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Abstract

Me, Myself and I: time-inconsistent stochastic control, contract theory and

backward stochastic Volterra integral equations

Miguel Camilo Hernandez Ramirez

This thesis studies the decision-making of agents exhibiting time-inconsistent prefer-
ences and its implications in the context of contract theory. We take a probabilistic approach
to continuous-time non-Markovian time-inconsistent stochastic control problems for sophisticated
agents. By introducing a refinement of the notion of equilibrium, an extended dynamic program-
ming principle is established. In turn, this leads to consider an infinite family of BSDEs analogous
to the classical Hamilton—Jacobi—Bellman equation. This system is fundamental in the sense that
its well-posedness is both necessary and sufficient to characterise equilibria and its associated value
function. In addition, under modest assumptions, the existence and uniqueness of a solution is

established.

With the previous results in mind, we then study a new general class of multidimensional type-I
backward stochastic Volterra integral equations. Towards this goal, the well-posedness of a system
of infinite family of standard backward stochastic differential equations is established. Interestingly,
its well-posedness is equivalent to that of the type-I backward stochastic Volterra integral equation.
This result yields a representation formula in terms of semilinear partial differential equation of
Hamilton—Jacobi—Bellman type. In perfect analogy to the theory of backward stochastic differen-
tial equations, the case of Lipschitz continuous generators is addressed first and subsequently the
quadratic case. In particular, our results show the equivalence of the probabilistic and analytic

approaches to time-inconsistent stochastic control problems.

Finally, this thesis studies the contracting problem between a standard utility maximiser prin-

cipal and a sophisticated time-inconsistent agent. We show that the contracting problem faced



by the principal can be reformulated as a novel class of control problems exposing the complica-
tions of the agent’s preferences. This corresponds to the control of a forward Volterra equation
via constrained Volterra type controls. The structure of this problem is inherently related to the
representation of the agent’s value function via extended type-I backward stochastic differential
equations. Despite the inherent challenges of this class of problems, our reformulation allows us to
study the solution for different specifications of preferences for the principal and the agent. This
allows us to discuss the qualitative and methodological implications of our results in the context
of contract theory: (i) from a methodological point of view, unlike in the time-consistent case,
the solution to the moral hazard problem does not reduce, in general, to a standard stochastic
control problem; (ii) our analysis shows that slight deviations of seminal models in contracting
theory seem to challenge the virtues attributed to linear contracts and suggests that such contracts
would typically cease to be optimal in general for time-inconsistent agents; (¢i¢) in line with some
recent developments in the time-consistent literature, we find that the optimal contract in the

time-inconsistent scenario is, in general, non-Markovian in the state process X.
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Preface

In the typical situation of interest, a principal, who is offering a contract, is imperfectly
informed about the actions of a time-inconsistent agent, who can accept or reject the contract. The
goal is to design a contract, compatible with the agent’s preferences, that maximises the utility of

the principal while that of the agent is held to a given level.

Being able to provide a satisfactory solution requires a complete understanding of the agent’s
preferences. As such, a large part of this thesis is devoted to tackling several fundamental questions
in the study of time-inconsistent stochastic control problems for sophisticated agents, also known
as the game-theoretic approach. First, the results in the existing literature depend critically on
the Markovian structure of the formulation: can these results be extended once we abandon this
framework? Second, it is known that a solution to a system of equations provide an equilibrium
strategy and its associated value function: in what sense is the converse true? Do all equilibria
arise as solutions to such system? Third, what can be said about the existence and uniqueness
of equilibria? Answering these questions is necessary to proceed to study the challenges of the
problem faced by the principal. In the time-consistent case, the contracting problem can, without
loss of generality, be reformulated as an optimal control problem: is there an analogue in the time-
inconsistent case? To what extend does said reformulation help in finding a solution? Finally, how

do the agent’s preferences change the form of the contract?

In the following, we put forward the tools and the pieces needed to provide answers to these

questions.



Notation

Throughout this document we take the convention co — 0o := —o0, and we fix a time horizon
T > 0. Ry and R’ denote the sets of non-negative and positive real numbers, respectively. Given
(E, | - |I) a Banach space, a positive integer p, and a non-negative integer g, C/(E) (resp. Cg}b(E))
will denote the space of functions from F to RP which are at least ¢ times continuously differentiable
(resp. and bounded with bounded derivatives). We set Cy,(E) := C;,b(E), i.e. the space of ¢ times
continuously differentiable bounded functions with bounded derivatives from FE to R . Whenever
E =[0,T] (resp. ¢ = 0 or b is not specified), we suppress the dependence on E (resp. on g or b),
e.g. CP denotes the space of continuous functions from [0, 7] to RP. Given x € CP, we denote by x.x¢
the path of = stopped at time ¢, i.e. x.a¢ := (z(r At),r > 0). Given (x,Z) € CP x CP and t € [0,T],
we define their concatenation x ®; & € CP by (z ®; T)(r) := z(r)1<gy + (@) + 2(r) — (1)) 1 >4,
r € [0,T].

For ¢ € CE(E) with ¢ > 2, 82,¢ will denote its Hessian. For a function ¢ : [0,T] x E with
s — ¢(s, o) uniformly continuous uniformly in «, we denote by pg : [0,7] — R its modulus of
continuity, which we recall satisfies py(¢) — 0 as £ — 0. For (u,v) € R? x RP, u - b will denote
their usual inner product, and |u| the corresponding norm. For positive integers m and n, we denote
by My, n(R) the space of m x n matrices with real entries. For M € M, ,,(R), M.; and M;. denote
the i-th column and row. S; (R) denotes the set of n x n symmetric positive semi-definite matrices,
while Tr[M] denotes the trace of M € M,,(R), and |M| := \/Te[MTM] for M € M,, ,(R). By
Om,n and I, we denote the m x n matrix of zeros and the identity matrix of M, (R) := M, »(R),
respectively. S7(R) denotes the set of n X n symmetric positive semi-definite matrices. Tr[M]

denotes the trace of a matrix M € M, (R).

For (2, F) a measurable space, Prob({2) denotes the collection of all probability measures on
(Q, F). For a filtration F := (F¢)sejo,r) on (2, F), Pprog(E,F) (vesp. Ppred(E,F), Popt(E,F)) will
denote the set of E-valued, F-progressively measurable processes (resp. F-predictable processes,

F-optional processes). For P € Prob(Q) and a filtration F, F¥ := (F} )telo,T]> denotes the P-

2



augmentation of F. We recall that for any ¢ € [0,T], F} = F; V o(NF), where N := {N C Q:
dB € F,N C B and P[B] = 0}. With this, the probability measure P can be extended so that
(Q,F, FP,]P’) becomes a complete probability space, see Karatzas and Shreve [150, Chapter I1.7].
IF'IE denotes the right limit of F¥, i.e. ffi =0 f}ie, t€10,T), and ‘7:$+ := FL, so that IFIi is the
smallest filtration that contains F and satisfies the usual conditions. Moreover, given P C Prob({2)
we introduce the set of P-polar sets N7 := {N C Q: N C B, for some B € F with suppep P[B] =
0}, as well as the P-completion of F, F” := (F])ic(0,11, with F/ := FyVo(NT), t € [0,T] together
with the corresponding right-continuous limit IE‘E = (fﬁ)te[o’T], with .7-",571 = Nes0 ]:gia, te0,T),
and FJ, := FF. For {s,t} C [0,T], with s < t, T;+(F) denotes the collection of [t,T]-valued

[F—stopping times.

Additionally, given A C R*, A denotes the collection of finite and positive Borel measures on
[0,T] x A whose projection on [0,7] is the Lebesgue measure. In other words, any ¢ € A can be
disintegrated as ¢(dt,da) = g;(da)dt, for an appropriate Borel measurable kernel ¢; which is unique
up to (Lebesgue—) almost everywhere equality. We are particularly interested in the set A, of

q € A of the form ¢ = d4,(da)dt, where J, the Dirac mass at a Borel function ¢ : [0,7] — A.
We also recall the elementary inequalities
n 2 n
<Zai> SnZa?, (I.1)
i=1 i=1

valid for any positive integer n and any collection (a;)1<i<pn of non-negative numbers, as well as,

Young’s inequality which guarantees that for any € > 0, 2ab < ea® + ¢~ 'b°.
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Chapter 1

Introduction

An extremely important point that has redrawn the attention of many academic disciplines in
recent years is that human beings do not necessarily behave as perfectly rational economic agents.
Hence, their criteria for evaluating their well-being are most of the time a lot more involved than
the ones used in the classic economic literature. This has been amplified due to the rapid advent
and flourishment of new economies, such as e-commerce and online advertisement. These activities
are characterised by, notably, a higher number of agents from both the supply and demand sides,
and an unprecedentedly large menu of tailor-made and personalised services. Naturally, this has led
to more intricate behaviours and interactions at all levels of the economy. Though the development
of large scale algorithms provides practical tools to circumvent the intricacies of these kind of
behaviours, there is also a growing demand for models that shed some light into how these agents
make their decisions and facilitate a deeper analysis. Notably of interest are models that study how
to incentivise such agents so that they perform a particular task. This is how time-inconsistency

and contract theory intersect.

In the moral hazard contracting problem between a principal (she) and an agent (he), the
principal’s objective is to use the information available to create the appropriate incentives, in
the form of a contract, to: (i) encourage the agent, whose actions influence an output process,
to accept the contract; (i¢) maximise her utility. Though this is quite a simple scenario it has
the virtue of being able to accommodate a wide spectrum of possibilities: the agent performing a
task on the principal’s behalf, the agent consuming a good produced by the principal, the agent
buying something from the principal... The main problem is then to design contracts (that is wages,
prices,...) such that the agent accepts them, and is given proper incentives to behave in a way that

allows the principal to get the most out of the contract.



This thesis studies the previous situation in the case were the agent’s preferences are time-
inconsistent. Fortunately, there is a well-established blueprint for how to solve principal-agent
problems in continuous-time in the case of a classical time-consistent utility maximiser agent. The
following section serves as an introduction to contract theory models in continuous-time and, in
particular, the dynamic programming approach will be presented. By virtue of the clarity of this
approach, the steps necessary to successfully extend these ideas to the time-inconsistent case will
become apparent. Developing and putting these steps together will guide much of the work of this

thesis.

1.1 Contract theory in continuous-time models

In this thesis, we are interested in the moral hazard contracting problem between a principal and
an agent with time-inconsistent preferences. A principal-agent problem is a problem of optimal
contracting between two parties. The principal, who is interested in hiring the agent, offers a
contract. Provided the agent accepts, he can influence a random process, the outcome, via his
actions. A key feature in these models is the amount of information available to the principal when
designing the contract. There are three classical cases studied in the literature: risk-sharing with
symmetric information, hidden action, and hidden type. We are only concerned with the first two

in this work.

In the risk-sharing scenario, also referred to as the first-best, both parties have the same in-
formation and have to agree on how to share the underlying risk. In the first-best problem, the
principal has all the bargaining power, i.e. she offers the contract and dictates the agent’s actions
(the agent is compelled to follow or else he would be severely penalised). In the case of hidden ac-
tions, the principal is imperfectly informed about the agent’s actions. Either they are too costly to
be monitored or simply unobservable. Consequently, the principal expects to receive a second-best
utility compared to the risk-sharing scenario. As the agent is allowed to take actions that are not in
the principal’s best interest, this situation is also referred to as moral hazard, and incentives play a
crucial role. Indeed, the principal hopes to influence the agent’s actions by offering an appropriate

contract.

In the case of a traditional (time-consistent) agent, a common feature of these models is that



their resolution boils down to standard stochastic control models. Indeed, in light of the principal’s
bargaining power, the first-best case is always cast as a stochastic control problem for a single
individual, the principal, who chooses both the contract and the actions under the participation
constraint. On the other hand, in the second-best problem, it being a two-stage Stackelberg game,
one has to solve the agent’s problem for any given fixed contract before moving to study the
principal’s problem. In principle, this renders a much more complicated structure on the problem.
Since the introduction of the continuous-time framework, it took time for the literature to present

a general approach that arrived at the same conclusion for the second-best problem.

The study of the moral hazard problem in continuous time has its roots in the seminal paper
of Holmstrém and Milgrom [130]. In this model, the principal and the agent have CARA utility
functions, and the agent’s effort influences the drift of the output process, the solution to a con-
trolled diffusion, but not the volatility. The resulting optimal contract is an affine function of the
aggregate output. The model in [130] drew great attention as the resolution of the, seemingly more
complicated, continuous-time formulation was much more amenable, could be rigorously justified
and provided useful explicit solutions for the economic analysis. This was not the case for most of
the discrete-time models that dominated the existing literature., see Laffont and Martimort [162].
For instance, Schattler and Sung [222, 223] study the validity of the so-called first order approach.
Sung [234, 235] provides extensions to the case of diffusion control and hierarchical structures. The
linearity of the optimal contract, a feature also present in [130] and [234], is further studied in
Miiller [187, 188], Hellwig [126] and Hellwig and Schmidt [127] for the first-best problem and in
the interplay between the discrete- and continuous-time models, respectively.! Notably, Williams
[262, 263, 264] and Cvitani¢, Wan, and Zhang [60, 61, 62] characterise the optimal contract for
general utilities by means of the so-called stochastic maximum principle and forward-backward

stochastic differential equations (FBSDEs).2

!The previous list is my no means exhaustive. Other early continuous-time contract theory models were introduced
in Adrian and Westerfield [1], Biais, Mariotti, Plantin, and Rochet [26], Biais, Mariotti, Rochet, and Villeneuve [27],
Biais, Mariotti, and Rochet [28], Capponi and Frei [44], DeMarzo and Sannikov [72], DeMarzo, Fishman, He, and
Wang [73], Fong [100], He [124], Hoffmann and Pfeil [129], Ju and Wan [145], Keiber [154], Leung [166], Mirrlees and
Raimondo [186], Myerson [189], Ou-Yang [195], Pages [198], Pages and Possamai [199], Piskorski and Tchistyi [204],
Piskorski and Westerfield [205], Sannikov [218], Schroder, Sinha, and Levental [224], Van Long and Sorger [239],
Westerfield [261], Zhang [274], Zhou [275], and Zhu [276]

2We refer to the monograph Cvitanié¢ and Zhang [59] for a general framework that systematically surveys a great
portion of the literature exploiting the maximum principle, in models driven by Brownian Motion.



Nevertheless, it was not until the approach in Sannikov [219], see also Sannikov [220], was
available that the study of the moral hazard problem was, once again, reinvigorated and arrived
finally at the methodical programme presented in Cvitanié¢, Possamai, and Touzi [63, 64]. The idea
of this approach is to focus on the dynamic continuation value of the agent as a state variable for the
principal’s problem, an idea already acknowledged in the discrete-time literature, see for instance
Spear and Srivastava [231]. In a nutshell, this method leverages the dynamic programming principle
and the theory of backward stochastic differential equations (BSDEs) to reformulate the principal’s
problem as a standard optimal stochastic control problem with an additional state variable, namely,

the agent’s continuation utility.

1.1.1 The dynamic programming approach

Let us describe, informally, the dynamic programming approach as derived in [64], for the case
of a time-consistent agent, 7.e. an agent that discounts according to an exponential parameter
p > 0. To ease the presentation, we will exclude the case of volatility control here, and will take
both the principal and agent risk-neutral. .4 denotes the set of A-valued?® admissible actions used
by the agent to control the distribution of the state process X, the canonical process on the space
of R valued continuous functions on [0, 7], as follows. For v € A and a P”~Brownian motion WV

(depending on v), X satisfies the dynamics
t
X, = —|—/ or(Xar) (b (Xoar, vp)dr +dWY), ¢ € [0,T], PY-a.s.,
0

where X.5; denotes the path up to time ¢ of the state process X and x denotes its past trajectory.
Let F := (Ft)te[O,T] denote the augmented filtration generated by X, and Ry € R the agent’s
reservation utility below which he refuses the contract. Given an arbitrary fixed contract £ € =,

the utility drawn by the agent is given by

VA(¢) = sup ™

T
e*pr—/ e Tep(Xpp., vp)dr|.
veA 0

Let A*(&) denote the optimal responses to contract &, v* € A. The problem of the principal is

3A is, for instance, a subset of R for some non-negative integer k



given by

VP =sup sup EP (X7 —£].
EEE vreA*(§)

Let us note that both the agent’s and the principal’s problems are non-standard stochastic
control problems. Indeed, the agent’s problem is non-Markovian and the principal’s involves the
optimisation over the set =. Recall £, and all the data, is allowed to be of non-Markovian nature.
Moreover, the principal’s optimisation is, a priori, a control problem that can not be approached by
dynamic programming. Let us expand on this last comment regarding V. As a typical two-stage
Stackelberg game, for a long time, the predominant approach taken in the literature consisted of
characterising the agent’s value process, or continuation/promised utility, and his optimal actions
given an arbitrary contract payoff. This, in turn, enabled the analysis of the principal’s maximisa-
tion problem over all possible payoffs.* Yet, this approach may be challenging for several reasons:
(7) it may be difficult to solve the agent’s stochastic control problem given an arbitrary, possibly
non-Markovian, payoff; (i7) it may be hard for the principal to maximise over all such contracts.;
(7i7) the agent’s optimal control may depend on the given contract in a highly nonlinear manner,

rendering the principal’s optimisation problem even more complicated.
The following three steps summarise the dynamic programming approach.

Step 1: Establish a dynamic programming principle (DPP) for V§(€), i.e.

VA(€) = sup EF [Vﬁ(é) — [ (Xp w)ar
veA o

7o Vi =¢

Note that this implies that the value process VA (&) admits the representation via the standard

backward stochastic differential equation (BSDE)
T T
Y; = §+/ H, (Xa, Yr, Zyp)dr —/ Z,dX,, t€[0,T], P"-as.,
t t
where H denotes the Hamiltonian, given by

Hi(z,y,2) := ilelg {o(@)be(z,a) 2z — ez, a)} — py.

“For completeness we remark the different approach in Evans, Miller, and Yang [97], where for each possible action
process of the agent, they characterise contracts that are incentive compatible for it.



Moreover, the principal identifies all the agent’s optimal actions as the maximisers of H,

a*(r,z, z), which, to ease the presentation, we assume to be unique.

Step 2: For an appropriate admissibility class H, introduce the family of contracts

[t

t t
= {Y,}/Ovz : Y;YO,Z:: YO_/ HT(XTA-,nYO’Z,ZT)dr+/ Zrer,t € [O,T], (}/O,Z) € [R(),OO)XH},
0 0

and establish there is no lost of generality in offering such contracts, i.e. = = Z.

Step 3: Conclude that the problem of the principal equals the standard stochastic control
problem

VP = sup sup EP*(2) {XT - Y%/O’Z]
Yo>Ro Z€H

where P*(Z) := P (+X-Z) denotes the probability induced by the agent’s optimal response. In the
above problem, Z is the control variable and (X,YY%?) the state variables. The control on X is

via the probability P*(Z).

This methodology has been extended to several scenarii including random horizon contracting
Possamai and Touzi [209] and Lin, Ren, Touzi, and Yang [172], ambiguity features from the point
of view of the principal, as in Mastrolia and Possamai [180], Herndndez Santibaniez and Mastrolia
[128], Chen and Sung [48], and Sung [236], a principal contracting a finite number of agents Elie and
Possamai [90], several principals contracting a common agent Mastrolia and Ren [181], hierarchical
contracting problems Hubert [140], a principal contracting a mean-field of agents Elie, Mastrolia,
and Possamai [91], and applications in, optimal electricity demand response contracting, as in
Aid, Possamai, and Touzi [6], Alasseur, Chaton, and Hubert [7], and Elie, Hubert, Mastrolia,
and Possamai [92], market microstructure, as in El Euch, Mastrolia, Rosenbaum, and Touzi [83]
and Baldacci, Possamai, and Rosenbaum [16], green bond markets Baldacci and Possamai [15],
pandemic control Hubert, Mastrolia, Possamai, and Warin [141]. The road map suggested by this
approach is quite clear: (i) identify the generic dynamic programming representation of the agent’s
value process, (i) express the contract payment in terms of the value process, (iii) optimise the

principal’s objective over such payments.

Not surprisingly, each of these steps would bring its own challenges in the case of a time-

inconsistent agent. Notably, as we will see next, the distinctive feature of time-inconsistent pref-
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erences is that they do not satisfy a dynamic programming principle. This casts doubt upon the

very starting point of our strategy.

1.2 Part II: non-Markovian time-inconsistent control

Let us begin by considering the following illustrative example in discrete time. When choosing
his working routine an agent chooses an action v € {nap, work}. The utility at time ¢ corresponds

to the discounted flow of utilities, given by

T(t,v) = w(a}) + Blouer (ahyy) + pPussa(als) + ... ),

where z denotes the value of the Agent’s state variable induced by v, and uy(z}) the corresponding
utility at time t. (p, 3) are the parameters of the so-called quasi-hyperbolic discounting for which
its distinguishing parameter 5 acts as an intra-personal weight which may bias towards present
(8 < 1) or future (resp. S > 1) utilities and § is a classic discount factor. Assume that working
today generates an immediate disutility of —2/3 and a postponed benefit of 1, and normalise the
utility of napping to 0. Then, for p = 1 and 8 = 1/2, it is not hard to see that at time ¢ the agent
prefers napping today (0 > —2/3 4+ 1/2) and defers working for tomorrow (—1/3 +1/2 > 0). All
together, the discounting structure induces dynamically inconsistent preferences, i.e. for any time
reference ¢, at time ¢t the agent prefers to work at time ¢ 4 1, but at time ¢ + 1 the agent prefers to

nap.

Time-inconsistency has recently redrawn the attention of many academic disciplines, ranging
from mathematics to economics, due to both the mathematical challenges that rigorously under-
standing this phenomenon carries, as well as the need for the development of economic theories
that are able to explain the behaviour of agents that fail to comply with the usual rationality as-
sumptions. Indeed, one can find clear evidence of such attitudes in a number of applications, from
consumption problems to finance, from crime to voting, from charitable giving to labour supply, see
Rabin [213] and Dellavigna [71] for detailed reviews. In recent years, the need for thorough studies
of this phenomenon has become more urgent, due notably to the rapid advent of new economies

such as e-commerce and online advertisement.
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The distinctive feature in these situations is that human beings do not necessarily behave as
what neoclassical economists refer to perfectly rational decision-makers. Such idealised individuals
are aware of their alternatives, form expectations about any unknowns, have clear preferences, and
choose their actions deliberately after some process of optimisation, see Osborne and Rubinstein
[194, Chapter 1]. In reality, their criteria for evaluating their well-being are in many cases a lot more
involved than the ones considered in the classic literature. For instance, empirical studies suggest
that relative preferences of agents do seem to change with time, see Frederick, Loewenstein, and
O’Donoghue [101] and Fang and Silverman [98]. Similarly, there is robust evidence of an inclination
for imminent gratification even if accompanied by harmful delayed consequences, see Mehra and
Prescoot [183], Friedman and Savage [104], Ellsberg [93] and Allais [8]. In mathematical terms, this
translates into stochastic control problems in which the classic dynamic programming principle, or

in other words the Bellman optimality principle, is not satisfied.

Let us consider the form of pay-off functionals at the core of the continuous-time optimal
stochastic control literature in a non-Markovian framework. Given a time reference ¢ € [0,7],
where T" > 0 is a fixed time horizon, a past trajectory x for the state process X, whose path up to
t we denote by X.,¢, and an action plan v, that is to say, a probability distribution for X and an

action process, the reward derived by an agent is

T
It = 7| [ () 4 €0 ar)|

However, as pointed out by Samuelson [217, pp. 159], ‘it is completely arbitrary to assume that
the individual behaves so as to maximise an integral of the form envisaged above. This involves the
assumption that at every instant of time the individual’s satisfaction depends only upon the action
at that time, and that, furthermore, the individual tries to maximise the sum of instantaneous
satisfactions reduced to some comparable base by time discount. As a consequence, adds [217],
‘the solution to the problem of maximising these type of rewards holds only for an agent deciding
her actions throughout the period at the beginning of it, and, as she moves along in time, there
is a perspective phenomenon in that her view of the future in relation to her instantaneous time
position remains invariant, rather than her evaluation of any particular year.[...] Moreover, these

results will remain unchanged even if she were to discount from the existing point of time rather
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than from the beginning of the period. Therefore, the fact that this is so is in itself a presumption
that individuals do behave in terms of these functionals. Consequently, understanding the rationale
behind the actions of a broader class of economic individuals calls for the incorporation of functionals
able to include the previous one as a particular case. This is the motivation behind any theory of

time-inconsistency.

Time-inconsistency is generally the fact that marginal rates of substitution between goods
consumed at different dates change over time, see Strotz [233], Laibson [163], Gul and Pesendorfer
[110], Fudenberg and Levine [105], O’Donoghue and Rabin [192, 193]. For example, the marginal
rate of substitution between immediate consumption and some later consumption is different from
what it was when these two dates were seen from a remote prior date. In many applications, these
time-inconsistent preferences introduce a conflict between ‘an impatient present self and a patient
future self’, see Brutscher [43]. In [233], where this phenomenon was first treated, three different
types of agents are described: the pre-committed agent does not revise her initially decided strategy
even if that makes her strategy time-inconsistent; the naive agent revises his strategy without taking
future revisions into account even if that makes her strategy time-inconsistent; the sophisticated
agent revises her strategy taking possible future revisions into account, and by avoiding such makes

her strategy time-consistent.

Which type is more relevant depends on the entire framework of the decision in question.
Marin-Solano and Navas [179] comment on which strategies the three different types of agents
should use, see also Harris and Laibson [117] and Vieille and Weibull [242] for explanations of
the deep mathematical problems arising in seemingly benign situations, such as non uniqueness.
Indeed, in some applications one is interested in the rational decision-maker who pre-commits his
future behaviour by precluding future options and conforming to his present desire, for instance
individuals who make irrevocable trusts or buy life insurance. This is in stark contrast to the one
who, aware of his inconsistency, searches for strategies where the inconsistency is anticipated and

embedded in her decision plan. In this thesis we are interested in the latter type.

Let us illustrate these ideas in the context of contract theory, in line with the example at the
beginning of this section. Suppose an online ride-sharing platform wants to revise its contracts

scheme as it has noticed a decline in the frequency drivers are available in the platform. The
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company is considering to make available different bonus packs whose access depends on the number
of rides fulfilled. In such scenario one could find, due to time-inconsistency, how bonus plans can
be designed so as to motivate drivers to fulfil rides in a short amount of time. This is similar in
spirit as to how, with credit cards and non-traditional mortgages, consumers are motivated to repay
their loan fast, and why delaying repayment carries large penalties, see Heidhues [125] and Eliaz
and Splieger [89]. Now, provided empirical evidence confirms drivers indeed have time-inconsistent
preferences, in light of the dynamic programming approach presented above one must develop the
tools in order to thoroughly understand the decision-making behind time-inconsistent sophisticated

drivers before addressing the contracting situation mentioned above.

The study of time-inconsistency has a long history. The game-theoretic approach started with
[233] where the phenomenon was introduced in a continuous-time setting, and it was proved that
preferences are time-consistent if, and only if, the discount factor representing time preferences
is exponential with a constant discount rate. Pollak [206] gave the right solution to the problem
for both naive and sophisticated agents under a logarithmic utility function. For a long period
of time, most of the attention was given to the discrete-time setting introduced by Phelps and
Pollak [203]. This was, presumably, due to the unavailability of a well-stated system of equations
providing a general method for solving the problem, at least for sophisticated agents. Nonetheless,
the theory for time-inconsistent problems for sophisticated agents progressed, and results were
extended to new frameworks, although this was mostly on a case-by-case basis. For example, Barro
[18] studied a modified version of the neoclassical growth model by including a variable rate of
time preference, and [163] considered the case of quasi-hyperbolic time preferences. Notably, Basak
and Chabakauri [19] treated the mean—variance portfolio problem and derived its time-consistent
solution by cleverly decomposing the nonlinear term and then applying dynamic programming.
In addition, Goldman [107] presented one of the first proofs of existence of an equilibrium under
quite general conditions. More recently, [242] showed how for infinite horizon dynamic optimisation
problems with non-exponential discounting, the multiplicity of solutions (with different pay-offs)

was the rule rather than the exception.

To treat these problems in a systematic way, the series of works carried out by Ekeland and

Lazrak [80, 81], and Ekeland and Pirvu [82] introduced and characterised the first notion of sub-
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game perfect equilibria in continuous-time, where the source of inconsistency is non-exponential
discounting. [80] consider a deterministic setting, whereas [81] extend these ideas to Markovian
diffusion dynamics. In [82], the authors provide the first existence result in a Markovian context
encompassing the one in their previous works. This was the basis for a general Markovian theory
developed by Bjork and Murgoci [35] in discrete-time and Bjork, Khapko, and Murgoci [38] in
continuous-time. Inspired by the notion of equilibrium in [81] and their study in the discrete-
time scenario in [35], in [38] the authors consider a general Markovian framework with diffusion
dynamics for the controlled state process X, and provide a system of PDEs whose solution allows to
construct an equilibrium for the problem. Recently, He and Jiang [120] fills in a missing step in [38]
by deriving rigorously the PDE system and refining the definition of equilibrium while Lindensjo
[173] shows that solving the PDE system is a necessary condition for a refinement of the notion of

equilibrium which enforces additional regularity.

Simultaneously, extensions have been considered, and unsatisfactory seemingly simple scenarii
have been identified. Bjork, Murgoci, and Zhou [36] study the time-inconsistent version of the
portfolio selection problem for diffusion dynamics and a mean—variance criterion. Czichowsky [65]
considers an extension of this problem for general semi-martingale dynamics. Hu, Jin, and Zhou
[135, 136] provide a rigorous characterisation of the linear-quadratic model, and Huang and Zhou
[137] perform a careful study in a Markov chain environment. Regarding the expected utility
paradigm, Karnam, Ma, and Zhang [151] introduce the idea of the dynamic utility under which an
original time-inconsistent problem (under the originally fixed utility) becomes a time-consistent one.
He, Strub, and Zariphopoulou [123] propose the concept of forward rank-dependent performance
processes, by means of the notion of conditional nonlinear expectation introduced by Ma, Wong,
and Zhang [178], to incorporate probability distortions without assuming that the model is fully
known at the initial time. One of the first negative results was introduced by Landriault, Li, Li,
and Young [164], here the authors present an example, stemming from a mean—variance investment

problem, in which uniqueness of the equilibrium via the PDE characterisation of [35] fails.

A different approach is presented in Yong [270] and Wei, Yong, and Yu [260], where, in the
framework of recursive utilities, an equilibrium is defined as a limit of discrete-time games leading

to a system of FBSDEs. Building upon the analysis in [260], Wang and Yong [245] consider the
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case where the cost functional is determined by a so-called backward stochastic Volterra integral
equation (BSVIE) which covers the general discounting situation with a recursive feature. An HJB
equation is associated in order to obtain a verification result. Moreover, Wang and Yong [245]
establish the well-posedness of the HJB equation and derive a probabilistic representation in terms
of a novel type of BSVIEs. Han and Wong [116] study the case where the state variable follows a
Volterra process and, by associating an extended path-dependent Hamilton—Jacobi-Bellman equa-
tion system, obtains a verification theorem. Hamaguchi [115] provides a necessary condition for an
open-loop equilibria in a Markovian time-inconsistent consumption—investment problem. Finally,
Mei and Zhu [184] deals with a class of time-inconsistent control problems for McKean—Vlasov

dynamics which are, for example, a natural framework to study mean—variance problems.

When it comes to time-inconsistent stopping problems, recent works have progressed signific-
antly in understanding this setting, yet many peculiarities and questions remain open. A novel
treatment of optimal stopping for a Markovian diffusion process with a payoff functional involving
probability distortions, for both naive and sophisticated agents, is carried out by Huang, Nguyen-
Huu, and Zhou [139]. Huang and Zhou [138] consider a stopping problem under non-exponential
discounting, and looks for an optimal equilibrium, one which generates larger values than any other
equilibrium does on the entire state space. He, Hu, Oblj, and Zhou [122] study the problem of a
pre-committed gambler and compare his behaviour to that of a naive one. Another series of works
is that of Christensen and Lindensjé [55]; Christensen and Lindensjo [54, 53] and Bayraktar, Zhang,
and Zhou [20]. [55] study a discrete-time Markov chain stopping problem and propose a definition
of sub-game perfect Nash equilibria for which necessary and sufficient equilibrium conditions are
derived, and an existence result is obtained. They extend their study to the continuous-time set-
ting by considering diffusion dynamics in [54], and study in [53] a moment constrained version of
the optimal dividend problem for which both the pre-committed and sub-game perfect solutions
are studied. Independently, [20] studied a continuous Markov chain process and proposed another
notion of equilibrium. The authors thoroughly obtain the relation between the notions of optimal-
mild, weak and strong equilibrium introduced in [139], [54] and [20], respectively, and provide a
novel iteration method which directly constructs an optimal-mild equilibrium bypassing the need

to find first all mild-equilibria. Notably, Tan, Wei, and Zhou [237] gives an example of nonexist-
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ence of an equilibrium stopping plan. On the other hand, Nutz and Zhang [191] provide a first
approach to the recently introduced conditional optimal stopping problems which are inherently

time-inconsistent.

In light of the limitations of the existing literature and keeping in mind the dynamic program-
ming approach, presented in Section 1.1.1, it is clear that our analysis needs to start at the level
of the problem faced by a generic time-inconsistent agent in a non-Markovian framework. The
purpose of the next section is to review some of the main results in the literature which remained

focused on the Markovian case.

1.2.1 Existing results for Markovian time-inconsistent problems

In this section, we present some of the results available in the literature in the Markovian case
which are relevant to our goal. As a note to the reader, we will do our best to balance the main
ideas, and the notation and specifics of the statements. That being said, they should nevertheless
be considered as informal presentations. We will refer to the original sources accordingly. We also
mention that a review encompassing most of the classical results, as well as some recent development

in the time-inconsistent literature is available in He and Zhou [121].

The existence literature on time-inconsistent control has focused on the strong formulation of
the problem in a Markovian framework. Given T" > 0, on the time interval [0,7] a fixed filtered
probability space (Q,F, Fr,P) supporting a Brownian motion W is given. Here, F denotes the
P-augmented Brownian filtration. Let A denote the set of admissible actions. For a process v € A,
representing an action process, the state process X is given by the unique strong solution to the

R™-valued SDE
t t
X = X+/ bs(XE’x”’,us)ds —I—/ JS(XE’X’V, vs)dWs, for t € [r,T].
T ™
The agent’s reward is given, for (¢,x,v) € [0,T] x R"™ x A, by

T
Hx,) =B [ 15, X v 465, XE)
t

]-"t} + G(t,x,E[X%X’VN-}]),

where E[-|F;] denotes the expectation operator conditional on X;™" = x. Let us remark that the
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dependence of f, & (resp. of G) on (t,x) (resp. on (t,x, E[X2"|F;])) are the sources of time-
inconsistency. In the game-theoretic approach, the individual reconciles his current and future

preferences by seeking for an equilibrium as defined next.

Definition (Equilibrium [82]). v* € A is said to be an equilibrium if for all (t,¢,x,v) € [0,T] %

(0,7 L] xR" x A, and v @4 v* 1= Vigiye + V*l[t—i-é,T}y

*) — *
lim inf J(tx,v%) = J(t, X,V @uye V*)
\0 /

> 0.

For an equilibrium v* we write v* € £, and define the value function v(t,x) = J(t,x, ).

Analogue to the HJB equation for classic time-consistent stochastic control problem, an ex-
tended PDE system is available to study the time-inconsistent analogue in a systematic way.
We follow [38]. Let v be a Markovian feedback control, ie. v = u(t, X™") for an func-
tion u : [0,7] x R® — A, a € A, and a smooth function ¢ : [0,7] x R" — R. We define

bl (x) := bi(x,a), of(x) := oi(x,a), bY(x) := bi(x,u(t,x)), of (x) := o (x,u(t,x)), and the operators

(M%) (¢, %) = Oup(t, x) + b (x) - Oip(t, ) + %Tr [0” (%) (x)Dexio(t, )],

(A%p) (£, %) := Dpp(t, x) + b (x) - Oxp(t, %) + %TY[U‘L(X)U?T(X)E?XXW(@ x)].

