cf. ) However, the set of such times ¢
may be uncountable. Therefore, to ensure that p remains constant and, hence, (3.9)
holds, it suffices to consider only the equilibria satisfying, P-a.s., for all ¢, except,

possibly, a countable set:
(1, @) > vf, v(—1,a) <, Va € AUB.

In the subsequent sections, we construct such an equilibrium.

3.2.3 Representation of the objective

In this section, we provide an equivalent representation of the objective of the
agents, which makes it more tractable and more convenient for the analysis that
follows. This representation is derived following standard arguments, making use of
the independence of the driving Poisson measure and W. First, we introduce new

notation that will be used throughout the chapter. For any « € AUB, ¢ € [0,77,
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p,x,y € R and k € P(R), we define:

0 pAO
Ft—ha = ta d ) E—,Oc = ta d 9
») /f (u)du ») /OO £ (u)du

(3.10)

o (z,y) = A (F,%(y) + % (2))
(3.11) 17%(z) =sup {p < Q" (v}) : Di(p —x) > v} ((—o0,p))}
(3.12) I7'(z) =inf {p > Q" (1)) : =Dy(p — ) > 1}((p, o))},

(3.13) h(k,w,y) =

o0 17" (u)
/\?/ fi(w) [/ 2h(d2) + (y + 17" (W) Lo wyzay) £ (17 (1), 00)) | dut
(Q— (k)AZ)VO —o0

i [ g (v )

(3.14) h?“b(/f,:c,y) =

(QF (k)Vy)no oo b b
x| e | [, a2+ (0 g ) 7 (o005 )

du+

o0 0 (u)

5 [ g ) du

Notice that, if X has a positive jump at time ¢, then the clearing price at time
t is given by py* = 1;7(X;). Similarly, if X has a negative jump at time ¢, then
~c,b

Dy = lf’b(Xt). Using the above notation, we can obtain the following simplified

expression for the objective.

Lemma II1.8. Let Assumption|lll. 1| hold. Given a market (v,0), for any o € AUB
and any admissible strategy (p,v), we have:

(3.15)

LY s
J(”’G)’(p’”)(l, a) = E[/ exp <—/ co (pft A Q’(pu),pZ) du) R (pg, p%, p°)ds
0 0
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FoapTb
+exp (— / ¢ (P A Q™ (pu) pu) dU) (Lt ctvay + Prvalirozsoey) ] )
0

(3.16) JWOPV)(_1 o) =
LY s
— E[/ exp (—/ < (pl, Pl vV QT (pu)) dU) h&P (ps, p, p2)ds—+
0 0

7V prb
€exXp <_ / Cg (PZJUZ Vv Q+<pu)) du) (pl;a 1{7—a<7‘-v,b} + p?v,bl{ﬂz%v,b}) i|,
0

where 79 = T ATV AT, 790 = T A TP A 7% and the expectations are taken under

P.

Proof: The proof follows easily by conditioning on W. Notice that, conditional on Fr,
M is a Poisson random measure, with the deterministic compensator A f*(x) dt dz,
which is finite on [0, 7] x R. Recall also that D, v, 8, p, v, p*, p°, 7%, 79° 7 7% and
all the random functions defined above the lemma, are adapted to F. Conditional
on Fr, they become deterministic functions of time. Recall the fundamental price

process, Xy = [, eM({t} x dz), and introduce

=X <1{Xt>(p§’/\62*(pt))V0} + 1{xt<p§A0}> :

Notice that 77 is the time of the first positive jump of Y;, and T? is the time of
its first negative jump. Notice also that, conditional on Fr, the clearing price p;™*
becomes a deterministic function of ¢ and Y;: py* = 17*(Y;). Thus, conditional on
Fr, the expression inside the expectation in becomes a function of the time
and size of the first jump of Y. Conditional on Fr, X is the jump process of a
Poisson random measure with the compensator A f*(u)dudt. It is also clear that,
conditional on Fr, Y is the jump process of a non-homogeneous compound Poisson

process with intensity cf' (p? A Q*(pt),pf), and with the distribution of jump sizes
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at time t given by
AL S ()
cf (p? A Q_<pt)7p?)

A standard computation, then, yields (3.15]). The equation (3.16)) is derived similarly.

<1{w§p?/\0} + l{xz(p?AQ‘(pt))VO}) dz.

The expectations in (3.15) and (3.16)) are taken under P, because the expressions
inside the expectations are adapted to F = F", and W has the same distribution

under P and P*. n

3.3 A two-player game

In this section, we consider an auxiliary two-player game. It is related to the
continuum-player game, but the precise connection will be established in the subse-
quent sections. Assume that all the probabilistic constructions made in Subsection
3.2.1] are in place. Namely, we are given a stochastic basis, with a Brownian motion
W, a Poisson measure N, a counting random measure M, a family of probability
measures {P*}, and with the demand elasticity process D, as described in Section
. We assume that Assumption holds. Assume, in addition, that A = {a®}
and B = {3°}. Consider a two-player game, in which the first (long) player starts
with the initial inventory 1 and has beliefs a°, and the second (short) player starts
with the initial inventory —1 and has beliefs 5. The game proceeds according to
the rules similar to those described in the previous section: each agent can post limit
orders on the respective side of the book, or can terminate the game by submitting
a market order. The execution of limit orders against the external market orders oc-
curs in exactly the same way as described in the previous section. However, herein,
at any given time, each agent is only allowed to post limit orders at a single location
(i.e. the control p; is a Dirac measure). In addition, the main difference between the

present game and the one defined in the previous section is that, herein, each player
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has a non-zero mass and, hence, can affect the LOB. In fact, since there is only one
player on each side of the book, the LOB is given by a combination of two Dirac
measures: vy = e, v = (5p?, controlled by the locations of the players’ limit orders:
p? for the long agent, and p® for the short one. Clearly, p® also coincides with the
ask price, and p® is the bid price. Note that each of these prices is now controlled by
a single agent, which is not the case in the original game described in the previous
section. The same is true for the stopping thresholds: #% and 6 are given by Dirac
measures, and the locations of these measures correspond to the thresholds v* and
v” used by the long and short agents, respectively. In this new game (due to its
simplicity), it turns out to be more convenient to work with the associated stopping
times 7¢ and 7°. In fact, we will further constraint the agents’ controls, so that

a b

7@ = 7 = 7 and p® = p® = p,. The meaning behind these constraints is clear:

every agent assumes that the counterparty will execute a market order at exactly
the same time as she does, and that these orders are executed at the same price.
Taking into account the above considerations, we transform ({3.5)) into the objective

of a long player:

Fa,(p?,p),(p,T af =
(3.17) J PR PT) = prealyrracringg + QP%bl{Tb<TP’aAT} + Prlyrranresry |

where p°, p and p are R-valued F-adapted processes, 7 is a stopping time with values

in [0, 77, and
TP =inf{t € [0,7] : X; <p’}, TP =inf{t € [0,7] : X; > p;}, X, = M({t} xR).
Similarly, for the short agents,

7b,(p%. D T al a —
(3.18) JO®"P0T) = B | prs prmscqangy + 2051 {recrons) T Prlgnenrasn |,
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where p®, p and p are R-valued F-adapted processes, 7 is a stopping time with values

in [0,77], and
T =inf{t € [0,T] : X, >pt}, TP'=inf{t €[0,T] : X, < p;}.
Using Lemma [[T1.8] we deduce the following form of the objective functions

(3.19) Jo " p)e) :E[ / exp (— / 630(pu,pi)du) 9% (ps, p2)ds
0 0

+exp (—/ s’ (pu,pﬁ)du> ﬁf],
0
where ¢ is defined in (3.10]) and
O10 _ O{O
(3.20) gi (e ) = A" (2uFE" () + o B2 (@)

Similarly,

(3.21) J "2 (pT) — —E[/ exp (—/ 050(p3,pu)dU) a4 (p%, ps)ds
0 0

+ exXp (_/ Cgo (pZ>pu)du) ﬁT} 5
0
where

(3.22) ghlw,y) =N (yE () + 20K (@)

To ensure that the above expressions are well defined, and to analyze the equilibrium

in a two-player game, we need to make the following assumptions.

Assumption II1.9. There exists a constant C" > 0, s.t., P-a.s., |\, |f(z)] < 7,

foralla € AUB, t € [0,T] and x € R.
We also assume that the possible price jump sizes are bounded.

Assumption III.10. There ezists a constant C, > 0, s.t., P-a.s., supp(fy) C

[—C,, Cyl, for allao € AUB and t € [0,T].
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Denote by S? the set of continuous F-adapted processes Y, such that supy,<p |Y;| €
L2. We say that the terminal execution price p is admissible if p € S%.. A control
(p,7) is admissible if p is F-progressively measurable, satisfying, P-a.s., [p;] < C,
for all ¢ € [0,7T], and 7 is F-stopping time. Next, we introduce the notions of opti-

mality and equilibrium in the two-player game — they are analogous to Definitions

LI OHITT 6L

Definition II1.11. For a given admissible (p®, p), we call an admissible control (p, 7)

optimal for the long agent if

Jo@ D) > jo D),
for any admissible control (p/,7"). Similarly, for a given admissible (p?, p), we call an
admissible control (p, T) optimal for the short agent if

Fr Do) > oot

for any admissible control (p', 7).

Definition ITI.12. A combination (p®,p® 7,p) is an equilibrium in the two-player
game, if it is admissible and, given (p°, p), the control (p?, 7) is optimal for the long

agent, while, given (p%, p), the control (p°, 7) is optimal for the short agent.

In the next subsection, we characterize the equilibrium strategies via a system of

Reflected Backward Stochastic Differential Equations (RBSDEs).

3.3.1 Characterizing the equilibria via a system of RBSDEs

The next assumptions are used to guarantee the uniqueness and regularity of the

optimal control of an agent.

Assumption II1.13. P-a.s., for any o« € AUB and t € [0,T], f{(-) is continuous

in the interior of its support, f&(0) =0, and 0 < F,"*(0) < 1.
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Assumption II1.14. P-a.s., for any o € A and t € [0,T], F,;"*(:)/f2() is a de-
creasing function in the interior of supp(ff) N Ry, vanishing at the right end of the
interval. Similarly, P-a.s., for any 8 € B and t € [0,T], F, ?()/f2() is an in-
creasing function in the interior of supp(ftﬂ) N R_, vanishing at the left end of the

nterval.

Remark 111.15. The monotonicity of F;~*(-)/f2(-), for example, is implied by the log-
concavity of the distribution of positive jumps (similarly, for the negative jumps).
Instead of requiring that F;"“(-)/fe(-) is decreasing, it suffices to assume that its
growth rate is bounded from above by 1 — ¢, for a constant ¢ > 0 independent of
(t,w).

To prove the existence of a solution to a system of RBSDEs characterizing the
equilibria in a two-player game, we also need to assume that “the range of beliefs is

relatively bounded”.

Assumption I11.16. There exists a constant C' > 0, s.t., P-a.s.:

/2 ()
It ’ (x)

First we analyze the individual optimization problem of an agent, taking the

1

1A
s <

1 <
Ve

= ) C =

<C, VzeRtel0,T]

actions of the counterparty as given. Assume that we are given a process p € S? and
progressively measurable (p®, p°), such that P-a.s., [p¢|, [p?| < C,, ¥t € [0, T]. Let us

introduce the value functions of the agents:

(3.23) Ve = esssupTe%pE[/ exp (—/ cfjo(pu,pZ)du) gg(ps,pl;)ds
t t

+eXp <_/ ijo(puapii)du) pT
t

(3.24) th = ess infTeﬁyp]E[/ exp (—/ cﬁo(pﬁ,pu)du) gi’(p?,ps)ds
t t

7.
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+ €xXp (_ / 050 (pfmpu)du) ﬁ‘r
t

where T; is the set of F-stopping times with values in [¢, T, p is any F-progressively

measurable process, with [p| < C,, and ¢, g* and ¢° are defined in (3.10)), (3.20)

and (3.22). In addition, we introduce the following random functions:

7.

a,x v a
t (’y,Z):—Ct (ZE,Z)y—f—gt(ZE,Z), mayeRa

G (y,2) = up G (y,2) = =" (P(w) )y + 97 (F'()2) . yER,
xre

where P} provides the optimal price location at the ask side, given in a feedback

form:

(3.25) Pi(y) = inf argmax(p — y) ;7" (p),  y € R

peER

Similarly, for any admissible p®, we define
(3.26) P/ (y) = sup arg max(y — nE "), yeR,
Gizy) =~ (2, PPW)y+dl (2 Pw) . yeR
The value of P?(y) can be described as the unique nonnegative solution p of
(3.27) p—y=F"" W)/ ().

unless y is too large, in which case P/ (y) is the upper boundary of the support of fto‘o,
or too small, in which case P%(y) = 0. Similarly, P?(y) is the unique non-positive

solution p of

(3.28) y—p=F"0)/1" ),

or the lower boundary of the support of ftﬂ 0, if y is too small, or zero, if y is too

large.
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Lemma II1.17. Let Assumptions hold. Then, the random functions P*

and P® are progressively measurable and satisfy, P-a.s., for all t € [0,T]:
0< PMy)<C,, —C,<Ply)<0, Py)>y, Ply)<y, VyecR,
and, in addition, P*(-) and PP(-) are non-decreasing and I1-Lipschitz.

Proof: The progressive measurability property and the above inequalities follow
directly from Assumptions [[IL.9HIIT.13] The monotonicity and 1-Lipschitz property
follow from Assumption and the representations f. ]

The above lemma, along with Assumptions [TL.9HIIT.13] implies that, for any ad-
missible (p, p°, p), G2(0,p?) and G;*P*(0, p?) are bounded processes, and that G&(y, p?)
and G""'(y,p?) are Lipschitz in y, uniformly over a.e. (#,w). This allows us to use
Proposition 7.1 from [42], to show that, for any admissible (p,p’, p), the process Y,

which is a continuous modification of

za,(p®,p), ! ° a9 a
Y, = J; (P"P)P _ gq SupTGTt]E[/ exp (—/ co (pu,pZ)du) ge (ps,pl;)ds
t t

+exp <—/ CZ“O(pu,pZ)dU) Dr
t

is the unique S? solution of the affine RBSDE,

7.

(3.29) —dY; = GIPU(Y,, pd)dt — Z dW, +dK;, 0<t<T
T

(3.30) Vizp 0<e<T, [ (V- p)dki =0
0

(3.31) Yr = pr,

where Z is a progressively measurable square-integrable (multidimensional) process,

K € $? is increasing and satisfies Ky = 0. Similarly, the existence results from [42]



95

imply that
T
0
(3.34) Yr =pr

has a unique solution (Y3, Z;, K;). Then, Theorem 7.2 in [42] implies that Y is a
continuous modification of V' and that pf = P?(Y;) and 7® = inf{s > 0: Y; = ps}
form an optimal control for the long agent. Similarly, for a given admissible (p®, p),

there exists a unique solution (Y}, Z;, K;) to

(3.35) —dY, = G*(p?,Y)dt — Z,dW, —dK, 0<t<T
T

(3.36) Y,<p 0<t<T / (P — Vi)dK, = 0
0

(3.37) Yr = pr,

Y is a continuous modification of V?, and p? = P?(Y;) and 7° = inf{s > 0: Y, = p,}
form an optimal control for the short agent. It turns out that, because the optimal
stopping time has to be the same for both agents in equilibrium, we can formulate a
system of equations for V¢ and V?* without p. In order to state this result formally,

we need to introduce the following random functions

(3.38)

Gy, 2) = Gi(y, P(2)) = = (PR(y), PL(2)) y + gf (PP(y), P(2)), w2z €R,

(3.39)

G (y,2) = GH(PL(y),2) = =" (P(), PP(2)) = + gt (PP(w), (=), w,2 € R,

where ¢®, g% and g° are defined, respectively, in (3.10)), (3.20) and (3.22), and P* and

P? are given by (3.25) and (3.26)).
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Lemma II1.18. Let Assumptions|[II. 1HII1.16 hold. For any equilibrium (p®, p°, T, D)

in the two-player game (in the sense of Definition|l11.19), the value functions of the

agents, V, Vb € S2, satisfy

7

—dV® = Ga(Ve, Vib)dt — Z2dW, + dK;

(3.40) —dVp = GH(VE, V)dt — ZbdW, — dK?
Ve>VE o vte0,T], [ (Ve —VY)d(K+ KP) =0

|-z,
with some increasing processes K% K € S2?, starting at zero, and with progres-
sively measurable square-integrable (Z%, Z°). Moreover, (p*,p°,7,p) also form an
equilibrium, with the same value functions, where: p* = PA(V2), p? = P(V?) and
7 = inf{s > 0: V@ = V>}. Conversely, given a solution to , we can define
the optimal controls (p*, p°,7) as above, and choose p = (1 — n)V® + nV°, with any
progressively measurable process n taking values in (0,1), to obtain an equilibrium
(B0 7,p)-

Proof: Consider an equilibrium (p%, p°, 7, p). As discussed earlier, the standard results
on BSDEs (cf. [42]) imply that (V, Z, K®) solves (3.32)-(3.34), and (V?, 2, K*)
solves (3.35)(3.37) (both systems are considered with the same p). It follows from
the optimality of 7, via the standard theory, that V'’ = p, = V4 Consider the
long agent. It is clear that the objective of the long agent cannot increase if we
replace p by V? in its definition (cf. ) On the other hand, 7 is optimal and
pr = V., hence, the value function V* remains the same if we replace p by V? in its
definition (cf. (3.23)). Therefore, (V*, Z%, K*) solves (3.32)—(3.34) with p replaced
by Vb, Similar argument applies to the short agent, and yields that (V' Z° K?)
solves f with p replaced by V¢. Next, using the optimality of p* and

the comparison principle for the BSDE ([3.29)), we easily deduce that, for a.e. (¢,w),
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p¢ coincides with p¢ = P*(V,*) whenever ¢’ > 0 and V;* < supsupp(f*’). On
the other hand, Assumption implies that, if )\?0 =0 or V}* > supsupp( ftao),
then )\fo =0or V,* > sup suppftﬂo, and, in turn, G? (pj}, th) =gt (ﬁ;}, V;b). Thus, we
conclude that V? satisfies — with p® replaced by p*. Similarly, we conclude
that V* satisfies — with p® replaced by p°. Thus, (V¢,V?) satisfy .