Moreover, for functions G(t,x,y) and g(¢,x), we introduce (G ¢ g)(t,x) := G(t,x, g(t,z)), and the
operator H*g(t,x) := 0,G(t,x, g(t,x))(A%)(t,x).

Definition (Extended HJB [38]). We define smooth function v, J, and g via the equations

(i) the v function is determined by, v(T,x) = (T, x,x) + G(T,x,x), and

21612 {(Av)(t, x)+ f(t,x,t,x,a) — (A*J) (¢, %, t,%x) + (A T") (t,x) — (A*G o g) (t,x) + (H%) (t,x)} =0;

(7i) for (s,y) € [0,T] x R™, the function J*Y(t,x) is determined by, J*¥(T,x) = F(s,y,x), and

(A”* T (t,x) + f(s,y,t,x,u*(t,x)) = 0;
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(ii7) the function g(t,x) is determined by, g(T,x) = x, and
(A" g)(t,x) = 0,

where v* denotes the Markovian feedback control induced by the mapping u*(t,x) that realises the

supremum in (7).

Several comments are in order: it is immediate to the eye that instead of a single equation for
the value function, as it is the case for time-consistent problems, in the game-theoretic approach
the so-called extended HJB equation consists of a system equations. We remark that the second
equation defines a infinite family of functions (J*¥), y)e(o,11xr»- Second, the system is fully coupled
in the sense that the entire family (J*Y),y)ejo,7xrn as well as the function g(t,x) appear in the
first equation and determine the action v* which in turn appears in the definition of the second
and third equation. Lastly, we notice that in the absence of time-inconsistency the previous system
reduces to the classic HIB equation. Indeed, if f does not depend on (s,y) € [0,7] x R™ and G
is linear in y then the G term can be added into the conditional expectation of the reward J. It
then follows that J coincides with the value function. This is, the second and third equation are

redundant and we are left with the classical HJB equation.

All things considered, the previous system yields a verification result analogous to the one for

classic time-consistent control problems.

Theorem (Verification [38]). Assume that for all (s,y) € [0, T]|xR", the functions v(t,x), J*Y(t,x),

g(t,x) and u*(t,x) have the following properties:

(i) v, J%Y, and g, are smooth solutions to the extended HIB system;

(ii) the function u*(t,x) realizes the supremum in the extended HIB and v* = u*(-, X.) € A;

(7i1) v, J, J*Y, g, and G © g, have appropriate integrability.

Then v* is an equilibrium law, and v is the corresponding equilibrium value function. Furthermore,

J%Y and g have the probabilistic representations

T * *
TV (t,x) = IE[/ fr(s,y, Xﬁ’x"’*,u;f)dr + §(s,y,X;X’V )‘ft}, g(t,x) = ]E[X%X’V |]:t}, t €10,T].
t
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In simple terms, the previous theorem provides a sufficient set of conditions that certifies
whenever an action is an equilibrium and identifies its corresponding value function. Regularity
assumptions aside, we remark that for the purposes of solving a time-inconsistent control problem,

i.e. finding an equilibrium and its value function, the previous result does the job.

Another matter of interest bring us back to the very own definition of the sophisticated agent.
Let us recall, this agent revises his strategy taking possible future revisions into account, and by
avoiding such makes his strategy time-consistent. Therefore, one expects some form of dynamic
programming principle to hold for this kind of problems. This is the purpose of [37, Proposition 8.1],
which provides a link between time-inconsistent and time-consistent Markovian control problems.
Recall this is a crucial, actually the initial, step in the dynamic programming approach of [64], see
Section 1.1.1. Indeed, it allows to establish the reverse direction of the standard verification result,

which we will refer to as a necessity result.

Proposition (A primer DPP [37]). For every time inconsistent problem in the present framework

there exists a standard, time consistent optimal control problem with the following properties:

(i) the optimal value function for the standard problem coincides with the equilibrium value function

for the time inconsistent problem;

(ii) the optimal control for the standard problem coincides with the equilibrium control for the time

inconsistent problem.

[37, Proposition 8.1] states that (in the framework of strong formulation with Markovian feed-
back actions) given an equilibrium, as defined above, for any time-inconsistent stochastic control
problem it is possible to associate a classical time-consistent optimal stochastic control problem
which attains the same value and satisfies a dynamic programming principle. However, the argu-
ment layed down in [37, Proposition 8.1], which we have ommitted, assumes a priori a smooth
solution to the above PDE system. This is, it presupposes that the value function associated to
the equilibrium action and the decoupled pay-off functionals belong to C12([0,T] x R%), and is in
the spirit of the (easy direction) of the Feynman—Kac representation formula. This means that the
class of equilibria for which the DPP used in [37] holds is actually a sub-class of the ones given

by classical definition via the liminf presented above. Moreover, it was recently shown that these
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would correspond to reqular equilibria as defined in in [173]. In fact, as explained in [173, Remark
3.9], regular equilibria are a priori required to be continuous in time and space. We remark that
even for time-consistent problems the previous regularity assumptions on the value function and

the control it is known to often not hold.

Even more critical in our view, in the context of classic time-consistent control, the argument
in [37, Proposition 8.1] would be equivalent to assuming that the HJB equation has a smooth
classical solution to prove the DPP. We find this line of argument to be quite atypical in the sense
that: (i) this is usually done the other way around: the DPP allows one to show that the value
function is related to the HJB PDE, usually in the viscosity sense; (ii) quid of the cases where
the value function fails to be smooth, which are ubiquitous in the literature? In classical control
problems, the DPP holds under mere Borel-measurability of the value function, see El Karoui and

Tan [85, 86], and we do not feel that it is reasonable to assume smoothness a priori to prove it.

All in all, in order to obtain a useful necessity result one should obtain the underlying DPP
circumventing these a priori assumptions on the value function of the associated equilibria. More
generally, one should aim to obtain a proof of a DPP from first principles, by which we mean
that by introducing a refinement on the notion of equilibrium a DPP can be establish as a direct
consequence of it. Such approach, will open the door to a necessity result which remained mostly

absent in the literature.

Indeed, the community quickly started to investigate such necessity type results hoping to arrive
to a complete characterisation of equilibria and their value function. This is, both a necessary and
sufficient condition for an admissible action to be an equilibrium. For this we follow [120] and

introduce some additional notation.

For (s,t,7,y,x,v) € [0,T]3 x R™ x A, let fY*(t,x) := By [fi(s,y,x,u(t,x))], f>I"(t,x) =
By [£55" (r, XE5)], €99 (¢, ) i= By o [6(s,y, X)), and

T
T (4 x,0) 1= FU() - £ )+ [ (AP ) dr
t

+ (AE) (L, 2) + 0yGs,y, g(1, %)) (Ag) (L, ).
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Theorem (Characterisation of Markovian equilibria [120]). Under appropriate assumptions

lim inf J(t,x,v*) = J(t, X,V @10 V*)

Z\O K — *Ft,x,l/* (t’X’ U), V(t7 X’ ]/) € I:O’ T] X Rn % .A

Moreover, v* is an equilibrium if and only if

Ft7X’V*(t’X, a) Z O7 V(t,X,G/) c [07T) X Rn X A

The previous result is quite remarkable as [120] succeeds in characterising equilibria via the
mapping I'. Yet, we highlight that we have remained vague regarding the assumptions of the pre-
vious theorem. Indeed, the conditions under which such result holds are quite stringent, requiring
for instance that the optimal action and the mappings involve in the definition of I' to be differen-
tiable in time and with spacial derivatives of polynomial growth. This relates to the fact that the
argument in [120] makes a strong use of the infinitesimal generator operator and may, in general,
limit the class of equilibria that are able to be identified by the previous result. Moreover, the
previous characterisation bypasses the extended HJB system and makes no direct link between it

and I'.

For the purposes of the discussion in this chapter, the previous results summarise the state of
the understanding of Markovian time-inconsistent control problems. According to [38, Section 10],

the following remained as open research problems at the time of its writing:

o ‘[t]he present theory depends critically on the Markovian structure. It would be interesting

to see what can be done without this assumption’;

o ‘[a] related (hard) open problem is to prove existence and/or uniqueness for solutions of the

extended HJB system’;

o ‘[aJn open and difficult problem is to provide conditions on primitives which guarantee that

the functions V and f are regular enough to satisfy the extended HJB system’;

o ‘[a]nother problem is to give conditions on primitives which guarantee that the assumptions

of the verification theorem are satisfied’.
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To not get ahead of ourselves, we will just mention that this thesis makes contributions to
each of these problems. We highlight that the third point above is making reference to a type of
necessity result, which we stress again, is crucial in the dynamic programming approach of [64],
see Section 1.1.1. As we mentioned earlier, one avenue to arrive at this result is to provide a DPP
circumventing any kind of a priori assumptions on the value function of the associated equilibria.
In this way, we can conduct the analysis in a non-Markovian framework, and, at the same time,
we will remain at the greatest level of generality possible, i.e. without implicit assumptions on the

class of equilibria into consideration.

In the following section, we present an informal description of our contributions to the time-
inconsistent literature. In synthesis, inspired by the results of [64] in the context of contract theory,
we take a probabilistic approach that allow us to, among other things, extends the results for
Markovian models with time-inconsistency to the non-Markovian framework and provide answers

to each of the previous items.

1.2.2 Contributions

In the second part of this thesis, we develop a probabilistic theory for continuous-time non-
Markovian stochastic control problems which are inherently time-inconsistent. Our formulation is
cast within the framework of a controlled non-Markovian forward stochastic differential equation,
and a general objective functional. To illustrate our results, suppose the dynamics of the controlled
state process are given as in Section 1.1.1. Suppose the utility drawn by the Agent, from an effort

action v at time t € [0, 7] and past trajectory € X’®, is given by

A _ mP¥ _ _ T _
JA(L, 2, v) = B | F(T — £)UA () /tf(r Ben(Xopr, ) dr

]:t:|7

where f :[0,7] — R, f(0) = 1, denotes a generic discount function. We remark that its pres-
ence in the terminal utility and the running cost, are the sources of inconsistency. We adopt a
game-theoretic approach to study such problems, meaning that we seek for sub-game perfect Nash

equilibrium points. As a first novelty of this work, we introduce and motivate a refinement on the

®To alleviate the notation we set X := C?, which we recall denotes the space of R%-valued continuous functions on
[0,T] endowed with the sup topology
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notion of equilibrium from which one can directly and rigorously establish an extended dynamic

programming principle, in the same spirit as in the classical theory, which takes the following form.

Theorem (Extended DPP Chapter 2). Let v* € €. For any stopping times o < 7, P-a.s.

7] Jor

As an immediate consequence of this result, we can associate a system of BSDEs to study

T * T
V?:suEEPV {VTA— / (CT(X_M,VTHEP” F(T=r)Un(6)— / F (=) (X, v2)du
ve o r

7

equilibria in the case of uncontrolled volatility, i.e. o(x,a) = o(x). Let us introduce the system

which for any s € [0, T] satisfies

T T
Y, = Ua(6) +/ (H,(Xonrs Z,) —aY,r)dr—/ 2, -dX,, t € [0,T], P-as.,
t . t . (H)
DY — — /(T — 8)Ua(€) + / VA (s, Xonr, 027, Z,)dr — / 07 -dX,, t € [0,T], P-as.,
t t

where

Hy(z,z) = 21613 {ou(@)be(z,a) 2 — e, a)},

Vh;(s,x,2,2) = op(x)b(z,a* (t,2,%)) -2 + f'(t — 8)er(z, a* (¢, 7,%)),

and a*(t,z,z) denotes the unique, by assumption, maximiser in H. The previous system is of
an infinite-dimensional nature as the second equation induces a family of BSDESs, one for every
s € [0,T]. Moreover, it is fully-coupled as the diagonal term of the family (Y ) cjo,7) appears in
the generator of the first equation and Z appears, via a*, in the generator of the family of BSDEs.
Be it as it may, we are able to show that: (i) (#) is of both sufficient and necessary to characterise
equilibria o* € £, in particular our results establish that any equilibria must arise from a solution
to the system, and thus, the existence of an equilibria is equivalent to the existence of a solution
to (H); (ii) Y coincides with the value function VA, and o* always arises as a maximiser of the
Hamiltonian; and (ii7) (H) is well-defined, and consequently, in the case of drift control, there exists

a unique equilibria.

Let us mention that () extends naturally to a system incorporating second-order BSDEs

(2BSDEs) in the case the agent is allowed to control the volatility. Indeed, the extended DPP
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holds true in the case the Agent controls the volatility as well. For such system we are able to show
(¢) and (i7) still hold. Nevertheless, (ii7) becomes a much more delicate matter as the existence
of a solution requires the existence of an optimal measure P*. This problem is worth of analysis
in the future, as we discuss later in this chapter, see Section 1.5. As a final comment, we also
address the extensions of (H) to the case of more general rewards. In particular, to those with
mean—variance type of criteria which are indispensable, for example, in applications in portfolio

selection, or energy consumption management.

Lastly, we remark that a central part of our analysis is based on establishing that letting
hi(s,x,z,2) == oy(x)b(z,a*(t, z,%x)) -z — f(t — s)ci(x,a*(t, x,%)), given a solution to (H) we can

introduce the family of BSDEs
T T
VP = JT = 9UA©) + [ i, Xnr 22, 20dr = [ 230X, e 0T, Pras
t t
and verify that
VA=), =Y} te0,T], P-as., and, Z = Z!, dt ® dP-a.e.

This is, (Y, Z) prescribe a solution to a so called type-I backward stochastic Volterra integral

equation (BSVIE) of the form
T T
Y = f(T — s)Ua(£) +/ h:(s,X.M,Zf,Z:)dr—/ 75 dX,, t € [0,T), P-as.
t t

In the context of Section 1.1.1, the extended DPP and the previous observation are the analogous
version of Step 1 in the time-inconsistent case. This is, we have successfully provided an extended
DPP and are able to identify the natural probabilistic objects, analogous to the BSDE, that are
associated with it. Moreover, in Chapter 2 we show that in the absence of time-inconsistency, i.e.
when f(t) = e, the extended DPP (resp. the system (H) or, equivalently, the previous BSVIE)

reduces to the classic DPP (resp. the BSDE in Section 1.1.1).

The link between the previous time-inconsistent control problem and type-I BSVIEs was the

motivation of our analysis in the following part of the thesis were we explore the well-posedness of
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a general class of type-I BSVIEs in both the case of Lipschitz and quadratic generators.

1.3 Part III: backward stochastic Volterra integral equations

Seeking to understand the parallel stream of works that study time-inconsistency via BSVIEs, in
Part III we questioned the extent to which our approach via system (#) relates to those via BSVIEs
of the form described at the end of the previous section. Building upon the strategy devised in
Chapter 2, we addressed the well-posedness of a general and novel class of multidimensional type-I

BSVIEs, that we coined extended BSVIEs.

BSVIEs are regarded as natural extensions of backward stochastic differential equations, BSDEs
for short. On a complete filtered probability space (€2,G,G,P), supporting an n-dimensional
Brownian motion B, and denoting by G the P-augmented natural filtration generated by B, one is
given data, that is to say a Gpr-measurable random variable £, and a mapping g, referred to respect-
ively as the terminal condition and the gemerator. A solution to a BSDE is a pair of G-adapted

processes (Y., Z.) such that
T T
Y: = £—|—/ 9r (Y, Zy)dr —/ ZydB,, t €10,T], P-a.s. (1.3.1)
t t

BSDEs of linear type were first introduced by Bismut [31, 32] as an adjoint equation in the
Pontryagin stochastic maximum principle. Actually, the contemporary work of Davis and Varaiya
[67]% studied a precursor of a linear BSDE for characterising the value function and the optimal
controls of stochastic control problems with drift control only. In the same context of the stochastic
maximum principle, BSDEs of linear type are present in Arkin and Saksonov [12], Bensoussan [22]
and Kabanov [146]. Remarkably, the extension to the non-linear case is due to Bismut [33], as a
type of Riccati equation, as well as Chitashvili [50], and Chitashvili and Mania [51, 52]. Later,
the seminal work of Pardoux and Peng [201] presented the first systematic treatment of BSDEs
in the general nonlinear case, while the celebrated survey paper of El Karoui, Peng, and Quenez

[88] collected a wide range of properties of BSDEs and their applications to finance. Among such

Indeed, [67] was received for publication on October 27, 1971 and it is part of the bibliography of [32].

26



properties we recall the so-called flow property, that is to say, for any 0 <r < T,
Yi(T, &) =Y (r, Y, (T,¢)), t € [0,7], P-a.s., and Z,(T,&) = Zi(r, Y, (T,§)), dt®@dP-a.e. on [0, 7] x €,

where (Y (T,€), Z(T,€)) denotes the solution to the BSDE with terminal condition £ and final time

horizon T'.

A natural extension of (1.3.1) arises by considering a collection of Gr-measurable random vari-
ables (£(t))ie(o,7], referred in the literature of BSVIESs as the free term, as well as a generator g. In

such a setting, a solution to a BSVIE is a pair (Y., Z’) of processes such that
T
+/ gr(t, Yy, ZE Z7)dr — / ZLdB,, P-as., t € [0,T]. (1.3.2)
t
Of noticeable interest is the case in which the term Z] is absent in the generator, i.e.
T T
Y, = €(t) + / 9o, Yy, Z0)dr — / Z1dB,, P-as., t € [0,T]. (1.3.3)
t t

Nowadays (1.3.3) and (1.3.2) are referred in the literature as type-I and type-II BSVIEs, re-
spectively. The first mention of such equations is, to the best of our knowledge, due to Hu and Peng
[132]. Indeed, in the context of well-posedness of BSDEs valued in a Hilbert space, a prototype of
type-I BSVIEs (1.3.3) is considered, see the comments following [132, Remark 1.1]. Two decades
passed before a direct consideration of BSVIEs of the form given by (1.3.3) was made by Lin [171],
where the author studied the case £(t) = &, t € [0,T], for a Gr-measurable {. The general form
of (1.3.2) was first addressed in Yong [267, 269] in the context of optimal control of (forward)

stochastic Volterra integral equations (FSVIEs, for short).

There are significant distinctions between BSDEs and BSVIEs. Nevertheless, a satisfactory
concept of solution for such equations can be defined by extrapolating from the theory of BSDEs.
In broad terms, a pair (Y., Z’) is said to be a solution to a BSVIE, see [269], if for each s € [0,T),
the mapping ¢ — (Y3, Z7) is G-adapted on [s,T], (Y, Z) is appropriately integrable and satisfies
(1.3.2). It is also worth pointing out the distinctions between type-I and type-II BSVIEs. As a

consequence of the presence of Z; in the generator, to obtain a solution to a type-II BSVIE one
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has to determine Z{ for (¢, s) € [0,T]?, and (1.3.2) alone does not give enough restrictions. Indeed,
[269] showed that an adapted solution to the type-II BSVIE (1.3.2) may, in general, not be unique.
This is in contrasts with type-I BSVIEs, where it suffices to determine Z7 for (t,s) € [0,7T]?,
0 < s <t<T. Moreover, without additional assumptions, a solution to a general type-II BSVIE

does not satisfy the flow property.

Since their introduction, BSVIEs have been extended to much more general frameworks than
the one presented above. Hence, Wang [248] studies the case of random Lipschitz data; Wang and
Zhang [258] and Shi and Wang [225] deal with general non-Lipschitz data; Coulibaly and Aman [58]
study time-delayed generators; mean-field BSVIEs are considered in Shi, Wang, and Yong [226];
Lu [176], Hu and Oksendal [131], Overbeck and Roder [196] and Popier [207] studied extensions
to general filtrations and the case where B is replaced by more general processes; infinite horizon
BSVIEs are investigated in Hamaguchi [113]; Djordjevi¢ and Jankovié¢ [79, 78] were interested in
perturbed BSVIEs, i.e. when the coeflicients depend additively on small perturbations; BSVIEs in
Hilbert spaces have been investigated in Anh and Yong [10], Anh, Grecksch, and Yong [11], and
Ren [214]; and an analysis of numerical schemes for BSVIEs has been proposed in Bender and
Pokalyuk [21]. There is also a wide spectrum of applications of BSVIEs. Hence, dynamic risk
measures have been considered in Yong [268], Wang and Shi [252, 253], Wang, Sun, and Yong [246]
and Agram [2]. Kromer and Overbeck [159] also studied the question of dynamic capital allocations
via BSVIEs. Wang and Shi [251] dealt with a risk minimisation problem by means of the maximum
principle for FBSVIEs, while the optimal control of SVIEs and BSVIEs via the maximum principle
has been studied in Chen and Yong [47], Wang [250], Agram, Qksendal, and Yakhlef [4, 5], Shi,
Wang, and Yong [227], Shi, Wen, and Xiong [228], see also Wei and Xiao [259] for the case with

state constraints.

Since their first appearance, a natural and non-trivial question for BSVIEs has been that of the
regularity in time of their solutions. The best known probabilistic results for general type-I1I BSVIEs
guarantee the regularity of the solutions in an IL” sense only, see Wang [249] and Li, Wu, and Wang
[169]. Nevertheless, analytic results via a representation formula, guarantee the pathwise regularity
of a solution to type-I BSVIEs, see Wang and Yong [255] and Wang, Yong, and Zhang [247] for

results regarding the representation of BSVIEs in the Markovian and non-Markovian framework,
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respectively. Regarding BSVIEs driven by discontinuous processes, it is known that type-I BSVIEs
are known to be much more amenable to the analysis, for example [207; 258] are able to study the
regularity of type-I BSVIEs with jumps by probabilistic methods.These results stress the fact that
extending these ideas to type-II BSVIEs is a more challenging task. General discontinuous BSVIEs

are out of the scope of the current document.

Out of the class of processes described by BSVIEs, a broader family than that of standard type-
I BSVIEs (1.3.3) is known to arise in the study of time-inconsistent control problems. Recently,
Agram and Djehiche [3] studied reflected backward stochastic Volterra integral equations and their
relations to a time-inconsistent optimal stopping problem. Earlier connections were suggested in the
concluding remarks of Wang and Yong [255]. Indeed, BSVIESs provide a probabilistic representations
of the system of partial differential equation (PDE, for short) appearing in the study of time-
inconsistent optimal control problems, e.g. see Yong [270] and Wei, Yong, and Yu [260] for PDEs
obtained via Pontryagin’s and Bellman’s principle, respectively. A natural link was then made
rigorous independently by Wang and Yong [245, Section 5] and Lemma 2.10.3.1 in Chapter 2.
Although following different approaches, their analyses lead to introduce type-I BSVIEs of the

form
T T
Y, = £(1) +/ o (.Y, 28, Z7)dr _/ ZdB,, P-as., t € [0,T]. (1.3.4)
t t

These are BSVIEs in which the diagonal of Z appears in the generator. We highlight that, until
the present work, the only well-posedness results in the literature for type-I BSVIEs (1.3.4) are
available in [245] and Chapter 2. Both results hold for the particular case in which the driver g is
linear in Z!. Indeed, the argument in [245] follows as a consequence of the representation formula,

i.e. an analytic argument via PDEs, and holds in a Markovian setting. On the other hand, the

probabilistic argument in Chapter 2 holds in the non-Markovian case.

Likewise, Hamaguchi [112, 114] studied a time-inconsistent control problem where the cost
functional is defined by the Y component of the solution of a type-I BSVIE (1.3.3), in which g
depends on a control. Via Pontryagin’s optimal principle, the author noticed that the adjoint
equations correspond to an extended type-1 BSVIE, as first introduced in Wang [244] in the context

of generalising the celebrated Feynman—Kac formula. An extended type-I BSVIE consists of a pair
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(Y-, Z), with appropriate integrability, such that s — Y® is continuous in an appropriate sense

for s € [0,T], Y* is pathwise continuous, Z* is predictable, and
T T
Yo = £(s) +/ go(5, Y2, 25, Y7 )dr —/ Z5dB,, t € [0,T], P-as., s € [0,T). (1.3.5)
t t

We highlight that the noticeable feature of (1.3.4) and (1.3.5) is the appearance of the ‘diagonal’
processes (YJ)te[O’T] and (Zf)te[o’ﬂ, respectively. A prerequisite for rigorously introducing these
processes is some regularity of the solution. Indeed, the regularity of s — (Y, Z*%) in combination
with the pathwise continuity of Y and the introduction of a derivative of Z° with respect to s, as

first discussed in Chapter 2, make the analysis possible.

Put succinctly, type-I BSVIEs, understood in a broader sense than that of (1.3.3), provide a
rich framework to address new classes of problems in mathematical finance and control. In the case
of time-inconsistent control problems, (1.3.4) and (1.3.5) appear as a consequence of the study of

such problems via Bellman’s and Pontryagin’s principles, respectively.

We also remark that, to the best of our knowledge, there are no well-posedness results for
multidimensional quadratic type-I BSVIEs as general as (1.3.4) or (1.3.5). In fact, the study of
non-Lipschitz BSVIEs remains limited to Ren [214], Shi and Wang [225], Wang, Sun, and Yong
[246], and Wang and Zhang [258]. In [258] and [214], the authors study solutions to general
multidimensional type-I (1.3.3) and type-II (1.3.2) BSVIEs, respectively, where the generator is
increasing and concave in y and Lipschitz in z. [225] continued the study of type-II BSVIEs (1.3.2)
and settled some flaws in the analysis of [214]. On the other hand, [246] presents the first analysis
of BSVIEs whose generator have quadratic growth on z. Indeed, the authors consider a standard
one dimensional type-I BSVIE (1.3.3) in which the generator is Lipschitz in y and quadratic in z,
which we will refer as the Lipschitz—quadratic case, provided the data of the BSVIE is bounded.
The need to introduce this additional assumption is due to underlying results for quadratic BSDEs

that were employed in [246].

Even in the case of one dimensional BSDEs, establishing their well-posedness in the case of
generators with quadratic growth in z is known to be more delicate that in the Lipschitz case and

requires to impose extra assumptions on the data of the problem. The first result in this setting
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was provided by Kobylanski [155] in the case of bounded and Lipschitz—quadratic data. Building
upon the ideas in [155], Briand and Hu [41, 42] showed that imposing sufficiently large exponential
moments on the terminal condition £ are actually enough. We stress that this approach allows
for unbounded terminal conditions but is limited to the one dimensional Lipschitz—quadratic case.
BSDEs with superquadratic growth were studied in Lepeltier and San Martin [165] and Delbaen,
Hu, and Bao [68]. On the other hand, the original method introduced in Tevzadze [238] takes a
different view of this problem and is able to cover quadratic BSDEs, in both y and z, but requires,

once again, the data to be bounded.

In the multidimensional case, new approaches become necessary as the tools that are usually
used in the one dimensional case, like monotone convergence or Girsanov transformation, are no
longer available. In fact, Frei and Dos Reis [103] provide a simple example of a multidimensional
quadratic BSDE with a bounded terminal condition for which there is no solution. This counter-
example shows that a direct generalisation of the approaches in [155; 41; 42] or the classic approach
in [201] would be unsuccessful in the case of BSDEs and, naturally, of BSVIEs. Nevertheless, it is
known that well-posedness results for BSDEs can be obtained exploiting the theory of BMO mar-
tingales and imposing further structural conditions on the generator. See, for instance, Cheridito
and Nam [49] for specific choices of generators, Hu and Tang [133] for the case of diagonally quad-
ratic generators, the generalisations in Jamneshan, Kupper, and Luo [143] and Kupper, Luo, and
Tangpi [161], as well as Rouge and El Karoui [215] Hu, Imkeller, and Miiller [134] for some ap-
plications. To unify these approaches, Harter and Richou [118] provides a well-posedness result
by approximating the solution of a Lipschitz—quadratic BSDE, assuming the a priori existence of
uniform estimates on the BMO norm of the local martingale f[; Z'dW, and exploiting the Malliavin
calculus. In providing scenarri in which such estimates can be obtained [118] recover several results
available in the literature. On the other hand, the methodology devised in [238] reveals that a
positive answer can be stated if the data of the problem is bounded and sufficiently small. We also
mention Frei [102] and Kramkov and Pulido [158] which provide generalisations to slightly more
general terminal condition, as well as, the remarkable global existence result in Xing and Zitkovié

[265] for Markovian quadratic BSDEs.

Extending the ideas in [41; 42] to the case of BSVIEs was the motivation behind [246] and it
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explains the framework of their result, i.e. scalar BSVIEs with Lipschitz quadratic generator a
bounded data. Moreover, as [246, pp. 4] states: ‘[t|he case [of] Y being higher dimensional will
be significantly different in general’ Therefore, it is not expected that these ideas would be able
to cover the general multidimensional quadratic BSVIE. Fortunately, a close look at the argument
provided in [238] reveals that a positive answer can be stated as soon as the data of the problem
is bounded and sufficiently small. This will be the inspiration of our approach to address the

quadratic case.

1.3.1 Contributions

In this part of the thesis we built upon the strategy devised in Chapter 2 and address the
well-posedness of a general and novel class of type-1 BSVIEs. We let X be the solution to a drift-
less stochastic differential equation (SDE, for short) under a probability measure P, and F be the
P-augmentation of the filtration generated by X, and consider a tuple (Y, Z:, N'), of F-adapted

processes, satisfying for every s € [0, 7]
T
s)+/ gr (s, X, Y, Z2 Y 2 dr—/ Z2dX, — / dN?, t €[0,T], P-a.s. (1.3.6)
t

We remark that the additional process N corresponds to a martingale process which is P-
orthogonal to X. This is a consequence of the fact that we work with a general filtration F. To
the best of our knowledge, a theory for type-1 BSVIEs, as general as the ones introduced above,
remains absent in the literature. Moreover, such class of type-I BSVIEs has only been mentioned

in [114, Remark 3.8] as an interesting generalisation of (1.3.5).

Our approach is based on the following class of infinite families of BSDEs, which for every

€ [0, T satisty

T T
¥, :g(T,X./\T)—i—/ hT(X.AT,yT,ZT,KT,Z;",@Y[)dr—/ 2TdX,, t € [0,T)], P-as.,
¢ t
T T
Y7 = (s, Xour) + / 90(8, Xopgs Y5, 75, Yy, Z2)drr — / VsTdX,, t e (0,7, P-as.,
t t
T T
AY® =0sn(s, X.aT) +/ Vgr(s, Xnr, 0,2, 025 Y2 Y2 Yy, Z,)dr —/ 0z:TdX,, t €[0,T], P-as.,
¢ ¢
where (¥, Z,N,Y,Z, N,0Y,0Z,0N) are unknown, and required to have appropriate integrability.
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As a first step, in Chapter 3 we worked under classical Lipschitz growth assumptions and
showed that for an appropriate choice of n and h its well-posedness is equivalent to that of the
type-I BSVIE (1.3.6). In addition, we recovered classical results for this general class of BSVIEs:
(i) we provided a priori estimates; (ii) established the stability of solutions; and (iii) provided a
representation formula in terms of a semilinear PDEs. Our approach can naturally be specialised
to recover the version of these results for BSVIEs previously studied in the literature. Lastly, as it
was the motivation for this project, we considered the game-theoretic approach to time-inconsistent
stochastic control problems and showed that as a consequence of our results, one can reconcile the
two current probabilistic approaches to this problem. Moreover, we provided an equivalent result
for two earlier analytic approaches, based on semi-linear PDEs. We believe this helps to elucidate

connections between the different takes on the problem available in the literature.

Our work in this part of the thesis does not end there. Some of the cornerstone models in the
literature in stochastic control are based on either mean—variance or linear—quadratic models. In
fact, we recall the results in [164], where the authors present a mean—variance investment problem
in which uniqueness of the equilibrium via the PDE characterisation of [35] fails. Consequently,
a natural extension of the results in Chapter 3 is the case of generator with quadratic growth.
For example, such extension becomes necessary when dealing with applications to contract theory
models were the agent has a cost which is quadratic in his effort. As such, this is the objective of

Chapter 4, the second chapter of Part III.

Recall that in Chapter 3 and Chapter 2 we studied a system consisting of an infinite family of
BSDEs in a Lipschitz framework. In general terms, by introducing the equivalent weighted versions
of the classic integrability spaces in the literature on BSDEs and choosing a weight large enough we
were able to obtain its well-posedness. In the setting of this paper, the Lipschitz assumption for the
generators is abandoned. As a consequence, one cannot recover a contraction by simply choosing
a weight large enough. In fact, given our growth assumptions, the usual candidate for providing
a contractive map is no longer Lipschitz—continuous, but only locally Lipschitz-continuous. For-
tunately, by exploiting the theory of bounded mean oscillating (BMO) martingales we can obtain
well-posedness results in the quadratic case in two scenarii: (i) Lipschitz—quadratic generators in

(Y, Z), respectively and data with sufficiently small norm; (i7) fully quadratic generators in (Y, Z)
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and data with sufficiently small norm.

Our results in Chapter 4 follows the idea initially proposed in Tevzadze [238] for multidimen-
sional quadratic BSDEs, namely, that we can localise the usual procedure to a ball of radius R,
thus making the application Lipschitz-continuous again, and then to choose the radius of such a
ball so as to recover a contraction. The crucial contribution of [238] was to show that such controls
can be obtained by taking the norm of the data of the system to be small enough. The procedure
we followed is inspired by this idea and incorporates it into the strategy devised in Chapter 3 to
address the well-posedness of these kind of systems and of extended type-I BSVIEs. We decided
to work on weighted spaces as, in our opinion, it does significantly simplify the arguments in the
proof. We also mention that we estimated the greatest ball, i.e. the largest radius R, for which

such a localisation procedure leads to a contraction.

Bringing ourselves back to the context of contract theory, we echo that the analysis in this part
of the thesis does elucidate the connections between the different approaches to time-inconsistent
control problem at the analytic level, between PDEs in the Markovian setting, and the probabilistic
level, between (#H) and extended type-I BSVIEs in the non-Markovian counterpart. This in turn,

leaves us educated enough to bring our attention back to the contracting problem.

1.4 Part IV: time-inconsistent contract theory

When it comes to incorporating time-inconsistent features into contract theory models, the eco-
nomic literature is abundant in discrete-time models with two, and up to three periods. A common
feature in this literature is adopting quasi-hyperbolic discounting structures to draw conclusions
in different mechanism design problems. Yet, the method of resolution in each problem remained
limited to a case-by-case analysis. For instance, Amador, Werning, and Angeletos [9] and Bond and
Sigurdsson [39] study the feasibility of commitment in models of consumption and savings, whereas
Galperti [106] considers the optimal provision of commitment devices to people who value both
commitment and flexibility. Bisin, Lizzeri, and Yariv [30] examines policymakers’ responses to the
political demands of agents with self-control problems, Halac and Yared [111] looks into a fiscal
policy model in which the government has time-inconsistent preferences, while Lim and Yurukoglu

[170] assesses the effects of time-inconsistency on monopoly regulation of electricity distribution.
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Heidhues [125] and Karaivanov and Martin [148] integrate time-inconsistent preferences into credit,
mortgage and insurance contract design problems, respectively. Englmaier, Fahn, and Schwarz [94],
Gottlieb [108] and Gottlieb and Zhang [109] study contracting problems between firms and sophist-
icated, partially naive and naive present-biased consumers. Yilmaz [271, 272] considers a repeated
moral hazard problem involving a sophisticated and naive agent, respectively. Ma [177] studies a
multi-period model in which contracts are subject to renegotiations, and the agent’s action has a
long-term effect. Balbus, Reffett, and Wozny [14] shows the existence of time-consistent equilibria
for dynamic models with generalised discounting. A survey of some of the state of behavioural

economics research in contract theory was provided in Készegi [156].

In continuous-time, where the dynamic models are sometimes more tractable and the solu-
tions enjoy better interpretability, the literature becomes rather scarce. Models dealing with a
pre-committed agent have been considered in Li and Qiu [167], in which a non-constant exponen-
tial discount factor is the source of time-inconsistency, and Djehiche and Helgesson [75], where
the agent is allowed to have mean—variance utility functions. The case of a sophisticated agent
was considered in Li, Mu, and Yang [168], Liu, Mu, and Yang [174], Liu, Huang, Liu, and Mu
[175] and Wang, Huang, Liu, and Zhang [257] in the case of hyperbolic discounting. However,
the time-inconsistency is restricted in the sense that it manifests only at discrete random times
that are exponentially distributed. Lastly, Cetemen, Feng, and Urgun [46] considers a Markovian
continuous-time contracting problem and dynamic inconsistency arising from non-exponential dis-
counting. The authors’ examples are limited to the case of a principal having time-inconsistent
preferences and the agent has standard time-consistent preferences. Altogether, a thorough ana-
lysis of the general non-Markovian continuous-time contracting problem between a standard utility
maximiser principal and a sophisticated time-inconsistent agent is still missing in the literature.
This is because, in our opinion, the crux of the problem lies in identifying a proper description of
the problem of the principal. In the case of a classic time-consistent agent and a time-inconsistent
principal, following [64], one expects the problem of the principal to boil down to a non-Markovian
time-inconsistent control problem with an additional state variable. As studied in [38], these prob-
lems are characterised by the so called extended HJB equation. Therefore, we expect that the

problem considered in this document will open the door to a complete analysis of the problem in
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which both the principal and the agent are time-inconsistent.

1.4.1 Contributions

The set-up is as follows: given a contract £, i.e. an Fp-measurable random variable, the agent,
allowed to control only the drift b, as in Section 1.1.1, receives a reward given by JA(-:¢), as in
Section 1.2.2 and where we now emphasise its dependence on the contract £. We call £(§) the set
of all equilibria associated to £&. Moreover, the agent has a reservation utility Ry € R below which
he refuses the contract £&. We therefore let the set of admissible contracts be given by Z := {¢ :
V4 (€, a) > Ry, for a € E(&)}. The principal has her own utility function Up : X x R — R, and

solves the infinite dimensional problem

VP = sup sup EP” [Up (X7, €)]-
£eE acl(§)

In light of our results in Chapter 2, for £ € = the problem solved by the Agent is characterised by
the solution to (H), which we denote (Y (), Z(£),0Y (£),0Z(&)). Nevertheless, the infinite dimen-
sional nature of (#) posed an obstacle for a direct application of the results in [64]. Fortunately, in
Chapter 2 we identified a link between time-inconsistent control problems and BSVIEs. Such type
of links appeared first in the concluding remarks of Wang and Yong [255] and then later in [245].
In our setting, such an equation is satisfied by the value of the agent along the equilibrium, namely
Y(§), which coincides with the diagonal process (Y (§));ejo,r) of the family (Y*(€))sejo,r) defined,
for s € [0,T], by

T T
Y72(€) = f(T —s)Ux(§) —i—/t Ry (s, Xoar, Z2(€), Z7(€))dr —/t Z:(§)-dX,, t€[0,T], P-as.

The previous equation provides, in principle, infinitely many representations of £. Nevertheless,

provided UA has an inverse, it holds that

(=1 (yu
=¢= W, P-a.s., (s,u) € [0,T]>.

Ul (v(9))
F(T =)

This is, understanding the properties of solutions to the BSVIE, we are able to identify the structure

of the contracts that induce equilibria for the Agent. In light of our previous observation, we
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introduce a family of restricted contract payments Z. For any contract in this family, we can
solve the associated time-inconsistent control problem faced by the agent. Moreover, we show
that any admissible contract available to the principal admits a representation as a contract in
Z. Consequently, the principal’s optimal expected utility is not reduced if she restricts herself to
offer contracts in this family and optimises. To present these results, we need to introduce the set

T :={yo €Ci :yg = Ro}

Definition (Reduced family of contracts Chapter 5). (i) We denote by H*? the collection of pro-

cesses Z , with appropriate integrability satisfying:

for yo € T, there exists a process YY0Z | which satisfies for every s € [0,T],
t t
Yf’y‘)’Z =S —/ h:(s,X,/\mY,f’yO’Z,Zj,Y}T’yO’Z,Zf)dT +/ Z:-dX,, t€[0,T], P-as.
0 0

and

(-1) (v u,y0,Z
=¢= I%EFZ)), P-a.s., (s,u) € [0,T)%

—1 5,90,
Uy Y )
(T —s)

(ii) We denote = the set of contracts of the form
UL (T, Y 7), (v, Z) € T x H22.

The main novelties of our argument, compared to that in the time-consistent case are: (i)
the agent’s time-inconsistent preferences yield that the so-called continuation utility Y'%Z is now
described by a forward Volterra equation; (i4) as such, the set 722 now consist of family of processes
Z; (iii) lastly H?? imposes a constraint on its elements, and therefore, it is essential to verify that

7_[2,2 7& @

We are now ready to state our main result, in words it guarantees that there is no loss of

generality for the principal in offering contracts of the form given by =.

Theorem (Characterisation of principal’s problem Chapter 5). (i) We have = = =. Moreover,
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for any contract ¢ € Z, associated to (yo, Z) € T x H*?, we have
t,Y0,2
E©) ={a"(t. Xnt, Y27 Z0) oy 1 Vo (&) = u0-

y * mat (XY V0 7 L ) . )
(ii) Let P*(Z) :=P . The problem of the principal admits the following representa

tion

VP = sup V(yo), where V(1) := sup EP (%)
yo€L ZeH?2

Up (X, ULV (1,¥77) )

Let us emphasise that contrary to the classic time-consistent scenario studied in [64], the pre-
vious problem V(yp) is not a standard control problem in the sense that the Principal optimises
over a family of Volterra controls in H*? which satisfy a novel type of Volterra constraint. This
motivates the study of H*? under particular specifications of utility functions for both the agent
and the principal, hoping to be able to: (i) reduce the complexity of the set H??; (ii) exploit its
particular structure to formulate an ansatz to the problem of the principal. This is exactly what

we do in the last part of Chapter 5. The general case remains subject of further research.

To give a hint of our results let us present the solution to the example considered in this
section. Under additional assumptions on the model, including coefficients independent of X, one
can proceed with the resolution. For instance, in the case of risk-neutral principal and agent, i.e.

Ua(xz) = Up(z) = x, we found that an optimal contract is given by

Ry
f(T)

2 (1)

t
(T —1)

T T
¢ = o — 1) [ i @) — FOG = o)at+ | ax;,

for some deterministic function z*(¢) which depends on the data of the problem, and in particular,
on the discounting function f. Moreover, the family Z* € H*?2, solution to V (yo), is given, for any

s €0,T], by

s . f(T_ S) *
Z = 5T (t), t € [0, 7).

Two noticeable features are worth commenting: (i) the optimal contract takes the form of

a non-Markovian linear function of the output process X, which is a reflection of the intrinsic
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non-Markovian nature of contracting theory in continuous time; (i) the optimal family Z* is,

surprisingly, deterministic.

Nevertheless, the extent to which the previous structure of the family Z and the optimal contral
&* is true in greater generality is a challenging problem. Let us just mention that: (i) we succeed in
extending the previous result to the case of random non-Markovian coefficients; (i7) we also address
the solution under another two specfications of preferences for both the prinpical and the agent. In
particular, we consider the case of an agent with time-inconsistent CARA preferences analogue to

the seminal work of [130].

Regarding the implications of our results we can mention the following:

(i) from a methodological point of view, unlike in the time-consistent case, the solution to the
moral hazard problem does not reduce, in general, to a standard stochastic control problem. Nev-
ertheless, the solution to the risk-sharing problem between a utility maximiser principal and a
time-inconsistent sophisticated agent does, see Section 2. This suggest a dire difference between
the first-best and second-best problems as soon as the agent is allowed to have time-inconsistent

preferences;

(74) a second takeaway from our analysis is associated with the so-called optimality of linear con-
tracts. These are contracts consisting of a constant part and a term proportional to the terminal
value of the state process as in the seminal work of [130]. We study two examples that can be
regarded as (time-inconsistent) variations of [130], which we refer to as discounted utility, and
utility of discounted income. In the former case, by virtue of the simplicity of the source of time-
inconsistency, we find that optimal contract is linear. In the latter case, we find that the optimal
contract is no longer linear unless there is no discounting (as in [130]). Our point here is that slight
deviations of the model in [130] seem to challenge the virtues attributed to linear contracts and

this suggests that would typically cease to be optimal in general for time-inconsistent agents;

(7i7) lastly, we comment on the non-Markovian nature of the optimal contract. It is known that,
beyond the realm of the model in [130], the optimal contract in the time-consistent scenario is,
in general, non-Markovian in the state process X, see [64]. Indeed, we find the same result in

the case of an agent with separable time-inconsistent preferences. Moreover, in our context the
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non-Markovian structure is also manifestation of the agent’s time-inconsistent preferences.

1.5 Perspectives and future research

The topic of time-inconsistency has proven to be a sufficiently rich area of study, yet, the research
conducted for this thesis has revealed numerous questions that still remained unanswered and
cleared the way for a whole new set of applications incorporating the behaviour of non-traditional

economic agents. Let us now comment on some of them.

Inconsistent mixed optimal control/stopping

Arguably, one of the limitations of the framework presented in the previous section is the fact
that the contracts are strictly binding and do not allow the Agent to terminate the contract, i.e.
to quit, before the terminal time 7. Therefore, extensions to mixed optimal control/stopping
problems could also prove interesting. This is the scenario in which the Agent chooses a pair (a, 7)
consisting of an action and a stopping time. In this case, the first equation in () should become
a reflected BSDE, giving us a candidate equilibrium stopping time in addition to a candidate
equilibrium action. Such stopping time will in turn play the role of the terminal horizon for the
second equation in (H). We conjecture the system to be of the following form, where (&;);c(0,77 18

the salary when contract ends at ¢, and K is a non-decreasing process starting at 0,

T T T
Vi=Unten) + [ (H(Xorr 20) = 07)dr = [ 20X, + [ dK,
t t t
oY :f’(T—s)UA(fT*)+/ Vh:(s,X./\r,aZf,Zr)dr—/ 077 - dX,,
t t

T
Y, > Ua(&), t € [0,T], /O (Vr — Ua(6,))dK, = 0, 7% :=inf{t > 0: K, > 0}

Naturally, these results would lead to contracting models in which the Agent is given the
possibility to quit his job and in this way to draw economic intuitions on how the principal may

deter the agent to do so.
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Relaxed BSDEs and existence of equilibria

One central question that has been addressed for discrete-time principal-agent models, see
Balder [17], Page Jr. [197], is that of existence of a contract. Yet, there are no results available
in the continuous-time literature, not even in the time-consistent setting. As can be inferred from
the results [64], existence of an optimal contract boils down to the existence of optimal controls in
a general stochastic control problem. It is known, see Haussmann and Lepeltier [119], El Karoui,
Nguyen, and Jeanblanc-Picqué [87], that randomisation (that is considering actions as probability
measure-valued processes) is in general necessary to compactify the set of controls and obtain
existence. Moreover, randomisation has been employed in one-period principal-agent models to
argue existence of optimal contracts, see Kadan, Reny, and Swinkels [147]. As such, we plan
to study this question using these techniques and prove general existence results for randomised

contracts. Recall that in this setting the agent solves

T
Vi = sup BT |UA) — [ e (X a)dr
@ t

]'—t], te [O,T],

Let A be the collection of all finite and positive Borel measures on [0, 7] x A, whose projection
on [0, T)] is the Lebesgue measure. Consider the canonical space Q := C% x A, with canonical process
(X,A) and Borel o-algebra F. Let P, := {P € Prob(Q2, F) : M(p) is a P-local martingale on [t, T
for all ¢ € Cyp(R%)},7 and for any (¢, ¢) € [0,T] x Cap(RY)

1
M) = o) = [ (00X (X,0) - up(X0) + 5 Tel(00 ) (X, 0)02,10(X)] ) A, o).
We then consider the so-called relaxed formulation to the Agent’s problem defined by

VM = sup B
PeP:

Ua(§) —//[t’T]XAcT(X,a)A(dr, da)|, t € [0,T].

Our goal is then to obtain a probabilistic representation of the relaxed formulation. We recall the

theory of 2BSDEs provides such representation for both weak and strong formulations, i.e. without

"Prob(£2, F) denotes the set of all probability measures on (Q, F) and Ca(R?) is the set of bounded twice con-
tinuously differentiable functions from R to R, with bounded first and second derivatives.
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randomisation, of this control problem, see Possamai, Tan, and Zhou [210]. To extend these results
to the relaxed formulation we would develop a new theory of relaxed 2BSDEs. Preliminary results

suggest the following.

Conjecture. We have VOA’r = SUPpcp, EF[Yy] where (Y, Z, K) solves the following relazed 2BSDE

//[tT]xA (XArs Zp(a), X(a))A(dr, da) //tT AP(dr da) +/ dK,,P-as.,

where,

P is defined as P; with b = 0;

e AY is a martingale measure, in the sense of [87], with P-quadratic variation A, and

Fi(z,2,%) = sup {E%bt(x,a) -z—ct(x,a)};
{a€A:(o0T)¢(z,a)=2}

K is a non-decreasing process satisfying infp 3 EF[K7] = 0;
e moreover, there exists P* € P such that EY" [Kr] = 0.

Provided this holds, one expects to be able to characterise optimal relaxed controls as maximisers
in F' and the probability measure P*. This is in itself a result with implications that go beyond
the applications in contract theory. Indeed, it encompasses any stochastic control problem and will
also open the way to numerical considerations for relaxed optimal control, through the numerical
simulation of these new 2BSDEs, see Possamai and Tan [208]. However, these existence results are
abstract and non-constructive in general, which makes the study of properties of optimal controls
(and thus of optimal contracts) delicate. In a second step, one should push the analysis further, by

finding characterisations of optimal controls in relaxed stochastic control problems.

Volterra control of forward Volterra processes

Another avenue of research that emerges from our study of principal-agent problems involving a
time-inconsistent agent pertains the thorough understanding of the novel class of control problems

that characterise the problem of the principal. In the easiest set up we could consider the following.
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Let A be an appropriate class of A-valued doubly indexed controls of the form (af) (s y)efo,r12- We

would then let the dynamics of the controlled state process X be given by
S,T0, t t
Xt’ 0, _ x(s) +/O br(S,X}g’m’a,X:’xO’a,ai,a;)dT +/O UT(S,Xf’zO’a,X:’xO’O‘,Ozi,a:)dBr,

where B is a P-Brownian motion. This is, the dynamics of X correspond to a forward Volterra
process. Notably the control « is allowed to impact the dynamics of X via both processes o® and

its diagonal (a%)te[O,T}. With this a control problem is then defined by

v(t,z) := sup EF {E(X;’xo’a) ‘]—"t}
acA

In the general situation, it is unclear—at least to us—how to address this class of problems.
In fact, our discussion in Chapter 5 shows that under mild regularity assumptions on the data
and the class of controls there are two possible representations for the term X%’:Co’a appearing in
the reward of the principal, each coming with its own challenges. For simplicity, let us assume
o(s,z,x,a,a) = oy(s) for some deterministic mapping o¢(s).

Indeed, it is possible to show that X;’xo’a corresponds to the final value of the process Xf Lo

given by the system

t t
X707 == [ (ool Xy X700 ol of) —0X7#0®)dr 4 [, (r) - B,

¢ ¢
(3Xf’x°’z = Oz — /0 Vb, (8,0X570% X300% X E0Y oF day, oy )dr +/0 Vo,(s) - dB,.

(7) If we choose to focus on the dynamics of Xf’mo’z as given by the first equation, one can ex-
ploit the fact that the action of the control is only through the diagonal (at)te[o’ﬂ. Moreover,
given (8Xf’x°’z)te[o’ﬂ, the first equation implies (Xf’xo’o‘)te[oﬂ is an Itd process. Nevertheless, as
(6Xf’m°’a)te[07;p} is not given, there is no direct access to the dynamics of (6Xf’m°’a)te[07;p} that is
amenable to the analysis, 7.e. that would allow us to use It6 calculus. Moreover, the process 90X

process is neither Markov nor a semi-martingale and does not satisfy a flow property

s t
aX?aro,Z 7& 8X§,aco,Z _/t Vbr(&aXﬁ,wo,a,Xﬁwma’X:,wo,a’ai’aai7a:)dr +/0 VUT(S) -dB,,
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(ii) Alternatively, suppose we choose the representation as in the statement of the problem. In
that case, the problem of the principal involves the control of the family of FSVIEs X/ 0,27
where the controls consist of a Volterra type processes a € A that impacts the dynamics via

((@)iefo,17, (@°)iepo/r)- The fact that the dependence is through both arguments makes the recent

approach in Viens and Zhang [243] for controlled FSVIEs inoperable.

In general, this seems to be quite a challenging problem. We shall leave the analysis of these

class of problems for future research.

1.6 Outline of the thesis

Overall, the contributions of this thesis can be encompassed into the area of stochastic control

and can be classified into two categories:

(7) infinite families backward stochastic differential equations (BSDEs), and backward stochastic

Volterra integral equations (BSVIESs);

(74) time-inconsistency and contract theory for sophisticated agents.

These categories correspond to the tools and their applications. That being said, this thesis is

structure into four parts, the third of which being divided into two chapters.

Part I, which consists of this chapter, was dedicated to introduce the main ideas in contract
theory, including a description of the dynamic programming approach; to describe the phenomenon
known as time-inconsistency; to comment on a selection of the existing results in the literature on
Markovian time-inconsistent control problem; to present our contributions; and to communicate

some perspectives and future directions of research.

Part II, which consist of Chapter 2, we develop a probabilistic theory for continuous-time non-
Markovian stochastic control problems which are inherently time-inconsistent. Our formulation is
cast within the framework of a controlled non-Markovian forward stochastic differential equation,
and a general objective functional setting. We adopt a game-theoretic approach to study such
problems, meaning that we seek for sub-game perfect Nash equilibrium points. As a first novelty

of this work, we introduce and motivate a refinement on the definition of equilibrium that allows
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us to establish rigorously an extended dynamic programming principle, in the same spirit as in the
classical theory. This in turn allows us to introduce a system of backward stochastic differential
equations analogous to the classical HJIB equation. We prove that this system is fundamental, in
the sense that its well-posedness is both necessary and sufficient to characterise the value function
and equilibria. As a final step we provide an existence and uniqueness result. Some examples and

extensions of our results are also presented.

Part III, which consist of Chapter 3 and Chapter 4, we take a temporary detour from the world
of contract theory and dedicate ourselves to understanding the tools the appeared in the study
of the time-inconsistent problem faced by a sophisticated agent. This is we study a novel general
class of multidimensional type-I backward stochastic Volterra integral equations. Toward this goal,
we introduce an infinite family of standard backward SDEs and establish its well-posedness, and
we show that it is equivalent to that of a type-I backward stochastic Volterra integral equation.
In light of the inherent nature of the cornerstone models in the literature, we study the cases of

Lipschitz, Chapter 3, and quadratic generators, Chapter 4.

In Part IV, which consist of Chapter 5, we come back to the moral hazard problem equipped
with all the knowledge gained in Part II and Part III. This is, we study the contracting problem
between a time-consistent principal and sophisticated time-inconsistent agent. Our main contribu-
tion consists of a characterisation of the moral hazard problem faced by the principal. Nevertheless,
this characterisation yields, as far as we know, a novel class of control problems that involve the
control of a forward Volterra equation via constrained Volterra type controls. Despite the inherent
challenges of these class of problems, we study the solution to this problem under three different
specifications of utility functions for both the agent and the principal and draw implications from

the form of the optimal contract. The general case remains the subject of future research.
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Part 11

Time-inconsistent control



Chapter 2

Non-Markovian time-inconsistent control for

sophisticated agents

This chapter is devoted to develop a theory for continuous-time non-Markovian stochastic con-
trol problems which are inherently time-inconsistent. Their distinguishing feature is that the clas-
sical Bellman optimality principle no longer holds. Our formulation is cast within the framework of
a controlled non-Markovian forward stochastic differential equation, and a general objective func-
tional setting. We adopt a game-theoretic approach to study such problems, meaning that we
seek for sub-game perfect Nash equilibrium points. As a first novelty of this work, we introduce
and motivate a new definition of equilibrium that allows us to establish rigorously an extended
dynamic programming principle, in the same spirit as in the classical theory. This in turn allows
us to introduce a system of backward stochastic differential equations analogous to the classical
HJB equation. We prove that this system is fundamental, in the sense that its well-posedness is
both necessary and sufficient to characterise the value function and equilibria. As a final step we
provide an existence and uniqueness result. Some examples and extensions of our results are also

presented.

2.1 Problem formulation

2.1.1 Probabilistic framework

Let d and n be two positive integers. For consistency and in order to alleviate the notation we

set X := C% We will work on the canonical space € := X x C" x A, whose elements we will denote

47



generically by w := (z,w, ¢), and with canonical process (X, W, A), where
Xi(w) :==z(t), Wi(w) :=w(t), A(w) :==¢q, (t,w) € [0,T] x Q.

X and C¢ are endowed with the topology T, induced by the norm ||z|/s := supo<i<r [7(t)],
x € X, while A is endowed with the topology Ty, induced by weak convergence, which we recall is
metrisable, for instance, by the Prohorov metric, see Stroock and Varadhan [232, Theorem 1.1.2].

With these norms, both spaces are Polish.

For (t,¢) € [0,T] x Cp([0,T] x A), we define

Ailp] = // o(r,a)A(dr,da), so that Ayfp](w) = // ©(r,a)gr(da)dr, for any w € Q.
[Ovt}XA [O,t]XA

We denote by F the Borel o-field on 2. We will work with the filtrations F := (F¢).c[o,7] and
FX := (FX)ieo,r) defined for t € [0,T] by

Foi= o (X0, Wi, Ar[]) : (r0) € [0,4] x G([0,T] x 4)),

F = o (X Adlg]) () €[0,4] % G([0,T) x A)).

Additionally, we will work with processes ¢ : [0,T] x X — E, (t,z) — (¢, x), for E some
Polish space, which are G-optional, with G an arbitrary filtration, i.e. Popt(E, G)-measurable. In
particular, these processes are automatically non-anticipative, that is to say, ¥, (X) := ¥, (X .A,) for
any r € [0,7]. We denote by 7 the canonical projection from € to X and let W#P =Po (x¥)!
denote the push-forward of P. As the previous processes are defined on [0,7] x X C [0,T] x €2, we

emphasise that throughout this chapter, the assertion
P-aex € X', will always mean that (7%P)[X] = 1. (2.1.1)

P € Prob(Q2) will be called a semi-martingale measure if X is an (F,P)-semi-martingale. By
Karandikar [149], there then exists an F-predictable process, denoted by (X) = ({(X)¢).e[0,], which

coincides with the quadratic variation of X, P—a.s., for every semi-martingale measure P. Thus, we
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can introduce the d x d symmetric positive semi-definite matrix & as the square root of 62 given by

Xy — (X)—
62 = limsupM, te|

0, 7. (2.1.2)
e\0 €

We also recall the celebrated result on the existence of a well-behaved w-by-w version of the
conditional expectation. We also introduce the concatenation of a measure and a stochastic kernel.

These objects are key for the statement of our results in the level of generality we are working with.

Recall € is a Polish space and F is a countably generated o-algebra. For P € Prob(Q2) and
7 € Tor(F), Fr is also countably generated, so there exists an associated regular conditional

probability distribution (r.c.p.d. for short) (P7),eq, see [232, Theorem 1.3.4], satisfying
(1) for every w € Q, P7 is a probability measure on (9, F);
(79) for every E € F, the mapping w —— P [E] is Fr-measurable;

(#i7) the family (P]),cq is a version of the conditional probability measure of P given F, that is
to say for every P-integrable, F-measurable random variable ¢, we have EF[¢|F,](w) = EFe[¢], for

P-a.e. w € Q;
(iv) for every w € Q, PL[Q¥] =1, where Q¥ :={w' € Q: W/'(r) = w(r),0 <r < 7(w)}.

Moreover, for P € Prob(2) and an F,-measurable stochastic kernel (Q,)weq such that Q7 [Q¥] =

1 for every w € 2, the concatenated probability measure is defined by

P®,Q[A] = /Q P(dw) /Q 14(w @7 () ©)Qu(d), YA € F. (2.1.3)

The following result, see [232, Theorem 6.1.2], gives a rigorous characterisation of the concatenation

procedure.

Theorem 2.1.1 (Concatenated measure). Consider a stochastic kernel (Q)weq, and let 7 €
To,r(F). Suppose the map w — Qy, is Fr-measurable and Qu[Q¥] = 1 for all w € Q. Given
P € Prob(Q), there is a unique probability measure P @,y Q. on (Q, F) such that P®,) Q. equals
P on (2, Fr) and (6w ®7 () Qu)weq is anr.c.p.d. of PR, Q.|F:. In particular, for somet € [0,T],

suppose that T > t, that M : [t,T] x Q@ — R is a right-continuous, F-progressively measurable
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function after t, such that My is P @,y Q.-integrable, that for all r € [t,T], (Mypr)rep,r) 95 an
(F,P)-martingale, and that (My — Mypr(w))refr) @ an (F,Qu)-martingale, for all w € Q. Then

(M )rejer s an (F,P @,y Q.)-martingale.

In particular, if £ is an F-measurable function, we have EF® ¥ [¢] = EF[EF[¢|F,]] = EF[¢]. This
is nothing else than the classical tower property. We also mention that the reverse implication in

the last statement in Theorem 2.1.1 holds as a direct consequence of [232, Theorem 1.2.10].

2.1.2 Controlled state dynamics

Let k be a positive integer, and let A C R¥. An action process v is an FX-predictable process
taking values in A. Given an action process v, the controlled state equation is given by the stochastic

differential equation (SDE for short)
t
X, = o +/ 01 (X, vp) (be (X, 20)dr + dW,), € [0,T). (2.1.4)
0
where W is an n-dimensional Brownian motion, zo € R¢, and
o:[0,T] x X x A — Mg,(R), b:[0,T] x X x A — R", bounded, (2.1.5)

with (t,z) — (o,b)(t,z,a), FX-optional for any a € A.

In this work we characterise the controlled state equation in terms of weak solutions to (2.1.4).

These are elegantly introduced via the so-called martingale problems, see [232, Chapter 6]. Let

X=X, W)and 7:[0,T] x X — M,,+4(R) given by

_ g Od,n
7= .
In On,d
For any (¢,z) € [0,T] x X, we define P(t,x) as the collection of P € Prob(2) such that

(i) there exists w € C" such that P o (Xa, Wint) ™h = 8w n0)s
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(i3) for all p € Cqp(RI™), the process M¥ : [t, T] x Q@ — R defined by

ME = o(X,) — / /[t s %Tr[(ﬁT)u(X, a)(02¢)(X)] A(du, da), € [t,T), (2.1.6)

is an (F,P)-local martingale;
(131) P[A € Ag] = 1.

There are classical conditions ensuring that the set P(t,z) is non-empty. For instance, it
is enough that the mapping = —— T;(x,a) is continuous for some constant control a, see [232,
Theorem 6.1.6]. We also recall that uniqueness of a solution, i.e. there is a unique element in
P(t,) , holds when in addition &, (x,a) is uniformly positive away from zero, i.e. there is A > 0

st. 0755, (v,a)0 > \|0)2, (t,2,0) € [0,T] x X x R?, see [232, Theorem 7.1.6].

Given P € P(z) := P(0,z), W is an n-dimensional P-Brownian motion and there is an A-valued

process v such that
t
X, = a0 +/ o (X, 0,)d Wy, € [0,T], P-as. (2.1.7)
0

Remark 2.1.2. We remark some properties of the previous martingale problem which, in particular,

Justify (2.1.7)

(i) for any P € P(t,z) and v verifying P[A € Ag] =1, (2.1.6) implies

62 = (00" (X, 1), dr @ dP-a.e., on [t,T] x Q; (2.1.8)

(i) we highlight the fact that our approach is to enlarge the canonical space right from the beginning
of the formulation. This is in contrast to, for instance, El Karoui and Tan [86, Remark 1.6], where
the canonical space is taken as X x A and enlargements are considered as properly needed. As
P(t,z) ought to describe the law of X as in (2.1.7), this cannot be done unless the canonical space
is extended. We feel our approach simplifies the readability and understanding of the analysis at
no extra cost. Indeed, the extra canonical process W allows us to get explicitly the existence of

a P-Brownian motion by virtue of Lévy’s characterisation. By [232, Theorem 4.5.2] and (2.1.8),
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since

it follows

Xt (®o tfo 0 .
(Wt> - <W0> +/0 <In 0) W, € (0,7 (2.1.9)

(7ii) the reader might notice that the notation P(t,z) does not specify an initial condition for
neither the process W, nor for the measure valued process A. Arguably, given our choice of €,
one is naturally led to introduce P(t,w), with initial condition w = (x,w,q) € Q. Nevertheless, by
(2.1.6) and (2.1.9), we see that the dynamics of X depends on the increments of the application
[0,T] >t +— Agfoo (w) € Mg(R) for w € Q. It is clear from this that the initial condition on W

and A are irrelevant. This yields P(t,w) = P(t, @) for all © = (z,W,q) € Q.

We now introduce the class of admissible actions. We let 2 denote the set of A-valued and FX-
predictable processes. At the formal level, we will say v € 2 is admissible whenever (2.1.7) has a
unique weak solution. A proper definition requires first to introduce some additional notations. We
will denote by (PY,)(z)elo0,rjxx the corresponding family of solutions associated to v. Moreover,
we recall that uniqueness guarantees the measurability of the application (¢,z) — Py, see [232,

Exercise 6.7.4]. For (t,x,P) € [0,T] x X x P(t,z), we define

At x,P) := {v € A: A(dr,da) = 6, (da)dr, dr ® dP-a.e. on [t,T] x Q},
MU (¢, 2) := {(P,v) € P(t,z) x A°(t,z,P)},

PO(t, x,v) := {P € Prob(Q) : (P,v) € MO(t,z)}.

Letting A%(¢, ) := Urert,z) AY(t, x,P), we define rigorously the class of admissible actions
A(t,z) = {v e A(t,z) : POt z,v) = {P},}}. (2.1.10)

We set A(x) := A(0,z) and define similarly, A(¢t,z,P), P(t,x,v), M(t,z), A(z,P), M(z) and
P(z,v).

Remark 2.1.3. (i) We remark that the sets M(t,x) and A(t,x) are equivalent parametrisations of
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the admissible solutions to (2.1.7). This follows since uniqueness of weak solutions for fized actions

implies that the sets A(t,z,P) are disjoint, i.e.

A(t,x) = U A(t, x,P).

PeP(t,x)

(ii) The convenience of introducing the sets A(t,xz,P) is that it allows us to better handle action
processes for which the quadratic variation of X is the same. For different P € P(t,x) the dis-
crepancy among such probability measures can be read from (2.1.8), i.e. in the (support of the)
quadratic variation of X. This reflects the fact that different diffusion coefficients of (2.1.7) might
induce mutually singular probability measures in P(t,z). We also recall that in general P(t,x) is

not finite since it is a convex set, see Jacod and Shiryaev [142, Proposition I11.2.8].
Remark 2.1.4. (i) Since b is bounded, it follows that given (P,v) € 9M(x), if we define M :=
(P", v) with

dp” T T 2
— :=exp / b (X, vp) - AW, —/ |br (X, )| *dr |,
dP 0 0

t
WM =W, —/ b (X, v0)dr, t € [0,T],
0
we have that WM is a P ~Brownian motion, and

¢ =V
X; =29 +/ or (X, vp) (bp (X, v )dr 4+ AWM, P -as.
0

(ii) We will exploit the previous fact and often work under the drift-less dynamics (2.1.7). We
stress that in contrast to the strong formulation setting, in the weak formulation the state process

X is fized and the action process v allows to control the distribution of X via P”.

In light of the previous discussion, we define the collection of admissible models with initial

conditions (¢,x) € [0,T] x X
M(t,z) = {(P",v): (P,v) € M(t,x)}.

and we set M(z) = M(0,z). To ease notations we set Ty = Tir(F), for any 7 € Tor,
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PT := (P])weq, and for any (r,w) € Tor x Q, P(r,z) = P(1(w),x), M(r,z) = M(1(w), ),
and M(7,z) := M(17(w), x).

We will take advantage in the rest of this chapter of the fact that we can move freely from
objects in M to their counterparts in 91, see Lemma 2.10.3.2. Also, we mention that we will make
a slight abuse of notation, and denote by M elements in both (¢, z) and M (¢, x). It will be clear

from the context whether M refers to a model for (2.1.4), or the drift-less dynamics (2.1.7).

2.1.3 Objective functional

Let us introduce the running and terminal cost functionals
f00,T]x[0,T] x X x A— R, £:]0,T] x X — R, Borel-measurable,

with f.(s,-,a), FX-optional, for any (s,a) € [0,T] x A.

We are interested in a generic pay-off functional of the form
— T
It =B | [ 10 Xom)dr 4 €0 X )] () € 10.7) % X x Alt0).
t

Remark 2.1.5. (i) As we work on an enlarged probability space, one might wonder whether the
value of the reward under both formulations coincide or not. We recall that we chose to enlarge
the canonical space, see Section 2.1.2, to explicitly account for the randomness driving (2.1.4), i.e.
the process W. Nevertheless, as for any w € Q2 and M € M(t, x), the latter depends only on x, see

Remark 2.1.2, we see that given M, J is completely specified by (t,x).

(ii) Given the form of the pay-off functional J, the problem of mazximising A(x) > v — J(0,z,v)
has a time-inconsistent nature. More precisely, the dependence of both f and & on the current time

t is here the source of inconsistency.

Due to the nature of the pay-off functional, the classic dynamic programming principle falls
apart, and the action prescribed by a maximiser is in general not optimal at future times. In
this work, out of the three approaches to time-inconsistency, namely naive, pre-committed and

sophisticated planning, we adopt the latter. Thus, we study this problem from a game-theoretic
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perspective and look for equilibrium laws. The next section is dedicated to explaining these concepts

more thoroughly.

2.1.4 Game formulation

In order to define a game, say G, one has to specify a certain number of elements, see Osborne
and Rubinstein [194]: a set of I players; a set of decision nodes ©; a specification of the unique
immediate predecessor Y; a set of actions O; a set ) forming a partition of ® referred to as
information sets; a function H : ® —— §) that assigns each decision node into an information set;

a probability distribution P on (€2, F,F) that dictates nature’s moves and the rewards J.
Let x € X, D := {(s,t,z) € [0,T] x [0,T] x X : s = t and z(0) = x(0)},  := {{z} : z € D}
and z — H(z) := {z} € H. Defining T is one of the bottlenecks in a continuum setting which we

address via our definition of equilibrium. We define G := {[0,T1],[0,T], A, 9, H, (2, F,F,P), J} as a

non-cooperative game in which
(i) we have one player for each point in time s € [0, 7], we refer to this player as ‘Player s’;

(74) at time t = s, Player s can control the process X exactly at time ¢. He does that by choosing
an admissible action model, (P”,v) € M(t, X.5;), after negotiating with future versions of himself,

i.e. se[t, T

(#44) when all players reach a ‘successful’ negotiation, we end up with an action model (P” ,1*) €

M(x);

(iv) the reward to Player s is given by J(s,s, X.as,*), where following [35], for (s,t,z,v) €

[0,T] x [s,T] x X x A(s, x) we introduce

J(s,t,x,v) = EF /T fr(s, X, vp)dr 4+ &(s, Xoar) |- (2.1.11)
t

To motivate the concept of equilibrium law we will introduce in the sequel, we recall the idea
behind the concept of a Nash equilibrium. An action profile is a Nash equilibrium if no player can do
better by unilaterally deviating from his strategy while the other players still play the equilibrium.