Next, consider a solution to . Choosing p as shown in the statement of the
lemma, we conclude that (V*, Z% K®) solves —, with p® replaced by p°.
Then, the standard results (cf. [42]) imply that, given p’ and p, V@ is the value

function of the long agent, and her optimal control is given by p* and
inf{s > 0: VI <p} = inf{s >0: VI =V} =7,

Similar argument applies to the short agent, completing the proof. =

3.3.2 Existence of a solution

In this subsection, we address the question of existence of a solution to the RBSDE
(3.40). The main difficulty in analyzing is the non-standard form of the
reflection: the components of the solution reflect against each other, as opposed
to reflecting against a given boundary. Related equations have been analyzed in the
literature on BSDEs constrained by oblique reflections (e.g. in [20]): indeed, our
problem can be viewed as a limit of oblique reflection problems (see [20], for further
details). However, the present problem is new, and, in particular, the question of
existence of its solution has not been addressed in the existing literature. Before
we analyze the existence, it is convenient to consider the question of uniqueness.
Note that the arbitrary choice of 7 in Lemma indicates that there may be
multiple solutions to . Indeed, a different choice of 1 produces a different p,

which results in a different pair of value functions (V¢,V?), which, nevertheless,
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have to solve the same system ([3.40)). This heuristic observation turns out to be
correct and, in fact, allows us to construct a solution to . Consider a solution
(Ve, Vb, K, Kb 79, Z) to (3.40). Introducing K; = K¢ + K?, we notice that there
must exist a process 1, with values in [0, 1], such that dK? = ndK;, dK? = (1 —
n:)dK;. Then, we introduce ;' = V* — V) and Y2 = (1 — ,)V,® + n,V}? as the new
variables, replacing V¢ and V. Assuming that 7 is sufficiently regular, one can obtain
a system of RBSDEs for (Y!,Y?), in which only the first component reflects against
zero, and f/jl = (0. Conversely, we can start by prescribing 1 and a terminal condition
for Y2, solving the associated system of RBSDEs for (Y, Y?), and, then, recover
(Ve,V?) from (Y',Y?2,n) via the above formulas. Naturally, the resulting (V¢, V?)
are expected to satisfy . This method seems to describe all solutions to ([3.40)),
however, herein, we are only interested in constructing a particular oneﬁ Hence, we
choose = 1/2 and Y2 = 0, to obtain Y = Y' = Ve — VP and Y2 = 2V = Ve 4V,

which are expected to satisfy:

(

—dY;! = GHY, Y2)dt — Z1dW, + dK,
(3.41) vi>0, [IYK, =0, Y}=0

—dY? = GI (Y, Y2)dt — Z¢dW,, Y7 =0

\

where Y1, Y2 € S?, the processes Z!, Z? are progressively measurable and square-

integrable, K € S? is increasing and satisfies Ky = 0. In addition, we denote

Gyt =G (W +v7)/2, (v —y)/2) — G (v +vD)/2. (v — y")/2),

Gy'y®) =G (' +97)/2.(v" = y")/2) + G ((v' +4°)/2.(v" — y")/2)

61t is an interesting topic for future research, to describe rigorously all solutions of ll
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where G* and G° are defined in (3.38) and (3.39). The following lemma formalizes

the connection between (3.41f) and (3.40)).

Lemma II1.19. Let (Y1, Y2, Z', Z% K) be a solution to (5.41). Then

1 1 1 1
V=Y 4 Y2 Vi=_Yy?__Y!
SRR 2 2" 7
1 1 1 1 1 1
20= -7V 4+ 72 2'=-7°—--7' K'=_-K K'=_-K
2 2 2 2 2 2

form a solution to .

Proof: Follows easily by a direct verification. m

However, the existence of a solution to (3.41)) is far from obvious. Indeed, the

generator of this system can be written as

(3.42) Gl y?) = —a (W vy + G W )y + g vy,

(3.43) Gl y") = =W vy — )+ g Wy,

where
oy y?) =

S (PE (" +7)/2) P (7 — /) el (B (6 +97)/2) P (0~ 91)/2)
Gy y?) =

%Cfo (P (' +97)/2), P ((v* — yl)/2))—%C§‘O (P (W +92)/2), P (0 —y"/2)),
gy ) =

gt (P (W +2)/2), PP ((* —y")/2)) — gt (P (W' +4)/2) , P ((v* — y")/2))
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gyt y?) =

gt (P +7)/2), PP ((v* — y")/2)) + g7 (P (" +47)/2) . P* (v — y")/2))

with ¢®, P?, P’ g% and g° defined in (3.10)), (3.25)), (3.26), (3.20) and (3.22). Tt is

easy to see that every ci(-,-) and g(-,-) is bounded and globally Lipschitz, uniformly
over a.e. (t,w). However, due to the presence of the multipliers y' and 2, G(-,-) is
unbounded and does not possess the global Lipschitz property. There exists an ex-
istence theory for one-dimensional BSDEs with linear growth. However, the present
equation is multidimensional, and it cannot be reduced to the one-dimensional case:
event if we restrict one coordinate 3° to a bounded range, the corresponding genera-
tor G' is not bounded or Lipschitz in 4¢, as the other component can take arbitrarily
large values. Nevertheless, we can make use of the fact that the generator of
has the “correct” asymptotic behavior, to prove the existence of a solution. In par-
ticular, we exploit the fact that, due to the assumptions made earlier in this section,
whenever ||(Y;',Y;?)|| becomes large, the generator (G}, G2) pushes (Y;',Y;?) in the

direction in which the largest |Y}| decreases.

Proposition II1.20. Let Assumptions [[ILY{III.16 hold. Then, there exists a solu-
tion to (M, s.t. its components Y and Y? are absolutely bounded by a constant.

Such a solution is unique.

Proof: Step 1: FExistence for the fully capped system. For any constant C' > 0, denote
Veo(y) = (=C VvV y) A C. Clearly, this function is 1-Lipschitz in y and absolutely

bounded by C'. We fix arbitrary constants {CZ > 0} and consider the fully capped
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system:
(3.44)
(

—dYtl =

(e Y2 (V) + LY (YP) + gH (VL YR) ) dt = ZHaW, + dK,,

V2 = (=G YR (V) = (VL Y)W (V2) + GV, YR) ) dt — ZEaw,

\

Here, and in some expressions that follow, we omit the terminal condition, barrier,
and the minimality condition for K, as they remain unchanged throughout. As-
sumptions [[11.9 imply that ¢} (y',v%), (y',v?), 9t (v*,v?) and gZ(y',y?) are
bounded and globally Lipschitz in (y',y?), uniformly over a.e. (f,w). Hence, the
generator of is globally Lipschitz in (y',%?) (and independent of (Z1, Z?)),
and the standard existence results for Lipschitz BSDEs (cf. for example, Theorem
2.2 in [59]) yield the existence (and uniqueness) of a solution to (3.44). Denote the
Y-component of this solution (Y'¢, Y;?).

Step 2: Bounds on solution components via partial uncapping. We want to bound the
components (Y;'¢, ¥;*), of the solution to the capped system, by using the control-
stopping interpretation of the individual (R)BSDEs comprising our system. Consider
the associated equation for Y, with ¥;** being given:

(3.45)

(

_dy? =

(=t (1 Y2 Vil + 68 (VL Y)Wy (V) + g (VL Y2) ) dt = ZEaw + dK,

>0, [/Y'dK, =0, Y}=0

\

Note that, as cf,c?, g' and W2 are bounded, this one-dimensional RBSDE has a
continuous generator with linear growth in Y'!, and, for example, by Theorem 4.1 in

[59], it has a solution, which we denote Y;!. Next, for Y! and Y*¢ constructed above,
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we introduce the processes
“1 1yl v2ey =2 20y v2ey =1 liyl o v2ey =2 20y 2
G = Ct(Y; Y, C)’ G = ct(Y; Y, C)v 9t :gt(y;t Y, c)? 9y = gt(Y;f Y, C)’

and consider the one-dimensional RBSDE (for }7), obtained from l} by pretend-

ing that the coefficients should depend on the solution itself:

16) Y, = (—é}fftl + BV ea (V) + gg) dt — ZMdW, + dK,

| Vi>0, [IVdK, =0, Y}=0

Note that Y = Y! is the unique solution of this equation. On the other hand, the
above RBSDE is affine in Y, and, for example, by Theorem 7.1 in [42], its unique

solution admits the following interpretation, as the value function of an optimal

stopping problem:

Ytl =supE {/ exp <—/ 5,idu) (6?\1}0% (YSZC) _+_§51> ds’]—‘t}
TET: t t

We will use this representation to establish a bound on |Y!|. First, note that, under
our assumptions, there exist constants Cy > 0 and X € (0, 1), such that, for all ¢, y',

y?, and a.e. w, we have:

ot | o (0 (£5) 0t (520)) ot (o (42) 2 (4)
) — 2
1,2 1442 21 0 14,2 2_ o1
¢ ('t y?) C?O (pta (y ;y > , pp <y 2 )) +Ctﬁ (Pta (y 42-31 )7Ptb (y - >>
S CO?
on [ (55) 2 (5) - (0 (4). . (45)
10,1 5,2 - 14,2 2_ 1 14 0,2 2,1
e (Yt y?) C?O <pta <y -2H/ ) . pp (y 2y )) —i—cf (Pta <y J2ry ) Pp (v 2y >)

<A<,

with ¢®, P%, P’ ¢% and ¢° defined in (3.10)), (3.25)), (3.26)), (3.20) and (3.22). The

first inequality holds with Cy = 5C,, and it follows from the boundedness of P¢,
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P% and the jump sizes. The second one follows from Assumption [[I1.16, The above

inequalities imply:

for all £ and a.e. w. The latter estimate, together with the following lemma, imply
the desired upper bound:

V' < XCT + o
for all ¢t and a.e. w.

Lemma II1.21. Consider any constant C' > 0, any continuous function S : [0,T] —
R, absolutely bounded by C, any nonnegative continuous function ¢ on [0,T], and

any continuous function g on [0,T], satisfying |g| < C|c|. For any 0 <t <7 < T,

Y, — /t "exp <— /t s c(u)du) g(s)ds + exp (— /t ' c(u)du> S(r).

V.| <C, YO<St<T<T.

denote:

Then

Proof: For any 0 <t <7 < T, we have

/t "exp (_ /t 5 c(u)du) o(s)ds + exp (— /t ' c(u)du) S(r)
<_ /t cd (exp (- /t c(u)du)) + exp (— /t c(u)du) c-c

Thus, we have a solution Y'! of (3.45)) which satisfies |Y;!| < A\C? + Cp, P-a.s., for

all t. Then, for C! > AC} + G, we have Wea (V') = V!, and, hence, Y also solves

A7 = (el (07 Y)Wy (V) + U (V) + g (V) Y) ) dt — Z} W, + dE,

YVi>0, [YdK, =0, Y}=0
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Note that the above RBSDE coincides with the Y!'-equation in (3.44). This one-
dimensional RBSDE has a globally Lipschitz generator and, thus, a unique solution.

This implies that Y = Y!, and we obtain the desired bound on Y*¢:
Y;'] < ACT + Co,

P-a.s. for all ¢, provided C} > AC? + Cy. Similarly, considering the Y2 part of the

capped system (3.44)), with Y''¢ fixed, we obtain
Y] < ACy + Co,

P-a.s. for all ¢, provided C3 > \Cj + Cy.

Step 3: Solution of the appropriately capped system solves the original system. To
show that the solution (V;'¢,Y;*) of also solves the original system (3.41]),
we only need to show that, given the bounds on (Y€ Y?¢), the capped system’s

generator coincides with the original generator, which translates into
Ve (V) =Y, Uo(Y) =Y, Ue(Y) =Y, Tq(¥,) =Y/
The first two equalities are satisfied if
Cl > \C? +Cy, C3>\Cy+ Cy,
while the last two require
MCs +Cy < C? NC?+Cy < 0.

One can check these inequalities have a solution, as long as A < 1. The “minimal”

solution being
Co

Cl=C3=03=C =17
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With the above choice of capping, the solution to also solves , thus,
showing the existence of a solution of . This solution is bounded by construc-
tion. The uniqueness of a bounded solution follows from the fact that, when (y',3?)
vary over a bounded set, the generator of is Lipschitz, hence, the standard

results yield uniqueness. m B

Remark 111.22. The above proof provides an existence result for any system (3.41)),
whose generator is given by (3.42))—(3.43), with arbitrary (bounded and Lipschitz)
progressively measurable random functions {c’, g'}, as long as the following holds for

a.e. (t,w) and all (y',9?) € R%:

2
D 1wy < Coct ' 7). |G W 7| < A (yh, ),

=1

with some constants Cp > 0 and A € (0,1).

3.4 Equilibrium in the continuum-player game.

In this section we construct an equilibrium for the continuum-player game de-
scribed in Section [3.2] in the sense of Definition [[I.6] The main difficulty in con-
structing the equilibrium stems from the mixed control-stopping nature of the game
(and, of course, the fact there are multiple participants). Therefore, we attempt to
break the problem into two parts - isolating the “stopping” part of the game. In
order to do this, it is convenient to make assumptions that guarantee the existence
of the so-called “extremal” agents on each side of the book. These agents are called
“extremal”, because their beliefs dominate the beliefs of the other agents on the
same side of the book, in the appropriate sense. We denote the extremal beliefs
on the long side by a’, and, on the short side, by 3°. It is worth mentioning that
the “extremal” beliefs are, in fact, the mildest ones: i.e. the agents with beliefs

are the least bullish among the long ones, and the agents with beliefs 8% are the
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least bearish among the short ones. There are two economic interpretations of the
extremal agents. First, they can be viewed as market-makers, as they are closer to
being market-neutral, than any other agent on the same side of the book (although,
we do not have any designated market maker in this game). Second, they can be
viewed as the fastest traders. Indeed, instead of thinking of these beliefs in terms
of bullishness or bearishness, it is possible to interpret the extremal beliefs as the
beliefs that the jumps of the fundamental price are small (relative to the beliefs of
other players). This, in turn, can be interpreted as the ability of extremal agents
to predict, and react to, the smallest changes in the price (whereas the other agents
are too slow for this, and, hence, they only take into account larger jumps). In this
section, we construct an equilibrium in which the time of the first internal market
order and the bid and ask prices are determined by the extremal agents, while the
rest of the shape of the LOB is due to the other agents’ actions. The construction
of an equilibrium, thus, splits into two parts. In the first part, the extremal agents
find an equilibrium among themselves, using the results of the auxiliary two-player
game, and determining the time of the first internal market order 7 and the bid and
ask prices p® and p°. In the second part, the other agents, taking (p®, p°, 7) as given,
determine their optimal actions. Of course, we, ultimately, prove that the strategy
of every agent is optimal in the overall market, consisting of both extremal and non-
extremal agents. The resulting LOB v has two atoms — at the bid and ask prices —
comprised of the limit orders of the extremal and some of the non-extremal agents.
The rest of the LOB contains limit orders of the non-extremal agents only.

In order to implement the above program, we assume that A = {a’} U A and
B={ ﬁO}UIﬁ%. We assume that Assumptions hold throughout this section.

In addition, we make the following assumptions.
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Assumption II1.23. For any a € A, B € B and a.e. (t,w), we have:
NES () 2 N F (), NEY () <NEN(p), vp o,
NE () S NF ), NE W) 2N F (), vp<o.

Assumption II1.24. For any a € A, B € B and a.e. (t,w), we have:

Ep) (E0) EPp) ECD)
2 T e T P (=p) T (-p) -

Assumption ensures that the distribution of the fundamental price at any
time ¢, from an a-agent’s perspective, dominates stochastically the respective dis-
tribution from the a’-agent’s perspective. The opposite relation holds for the short
agents. The first inequality in Assumption ensures that |log Ft+’a0(~)‘ decays

faster than ‘log F7*(9)|, which is also consistent with the interpretation that -

agents assign smaller probabilities to the large jumps of the fundamental price, and

larger probabilities to the small jumps, as opposed to the a-agents. Analogous inter-

pretation holds for the second inequality in Assumption [[I[.24] Assumption

ensures that, in an empty LOB, the non-extremal agents would prefer to post their

limit order further away from zero than the extremal ones do.