In other words, imagine that each player asks himself: ‘knowing the strategies of the others, and
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treating them as fixed, can I benefit by changing my strategy?’. If the answer is no, then the current
combination of strategies is a Nash equilibrium. In the context of dynamic games, the concept of
sub-game perfection has been commonly adopted, see [194]. To introduce this concept we recall

that a sub-game is any part, i.e. subset, of a game that satisfies

 the initial decision node is in a singleton information set, which means that only one possible

sequence of actions could have led to the sub-game’s initial decision node;

o if a decision node is contained in the sub-game, then so are all of its subsequent decision

nodes;

e if a decision node in a particular information set is in the sub-game, then all members of that

information set belong to the sub-game.

In our framework, the first condition translates into the fact that every player, together with a
past trajectory, define a new sub-game. In the particular case of the first player, i.e. s = 0, we
will write, now and in the following, x € X so that the initial decision node is well defined. Note
this corresponds to fixing an initial value for the trajectories of X. The last two conditions imply
that, given a player s € [0,T], every sub-game of which a subsequent player s < ¢ < T is part of,
must be part of the sub-game defined by s. These three conditions together yield sub-games of the
form [s,T], together with a past trajectory. A strategy profile is therefore sub-game perfect if it
prescribes a Nash equilibrium in any sub-game. This motivates the idea behind the definition of

an equilibrium model, see among others [233], [80] and [34].

Let x € X, v* € A(x) be an action, which is a candidate for an equilibrium, (¢,w) € [0,7] x Q

an arbitrary initial condition, £ € (0,7 —t], 7 € Ty44¢ and v € A(7, ). We define
V@ V= vl + v ).
Definition 2.1.6 (Equilibrium). Let x € X, v* € A(x). Fore >0 let

L :=inf {E > 0:dP e P(x),

P{z e X :3(t,v) € [0,T] x A(t,z), J(t, t,x,v") < J(t,t,x, v Qg V") —el}] > 0}.
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If for any € > 0, €. > 0 then v* is an equilibrium model, and we write v* € £(x).
Remark 2.1.7. We now make a few remarks regarding our definition.

(i) The first advantage of Definition 2.1.6 is that £, is monotone in €. Indeed, let 0 < &’ < e, then

by definition, £. satisfies the condition in the definition of L., thus for < l..

(ii) We chose A(t,x) for the class of actions to be compared to in the equilibrium condition. One

could have chosen instead

Alt,z,t+0) = {v € A(t,z) : v Qo v* € A(t, x)}, (2.1.12)

as it was actually considered in [82]. Clearly, A(t,z,t +¢) C A(t,z) for £ > 0 and, a priori,
A(t,z,t+L) could be considered as a more sensible choice, since there is no guarantee that v®y,ev* €
A(t,z) for anyv € A(t,z). It turns out that under the assumption of weak uniqueness, this is indeed

the case, see Lemma 2.10.3.1.

(i13) From the definition, given (e,f) € RY x (0,£;), for P(x)—q.e. x € X and any (t,v) € [0,T] x
Alt, )

J(t by, v*) — J(t,t, 2, v @y v*) > —el. (2.1.13)

From this we can better appreciate two distinguishing features of our definition. The fist one is that
(2.1.13) holds for P(x)-q.e. x € X. This is in contrast to [35] and [120], where the rewards are
respectively compared for all v € X and x in the support of P*" € P(x). The approach in [35] is
too stringent as it might impose a condition on trajectories that are not reachable by any admissible
action. On the other hand, requiring it to hold only in the support of the probability measure
associated with the equilibrium might lead to situations which fail to be sub-game perfect. Our
choice is motivated by the rationale behind sub-game perfection, i.e. a sub-game perfect equilibrium
should prescribed a (e-)Nash equilibrium in any possible sub-game, i.e. for P(x)-q.e. x € X. The
second one is that Definition 2.1.6 imposes (2.1.13) for all £ < {.. This local feature had not been
considered in the literature before, and it will be key to rigorously prove that these equilibria lead to

an extended DPP, see Section 2.2.1 for more details.
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(tv) Alternatively, we could have introduced L, > 0, i.e. let the choice of ¢ depend on e,t and v,
via (2.1.13), which we will refer here as lax equilibria. These equilibria are in close connection
with the current standard definition of equilibrium in the Markovian context. Furthermore, we
could have also considered strict equilibria as those lax equilibria for which (2.1.13) holds with
e = 0. While this document was being finalised, we were made aware of the works [137] and [120]
where this last notion of equilibrium, referred there as reqular equilibrium, was studied. See once
more Section 2.2.1 for a discussion on how we compare our definition to this and other notions of

equilibria in the literature.

(v) In addition, one could analyse something that we would coin f-equilibria. This corresponds
to considering, for a given increasing right-continuous function f : RY — Ry with f({) — 0 as

¢ — 0, the criterion

J(t,t,x,v*) — J(t t,x, v Qe v™) > —ef(€), for any 0 < € < L.

With this, one could study the optimal speed at which the term on the left-hand side converges to
zero. It is known that provided extra regqularity of the action process, f would be in general linear in
£. Nevertheless, as in this work the action processes are only measurable, in general, f needs to be
appropriately chosen, and it need not be linear in €. In the case of strict equilibria, [120, Theorems 1
and 2| state sufficient conditions on the data of the problem for the term on the left hand side in the
above inequality to be a linear (or quadratic) decreasing function of €, respectively. Insights on how
f is related to the dynamics of X can be drawn from [65], where X is a general semi-martingale.
Motivated by the Dambis—Dubins—Schwarz theorem on time-change for continuous martingales, see
[150, Theorem I11.4.6], the quadratic variation of the controlled process is exploited to define an

equilibria. See again Section 2.2.1 for more details.

In the rest of the this chapter we fix x € X and study the problem

v(t,x) == J(t, t,z,v"), (t,z) € [0,T] x X, v* € E(x). (P)

The previous functional is well-defined for all (¢,z) € [0,7] x X and measurable. This follows

from the weak uniqueness assumption.
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Remark 2.1.8. We emphasise that (P) is fundamentally different from the problem of maximising
A(t,z) > v+—— J(t, t,x,v). First, (P) is solved by finding v* € A(x) and then defining the value
function. This contrasts with the classical formulation of optimal control problems. Second, the
previous mazimisation problem will correspond to finding the pre-committed strategy for player t,

i.e. solving an optimal control problem for which dynamic programming does not hold.

In fact, given the sequential nature of G, our definition of equilibrium which compares rewards
on sub-games of the form [t,T] via coalitions among players [t,t + (], is compatible with sub-game
perfection. Indeed, to find his best response, Player t reasons as follows: for any T € [t,t + £c)
knowing that Players [T, T| are following the equilibrium v*, i.e. the sub-game [1,T) is following
the equilibrium, and treating the actions of those players as fixed, the action prescribed by the
equilibrium to Player t is such that he is doing at least as good as in any coalition/deviation v from
the equilibrium with players t+{ € [t,T), give or take el. This allows us to interpret the equilibrium
as Player t’s e=best response for all sub-games containing [t,T] via coalitions. Consequently the

equilibrium agrees with an e-sub-game perfect Nash equilibrium.

Additionally, note that according to our definition, if v* is an equilibrium action model for
the game [0,T], by sub-game perfection it is also an equilibrium for [t,T). Indeed, this follows
immediately from the fact (. in Definition 2.1.6 is uniform in t € [0,T]. Therefore, we expect the
value of the game to be time-consistent. This feature motivates why these type of solutions are

referred in the literature as consistent plans, see [233].

2.2 Related work and our results

As a preliminary to the presentation of our contributions, this section starts by comparing our

setting with the ones considered in the extant literature.

2.2.1 On the different notions of equilibrium

We now make a few comments on our definition of equilibria, its relevance and compare it with
the ones previously proposed. Let us begin by recalling the set-up adopted by most of the existing

literature in time-inconsistent stochastic control models in continuous time.
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Given T' > 0, on the time interval [0,7] a fixed filtered probability space (Q,]FW,.F%V ,P)
supporting a Brownian motion W is given. Here, F" denotes the P-augmented Brownian filtration.
Let A denote the set of admissible actions and G a (possibly) smaller filtration than F". For a
G-adapted process v € A, representing an action process, the state process X is given by the unique

strong solution to the SDE
0 t t
X0 = 1 —|—/ be (X0 v)ds +/ os(X0T0 L YAW,, for t € [0,T]. (2.2.1)
0 0

As introduced in [82], v* is then said to be an equilibrium if for all (¢,z,v) € [0,7] x X x A

*) — *
liming 2 G 6T V) = It 2, v @y v7)
N0 ¢

> 0.

If we examine closely the above condition, we obtain that for any x := (¢t,z,v) € [0,T] x X x A,

e > 0 and sequence (¢,,)nen C [0,T7], £, — 0, there is a positive integer NZ such that

Vn > NE, J(t,t,x,v*) — J(t, t, 2,V Qyp, V) > —ly,. (2.2.2)

From (2.2.2) it is clear that the classical definition of equilibrium is an e-like notion of equilibrium.
Now, ever since its introduction, the distinctive case in which the lim inf is 0 has been noticed. In
fact, a situation in which the agent is worse-off in a sequence of coalitions with future versions of
himself but in the limit is indifferent, conforms with this definition. This case is excluded when ¢ =
0, i.e. the case of regular equilibria in [120]. We also remark that [120, Section 4] presents several
examples from the existing literature on time-inconsistent control in which a classical equilibria fails
to be a strict equilibria, recall Remark 2.1.7. This is a consequence of the fact that (2.1.13) does
in general depend on (¢, x,v). From these examples one can further show that classical equilibria

fail to be an equilibrium as in Definition 2.1.6.

At this point we want to emphasise the main idea in our approach to time-inconsistent control
for sophisticated agents: any useful definition of equilibrium for a sophisticated agent ought to
lead to a dynamic programming principle. This idea has substantial justification from both the
economical as well as the mathematical perspectives to the problem. Firstly, the idea behind the

reasoning of the sophisticated agent is that he ‘internalises’ his time-inconsistency, so as to design
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a plan that reconciles present and future preferences, i.e. versions of himself. Consequently, this
leads to time-consistent game values under equilibria from which a dynamic programming principle
is expected. Secondly, one expects, and we chose, this to be a direct consequence of the notion of
equilibrium and as such a necessary condition to achieve this is a nice local behaviour. Thus, a
definition with no local features in the windows for ‘negotiation’ prescribed by ¢ is not amenable
to our analysis of the problem. As we will see in the next section, once a DPP is available, all the
pieces necessary for a complete theory of time-inconsistent non-Markovian stochastic control will

become apparent.

We also mention that the definition proposed in this work is by no means the only definition
complying with the features just described. The notion of strict equilibrium, which is point-wise in
(t,v) and imposes a sign condition on (2.1.13) leads, under extra assumptions, to the same dynamic

programming principle we obtain for equilibria, see Remark 2.2.5.

We use the rest of this section to address different works in the area.

(i) The inaugural papers on the sophisticated, i.e. game theoretic, approach to inconsistent control
problems are the sequence of papers by Ekeland and Lazrak [80, 81], and Ekeland and Pirvu [82].
In their initial work [80], the authors consider a strong formulation framework, i.e. (2.2.1) and
G = G* denotes the augmented natural filtration of X% and seek for closed loop, i.e. G*-

measurable, action processes defined via spike perturbations of the form

(@ @pyev)r == alyp0)(r) + V(Xg’xo’y)l[tH,T] (r), (2.2.3)

that maximise the corresponding Hamiltonian. However as already pointed out by Wei, Yong, and
Yu [260], the local comparison is made between a Markovian feedback control, i.e. G = GX and
vy = v(X%%0¥) and an open-loop control value a, i.e. G = FW and there is no argument as
to whether admissibility is preserved. The later two works [82] and [81] introduce the definition
of equilibrium via (2.2.2), in which admissibility is defined by progressively measurable open loop
processes with moments of all orders. This last condition is imposed to guarantee uniqueness of
a strong solution to the dynamics of the state process. In our framework we do not need such

condition as the state dynamics hold in the sense of weak solutions.
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(74) The study in the linear quadratic set-up is carried out by Hu, Jin, and Zhou [135, 136]. There,
the dynamics are stated in strong formulation. To bypass the admissibility issues in [80], [82] and
[81], the class of admissible actions is open loop, i.e. G = FW. Equilibria are defined via (2.2.2) but
contrasting against spike perturbation as in (2.2.3). In [135], the authors obtain a condition which
ensures that an action process is an equilibrium, and in [136] the authors are able to complete
their analysis and provide a sufficient and necessary condition, via a flow of forward-backward
stochastic differential equations. The approach taken to characterise equilibria in both [135] and
[136] leverages on the particular structure of the linear quadratic setting and the admissibility
class. Moreover, the authors are able to prove uniqueness of the equilibrium in the setting of a
mean—variance portfolio selection model in a complete financial market, where the state process is
one-dimensional and the coefficients in the formulation are deterministic. Unlike theirs, our results

require standard Lipschitz assumptions.

(7i7) Another sequence of works that has received great attention is by Bjork and Murgoci [35] and
Bjork, Khapko, and Murgoci [38]. There, the authors approach the problem of inconsistent control
in strong formulation, i.e. (2.2.1), and admissibility is defined by Markovian feedback actions,
i.e. G =GYX and v, = v(X2%0¥). The first of these works deals with the problem in discrete-
time, a scenario in which the classic backward induction algorithm is implemented to obtain an
equilibrium by seeking for a sign on the difference of the pay-offs corresponding to v* and v ®; ¢ v*.
In their subsequent paper, the results are extended to a continuous-time setting, implementing the
definition of equilibrium (2.2.2). Their main contribution is to provide a system of PDEs associated
to the problem and provide a verification theorem. Nevertheless, the derivation of such system is
completely formal and, in addition, there is no rigorous argument about the well-posedness of the

system.

(7v) The study of more general dynamics for the state processes X began in Czichowsky [65] where
the mean—variance portfolio selection problem was considered for general semi-martingales. There,
the author developed a time-consistent formulation, based on a local notion of optimality called
local mean-variance efficiency. Namely, given G¥X, the augmented natural filtration of the semi-

martingales X, an increasing partition II = (¢;)1<i<m C [0,7] and two action processes v and p,

62



the author introduces

m=bl gt ti, 2, Pov) — J(tg, ti, o, Pyv + 1l t5000)

uMy, y] =
v, ] ; E[(X)rr, — (X))

With this, given a sequence of increasing partitions (II"),en, II" C [0,7] with mesh, .e. ||II"| :=
max; [t | —t7'], tending to zero, a strategy v* if said to be locally mean—variance efficient (LMVE)
if

lim inf w™" [*, 1] > 0.
n—oo

We highlight how the notion of LMVE serves as a justification as to why the dependence in ¢ in
(2.2.2) is linear. Clearly extensions of our results to more general state processes would call for such

considerations to be taken into account, via the study of f-equilibria, as mentioned in Remark 2.1.7.

(v) A different setting is taken in Wei, Yong, and Yu [260] and Wang and Yong [245], see ref-
erences therein too. Both works study a time-inconsistent recursive optimal control problem in
strong formulation setting, i.e. (2.2.1), in which the class of admissible actions are Markovian
feedback, i.e. G = GX and v, = v,(X%%¥). The motivation is the following: when .J(t; zg, v) :=
EP[e_’\(T_t)f(X%IO’V)|Qt], it is known that J(t;xo,v) = Yy, t € [0,T], P-a.s., where the pair (Y, Z)
solves the BSDE dY; = —\Y;dt+ Z;dX;, Y = §(X%$°’V). In other words, in the case of exponential
discounting, the generator of the BSDE representing the reward functional depends (linearly) on
the Y term of the solution (Y, Z). Therefore, [260] studies the natural extension to a general time-
inconsistent recursive utility problem. An equilibrium is defined as the unique continuous solution
to a forward—backward system that describes the controlled state process and the reward function-
als of the players, and satisfy a local approximate optimality property. More precisely, u is the limit
of a sequence of locally optimal controls at discrete times. Such property builds upon the known
fact, see [35], that in discrete-time, equilibria are optimal given the best response of subsequent
players. We highlight that in addition to a verification theorem, the authors are able to prove
well-posedness of their system in the uncontrolled volatility scenario. However, we do not think
their definition of an equilibrium is tractable in theory or practice. The definition is lengthy enough
to fit a whole page, making the overall definition quite hindered and hard to check in practice. We

believe this is due to the fact that their approach relies heavily on the approximation of the solution
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to the continuous game by discretised problems, and requires the equilibrium to be continuous in
time, as opposed to mere measurability which is the case for us, see Equation (2.1.10). Overall, we
feel it might send the wrong impression and make the sophisticated approach to time-inconsistent
stochastic control problems look somehow excessively cumbersome and convoluted to deal with.
We believe the approach taken in this work makes a good case to show the opposite. We also would
like to mention [245] which, building upon the ideas in [260], modelled the reward functional by a
BSVIE and look for a time-consistent locally near optimal equilibrium strategy. The authors are
able to extend the results of the previous paper, but more importantly, they argue that a BSVIE is
a more suitable way to represent a recursive reward functional with non-exponential discounting.
On this matter, we highlight that in our approach, (H) allows us to identify as well a BSVIE, see

Section 2.2.3 and Section 2.10.3.

(vi) Other recent works on this subject are Huang and Zhou [137] and He and Jiang [120]. The
first article considers an infinite-horizon stochastic control problem in which the agent can control
the generator of a time-homogeneous, continuous-time, finite-state Markov chain at each time. The
authors begin by introducing two variations of the notion of lax equilibria, referred there as strong
and weak equilibria. Exploiting the structure on their dynamics, and in particular by computing
an expansion of the reward at a given equilibria, they derive necessary and sufficient conditions for
both notions of equilibria. Moreover, under compactness of the set of admissible actions, existence
of an equilibria is proved. In the second work, motivated by the missing steps in [38] and working in
the same framework, i.e. strong formulation (2.2.1), and Markovian feedback actions, i.e. G = GX
and v, = v(X2%¥) the authors ‘perform the analysis of the derivation of the system posed in
[38], i.e. lay down sufficient conditions under which the value function satisfies the system’ In
addition to their analysis, the authors introduce two new notions of equilibria, regular and strong
equilibria. Regular equilibria compare rewards in (2.1.13) with feasible actions different from v* at
t, and strong equilibria allow comparisons with any feasible actions. These notions correspond to
pointwise versions of our notion of equilibrium with € = 0, see Remark 2.1.7. By requiring extra
regularity on the actions, the authors provide necessary and sufficient conditions for a strategy
to be a regular or a strong equilibria. It is our opinion that our definition of equilibrium is both

natural and advantageous compared to their setting, as it allows to derive an extended DPP which
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in turn naturally links the value function to an appropriate system of equations. Moreover, even
though their notion of equilibrium is a variation of ours, an extended DPP can be also be obtained,
but extra requirements are necessary, see Remark 2.2.5. Finally, we mention that even though [120]
succeeds in characterising regular equilibria, the conditions under which such results hold are, as
expected, quite stringent, requiring for instance that the optimal action is differentiable in time

and with derivatives of polynomial growth.

We emphasise that in our setting the dynamics of the state process are non-Markovian, and
the class of admissible actions is ‘closed loop’! and non-Markovian, i.e. F¥X-adapted see Sec-
tion 2.1.1, both being novelties of this work. Additionally, another novelty of our treatment of
time-inconsistent control problems is our weak formulation set-up. which is an extension on all the
previous works in the subject. See Zhang [273, Section 4.5] for a presentation of weak formulation
in optimal stochastic control and [64] for an application in contract theory in which both features

are essential.

The remaining of this section is devoted to present the main results of this chapter.

2.2.2 Dynamic programming principle

Our first main result for the study of time-inconsistent stochastic control problems for soph-
isticated agents, Theorem 2.2.2, concerns the local behaviour of the value function v as defined in
(P). This result is the first of its kind in a continuous-time setting and it is the major milestone for
a complete theory. This result confirms the intuition drawn from the behaviour of a sophisticated
agent, in the sense that v does indeed satisfy a dynamic programming principle. In fact, it can be
regarded as an extended one, as it does reduce to the classic result known in optimal stochastic
control in the case of exponential discounting, see Remark 2.5.5. This result requires the following

main assumptions.

Assumption A. (i) The map s — &(s,x) (resp. s — fi(s,x,a)) is continuously differentiable

uniformly in x (resp. in (t,z,a)), and we denote its derivative by 9s§(s,x) (resp. Osfi(s,z,a)).

IThis is not a closed-loop formulation per se, as our controls are allowed to be adapted as well to the information
generated by the canonical process A.
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(ii) a — fi(s,,a) is uniformly Lipschitz-continuous, i.e. 3C > 0, s.t. ¥(s,t,x,a,a’) € [0,T]? x

X x A2,

]ft(s,x,a) — ft(s,x,a’)] <Cla—d|.

(i13) (a) v —— &(t, ) is lower-semicontinuous uniformly in t, ie. V(Z,e) € X x Ry, Uz €

Too, T € Usz, V(t,x) S [O,T] x Uz,

€(t7x) > g(tuxﬂ) —¢&, when g(tu $0) > —00.

(b) x +— (b,0)(t,x,a) is uniformly Lipschitz-continuous, i.e. 3C > 0, s.t. V(t,z,2’,a) € [0,T] x

X2 x A,

[be(, a) = by(2', a)| + |ow(x, a) — ou(a’, a)| < Cllan = 25 loo-

Remark 2.2.1. Let us comment on the above assumptions. As it will be clear from our analysis in
Section 2.5 and Section 2.7, to study time-inconsistent stochastic control problems for sophisticated
agents under our notion of equilibrium, one needs to make sense of a system. The fact that we
get such a system should be compared to the classical stochastic control framework, where only one

BSDE suffices to characterise the value function and the optimal control, see [273, Section 4.5].

Consequently, Assumption A.(7) and Assumption A.(i7) are fairly mild requirements in order
to understand the behaviour of the reward functionals on the agent’s type, which is the source of
inconsistency. We also remark that Assumption A.(i) guarantees that the map t — fi(t,x,a) is
continuous, uniformly in (x,a), which ensures extra regularity in type and time for the player’s
running rewards. Lastly, given our approach and our choice to not impose reqularity on the action
process, in order to get a rigorous dynamic programming principle, we cannot escape imposing
extra assumptions. Namely, if we do not want to assume that t — v (X) is continuous, we have
to impose regularity in x, which is exactly what Assumption A.(iii) does. This allows us to use
the result in [86] regarding piece-wise constant approximations of stochastic control problems. We

believe our choice is the least stringent and it is clearly much weaker than any reqularity assumptions
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made in the existing literature, see [35], [260], [120]. For details see the discussion after (2.5.3) and

Remark 2.5.3.
Our dynamic programming principle takes the following form.

Theorem 2.2.2. Let Assumption A hold, and v* € &£(x). For {o,7} C Tyr, 0 < 7 and

P(x)-q.e. z € X, we have

v(o,x) = Veau(g@) EF |:'U(T,X) + /UT (fT(r, X, v) — E@:: [885(7“, Xar) + /TT Os fu(r, X, VZ)du})dr}.

Moreover, v* attains the sup.

Remark 2.2.3. (i) In light of Theorem 2.2.2 we are led to consider a system consisting of a second
order BSDE (2BSDE for short) and a infinite dimensional collection of processes in order to solve
Problem (P). This will be the object of the next section. As a by-product, we recover below a
connection already mentioned in [37, Proposition 8.1] between time-inconsistent control problems
and optimal stochastic control problems in a Markovian setting. In words, it says that given an
equilibrium for a time-inconsistent stochastic control problem, it is possible to associate a classical

time-consistent optimal stochastic control problem which attains the same value.

(ii) We emphasize that Theorem 2.2.2 is a direct consequence of Definition 2.1.6. Moreover, it
differs from [37, Proposition 8.1] in that the latter argues via the PDE (2.2.9). In fact, the result
in [37] is obtained assuming a solution exists and it is in the spirit of the Feynman—Kac represent-
ation formula. This would be analogous to us assuming a solution to the 2BSDE in the proof of
Theorem 2.2.2 which, among other things, would automatically rule out the possibility to prove the
necessity of the 2BSDE, i.e. that any equilibria prescribes a solution to such system. In our prob-
abilistic framework, the proof of Theorem 2.2.2 will ultimately allow us to bypass this and establish

the necessity result.

(iii) We also point out that even for classic optimal control in discrete time proving a DPP in
fairly general settings is a very difficult task because of crucial measurability issues, see for instance

Bertsekas and Shreve [25, Section 1.2].

(iv) Lastly, we mention that the extend to which this result holds true goes beyond the type of
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reward functionals considered in this chapter. Indeed, in Section 2.4 (resp. Chapter 5) we consider
a broader class of time-inconsistent rewards, namely those with mean—variance type of rewards

(resp. those given by standard type-1 BSVIEs).

Corollary 2.2.4. Let Assumption A hold, and v* € £(x). There exists a time-consistent stochastic

control problem with the same value v, for which v* prescribes an optimal control. Namely let
L T
[O7T] XX xA— Rv (tvxa CL) L kt(‘r7 CL) = ft(tvxa CL) _]EIPt’I [asg(t)X'/\T) +/ asfu(t7X7 VZ)du ’
t
Then, for P(x)-q.e.x € X

1 T
v(t,z) = sup EF {/ kr (X, vp)dr + &(T, X,/\T)} .
veA(t,xz) t

Remark 2.2.5. (i) For the purposes of this work, this is as much as we can gain from this last
result as it requires knowing the equilibrium strategy a priori, since the functional k does depend
on v*. This is obviously of little practical use as it was already mentioned in [38, Proposition 8.1].
Nevertheless, as a direct consequence of Theorem 2.2.2, we are led to consider a system consisting

of a second order BSDE and a infinite dimensional collection of processes in order to solve Problem

(P), which will be the object of the next section.

(ii) We remark that all the results in this section are true for strict equilibria, provided there is
more control of Uz ,, see Remark 2.1.7 and Remark 2.5.4. Namely, it suffices, for instance, to have
that for P(x)—q.e.x € X

inf Lot > 0.

(t,v)€[0,T] x A(t,z)

2.2.3 BSDE system associated to (P)

Let us introduce the functionals needed to state the rest of our results. As in the classical
theory of optimal control, we introduce the Hamiltonian operator associated to this problem. For

(s,t,, 2,7, 2, u,v,a) € [0,T)? x X x R x Sg(R) x Sq(R) x R x R? x A, let

ht(S,l’,Z,’)/, (Z) ::ft(sv$7a) + bt(IE?a) : O't(l‘,a)TZ + %TI‘[(O’O’T)t(:L‘,a)’Y]?
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Ht(l’, 257 U) :=sup {ht(tvxv Zar%a)} - u.
acA

Following the approach of Soner, Touzi, and Zhang [230], we introduce the range of our squared
diffusions coefficient and the inverse map which assigns to every squared diffusion the corresponding

set of generating actions

Si(z) := {Z¢(x,a) € Sq(R) : a € A}, where By(x,a) := (00" )(x,a),

Ay(2,%) :={a€ A: (00" )(z,a) =X}, B € Zy(x).

The previous definitions allow us to isolate the partial maximisation with respect to the squared

diffusion. Let

hi(s,x, z,a) :== fi(s,x,a) + bi(z,a) - op(x,a) " 2,
Vht(s,fl', v, a’) = asft(87$7 a) + bt(xa a) ' O't(.’E,G)T’U,

Fi(z,z,%,u):= sup {l(t,z 2z,a)}—u.
a€Ai(z,X)

With this, 2H = (—2F)* is the covex conjugate of —2F, i.e.

1
Hy(z,z,v,u) = sup {Ft(m, z,%,u) + Tr[Efy]}. (2.2.4)
e, (z) 2

Moreover, we assume there exists a unique A-valued Borel-measurable map V*(t, x, z) satisfying?

[0, 7] x X xRY 3 (t,x,2) — V*(t,z,2) € argmax hy(t,z, 2 a). (2.2.5)
a€A¢(z,62%(x))

In the most general setting for (P) considered in this chapter, where control on both the drift

and the volatility are allowed, to &, 0:&, 0sf, and F' as above, we associate the system

T T T
Y, = &(T, X A7) +/ F (X, Zrﬁz,aY,f)dr —/ Zy - dX, +/ dKf, t€[0,7], P(x)-q.s.,
t ¢ ¢

. (H)
OV (w) 1= EPre [asg(s,X.ATH / OS5, XV X, Zr))dr}, (s,4) € [0,T]2, w € Q.
t

2The existence of such mapping is guaranteed by Schil [221, Theorem 3] in the case of A bounded and a >
he(t,x, 2,7, a) Lipschitz for every (t,z,z,7v) € [0,T] x X x R? x S4(R)
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where P¥" € P(x) with v} := V*(t, X, Z;) € A(x).

If only drift control is allowed, i.e. oi(x) := oy(x,a) for all a € A, the weak uniqueness

assumption for (2.1.7) implies P(x) = {P}. Letting

Ro(s,x, 2z, a) == fi(s,x,a) + by(x,a) - oy(x) " 2, VhI(s,x, 2,a) = s fi(s,z,a) + by(z,a) - op(x) " 2,

H{(x,z,u) :=sup{h{(t,z,z,a)} — u,
acA

we show, see Proposition 2.9.1, that (H) reduces to the system, which for any s € [0,77], holds

P-a.s., for any ¢ € [0, 7]

T T
Y;f = é.(,11 X'/\T) + / HT?(Xv ZTa aY;f)dr - / Z’r . er7
t t
T T (Ho)
Yy = 05€(s, X.ar) +/ Vh(s, X,075,V*(r, X, Z,))dr _/ 875 - dX,.
) t

Though BSDEs have been previously incorporated in the formulation and analysis of control prob-
lems which are time-inconsistent, the kind of systems of BSDEs prescribed by (H) and (H,) are new
in the literature. Indeed, in [82] an auxiliary family of BSDEs was introduced in order to argue, in
combination with the stochastic maximum principle, that a given action process complies with the
definition of equilibrium (2.2.2). This was a reasonable line of arguments as we recall at the time
no verification theorem was available. More recently, [245] studied the case in which the reward
functional is represented by a type-I BSVIEs, a generalisation of the concept of BSDEs. In fact,
[245] argues that when the running cost rate and the terminal cost are time dependent, then the
reward functional does satisfy a BSVIE. As it happens, in order to conduct our analysis of (H,),
we also identify a link to such type of equations, namely we obtained that the process (8}?),56[0,T]

satisfies a type-I BSVIE, see Lemmata 2.8.2 and 2.8.3.

In the general case, the first equation in (H) defines a 2BSDE, whereas the second defines an
infinite dimensional family of processes, (0Y®)o<s<7, each of which admits a BSDE representation.
We chose to introduce such processes via the family (IP’;’ ;)(t,x)E[O,T]X x, since in the first equation
one needs an object defined on the support of every P € P(x). We recall that when the volatility
is controlled, the supports of the measures in P(x) may be disjoint, whereas in the drift case, the

support is always the same. Had we chosen to introduce the BSDE representation, we would have
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obtained an object defined only on the support of P Moreover, as we work with non-dominated
probabilities measures, this last choice would not have been consistent with our extended DPP, nor

would have sufficed to obtain the rest of our results.

The novel features of system (H) mentioned above raise several theoretical challenges. At
the core of such system is the coupling arising from the appearance of 9Y}!, the diagonal process
prescribed by the infinite dimensional family (0Y®)o<s<7, in the first equation and of Z in the
definition of the family. This makes any standard results available in the literature immediately
inoperative. Therefore, the natural questions of stating sufficient conditions under which well-
posedness holds, i.e. existence and uniqueness of a solution, needed to be addressed. Of course
part of these duties consists of determining in what sense such a solution exists, see Definition 2.2.7
and Definition 2.2.13 for the general case and the drift control case, respectively. Answers to
well-posedness of (H,), 7.e. when only drift control is allowed are part of our, rather technical,

Section 2.2.6.

We now introduce the concept of solution of a 2BSDE which we will use to state the definition
of a solution to System (H). To do so, we introduce for (t,r,z) € [0,T])?> x X, P € P(t,z) and a

filtration G
Pio(r,P,G) = {P' € P(t,z) : P =Pon Qr}. (2.2.6)

We will write Py (r,P,G) for Py, (r,P,G). We postpone to Section 2.6 the definition of the spaces

involved in the following definitions.
Definition 2.2.6. For a given process (83/;),56[0,71], consider the equation
T T
Y; = &(T, X A7) + / E (X, Z,,52,0Y,7)dr — / Z.-dX, + Ky — K[, 0<t<T. (2.2.7)
t t

We say (Y, Z, (KP)PGP(X)) is a solution to 2BSDE (2.2.7) under P(x) if for some p > 1
(1) Equation (2.2.7) holds P(x)—q.s.;

.. X, P(x X, P(x ,
(i) (Y. Z, (KP)pepp) € SEELT™) x BE(FLTY, X) x B((FXF)pepi);
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(ii7) the family (KP)PE’])(X) satisfies the minimality condition

0= essinf® EY[K} — KI'|FXF), 0<t <T, Pas., VP € P(x). (2.2.8)
P ePx (t,P,FY)

We now state our definition of a solution to (H).
Definition 2.2.7. We say (Y, Z, (KP)pep(x), dY) is a solution to (H), if for some p > 1

(i) (Y, Z,(K¥)pepx)) s a solution to the 2BSDE in (H) under P(x);
(i) OY € SR2(FTT™);

(7i1) there exists v* € A(x) such that

0=E"" [KE" — KP7[FNT ] o<t <1 P s,

An immediate result about system (H) is that it is indeed a generalisation of the system of
PDEs given in [35] in the Markovian framework. This builds upon the fact second-order, parabolic,

fully nonlinear PDEs of HJB type admit a non-linear Feynman—Kac representation formula.

Theorem 2.2.8. Consider the Markovian setting, i.e. (X, ) = (Xy,-) forp =0b,0, f,0sf, and,
W(s, X) =(s, Xp) for ¢ = 05£,&. Assume that

(i) there exists a unique A-valued Borel-measurable map V' (t,x, z,7) satisfying

[0,7] x X x RY x Sg(R) > (t,,2,7) — V' (t,x, 2,7) € argmax {h.(¢,z, z,7,a) };
a€A

(ii) for (s,t,z) € [0,T) x [0,T] x R? := O, there exists (v(t,z),J(s,t,x)) € C12(]0,T] x R?) x

C11.2([0,T)% x R?) classical solution to the system?

OV (t,z)+ H(t,z,0,V(t,x),0x:V(t,x),0sT (t, t,z)) =0, (s,t,z) € O,

0T (t, ) + ho(t,x, 0, T (t, ), 0pe T (£, ), v*(t,2)) = 0, (s,t,2) € O, (2.2.9)

V(T,z) = &(T,z), J*(T,z) = &(s,2), (s,2) € [0,T] x RY,

3Following [35], for a function (s,-) — @(s,-), ©*(-), stresses that the s coordinate is fixed.
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where v*(t,x) == V(t, 2,0,V (t, ), 0z V (t, 2)).

(iii) v, Opv, J, OxJ and f(s,t,z) := f(s,t,x,v*(t,x)) have uniform exponential growth in z*, i.e.

3C >0, V(s,t,z) € [0,T]? x RY,

|U(t,.’E)| + \ﬁxv(t,xﬂ + |J(S,t,l‘)’ + |61J(S,t,$)‘ + |f(5,t,l‘)| S Cexp(C|az|1),

Then, a solution to the 2BSDE in (H) is given by
t
Y = o(t, X3), Z = Opo(t, Xy), K ::/ kodr, DY = 8,J%(t, X),
0

where ky := H(t, Xy, Zy, Ty, OY}) — Fy(Xy, Zy, 62, 0Y}) — %Tr[&fft] and T'y := Ogpv(t, X¢). Moreover,
if for vf = Vk(t, Xi, Zy, Tt) there exists P* € P(x,v*), then (Y, Z, K,0Y) and v* are a solution to
(H).

Remark 2.2.9. We highlight the assumption on P(x,v*) is satisfied, for instance, if the map

T ooy

(x,v*(t,x)) is continuous for every t, see [232, Theorem 6.1.6]. Note that the latter is a
property of (2.2.9) itself. In addition, we also remark that under the assumptions in the verification

theorem in [34, Theorem 5.2], it is immediate that (H) admits a solution.

The next sub-sections present the remaining of our results. The first of them is about the
necessity of our system. We show that given an equilibrium and the associated game value function,
one can construct a solution to (H). The second result is about the sufficiency of our system, i.e.
a verification result. In words, it says that from a solution to (H) one can recover an equilibrium.

Our last result is about the well-posedness of the system (H) when volatility control is forbidden.

2.2.4 Necessity of (H)

The next result, familiar to those acquainted with the literature on optimal stochastic control,
is new in the context of time-inconsistent control problems for sophisticated agents. Up until now,
the study of such problems, regardless of the notion of equilibrium considered, remained limited

to a verification argument, and the study of multiplicity of equilibria. Ever since the work of [38,

‘For z € RY, |z|; = Zj:l |:].
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Section 5], it had been conjectured that, in a Markovian setting, given an equilibrium v* and its
value function v, the latter would satisfy the associated system of PDEs (2.2.9), and v* would attain
the supremum in the associated Hamiltonian. Nevertheless, according to [38] this remained an open
and difficult problem. Fortunately, capitalising on the DPP satisfied by any equilibrium and our
probabilistic approach, we are able to present a proof of this claim in a general non-Markovian

setting.

Assumption B. (i) There exists p > 1 such that for every (s,t,z) € [0,T])> x X

up B2 [l€(, )P + 0,605, X+ [ 1F(X,0,62,001 + 0.5, X, P < oc.
PeP(t,x)
(ii) R? 5 2z +— Fy(x,2,%,u) is Lipschitz-continuous, uniformly in (t,z, %, u), i.e. 3C > 0, s.t.

Y(t, 2,8, u,2,2") €0,T] x X x Ti(x) x R x R? x R?,

|Fy(2,2,5,u) — Fy(x, 2, %,u)| < C|5Y2(z — 2')|.

(iii) RY > z — V*(t,, 2) € A is Lipschitz-continuous, uniformly in (t,x) € [0,T] x X, i.e. 3C > 0
s.t. V(t,x,2,2') €10,T] x X x R x RY,

V*(t,z,2) — V*(t,z,2")| < Clz = 2]

Theorem 2.2.10 (Necessity). Let Assumption A and Assumption B hold. Given v* € £(x), one
can construct (Y, Z, (K¥)pep(x), 0Y) solution to (H), such that for any t € [0,T] and P(x)-q.c. © €
X

o(t,z) = sup EF[Vi].
PeP(t,z)

Moreover, v* satisfies Definition 2.2.7.(ii1), i.e. v* is a mazimiser of the Hamiltonian.

Remark 2.2.11. (i) We stress that in light of Theorem 2.2.10, every equilibrium must necessarily
mazximise the Hamiltonian associated to (P). This is, to the best of our knowledge, the first time
such a statement is rigorously justified in the framework of time-inconsistent control problems at

the level of generality of this paper.
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(ii) Even for Markovian time-consistent control problems, we recall that necessity results are quite
technical and typically require the theory of viscosity solutions, see Fleming and Somner [99]. To
appreciate the scope of Theorem 2.2.10, we recall that Markovian BSDEs (resp. 2BSDEs) coincide
with viscosity (resp. Sobolev type) solutions of PDEs (resp. path dependent PDEs), see [273,
Theorem 5.5.8] (resp. [273, Proposition 11.3.8]) .

(7i1) We also comment on [173, Theorem 3.11] which states that given a regular equilibria, see
[173, Definition 3.7], one can define a classic solution the PDE system in [38], i.e. (2.2.9). In the
Markovian setting of [173], regular equilibria render, by definition, smooth classic solutions to the
value function and the decoupled pay-off functionals. Not surprisingly, one can construct a classic
solution to (2.2.9) by means of Ité’s formula. However, even for time-consistent problems this
assumption rarely holds. Moreover, reqular equilibria, which are feedback Markovian, are a priori
required to be continuous. This contrast with our non-Markovian framework and the fact that we

take admissible actions and equilibria to be, in general, measurable.

2.2.5 Verification

As is commonplace for control problems, we are able to prove the sufficiency of our system.
Indeed, our notion of equilibrium is captured by solutions to System (H). Our result is not the first
of its kind, though our framework allows us to state a fairly simple proof with clear arguments.
For instance, [35, Theorem 6.3] is stated to be a direct consequence of the simpler case of a state
dependant final reward functional plus a non-linear functional of a conditional expectation of the
final state value, but no proof is presented. Also, the proof of [260, Theorem 6.2] requires laborious
arguments, as a consequence of the notion of equilibrium considered, and relies heavily on PDE

arguments. Our theorem requires the following set of assumptions.

Assumption C. (i) There exists p > 1 such that for every (s,t,z) € [0,T]? x X

T
sup EF||6(T, X)|P + |85§(8,X)\p+/ |Fr(X,0,62,0)P + |05 fr(s, X, v)|Pdr| < oo;
PEP(t,7) ¢

(ii) s —> &(s,x) (resp. s — fi(s,x,a)) is continuously differentiable uniformly in x (resp. in

(t,z,a));
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(7i1) = +— ®(r,x) = 0s&(r,z) + fTT Os fu(r,x,a)du is continuous in x.

Theorem 2.2.12 (Verification). Let Assumption C hold. Let (Y, Z, (KP)PE’p(X), dY) be a solution
to (H) as in Definition 2.2.7 with v} := V*(t, Xy, Z;). Then, v* € £(x) and for P(x)-q.e.x € X

v(t,z) = sup EF[V;].
PeP(t,x)

We stress that together, Theorem 2.2.10 and Theorem 2.2.12 imply that System (H) is funda-

mental for the study of time-consistent stochastic control problems for sophisticated agents.

2.2.6 Well-posedness

Our analysis would not be complete without a well-posedness result. The well-posedness result
we present is limited to the drift control case, see Section 2.9. In this framework, there is a unique
weak solution to (2.1.7) which we will denote by P. In the context of PDEs, under a different
and stronger notion of equilibrium, a well-posedness result for the corresponding system of PDEs
was given in [260]. Nonetheless, as we present a probabilistic argument as opposed to an analytic
one, our proof makes substantial improvements in both weakening the assumptions as well as the

presentation and readability of the arguments. We state next our definition of a solution to (H,).

Definition 2.2.13. The pairs (Y, Z), and (0Y,0Z) are a solution to the system (Hy,) if for some

p>1
(i) (Y,2Z) € S(FYT) x HR(FLF, X) satisfy the first equation in (H,) P-a.s.;

(73) (0Y,07) € Sg’Z(]Fi(’P) X HQ’Q(IFf’P,X) and for every s € [0,T], (0Y*,0Z%) satisfies the second

equation in (Hy) P-a.s.;

(7i1) there exists v* € A(x) such that

HY (X, Z;,0Y}) = ho(t, X, Z;, 0V}, vf) dt ® dP-a.e. on [0,T] x X.

Our well-posedness result in the uncontrolled volatility case is subject to the following assump-

tion.
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Assumption D. (i) o¢(z) := o¢(x,a) for any a € A, i.e. the volatility is not controlled,

(i) s — &(s,x) (resp. s —> fi(s,x,a)) is continuously differentiable uniformly in x (resp. in

(t,z,a));

(ii1) z — HJ(x,z,u) is Lipschitz-continuous, uniformly in (t,z,u), i.e. 3C > 0, s.t. Y(t,z,u,

2,2)€10,T] x X x R x R% x R4,

‘Hf(x’ z?“) - Hf(xa Z,a u)‘ < C‘Ut(x)lﬂ(z - Zl)’?

(iv) z — V*(t,x,z) € A is Lipschitz-continuous, uniformly in (t,x), i.e. 3C > 0, s.t. V(t,x,

2,2) €10,T] x X x R x RY,

|V*(t,$,Z) - V*(tv'x’zl)| < C’Ut(x)1/2(z - Z,)|;

(v) (z,a) — OhY(s,z,a) is Lipschitz-continuous, uniformly in (s,t,x), i.e. 3C > 0 s.t. ¥(s,t,x,

2,2 a,a’) €0, T)? x X x R x R? x A?
IVh(s,x,2,a) — Vh(s,z, 2 a")| < C(loe(x)2(2 — 2')| + |a — d]);
(vi) there exists p > 1 such that for any (s,t,z) € [0,T]? x X
T T
EP[|§(T, X)|p+/ |H;(a;,o,0)\”dr] +EP{|88§(S,X)IP+/ |VRY(s,2,0,0)[Pdr| < oo.
t t

Remark 2.2.14. We would like to comment on the previous set of assumptions. We will follow
a classic fix point argument to get the well-posedness of System (H,), thus Assumption D consists
of a tailor-made version of the classic requirements to get a contraction in a Lipschitz context.
Conditions (iii), (iv) and (v) will guarantee the Lipschitz property of the drivers. Condition (i7)

will be exploited to control the coupling between the two BSDEs.

The technical but simple results regarding well-posedness are deferred to Chapter 3. In fact, we
are able to establish a well-posedness result for a more general class of systems, see System (S) for

which we allow for orthogonal martingales. Moreover, we stress that coupled systems as the ones
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considered in this work, where the coupling is via an uncountable family of BSDEs, have not been

considered before in the literature.

Theorem 2.2.15 (Wellposedness). Let Assumption D hold with p = 2. There exists a unique

solution, in the sense of Definition 2.2.13, to (H,) with p = 2.

We would like to mention here that the assumption p = 2 is by no means crucial in our analysis
and our results hold in the general case p > 1, a fact that should be clear to our readers familiar
with the theory of BSDEs. Nevertheless, hoping to keep our arguments simple and to not drown
them in additional unnecessary technicalities, we have opted to present the case p = 2 only. In this
case, it is easier to distinguish between the essential ideas behind our assumptions, and how they

work into the probabilistic framework we propose for the study of (P) and (H,).

2.3 Example: optimal investment

We consider the following non-exponential discounting framework
E(s,2) = (T = 5)E(), fe(s,x,a) = (t —s) filz,a), (t,s,2,a) € [0,T]> x X x A,
where §~ is a Borel-map, and
f: [0,T] x X x A — R, Borel, with f(-,a) FX-optional for any a € A,
and
¢ :[0,7] — R, non-negative, differentiable, with ¢(0) = 1.

Let us assume in addition d = m = 1, A = R} x R} and a Markovian framework. We define
an action process v as a 2-dimensional F*-adapted process (o (Xy), ¢t(Xy))sepo,r) with exponential
moments of all orders bounded by some arbitrary large constant M. We let oy( Xy, 14) := ar(Xy),

bi(Xe,vp) == B+ oy H(Xe)(rXy — ¢;(Xy)). Consequently, for M = (P, v) € 9M(s, z), with M(s, z) =
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{(P,v) € Prob(Q) x A(s,z,P)}
dX;" = (B + oy Hr Xy — c)dt + AW, PPas

Here we will study the case where the utility function is given, for all z € R by

1= —1
Uz):=4{ 1=m
log(z), n=1,

, n€(0,1),

so that
- T
J(s,t,z,v) =EF |o(T — s)U(X1) + / o(r —s)U(ep)dr|.
t

This model, studied for specific cases of U and ¢ in [82] and [37], represents an agent who
is seeking to find investment and consumption plans, in cash value, o and c¢ respectively, which
determine the wealth process X. he derives utility only from consumption. At time s, the present
utility from consumption at time r is discounted according to ¢(r — s). Here, we present a solution

based on the verification theorem introduced in this chapter. The system (H) is defined by

T T
Y; = U(X7) +/ F.(X,, Z.,62,0Y,)dr —/ Zp-dX, + Kf — K[, 0<t<T, P(x)qs.,
t t

—* T
OV (w) = EPie | yp(T — 8)U(Xi) +/ Dsp(r — $)U(*(r, Xo, Z2))dr |, (s,8) € [0, T2, w € O,
t

where for (¢,2,2,7,%) € [0,T] x X x R x R x R%.

Fy(x,2,3,u) = sup {(re + Ba—c)z+U(c)} — u,
(c,a)eRy x{a?=X}

1
Ht(x,z,’y) = sup {Ft(xa Z,E,U) + 2’7}
TERY 2

Proposition 2.3.1. Let (Y, Z,K) and v* be given by

t
Yi = a()U(X2) + b(t), Zs = a(t)X; ", K, = / kodr, vF = (B Xy, a(t) 7 X2),
0
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where
1 _
by o= H(t, Xy, Zy, Ty, 0Y}) — Fy(Xy, Z4, 62, 9Y)) — §Tr[8t2f‘t], T, = —na(t)X, ", t € (0,17,

dY® is defined as above, and a(t) and b(t) as in Section 2.10.1, which we assume has a unique and
continuous solution. Then, there exists P* € P(x,v*), (Y, Z,K,0Y) define a solution to (H) and

(P*, v*) is an equilibrium model. Moreover

*

1 —
dX; = Xt((r + 8% +a(r)"n)dt + 577_1th), 0<t<T, P -as.
_1
Proof. By computing the Hamiltonian, we obtain (¢*(t,z,2), a*(t,x, 2,7v)) := (2 7, |B2y!|) define
the maximisers in F' and H respectively. Therefore, in this setting, the 2BDE in (H) can be

rewritten for any P € P(x). Indeed, P-a.s. for t € [0,7] we have that

1

T _1 _1 T
Y, = U(Xr) +/ (ZT(TXT +BG, —Zy )+ U(Z, ") — OY;f)dr - / Z,-dX, + K& — KF.
t t

Moreover, taking Y, Z and K as in the statement we obtain v} := (o}, ¢f) = (Bn~1 Xy, a(t)f%Xt),
t € [0,7]. Note that the map (t,z,z,u) — Fy(z,2,%,u) is clearly continuous for fixed ¥ and
that the processes X, Y, Z and I' are continuous in time for fixed w. This yields, as in the proof
of Theorem 2.2.8, that the process K satisfies the minimality condition under every P € P(x).
Moreover, note that = —— «aj(z) is continuous for all ¢ € [0,7]. Therefore, there exists P*" €

A(x,v*) such that

*

X, = X, ((r+ 527" + a(r)"m)dt + B ldW;), 0<t < T, P -as.
Moreover, we may find a(t) and b(¢) given as in Section 2.10.1 so that for any P € P(x)

T T
Y, = U(X7) +/ ho (1, X, a(r) X, a(t) 7 X;) — QY dr — / a(r) X" - dX, + Kp — K,
t t

T T
— U(Xp) + / Fu(Xy, X,y a(r) X7, 62, 0Y7)dr — / () X1 -dX, + Kp — K,
t t

where we exploited the fact Y satisfies (2.8.3). Also note that given our choice of v*, K P .
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We are left to argue the integrability of Y, Z, K. This follows as in the proof of Theorem 2.2.8 as the
uniform exponential growth assumption is satisfied, since a(t) and b(t) are by assumption continuous
on [0, T]. The integrability follows as the action processes are assumed to have exponential moments
of all orders bounded by M. With this we obtained that (Y, Z, K) is a solution to the 2BSDE in
(H). The integrability of 0Y is argued as in the proof of (2.2.10). O

2.4 Extensions of our results

We use this section to present some extensions of our results to more general classes of pay-off
functionals. This is motivated by [37, Section 7.4]. We present the corresponding results and defer
their proofs to Section 2.10.2. We emphasise that the formulation of the dynamics of the controlled

process X remains as in Section 2.1.2. We will consider

f:]0,7] x X — R, Borel-measurable, with f.(+) FX-optional; ¢ : X — R, Borel-measurable;
€:10,7] x X — R, Borel-measurable; G : [0,7] x R — R, Borel-measurable,

f:]0,T]? x X x R x A — R, Borel-measurable, with f.(s,n, -, a) FX-optional,
for any (s,n,a) € [0,7] x R x A, and define for (s,t,2,v) € [0,T]?> x X x A(t, )
B[ [T P P
J(s.t,z,v) = EFts { / fr(5 X, BF e [f,(X)], vy ) dr + £(s, X.m] + G(s, B s [g(Xar)]).
t

As a motivation for the consideration for this kind of pay-off functionals, notice that the presence
of the term G(S,]EPI{’I [g(z)]) allows, for example, to include classic mean—variance models into the
analysis. In order to present the corresponding DPP in this framework we need to adapt the

notation and assumptions that led to it.

We will continue to use the convention 92, f(s, x,n,a) := %ft(s, x,n,a) to denote the respect-

ive derivatives. Let v* € £(x) and define

My () = EPve [g(X )], N2* () i= EPort [ Xon), (5,8, 2) € [0, 7] x .
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We emphasise that N defines an infinite family of processes, when considered as functions
of s, one for every t € [0,7]. We also recall that under the weak uniqueness assumption, both
processes are well-defined. Moreover, we know that the application (¢, z) — Py ; is measurable

and continuous for the weak topology, see [232, Corollary 6.3.3] and the preceding comments.

To be able to extend our results, we work under the following set of assumptions.

Assumption E. (i) s — {(s,x) is continuously differentiable uniformly in x.(s,m) — G(s,m)
belongs to C12([0, 7] x R, R) with spatial derivatives Lipschitz-continuous uniformly in s. (s,n) —
fi(s,z,1,a) belongs to C12([0,T] x R, R) with spatial derivatives Lipschitz-continuous uniformly in

(s,t,x,a).

(i5) fi(s,z,n,a) = fi(s,x,a) + fi(s,n) for an FX-optional (resp. deterministic) mapping f (resp.
f). The mappings x — f,(z), t — f(2), and x — g(x) are continuous uniformly in the other

variables.
(¢97) 3C > 0, p : (0,00) — [0,00), p(|¢]) — 0, £ — 0, such that for P(x)-q.e. z € X,v €

Alt,z), t <t <r<T,

=V Y ’ 2 Y
B J87 () = g+ 7 ) -

2

| < et~ dotle - 1.

(iv) a—> fi(s,x,a) is uniformly Lipschitz-continuous, i.e. 3C > 0,V(s,t,x,a,a’) € [0, T]>x X x A2,
’ft(s7$7 CL) - ft($7x7a/)| S C‘CL - a/"

(v) (a) © — &(t,x) is lower-semicontinuous uniformly in t, ie. V(Z,e) € X x Ry, Uz €

‘ZOO7 WS UCE: \v/(t)x) € [O7T] X Uf7
f(f,l’) > f(taiﬁo) -5 when g(twfo) > —00.

(b) x — (b,0)(t,x,a) is uniformly Lipschitz continuous, i.e. 3C > 0, s.t. V(t,z,2’,a) € [0,T] x
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X2 x A,
b (2, a) = be(2', a)| + |ow (2, a) — ou (2, a)| < Cllwne — 25| oo-

Remark 2.4.1. We would like to comment on the previous set of assumptions. The extensions of
our previous set of assumptions correspond to (i), (iv) and (v). In addition, the reader might have

noticed the assumptions imposed on f, f and g in Assumption E.(ii) and Assumption E.(iii).

The condition of f basically disentangles the randommness coming from X.a, and FPs.c fr(XoAr)]
This helps us bypass some measurability issues arising from the interaction between these two vari-
ables. Given the non-linear dependence of the reward, when passing to the limit in the proof of
Theorem 2.4.3 below, one should expect that first order, i.e. linear, approrimations, would not suf-
fice to rigorously obtain the limit. Not surprisingly, it is necessary to have access to the quadratic
variations of the previously introduced processes. This is usually carried out by having a pathwise
construction of the stochastic integral. For this, a viable way is to follow the approach in [149]. It
is thus necessary to guarantee that M* and N} are left limits of cadlag processes. In light of the
continuity of the map (t,x) — IP’Z;, Assumption E.(ii) ensures that these processes are continu-
ous. Hence, there exists a process [M*] (resp. [N}| for any r € [0,T]) which coincides with the

quadratic variation of M* (resp. N for any r € [0,T]) under PV".

Moreover, f and g can be understood as changes of variables from the canonical process X. As
such, it is expected to require some control on the quadratic difference under the laws induced by
an arbitrary action v and the equilibrium v*. This is precisely the goal of Assumption E.(ii7). We
highlight that both processes appearing in Assumption E.(iii) are Fi-measurable and differ only,
from v to v*, on the action performed over the interval [t,t']. In fact, when v = v* this condition
holds trivially as both expression are equal to zero. In fact, when v = v* this condition holds
trivially as both expression are equal to zero. It is also possible to verify this condition in the case
of uncontrolled volatility if £ and g are regular in the sense of Cont and Fournié [57] so that the

functional Ité formula holds, see below.
Lemma 2.4.2. Assumption E.(ii7) holds if either
(i) the wvolatility is uncontrolled, A is bounded, f has bounded horizontal, first and second order
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vertical derivatives, Dyf, Vi f and V2, respectively. Moreover, the process U(t, X.n¢, ;) is square

integrable for any v € A, where A(t,z,a) := Dy fi(z) + 01(x)by(2, a) Vo fu(z) + 3(00 T )u(2) V2 fu(2);

(ii) the problem is in strong formulation with state dependent coefficients, unique strong solution.
This is, there is a probability space (0, F,F,P) and a P-Brownian motion W such that for any

v € A(x) there is a unique process X™" that satisfies

t t
th’V = Zo +/ br (X, vy )dr +/ or (X, vp)dWy, t € [0,T], P-as..
0 0

Moreover, (f,g) € C12(]0,T] x R,R) x C2(R,R) and A(t, X, 1) is square integrable for any
v € A, where A(t,z,a) = 8ify(2) + o(, a)by(z, a)0xfu(z) + 2 (00 " )u(a, )02, fu(z).

In light of Remark 2.4.1 we define m and 7 square roots of the processes

M*] — [M*]4—
ﬁz% := lim sup (M7)e — [M)s = ﬁf,Q := lim sup
E\O € 5\0 S

Building upon our previous analysis, we can profit from the recent results available in Djete, Pos-
samai, and Tan [76] to obtain the next dynamic programming principle, Theorem 2.4.3. It concerns
the local behaviour of the value function v. We also remark that time-inconsistent McKean—Vlasov

problems have been recently studied by Mei and Zhu [184].

Theorem 2.4.3. Let Assumption E hold, and v* € &(x). For {o,7} C Tyr, 0 < 7 and
P(x)-q.e. x € X, we have

v(o,7) = sup EP [U(T,XH / (fr(r,X,fr(X),uT)—E]P:« asG(r,M:)—;agma(r,M:)mzbdr
veA(o,x) o

o T 1
— [TER [0t X) [ (0t X NI ) + 0B X N )

o

Analogously, we can associate a system of BSDEs to the problem. Define for (s,¢,x, z,7v, ¥, u, v,

n,z,m,z,a) € [0,7)% x X x R? x S4(R) x Sg(R) x Rx R x R x RY x R x R? x A

hi(s,z,z,a) = fi(s,z,fi(z),a) + b (z,a) - O't(.’E,CL)TZ;

1
Fy(z,2,%u,mz) == sup {h(t,z,z,0)} —u— -2z £z32 G(t,m),
a€A(z,%) 2
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and V*(t,x, z) denotes the unique (for simplicity) A-valued Borel-measurable map satisfying

0,T] x X x RY 3 (t,2,2) — V*(t,x, 2) € argmax hy(t,z, 2, a).
acA

In light of Theorem 2.4.3, we consider for (s,t) € [0,T]? and w € 2 the system

T T
Y; = &(T, X) + G(T, g(X)) +/ F(X, Z,,52,0Y,", M*,m?)dr — / Z,-dX, + K5 — K},
t t

_u* T
0 (w) =BT 0,605, X) + [ (00875 XN, ) 4 50817 (5, X N2 2 ()
t

d[M*]y o AN

My (w) = BFew [g(X)], NP (w) = BRow [fi(X)], @ o= S0 at2 = S0

where O, f (s, m,n,2) = OsfF (s, 2,n, V*(t, 7, 2)) and 02, fF(s,x,n,2) = 02, fF (s, 2,n, V*(t,z, 2)).

In the case of drift control only, we define

)T

h{(s,x,z,a) = fi(s,z,n,a) + bz, a) - o(z) 2,
1
OhY(s,z,v,n,7,a) = s fi(s,x,n,a) + by(x,a) - O‘t(ZL')T’U + §ZT0't(:L‘)TO't(l') 202 fi(s,z,n,a),
Hé)(l‘, Z, U, m,z) ‘= sup {h?(t7$7 Zy CL)} —u- 85G(t, m) - % ZTUt(‘T)TUt(I) z 8r271mc7(tv m)7
a€A

and (He) reduces to the infinite family of BSDEs which holds P-a.s. (recall the notations in Sec-
tion 2.2.3) for (s,t) € [0, T)?
T
Y, = £(T, X) + G(T, 9(X)) +/ HO(X, Z,,0Y", M, Z7) dr—/ 7, dX,,
t
T
Y = 0:€(s, X) +/ Ohg(s, X,0Z%, N>*, Z2* V*(r, X, Z,))dr —/ 0z; - dX,,
t
T
+/ (X V' X, 2,)) -0 (X)Z:dr—/ 7+ dX,,
t
T
NS = f(X +/ (X, V(1 X, 2,) - o (X)ZZ’*dr—/ 2 dX,.
S
In the same way, a necessity theorem holds. It does require us to introduce the following set of

assumptions.

Assumption F. Assumption B.(ii) and B.(iii) together with
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(i) there exists p > 1 such that for every (s,t,x) € [0,T]? x X
pop )Ep{|§(T,X)!p+ |0:8(s, X)[P + |G(T, g (X)) + |g(X) P + | f(X) P
cP(t,x

yYrs

T
+/ IF,(X,0,52,0,0,0) + [0h%(s, X, 0, N°*, 5%, 1) Pdr| < oo.
t

Theorem 2.4.4 (Necessity). Let Assumption E and Assumption F hold. Given v* € £(x), one can

construct (Y, Z, (K¥ )pep(x), 0Y) solution to (H), such that for any t € [0,T] and P(x)-q.c.x € X

v(t,z) = sup ET[Y;].
PeP(t,z)

Moreover, v* satisfies Definition 2.2.7.(¢i1), i.e. v* is a mazimiser of the Hamiltonian.

Remark 2.4.5. We would like to comment that the well-posedness of (Hg), i.e. the extended system
when only drift control is allowed, remains a much harder task. In particular, it is known that the
presence of a non-linear functionals of conditional expectations opens the door to scenarii with
multiplicity of equilibria with different game values, see [164] for an example in a mean—variance
investment problem. Consequently and in line with current results available for systems of BSDEs
with quadratic growth, see Frei and Dos Reis [103], Harter and Richou [118], and Xing and Zitkovié

[265], we expect to be able to obtain existence of a solution, but not necessarily uniquness.

Finally, one could also include into the analysis on the current chapter rewards allowing for
recursive utilities as studied in [245]. Recall these are models in which the utility at time ¢ is not
only a function of the state variable process and the action but also of the future utility. This is,

for (¢t,z,v) € [0,T)?> x X x A(t,z), the reward in given by
J(t, x,v) = E [,
where ) is the first coordinate of the solution to the following BSVIE
T T
V=&t X) +/ ky(t, X, Yy, Z2)dr —/ Z7-dX,, 0<t<T, P-as.,
t t

where k is a non-anticipative functional that allows for, possibly, non-linear dependences on future
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utilities. We highlight we have taken expectations with respect to P € A(t,x) in the definition of
J(t,z,v). As we work under a general filtration, the solution to the previous BSVIE is Ff’mx)
and therefore the need to take expectation. Of course, the analysis would require to derive the

corresponding DPP and from it deduce the system encoding equilibria. This will be part of our

analysis in Chapter 5.

2.5 Proof of Theorem 2.2.2

This section is devoted to the proof of Theorem 2.2.2, namely we wish to obtain the correspond-
ing extended version of the dynamic programming principle. We begin with a sequence of lemmata
that will allow us to study the local behaviour of the value of the game. These results are true in
great generality and require mere extra regularity of the running and terminal rewards in the type

variable.

Throughout this section we assume there exists v* € £(x). We stress that no assumption about
uniqueness of the equilibrium will be imposed. Therefore, in the spirit of keeping track of the

notation, for (t,z) € [0,7] x X we recall we set

—* T
o(t,x) = J(t,t, 3, 0*) = EFee / oty X, 0 dr + €0 Xopr)|
t

and (Py ;)(t,x)e[O,T] «x denotes the unique solution to the martingale problem for (2.1.7), with initial
condition (¢,z) and fixed action process v*. Similarly, for w = (z,w,q) € Q, {o,7} C Tor, with

o <7,and v € A(o,z) we also set
U(U7 X)(w) = U(U(w)u x‘/\O’(W))? and J(Uv 7, X, V)(w) = J(U(w)v T(“’): T.po(w)s V)'

Our first result consists of a one step iteration of our equilibrium definition. This is in spirit

similar to the analysis performed in a discrete-time set up in [38].

Lemma 2.5.1. Let v* € £(x) and v the value associated to v* as in (P). Then, for (¢,¢,t,0,7) €
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R% % (0,£2) x [0,T] X Te e X Tipqe with o < 7, and P(x)-q.e. x € X

v(o,x) < sup  J(o,0,x,v Q@ UF),
veA(o,x)
(2.5.1)

v(o,z) > sup EF’ {’U(T, X) —|—/ fr(o, X, vp)dr + J(o, 7, X, v*) — J(1, 7, X, v")| — &l
veA(o,x) o
Proof. The first inequality is clear. Indeed for P(x)—q.e. x € X, @Zzw)’m € P(o(w), x) and therefore

v e Ao, x).

To get the second inequality note that for (e,4,t,0,7) € R x (0,42) x [0,T] X T 10 X Teaqe

with 0 <7, P(x)—q.e. x € X and v € A(o, )

v(o,x) = J(o,0,2,v°) > J(o,0,2,v @ v*) — el

@yt T T
= EP ’ {/ fr(O’, X, (I/ Qr l/*)r)dr +/ fr(0'7 X, (V K7 V*)r)dr +£(U’ X'/\T):| —el

_ EP” |:U(T’X)+/ fr(a,X,Vr)dr+J(a,T7X,V*)—J(TaT,X,V*)] — ¢,

where the last equality follows by conditioning and the F,-measurability of all the terms. Indeed, in
light of Lemma 2.10.3.1, an r.c.p.d. of P9 with respect to F,, evaluated at z, agrees with Fizx),x’
the weak solution to (2.1.7) with initial condition (7, x) and action v*, for PO ae. .z € X. As

all the terms inside the expectation are F,-measurable, the previous holds for P'-a.e. z € X. O

From the previous result, we know that equilibrium models satisfy a form of e-optimality in a
sufficiently small window of time. We now seek to gain more insight from iterating the previous

result. This will allow us to move forward the time window into consideration.

In the following, given (o, 7) € Ti1 x Ty.414, With o < 7, we denote by II¢ := (Tf)ie{lw.’ne} CTir

a generic partition of [0, 7] with mesh smaller than ¢, i.e. for ny:= [(1 —0)/f], 0 = 7§ < --- <
7t =1, Ve, and supy i, |7f — 7/ 1| < €. We also let Arf :=7f — 7. The previous definitions
hold w-by-w.

Proposition 2.5.2. Let v* € £(x) and {o,7} C Ty, with o < 7. Fiz e > 0 and some partition
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I with € < €.. Then for P(x)-q.e.x € X

ng—1

» -
o)z s B lor )+ 3 [T X
veA(o,x) i=0 YT

ng—1
+ Z J(Tf,Terl,X, I J(TfH,TfJFI,X, Z ngsﬁ}.
=0
Proof. A straightforward iteration of Lemma 2.5.1 yields that for P(x)-q.e. z € X

—v T‘g
v(o,z) >  sup EF {/ ' frlo, X, vp)dr + J(U,Tf,X, Z J(Tf,Tf,X, V) —i—v(Tf,X) — 6£:|
veA(o,x) o

TZ
>  sup /(/1fT(U,X,l/r)dr+J(Tg,Té,X,V*)—J(Tf,Tf,X,l/*)
veA(o,x) JQ o

L
+ s B \o(e X0+ [l X
pEA(T),E) G

+ J(rf, 78, X, %) — J (18,78, X, %) — 255])[?”((1&))

4
— T
= sup EF {/ 1fT(O',X,l/T)dT+J(Tg,Tf,X,U*) —J(r, X v
veA(o,xz) o

Te
+U(T§,X) —|—/€2 fr(Tf,X,ur)dr—i— J(Tf,TQZ,X, Z J(TQK,TQZ,X, 2 254,
51

where the second inequality follows by applying the definition of an equilibrium at (Tf ,X). Now,
the last step follows from [85, Theorem 4.6.], see also [190, Theorem 2.3.], which holds thanks to
[86]. Indeed, as [ is countably generated and P(t,z) # &, for all (¢,z) € [0,7] x X, [86, Lemmata
3.2 and 3.3] hold. The general result follows directly by iterating and the fact the iteration is
finite. O

In the same spirit as in the classic theory of stochastic control, a natural question at this point
is whether there is, if any, an infinitesimal limit of the previous iteration and what kind of insights
on the value function we can draw from it. The next theorem shows than under a mild extra
regularity assumption on the running cost, namely Assumption A.(i), we can indeed pass to the
limit.

To ease the readability of our main theorem, for z € X, {0,(,7} C Tor with ¢ < ¢ < 7,
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v* € A(x), v € A(o, ), and any F;X-measurable random variable ¢, we introduce the notation

5 B o B
Ec "~ [€] =E" ®Fex[g),
where IP’ZTX is given by w —— Pl(’g(w)’mﬂg(w)) and denotes the F¢-kernel prescribed by the family of

solutions to the martingale problem associated with v*, see [232, Theorem 6.2.2]. Note in particular

EEP (] = EPrxe].

Proof of Theorem 2.2.2. Let € > 0, 0 < £ < £, and II be as in the statement of Proposition 2.5.2.

From Proposition 2.5.2 we know that for P(x)-q.e. z € X

L ny—1 Tf
v(o,z) > sup {EP |:U(T,X)+ Z/ o fT(Tf,X, vy )dr
vEA(o,) izo /T
ng—1
+ Z J(Tf,Tf+1,X, V*) - J(Tf+1,Tf+1,X, V*) - nﬁ££:| }
i=0
_ ng—1 TZ_Z
= sup {EP |:U(T,X) + Z /é o fo(th, X, I/r)dT‘—’l’Lgaff}
veA(o,x) i=0 7T
el ﬁiz (@), X (@) T / * / *
+ 30 [ETEOXON [Tt X07) = fo(el, X))
i=0 7 Tit1
f E =V ~
el X) - €l )P (a0)}
L ng—1 Tig
= sup {EP |:U(T,X) + Z /e o fo(th, X, Vr)dT—’rlg€4
vEA(o,x) i=0 /7
-1 «
Ty B B T ’ N ¢ Md 959
+ Z ET_£+1 ¢ (fT(TivaVr)*fr(Tz'—i-laX’Vr)) r ( c )
i=0 " Tit1
ng—1 _, _ «
PP
+ > ET¢+’1 [ﬁ(Tf,XAT) - ‘S(Tié+17X~/\T)] },
i=0 "

where we used the definition of J and conditioned. For (¢,x,v) € [0,T] x X x A(t,z), let G!(s) :=
I fr(s,z,vp)dr, s € [t,T). We set G(s) := G7(s), so that
neg—1

o
3 EF Ul A l/r)dr}
i=0 T3

ng—1

=Y G - 66D + [ (e Xow) — el X)) dr
1=0

[
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ng—1

= Y BV [G(a) - G| +EL T [ / TG X o) - e Xo))de|, (253)

‘ 1
=0 l+

where the last equality follows from the FTg+1—measurability of the integral and Theorem 2.1.1.