Lemma II1.25. Let Assumptions [[IL. 14111.24) hold. Fix any o € A and 8 € B.
Then, for a.e. (t,w), the following holds for all y € R: p — (p — y)EF;"*(p) is
non-decreasing in p € |y, P*(y)], and p — (y — p)Ft_’ﬁ(p) is mon-increasing in p €

[P (y), y)-

Proof: The statement follows easily by differentiating the target functions, recalling

(3-27)—(3.28), and making use of Assumption [[I1.24] n

We also need to make an assumption that limits the maximum possible demand

size, as viewed by the extremal agents. Namely, the extremal agents believe that the
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external demand can never exceed the inventory held by these agents.

Assumption IT1.26. For Leb® P-a.e. (t,w), we have:
D (-@* (£ @)da) ) < ({a"}), =D (—Q~ (" (@)dr) ) < ({8°}).
D, (@ (f@)dz) ) < i ({8) . Do (~Q* (" (@)dz)) < u* ({a"})
where QF and Q~ are defined in .

In order to construct an equilibrium, we need to impose certain topological con-

ditions on the space of beliefs and on the mapping a — f°.

Assumption II1.27. The spaces A and B are compact metric spaces, with the Borel
sigma-algebras on them (i.e. p® and u® are measures with respect to the Borel sigma-
algebras). In addition, for a.e. (t,w), the mapping o — ff is continuous as a

mapping A — 1L1[0,C,) and as a mapping B — L'[—C,, 0].
Finally, we need to ensure that the demand size curve is “not too flat”.

Assumption II1.28. There exists an increasing continuous (deterministic) function
€:[0,00) = [0,00), s.t. €(0) =0 and, for a.e. (t,w), |D; (z)—D; (y)| < e(jx—y|),

for all z,y € R.

Now, we proceed to construct a special class of equilibria in the continuum-player
game. As announced earlier, the equilibrium is constructed by, first, solving the
auxiliary two-player game, as described in Section In the two-player game, we
assume that the two agents have beliefs o and £°. Thus, we consider the unique
bounded solution (Y, Y?) to (3.41) and construct the associated (V¢ V?), which

solve ((3.40)), according to Lemma [[11.19] Then, Lemma [[II.18| implies that (V2,V?)

are the value functions of the two-player equilibrium (p?, p°, 7, p), where

~a a(yra ~ A . a B 1 a 1
5= PP B= P F=inf{te 0 T]: V=V po= VOt S
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Let us introduce
PE =i lgesy + Prlussy, PL = Dilpery + Delissy-

Using these auxiliary quantities, we aim to construct an equilibrium for the continuum-

player game, in which (v, #) satisfy the following two conditions. First,
(3.47) v = 1o ()b + 78, o = (BN + B,

with progressively measurable 7% and #° taking values in the space of sigma-additive
measures on R, such that, P-a.s., for all ¢ € [0, T, 7 is supported on [p}, C,)] and o

is supported on [—C,, pi’] Second,
(3.48) 0f = p*(A)dve, 607 = p°(B)dy.

Note that, in such a market, we have

The following theorem is the main result of this chapter.

Theorem II1.29. Let Assumptions hold. Then, there exist progres-
sively measurable measure-valued processes (v, 0), satisfying —, and pro-
gressively measurable random fields p,v : Q x [0,T] x S — P(R) x R, which form an
equilibrium, in the sense of Definition [III.6. Moreover, an equilibrium can be con-
structed so that vy(1,a) = V2, vy (—=1,a) = Vb, for all (t,w, ), and the optimal limit
order strategies of extremal agents are as follows: py(1,a°) = p?, p,(—1,8%) = p?, for

all (t,w).

The remainder of this section is devoted to the proof of Theorem [[I11.29] First,

we show that, in a market (v,0), as described by (3.47)—(3.48]), it is never (strictly)

"The components 7* and ° are introduced for convenience, in order to indicate that v@({p¢}) > p®({a®}) and

VP ({pp}) = nP({B8°}).
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optimal for the agents to post limit sell orders below the ask price or to post limit
buy orders above the bid price. In addition, it is never (strictly) optimal for the
agents to submit a market order before 7. To achieve this, we need to compare the

value functions of the agents to V® and V*, making use of Assumptions [[11.23} [[I1.24]

Lemma II1.30. Let Assumptions [[ILIHIIL.2]] hold, and let (v,0) satisfy (3.47)-

. Given any o € A and any admissible control (p,T), for a long agent with
beliefs a, there exists an admissible control p', s.t., P-a.s., supp(p,) C [p}, 00), for all

t €[0,T], and (p',7) does not decrease the objective value, i.e.
J(V,e),(pﬂ')(l’ a) S J(Vve)v(p/ﬂc)(l’ a)

Similarly, given any 8 € B and any admissible control (p,T), for a short agent with
beliefs (3, there exists an admissible control p', s.t., P-a.s., supp(p;) C (—o0,p?], for

allt € [0,T], and (p',7) does not decrease the objective value, i.e.

J(V’e)’(p’T)(—LB) < J(Vﬂ),(p’f)(_LB)‘

Proof: We consider a long agent with beliefs a and introduce
T = E[/T exp (— / & (e A Q™ () 17) dU) he (ps, p%, p})ds
t t
+exp (— /t c (P A Q™ () py) du) p%lﬂ} :
where
&@y) =@ y)lpzry, B (K2, y) = Bk, 2,9) sy, 2,y €R k€ P(R),

with ¢ and h** defined in (3.10) and (3.13). Next, for any ¢ € [0,T], any « € A,

and any admissible p, we introduce

(3.49) Y/ = esssup,er Jowr),
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The standard results on RBSDEs imply that Y®? is the unique S? solution of the

affine RBSDE,
(350) —dY;a’p = g_ta,p(}/;a,p)dt — thWt + th 0<t< T
T
(3.51) Y N E TS A N R
0
(3-52) Y;’p — p?;,
where

G (y) = = (0f A Q™ (), p)) y + he"*(pr, 0, 1Y) =

[—c (D A Q™ (). 1)) y + b (e B, 1Y) ] Ly

with ¢* and h®® defined in (3.10) and (3.13]). Recall that V* satisfies (3.40]), with

the generator
a b a® bpa®—/ b a® —,a%/ b o pa al,+ a a® +,a0 a
g, (y,p;) = 2A) piFy (pt>_)‘t F (pt)y+/\t I (y) Fy (Pt (y))_)‘t F (Pt ¥))y.
It is easy to deduce that
500 p@ a a a
t b (Vi ) =G, (Vi apg)l{td}-

Hence, (V,%.) satisfies the same RBSDE as (Y;ao’p "). From the comparison principle,
we conclude that ¥;* 7" = V.. On the other hand, for any o € A, let us choose

Pt = 0pe, to obtain:

P}
5o,p® af p® So,p® a o —,a o o c, a p—,a a
i <Y; P ) =G (Vi) = )\tngt (pfs’) + A / fe ()l b(“)du - N E (P?)Vt

FAPLED(p]) — M E(0))VE] Liery

o, a (% ,Q a a a al —,CMO
> NE D0 = Vi) + X E 00 0 = Vi) + X B 0] Lpeny,
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where 1Y is defined in (3.12)), and the last inequality is based on the Assumptions

[11.23] |IT1.26, and on the monotonicity of ltc’b(-), which imply
a v @ c,b af e af c,b a% bp—al/ b
At S (w)du > A S WG (wdu = A pF (p))-

Notice that, by construction, p? < V> < V¢ < p?. Then, Assumption [[11.23| implies

a—,a a a® —,al a
A F (pf)@pg -V ) > Ay (pg)@pg -V ),

« O a a a O[O 70‘0 a a a
Ay Ft+ ()} = V&) > X Ft+ ()i = V).

Thus, we obtain:

o () <t (o77)
Using the comparison principle for RBSDEs, we conclude that Y,**" > Y;O‘O’p "=
VS .. Consider an arbitrary strategy (p, 7). By switching between p* and p, we can
construct a new strategy p’, such that Y,*? > 4 VY™ for all t. More precisely,

we define
G (y) = G (y) v G (y),
and solve the RBSDE f. By the standard argument, the Y-component
of the solution is Y*?', where p, is defined to be equal to dpe if the maximum in
the above equation is achieved at G (Y,*" ,), and it is equal to p; otherwise. The
comparison principle implies that Y,*? > YO v Y > Ve v Y. Then, the
standard results on RBSDEs imply that the optimal stopping time associated with
Yor is
inf{t € [0,7] : Y, <pb }=inf{t €[0,T] : V* < pl.} = 7.

Thus,

JéV,G),(p,T)(17 O{) — jgv(pﬂ') S }/E)Ot,p S }/E)Oé,p’ — jgv(P/,%) — Jél/,e)v(]?’j')(17 O{)
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Next, we show that the control p can be chosen so that, P-a.s., for all ¢, supp(p;) C
[p#,00). Consider any control p. By switching, if necessary, between p* and p, we

can ensure that Y;"” > V9., Then, for ¢t < 7, the generator of Y*? is given by

TP (y) = = (B A Q™ (), 1Y) y + e (e, b, pY)

= = ASFTF A QT (p))y + ADEET(Q (pe) A pi)pe (1, 00)) +

a

Pt
A / / AU+ (p) — u) 1osay)] pe(dz)du+
(Q~ (pt)Apf)V 0
DY
X F (p)) / zpi(dz) — N F.(p))y + 200 P F, % (p7) — APpLE - (pf)pe ((pf, 00))

+)\?/ fta(u)/ [(2/\lf’a(u)+P§1{z>z§va(u)})]Pt(dz)du
pé pY

Let us estimate the first four terms in the right hand side of the above (i.e. the ones

that depend on p;(dz) restricted to = < pf):

— XNPF(0f A Q™ (pe))y + AP ET(Q () A pf)pe ((pf, 00))

P? p?
+/\?/ fta(u)/ [(z/\u+ (pg—u) 1{z>u})]pt(dz)du—|—
(@~ (pt)ApE)VO o

a

Pt

NEE (o) / 2pi(d2)

—00

<X sup [ (—y+p) FP() + p (=00, ) swp [z = o) F(2)] |

z<pf z€[z,pf]
Notice that, for t < 7 and y = ¥,**, we have p? — y < 0, and, hence,

sup | (= -+ 90) @) 1 (oept]) s (=) F )|

z<p{ z€[z,p¢

= sup |(z = y) (=) + plpe (7, 00)) B (2)]

z2<pf{

Due to LemmallI1.25] the function z — (z—v)F,*(z) is nondecreasing in z < P%(y).
As p? <0, the function z +— p? p; ((pf, 00)) F,*(2) is also nondecreasing, and, hence,

the above supremum is attained at z = p¢, provided P/ (y) > p¢. The latter does
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hold for t < 7 and y = Y,*", as P?(+) is non-decreasing, pf = P*(V;*) and Y™ > V.

Thus, the generator G;"*(Y;*") does not decrease if we replace p by

pi(dz) = pe(dz)Lpe o) + pe((—00, p}))dpe (d).

In other words,

GIT(Y, M) < G (V).

The comparison principle, then, yields V,*? < ;¥ . Moreover, the optimal stopping
strategy associated with Y®? is 7. Repeating the argument used earlier in this
proof, we conclude that any strategy (p,7) can be modified to (p/, 7), satisfying the
properties stated in the lemma, so that the objective value does not decrease. The
case of short agents is treated similarly. =

The above lemma has a straight-forward but useful corollary.

Corollary II1.31. Let Assumptions [[II.IHIII.2 hold, and let (v,0) satisfy (3.47)-
. Given any o € A, let (p,T) be an optimal strategy for the long agents with

beliefs v, in the class of all admissible strategies satisfying: P-a.s. supp(p;) C [p}, 00),
for all t € [0,T], and 7 = 7. Then (p,T) is optimal in the class of all admissible
strategies, in the sense of Definition . Similarly, given any B € B, let (p,T) be
an optimal strategy for the short agents with beliefs 3, in the class of all admissible
strategies satisfying: P-a.s. supp(p;) C (—oo,pl], for all t € [0,T], and T = 7. Then
(p,T) is optimal in the class of all admissible strategies, in the sense of Definition

UL

Thus, no matter which limit order strategy p an agent is using, it is optimal for

her to choose the following stopping threshold:

B(s) = V Lm0y + V1 s<oy-
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This implies that, given a LOB v in the form and the stopping strategy o
as above, if an optimal limit order strategy p(s, «) exists for any state (s, ), then
(p(s,),0) form an optimal control for the agents in state (s,«), in the sense of
Definition Moreover, in such a case, 6, given by , satisfies the condition
(3.8]). Next, we need to construct a LOB v, in the form (3.47)), and the associated
optimal limit order strategies for all agents, s.t. is satisfied. We begin by
showing that, for any v in the form , the strategies (0pe, V) and (8,0, V?) are

optimal for the extremal agents.

Lemma II1.32. Let Assumptions [[ILIHIIL.2¢ hold, and let (v,0) satisfy (3.47)-
. Then, given (v,0), the strategy (0pe, V*) is optimal for a long agent with
beliefs o°, and the strategy (8, V) is optimal for a short agent with beliefs B°, in

the sense of Definition [IIL.5,

Proof: Consider a long agent with beliefs a°. In view of Corollary [[I1.31} it suffices to
show the optimality in the class of strategies (p, 7), with supp(p;) C [p{, o0). Notice

that Assumption |[I11.26] implies:

@) = a Apf, Vo e spp (£7°)).

Using the above observation, we recall the constructions from the proof of Lemma

[[I1.30] to obtain, for any strategy p and all ¢ < 7:

aO aO ’aO a OéO 7,&0 aO 7,0&0
G P(y) = AL FC (00)y — A FY (00)y + 22X pyF (1))

AAE (p8) (pipe ({08 }) + (0 + P2)pe (pf,00))) -

As p? < 0, the above expression is maximized at p; = dpa. Using the comparison

principle for the RBSDE satisfied by Y*'?, we conclude that p = dpe produces the
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largest Ye”? and, hence, the largest objective value for the long agents with beliefs

a. The case of short agents is treated similarly.

3.4.1 Equilibrium strategies of the non-extremal agents

In this subsection we construct the measure-valued processes (v, 1°), in the form
(3-47), and a progressively measurable random field (p;(s, «)), such that the controls
(p(1,a), V) and (p(—1,a), V?) are optimal for the non-extremal agents with beliefs
a, long and short, respectively (recall that the optimal strategies for the extremal
agents are constructed in Lemma , and the fixed-point constraint is
satisfied. In view of Lemma [[T[.30] we can restrict the possible controls p to the
those satisfying: supp(p;) C [p{, 00), for all ¢ € [0,T]. It is also obvious that we can
restrict the support of p; to be in [—C,, C,]. As the stopping strategy is fixed, for

any o € A, the objective of a long player reduces to J; ®) where
Jtar(p) —
T s 3 T
E[/ exp <—/ & (ps,0h) dU> he(ps, p2, pl)ds+exp <—/ & (ps,ph) dU) P?Ift],
t t t
&t o)) = (o8 p)La<sy, e (e ol py) = B (pe 07, P 1<y,

and ¢ and h** defined in (3.10)) and (3.13). Due to Assumptions [I11.23| and [[11.26]

we have
" (x) =inf {p > Q (1) : —Dilp —x) >v}((p,00))} =pf V&, Ya &supp(fy).
In addition, for any z > p{,
{u>0:5%u) 22} ={u>0:u>z- D" (([pf, 2)))},

and, hence, for any B > pf,

B 1y%(B)—p¢ Cp
/ £ ) (15 () — ) du = / / £ (y)dydu.
g 0 u

+pf—D; (v ([pg pf+u)))
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The above observations allow us to simplify the objective:

o0

h (pe, 0, 1Y) = A?/ [(Z —p)F (2 = D7 (i (), 2)))) + pr Fy % (0F)

P

2Dy (v ([pf2))) - b
+f ()t ()| pu(d2) + 20500 () =
p
Cp
I O R R A (I B
p

z2—p§
| E G pt = D 08t ) du] )+
0

2ADLE, (D)) + AMpYF (p)).

Notice that the above objective does not depend on 1* (for a given p°), hence, we
can separate the equilibrium problems of the long and short agents (this is only
true for the non-extremal agents, of course). For simplicity, we only consider the
problem of the long agents — the short agents can be treated similarly. Denote by
k¢ and ¢ the push-forward measures of p; and v, under the mapping = — z — pf.
Clearly, the measurability property is preserved by this transformation, hence, we
can reformulate the equilibrium problem as a search for x and 7%, with the values
in the space of measures with support in [0, Cp]. In the new variables, the objective

takes a more convenient form. In particular, A (py, pt, p?) = h"*(ke, p2, p?), where

~

Cp
et = N7 [ [t = BDES (o 0t = D 08(0,2))
0

+ / B (u+ pf = Dy (97(10,0)))) dul ma(d2) + 2000 B (08) + APl F (7).
0

Note that J%®) solves a BSDE with the affine generator
G'(y) = e (0%, p}) v+ B (sa, 7, 7).