Now we observe that we can add the integral terms in (2.5.2) and (2.5.3), i.e

'rlgl —

T i+1
Z Epﬁllp [/l (fr(TiZavar) f?"( Tit1> 71/:))(17“‘1‘/ + (fr( X VT) fT(TiZ—i‘l’X’VT))dT

it1 g
ng—1 _

- Y hF ([ et Xy w0 - et Xy )]

Consequently, for every P(x)—q.e. z € X

. ng—1
v(o,x) > sup {EP [U(T,X) + > G(th,) — G(t) — TL(€€:|
veA(o,x) i—0
ne—1 5 B T
PR [ [ X, 0 )~ St X v ey v)dr| (254)
Tit1 o i1 i1
ng—1

# X BT (el Xor) —€lof, Xo)

}.

The idea in the rest of the proof is to take the limit £ — 0 on both sides of (2.5.4). As v is
finite we can exchange the limit with the sup and study the limit inside. The analysis of all the
above terms, except the error term [7 — o/f]el, is carried out below. Regarding the error term,
we would like to make the following remarks as it is clear that simply letting € go to zero will not
suffice for our purpose. As /. is bounded and monotone in ¢, see Remark 2.1.7, we consider £y given
by ¢ — £y as ¢ — 0. We must consider two cases for £5: when ¢y = 0 the analysis in the next
paragraph suffices to obtain the result; in the case £3 > 0, we can then take at the beginning of
this proof ¢ < ¢y < £, in which case all the sums in (2.5.4) are independent of ¢, we then first let ¢
go to zero so that [7 — o /l|el — 0 as ¢ — 0, and then study the limit £ — 0 as in the following.

In both scenarii the conclusion holds.

We now carry-out the analysis of the remaining terms. To this end, and in order to prevent
enforcing unnecessary time regularity on the action process, we will restrict our class of actions
to piece-wise constant actions, i.e. vy := Y p5q Vk1l(p, ,,0,](t) for a sequence of non-decreasing

F-stopping times (ox)k>0, and random variables (vg)g>1, such that for any k& > 1, vy is .7:52 .
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measurable. We will denote by APY(¢,z) the corresponding subclass of actions. By [86] the su-
premum over A(t,z) and APY(¢,z) coincide. Indeed, under Assumption A.(i7) and A.(iii), we
can apply [86, Theorem 4.2]. Assumption A.(ii), i.e. the Lipschitz-continuity of a — fi(¢,z,a),
ensures the continuity of the drift coefficient when the space is extended to include the running
reward, see [86, Remark 3.8]. Without lost of generality we assume (g;,)x>0 C IT¢, this is certainly

the case as we can always refine I so that v, = v; for 7f <r <7/ .

In the following, we fix w € €. A first-order Taylor expansion of the first summation term in

(2.5.4) guarantees the existence of vf € (f,75,), i € {0,...,n,} such that

ng—1

rt
> Glrha) = Glrt) = Aoy (F(et Xow) + [ 0t (ol Xovr)ar
1=0 o

ny—1

= | X arta(£gofs Xo) = 1yt X

Tk+1 ’Yz Tl€+1
+Z/ sfr%aXVk)dr_/é

Tk

asfr(Tz‘é—s—la Xa Vk)d’r)

ng—1

= Z |A +1’(pf ’A +1| +Z/ Pos f ‘A +1|)d7"> <2T(pf(€)+p85f(€)) g—>—0>()

The equality follows by replacing the expansion of the terms G(Tf+1) and the fact v is constant
between any two terms of the partition. The first inequality follows from Assumption A.(i), where
p and pp, ; are the modulus of continuity of the maps t — fi(t,2,a) and s — 0, fr(s,x,a), for a
constant. The limits follows by bounded convergence as the last term is independent of w. Thus,
both expressions on the first line have the same limit for every w € 2. We claim that for a well

chosen sequence of partitions of the interval [o, 7]

(2.5.5)
20, IE@V {/ fr(r, X, Vr)dT-l-/ Eﬁ:’x [/ Os fu(r, X, Vu)du} dr},

where the integrals on the right-hand side are w.r.t the Lebesgue measure on [0, 7|, and we recall the
term inside EFrx is FX-measurable. Indeed, following McShane [182], for £ > 0 fixed there exists,

w-by-w, It := (ﬁ;{)z‘e[w] a partition of [0, 7] such that the Riemann sum evaluated at II¢ converges
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to the Lebesgue integral w-by-w. With this, we are left to argue (2.5.5). Recall that so far, our
analysis was for w € () fixed, therefore one has to be careful about, for instance, the measurability
of the partition Y. An application of Galmarino’s test, see Dellacherie and Meyer [69, Ch. IV.

4

99-101], guarantees that ¥ € To 1 for all 4, i.e. the random times 7 are in fact stopping times.

See Lemma 2.10.3.3 for details. Finally, (2.5.5) follows by the bounded convergence theorem.

Similarly, a first-order expansion of the second term in (2.5.4) yields (vf)o<i<n, such that

ng—1

Z E?;jv |:/0'T (fr(TiZ’X7 (V ®Tf+1 V*) ) fT( Ti+15 ’(V ®Tf+1 V*)r)

+ AT_Ha fr( z+1’X’ (V ®Ti[+1 y*)r))d’l“:|

ng—1 5"
ZE
Z

< Tpa.s(£) =% 0.

LS OIS R S N AT By

Since the limits agree, we obtain that for an appropriate choice of IT¢ this term converges to

’ VfA e [/ 0 fulrlrs X, (v e 1))

“—%EP”U P x

Combining the double integrals in (2.5.5) and the previous expression we obtain back in (2.5.4)

/ s fulr, X, (v @, v )u)du}dr}

that for P(x)-q.e.z € X

— T —* T
v(o,z) > sup EF [’U(T,X) +/ [fr(r, X,v,) — Efrx {855(7‘, XAT) —|—/ Os fulr, X, v, )du”dr}
veA(o,x) o r

Now for the reverse inequality, note that for P(x)-q.e.x € X, @Zzw)’z € Plo(w),z), i.e. v* €
A(o, ). Second, by definition

o T T
v(0,7) = EPow [U(T,X>+ /U oo, X, v*)dr — / Fulr X, ) dr + (0, Xaz) — £0m X 0r)] .
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In light of the regularity of s — fi(s,z,a) and the measurability of v*, Fubini’s theorem yield

EP;;[/‘TTfT(O'XV drf/ fr(m, X, v0)d ]

:IE]PZ;{/JT <fT(T,X,V:) —EP;X{/J Os fulr, X, v, )du})dr],

where we also use the tower property. Proceeding similarly for s — £(s,x), we conclude that for

P(x)—qe x e X

—*

v(o,x) = EFo l:U(T, X)+ /UT (fr(r, X,vy) — EEZTX [855(7’, Xar) + /TT Os fulr, X, v )du])dr},

which gives us the desired equality and the fact that v* does attain the supremum. O

Remark 2.5.3. Let us comment on the necessity of Assumption A.(iii) for our result to hold. As
commented in the proof, a crucial step in our approach is that the sup in (2.5.4) attains the same
value over A(t, z) and AP¥(t,x). For this we used [86, Theorem 4.5] which holds in light of Assump-
tion A.(4i1). Indeed, after inspecting the proof of [86, Theorem 4.5], one sees that [86, Assumption
1.1] guarantees pathwise uniqueness of the solution to an auziliary SDE. From this, using classic
arguments as in Yamada and Watanabe [266], the uniqueness of the associated auziliary martin-
gale problem follows. However, as pointed out also in Claisse, Talay, and Tan [56, Section 2.1], the
previous condition can be relaxed to weaker conditions which imply weak uniqueness. As it is not
our purpose in this work to extend their results in such a direction, we have not pursued it. Possible

generalisations of this results are certainly interesting questions worthy of further consideration.

Remark 2.5.4. A close look al our arguments in the above proof, right after Equation (2.5.4),
brings to light how to obtain Theorem 2.2.2 for strict equilibria, or regular equilibria in [120] which
are point-wise defined. Indeed, we need to control £y, the limite — 0 of £.;,, see Remark 2.1.7.
In the case of equilibria, no extra condition was necessary as fe is uniform in (t,v). However,
for strict equilibria this is not the case and we could add, for instance, the condition that for
P(x)-qe xe X

inf &M’y > 0.
(t,v)€[0,T]x A(t,x)
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Remark 2.5.5 (Reduction in the exponential case). As a sanity check at this point, we can see what

Theorem 2.2.2 yields in the case of exponential discounting. Let, for any (t,s,z,a) € [0,T]>x X x A

fls,t,w,0) = e ) f(t,2,0), &(s,2) = e PTTIE (),

1 T _ -
J(t,z,v) = EF [/ eV Fr, X, v,)dr + e O TDE(X ap) .
¢
Notice that

T T
/t (8s§(r, Xonr) + / 0y fulr, X, v )du)d
— (e70T-T) _ D)X r) + /T (1 — e 0= F(r, X, v%)dr
T -
+/ (e—G(T—T) _e—G(T t) )f(?" X v )

Now, replacing on the right side of the expression in Theorem 2.2.2 and cancelling terms we obtain

that for P(x)—q.e.x € X

v(o,x) = sup EF {/ e~ 0= f(r, X, v, )dr + v(, X.pa7) |,
veA(o,xr) o

which is the classic dynamic programming principle, see [86, Theorem 3.5].

Finally, we mention that representations in the spirit of Theorem 2.2.2 have been previously
obtained, see [82, Proposition 3.2]. Nevertheless, this is an a posteriori result from a verification

type of result and follows from a direct application of Feynman—Kac’s formula.

2.6 The BSDE system

We begin this section introducing the spaces necessary to carry out our analysis.

2.6.1 Functional spaces and norms

Let (P(t, 7)) (t,2)e(0,r1xx be given family of sets of probability measures on (€2, F) solutions to the

corresponding martingale problems with initial condition (¢,z) € [0,T] x Q. Fix (¢,z) € [0,T] x X
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and let G be an arbitrary o-algebra on Q, G := (G,)s<y<7 be an arbitrary filtration on €, X be
an arbitrary G-adapted process, P an arbitrary element in P(t,z). For any (p,q) € (1,00)? we

introduce the space

o L7.(G) (resp. L},(G,P)) of G-measurable R-valued random variables £ with

l€llyy = sup EF(€P] < oo, (resp. ety o) = EFEP] < ).

cP(t,z)

e S7.(G) (resp. S7,(G,P)) of Y € Pprog(R,G), with P(t,z)-q.s. (resp. P-a.s.) cadlag paths on
[t,T], with

HYng = sup EP{ sup |Yr|p] < 00, (resp. HYng ®) = EP{ sup |yr|p] <oo>.
t,a PeP(t,x) relt,T) t,x relt,T)

o LY7(G) (resp. L{Y(G,P)) of Y € Pprog(R, G), with

r :
Wiy = sup B[ [ hptar)] <o
o eP(t,x

T 2
(seop 1V Ry =87 [ o) ] < o).
0

o HY (G) (resp. HY (G, P)) of Z € Pprea(R%, G), which are defined 57dt-a.e., with

T H
171y, = sup )EPK/O yazﬁm«) ] < 0,
o S T

P T 2 g
o 1 = [ ) ] <)

¢ I .(G,P) of K € Ppred(R,G), with P-a.s. cadlag, non-decreasing paths with K; = 0, P-a.s., and
such that

HK”%@(P) = EPUKT‘ID] <0

We will say a family (K*)pep(t,) belongs to I} . ((Gp)pep(t,e)), if for any P € P(t, ), K? ¢
Hﬁm(Gp,P), and

K[l = sup [K|f p < oo
LT pep(ta) 12 (P)

96



o MY, (G, P) of martingales M € Pop(R, G) which are P-orthogonal to X (that is the product X M

is a (G, P)-martingale), with P-a.s. cadlag paths, My = 0 and

D
IMIEy g = EF[[M]2] < oo,

Due to the time-inconsistent nature of the problem, for a metric space E we let P2, (FE,G)
be the space of two parameter processes (Ur)repo.rp2 : ([0,T]* x Q,B(0,T]*) ® G) — (B(E), E)

measurable.

. Efﬁ(g) (resp. L}, 2(G,P)) denotes the space of collections (£(s)) sefo,7] of G-measurable R-valued
random variables such that the mapping ([0, 7] x Q,B([0,T]) ® F7) — (£} ,(G), || - [cp ) (resp.

(ﬁp’ (G, P). I llzr_®))) = s = &(s) is continuous and

Iels = sup 1€l < o0, (resp I€lyas) = sup ey o) < o0).
s€l0,T s€[0,T

o Sﬁﬁ(@) (resp. Sp’ (G,P)) denotes the space of processes (Ur)reo 12 € P

meas

(R, Gr) such that
the mapping ([0, 7, B(0,T1)) — (SL.(G). | - sz} (resp. (S (G.B)). |- llp (s))) ¢ 8 — U* is

continuous and

U5 = sup [[U*[lgp < oo, {resp. [U]Ig P2(p = sup HDSH y <)
S st
te s€[0,T) b s€[0,T]

. Lg’g’Q(G) (resp. ]Lq’p’ (G,P)) denotes the space of processes (Us)rejo.1)2 € Peas(R, G7) such that
the mapping ([0, 71, B((0,T])) — (L{Z(G), || - lLar) (vesp. (LEZ(G,P)), || - lLere)) : s — U is

continuous and

o s||P — s
way.iﬁﬁvm$<wwﬁwuwme.gﬁﬂvmw <oo).

. Hfi((@) (resp. ]I-]Ip’ (G,P)) denotes the space of processes (Vx)ccjo,112 € P2 (R Gr) such that
the mapping ([0, 7], B(0,71)) — (H}7 (G, X), |- lar _(x)) (resp. (HY (G, X)), |- [lgp2 ) = s —
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V' is continuous and

VIIP = VeP, < (‘.Vp = VP < >
Vs = sup IV <o (resp VI o= sup VI o) <o

)

o MP2(G,P) denotes the space of two parameter processes (No)eejor)2 € Paeas(R,Gr) such that

y T

the mapping ([0, T, B([0, T1)) — (M} (G, P),|| - HMf,x(P)) : s — N* is continuous and

s||P
IV sup NIy ) < oo

P =
Mg (P)

e I”2(G,P) denotes the space of two parameter processes (Lt)reo,1)2 € Pihas(R, Gr) such that the

s

mapping ([0, 77, B([0,T7)) — (If ,(G,P), | - Hﬂf’,;)) : s — L* is continuous and

L0y 20y = sup 1Nl < oo
S )

%’:f.(ﬂ»)
Remark 2.6.1. To ease the notation, when p = q we will write Lgx(G) (resp. ]Ltﬁ(G)) for
L{7(G) (resp. Lg”£’2(G)). With this convention, L .(G) (resp. L?f(G)) will always mean ]L?i(G)
(resp. ]L?ﬁ’Z(G)). The spaces are L%ﬂ(@) and Hﬁ’f(@) are Hilbert spaces. For U € Sﬁf((}) we
highlight the diagonal process (Uf)té[oﬂ“] is well defined. Indeed, the path continuity of U® for all
s € [0,T] together with the (uniform) continuity of s — ||U®||s2 allows us to define a B[0,T] @ F-

measurable version. Finally, we will suppress the dependence on (0,x) and write Sx(G) for Sox(G)

and similarly for the other spaces.

We now begin our study of the system

T T T
Y, = §(T,X./\T)+/ Fu(X, Z,,,&f,ﬁYf)dr—/ Zr-dXT+/ dKF, t € [0,T], P(x) .5,
—* ! T ! ‘ (H)
OV (w) := EPie {asg(s,X.ATH / Dsf (5, X, V¥ (1, X, Z,«))dr}, (5.8) € [0, T]%, w € Q.
t

As a motivation of the notion of solution to (H), let us note that the first equation is a 2BSDE
under the set P(x), i.e. the dynamics holds P(x)-q.s. A closer examination of Definition 2.1.6
reveals that, unlike in the classical stochastic control scenario, one needs to be able to make sense

of a solution under any P(s,z) for s € [0,7] and z outside a P(x)-polar set. Fortunately, the
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results in [210] allow us to verify that constructing the initial solution suffices, see Lemma 2.8.1.

Definition 2.6.2. Let (s,z) € [0,T] x X, 9Y," be a given process and consider the equation

T
Yf’””zf(T,X.AT)Jr/ Fo(X, Z5%,52,0Y7) dr—/ Z" - dX, +/ AP, te [s,T). (26.1)
t

I T”

We say (Y, Z*% (K" )pep(s.2)) is a solution to 2BSDE (2.6.1) under P(s,z) if for some p > 1,

(i) Equation (2.6.1) holds P(s,z)-q.s.

.. s.x 75.x s.x X,P(s,x X, P(s,x
(i) (Y5, 2%, (KB pepio ) € SE L (FYTE™) s HE  (FY ) 5 (12 (FYF P))pep(on -

S,T

(iii) The family (K*%F)pep(s,y) satisfies the minimality condition

/ / /
0= essinff EY [K;"r’P - Kf’w’P |.7:£’F |, s <t<T, Pas., VP e P(s,x).
P/ €Ps o (t,PFY)

Consistent, with Definition 2.2.6, we set (Y, Z, (K )pepo)) = (YO, Z9%, (KO*F)pep(x)). We
use the rest of this section to prove Theorem 2.2.8, justifying that in the setting of this section our

approach encompasses that of [35].

Proof of Theorem 2.2.8. Let P € P(x) and consider (Q,Ff’mx), P). We first verify that (Y, Z, K)
satisfies first equation in System (H). A direct application of It6’s formula to Y; = v(t, X¢) with X
given by the SDE (2.1.7) yields that P-a.s.

T T
Y, =Yy — / (atu(rxw L TA(X), D0 (r, X,)])dr — /t ,0(r, X,) - dX,

1 T
= YT+/ up Fu(X,, Z,, %, 0)7) + Tr[EF ]} — ~Tr[d(X),T,]dr —/ Z, - dX,,
EEE 2 t

where we used (2.2.9) and the definition of H in terms of F as in (2.2.4). Next, by definition of 57

and with K; as in the statement we obtain
T
Y;:YT—|—/ F.(X,,Z.,0 T,ay’“ / Z,-dX, + Ky — Ky, P-a.s.
¢

Next, we verify the integrability conditions in Definitions 2.2.7.(i) and 2.2.7.(éi). As o is

bounded, it follows that for any P € P(x), X; has exponential moments of any order which

99



are bounded on [0, 7], d.e. IC, sup;e(o 1y EPlexp(c|X;]1)] < C < 00,VP € P(x),Ve > 0, where
C' depends on T and the bound on o.
The exponential grown assumption on v and de la Vallée-Poussin’s theorem yield that for p > 1

Y € SE(FYP™ P(x)). Similarly, we obtain (Z,0Y) € HL(FL"™, P(x)) x SE*FF "™ P(x)). To

derive the integrability of K, let P € P(x) and note that

T p
B <Gy (VI + sup B ([ 1705 2062, 000r) | + 10V s 4121 ) < o
x PEPX X X

where the inequality follows from the fact (¢, z, z,a) — F(t, z, 2z, a,0) is Lipschitz in z which follows
from the exponential growth assumption on f° and the boundedness of the coefficients b and o.
The constant C), depends on the Lipschitz constant and the value of p as in Bouchard, Possamai,
Tan, and Zhou [40, Lemma 2.1]. As the term on the right does not depend on P, we conclude
K e Hg((Ff’P)pe'p(x)). Note that the previous estimate shows as a by-product that the 2BSDE in
(H) is well-posed, see [210, Theorem 4.1]. Therefore, provided K satisfies the minimality condition
by [210, Theorem 4.2], we conclude 2.2.7.(3), i.e. (Y, Z, K) is the solution to the 2BSDE in (H).

We now argue that K satisfies (2.2.8). Following [230, Theorem 5.2], we can exploit the fact
the o is bounded and the continuity in time of X, Z and I for fixed x € X, to show that for ¢ > 0,
(t,v) € [0,T] x A(x,P) and 75! := T Ainf{r > ¢t : K, > K; + ¢}, there exists P~ € Py(t,P,FY)
such that k; < e, dt @ dP" on [r5, T] x Q. From this the minimality condition follows. Moreover,
by assumption, we know there exists P~ € PY(0,x, v*) where v* maximises the Hamiltonian, i.e.
62 = (00 ")( X, vf),dt ® dP*~a.e. on [0,T] x Q, and k; = 0, P*"~a.s. for all ¢ € [0,7]. Thus the

minimality condition is attained under P¥", i.e. 2.2.7.(iii) holds. Moreover, note that this implies
V(t, Xy, Z4,Ty) = V*(t, X1, Zy), P as. (2.6.2)

We are left to argue 9Y satisfies the second equation in (H). Given the regularity of s —
J(s,t,x), we can differentiate the second equation in (2.2.9). Using this, for s € [0, 7] fixed and

w = (x,w,q) € Q we can apply Itd’s formula to 9Y;® = 0sJ (s, t, X;) under @Z; This yields,
o T
0%, (w) =B |6(s, X0) + [ 0ufs, X0 V7 (1, X, 201,
t
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where the stochastic integral term vanished in light of the growth assumption on 9,J(s,t,z) and

we used (2.6.2). O

2.7 Proof of Theorem 2.2.10

We recall that throughout this section, we let Assumptions A and B hold. To begin with, from
the definition of the set A(¢,x), we can re-state the result of our dynamic programming principle
Theorem 2.2.2, by decomposing a control v € A(t, z) into a pair (P,v) € P(t,z) x A(t, z,P), where P
is the unique weak solution to (2.1.7) and v. We remark that for any given P € P(¢t, z), there could
be in general several admissible controls v. With this we state Theorem 2.2.2 as, for v* € £(x),
o,7€ Ter,o <7and P(x)qe ze€X

v(o,x) = sup sup EPV{ v(r, X) + /Tf (r, X, vp)dr

PeP(o,x) veA(o,z,P) (271)

/ { (r, X.aT) —i—/ Os fu TX,V;)du]dr}

The goal of this section is to show that given v*, P*, unique solution to the martingale problem
asociated with v*, and v(¢, z), one can construct a solution to (H). To do so, we recall that given
a family of BSDEs (V¥)pep 1, indexed by P(t,w) C Prob(Q) with (f,w) € [0,7] x Q, a 2BSDE
is the supremum over P(t,w) of the P-expectation of the afore mentioned family, see [230], [210].

This together with equation (2.7.1) reveals the road map we should take.

Let us begin by fixing an equilibrium v* € £(x). For (s,t,w,P) € [0,T] x [0,T] x Q x P(t, z)

we consider the FX-adapted processes

W(w):= sup EP [f(T,X) + /tT (fr(r, X, vp) — 8Y;T)d7‘:|,

veA(t,z,P) (2 7 2)
- . 7.
Y} (w) := EFte [asg(s,X./\T) +/ Os fr(s, X, I/,T)dr].
t
and on (Q,F}",P) the BSDE
T
VP = ¢(T, X A7) +/ E.(X,ZF 52, 0Y)dr (/ zZF.ax > 0<s<t<T. (2.7.3)
t
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Note we specify the stochastic integral w.r.t X is under the probability P. Our first step is to relate
V¥ with the solution to the BSDE (2.7.3). Namely, Lemma 2.7.1 says that V¥ corresponds to the

first component of the solution to (2.7.3).

Lemma 2.7.1. Let Assumption B hold, (t,w,P) € [0,T] x Qx P(t,z) and (V¥, ZF) be the solution
to the BSDE (2.7.3), as in Papapantoleon, Possamai, and Saplaouras [200, Definition 3.2], and

vF = V*(t, X, Z}). Then
YP(w) = EF” [VP]. (2.7.4)

Proof. Let us consider on (Q,Ffp, P), for t <u < T and v € A(t,z,P) the BSDE

T

T P
VPV = ¢(T, X.a7) + / (he(r, X, 287 vy) — Y )dr — ( / Zf’”'er> , P-a.s. (2.7.5)

u

Under Assumptions B.(ii) and B.(i), we know that z — h(¢, x, 2z, a) is Lipschitz-continuous, uni-
formly in (¢,z,a), that there exists p > 1 such that ([0,7] x Q,FX) > (t,w) — h(t,2,0,0) €
H22 (FF,P) is well defined, and that Y € HE (F}",P). Moreover, as for any v, and 7 in
A(s,z,P), (00" )(X, 1) = 67 = (00" )¢(X, i),dt ® dP-a.e., P is the unique solution to an uncon-
trolled martingale problem where (o0 "):(X) := (00" ):(X, ;). Consequently, the martingale rep-
resentation property holds for any local martingale in (€2, F¥, P) relative to X, see Jacod and Shiry-
aev [142, Theorem 4.29]. Therefore, conditions (H1)—(H6) in [200, Theorem 3.23] hold and the above
BSDE is well defined. Its solution consists of a tuple (Y, ZFv) ¢ Dgx(IFf’P,IP) x HE , (Ff’P,]P’)

and for every v € A(t,z,P) and P” is as in Remark 2.1.4 we have
—=v P —v T
EF [YP*] — EF [g(T, X)+ [ (fr Xow) = 0¥7)dr|, e e 0.7,
t

In addition, the solution (V, 2F) € D (FY", P)xHE , (F", P) to BSDE (2.7.3) is well defined,
by Assumption B.(iii) guarantees. Furthermore, conditions (Compl)—(Comp3) in [200, Theorem
3.25] are fulfilled, ensuring a comparison theorem holds. Indeed, as X is continuous (Compl) is
immediate, while (Comp2) and (Comp3) correspond in our setting to B.(ii) and B.(i), respectively.

By definition, 7} satisfies (0o )¢(X,7}) = 62,dt ® dP-a.e. on [t,T] x X, and so, #* € A(t,z,P).
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By comparison, we obtain

Vi (x)= sup EF [V}"]<EF DF].
veA(tx,P)

O]

Remark 2.7.2. (i) In the literature on BSDEs one might find the additional term [ dNT in
(2.7.3), where N¥ is a P-martingale P-orthogonal to X. Yet, as noticed in the proof once (oo )s(X)
is fized, uniqueness of the associated martingale problem guarantees the representation property

relative to X.

(i9) We remark that an alternative constructive approach to relate Y to a BSDE is to consider for

any v € A(s,x,P) and t > s the process
b t
NP = (4,8, X, v (P)) +/ (f,(r, X, vy) — DY)
0

However, as the careful reader might have noticed, this requires that for a given P € P(s,z) we
introduce v*(P) the action process attaining the sup in (2.7.2). However, the existence of an ac-
tion with such property is not necessarily guaranteed for all P € P(s,z), at least without further

assumptions, which we do not want to impose here.

Remark 2.7.3. At this point we are halfway from our goal in this section. For (t,w) € [0,T]x$2, the
previous lemma defines a family (yP)[pep(t7w) of Ff’P—adapted processes. Recalling our discussion
at the beginning of this section, all we are left to do is to take sup over (P(t,x))w)co,mxx- In

other words, putting together (2.7.4) and (2.7.1), we now know
v(t,z) = sup EF V] (2.7.6)

PeP(t,x)

In light of the previous remark and the characterisation in [210], we consider the following

2BSDE

T T
Y, = &(T, X. A7) +/ F(X,Z,,52,0Y")dr —/ Z,-dX, + Kj — K}, t €[0,T], P(x)-q.s. (2.7.7)
t t
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With this we are ready to prove the necessity of System (H).

Proof of Theorem 2.2.10. We begin by verifying the integrability of 9Y", defined as in (2.7.2). From

Assumption B.(ii) we have that for any s € [0, 7]

T
[0Y®||sp < sup EF |(33£(5,X./\T)|p—|—/ 05 £ (s, X, v})|Pdr| < oo.
PeP(x) 0

Therefore, as Assumption A.(i) guarantees the continuity of the map s — H@YSHSg (X P(x)) the

result follows.

Let us construct such a solution from v* € £(x). Under Assumption B.(i7), it follows from
(2.7.6) and [210, Lemma 3.2] that v is ladlag outside a P(x)-polar set. Therefore the process v
given by

+ = li t
vy (@) re@m%%,m”( ,T),

is well defined in the P(x)—q.s. sense. Clearly v is cadlag, Ff’P(x)—adapted, and in light of [210,
Lemmata 2.2 and 3.6], which hold under Assumption B, we have that for any P € P(x), there exist
(2P, K7) € HE (FY",P) x I§  (F}"", P) such that

T T P
v =&(T, X ar) + /t Fr(X, 2.,57,0Y,)dr — ( /t zZ - d)@) +KE - KP,0<t< T, Pas.

@d[v+)X]t
dt

Moreover, the process Z; := (G7) , where (62)® denotes the Moore-Penrose pseudo-inverse

of 67, aggregates the family (ZP)PE’])(X). The proof that (K P)Pep(x) satisfies the minimality condi-

tion (2.2.8) is argued as in [210, Section 4.4]. The result follows by well-posedness of (2.7.7).

Arguing as in [210, Lemma 3.5], we may obtain that for any P(x)-q.e. x € X and P € P(¢t, x)

v = esssup’ JF,
PeP(t,PFY)

with VP as in (2.7.3). Consequently

v(t,z) = sup EF[vf].
PeP(t,x)
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Moreover, as for any ¢ € [0,7] and P(x)-q.e. z € X, RV; attains equality in (2.7.6), see The-
orem 2.2.2, we deduce, in light of (2.1.4), P¥ " attains the minimality condition. This is, under P¥",
the process K? equals 0. With this, we obtain (v', Z, (K)gep(x)) and 9Y are a solution to (H).

Moreover, Lemma 2.7.1 implies

v € argmax hy(t, X, 7, a), dt @ dP"" -a.e.., on [0,7] x X.
aeAt(x76—t2($))

2.8 Proof of Theorem 2.2.12

This section is devoted to proof the verification Theorem 2.2.12. To do so we will need to obtain
a rigorous statement of how the processes defined by (H) relate. This is carried in the following

series of lemmata.

Lemma 2.8.1. For (x,z,s) € X x X x (0,T] consider the 2BSDEs

T T T
Ytzg(T,X)—i—/ Fo(X, ZT,G,?,@Y;")dr—/ Zr~dXT+/ dKE, t € [0,T], P(x)-q.s.,
t t t

T T T

Y — (T, X) + / Fo(X, 757,62, 0Y7)dr — / 757 . dX, + / dKs2, ¢ € [5,T), Pls,)qs.
t t t

Suppose both 2BSDEs are well-posed. Then, for any s € (0,T],

Y; =Y s <t <T, P(s,x)-qs., for P(x)—qe.z € X,
Zy = ZP%, 52dt @ AP(s,x)-q.e. on [s,T] x X, for P(x)-qe.z € X,

KF = Kf’x’PS’”, s<t<T, Ps,as., for P-ae zec X VPeP(x).
Proof. Following [210], we consider for (¢,z) € [0,T] x X
Vi(x) ;== sup EF [yﬂ,
PeP(t,x)

where for an arbitrary P € P(s,x), Y¥ corresponds to the first coordinate of the solution to the
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BSDE
T T
VP =€(T, X A7) +/ F.(X, 2F,52%,0Y")dr 7/ 2ZF . dX,,s <t <T, P-as.
t t

It then follows by [210, Lemmata 3.2 and 3.6] that )AJ+, the right limit of JA/, is Ff’ﬁ(x)—measurable,
P(x)-q.s. cadlag, and for every P € P(x), there is (ZF,KF) € H2(F} ", P) x IZ(F}", P) such that

for every P € P(x)

YTy

R T R T T
Vi = (T, X.pr) +/ Fu.(X, 27,52, 0V7)dr —/ 2P .4X, +/ dRF, 0<t<T, Pas.
t t t

By [149], there exists a universal process [J, X] which coincides with the quadratic co-variation

of YT and X under each probability measure P € P(x). Thus, one can define a universal Ff’P(x)—

predictable process Z by
(2.8.1)
and obtain,
V= &(T, X pr) +/ F(X,Z,,62,0Y7)dr — / Z,-dX, +Kp — K}, 0<t < T, P(x)-q.s.
t t
By well-posedness, we have that

V=Y, 0<t<T, P(x)—q.s.; Zy = Zy, 62dt ® dP(x)—q.c. on [0,T] x X;
(2.8.2)

KPP =KF 0<t<T, Pas., VP e P(x),
where the latter denotes the solution to the first 2BSDE in the statement of the lemma. Thus,
as Y71 is computed w-by-w, we can repeat the previous argument on the time interval [s,T] and
QX ={weQ:z =ux.,0 <r < s}, ie fixing an initial trajectory. Reasoning as before, we
then find that on Y, Yt s Fz(s’m)—measurable and P(s,z)—q.s. cadlag. By well-posedness of the

second 2BSDE in the statement of the lemma, this yields the analogous version of (2.8.2) between
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(V. Z,(K¥)pep(sa)) and (Y57, Z5%, (K5 )pep(s ). It is then clear that
Y; =Y, s <t <T,P(s,x)-qs., for P(x)-qe xz e X, se (0,T].

The corresponding result for Z follows from (2.8.1). The relation for the family (K P)Pep(x) holds
P-by-P for every P € P(x) in light of the weak uniqueness assumption for the drift-less dynamics

(2.1.7) and [56, Lemma 4.1], which guarantees that for any P € P(x) and P-a.e. x € X

T P T IP]s,a:
(/ Ly - Xr> = (/ Ly - XT) , 0<s<t, Py as.
t t

O]

Lemma 2.8.2. Let (P,v) € M(x). For (s,z) € [0,T] x X consider the system, assumed to hold

Py —as.
T T
OVI = Dot (r, Xonr) + / Oha(r, X, 02T, 1) du — / 027 . dX,, s <t<T,
T r (D)
V= €0 Xor) + [l X, Zhv)du— [ 25Xy, s <t T
t t
2 X’P;I 14 2 X7P}s’,z 1 . .
Let (0Y,0Z2) € SEy(F,." >, Py ) x HRZ(FL ", Py, X) be the solution to the first BSDE in

X PY X,PY
(D). Then, the mapping [0,T] > s — (0Y°,02°) € SE (F."**, Py, ) x HE ,(F." ", Py, X)

S,z

is Lebesgue-integrable with antiderivative (Y, Z), that is to say
T T
</ ay’“dr,/ OZTdr> =T -5zt — z9%), Ps —a.s.
S S
Furthermore, letting

. T
Y/ (w) := EFte {855(7“, XAT) —i—/t Osfulr, X, v)dul, (s,t) € [0,T], w € Q,

it holds that Y = EF+=[0)5] and J (s, s,x,v) = EF=[V?]. If in addition Y € SE*(FY" %), for

any t € [s, T

—y T —y T
EPes { / 8Y[dr} — P { / ay:dr].
t t
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Proof. We first prove the second part of the statement. Note that

Vi =&(s, XoaT) +/ (fr(s, X, vp) + bp(X, 1) -5} Z2)d / Z; - dX,, Py —as.,

= &(s, X A7) +/ fr(s, X, v )dr —/ zZ:-dX,, F;xfa.s.
¢ t

This implies
T Ipw
yt (‘/L') e P.sa: |:£(7" X/\T / fu ’r' X Vu)du‘ t+ :|

Therefore, by taking expectation
o =V T
EPs,= D};(w)] =P |:§(8, X./\T) + / fT(S, X, Z/T)dT:| = J(S’ s, x, ]/)_

The equality 0Y = 0)%, is argued identically. Now, to obtain the last equality we use the fact
X,PY
that 9Y € SE2(F," >, PY,). Indeed, the continuity of the mapping s — (8Y*,0Z*) guarantees

the integral is well-defined. The equality follows from the tower property.

We now argue the first part of the statement. Again, we know the mapping [0,7] > s —
(0Y%,027) is continuous, in particular integrable. A formal integration with respect to s to the

first equation in (D) leads to

afr ~T r
. (s, X,vp)ds + b.(X, 1) - 0, / 0Z:dsdr

T T T
| ovias= [ [ 5

T T T
+ / 0s&(s, X.ar)ds — / / 0Z:ds - dX,.
s t s

Therefore, a natural candidate for solution to the second BSDE in (D) is (Y*, 2%, N'%), solution of

the BSDE
T T
y;:g(s,X.ATH/ (o (5, X, 07) + b (X, yr).ajzmdr—/ 254X,
t t

Let (TT); be a properly chosen sequence of partitions of [s,T], as in [240, Theorem 1], IT* =

(8i)i=1....n, With ||TT?|| < £. Recall As! = sf — sf . For a generic family process X € H@’:?E(G), and
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mappings s — 0s§(s,z), s — O0sf(s,z,a) for (s,z,a) € [0,T] x X x A we define

I'(x ZASZXS 0X = XT — X*, I'(0&(- ZAsfag ),
=0 =0
ISCNNE = ZAsea fe(st,z,a),
1=0

and notice that for any ¢ € [0, 7]

I°9Y ) — (8Y),

= 10,60, X.01) ~ (€T, Xr) = €05 X)) - [ (102, — (52)) X,

+ /tT (IO ) (-, X, ) = (Fr(T, X, v0) — fr(s, X, 1)) + 600 (X, ) [TNDZ), — (6Z),]dr.

Thanks to the integrability of (Y, 0Z) and (Y, Z), it follows that I*(0Y)—(5Y) € HE:2 and similarly
for 0Z and Z. Therefore, [40, Theorem 2.2] yields
1140Y) — (B2, + 114(02) — (62)|12.

I4BuEC, Xonr)) — (€(T, Xonr) — f(s,X.AT))‘p

T P
b [ 1@ )ale Xow)) = (T X0) = fol, X)) [ a].

The uniform continuity of s — 95£(s,z) and s — 0sf(s,x,a), see Assumption C, justifies, via

bounded convergence, the convergence in Sg}x(}Fx Fe Py ;) (resp HE ) of T {0Y*) to YT — Y (resp

I1902°) to ZT — Z%) as £ — 0. O

Lemma 2.8.3. Let (P”,v) € M(x), (s,z) € [0,T] x X and (0Y,0Z) and (Y, Z) as in (D). Then
T T
Vi=yk +/ he(r, X, Z5 1) — OYkdr 7/ Zl-dX,, §<t<T, Ps,as. (2.8.3)
t t
Proof. By evaluating 0) at r =t in (D) we get

T T
OVl = 0Lt Xxx)+ [ Ohult, X, 02Lm) — [ 021X, Psas.
t t
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We will show that for s <t <T, Py ,-a.s.

T T
(T, Xpr) — E(t, Xopr) + / ho(ry X, 27, v)dr — / 274X,
t t

T T T
—/ hy(t, X, Z}f,yr)dr—/ Zﬁ‘er—i-/ oy, dr.
t t t
Indeed
T T T T T T
/ ayrdr:/ Bsf(r,X./\T)err/ / ahu(r,X,ﬁzg,yu)dudrf/ / 02, -dX,dr.
t t t r t r

Now, Assumption C.(i7) and 0Z € H{;’ﬁ(FfP:’I,P” X) yield

S,x?

T rT T u
/ / 6hu(r,X,8Z5,vu)dudr:/ / (Os fu(r, X, vi) + Gubu(X, vy) - 021)dr du
t r t t

T
:/ (hu(u)X7237Vu)_hu(t7X7ZZ7VU))du
t

D
Moreover, ||8Z||H;3,2(X) < 00 guarantees fOT EPs.e [fOT ]@Z{’th} *dr < o0 so a stochastic Fubini’s

theorem, see Da Prato and Zabczyk [66, Section 1.4.5], justifies

T rT T
/ / 075 -dX,dr = / (Zy — Z[] - dXy, P! —as.
t T t

Proof of Theorem 2.2.12. We will first show that with v* as in the statement of the theorem Y;(z) =

J(t, t,x,v*) for all t € [0,T] and P(x)—q.e. z € X. To do so, let (s,z) € [0,T] x X and note that

Assumption C.(i) guarantees that the corresponding 2BSDE under P(s, z) is well-posed. Indeed,

it follows from Soner, Touzi, and Zhang [229, Lemma 6.2] that for any p > p’ >k > 1,

| . .
sup Ep{esssupp ( esssup.  EY ||E(T, X A7) |" +/ |F(X,0,52,0Y,)|dr ]:tJr]) } < 00.
PEP(s.2) s<t<T \ P/eP, ,(tPF+) s
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The well-posedness follows by [210, Theorem 4.1]. Now, in light of lemma 2.8.1, for any s € [0, 7]

Y, =YY", s<t<T, P(s,x)-qs., for P(x)-qe. x € X,
Zy = 7P, 52dt @ dP(s,x)-q.e. on [5,T] x X, for P(x)-q.e. x € X, (2.8.4)

K} = Kf’x’PS’I, s<t<T, P, as., for P-ae z € X, VP e P(x).

We first claim that given a solution to (H) for any (s, z) € (0,T]x X, IP’” attains the minimality

condition for the 2BSDE under P(s, z), see Definition 2.6.2. Indeed, by Definition 2.2.7.(#i7)

EPS [Kﬁg; - Kf)z*"} —0,0<t<T.

As KPox is a non-decreasing process, this implies K Fox = 0 and therefore ]P’ﬁfx attains the min-
imality condition for the 2BSDE in (H) under P(x). This implies, together with (2.8.4), that for
P(x)-q.e.z € X and s € [0, T

]:é)i” = EPZ; [K; Kjxp } =0, PZ;—a.s.,

s,x,P stF’

EP%= [EPZQ [KT —RKYTe

which proves the claim. Consequently, for P(x)-q.e. z € X and s € [0, 7]

T T
Y = Y = &(T, Xoor) + / Fo(X, 257,62, 0V )dr — / 757 dX,, s <t<T, PYyas.
t t

We note the equation on the right side prescribes a BSDE under IP’Z; € P(s,z). Moreover, given
that for P(x)-q.e. 2 € X and s € [0,T], V} (X, Z;"") = V}(X, Z),dt @ dPY,—a.e. on [s,T] x X, we

obtain
Y5 = €(T, X.pr) +/ (r, X, Zy,v%) — OY)") dr—/ 75 dX,, s <t <T, PV as.
In particular, at t = s we have that for P(x)—q.e. x € X and t € [0,T]

P [v"] — B m{g(T X pr) +/ (r, X, Zy, 1) — OYT)dr|. (2.8.5)

X P XY
Now, in light of Assumption D, there exists (0Y,0Z2) € Sf,ﬁ(lm’ b)) X H2’2(F+’ “* X) such

t,x
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that for every s € [0, 7]
T
ayfzasf(s,X.AT)+/ Ohy(s, X,02,, v, duf/ 0Z,-dX,, t<s<r<T, Ptm

In addition, Lemma 2.8.2 yields

. s T T (T
EPY { / %rdr} _ g { / EPY [655(7', Xopr) + / s fulr, X, V;)du} dr} :Em,z[ / ay;“dr}
t t T t

Therefore, from Lemma 2.8.3 and (2.8.5) we have that for P(x)—q.e. z € X and t € [0,T]
V* l/* T
EFte[v,)"] = EFte [g(T, X 7)) + / (he(r, X, Z5% 1%) — ay;’)dr} = J(t,t,x,v"). (2.8.6)
t
Finally, arguing as in [64, Proposition 4.6], (2.8.6) yields that for P(x)—q.e. z € X and t € [0, 7]

o(t,z) = sup EF[V"].
PeP(t,z)

It remains to show v* € £(x). Let (¢,¢,t,x,v) € RY x (0,4:) x [0,T] x Q x A(t,x), £ to be

chosen, and v ®;4¢ v* as in (2.1.12). Recall we established that for P(x)-q.e.z € X, t € [0,T]

7"77‘7

T T
T(t, b2, 0%) = £(T, X) +/ Fu.(X, 707,52, 0Y7)d r—/ 74 dX, + K5 KPP P4 a)-gus.
t t

V@4 eV*

By computing the expectation of the stochastic integral under P we obtain

J(t,tyx, v*) — J(t, t, v Qpyp V)
T ’,"

v
=P [ T, X) +/ (r, X, Z5% 08) = bp(X, (v @ppe v¥)y) - 6, ZE%)dr

—&(t, X) —/t (fr(t, X, (v @pyg v7)r) + OV, )dr

V@t v

— EP [g(TX £(t, X) +/ hy(ry X, ZE vX) — he(t, X, Z5% 0F) — aY:dr]

77" 1"77“

r o 7‘

t+£
+/ hy(ry X, Z5, vX) — he(t, X, Z5% v) + he (8, X, Z57,0F) — by (r, X, Zf;v"f,w)dr],
t

where the inequality follows from dropping the K term. Since for P(x)-q.e. z € X, V} (X, Z;") =
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Vi(X,Z:),dt ® dP-a.e. on [s,T] x X for all P € P(s,x), we have the previous expression is greater

or equal than the sum of

{{(T,X) E(t+£4,X)+ T(h (r, X, ZV* v¥) — he(t + 6, X, Z5" vF) — 9Y,)dr|,

r oo Ur r oo Ur

V®¢ oV

I ;= EP
P
I, :=E E(t+4,X)—&(t, X) thXI/ )dr + frt+€Xl/)
t+4
+/ (f?"(rﬁXv V:) —8Y7f)dr},
t

V®t+["

t+4
I —EP /t (fr(T,X,Vr)_fr(thvyr)"i_fT(t’X?V:)_fT(T’X’V:))dT ’

We now study each remaining terms separately. First, regarding I, by conditioning we can

see this term equals 0. Indeed, this follows analogously to (2.8.5), by using the fact that (d, ®4e

ﬁu*,t+f,x) VR yV*

is an r.c.p.d. of P see Lemma 2.10.3.1, together with Lemma 2.8.3.

wWEN ‘ t+01

We can next use Fubini’s theorem and ® as in Assumption C to express the term I as

@y t4-£
I, =EP {

D.£(r, X)dr+/ / 0, fu(r, X, v ) dudr

/ / Os fu(r, X, vyy)dudr —
t+/ t
o

EPt+e,: [®(r, X)] — EP~ [(I)(T',X)jld’f‘:l,

t+4
oy, dr]

_EP

t

where the second equality follows by conditioning, see Lemma 2.10.3.1. Now, arguing as in the proof
of [232, Corollary 6.3.3], under the weak uniqueness assumption for fixed actions ,IP’t”;xn — Py .
weakly, whenever (t,,x,) — (t, ).

By Assumption C.(ii), for every (r,t,z) € [0,T]2 x X, EFtrea [@(r, X)] — EFte [@(r, X)],
¢ — 0. Moreover, as t — ®(t, z) is clearly continuous and (r,t) € [0, T]?, the previous convergence

holds uniformly in (r,t). Together with bounded convergence we obtain that for P(x)-q.e. z € X
and v € A(t,x), D [@(r, X)] — D [@(r, X)], ¢ — 0, uniformly in (¢,7).

We now argue that the above convergence holds uniformly in v. Indeed, Assumption C.()
guarantees that for P(x)-q.e. z € X' the family M7 (%) := Eﬁtﬂ%fc[fb(r, X)) - EF:e [@(r, X)], is
P(t, x)—uniformly integrable. Thus, provided P(t,z) is weakly compact, an application of the

non-dominated monotone convergence theorem, see [74, Theorem 31], yields the result. In order
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to bypass the compactness assumption on P(t, ), we consider the compact set A™!(t, ), see [86,
Theorem 4.1], of solutions to the martingale problem for which relaxed action processes are allowed,
i.e. ignoring condition (ii¢) in the definition of P(¢,x). By [86, Theorem 4.5], the supremum over

the two families coincide. With this we can find ¢, such that for ¢ < £,

t-‘ré 7V®t+e v*
/ sup EP
t veA(t,x)

Finally, to control I3, we see that Assumption C.(i7) guarantees there is £, such that for all (r,z,a) €

ﬁl/@t v*

[®(r, X)] — E

[@(r, X)] ‘dr < el.

0, 7] x X x A, |fr(s,z,a) — fr(t,x,a)| < /2 whenever |s — t| < £, so that

TVt
EIF’

t-+0
/ ‘fT(T7X7V7')dr_fT(t?X7VT’)|+|fr(t7X7V:)_fT(T7X’V’r'*)‘dT See
t

Combining the previous arguments, we obtain that for 0 < ¢ < £, P(x)—q.e. x € X and (t,v) €
[0,T] x A(t,x)

J(t7tax7 V*) - J(t7tax7 v ®t+€ V*) > —el.

2.9 Well-posedness: the uncontrolled volatility case

We start this section studying how System (H) reduces when no control on the volatility is
allowed. Intuitively speaking the first equation should reduce to a standard BSDE and under our
assumption of weak uniqueness for (2.1.7) we end up with only one probability measure which allows
a probabilistic representation of the second element in the system. We first study the reduction in

the next proposition.

Proposition 2.9.1. Suppose o¢(x,a) = oi(x,a) =: or(z) for all a € A, ie. the volatility is not
controlled, then System (H) reduces to the following system which for any s € [0,T], holds P-a.s.
for any t € [0,T]

T T
Y :S(T,X.AT)—i—/ H,?(X,Zr,ay;r)dr_/ 7, . dX,.
t t
T T (HO)
8}/{9 = asg(S,X./\T) +/ 6/1?(8,)(’ aZf,V*(T‘, X, Zr))dr _/ 8Zf . er
t t
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Proof. As the volatility is not controlled there is a unique solution to the martingale problem

(2.1.6), i.e. P(x) = {P}. In addition, since (oo )i(z,a) = (oo ")s(z) for all t € [0, T], then
Zi(@) = {(o0 " )i(@)} € S} (R), A, 0(x)) = A.

Let (Y,Z,K) be a solution to the 2BSDE in (H). As P(x) = {P}, the minimality condi-
tion implies that the process KT vanishes in the dynamics, thus (Y, Z) is a solution to the first
BSDE in (H,). Now as the family 9Y is defined P-a.s., Y is well-defined in the P-a.s. sense too.
Finally, P(x) = {P} guarantees that the predictable martingale representation holds for (FfP, P)-
martingales. With this, it follows that for s € [0,7], 0Y*® in (H) admits the representation in (H,),

which holds up to a P-null set. O

Remark 2.9.2 (HJB system exponential case). As a sanity check at this point we can check what
the above system leads to in the case of erponential discounting in a non-Markovian framework.

Defining f(s,t,x,a) and F(s,x) as in Remark 2.5.5, note that
174 T ~ ~
J(t,z,v) =EF { / 00D fr, X, v,)dr + e_e(T_t)F(X./\T)} =YL
¢
Notice that
Yy = he 0T =) +/ 0009 f(r, X, v%) + b(r, X, %) - o(r, X) T Z2)d / 0z - dX,,
and as it does turn out that Z] = Z,, see Lemma 2.8.2 and Theorem 2.2.12, we get

T
JY} = ge 0T +/ =0 f(r, X,V:)+b(r,X,u:)-a(r,X)TZf,)dr—/ 0zt - dX,
t

Y / O f(r, X p)dr 4 e T O E(X )| FYF | = o
t

Thus

T T
T)+/ HO(X,, Z" ,emdr—/ 27 - dX,, v} (2, 2,u) = arg max {h9(t, z, 2, a) }.
t t a€A

In the classic Brownian filtration set up, e.g. assuming o is non-degenerate and n = d, the above
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BSDE corresponds to the well known solution to an optimal stochastic control problem with expo-

nential discounting, see [273].

We would like to stress the fact that the existence of a solution to System (H,) is in general
not guaranteed. Indeed, for a fixed v one could try to find the family of BSDEs (9Y*)cp0,77,
determined by the second equation and use this solution to obtain Y. Nevertheless, this approach
becomes nonviable as a result of the coupling arising from the choice of v in the first equation and
its appearance in the second one. The general treatment of systems as (H,) is carried out in the

Appendix.
Proof of Theorem 2.2.15. The result is immediate from Theorem 3.3.5. O

Remark 2.9.3. The general well-posedness result, i.e. in which both the drift and the volatility are
controlled remains open. In fact, as this requires to be able to guarantee the existence of a probability
measure P* under which the minimality condition (2.2.8) is attained, we believe a feasible direction
to attain this result is to go one level beyond the weak formulation, and consider and work in a
relazed framework, see for example [86] for a precise formulation of control problems in relaxed

form.

2.10 Auxiliary results

2.10.1 Optimal investment and consumption for log utility

We provide the necessary results for Section 2.3. We start with expressions to determine the

functions a(-) and b(-). We introduce the quantities

2

D 717 gi=1— 717 on(t) =1+ %sz—l— a®)P, an(t) = (1 — n)(an(t) + 2/3772(1 + ), te0,T].

Under the optimal policy (¢*,v*) we have that P "a.s.

dX, = X,(r + 820" + a(r) " 7)dt + B X, d Wy,

AX 77 = (1 — )X} ay (£)dt + pBdWy],
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dU(c*(t, X)) = a()? X, " (a1 (t) — pa'(H)a(t) ") dt + pBdIV,),
which we can use to obtain that for P € P(¢, x)

EF[U(¢*(r, X)) = U(c*(t, ) + 2277 /tr exp (/tu OéQ(U)dU>G(U>q(041(U) — pd'(u)a(u)~")du,
T
EF[U(Xr)] = U(z) exp (/t ag(u)du).

By direct computation in (2.8.3) one finds that in general a must satisfy

T
0= d/(6) + (1= matlan(t) + o)l ~ 1) + (T~ exp [ aa(uyu)
¢
T r T
+/ o' (r— t)/ exp (/ ozz(v)dv>a(u)q(a1(t) —pa'(u)a(u)fl)dudr, tel0,7T), a(T) =1,
t t t
where we recall a; and «ay are actually functions of a. The boundary condition follows as Yy (z) =
U(z) for all z € X. The previous equation is, of course, an implicit formula that reflects the

non-linearities inherent to the general case. A general expression for b can be written down too.

We have refrained to do so here.

Nevertheless, in the particular case n = 1, which corresponds to the log utility scenario, the
expressiona involved simplify considerably, which reflects the fact that all non-linearities vanish.

Indeed, in this case p=1,¢=0, a0 =7+ 3/2 — , &g = 0 and one obtains

0=0(t) +a(t)ai(t) —loga(t) / ¢ (s —t)(A(s) — A(t) — log(a(s)))ds

+ (T = D)(AT) — A(t)) + log(@)[a(t) + (T — ) + & (T — 1),
where A(t) denotes the antiderivative of a;. To find a we set
dt)+o(T —t)+(T—-t)=0,te[0,T), a(T) = 1.
This determines both o and A. b is then given by setting the first line in the above expression

equal to zero together with the boundary condition b(7") = 0.
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2.10.2 Extensions

This section contain the proofs of the results in 2.4. We begin with the proof of Lemma 2.4.2

which verifies conditions under which the additional requirement in Assumption E is satisfied.

Proof of Lemma 2.4.2. In the case of uncontrolled volatility, the weak uniqueness assumption im-

plies that there exists a unique probability measure P and a P-Brownian motion W such that
¢
X =9 +/ or(Xopp) - dW,, t € [0, T], P-a.s.
0
In light of the regularity of f, we have

f’I‘(X'/\T) - ft(X~/\t) = /t Ql(u, X~/\U7Vu)dr +~/t Uu(X/\u)vxfu(X/\u) : der

from which we obtain

PV®t/ v*

t/ ' *
o I, (X)) |F] = f.(X,) + / EP[RA(1t, X, 1) V| Fildu + / EP (1, Xong, ) V27" | Fdu.
t t/ ’

Thus

v tIV* V* t/ * *
EP (X)) F] — BF [f.(X,)|F)] = /t EP [0ty X s 1) EX 7| Fo) — BP [ty X o, ) EX ] Fi)

+EP (EZ%/V* _ g;:*T) /t/ W(u, Xopy, vy,)du Ft].

The result then follows in light of the integrability of the first term, applying Holder intequality to

the second term and the estimate

/

2
BP[lers — erpl’| 7] SEP[(/t v, —u:|dr> } <Cl 1

To obtain the result in (i7), notice that by uniqueness of the strong solution X** we have

* ¢ T v v*
EP[f, (X7 )| F) = f.(X) + t ]EP[A(U,X;’,VU)|ft]du+/t/ EF[A(u, X, v | Fildu

t r
= ft(Xt) =+ / EP[A(U7X?7VU)|ft]du+ / EP[.A(U,Xf 7”2)|Ft]du
t t/
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Thus, the result follows from

t/

EF[f, (09| R — BF[f (X)) | ] = t E°[A(u, XY, va)| Fe) — EF[A(u, X)7, vp) | F)du

O]

The next sequence of results build up to the proof of Theorem 2.4.3, namely we wish to obtain the
corresponding eztended version of the dynamic programming principle. We begin with a sequence
of lemmata that will allow us to study the local behaviour of the value of the game. These results
are true in great generality and require mere extra regularity of the running and terminal rewards
in the type variables (s,n,m). Our first result consists of a one step iteration of our equilibrium

definition.

Lemma 2.10.1. Let v* € £(x) and v the value associated to v*. Then, for any (e,f,t,0,7) €

(0,00) x (0,€:) x [0,T] X Tgt40 X T pte with o < 7, and P(x)-q.e.z € X,

o(o,z) > sup EF [( X) + / Fr(0, X B [6(X)], vy )dr + EFr [G<a, EF [M7]) - G, M:>]
veA(o,xz) o

- T —
FE | [ (o Xonr B [N:ﬂ,v:)—me.M,NZ’*,V?)dT] et

+ P {g(a, Xoar) — E(7, Xopr) | — 2t

Proof. To get the second inequality note that for (e,/,t,0,7) € RY x (0,4:) x [0,T] X Ty 140 X Ti, 140

with 0 <7, P(x)-q.e.x € X and v € A(o,x)

v(o,x) = J(o,0,2,v*) > J(o,0,2,v @, V") — &l

’ { JT f(0, X EF 6 (0], (v @0 0%), )dr
+ [ f(ox B ”[f( n (v @, v*),)dr

R
Al

+&(o, X a7) + G(o, EP

9(X.aT)])
V®7—V
— [/fraXIEP[f z/rdr+/ r

IJ®7—V

o, X, EP [NJ*,vr)dr

+EF [f(U,X/\T)—l—GJEP (M) }
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— g [U(T,X)Jr / £o(0, X, B [f, (X)], 1) dr
—* T =V
+ EP {/ fr(a,leEP IND*,vr) = fr(T, X, NJ* vp)dr

+&(0. Xar) = £(r, Xonr) + G0 EF [M7]) = G(r, M >H A

where the last equality follows by conditioning and the F; measurability of all the terms.
Indeed, in light of [232, Theorem 6.1.2], an r.c.p.d. of F@TV*\]—} evaluated at = agrees with

@:(I)@, the weak solution to the martingale problem with initial condition (7, ) and action v*, for

P _a.e. 2 € X. As all the terms inside the second expectation are Fr-measurable the previous

holds for P'-a.e. z € X. O

From the previous result, we know that equilibrium models satisfy a form of e-optimality in a
sufficiently small window of time. We now seek to gain more insight from iterating the previous

result. This will allow us to move forward the time window into consideration.

In the following, given (o,7) € Ty 7 X Ti.ive, With o < 7, we denote by I1* := (7f)i=1._.n, € Tt
a generic partition of [0, 7] with mesh smaller than ¢, i.e. for ny := [(7 — 0)/{], 0 =: <<
7t =7, V0, and sup,c,, |7f — 71| < £. We also let Arf := 7! — 7/ . The previous definitions
hold w-by—w.

Proposition 2.10.2. Let v* € £(x) and {o,7} C Ty, with o < 7. Fiz e > 0 and some partition

I with ¢ < €e. Then for P(x)-q.e.x € X

_, ng—1 =
v(o,z) > sup EF [ (1, X) + Z/ X/\T,EPTf"[fr(X)],Vr)dr
veA(o,z)

ng— 1 71/

] 0
+ Z E N /z fr( X/\r,E "t " [Ny T l,vr) = fr(Tz‘EJrle-/\rerTz“*’V:)dr
LJT,

i+1

ng— 1 71/ r =
. P
+ X E |G B My ) - Gl My 1)]
ne— 1 71/

+ Z E l+1" _§(Tf,X-/\T) — 5(7—7:[+17X'/\T) — ngd”.
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Proof. A straightforward iteration of Lemma 2.10.1 yields that for P(x)—q.e. z € X

—y 7_2 v v
vonz sw B[ [ 1eh B 00 var + B G0 B ) - G )
veA(o,x) 75 1

FEE el X0 — €0, X) + o(7, X)| - et
7t o ) v
> s [Tl XET 0L v)ar + B GG B ) - G )
veA(o,x) /Q ¢ 1 1

B T i ‘ ‘
T U fr(7d, X, oske NI 0% — £ (el X, NTVS v dre + €07, X) — €7, X)}

~ ¥4 ¥4
FINTE, ) = fo (el X, N ) dr + 6 X) — wf,X)}

FE |G B D) - Glrf, Mip)| + o(ma X0 [P (00) - 2
2 2
_ T Y 4 P’
— sup E [%z,X) + [ X BT (X w)dr + [ S, X BT (0], v )dr
veA(o,z) To T
ﬁ:; ¢ I ) Ik %
+E ™ /E fr(T,X,E 0 [Ny, r) f7‘(7_1"X"NT1 ’Vr)dr}
71
ﬁl’* _ ﬁl/
FEH (€, X) = €01, X) + Gt T8 M3g) - G 03 )|
ﬁuz r rT , @VZ . ¢ 74 %
+E ™ /Z fT(TlaXvE Tl"[ 7”27 ]’V:) _fT(TZ’X7Nr27 ,V:)drj|
L T2
B [e(el,X) — e0ef, ) + GGLETE ) — Gt A | 22t

where the second inequality follows by applying the definition of an equilibrium at (Tf, X). Now,
to justify the last step follows we first note that as we let the reward depend on EFt=[f,.(X.,,)] and
EFte[g(X.A7)] we need a dynamic programming result for McKean—Vlasov control. This result is
recently available in [76, Theorem 3.1]. The statement of the lemma follows directly by iterating

and the fact the iteration is countable. O

To ease the readability of the next result, recall that for x € X, {0,(, 7} C Tor with o < ( <7,
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v* € A(x), v € A(o, ), and any F;X-measurable random variable ¢, we introduce the notation
E; T g =EF oo,

where IP’ZTX is given by w —— ]P”(’g(w) ) and denotes the F¢-kernel prescribed by the family of

T-AC(w)
solutions to the martingale problem associated with v*, see [232, Theorem 6.2.2]. Note in particular

EEP (] = EPrxe].

Proof of Theorem 2.4.3. Let € > 0, 0 < £ < /. and II* be as in Proposition 2.10.2. It then follows
that for P(x)—q.e.z € X

. np—1
v(o,z) > sup EF [U 7,X)+ Z / (7}, X, E ot (X)), v )dr
veA(o,xz)
ng— 1 71/ T,l . Te .
+ Z E "o { (rf, X, E [N 1, vX) = frlrhis, X, Ny HY ,V:)dr}
ng—1 71/ 5,
+ Z IE T {g f+1,X) + G(Tf,IE Ti,»[M:erl]) - G(TZ-ZH,M%H) — ngd”
. np—1
= sup EF [ 7, X)+ Z/ (4, X, ]E g “f (X)), vp)dr
veA(o,xz)
ne—1 _, _

V l/ @Z‘ f ok Zz *
+ Z E +1 |:/£ fT(Tf7X,E TP [N:+1 ]71/:) _fT(TZ‘€+1,X,N:+1 ,V:)dT:|
i Tit1

ng—1

@ll
+ Z EP 7 §(rf, X) — &(rfr, X) + G(7/, E Tf"[M:Z D) = G(ripr, MYy ) —nget|.
z+1 i

i+1 Ti

For (t,z,v) € [0,T] x X x A(t,z), let R(s) := [7 fr(s, X, f.(X),vp)dr, s € [0,T], so that for

1=0,...,np— 1,

=V

5[ gt X B0 ] = B [Rmﬁl) ~R()]

=V

+E UU (ol X B 6 (O] 14) — (i, X, (X, 1)),
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where we used the fact that EF¢. [f:(X)] = fi(X) for ¢ € [0,(]. Consequently, for P(x)-q.e.x € X

— ne—1
v(o,x) > sup {EP {U(T, X)+ Z R(Tf+1) — R(Tf) — ngel
veA(o,x) i=0
ng—1

Z EF [ / (o (et X B 6, (0], o) — fr(TfH,X,fT(X),yr))dr]

- e (2.10.1)
B [t XN (e, XN )]
. i+1 Tit1

’I’Lgl

e et 20 - 66t 0 + GG BT D ) - Gt )]

141

The idea in the rest of the proof is to take the limit £ — 0 on both sides of (2.10.1). As v is
finite we can exchange the limit with the sup and study the limit inside. The analysis of all the
above terms, except the error term [7 — o/f]el, is carried out below. Regarding the error term,
we would like to make the following remarks as it is clear that simply letting £ go to zero will not
suffice for our purpose. As /. is bounded and monotone in &, we consider £y given by £, — {g as
e — 0. We must consider two cases for £5: when £y = 0 the analysis in the next paragraph suffices
to obtain the result; in the case £y > 0, we can then take at the beginning of this proof ¢ < ¢y < £,
in which case all the sums in (2.10.1) are independent of €, we then first let £ go to zero so that
[T —0o/l]el — 0 as ¢ — 0, and then study the limit £ — 0 as in the following. In both scenarii

the conclusion of the theorem holds.

We now carry out the analysis of the remaining terms. To this end, and in order to prevent enfor-
cing unnecessary time regularity on the action process, we will restrict our class of actions to piece-

wise constant actions, i.e. vy := 5 Vg1 for a sequence of non-decreasing F—stopping

or—1.0x] ()
times (ok)x>0, and random variables (vj)x>1, such that for any k£ > 1, vy, is F, gg_l—measurable. We
will denote by APY(t,x) the corresponding subclass of actions. By [77] the supremum over A(t, x)
and APY(t,z) coincide. Indeed, under Assumption E.(iv) and E.(v), we can apply [77, Theorem
3.1 and Lemma 4.3]. Assumption E.(iv), i.e. the Lipschitz-continuity of a — fi(¢,z,1n,a), ensures
the continuity of the drift coefficient when the space is extended to include the running reward, see

[86, Remark 3.8]. Without lost of generality we assume (ox)r>0 C I1¢, this is certainly the case as

we can always refine I1¢ so that v, = v; for TZ <r< T
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In the following, we fix w € €. A first-order Taylor expansion of the first summation term in

(2.10.1) guarantees the existence of v/ € (7f,7f,4), i € {0,...,ng} such that

ne—1

.
X Rirtin) = ROE) = Artaa (£ X0 + [ 005 rlos X 00000 )| 2102)

ng—1
=| ¥ ( (2, X0 (), ) — Foa(rl, X, £e(X), 12)

4 ¥4
Tr+1\Y. Tht1
[ 0ol X, (), wydr— | BSfT(TfH,X,fT(X),Vk)dr)

k=0""Tk k

ng—1
< 3 18etal(prl187ta) + Corl1artal +Z [ i) + (At o)

< Clps(6) + pe(0) + po,s (1) = 0.
The equality follows by replacing the expansion of the terms R(Tf+1) and the fact v is constant
between any two terms of the partition. The first inequality follows from Assumption E, where
pf, pr and pp, s are the modulus of continuity of the maps t — fi(t,z,a), t — fi(x) and s —
Os fr(s,x,a). The limits follows by bounded convergence as in light of Assumption E the constant
in the last inequality and the last term are independent of w. Thus, both expressions on the first
line have the same limit for every w € 2. We claim that for a well chosen sequence of partitions of

the interval [o, 7]

WZ:IR e -
e R(r)
) { / X (X)) /;Eu»:fx[ /J Dufu(r. X,fu(X),uu)du]dT],

(2.10.3)

where the integrals on the right-hand side are w.r.t the Lebesgue measure on [0, 7], and we recall
the term inside E@:fx is FX-measurable. Indeed, following McShane [182], for £ > 0 fixed there
exists, w-by-w, I := (%f)ie[w] a partition of [0, 7] such that the Riemann sum in (2.10.2) evaluated
at II¢ converges to the Lebesgue integral w-by-w. With this, we are left to argue (2.10.3). Recall
so far our analysis was for w €  fixed, therefore one has to be careful about, for instance, the
measurability of the partition (?f)lgz‘gng- An application of Galmarino’s test, see Dellacherie and

Meyer [69, Ch. IV. 99-101], guarantees that 7 € To,r for all 4, i.e. the random times # are in fact
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stopping times. Finally, (2.10.3) follows by the bounded convergence theorem.

We now move to the second term in (2.10.1). Similarly, there are 7f € (Tf,TH_l) [0, 1]-valued
. ot .
random processes 0%, i € {0,...,ng}, such that for n;" "™ := 01 f,(X) + (1 — 9’)1[-3 " [£,(X)], defined
dt ® dP"—a.e., it holds that

v [ i P’y
B [0 [ X (0] 00) = (0, X6 0,0 A 00 (1, X (X))
i=0 77

_,rne—1
= E]P {ZO / Hl AT—H(a fT(r}/zaX f( ) Vr) 8sfr(7—z'€+1aXafr(X),Vr))d""}

+E [Z / oy (X ) (100 — B [mxn)dr]

{WZ:I/ AT, +1|Paf(\€|)dr]

Eﬂ“’”[wzl / O X ) (F(X) —Epff"[fAX)])dr]

< Cpoy(|t]) + CE? [Z /;H
i=0 YT

IP’ P’

(X))~ E ()] \d’"] -
where in the first inequality we used Assumption E and the fact that EF¢. [f(X)] = fi(X) for t €
[0,(]. The same argument together with the fact that n — fi(s,z,n,a) has bounded derivatives,
which holds by Assumption E, yields the second inequality. The limit follows in light of the
continuity of z — fi(x), and of (t,z) —— Py, for the weak topology. Since the limits agree, we

find the second term converges to

~ EP”[leA “/g Oy (rhey, X F, (X),VT))dr}

~ ¥ {/ E@Z’X [/{: 8Sfu(r,X,fu(X),uu)du]dr].

(2.10.4)

Similarly, we can write the third term in (2.10.1), namely

n[—l —y = g *
S LT[ R XTI ) — ot X T |

it1
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as the sum of

ng—1

71/ I/ 4 ,
=Y E U ol XN ) = ol XN )],
z+ T’L
ne—1l _ e (2.10.5)
=y ET CLL XN ) = gt XN )]
'L+ T’L
As for I, we now there are v/ € (77, Terl) [0, 1]-valued random processes 0;, i € {0,...,ng}, such
gt "
that for nt”l’ = 0IN]"" + (1 — )N, e
el et (T . L,
Z E T {/2 (fT(Ti’X’NTW ) (T H—l’X Ny Tt ) :))dr
Tiv1
+/ AT 105 fr(Tiins X, Ny ,vp)dr (2.10.6)
H—l

+/£ anfr(Tié’N;Z 7*)ANZZ+1’*+ 582 fr(T N, 17 ‘AN:HL*‘Q)dr]

ne—1 i V
= Z E f+1 |:/ A +1 8 fT( Z+17X ‘ZVT'H—17 9 r) a f?"(fy'LvX NT'H_I’ ) :))dr
Til+1’*2 O Pl ATE* 7,+1’
+5/ AN P (0B, ool N ) = B2 ot ) )
T’Le+1
— T -t ng—1
T?po;(|¢]) + CEF [/ sup|Aer+1’ Z ‘AN o ‘ dr } 0,

where in the first equality we used the fact that the first order term in the expansion for n cancels.