In order to maximize J*® | it suffices to find a strategy » which maximizes the above

generator. The latter is, in turn, equivalent to maximizing ﬁ? (-, p2,pP). Thus, we
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need to find a progressively measurable random field (x;(«)), with values in P(R)

(with the weak topology on it), s.t., for p%a.e. o € A,
(3.53) re(@) € argmaxn/ewﬁ?’a(/i',p?,pf)

holds for dt x P-a.e. (t,w), where ¢» = {p € P(II): supp(p) C I} and II = [0,C,].
The standard BSDE results, then, imply that x(«) is optimal for the agents in state
(1, @), for p-a.e. a € A. Tf, in addition, we ensure that the fixed-point constraint
is satisfied (and a similar construction holds for the short agents), we obtain
an equilibrium in the continuum-player game, in the sense of Definition [[T[.6] Notice

that we can rewrite

R (k! pi, pb) = Mg / Fy(o, p, o)k (dp) + 27 L F,% (0)) + ASpyF (p}),
R
(3.54) Fy(a,p,of) = (p+pf —p)F, (p+pf — D7 (97([0,p)))) +

/Op FH (u+pf — Dy (080, w)))) du.

Assuming the extremal long agents post limit orders at p®, the fixed-point constraint

(3.7) (more precisely, the part of (3.7) that corresponds to the long agents) becomes:

(3.55) 22(10,]) = u* ({a}) + / i3 [0, 2] (da), Yz > 0.

The above equations can be solved separately for different (¢,w), hence, to this end,
we fix (t,w) and omit the ¢ subscript whenever it causes no ambiguity. The statements
that follow hold for a.e. (t,w). It turns out that it is more convenient to search for

a measure

K(da,dx) = k(a; dz)p*(da),

which is an element of M. (A X H), the space of finite sigma-additive measures on

A x II, with the first marginal . Transition from K to x is accomplished via the
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usual disintegration. Thus, for a.e. (t,w), we need to find (K,v) € M,.a (A X H) X

M a(a) (II) solving the following system

(3.56) K € argmaxyc . (i) S F (aip, V) K (dev, dp),
v(de) = p*({ao})do(dz) + K (A x dz),

where M a(a) (I) is the space of finite sigma-additive measures on II, with the total
mass 1*(A) = p*({ag})+p*(A). The above system can be formulated as a fixed-point
problem, in an obvious way. However, the main challenge in solving this problem

stems from the fact that F'(«,-,-) is not continuous: e.g. it may be discontinuous in

p, if v has atoms. Therefore, we replace F' by its “mollified” version:

F(a,p, v) =sup F(a,p',v)—[p' —pl|.
p'ell

The following lemma shows that we can replace F' by Fin 1} and any solution

to the new problem will solve the original one.

Lemma II1.33. For any o € A and v € M eay (IT), the function p — ﬁ(a,p, V) is

1-Lipschitz in p € 11, and

argmax, F(oz,p, V)= argmax, F(a,p,v).

Proof: For convenience, we drop the dependence on («a,v). The first statement is
clear from the definition. It is also clear that sup,p F(p) = sup,ery F'(p), and we
denote this supremum by S. As F' is continuous in II, it achieves its supremum,
hence, it suffices to show that F(py) = S, for every py such that F (po) = S (note
that the opposite implication is obvious). Assume the contrary, then F(p) < S — &,
for some € > 0 and all p € [I N (py — €, po + €) by the upper semi-continuity of F'.
Then, we obtain a (po) < S — &, which is a contradiction. To see that F' is upper
semi-continuous, notice that it is left-continuous, with only downward jumps, which

follows directly from (3.54). n
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Summarizing the above discussion, to find a solution to (3.56)), it suffices to find

a fixed point of the following correspondence
M (A X H) 5 K K (0(K)),
where
(3.57) D(K;dr) = p({ao})dpe(dz) + K(A x dz) € M) (T0)
is single-valued, and
(3.58) Kv) = ALGMAX e g (AT /F(Oz,p, v)K (da, dp) C M e <A X H> :

Proposition I11.34. Let Assumptions[IIT.27, hold. Then, the correspondence

K: K~ K (#(K)), defined by f, has a fized point.

Proof: To prove the proposition, we use the Kakutani’s theorem for correspondences
(cf. Definition 77.7.8.1 and Theorem I1.7.8.6 in [35]). Note that M. (A x H),
equipped with the weak topology, is convex and compact (by Prokhorov’s theorem).
In addition, it can be viewed as a subspace of the dual of the space of continuous
functions on AXH, which is semi-normed. Thus, in order to apply the Kakutani’s the-
orem, it only remains to show that /C is upper hemi-continuous (uhc), with nonempty
compact convex values. Notice also that K (v) is convex by definition (as an argmax
of a linear functional on a convex set), hence, K is convex-valued, and we only need
to show that it is uhc, with non-empty compact values. As p — (p) is a continuous
function, and a composition of a continuous function and a uhc correspondence is a
uhc correspondence, it suffices to verify that v — K (v) is a uhc non-empty compact
valued correspondence. To achieve this, we use the classical Berge’s theorem (cf.

[49], section E.3), which reduces to problem to the continuity of the functon

(3.59) (K,v) = ¢(K,v) = /F(oz,p, v)K (da, dp),
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on M. (A X H) X M acay (II), metrized via the Lévy-Prokhorov metric. In the
remainder of the proof, we show that ¢(K,v) is jointly continuous in (K, r). More
precisely, ¢(K,v) is continuous in K, and it is continuous in v (with respect to
Lévy-Prokhorov metric), uniformly over K.

First, we show that ¢( K, v) is continuous in K. By the definition of weak topology,
the desired continuity would follow from the joint continuity of F (o, p, v) with respect
to (o, p). Due to Lemma , F(a,p, v) is 1-Lipschitz in p (uniformly over o € A),
hence, it suffices to check that (o, p,v) is continuous in «. The latter follows from
the fact that F'(«, p,v) is continuous in a, uniformly over p € II. Indeed, notice that,

if, for some o’ € U(a), we have |F(/,p,v) — F(a,p,v)| < e Vp € 11, then
F(o/,p,v)=F(p,v)—p —p| < Fla,p,v)—|p —p| +e < Fla,p,v) +e,
which, together with the analogous symmetric inequality, shows that
F(a/,p,v) = Fla,p,v)| <&

The first equality in the above follows from the fact that F' is upper semi-continuous
in p (and bounded from above by 2C,,), which is shown in the proof of Lemma ,
and, hence, the supremum in the definition of F is achieved at some p'. To show
that F(a,p,v) is continuous in «, uniformly over p € II, we recall (3.54), and the
desired continuity follows directly from Assumption [[I1.27]

It remains to show that ¢(K,v) is continuous in v € M e (a) (II), uniformly over
K e M. (A X H). As every such K has a fixed finite total mass, due to the defi-
nition of ¢, the desired continuity follows from the fact that F (cv, p, V) is continuous
in v, uniformly over (a,p) € A x II. To prove the latter, fix ¢ > 0, and let dy be

Lévy-Prokhorov metric on M ,acs (II). Let us show that there exists an increasing
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continuous deterministic function Cjy: [0,00) — [0, 00), s.t. Cy(0) = 0 and
F(a7p> Vl) - F(Oéapa VQ) < 00(5)7 vp € H7 o€ Av d0<V17V2) < e

If we manage to show that there exists an increasing continuous deterministic func-

tion B: [0,00) — [0,00), s.t. B(0) =0 and
(3.60) F(a,p,1n) < F(a,(p—e¢)VO0,1n)+ Ble),

then

A

F(a,p,vi) = F(a,p',v1) = |p' —p| < F(a,(p’ =) VO,v2) — [p) —p| + Ble)

< F(a,(p —e)VO0,m) —|(p) =) VO —p|+ Ble) + & < Fla,p,1n) + B(e) +¢.

The latter, together with the analogous inequality in which v, and 15 are switched,
yields the desired uniform continuity of F in v. Thus, it is only left to prove (3.60)).

For any p € 11, by the definition of the Lévy-Prokhorov metric, we have:
n([0,p)) 2 12([0, (p —€) V0)) —¢
and, hence, by Assumption [[I1.28]
—D7(11([0,p))) = =D~ (1([0, (p — £) V 0))) — €(e)-
Then, for any p € II,
p+p" =D (([0,p) = (p—e) VO+p* = D (1([0, (p — ) V 0))) — e(e),
which implies
Fo (p+p* = D7 (vf(p)) S FP ((p—e) VO+p" = D7 (15 ((p — €) V 0))) +Me(e),

where we used the fact that f¢ is bounded by some constant M. The above estimate,

along with the boundedness of p?, p* and F°, yields the desired inequality (3.60)
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for the first term in (3.54)). Integrating the above estimate, we obtain the analogous
inequality for the last term in the right hand side of (3.54)), thus, completing the

proof. m

Proposition [[11.34) implies that, for a.e. (t,w), we can find K;, € M,a (A X H),

s.t.

Kt,w € R (D(Kt,w))7

and, hence, (K}, 7(K},,)) satisfies (3.56). Next, we need to establish the measur-
ability of K;, with respect to (t,w). Namely, we need to show that there exists a

progressively measurable mapping (t,w) — K, € Ma (A X H), such that

(3.61) K, € Aargmax e vy (Axn)@,w (K',v(K)),

for Leb ® P-a.e. (t,w), where ¢ and © are defined in (3.59) and (3.57). We denote
S =1[0,T]x €, and let S be the progressive sigma-algebra (defined w.r.t. the filtration

F) on S. We also denote X = M. (A X H> and introduce the correspondence

g1: S x X — X, given by
(t,w, K) +— argmax g cxbr o (K, 0(K)).

Notice that X is separable and metrizable, and consider the function (¢,w, K, K') —
brw(K',v(K)), defined on (S x X?, S® B(X?)). Note that this function is continuous
in K’ (as shown in the proof of Proposition [[II.34)) and measurable in (¢,w, K) (as it is
continuous in K and measurable in (¢, w), as shown in the proof of Proposition,
hence, it is a Carathéodory function. Then, the Measurable Maximum theorem (cf.
Theorem 18.18 in [2]) implies that ¢; is a (S ® B(X))-measurable correspondence
with nonempty and compact values. Consider another correspondence gy: S — X

given by

(t,w) = {K € X: K € argmaxy. ¢ ,(K',0(K))} .
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Let us show how to measurably select from g, for Leb ® P-a.e. (¢,w). The standard
measurable selection results (cf. Corollary 18.27 and Theorem 18.26 in [2]) imply
that such a selection is possible if go has S ® B(X)-measurable graph and non-empty

values. The latter follows from Proposition and the former is guaranteed by

the following lemma.
Lemma II1.35. The correspondence go has a S @ B(X)-measurable graph.

Proof: Denote this graph by I'y,. Let Ix: X — X x X be given by Ix(K) = (K, K).

Then, I'y, = (id x Ix) ™" (T'), where I' C S x X x X is given by
I'={(tw K,K'|(t,w) € S, K € X, K' € argmaxnex¢r (K", 0(K)))}

N{(t,w, K, K)|(t,w) € S, K € X}.
Clearly, id x Ix is a measurable map, and the set {(t,w, K, K)|(t,w) € S, K € X} is
measurable. Therefore, we only need to check that

{t,w, K, K'|(t,w) € S, K € X, K" € argmaxgncxbr (K", 7(K)))}

is S ® B(X?)-measurable. The latter set is precisely the graph of g;, and it is mea-
surable as the correspondence ¢; is measurable (cf. Theorem 18.6 in [2]). m

Thus, we conclude that there exists a progressively measurable K, with values

in Ma <A X H), satisfying (3.61) for Leb ® P-a.e. (t,w). It only remains to

construct x from K, by disintegration. Let us introduce A = S X A, equipped
with the sigma-algebra S ® B (A), and the measure Q on A x II, defined via
Q(dt, dw, da, dp) = K, (da, dp)dtP(dw). Note that the marginal distribution of
Q on A is p*(da)dtP(dw). Then, as the natural projection from A x II to II has
a Borel range, Theorems 5.3 and 5.4 from [4I] imply that there exists a kernel

ki A3 (t,w,a) = kw(a) € P(II), which is a regular conditional distribution of the
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natural projection from A x II to II, given the natural projection from A x II to A,
under Q. Namely, for every absolutely bounded measurable f: A x I — R, we have
(3.62)

f(t,w, o, p) Ky, (de, dp)ditP(dw) = f(t, w, o, p)ktw(c; dp)u®(da)diP(dw).
AxII AXII

The above property yields that 7y, = v(Ky,,) and Ky, satisfy the fixed-point con-
straint . It only remains to show that r satisfies , for Leb ® P ® u®-
a.e. (t,w,a). Assume that this is not the case, then, there exists a measurable set
B C [0,T] x Q, with positive measure, s.t. for any fixed (t,w) € B, there exists a

measurable set C' C A, s.t. u*(C) > 0 and, for all o € C,
/ Ft,w(a?pa I;(Kt,w))/it,w(a; dp) S / Ft,w(&apa ﬁ(Kt,oJ))K't,w(a; dp)
R R

< sup / Fro( p, 5(Koo))# (dp) = sup / Fro(cn py 5(K0) (dp).
R R

K € K€Y

The above inequality becomes non-strict for all o € A \ C. Then, for a fixed (t,w) €
B, we can choose a measurable 7: A — P(II) (in the same way as we chose a
measurable K, except that, in this case, the measurability is required in the a-

variable), s.t.

sup / Fyo (o, py 9(EKo)) (dp) = / Eyo (s py H(K))i(asdp),  j-ace.a € A.
R

K€Y R

Thus, we obtain

/ Ft,oJ(Oéap? D(Kt,w))/q't,w(a; dp) < / Ft,w(aapa I;(Kt,w))’%(aa dp)a
R R

for all @ € (', and the non-strict inequality holds for all o € A. Integrating with
respect to u®, and using l} with f(t,w,a,p) = F(t,w,a,p, v(K:y))), we obtain
a contradiction with (3.61)) on the set B (which has a positive measure). Thus, for

pi-ae. o € A, (3.53) holds for Leb ® P-a.e. (t,w). This means that, if we define
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pi(«) as the push-forward of k;(«), under the mapping = — x + p¢, the resulting
strategy p(«) maximizes the generator C;ta(y), for any y and a.e. (t,w). Then, we
define v} to be the push-forward of 7, under the mapping x — z + p{, and use the

standard BSDE results to conclude that, for py*-a.e. o € A,

J(V,e),(p(a),va)(La) _ jg,(ﬁ(oc)) > ‘347(19’) _ J(uﬁ),(p’vV“)(La)

holds for all admissible strategies p/, which means that p(«) is optimal for the long
agents with beliefs a. With such a choice of v* and p, the fixed-point condition on
v given in , is satisfied, as it is equivalent to (assuming the extremal
long agents post limit orders at p®, which is optimal for them). This, along with
Corollary [[IL31] implies that (p(c), V) is an optimal strategy for the long agents

with beliefs & € A. The short agents are treated similarly. Thus, we complete the
proof of Theorem [[T1.29]

Remark T11.36. Notice that, as announced in Remark [[II.7] we have constructed an

equilibrium, satisfying
v(l, ) = v} = V2, ve(—1,0) =0l = V2, Vae AUB, (t,w) € [0,T] x Q.

Therefore, in such an equilibrium, no agents execute market orders before the end
of the game 7, and, hence, the empirical distribution p remains constant and ((3.9)

holds.

3.5 Example

In this section, we consider the simplest concrete example of our model and show
how it can be used. Consider a stochastic basis (Q,F = (Ft)ieory - P)» with a Poisson
random measure N, whose compensator is A f;(z)dxdt, as described in Subsection

3.2.1L We assume that J;(z) = = (i.e. M = N), so that N is the jump measure of
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the (potential) fundamental price process X. We also assume that 7' = 20, \;, = 1
and f; is the density of a uniform distribution on [—Cj, Cy], where the constant Cy

is chosen to be sufficiently large, so that this interval contains the supports of all f¢

described below. We take A = {ao} UA, B = {f,} UB, where

A:{%|O§i<l{}, Iﬁ%:{—%|0§i<l{}
are the uniform partitions of unit intervals, and K = 500 is used for most of the
computations herein. The restrictions of @ (resp. u’) on A (resp. B) assign a mass
of 1/K to every point of the corresponding discrete space. Note that this implies
p(A) = pb(B) = 1. We also define p*({a®}) = p*({°}) = 0.1.
Next, we consider a collection of positive numbers { A\ A= CT* C™*} caup,

and define

N >\+,a /\—,oz
@) = e mora oo @ e ey gma tre o).

A = AT AT,

Herein, we use CT® = ¢~ = b = C—F = (.5 and
CH*=a+ba, CT*=C"% VacA,

Cf=a—b8, CH=Ccth VBB,
with a = 0.5 and b = 10. Finally, for any a € A UB, we introduce

NP0 g [ e et
- aze =z [ T IV de) = () drda],

I'(x)
and define P* << PP by its Radon-Nikodym density Z%. One can easily check, using

the general results in [39] (or in [23], for the deterministic case, used herein) that,

under such P*, N is a Poisson random measure with the compensator A* f(x)dzdt.
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We assume that the demand elasticity is deterministic, constant in time, and
linear in price:

Dt(}?) = _kpa

with the elasticity parameter £ = 0.2.
With the above choice of {CT CEFo ya({al}), ub({B°}), k}, it is easy to see
that Assumption [I11.26] is satisfied. Notice that the choice of ™, for o € AUB,

does not affect the equilibrium, as long as Assumptions [[T1.23] and [[TI.24] are satisfied.

This is, clearly, the case if we choose AT = AE2" and AP = A5 for o € A and
£ € B. Herein, we consider several different sets of values for {)\i’ao, )\iﬂo}.

Let us construct an equilibrium in this example. Notice that, in the present case,
the Brownian motion W does not affect the jump intensities and, in turn, the agents’
objectives, hence, the RBSDE system becomes a system of reflected ODEs.
We can solve it easily, using a simple Euler scheme, then, recover the value functions
(Ve,V?), as shown in Lemma , and construct the bid and ask prices, (p®, p®), in
the feedback form, as shown in Lemma [[I[.1I8] We implement this strategy with the
parameters chosen above, and with A\*@ = 2.5 A7 =1 \*fo =1 \=F =25 (so
that the extremal ask agents are bullish whereas the extremal bid agents are bearish).
The results are shown in the left part of Figure Using the same parameters, we
consider the book beyond the best bid and ask prices. In order to construct it, we
solve the fixed-point problem (3.56)) numerically. The latter is achieved by limiting
the set of possible price levels for the limit orders to a finite set (i.e. to a partition
of a large interval), which reduces to a finite-dimensional fixed-point problem.
In addition, we allow each agent to post a limit order at a single price level only,

which further simplifies the problemﬁ Thus, we find a solution by the standard

8Note that this restriction does not compromise the optimality of the agents’ actions, provided a fixed point
can be found. Indeed, it is a well known phenomenon that, in a continuum-player game, an equilibrium with pure
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recursive iteration, maximizing, at each step, the objective over a finite set. The
resulting optimal limit order strategies of the agents (at time zero) are plotted in the
right part of Figure , as a function of the agents’ beliefs & € A UB. Notice that
the optimal limit order strategy p(-) is piece-wise constant. It is worth mentioning
that this discreteness seems to be inherent in the model and not just an artifact of
the discretization of prices or beliefs that we chose herein. Indeed, Figure [3.1] was
obtained with 500 different values of beliefs (i.e. K = 500) and with 1000 possible
price levels, while the number of jumps of p(-) is clearly much smaller than any one
of these numbers. In fact, we have repeated the computations, increasing both K
and the number of possible price levels, and the results do not change. Naturally,
the associated LOB is given by a finite combination of Dirac measures — it is shown
in the left part of Figure 3.2

Finally, we demonstrate how the proposed framework can be used to model the
indirect market impact: i.e. how a change to the LOB may create a “feedback” effect
and cause further changes to it. Note that the initial change may be triggered by
a trade (which is the case in the classical literature on optimal execution), or by a
new limit order. An extreme example of the latter is the so-called “spoofing” — i.e.
posting a large limit order with the goal to make the price of the asset move in the
opposite direction.ﬂ To the best of our knowledge, to date, there exists no model
capable of explaining how exactly this activity causes the LOB (and, in particular,
the price) to change. To model this process within the present example, we assume

that {A\**", A58} are, in fact, functions of a relevant market indicator, which we

controls also provides an equilibrium for a setting with distributed controls. This is, in fact, one of the advantages of
the continuum-player games. We consider distributed controls only to prove that the equilibrium does exist, which
is much harder (if at all possible) to show for a setting with pure controls.

9We stress that intentional spoofing is an illegal activity.
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denote by I:

AT =23 exp (Is), A = Texp (—1Is),
AHA — lexp(Is), AP = 2.3exp (—1s),

where s = 2.6 is the sensitivity. We further assume that I is the so-called market
imbalance: the ratio of the size of all orders at the best bid over the size of all orders
at the best ask, less one. It is a well known empirical fact (cf. [2I]) that such an
indicator has a predictive power for the direction of the next price move. Note that
I is a function of the LOB, which, in turn, is an outcome of an equilibrium, in which
I is the input. Strictly speaking, our results do not guarantee the existence of an
equilibrium with this additional fixed-point constraint. Nevertheless, we can try to
compute it numerically. For example, choosing the initial factor value I = .0984456,
we obtain the equilibrium LOB (consistent with the chosen level of market imbalance
I) shown in the right part of Figure (at the top). Next, we add an extra limit
buy order of size 0.05, located at the best bid price, to this LOB — as shown in the
bottom graph in the right part of Figure Clearly, the new LOB is no longer in
equilibrium, hence, the agents will adjust their controls to reach a new equilibrium.
Of course, in theory, this process happens instantaneously, and we simply observe
the outcome of the new equilibrium. However, it is also very insightfull to see how
the new equilibrium is reached, in a sequence of steps. At each step, we fix the value
of I given by the imbalance of the LOB at the previous step, and compute the new
LOB from the equilibrium, and so on. Figure [3.3| shows what happens to the LOB
and to the functions (V' V?) in the first five steps. We can see that the change in
the factor makes the agents more bullish about the asset, and they tend to move
their limit orders higher. In particular, the size of the best bid increases, while the

size of the best ask decreases, further increasing the market imbalance. The left part
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of Figure 3.3] also shows that, starting from step three, the value functions V¢ and
V? coincide at time zero, which means that the agents, in fact, choose to submit
an internal market order, terminating the game. Thus, our model, in particular,
shows how the market imbalance can be interpreted as a “self-fulfilling prophecy”:
the fact that the agents base their beliefs on the market imbalance, itself, implies
that a sufficient increase in the market imbalance will, indeed, trigger a market buy
order.

Of course, the analysis provided in this section is merely an example, which is
meant to illustrate how our results can be used to model the changes in a LOB
resulting from the changes in a relevant market indicator. In general, we do not need
to limit ourselves to the market imbalance, but may consider other indicators: e.g.
choosing the size and direction of the last trade as the relevant indicator, would allow
one to model the “indirect” impact of a market order on the LOB (in addition to
the obvious, direct, impact resulting from immediate execution of the limit orders).
In our future research, we plan to find an appropriate model specification (including
the choice of the most appropriate market factors), that is consistent with empirical

findings, and to test the predictions of our model against the real market data.
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Figure 3.1: On the left: value functions (V?, V%) (red and blue), and the bid and ask prices (p°, p®)
(purple and orange), as functions of time. On the right: the optimal price level of a
limit order, as a function of the beliefs o € A UB. Parameters: AT = 2.5 A7 =1,
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Figure 3.2: Left: LOB at time zero, with A\t® = 2.5 A= = 1, \*fo =1 A—Fo = 2.5 Right:
equilibrium LOB at time zero, with the parameters depending on the market imbalance
I (top), and the same LOB, with an additional (yellow) limit order (bottom).
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Figure 3.3:

On the left: value functions (V°, V%) (red and blue), as functions of time.

LOB at each step of the convergence to a new equilibrium.

On the right:




CHAPTER IV

Effects of Tick Size

4.1 Introduction.

In this chapter we continue our investigation of agent-based approaches to mod-
eling various phenomena in market microstructure initiated in chapters [I} This
time we focus on a continuous-time case with discrete prices, to model more realisti-
cally the actual markets which have a finite tick size. Unlike in those two chapters,
we only consider a two-agent game with one long and one short agent. It should be
understood that the equilibrium we construct for this game can be extended to an
equilibrium for the continuum-player game with two clusters of equivalent agents on
buy and sell sides, similarly to chapter [[II]

What we focus on here is instead the relevance of the location of the agents’
estimate of the ’true price’ relative to multiples of the tick size: this spatial inho-
mogeneity is important for understanding the clustering of market orders and, more
generally, the non-uniformity of market impact across time. Consider the following
as an example of a possible practical relevance of this spatial structure: if we think of
the true price as an imbalance-weighted bid-ask price, it is well-known that for many
1-tick stocks the trade volume is higher on average when this true price is close to

bid or ask. But this is exactly what our model would imply, as with realistic param-

134
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eters equilibria it produces are such that the agents would join external investors in
submitting market orders when the true price is close to a multiple of the tick size.
Moreover, the spatial structure implied by the model depends on the potentially
measurable model parameters (volatility, adverse selection level), suggesting some
avenues for empirical investigations we plan to pursue in the future work.

The main challenges of this work are on the mathematical side. The game we
consider reduces to a system of two Markovian control-stopping optimization prob-
lems, coupled through controls and stopping barriers which are discontinuous func-
tionals (actually, floors and ceilings) of the other agent’s value function. A fixed
point problem which solving such system reduces to lacks continuity, contractivity
or monotonicity properties, rendering it intractable by conventional methods. We
are able to solve it for the case of a 1-dimensional Brownian motion true price, which
allows us to utilize the geometric approach to (possibly rather irregular) linear dif-
fusion stopping problems developed in [26],[25]. This approach, combined with the
quasi-periodic structure of the problem arising from the discreteness of admissible
order price levels, allows us to establish a sufficiently strong monotonicity property of
agents’ value functions in the case when the true price volatility is sufficiently high.
This monotonicity implies the agents’ value processes are sufficiently noisy, which
means that the discontinuity of the coupling between the agents gets smoothed out.
Along with a few other special properties of agents’ value functions, this allows us
to restrict the fixed point problem to a subset on which its continuity can actually
be established.

The chapter is organized as follows. In section [£.2] we describe the game mechan-
ics and introduce the main ingredients of the model. In section [4.3| we investigate

the properties of the individual agent’s value function given that the price controls
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of both agents and the other agent’s value function are fixed. We first show its basic
relative boundedness and quasi-periodicity properties. We then introduce the analyt-
ical machinery of second order ODEs related to linear diffusions, which together with
the geometric approach to the linear diffusion optimal stopping mentioned above al-
lows us to establish a sufficiently strong monotonicity of an agent’s value function
for all admissible price controls. The section ends with a proposition establishing
the continuity of one agent’s value function in the other agent’s value function pro-
vided the latter is appropriately monotonous, relatively bounded and quasi-periodic.
In section [£.4] we first address the control parts of agents’ optimization problems:
we introduce response control operators and show the price controls they produce
are indeed optimal. Our situation is somewhat less regular than the one treated
in standard references, so we have to exploit the special structure of the problem
and introduce some additional tricks to show this optimality. We then show these
response control operators are continuous in the appropriate topology and also show
how the coupled optimization problem we are solving reduces to a certain fixed point
problem. Finally we show the continuity of this fixed point problem and the exis-
tence of a fixed point of a special type, which implies the existence of a solution to

our coupled optimization system.

4.2 Buyers-sellers game

Consider two agents, long and short, aiming to sell and buy, respectively, one unit
of the asset.

Every agent can post a limit order (of the respective type — buy or sell) at a chosen
price level, or submit a market order (of the same type). We denote the location

of a limit order posted by the long agent at time ¢ by pf. Similarly, we denote the
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location of a limit order posted by the short agent at time ¢ by p?. Both processes
take values in he set of integers Z. We interpret their values as prices in multiples of
tick size for the asset.

We denote the stopping time at which the long agent executes a market order by
7¢. Similarly, we denote the stopping time at which the long agent executes a market
order by 7°.

Each agent believes that the external investors arrive to the market according to
a Poisson process N with intensity .

The current estimated mean value of the fundamental price, from the point

of view of each agent, is given by the process X, with
Xy = Xo+ 0By,

where B is a Brownian motion, independent of N.

The processes (p%, p°) and the stopping times (7¢,7°) are adapted to FPZ.

At any arrival time ¢ of N, the value of the fundamental price, p?, is determined
by

p?:Xt—i—f

where ¢ is a random variable, independent of B, with mean 0 and cdf F.

An external market buy order is executed at time ¢ if and only if ¢ is an arrival
time of N and p? > p¢. Similarly, an external market sell order is executed at
time ¢ if and only if ¢ is an arrival time of N and p? < p?.

If a long (short) agent submits an internal market sell (buy) order at time ¢, it
is executed at |[V,?| (resp. [V;*]), where V? V¢ are value processes for short and
long agents respectively. Given our perfect information/perfect rationality setup, a

sell agent would run away from a predictable buy market order if it doesn’t improve
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on her value function, and would take it if it does, so the smallest price (which also
should be an integer) at which the long agent would agree to trade is [V,*]. Hence,
a short agent can execute her market buy order at this price level.

The game ends at the time of the first trade: when the first market order is
executed. The agent, or agents, who participated in that trade receive/pay the
price the trade was struck at. If the trade ended via an external market buy (resp.
sell) order, so that only one of the agents actually traded, at some time 7, and
& = p? — X,, then the short (resp. long) agent’s remaining inventory is marked to
[ X +a&;] (resp. | X;+a&;|). The choice of X;+a€&, (where 0 < av < 1is the adverse
selection parameter) is based on the following. The observed difference between the
actual fundamental price p® and the mean fundamental price X is informative (to a
degree controlled by «) for the subsequent estimate of the mean fundamental price,
or, in other words, the external order flow affects linearly the agents’ estimate of the
mean fundamental price. Taking the ceiling and floors is meant to approximate the
'next round’ p® and p°.

In this work, we consider a game with infinite time horizon and only allow for
Markovian strategies, so that p¢, p? are (time-independent) functions of X;, and 7¢,
7% are hitting times of X.

Then agents value processes are given by functions of X; as well. It’s not hard
to show that if one of the agents is using such Markovian controls, it is possible for
the other agent to choose optimal controls which are Markovian as well. (We do not
claim that all equilibria of the game are Markovian.)

Similarly to chapter [[TI, one can show that an equilibrium in the control-stopping

game described above can be constructed by solving the following fixed point problem
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for the functions (p®*, p®*, Ve, V):

V(x) = supyac 40 sup, J* (, 7, p%, p™, V?)
(@1)

Vb(x> = infpbeAb inf, .J* (Q}, T, pa*’pb, Va) )
where the classes of admissible control functions, A%, A%, are defined below, in As-

sumption [IV.2| and the optimal p™* € A® and p** € A® satisfy

sup sup J* (z, 7, p%, p”*, V?) = sup J* (z, 7,p™, p"*, V'),
pereAe T T

inf inf J (z,7,p",p", V) = inf J* (z,7,p™, p", V),

pbeAb T
and
(4.2)
T (or ) = B /0 " exp (— /O t c(p“(Xs),pb(Xs),Xs)ds) G (X)), P (X0, X,
+ exp (— /OT c(pa(XS),pb(XS),XS)ds) L’U(XT)J],
(4.3)

Jb (x,T,pa,pb,v) =[E* [/OT exp (— /Ot c(p“(XS),pb(XS),XS)dS) " (p*(Xy), p°(X,), X, )dt

resp (= [ el (X400 X005 ) o]
with E*[] = E[-| Xy = 2] and

(4.4) c(p®p’x) =X (1= F(p* —a) + F (p" — ),
(4.5) g%, p" x) = A (p" (1= F (p* = 2)) + F*(p", ),
(4.6) ¢ x) =X ('F (p° — 2) + F(p", z),)
(4.7 ot = [ e s aylart)

o0

(4.8) F(p*, z) = / [z + ay]dF(y).

a—x
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4.3 Agents’ optimal stopping problems

In this section, we introduce the assumptions and derive a number of properties
of the agents’ objective functions. In the subsequent section, we use these results to
establish the existence of a solution to the target fixed-point problem, and, in turn,
construct an equilibrium of the associated control-stopping game.

First we introduce the notion of admissible prices. Unfortunately, we have to
constrain agents’ choice a bit a priori, namely, we have to assume agents bid and ask
prices are always such that the order execution rate at either side is bounded away
from zero. It is necessary to have this undegenerate discounting for our analytical
machinery to work, and we couldn’t find a way to obtain this property endogenously
in sufficient generality. In all the realistic examples we investigated this constraint

is not binding. More specifically, define

a __ o i b — b
A= (ol - Fa)> ), A= {alF(a) > Sk
Al(w) =z + A5, A(z) =2+ A

For any ¢; > 0 we define
Definition IV.1. The control p®(z) (p°(z)) is admissible if it is a measurable func-
tion and
p*(z) € A%z)NZ, Vz (resp.p’(z) € A°(x) N Z, Vz)
and there exists at least one p® (resp. p®) with the above property such that p® > p°.
One can check admissibility of p?, p® implies in particular that
Ip*(z) =2l <C, []p(x) 2|, <C

for some C' > 0, where || - ||o denotes > norm. It also implies

c(p*(x),p’(x),2) > 1, Va
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Also, from the definition of ¢, and as A is fixed throughout the chapter, we get
(4.9) (0" (), P (), 7) < 0y = 20> 0

We denote by A (A°) the sets of all admissible p® (resp. p°). These sets might
be empty for all ¢; > 0 if the support of £ is too narrow, so we need to make the

following
Assumption IV.2. There exists ¢; > 0 so that the corresponding A®, A® are non-
empty.

We fix such ¢; for the rest of the chapter.

Another property we are going to use a lot is the following

Definition IV.3. We say a measurable function f is C-close to x, where C' > 0 is
a constant, if

1f(2) = zlle < C

We call a barrier v(x) admissible if it is measurable and is C-close to x.

Consider
(4.10) \%s (x,p“,pb,v) :=sup J* (ZL’,’T, %, 1P, v) ,
(4.11) 174 (m,pa,pb,v) = inf J® (:10, T, pa,pb,v) :

It’s easy to see these are well-defined and C-close to = for some C' for all admissible
controls p®, p® and admissible barriers v.

Note that p?, p®, V¢ V? and z are measured in ticks, and only the relative
measurements are interpretable, not the absolute numbers, so the sensible equilibria
should satisfy
(4.12)

Ve (x41) = VUz)+1, VO(z+1) = Vo(2)+1, p™(z+1) = p™(2)+1, p™(x+1) = p**(2)+1
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We will use this property a lot in what follows so we introduce a term for it:

Definition IV.4. We say a function f(x) has 1-shift property if
flx+1)=f(z)+1, VreR

An important first step toward establishing the existence of an equilibrium of (4. 1)
in the class of functions which have 1-shift property and are C-close to x would be to

check these properties are preserved by individual agents’ optimization functionals
ve(...), Vb(- )
Lemma IV.5. If admissible barriers v®, v° and admissible controls p*, p® have 1-shift
property then so do V(xz,p®, p°,v°) and V°(x,p®, p®,v®). Additionally, we have

clx +1,p" +1,p" + 1) = c(x, p*, p*)

($+1p + 1,0+ 1) = =(z,p",p") + 1,

U
C
9

oo %

(x+1,p"+1,p" + 1) = =(z,p" p") + 1,

c
forallx, p*, p°, which means that c(x, p*(x), p°(x)) is 1-periodic and %(:U,p“(x),pb(:v)),

g—;(x,p“(:c),pb(x)) have the 1-shift property.

Proof: Immediate after rewriting the objective in the form (4.14]). m

In what follows we will often suppress the dependence on p®(x), p®(x) from nota-

tion to avoid clutter, and denote

(4.13) g'(x) = gy(x) = ¢"(p" (), p"(2), x)
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where we use the subscript p when we want to emphasize the dependence of certain

coefficients on p%(z), p°(x).

Lemma IV.6. If admissible barriers v*, v°, admissible controls p®, p* are such that

v, v, %, % are C-close to x then so are V(z,p®, p°,v°) and Vo(z,p®, p°, v?).

Proof: We will now show the claim for V(- --), the one for V(- - -) being analogous.

From the definitions (4.10|) and (4.2) we get

(4.14) V“(:v,p“,pb, Ub) —r =

SlTlpEx {/OT exp (— /Ot c(XS)ds) g*(X;)dt + exp (— /O c(XS)ds) vaj] —r=
sngf[/oT %(x) _ad (—exp (— /Ot c(Xs)ds>) +
exp (= [ etxas) (1) )]

To get the upper bound, note the last expression in the above is

o [ [[ca (o (- [ tais) ) o (- [[ovaas)e] e

where makes use of % —x <O, [v] —2 <P — 2 <O, by assumption. To get the

lower bound, note the same expression also is

> E* UOOO L () ~ d (—exp (_ /Ot:(Xs)ds>)} > |
B [/0 _cd (—exp <—/O c(Xs)ds))} > _C

where we used 7 = 0. 1

In what follows, we analyze V(x, p%, p®, v°) (V®(z, p%, p°, v® being analogous) more

closely, in particular establishing its monotonicity in x and continuity in v°

(resp.
v®), under appropriate conditions. Throughout this analysis, we think of p* and p® as

fixed functions of x, while we vary z and v°(v%). We are going to make heavy use of
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the well-known connection between linear diffusions and certain second-order ODEs.
Our discounting and running cost functions are a bit less regular (measurable and
locally bounded, but not continuous) than is commonly assumed in the literature,
so a modicum of care is required in making this connection rigorous.

First, as in [38], define, for given p*(z), p°(x)

ex 0 cp ,x <0
TR Ll

[exp ( fo (X )}71 ;>0
and

ex o (X , x>0
W1 o — gyl R eI

[exp ( fo cp(X ”71 =0

Clearly ¥(0) = ¢(0) = 1, v is strictly increasing, ¢ is strictly decreasing. The
results from [38] (and the absolute continuity of the killing measure for the diffusion
corresponding to our discounted problem) imply f = ¢ or f = 1) has right derivative,

/T, everywhere and satisfies

2 @) f@)de = £10) - )

0% Jia
for all b > a. Passing to the limit b | a or a 1 b shows that f* is continuous. One

can also show the following.

Lemma IV.7. If f is continuous and has continuous right derivative on [a,b] then

feCa,b).

The (elementary) proof of this fact can be found in the appendix. Thus, the

equation for f = ¢ or f =1 can be rewritten as

(4.17) — | c@)f(x)dz = f(b) - f'(a)
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As c € L*(R) and f € C(R), f., exists a.e. and satisfies

0.2

?fmm —cf =0, ae.

for f =1 or f = ¢, and, in particular, f € W2,

2 o st [“omron)
(o [ [

where the Wronskian W = ¢/(z)¢(z) — ¢'(x)1(x) is actually independent of z and

Next, define

(418)  f%(2) = f(2) = ~

(4.19) f(2) = fylz) =

positive. Using the fact that ¢(z f W(y y (and other similar terms) is
equal to the integral of its (a.e. defined) derivative as a product of two absolutely-
continuous (on bounded intervals) functions, we get that f is an integral of a con-

tinuous function

e (o st [“owton)

and so has a continuous derivative, which is moreover a.e. differentiable (as ¢, ¢’

and the integrals terms are), and furthermore

0.2

(4.20) 5 o —cft=—g" ae.

Similar claims hold for f°. This implies in particular that 2, f* are in W2/, Apply-
ing Dynkin’s formula together with some easy to get asymptotics to exp ( fo ds) f4Xy)
and passing to the limit over a sequence of increasing to infinity stopping times one

can further get the following probabilistic representation

(4.21) f(z) = E° [ /0 " exp (— /0 t c(Xs)ds> g“(Xt)dtl

and similarly for f°.

We’ll also make use of the following elementary bounds on ¢, v:
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Lemma IV.8. Let ¢, > 0 (¢, > 0) be the lower (resp. upper) bound of c(z). Then

for all x

and

o(x) < exp <— %x) V exp <—\/20i2ux>

See appendix for the proof.

Next, these f2, f° inherit the C-closeness to x and 1-shift property from prices:
Lemma IV.9. If admissible p*, p°® are such that %, g—cb are C-close to x then so are

fi(@), o).
Proof: The claim about f follows from
00 ga t

(4.22) fizx) —x=FE" {/ (—(Xt) — Xt) d (exp (—/ c(XS)ds))}

0 ¢ 0
and similarly for the one about f°. u
Lemma IV.10. If admissible p®, p® have 1-shift property then so do f2, f°.
Proof: Follows from the representation (4.22)) and lemmallV.5 n

More interestingly, the 1-shift property of p?, p® implies f¢, f° approach fy(x) =

in O in fast-diffusion limit, and admit two-sided derivative bounds as long as the

diffusion coefficient is nonzero:

Proposition IV.11. If admissible p®, p* have 1-shift property, and are such that %,

9—; are C-close to x, then for f = f*, f* we have
(4.23) l—w< fllz) <1l+4w
where the constant w depends only on C, ¢, ¢,, 0 and satisfies

(4.24) w(o) = 0 aso — o0.
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Proof: We'll only show the upper bound on the derivative for f* only, the proof of

other parts being analogous. Differentiating the representation (4.18]) we get

(4.25)  (f*) (z) = w(/wg—;(ywy)dy)mdy_
o g 2
/_ . ;(y)w(y)C(y)mdy>

As our diffusion killed at the rate ¢(z) — ¢; has 0o as natural boundary points,
results of [38] imply ¢'(—o0) = 0, 1'(c0) = 0, so passing to the appropriate limits in

(A.17) we get

(4.20 V@)= % [ vy
and
(1.27) ) =—2 [ olwetndy

From the representations above we see gb(y)c(y)m is a density on [z,00) and

w(y)c(y)#,(x) is a density on (—oo,z]. Using this and £(z) < 2 + C we get

(1) (@) < 20PNy oy 2

where f%(z) is ’the f*’ corresponding to §%(z) = zc(x), which is the unique solution

of
2

o ["(@) = c(2) f(2) = —xc(z)

~ ~ /
which is easily seen to be given by f*(z) = z, hence (f“) =1 and we get

&/ ()¢ (=)

(£ () < 14 2005

Thus to show the claim we only need to establish the appropriate bound on the last

summand above.
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To do this, first note ¢(x + 1) = ¢(z) implies ¢p(z + 1) = vo(z),Y(z+ 1) = %w(:v),
where 0 < v = ¢(1) < 1 and so |¢/(z)|¢'(x) is 1-periodic, so it is sufficient to bound

201 @ only for x € [0,1]. As

For z > 0, using lemma and the bounds on ¢(x), we further get that the above

< 2¢, [~ [2¢ d 2¢, 2¢;
. ex — _ = ex — —X
o2 J, P o2 e o/ 2¢ P o2

Combined with a similar estimate from below this gives

20[ 2Cu ’ 2Cu 2Cl
4.28 —/— < < — | —
a2 - Tcuexp< Ve ) <9/ < o exp< sz”>

for x > 0. Similarly, for x < 0 we get

2¢ 2¢cy, < W/( )| < 2¢cy, 2¢
exp [ \/— 7 x exp |/ —
ov/2¢, P o? - T ov/2¢ P o2

which using ¢'(z + 1) = 24'(x) gives

1 2¢ 2¢cy, 1 2¢, 2¢
(1.29) W\/—ep(\/><:v—1))§|w(>l<—@ (f(x—l))

for x € [0,1]. Combining the above and replacing exp-terms with their worst-case

1/ 2c, \°
¥ \ oV 2¢
1,

which together with |¢'|, ¢’ estimates

expression is

bounds we get

¢ (2)[¢' ()
> P(x) >

IN

Note on [0,1] 1 > ¢(x) >

2=

from above gives

(4.30)

1 [2¢, 2 2¢y
W = o' +9|¢'| > ~- <7 \/_ ( i(x— 1)))—1—1-0\/% exp (— g—ix) >
4¢ 2¢y,
U\/Eexp e
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and so

(@) 11 (%—)2 \QEe (m
o) a

w o
Note also that as = = (1) the bound on ¢ from lemma implies

1 ( 2cu>
— < exp —
Y g

This together with the previous expression implies the existence of the desired upper

=)

g

bound on 2C£ @I () W’ @) and hence on (f) (), which goes to 0 as 1 wheno — oco. o

Define
e @)
(4.31) F(z) = Fpy(z) o)
and
~ T h -1
(4.32) h—= h(y) = 5(F ()

where h is defined on (0,00). Then for given p?, p’, v*, v* we have the following
description of the value function of the individual stopping problem.

Proposition IV.12. For any admissible controls p®, p® and admissible barriers

v, 0°, the individual agents’ value functions V(z) = V(x,p p°, o), Vo(x) =

Ve(x,p®, p° v*) are uniquely determined by
V(y) = mem (J° — f)(y) + *(0)
(4.33) ) - A
V¥(y) = —mem (f* — J9)(y) + f*(y)

where mem( f) denotes the smallest nonnegative concave majorant of a function f.
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Proof: We only prove the claim for V. First, note

J (1, 2,p% 1", 0") =

o[ [[ow (- [ et (Xﬂdmxp(
/ exp( )

hence

Ve(z,p®p’,0") = f() +sup E* [eXp (— /OT C(Xs)dé’) ([o°(X,)] — f“(XT))]

Given [v°](z) — f*(=) is measurable and locally bounded, the last term above (i.e.,
the value function of a pure stopping problem (with discounting)) has the claimed
mcm-characterization by Proposition 3.4 from [25]. u

For the use in the proofs below, we’d also need a y-domain version of the shift-

properties from Lemma

Lemma IV.13. Given admissible p®, p® which have 1-shift property, and ¢, 1 defined

as in , we get

1
(4.34) Pz +1) =79(z), p(x+1)= ;@/ﬁ(ﬂf)
where v = ¢(1), 0 < v < 1.
Furthermore
(4.35) Flz+1) = ~F(z), & (ﬂ> g
' I A O O A

for any 1-periodic H(x). In particular this can be applied to H = v* — f2, f* — b if

v®, v* have 1-shift property, by Lemma|IV.10
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The next proposition is the most important one in this subsection, and it is the
key to our proof of existence of a Markovian equilibrium for sufficiently large o.
Without the monotonicity established therein, the fixed point problem we need to

solve appears to be too discontinuous to be tractable.

Proposition IV.14. Consider admissible controls p*, p°, admissible barriers v®, v

which have 1-shift property and such that [v*], |v°], %, g—cb are C-close to x. Then,
Vi(x) = V(x,p*, p° 0°), Vo(x, p®, p°,v®) is absolutely continuous and its derivative

satisfies:
(4.36) V'(z) = 1| < w, a.e.

with w(o) — 0, as ¢ — oo, uniformly in p®, p°, v®, v* with the properties above. In

particular, there exists ¢ > 0, s.t.
V'(z) > €, ae.
for all o large enough.

Proof: We only prove the lower bound on the derivative of V¢, other parts being

similar. Note that Proposition implies

Ve(w) = f(2) + o(x) mem (o] = f*) (F())

As f* ¢, F € C1(R), and the mcm above is absolutely continuous as it is concave,

then so is V%, and for its (a.e. defined) derivative we have

(VY (@) = (1) (@)+¢' () mem ([o7] = o) (P(@))+6(@)F (z) mem ([07] = /) (F(x)

From Proposition [[V.11] we get (f*)'(z) > 1 —w with w as in the statement of the
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proposition, so we only need to show

(437) (V) (@) = (f)() = ¢/(w) mem ([oF] = f2) (F(x))+
S(@)F'(z) mem ([07] = f2)' (F(x)) > —id(0)

with @ having appropriate asymptotic properties. As, by Lemma [[V.5 V¢ is 1-
periodic, it is sufficient to only consider x on any bounded interval of length at least

1 and not on the entire real line. To simplify the notation a bit, we denote
Aly) = mem ([o] = ) (v)

Note that the assumed 1-shift property of v* and f¢, via Lemma [IV.10| imply that

|0 — f¢ is 1-periodic, which by Lemma implies that
ho(y) = (1o°] = /) ()

satisfies ho() = %ho(y). It can be easily checked that this property passes on to its

minimal concave majorant h(y). Define

It’s easy to check (éaa—; — c(m)) (¢*) > 0 and so ¢(y) is convex by the following

lemma which can be proven by a straightforward calculation.

Lemma IV.15. Let H € W?¢ then f[(y) is convex (resp. concave) on (y1,Yy2),

0,2

7Hm —cH >0, (resp. <0)a.e. on (v1,23)

Furthermore, ¢ is decreasing and satisfies &(%) = v¢(y). Let us define

¢= sup ho(y)o(y)

Ve[l -]
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Note that, as (hogz_ﬁ)(v%y) = (ho9)(y), we get
c
oy)’

for all y (and not just y € [1, %2}), as follows from the definition of ¢.

ho(y) <

Next, suppose that ¢ < 0. We will show that, in this case, h(y) =0, and w = 0
gives the desired lower bound for , and thus there is nothing left to prove.
Indeed, the constant function 0 is a concave majorant of hqg in this case. If the actual
mem of hy was different we’d be able to find y > 0 s.t. h(y) = z < 0. But then as
h(%) = %h(y) all the points (W%, wi’“> for all integer k will also lie on the graph of h.
But one can check the slope between two consecutive such points increases if z < 0
contradicting the concavity of h.

Having dealt with the simpler ¢ < 0 case we assume ¢ > 0 for the rest of the

proof. As
ho(y)o(y) = ([v'] = f*) F~' ()
and |v°], f* (see Lemma[lV.9)) are (C'+1)-close to x , we get ¢ < 2C'+2. . Moreover

1/¢(y) = 1 (that is, the “transform applied to a constant function 1) is concave by

the previous lemma as

h(y) < ——, Vy € (0,00)

From the definition of ¢ we can find a sequence of points {y;} on [1, 712] s.t. (hod)(ys) —

¢. Let y, be any concentration point of that sequence. Then, from the continuity of

the concave majorant h(y) and by h(y) < ¢/d(y), we get

Mlye) = é(y*)
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Recall that we only need to establish (4.37) on some z-interval of length > 1. It
would be convenient to use the x-interval corresponding (via F~1) to the y-interval
[Yss 3—2] Note that, as y. € [1, 712], this z-interval necessarily lies inside [0,2]. Note

also that

o(x) = ¢(F(x)), ¢'(x) = ¢'(F(x))F'(x)
and so the left-hand side of can be rewritten as

F'(x) (¢/(F(x))h(F(2)) + ¢(F(2))h (F(x)))

To estimate the above, it would suffice to get an estimate of F'(x), for x € [0, 2], and

of

&' (y)h(y) + o(y)h' (y),

for y € [ys, ;yy—g]
For F’, we have

F’($) = —(m) = —

so we need to estimate W:

W = '(0)6(0) + 14/ (0)[1(0) = ¢'(0) + |¢(0)]

Each of these derivatives can be estimated using their integral representation, as in

the proof of Proposition using the asymptotic properties of ¢ and v from

Lemma [IV.8 This yields:
4Cu 46[
>

o/ 2¢c; T ov2¢,

And, as ¢(z) is between 1 and 2, for = € [0, 2], we further get




155

for x € [0,2]. So it remains to estimate

&' (y)h(y) + o(y)h' (y)

for y € [y, ,yy—Q] C (1, 7—14] As ¢ <0, h > 0, and, as shown below, &’ > 0, to estimate
the above expression from below we need the estimates on ¢’ from below, on h from
above, on ¢ from below, and on A’ from below. Clearly, ¢(y) > ~2, for the chosen
range of y. In addition, as h is dominated by %, we get h(y) < 7% on the y-range we
consider.

To estimate '(y) on [y., 5], note that h(y) coincides with ¢/ #(y) at the endpoints

of this interval, and h < &/¢ on the entire interval. Then, as ¢/¢ is differentiable, we

(5 (2)<0(3).

as, otherwise, we get a contradiction with the domination relationship between these

must have

two functions in the left neighborhood of % In the above, and in the rest of the ar-
gument, 1'(y) is understood as the left derivative at y = y. /%, as the right derivative
at y = y.«, and as any element in the superdifferential for y € (y., %)

The last inequality together with the concavity of h implies that for all y € [y, 3’7]

N AU AN
) (%) =

~

W (y) > (

-1l o

Note further that as z—’g < % for any y € [y, %] and —¢' is positive decreasing we

get
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As F'(x)¢/'(F(x)) = ¢/(x) > ¢/(0), ¢ < 2C + 2, the last expression above is further-
more

> $0)2C+2) (55 -1)
Pt o 0> ~ 5 (/5 < < (4 ). we e (37)

0, as 0 — o0, at a rate depending only on ¢, ¢,. This, in turn, yields (4.37)) and

completes the proof of the proposition. m

If we assume the existence of a positive lower bound on derivatives of the barrier
functions of the agents’ stopping problems, as suggested by the last proposition, it
becomes relatively easy to prove the continuity of the value function with respect to

the barrier.

Proposition IV.16. Assume admissible controls p®, p° and admissible barriers J*, J?
have 1-shift property, and J'(z) > € >0 for J = J', J*, and J', J* are C-close to x,

z g—cb are C-close to x . Then, if |J*(x) — J*(x)| <6 for all z in R, we get
(4.38) Ve, p*,p", ") = V(x,p* 0", J?)| < e(), VzeR
for some €(6) — 0, as § — 0. Analogous statement holds for V°.

Proof: We will show that V(z, p®, p’, J') > Ve(z,p%, p°, J?) — €(0), which, together
with the symmetric inequality (proved analogously), yields the statement of the

proposition. For any ¢ > 0, consider an almost-optimal 75, such that
T (19, 2, p%, 0", J?) = VO (w,p 0P, JP) = 6
Then it suffices to find 77 such that
Je (@, p% 0%, J) > T (1, 2, p%, 17, JP) — €(9)
We construct 73 > 75 separately on two different F,,-measurable sets. On the event

O = {w: [JH(X5)] > [J(Xn)]}
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we set 7y = 1. If | JH(X,,)] < | J3(X,,)] we still have
JI(XW) > J2(X72) -9
and so, by the assumption on J’,
1 0 2
J (XT2 + —) > J4(X,,)
€
The above implies

(4.39) 7 (X 2) 2 L)

On

Q= 0f = {w: [JH(X5)] < [A(X)]}
we define
. J .
T10 = inf {t >1 Xy > X, + —} , m=inf{t>n: X, <X, -1}, 7 =moAn.
€

In the subsequent derivations, we express various quantities in terms of the following
expression, which can be interpreted as the 'relative to x’ objective, and which is

more convenient than its ’absolute’ version.

(4.40)  J(7,2,p%, 0", J) —x =
ol /0 "exp (— /0 t c(Xs)ds> (°(X)) — c(X)X,) di+
e (= [ etxas) (L ) - x)

where || J(z)] —z|] < C + 1 and |¢%(z) — ¢(z)z| < ¢,C by the assumption of the
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proposition. Using the above expression, we get
T (@, p® pty ) = (e, % %, ) =
B[ty e (= [ etas) (L0)) - LX) +
1o, / exp (— /0 t c(Xs)ds> (6°(X,) — (X)) X,) dt+
1o, (e (= [ exas) (17 (61 - ) -
exp (— s C(Xs)d8> (17 (X2)) ~ X2) )]

Note that the first one of the three summands inside the expectation above is non-
negative for every w, by the definition of 2;. Note also that, as |¢g%(x) —c(x)z| < ¢,C,

we have the following bound for the second summand:

E* [192 / exp (— /0 t C(Xs)ds) (6°(X)) — c( X)) X)) dt” <

cCE*|1 — 1| = c,CE’7' < €(6)

where

T =inf{t>0: X, ¢ (~1,0/¢)}

and E°7’ is easily seen to go to 0 as O(d) for & — 0. So it only remains to deal with
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the last term. We have

E” [192 <eXp (— /Oﬁ c(Xs)ds) (1" (Xn)] = X5y) =
’ )

As |J(z) — x| < C, for J = J', J? and as

]P)LB (7'1 = ’7'11) =
)

Po(mf{tzo:Xt:§}>mf{tzozxt:—1}): :
€

1+

=0(9)

for 6 — 0, we get

[ty (o0 (= [ exas) (17 () = Xe) -
e (= [ exas) (1 (6l = ) )| < 20 + 2P = ) = (0
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Finally, we estimate the remaining term from below:

E* 10,1 r=ro) (exp (— /0 c(Xs>ds> (L' (Xno)) = Xnp) =

B [t (0 (= [ eXas) (102 060 = Xe) -
e (= [ etxoas) (17 01 - x) )] -
B 10,1y ( (2(X)] = X2,) (e (— /. c(Xst) -
exp (— /0 N c(Xs)ds) ) + (X, — X exp (— /0 c(Xs)ds) NE
-0 =1 oo (= [ etxaas) —ow (- ["eas)] -2

where the first inequality follows from X,,, = X, + /e and
1 1 0 2
I.‘] (Xﬁo)J = |_J (XTQ + E)J = |_J (XTQ)J’

by (4.39); the second inequality follows from X,, — X,,, = —d/e and | J*(z)] — x >

—(C — 1 together with 7 > 75. It only remains to notice that

B [exp (_ /0 ; c(Xs)ds> ~exp (— /0 h c(Xs)ds>H <

/ c(Xs)ds

E” <, E* | — 1| = 0(9),

which concludes the proof. =

4.4 Optimization over prices and existence of equilibrium.

For any admissible v, v, define

P*(v")(z) = min argmax,e 4a(a)nz (p — v*()) 7 (p — 2)
(4.41)

P*(v*)(z) = max Argmax,c Ab(z)nz (v*(z) —p) F (p — x)
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where we denote

Ff(z)=1- F(x)

for a cdf F.
The following fundamental proposition allows us to reduce the control-stopping

problem to just a stopping problem and a fixed point problem for response controls.

Proposition IV.17. If

Vi(w) = sup J*(z, 7, P*(V"),p", ")

for some admissible p°, with p® and v° with 1-shift property and v°, % C-close to x,
and with (vb)/ >1—w>0, then
Vi) = sup supJ(z,7,p"p"0")
peeEA()NZ T

and similarly for Vb, Pb(Vb).

Proof: Subtracting z from all V* and J¢ as in , below, we see it’s
sufficient to show the claim for these relative versions.

What we need to do here is the verification that our response-form control p* =
P*(V*") is optimal, which requires some sort of differential characterization of the
objective

Ve (z,p,p’,0") = sup J*(z, 7, p,p", ")

for any control p, together with a comparison principle allowing us to claim our
response-form control constructed in a way to maximize the appropriate generator
would indeed result in maximal objective. We use the theory of variational inequal-
ities (VIs) to implement this program. Unfortunately, we could not locate any VI

results to deal with our case (unbounded domain, L>° discount factor and running
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costs, discontinuous obstacle) directly: we have VI existence, uniqueness and com-
parison results, but are lacking stopping problem to VI solution connection under this
combination of circumstances, so we’ll need to do additional approximation steps.

More specifically, in step 1 we show we can replace our discontinuous barrier
[0 by its continuous majorating approximation s, = s.(|v%]), without affecting
the value of the associated optimal stopping problem, no matter which admissible
(p, pb) are chosen. In step 2, we use a sequence of smooth approximating functions
Jb | s. and continuity of VI solutions in the obstacle from [§] to show that the value
function corresponding to s, satisfies an appropriate VI. Finally, in step 3 we use the
comparison results for that VI to show P*(V") is indeed the optimal control.

As we’re now going to use obstacles which aren’t floors of some other function,
we need to redo the definitions , , and also to put them in a relative to x

form to get better boundedness properties for the coefficients, so we define for any

admissible controls p, p®, admissible barrier J°,
(4.42) J¢(z,7,p, 0" J°) =
T t
E* [/ exXp (_/ C<p(Xs)>pb(Xs)7 Xs)ds) (ga<p(Xt>7pb(Xt)7 Xt) - C(p<Xt)7pb(Xt>7Xt)Xt) dt
0 0

re (= [ o0 P00, X005 (X)) - X)|

(4.43) Vi (z,p,p", J*) = sup J§(z, 7, p, J*)

(4.44)  f&(z,p,p") =
00 t
B | [T (= [0 p00) ORS00 (X0, X0) = cp(X0). 060, XX,
0 0
Notice Vi and f¢ are 1-periodic and C-close to 0 if J°, % are such. Also f =

o, f§ satisfies |f/| < w by applying slight modifications of Lemmas and
Proposition [IV.14{ for either J® = [v*] or J* = s, ([*]).
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Step 1. This step is taken care of by the following lemma, whose (geometric) proof

can be found in the appendix.

Lemma IV.18. If p, p® are admissible controls, v* an admissible barrier, p, p°, v°

have 1-shift property, v°, %, g—cb are C-close to x, and (vb)/ >1—w >0, then there
exists continuous piecewise linear s, > |[v°] independent of p°, p, satisfying 1-shift

property and C-close to x, and such that
‘/()(l('?papb? vaJ) - ‘/Oa<'7p7pb786)
for all p, p* satisfying the properties above.

Step 2. First we need to introduce some notation from [§]. Let x> 0. We introduce
the weight function

my, () = exp(—plz])
Denote by H, = W%?# ¥, = W12+ appropriate m,-weighted Sobolev spaces on R
(we need weighted spaces as our coefficients are bounded and periodic while we want
to make them integrable over the whole unbounded domain).

For any u,v € V,, define

2 2
a(u,v) = / %miuxvx —2u sgn(m)%muvzmuv + cpmiuv

where the integral is over R,

Let
fo(x) = gp(x) — cp(x)r € H,,

be the running cots of our relative-to-z stopping problem, and
K, (J)={veV, v>J —zae}

the appropriate set of test functions.
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We will call VI(p, J®) the following VI (in the weak form)
(4.45) a(u,v —u) = a,(u,v —u) < (fp,v —u), Yv € K,(J)

where
(u,v) = (u,v)# = /miuv

We say u is a solution of the above VI if u € K,(J°) and u satisfies .

As all our coefficients c, %2, fp, J° — x are in L™(R), and as the form af(-,-) is
coercive for p sufficiently small, we get that (for such p) the VI has a unique
solution in K,(J°) for any admissible p, any J°* C-close to x, by Theorem 1.13, [§]
p- 217.

Let J° be a C*-approximation from above of s., associated with v® as in Lemma
[[V.18 which is 1/n close to s, in sup-norm. Then by Theorem 3.19, [§] p. 387
, U = Va(-,p,p°, J°) is the unique solution (for sufficiently small p) of VI(p, J?).
Denote also by ug the unique solution of VI(p, s.). Rewriting these VIs as unweighted
VIs for m,u and restricting to a bounded domain, one can generalize Theorem 1.10,

[8] p. 207, to get u,, — up in L°(R). The latter fact, together with the easy to check

convergence of value functions
‘/E]CL(_’p’pb, JZ) — ‘/()a('7p7pb786) = ‘/E)a('ap7pb7 vaJ>7

implies that the latter value function is the unique solution of VI(p, s.).

Step 3. By Theorem 1.4, [§ p. 198 , extended to the unbounded domain as in

Remark 1.21, p. 219, the unique solutions u, @ € K,(J°) of VIs

a(u,v —u) < (h,v —u), Yv € K,(J%

IN

resp. a(i, v — @) < (h,v — @), Yo € K,(J*)
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sharing the obstacle J° and the form a, but with different right-hand sides h, h,

satisfy @ > u if h > h.

Now let Vg(x) = Va(ﬂv) —T,p= Pa(v )-

We need to show that, in this case,

0= Vo = ViCpa [0°) = ViCpts) >

‘/()a('7p07pb7 Se) = %a('7p07pb7 L/UbJ) = 110 = ﬂo(po)

for any admissible py. It is shown in step 2 that u satisfies a version of (4.45) with
running costs f; and the quadratic form a;, which after some algebraic manipulations

turns out to be equivalent to
(4.46) apy(u, v —u) < (f,v —u), Yo € K,(J?)
where f = fpo + @,

0 = g — eplu+ ) — (g, — cplu+ ) =0,

which follows from the definition of 5 = P*(V") and the fact that @(z) +z = V" (z).
As 4, satisfies the above equation with running costs function f,, instead of f, and
Ipo < f, we can apply the comparison principle stated at the beginning of this step,

which completes the proof. n

Proposition [[V.17] allows us to sidestep the optimization over p® or p’ in the
definitions of V® and V?, respectively, by using the feedback controls P® and P
throughout. To ensure that these feedback controls are well-behaved, we make the

following assumption (compare to chapter , Assumptions 2, 5).

Assumption IV.19. The distribution of & has density f, which is bounded so that

f(x) < Cf, Yz, with some constant Cy > 0, and which is supported inside [—Cy, Cy]
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for some constant Cy > 0. Furthermore, [ is continuous in the interior of its support,

and 1s such that

FT F
—(x) is decreasing, 7(@ is increasing, Vr € int suppf

where int denotes the interior of a set.

See also Remark 4 in chapter [[I]] for sufficient conditions for Assumption [[V.19]
This assumption, in particular, implies that the optimal feedback prices will always
be C{j = Cy + 1 close to x, and also inherit the 1-shift property from the value

functions they correspond to:

Lemma IV.20. If
p(w) = P*(v") (), p’(x) = P'(v")(2)
for some admissible barriers v, v°, then
p"(x) — 2| < G, Ip'(x) — 2] < Cf

and

g° ) g" /
;(w) < Gy, ;(w) <y

If in addition v* (v°) has 1-shift property, then so does p® (resp. p°).

Proof: From definition (4.41) and supp & C [—Cy, Co), it’s easy to see that p(z) — x
must be no smaller than the largest integer < —C} and no larger than the smallest
integer > Cy so that

plx) =2 -Gy, plr) <z + G

Similar conclusion holds for p°(z).

From we get

_ ‘ (p"(x) —2) (1 = F(p(x) — ) + F*(p(x), z) — 2F(p’(x) — @)
(1= F(p*(z) — 7)) + F(p'(x) — 2)

9
C

(x) —x
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A similar representation holds for ¢g°. Thus, to prove the claim, it suffices to show
p"(2) — 2l < G5, [P (2),2) — 2| < CoF(p'(x) — o)

The first inequality has already been established. For the second one, we have

pP(z)—a

P (@) ) -z = / = + ay) — 2dF(y)

To finish the proof it’s enough to notice that
|z +ay] — 2] < G
when y € supp¢ (as dF(y) = 0 otherwise). The claim for g—cb can be proven analo-
gously.
1-shift property for p?, p® given that of v, v is immediate from (4.41).

Next, for any admissible barriers v, v, define
(4.47) (v, ") = (V* (-, P*(v"), P*(v"),0") , V(-, P*(v"), P*(v"),v%))

It’s easy to see the components of the right-hand side of the equation above are
themselves admissible barriers, so we can iterate this mapping. We will actually be

only interested in the restriction of ® to either Ay or Ag(w), where

Definition IV.21. We say v € A if v € C(R), has 1-shift property and is C{-close
to z. We say v € Ap(w) if v € A, v absolutely continuous and 1 —w <v' <14+ w

a.e.

Note by lemma and the results from the previous section ® maps Ay x Ay into
itself, or more precisely into Ag(w) X Ag(w) for w sufficiently large (see proposition
V1),

Using Proposition [[V.17, we will show, below, that a fixed point of this mapping
in the appropriate subset gives a solution to the system (4.1). But first we need to

establish the existence of such a fixed point.
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The first step is to show that @ is continuous on Ag(w) for w < 1. To this end,
we first choose an appropriate topology and the space for intermediate price controls
P%(v), P°(v), and show that P*(v), P°(v) are continuous operators in v¢,v® € Ag(w).
Then, we show that V¢ (-,p“,pb, vb) and V°? (-,p“,pb, v“) are each continuous (as op-
erators) in (functions) p®, p° jointly, with respect to the chosen topology, uniformly in
v, 0" € Ay. This, together with the continuity of V (-, p®, p®, v*) and V? (-, p, p*, v*)
in v® and v°, established in Proposition yields the continuity of ®.

First we define the space for the intermediate price controls:

Definition IV.22. Denote by B, the space of functions which are admissible prices

and have 1-shift property.

This definition also implies the functions in By are Cy-close to x, by the definition
of admissibility and assumption [[V.19] We equip B, with a topology induced
by its natural restriction mapping into L.*([0,1]). Note P%(v), P’(v) € By for any
admissible barrier v with 1-shift property.

The following, somewhat tricky, lemma is the first result we need in order to

establish the continuity of ®.
Lemma IV.23. The mappings
v = P*(v"), v’ PP(0%)
from Ag(w), w < 1, (with uniform topology) to By (with the topology described above)

are continuous.

Proof: We only show the P® version, the P one being analogous. We do it in two
steps. First we show that, given v*, with the properties described in the statement
(in particular, increasing), P*(v®)(z) is also an increasing function of z. Then, we

use this monotonicity property to show the desired continuity of P®.
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Step 1. For a fixed v*, we denote p, = P%(v*)(x). Assume, to the contrary, that
for some z; > x5 we have p,, < p.,. Note the admissible control set A%(x) shifts
upward with x, and so if p,, was admissible at lower zo, and p,, > p,, with the
latter being admissible at x;, then p,, is admissible at z; as well, and similarly p,,
is admissible at z5. Then to obtain a contradiction it is sufficient to just show p,,

gives better objective value at z; than p,,:

(4.48) (Pzy = 0" (@) F (pry — 1) > (P2 — 0" (@2)) F™ (pry — 21)

This is clearly true if p,, < v%(z;). Hence, without loss of generality, we assume

Pz, > v*(z1). Then, the above inequality is equivalent to:

Doy — V% (21) - F (pe, — 1)

(449) Pz — va(x1> F+(p€132 - '7:1)
Note
(4.50) (Do — V" (@2)) F " (pay — %2) = (Pay — v (22)) F" (P2, — 2)

from the fact that p,, is the optimal price at xo and is thus no worse than another
admissible at zy price p,,. The assumption p,, > v%(z1) above implies also p,, >

v*(z3), as v*(x9) < v*(x1), so the inequality (4.50)) is equivalent to

F+(p$1 — 1‘2)
F+(pzz - $2)

Py — 0*(22)

(4.51) Do — v%(22)

>

To get the desired contradiction it will thus suffice to notice that

Pzy — VU :1+px2_px1
Pzy — U Pz —V

is strictly increasing in v € R, for v < p,,, and that

F+(p331 B l’)
F+<pa:2 - '7:)
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is decreasing in x. The former is obvious, while the latter follows from

0 (F+(px1 — .’L‘)> _ f(pm — ZL’)F+(pz2 — ZE) — f(pxz B I)F+(p$1 — l‘)

Ox \ F*(ps, — ) F+ (pg, — x)°
f(p:m _QZ)f(pm —ZE) (F_+ . _F_+ . )
e+ (pxz B $)2 f <p902 x) f (pxl 37) < 0,

which, in turn, follows from the fact that F'*/f is decreasing, by Assumption .
Given the above monotonicity properties of the terms in (4.51)), we deduce ,
thus, obtaining the desired contradiction and proving the monotonicity of P*(v®)(-).
Step 2. Ome can easily check P%(v{) > P%(v§), if v{(xz) > Vi*(x) for all . To

show that P*(v{) and P*(v§) are close in the topology of By, it suffices to show that
1
| 1Pt = P ao
is small. Notice that
1 1
| 1P = Prslae = [Pt o) = Pt v s

as P%(v)(z) is uniquely determined by the value of v at x, and {v¢(x),vs(z)} =
{v{(x) Vvs(z),v{(x) ANv§(x)} for all z.

Thus, without loss of generality, we can assume that v§ > v{. Assume v{ and v§

are also d-close in sup-norm, so we have v§ < v{ 4+ 9. Then, we need to show that
1
[ 1P = Py de o
0

as 0 — 0.

Note that the monotonicity and the 1-shift property of the integer-valued function
P%(v§) imply that it coincides with |z —ay] (except, possibly, on a countable number
of jump points of the latter), for some ay. Similar conclusion holds for P%(v{), with

some o > ap, as vy > vf. If we can further show that

)
(452) aq S Qo + m
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then a straightforward calculation would yield

/0 Po(u2) — PA(ut)] dz = O(5)

Thus, it remains to show (4.52)). To this end, we note that, under our assumptions
on v’-s, for every z € R, there exists < . < x + 12 such that v{(z.) = v§(z).
Assuming that

Py) () < P*(vg)(x)

and recalling that z, > = and v{(x,) = v§(z), we follow the arguments in step 1 to

obtain a contradiction. Thus,
P (i) (z.) = P*(vg)(x)

which implies (4.52)). m
The following lemma provides the last result we need in order to prove the conti-

nuity of ®.

Lemma IV.24. The operators (p®,p°) — VE(-,p%,p°, J®), V2 (-, p%, 0, J%), from By x

By to Ay, are continuous, uniformly over J*, J° € A,.

Proof: We'll only show the continuity of Vi in p®, p?, uniformly over x and in J* € Ay

, the other part being analogous. Recall that
Vi (a, p*,p°, J°) = sup Jg (w, 7, p%, 1", J°)

Thus, it suffices to show that J¢-s corresponding to two close pairs prices (p¢, p}) and

(ps, p5), with the same 7, are also close, uniformly in 7. To this end we can write,
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recalling the formula ((4.42))

J(x,7,pt, 0, J°) — T (x, 7, p%, 05, ) =
T t
B [Cow (- [ atas) (6506 - X ar-
0 0
T t
/ exp (—/ cz(Xs)ds> (95(X3) — co(Xy) Xy) dt+
0 0

(exp (— /0 cl(Xs)ds) — exp (- OTCQ(XS)ds» (J(X0) - X, |

where we denote
cr(x) = c(pi(x), Pl (x), 2), ca(x) = c(ps(x), ph(x), )

g1 (2) = c(pi(2), pi(2), ¥), g5(x) = c(ps5(x), p3 (@), x)

The previous expression for the difference of objectives is furthermore equal to

(4.53)

o /0 ' (exp (- /0 t cl(Xs)ds> ~ exp (— /0 t CQ(Xs)ds>) (°(X,) — er(X)) X)) di+

[ e (= [ e ) (0206 = a6, (08060 = x(X.X0)

(eXp (— /OT cl(Xs)ds) ~exp (— /OT CQ(XS)dS>) (JP(X,) — XT)}

So to complete the proof it is sufficient to show the expectations of the absolute
values of each of the three terms on different lines inside the expectation above are
small when (p,p3) and (p4, p) are close in their topology.

For the third term, note that as | exp(—z)—exp(—y)| < max (exp(—x), exp(—y)) |z—
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y|, and as ¢;(z) > ¢, > 0 for all z, i = 1,2, we get

(o (= [ atraas) e (= [Ceatxias)) (o) - x)

exp(—¢7) (/OT e (X)) — (X)) ds) |JP(X) — X, | <

<

C / exp(—cis) [er (Xs) — ea(Xy)| ds <
0
C/ exp(—cls) (|pC1L(Xs) _pg(XsN + |pli(Xs) _pg(Xs)D ds
0
where the positive constants C' can differ between the lines. The second inequality

in the above follows from the closeness to = of J?, and the last follows from the fact

that
c(p®(x), (), 2) = A (FT(p*(x) — z) + F(p(z) — x))

is Lipschitz in p?(x) and p°(z), as the density of £ is bounded by assumption [[V.19}

Similarly, it’s not hard to show that

(g3 (2) — er(@)z — (g5 (@) — ea@)2)] < C (Ipf () = pa(@)] + [P} () = p3()])

using the boundedness of the density of £ and the uniform closeness of all admissible

p?, p® to x. This allows us to estimate the second term in (4.53)):

[ e (— / c2<Xs>ds) (65(X0) — e (X)X, — (95(X,) — ex(X) X)) | <
c / “exp(—ant) (IPH(X) — pa(X)| + [P2(X0) — ph(X))|) dt

Finally, we notice that |g{(X;) — ¢1(X;)X¢| < C, which follows from the fact that

gt /c1 is C-close to x, and recall that ¢; < ¢,. This allows us to estimate the first
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term in (4.53))

/OT (exp (- /Ot cl(Xs)ds> — exp (— /Ot CQ(XS)ds)) (g%(X:) — e1( X)Xy dt‘ <

0 [ exploant) ([ (5100 = 00 + 406 — B s ) <

C / exp(—art) (170 — p3(X0)| + 3% — ph(X)|)

where the second inequality follows from integration by parts, after discarding some
negative terms.

Thus, the absolute values of all terms in (4.53)) are estimated from above via

/OT exp(—at) (Ip§(Xe) — p3(Xo)| + [P0 (Xy) — p5(Xy)]) dt <
/000 exp(—ait) (Ipf(Xe) — p5(Xo)| + [p1(Xe) — ph(Xy)|) dt

which implies

“/Oa('r7p(117pl{7 Jb) - ‘/E)a(xupgapl2)7 Jb)| S
CE” l/ exp(—at) (Ip(Xe) — p(Xo)| + [P (X0) — ph(X)|) dt
0

It only remains to estimate the latter expectation in terms of L' ([0,1]) norms of
p? — p%, p® — pb. The latter follows easily by passing the expectation inside the
integral and using the standard estimates of a Gaussian kernel.

|

Now we state our main result.

Theorem IV.25. Let o be sufficiently large so that w, defined in Proposition[IV.1]],
15 < 1.
Let A= Ag(w) x Ag(w). It is a closed convex subset of C'(R)2.

Then ®, defined in , s a continuous mapping of A into itself.

In particular, as A is also compact, ® has a fized point.
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Proof: Given our choice of w, ® maps A into itself, see definition . The closeness
and convexity of A are also clear.

A is compact because Ag(w) is. Ag(w) is compact because (by 1-shift property)
the restriction mapping C(R) — C([0, 1]) induces an isomorphism between Ay(w)
and a closed subset of the compact set of functions in C[0, 1] which are bounded by
C{ + 1 and are Lipschitz with constant 1 + w.

Finally, ® is continuous because it can be written as a composition of
e: (v*,0%) = (v, 0%, P*(v*), P’ (%))
and
vV (Ua7vbapaapb) = (Va('vpaapbavb)vVb('apaapb7va))
In the above, e: A — A x (By)® is continuous by Lemma [IV.23. The operator
V:Ax (By)® — A is continuous as it is continuous in (p*,p®) € (By)?, uniformly

over v%,v® € Ag(w), by Lemma [IV.24) and it is continuous in v®,v* € Ay(w) by

Proposition [[V.16]

The existence of a fixed point for ® follows from the Schauder fixed point theorem.

Combining the last theorem with proposition we immediately get

Corollary IV.26. There exists a solution (V,V° P*(V?), P*(V®)) of the problem
.

Remark IV.27. Note for any solution (V' V° P*(V?), P(V?)) of (4.1) we have
(4.54) PYV*)(z) = p*(z) > p’(x) = P'(V®)(2), Vo eR

Indeed, let p2, () (p°;,(7)) be the largest (smallest) integer in A%(x) (A%x)).

By definition of admissibility, admissible p®(z) > pP... (), admissible p’(z) <
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Prnaz(¥) and plq,(2) > plo,(2). By definition (4.41)), p*(x) = P*(V*)(x) > V(x) if
Vo(z) < pa.(T), p*(z) = p .. (1) otherwise, and similarly for p®(x). Thus (4.54)) is

clear if V*(z) > p2,.(z) or V(z) < pb..(x). If neither of these hold, then

pi(x) = [V()] = [V'(2)] = p*(2)

4.5 Appendix.

4.5.1 Proof of lemma [IV.7

We need to show that if f is continuous and has continuous right derivative on
[a, ] then f is continuously differentiable on (a,b). If for any x < y in (a,b) we can

find € € [z,y] s.t.

fly) — f(x) +
4.55 e
(4.55) LI g
then for any = € (a,b) we can take y | x and y T x limits in f(y;:z(x) using the above

and the continuity of f™ to get that f~(z) = f*(x) hence f is differentiable for every

x, and its derivative coincides with f™ and hence continuous. So it only remains to

show ({4.55)) holds.

Consider
fly) = f(z)
y—z
Clearly h has continuous right derivative on [z,y], h(z) = h(y) = 0, and (4.55) is

h(u) = f(u) = f(z) = (u—z)

equivalent to the existence of £ € [x,y] such that h™(§) = 0. Assume the contrary.
Then as h™ is continuous it must have values of only one sign over [x,y]. Note
also h is not identically 0 in this case, and so replacing it with —h if necessary we
can assume it has maximum > 0 achieved at some 7., € (x,y). Then from the
definition of right derivative we must have h*(z4,) < 0, hence < 0, hence A" must
be < 0 on [z,y]. But if h*(z) < 0, h(z) = 0 then h also achieves minimum < 0 at

SOME Tppin € (2, y) which immediately leads to contradiction with AT (2,,:,) < 0. B
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4.5.2 Proof of lemma IV.18

The idea is that if we take |z] or a similar stepping function, and modify it around
jump points by replacing jumps by steep line segments, this wouldn’t affect its mem.

Recall our value function can be represented as
Vi, p, 0", J) = fi (@) + olw) mem (I = f§ = 2) (F(a))

Where the only dependence on the obstacle is inside the mem, and f§, V' were
defined in . So it is sufficient to show that this y-domain mcm doesn’t
change if we replace J* = |V?] by Jb = s..

First we need to define s.. We know |V?| has 1-shift property, jumps up by
1 at a sequence of points {xg+n}, ., and is constant in between two consecu-
tive points from that sequence. We define s.(x) to coincide with |V?| outside the
intervals (zg + n — €, 29 + n|, and to coincide with the line segment connecting
(zo+n—¢ |V (zo+n—¢)) and (2o + n, | V] (o + n+)) on those intervals; note
s. is a line segment with slope 1/e in the left e-neighborhood of |V?] jump point,
and coincides with it (and locally constant) elsewhere. Notice also s, > |V?] by
construction, and so mcm (s6 —/f(‘f\ - x) > mem (vaj/—7g - x) and it only re-
mains to prove the opposite inequality. Note also, under our running assumption
of sufficiently large o, f¢ + z is strictly increasing, and so |V°] — f§ — x achieves
its maximum exactly at points {zg + n}; if this maximum is non-positive, we know
from the proof of proposition that the corresponding mcm is = 0, and so the
claimed inequality is clear as s, — f¢ —z has the same supremum as | V| — f¢ — 2. So
from now on we deal with the case where that supremum is positive, which implies
mem (LV”J/—?S - :1:) > (0 everywhere.

Similarly to the mcm of the function dominating its modification by replacing it
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by line segment connecting any two points of its graph over appropriate interval,
¢(xr) mem (f) (F(x)) dominates the function obtained from f by replacing its values
on some [z, x1] by the values of a¢(x)+bip(x) function coinciding with f at xg,z; (as
“operation converts a¢ + ) into a line segment). So to show mem (SE —/fg\ — x) <
mem (LV”J/—?S - :1:) it suffices to show s, — f§ — x is dominated on [z, zo + 1] by
ad(x) + bip(z) interpolation between (xg,%y) and (x¢ + 1,%), where y = | V] (zo) —
f8(zo) — o = | V2| (2o + 1) — f&(mo + 1) — (zo + 1).

So, consider h = a¢p + bp, h(zg) =y > 0, h(z1) =y >0, x; =z + 1. As h

satisfies

0.2

7hm —ch =0, a.e.

and is continuously differentiable, we get a contradiction if we assume h achieves
maximum on [zg, ;] in the interior of this interval, as then by the equation above
h and so h,, are positive (as y > 0) in the neighborhood of that maximum, which
is not possible. So h(z) < y on [zg,z1]. But then as h(z) < y the equation above
implies

2c 2¢c,

and as average slope of h over the length 1 interval [zg, x1] is 0 this implies also

Asy =sup|V?] —z — f&, the (C + 1)-closeness to x (0) of V? (resp. f9) implies y <
2C+2. But this means h, is bounded by a constant independent of the choice of p, p°,
V? with properties as in the statement of the lemma. As h(x;) = s.(x1) — 21 — f¢ (1),
and s.(z) — f§ —x has slope > 1/e — 1 —w on [z — €,xy], if € is small enough so

that this last expression is above the constant bounding h,., we get

se(x) — f§ —x < h, v €[r)—€x]
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hence also elsewhere on [zg, 1], and on other intervals [xg 4+ n,x¢ + n + 1] by the

same argument. This shows

mem (36 —/fg\— x) < mcm (LV”J - fé - :L‘)
and so also

mem (36 —/fg\— x) = mecm <LV”J — f&— 33)
as claimed.
4.5.3 Proof of lemma [V.§

We’ll prove the claim about v, the one about ¢ being analogous. As v satisfies

o) = o (- [ etxgas)|

for x < 0 and as ¢(X;) > ¢ > 0 we have

wuazﬁxhw(—émaxgm)]SEwwpeamﬂ:wam

where 1) is the 1 corresponding to ¢(xz) = ¢; and so is a unique positive increasing
solution with ¢(0) = 1 of

2d2f
a2 =0

o
2
and hence 1y = exp <\ / %x) Similarly for = > 0 ¢ satisfies

Tz -1
v) =8 [owp (= [7etxts) | < B o (el = 1o
0
where 9, is the positive increasing solution with ;(0) = 1 of

o d’f
2 dz?

—CufZO

and hence ¥, = exp (, / %x) This gives the required bound by observing ¢; < ¢,

which allows to resolve max there for x > 0 or x < 0 to vy or 1, as appropriate. B
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