The inequality follows from Assumption E, the fact that #° € [0,1] and the ]-"T)f . ,-measurability of
4

AN Lastly, the limit follows in light of the continuity of 2 — fi(x) and the continuity of

(t,x) — Py, for the weak topology. Therefore the limits in (2.10.6) agree.

We now study the first order term, in n, in (2.10.6) together with I, as defined in (2.10.5).
T_Z ’T.Z ﬁ'/ Z ’
We claim the limit is zero. Indeed, for 7, := 8N;*" + (1 — 6/)E T[N *} we have that there

exists C' > 0 such that

ng—1 _ _ » T T oy -

ZEPM U <f7"(7 X E NI 00) = o (e XN ) = u i (7 N ANT )drH
ne—1 _ T —=v - R L .

= E ]E |:/ (a f?“( ’L 7777" )(EPT57~|:NT1+1 ] era ) o 8nfr(7-ijTi£7 )ANT1+17*)dT:|

1+1
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SV T A P’ T T 2 T, % T
— Y EF U (8nfr(7'f,nTTf)(EPTf"[Nrf“’*] - Nf“) ~ Oufo(rf NI )ANr’[“’*)dr}

0 i
1= 1
ne—=1 _ o . R ¢ . ¢ i . ‘
_ Z EP |:/£ (8nfr(7—z€777;1) o 8nf'r‘(7—i£7N7Ti 7*)) (]E Tf,-[NTz+17*] . N;l 7*)d7{|
i=0 Tit1
ng—1 _ T B ¢ 0.2
<o 5| [ ) - N ar] S,
i=0 Tit1

where the inequality follows again from Assumption E.(i) and the fact that ¢ € [0,1]. The limit

follows from Assumption E.(#ii).

We are only left left to compute the limit of

ne—1 —v =¥ T £ 1 £ £

P i+1% n i 1% |2
Z ET?; {/e (ATiz—l-lanT(Tié—i—laXa Ny vr) + iagnfT(TiévN: *)|ANTT+1 | )dr}
i=0 " Tit1

Regarding the first term, note that for an appropriate choice of II¢, as in [182],

ng—1

Eﬁy A l E@:* = T / 7-f+17* *
Z Tit+1 o ¢ anT(Ti+17X7 Ny 7VT‘)dT
i=0 Tit1

—v - T
20, gP {/ EFu {/ 8sfr(u,X,Nﬂ’*,V:)dr}du}

e
As for the second term let us note that, ignoring the factor 1/2,

el e T
ST
; 7 -

i+1

. - ¢
BB, of, NE AN ]

ng—1

— T —u* N T_g £
— B [Z / | Efrns [fﬁnfr(rf,Nﬁ’*)\ANf“’*F]dr].
i=0 “Tit+1

Then, we can use the fact that AN, """ = 0 for ¢ € [0, 7;], to express it as the sum of

—*

7 Tneg—1 iz 5 . s - 12
I3 :=E [/ Z E mi+1- [8nnfr(7'i,]\7ﬁ’ AN }dr}

K3
ezl mg R ¢ ¢
=B | X [ G NI AN ],
i=0 YT
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In light of Assumption E.(7), we obtain that I, converges to zero, whereas

T’ng—]_ —*

v

Y A T8 % Tt
EP |: Z ]EPT""Fl" |:8§nf’r(7-i£, Nrf7 )’A]errl *|2:| dT‘:|
=0

g

£—0 —~P” T ﬁy* 2 7 U2\ AUk
— E E* w02, fr(u, N )2™ | dudr |,
at last we use the fact that, by definition, ni"* = 0, dt ® d@y*fa.e., whenever r € [0, u] so that
— T rr —u* . — T =% T
EP |:/ / E]Pu" |:ar21nf7‘ (uy Ngy*)ﬁ32:| dudr} = EP |:/ EP“*' I:/ aﬁnfT(“? X7 N;:Ly*’ l/:)ﬁ;deT':| d'LL:| .
g g ag u

The argument for the fourth term in (2.10.1) is analogous, but simpler, to that of the third

term in (2.10.1) exploiting the corresponding properties in Assumption E.(ii)—-E.(ii7). O

We close this section with the proof of the necessity result in the extension section, namely

Theorem 2.4.4.

Proof of Theorem 2.4.4. This proof is analogous to the proof in the standard case. We just have
to verify the assumptions allow us to obtain the new version of the results. Indeed, let us result

that the proof of Theorem 2.2.10 in Section 2.7 is divided into two parts.

The first part consist of an application of the comparison theorem for the BSDE with terminal
condition £ + G(T,g(X)) and generator h for every P € P(t,z). Recall that as a function of z,
h is still Lipschitz. So all we are left to verify is that the term in F' outside of the sup has the
appropriate integrability, i.e. that for every (¢,z) € [0,7] x X, P € P(t,x), 0Y € HE (R, Ff’P,IP’)
and m? € HE . (R, Ffp, PP), recall that by assumption 02 G is bounded.The first result is immediate

from Assumption F.(7). The result for m? follow from the integrability assumption on g(X).

The second part of the proof is argued in the same way by introducing the regularised version

of the value function vt. O

2.10.3 Auxiliary lemmata

To being with we present a result that justifies our choice of the class A(¢, ) in our definition

of equilibrium.
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Lemma 2.10.3.1. Let 7 € Ty, v € A(x) and 0 € A(t,z). Then, P*®7 =P¥ @, P/ , v @, D €
A(t,z), Alt,z,7) = A(t, x).

Proof. The latter two results follows from the first. Let 7 € A(t,x), we claim that P* @, P? y is
well defined and solves the martingale problem associated with v ®, v*. Indeed, by [232, Exercise
6.7.4, Theorem 6.2.2] we have that w — PZZW),X(T(w),w) [A] is Fr-measurable for any A € F, and
P:Ew),X(T(w),w) (2] =1 for all w € Q. Therefore, Theorem 2.1.1 guarantees P ®, . Pf(.)’X(_) is well
defined and P” @, IP’Z(,) X0 equals P” on F; and (4, ®r(w) P:zw) oJweq is anr.c.p.d. of P @ P
given F,. In combination with [232, Theorem 1.2.10] this yields M¥ is a (F,P” @, P*"X)-local
martingale on [t,T] with control v ®;, v*. O
Lemma 2.10.3.2. Given (t,z) € [0,T] x X, 7 € Ter, (M,M) € M(t,z) x M(t,x) such that

v @, € At,z,P). Then P ®, @i, =Pe.

Proof. This follows from Lemma 2.10.3.1 and the fact we can commute changes of measure and

concatenation. OJ

Lemma 2.10.3.3. For £ > 0 let (’Yf)ie[ng] be sample points as in Theorem 2.2.2. (ﬁ/f)ie[w] are

F-stopping times.

Proof. We study (ﬁf)ie[w] as the argument for the other sequences in the proof is similar. The
result follows from a direct application of Galmarino’s test, see [69, CH. IV. 99-101], we recall it
next for completeness: Let ¢ be Fpr-measurable function with values in [0,7T]. g is a stopping time
if and only if for every t € [0,7T] we have that o(w) < ¢, (X,, Wy, Ar[¢])(w) = (Xp, Wi, Ar[p]) (@)
for all (r,¢) € [0,t] x Cp([0,T] x A) implies p(w) = o(@).

Now, in the context of Theorem 2.2.2 we are given IT¢ = (Tf)ie[w] a collection of stopping times
that partitions the interval [o, 7] C [0,T]. As ¢ > 0 is fixed we drop the dependence of the partition
on £ and write IT = (7;);¢[,,). Without loss of generality we consider the case of a partition of [0, T7.
For w € ) we can use [240, Theorem 1] to obtain a sequence of sample points (0;(w))iepn) of the

intervals prescribed by II, i.e. 9;(w) € [Ti—1(w), 7(w)] for all i. We want to show g; € To 1 for all 4.

A close inspection to the proof of [241, Theorem 1] allows us to see that for fixed w € €2 the

choice of g;(w) depends solely on [7;_1(w), 7;(w)] and the application ¢t — fi(t,x,a) for (t,z,a) €
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[0,T] x X x A. We recall that as the supremum is taken over AP¥(¢,x) the action process is a
fix value a € A over the interval [1;,_1,7;]. We first note that for @ €  as above the fact that
ITI € Tor, t.e. {m <t} € F, implies II(®) = II(w). Next, we observe that fi(t,X,v;)(w) =
filt,x.pp,a) = fi(t, X, 1) (@) as is fi(s,x,a) is optional for every (s,a) € [0,T] x A. These two facts

imply g;(w) = g;(@) and the result follows. O

130



Part 111

Backward stochastic Volterra integral
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Chapter 3

Lipschitz backward stochastic Volterra integral

equations

We saw in Chapter 2 that backward stochastic Volterra integral equations, BSVIEs for short,
appear naturally in the study of time-inconsistent stochastic control problems from a game theoretic
point of view, see Section 2.2.3 for details. This chapter is concerned with introducing a unified

method to address the well-posedness of these objects in the case of Lipschitz data.

In particular, we study a novel general class of multidimensional type-I backward stochastic
Volterra integral equations. Toward this goal, we introduce an infinite family of standard backward
SDEs and establish its well-posedness, and we show that it is equivalent to that of a type-I backward
stochastic Volterra integral equation. We also establish a representation formula in terms of non-
linear semi-linear partial differential equation of Hamilton—Jacobi—Bellman type. As an application,
we consider the study of time- inconsistent stochastic control from a game-theoretic point of view.
We show the equivalence of two current approaches to this problem from both a probabilistic and

an analytic point of view.

3.1 On Volterra BSDEs

In this chapter we want to build upon the strategy devised in Chapter 2 and address the well-
posedness of a general and novel class of type-I BSVIEs. We let X be the solution to a drift-less
stochastic differential equation (SDE, for short) under a probability measure P, and F be the P-

augmentation of the filtration generated by X, see Section 3.2 for details, and consider a tuple
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(Y, Z:,N:), of appropriately F-adapted processes, satisfying for any s € [0, 7]
T
vy :g(s)+/ (s, X, Y5, 25,7, 27 dr—/ Z5dX, - / dAN?, t € [0,T), P-as.  (3.1.1)
t

We remark that the additional process N corresponds to a martingale process which is P-
orthogonal to X. This is a consequence of the fact that we work with a general filtration F. To
the best of our knowledge, a theory for type-I BSVIEs, as general as the ones introduced above,
remains absent in the literature. Moreover, such class of type-I BSVIEs has only been mentioned

in [114, Remark 3.8] as an interesting generalisation of a classic type-I BSVIEs.

Our approach is based on the following class of infinite families of BSDEs

T
Vi = (T, Xonr) + / B (Xopgs Vs 20 YT, 20, 0YT)A / ZTdX,, t € [0,T], P-as.,
t
T
Y? =n(s, X A7) —I—/ (8, Xonr, V.2, 25, V0, 2, )dr —/ VTSTdXT7 t €10,7], P-a.s.,
t t

T T
OV = Bun(s, X pr) + / Vgr (5, Xonrs Y5, 025, Y2, Y5, Vs, Z,)dr — / 07°TdX,, t € [0,T], P-as.
t t

where (Y, Z,N,Y,Z,N,0Y,0Z,0N) are unknown, and required to have appropriate integrability,

see Section 3.3 and Equation (S).

We first establish the well-posedness of (S), see Theorem 3.3.5. For this it is important to
be able to identify the proper spaces to carry out the analyses, see Remark 3.3.3. Moreover, we
show that, for an appropriate choice of data for (S), its well-posedness is equivalent to that of the
type-I BSVIE (3.1.1), see Theorem 3.4.3. Noticeably, our approach can naturally be specialised to
obtain the well-posedness of previous BSVIEs considered in the literrature in the classic spaces, see
Remark 3.4.4. Moreover, as our results provide an alternative approach to BSVIEs, it may allow
for the future design of new numerical schemes to solve type-I BSVIEs, which to the best of our
knowledge, remain limited to [21]. In addition, we recover classical results for this general class of
multidimensional type-I BSVIEs. We provide a priori estimates, show the stability of solutions as
well as a representation formula in terms of a semilinear PDEs, see Proposition 3.5.1. Given our
multidimensional setting, we refrained from considering comparison results, see Wang and Yong

[254] for the one-dimensional case.
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As an application of our results, we consider the game-theoretic approach to time-inconsistent
stochastic control problems. We recall this approach studies the problem faced by the, so-called,
sophisticated agent who aware of the inconsistency of its preferences seeks for consistent plans,
i.e. equilibria. We show that as a consequence of Theorem 3.4.3, one can reconcile two recent
probabilistic approaches to this problem. Moreover, we provide, see Proposition 3.5.3, an equivalent
result for two earlier analytic approaches, based on semi-linear PDEs. We believe this helps to

elucidate connections between the different takes on the problem available in the literature.

The rest of the chapter is structured as follows. Section 3.2 introduces the stochastic basis on
a canonical space as well as the integrability spaces necessary to our analysis. Section 3.3 precisely
formulates the class of infinite families of BSDEs (S), which is the crux of our approach, and
provides the statement of its well-posedness, while the proof is deferred to Section 3.6. Section 3.4
introduces the class of type-I BSVIEs which are the main object of this paper, and establishes
the equivalence of its well-posedness with that of (S) for a particular choice of data. Section 3.5
deals with the representation formula for the class of type-I BSVIEs considered, and presents the
application of our results in the context of time-inconsistent stochastic control. Finally, Section 3.6

includes the analysis of (S).

3.2 The stochastic basis on the canonical space

As a note to the reader, we mention that in the spirit of keeping the formulation of each chapter
self-contained we will present it at the beginning of each of the remaining chapter of the thesis.

This will create a modest level of repetition.

We fix two positive integers n and m, which represent respectively the dimension of the mar-
tingale which will drive our equations, and the dimension of the Brownian motion appearing in
the dynamics of the former. We consider the canonical space X = C", with canonical process
X. We let F be the Borel o-algebra on X (for the topology of uniform convergence), and we
denote by FX := (FX )tclo,r) the natural filtration of X. We fix a bounded Borel-measurable map
o0:[0,T] x X — R™™ 5.(X) € Pumeas(R™™, FX), and an initial condition 2y € R". We assume

there is P € Prob(X) such that P[Xy = z9] = 1 and X is martingale, whose quadratic variation,
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(X) = ((X)t)sefo, ], is absolutely continuous with respect to Lebesgue measure, with density given
by oo . Enlarging the original probability space, see Stroock and Varadhan [232, Theorem 4.5.2],

there is an R™-valued Brownian motion B with
t
X =9 +/ or(X.ar)dB,, t €10,T], P-a.s.
0

We now let F := (F;)efo be the (right-limit) of the P-augmentation of FX. We stress that we
will not assume P is unique. In particular, the predictable martingale representation property for

(F,P)-martingales in terms of stochastic integrals with respect to X might not hold.

Remark 3.2.1. We remark that the previous formulation on the canonical is by no means neces-
sary. Indeed, any probability space supporting a Brownian motion B and a process X satisfying the

previous SDE will do, and this can be found whenever that equation has a weak solution.

3.2.1 Functional spaces and norms

We now introduce our spaces. In the following, (2, Fp,F,P) is as in Section 3.2. We are given

a finite-dimensional Euclidean space, i.e. E = R¥ for some non-negative integer k and | - | denotes

2

the Euclidean norm. For any (p, ¢) € (1,00)%, we introduce the spaces

e LP(E) of Fr-measurable, E-valued random variables £, with ||£]/%, := EF[|¢]P] < oo;

o SP(E) of Y € Popt(E,F), with P-a.s. cadlag paths on [0, 7], with |[Y||g, := EP[ s[up \Ytﬂ < 00;
t

)

T p
e LI2(E) of Y € Popt(E,F), with ||[Y |2, := EP[(/O |Y}|qdr> } < c0;

T 3
e HP(E) of Z € Pprea(E,F), defined oo, dt-a.e., with || Z||%, = IEPK/ \atZTIer> } < 00;
0

o MP(E) of martingales M € Pyp(E, F) which are P-orthogonal to X (that is the product XM is

D
an (F,P)-martingale), with P-a.s. cadlag paths, My = 0 and || M|}, := EP{[M]%} < 005

e L£P2(E) denotes the space of families (£(s)) sefo,r] of Fr-measurable E-valued random variables
such that the mapping ([0,7] x Q,B([0,T]) ® F) — (LP(E),|| - ||z») : s — &(s) is continuous,

Hf”inz ‘= SUDsc(0,7] Hf”%p < o0
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o Pheas(E, Fr) of two parameter processes (Uf)snepr2 @ (10,T]* x Q,B([0,T]?) ® Fr) —
(E, B(E)) measurable.

Finally, given an arbitrary integrability space (IP(E),| - ||1), we introduce the space

o IP2(E) of (Uf)(s,p)elo,m)? € P2 .s(E, Fr) such that the mapping ([0, 7], B([0,T])) — (IP(E), || -
[1p) : 8 — U* is continuous and [|U||}, > := supsepo. 71 1U° |5 < oc.
For example, HP?(E) denotes the space of (Zf)(spejo.1)2 € Preas(Es Fr), ([0,T],B([0,T])) —

(HP(E), | - ||me) : s — Z* is continuous and HZH%M 1= SUDe[o,7] | Z5||Fp < o0.
Lastly we introduce the space, see Remark 3.2.2 for further details,

« HP*(E) of (Z})(s e € Ph

meas

(E, Fr) such that ([0,7],B([0,T])) — (HP(E), || - |lm») : s —
Z* is absolutely continuous with respect to the Lebesgue measure!, Z € H?(E), where Z :=

(Zt)tefo,r) is given by

T
Zii=27 - [ 0z;dr, and, |21z = 1 2 na + 121 < .

Remark 3.2.2. When p = q, we will write LP(E) (resp. LP?(E)) for L% (E) (resp. L4P%(E)).
With this convention, L*(E) (resp. L*%*(E)) will be L**(E) (resp. L?>*2(E)). Also, SP*(E),
L%P2(E) and HP2(E) are Banach spaces.

In addition, we remark that the space H?(E) being closed implies HP2(E) is a closed subspace
of HP2(E) and thus a Banach space. The space HP2(E) allows us to define a good candidate for
(Z})teo.r) as an element of H?(E).2 LetQ :=[0,T]x X and & := (t,z) € Q. By the Radon-Nikodym

property and Fubini’s theorem, we may define

T -
3.(@) := 2] () —/ 0Z{(z)dr, dt ® dP-a.e. w € Q, s € [0,T],

'We recall that H?, being a Hilbert space and in particular a reflexive Banach space, has the so-called Radon—
Nikodym property, see [216, Corollary 5.45]. Thus the absolute continuity of the H2-valued mapping s — Z° is
equivalent to the existence of the density (0Z°)¢c,r], which is unique for Lebesgue-a.e. s € [0,T]. The fact Z is
well-defined is argued in Remark 3.2.2

2This is based on [114, Section 2.1]. The mapping s — Z° is assumed absolutely continuous, as opposed to
continuously differentiable. We are indebted to Yushi Hamaguchi for pointing out inconsistencies in the definition of
H?2 on an earlier version of this chapter.
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so that 35 = Z*°,dt ® dP-a.e., s € [0,T]. Lastly, as @ € Q, s — 3s(@) is continuous, we define

T
AREY A f/t 0Z{dr, for dt ® dP-a.e. (t,z) in [0,T] x X.

3.3 An infinite family of Lipschitz BSDEs

We are given jointly measurable mappings h, g, £ and 7, such that for any (y,z,u,v,u) €

Rdl % Rnxdl % Rdg % Rnxdg x Rdg

h]0,T] x X x RE x R RE2 x RM¥42 5 R%2 5 R¥ B (- y, 2,1, 0,1) € Pprog(RY,F),
g:]0,T]2 x X x R%2 x R™ %2 R 5 R 5 R g (5, 1,0, Y, 2) € Pprog(R%2,F),

£:00,T] x X — RY, 5:[0,T] x X — R%,
Moreover, we work under the following set of assumptions.

Assumption G. (i) (s,u,v) — gi(s,z,u,v,y,z) (resp. s — n(s,x)) is continuously differenti-
able, uniformly in (t,x,y, z) (resp. in x). Moreover, the mapping Vg : [0, T]? x X x (R92x R™*42)2x

R% x R4 — R defined by

n
Vgt(s, z,u,v,u,v,y, Z) = sgt(s7 z,u,v,Yy, Z) + augt(sy z,u,v,y, Z)ll + Z av;i.gt(sa Z,u,v,Y, Z)Vi:7

i=1
satisfies Vg.(s, -, u,v,u,v,y,2) € Pprog(Rd2,IE‘);

(i) (y,z,u,v,u) — hy(x,y, z,u,v,0) is uniformly Lipschitz-continuous, i.e. 3Ly > 0, such that

fO?" all (tvxaya g? z727u7 ’ITL,’U,’D,U,ﬁ)

< Li(ly = gl + lov(2) " (= = D) + [u = @l + |ow(2) " (v = )| + [u — d);

(7i1) for ¢ € {g,0s9}, (u,v,y,2) — @i(s,x,u,v,y,2) is uniformly Lipschitz-continuous, i.e.
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3L, > 0, such that for all (s,t,xz,u,q,v,0,y,7,2,2)

|§0t(57xauavaya Z) - got(s,x,ﬂ,f),gj,iﬂ S Lsﬂ(|u - ’EL‘ + |O't(IE)T(U - 6/)| + |y - g| + |O‘t(£C)T(Z - §)|)7

(i) for 0 := (u,v,y,2)0,..0) (h.,5.(5),V3.(s)) := (h.(-,0,0),9.(s,-,0),0sg.(s,-,0)) € LL2(R%) x

(L122(m)?

Remark 3.3.1. We comment on the set of requirements in Assumption G. Of particular interest
is Assumption G.(7), the other being the standard Lipschitz assumptions on the generators as well
as their integrability at zero. Anticipating the introduction of (S) below and the discussion in
Remark 3.3.3, Assumption G.(i) will allow us to identify the second BSDE in the system as the

antiderivative of the third one, see Remark 3.3.3.

We define the space (H, || - ||x), whose elements we denote h = (¥, Z,N,U,V, M, 09U, dV,0M),

where

H = SZ (Rdl) % HZ(Rnxdl) % M2 (Rdl) % S2,2 (Rdg) % EQ,Q (Rnng) % M2’2 (Rdg)

% 82’2 (Rdz) % H2,2(Rn><d2) % M2’2(Rd2),

16113, = IVIIg= + [121E2 + IVl + U522 + [V Iige,2 + | M]I5e.

+ 10U 222 + |0V |22 + |OM ||3g2.2-

We are now ready to precise the class of systems subject to our study. Given (£,1,0sn) €
L2(R4) x (L%2(R%))2, 941 as in Assumption G, we consider the system, which for any s € [0, T

holds, P-a.s., for every t € [0,T]
T T T
V= €T Xonr) + [ (XY 20 ULV 00D~ [ 2Tax, - [ an,
t t t

T T T
Uts = 77(3>X~/\T) + / gr(5>X7 Uf, Vrsa Yr, Zr)dr - / ‘/TSTer - / dea (5)
t t t

T T T
OUF = (s, Xoxr) + [ Vgnls, X,0U2, 0V, U2, Vi, Dy Z)dr — [ oveTax, - [ aonsy.
t t t

Definition 3.3.2. We say b is a solution to (S) if h € H and (S) holds.
Remark 3.3.3. We now expound on our choice for the set-up and the structure of (S).
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(i) We first highlight two aspects which are crucial to establish the connection between (S) and
type-I BSVIE (3.1.1). The first is the presence of OU in the generator of the first equation. This
causes the system to be fully coupled but is nevertheless necessary in our methodology, this will be
clear from the proof of Theorem 3.4.3 in Section 3.4. The second relates to our choice to write
three equations instead of two. In fact, our approach is based on being able to identify OU as the
derivative with respect to the s variable of U in an appropriate sense and, at least formally, it is
clear that the third equation allows us to do so, see Lemma 3.6.1 for details. Alternatively, we could
have chosen not to write the third equation and consider the system which for any s € [0,T], holds

P-a.s. for any t € [0,T]

T T T
YV, = &(T, Xonr) + / he (X, Yy, 20, UL,V OUT )dr — / ZTdX, - / N,
t t t

T T T
U’ =n(s, Xar) +/ gr(s, X, Uf,Vf,yT,ZT)dT—/ veTdx, —/ dM;:,
t t t

S

. d
oUp = Ui,

where %US corresponds to the density with respect to the Lebesgue measure of s — U?®. Never-
theless, for the proof of well-posedness of (S) that we present in Section 3.6, we have to derive
appropriate estimates for (8Utt)t€[07T], and for this it is advantageous to do the identification by

adding the third equation in (S) and work on the space (H,|| - ||x)-

(ii) We also emphasise that the presence of (Vtt)te[o,T] in the generator of the first equation requires

us to reduce the space of the solution from the classic (9, |- ||lg) to (H, || - ||) where

S;J — SQ(Rdl) X H2(Rn><d1) % MQ(Rdl) X 82’2(Rd2) X H2,2 (R’N,ng) X MQ,Q(Rdg)

X 82,2 (Rdg) X HQ,Q(Rnng) X M2,2 (Rd2),

and || - |l denotes the norm induced by $). Ultimately, this is due to the presence of (Z{)ico1) in
the type-1 BSVIE (3.1.1). On this matter, we stress that to the best of our knowledge, our results
constitute the first comprehensive study of type-I BSVIEs as general as (3.1.1). We remark our
identification of the appropriate space to carry out the analysis is based on [114, Section 2.1]. In

the case where (V{)em (resp. (Zf)icpm) does not appear in the generator of the first BSDE in

139



(S) (resp. type-I BSVIE (3.1.1)), Proposition 3.6.5 (resp. Remark 3.4.4) provide the arguments
for how one can adapt our approach to yield a solution in the classical space. This shows that
our methodology recovers existing results on type-I1 BSVIE (1.3.3) as well as the so-called extended

type-I BSVIE (1.3.5).

Remark 3.3.4. In addition, we highlight two features of (S) that will come into play in the setting
of type-1 BSVIE (3.1.1), and differ from the one in the classic literature. They are related to the fact
we work under the general filtration F. The first is the fact that the stochastic integrals in (S) are
with respect to the canonical process X. Recall that o is not assumed to be invertible (it is not even
a square matriz in general and can vanish), therefore the filtration generated by X is different from
the one generated by B. This yields more general results and it allows for extra flexibility necessary
in some applications, see Chapter 2 for an example. The second difference is the presence of the
processes (N, M,0M). As it was mentioned in Section 3.2, we work with a probability measure for
which the martingale representation property for F—local martingales in terms of stochastic integrals
with respect to X does not necessarily hold. Therefore, we need to allow for orthogonal martingales
in the representation. Certainly, there are known properties which are equivalent to the orthogonal
martingales vanishing, ie. N = M = OM = 0, for example when P is an extremal point of the
convez hull of the probability measures that satisfy the properties in Section 3.2, see [142, Theorem

4.29].

Assumption G provides an appropriate framework to derive the well-posedness of (S). The

following is the main theorem of this section whose proof we postpone to Section 3.6.

Theorem 3.3.5. Let Assumption G hold. Then (S) admits a unique solution in (H,|| - ||x). For

any b € H solution to (S) there exists C > 0 such that
1012, < C (1% + lnliZs + 10nlZes + 1R + 1312520 + V51 22).

Moreover, if for i € {1,2} b* € H denotes the solution to (S) with data (£, k%, 7, g%, 0sn", V'),

then

2 2 2
16012 < CIBE]2 + 19n] 222 + 1051|222 + 1612020 + 161912102 + 619 g 122,
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where for p € {Y, Z,N,U,V, M,0U,0V,0M, ¢, n,0sn} and ® € {h,g,Vg}
S =l — % and 6,9, := &, (Y}, 2L, UM, Vi —e2(vh, zL UMt v, dt @ dP-ace. on [0,T] x X.

Remark 3.3.6. The reader may wonder about our choice to leave out the diagonal of OV in the
generator of the first equation in (S). As we will argue below, this would require us to consider
an auxiliary infinite family of quadratic BSDEs. Since the main purpose of this paper is to relate
the well-posedness of (S) to that of the type-I BSVIE (3.1.1), and inasmuch as we do not need
to consider this case to establish Theorem 3.4.3, we have refrained to pursue it in this document.
Nevertheless, this case is covered as part of the study of the extension of (S) to the quadratic case

in Chapter 4. If we were to study the system, which for any s € [0,T], holds P-a.s. for any t € [0,T]

T T T
V= €T Xonr) + [ (XD 20, UL V007, 0V ) = [ 27X, — [N,
t t t
T T T
Uz = s Xor) + [ gr(s, X ULV B)dr = [ veTaX, - [Ty,
t t t

T T T
OU? = dun(s, X.pr) + / Var(s, X,0U5,0V5, U5, V2, Y, Z,)dr — / ovsTdx, — / doM?,
t t t

and as it is clear from our analysis in Section 3.6, its well-posedness requires both having a
rigorous method to define the mapping t — OV}, as well as deriving a priori estimates for the
norm of OV;. In analogy with Lemma 3.6.1 and Remark 3.3.3, both tasks require us to make sense

of the family of BSDEs with terminal condition Ossn and generator

~ o~ ~ o~ ~T ~
VQQt(s,w,u,v,u,v,u,v,y,z) = th(vaauava u,v,Y, Z) + Z ™ aziwjgt(sv:l:au?Uay? Z)T['j,
(74,75, 73575)
€2 xT12
where T1 := (8,%, 01, .oy V), T = (1,10, V1., ooy Vi) and 872ri7rjgt(s,x,u,v,y, z) denote the second
order derivatives of g. Fven though we could add assumptions ensuring that the second order

derivatives are bounded, it is clear from the second term in the generator that we would necessarily

need to consider a quadratic framework.
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3.4 Well-posedness of Lipschitz type-1 BSVIEs

We now address the well-posedness of type-I BSVIEs. Let d be a non-negative integer, and f

and ¢ be jointly measurable functionals such that for any (s,y, z,u,v) € [0,T] x (R% x R"*%)2

Fo[0,T)? x & x (R x R™N2 — R f(s,-,y,2,u,0) € Pprog(R%,F),

£:00,T] x X — RY, £(s,-) is F-measurable.
To derive the main result in this section, we will exploit the well-posedness of (S). Therefore,
we work under the following set of assumptions.

Assumption H. (i) (s,y,2) — fi(s, 2,9, z,u,v) (resp. s — &(s,x)) is continuously differenti-
able, uniformly in (t, z,u,v) (resp. inx). Moreover, the mapping V f : [0, T]? x X x (R x R"*4)3
R? defined by

n
Vft(S, xr,u,v,y, =z, U,’U) = 8sft(57337y7 Z,’LL,’U) + 8yft(57$7% Z, u,v)u + Zaz;ift(sv'ra Y, Z,U,U)Vi:,
i=1

satisfies V £.(s,,y, 2,u,v,1,V) € Pprog(R%,F) for all s € [0,T);

(1) forp e {f,0sf}, (u,v,y,2) — (s, z,y, 2,u,v) is uniformly Lipschitz-continuous, i.e. 3L, >

0, such that for all (s,t,x,y,9, 2z, Z,u, @, v, V)
|t (s, 2,9, 2,u,0) = @i(5, 2,5, 2,8,9)] < Lo (ly — g1+ oe(2) T (2 = 2)| + [u— @] + |ov(z) T (v — 7))

(1) (fs F(5),VE(9) = (£.(0), f(s5,-,0),0f (s, 0)) € LM2(RY) x (L122(R))”,

Let (H*, | - ||3+) denote the space of (Y, Z, N) € H* such that ||(Y, Z, N)||+ < oo where
H* = SP2(RY) x H22(R™) x MP2(RY), |- [l = [V 1o + [ Z 1122 + IV |32

We consider the n-dimensional type-I BSVIE on (H*,|| - ||3+) which for any s € [0, 7], holds

P-a.s. for any t € [0, T]

T T T
ytszg(s,XH/ fr(s,X,nS,Zf,nT,Z:)dr—/ Z;?Ter—/ dN?. (3.4.1)
t t t
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We work under the following notion of solution.

Definition 3.4.1. We say (Y, Z,N) is a solution to the type-1 BSVIE (3.4.1) if (Y,Z,N) € H*
verifies (3.4.1).

Defining hi(z,y, z,u,v,u) := fi(t,z,y,2z,u,v) — u, we may consider the system, which for any

s € ]0,T], holds P-a.s. for any t € [0, T

T T T
ytzg(T,X)~|—/ hT(X,yT,ZT,YTr,ZIﬁY[)dr—/ Z;rer—/ N,
t t t
T T T
Yfzf(s,X)+/ fr(s,X,Kf,Z,‘f,y,a,Zr)dr—/ ZﬁTdXT—/ dN?, ()
t t t

T T T
ay;:asg(s,XH/ Vfr(s,X,(?YTs,aZj,Yf,Zf,yr,Zr)dr—/ aZdeXT—/ dON?.
t t t

Remark 3.4.2. We now make a few comments on our set-up for the study type-I1 BSVIE (3.4.1).

(i) The necessity of the set of assumptions in Assumption H to our approach, based on the systems
introduced in Section 3.3, is clear. Compared to the set of assumption made by recent works on
BSVIEs in the literature we notice the main difference is the regularity with respect to the s variable
we imposed on the data of the problem, i.e. Assumption H.(7). In particular, we highlight that type-
I BSVIE (1.3.5), in which the diagonal of Y, but not of Z is allowed in the generator, had been
considered in [114; 244]. In such a scenario, the authors assumed (€, f) € L22(R?) x L122(R?),
and no additional condition is required to obtain the well-posedness of (1.3.5). As it will be clear
from Proposition 3.6.5 and Remark 3.4.4 our procedure can be adapted to work under such set of

assumptions provided the diagonal of Z is not considered in the generator.

(ii) Moreover, the spaces of the solution considered in [114; 244] also differ, echoing the absence
of the diagonal of Z in the generator. The authors work with the notion of C-solution, that is,
Y is assumed to be a jointly measurable process, such that s — Y is continuous in L"P(R?),
p > 2, and for every s € [0,T], Y* is F-adapted with P-a.s. continuous paths. This coincides with
our definition of the space LYP2(R®). Similarly, Z belongs to the space H>?(R™*%). On the other
hand, [245] provides a representation formula for type-1 BSVIEs for which the driver allows for
the diagonal of Z, but not of Y. More precisely, they introduce a PDE, similar to the one we will

introduce in Section 3.5, prove its well-posedness, and then a Feynman—Kac formula. Naturally, in

143



this case (Y, Z) inherits the regularity of the underlying PDE.

(7i1) The main contribution of our methodology to the field of BSVIEs is to be able to accommodate
type-1 BSVIEs for which the diagonal of Z appears in the generator. For this, the definition of the
space (H*, || - |la+), notably the space H*>?(R™?), and Assumption H.(i) play a central role. As
first noticed in Chapter 2, see Lemma 3.6.1, under this assumption one can identify the density,
with respect to the Lebesque measure, of the H?-valued mapping s — Z°, namely the H?-valued
mapping s — 0Z°. This allows us to define the diagonal of Z following [114, Section 2.1], and

consequently, introduce the space H>?(R"*4),

(iv) We highlight that Theorem 3.4.3 below guarantees a unique solution to (3.4.1) in the space
H*, for which the mapping s — Z*° is assumed to be absolutely continuous, cf. [114, Section
2.1]. This allows for extra generality compare to assuming such mapping is, a priori, continuously
differentiable. Nevertheless, as a by-product of Assumption H.(7), the unique solution ensured by
Theorem 3.4.3 is automatically C' with derivative s —s 0Z°. Moreover, not only does our approach
identify the dynamics of (0Y,0Z,0N), but also, in the terminology of [114, Section 2.1], it does

guarantee (Zf)te[o,T} is the unique process that satisfies the (D)-property with respect to Z.

(v) Let us remark that Assumption H.(i), being an assumption on the data of the BSVIE, is easier
to verify in practice compare to the reqularity required in [114]. Certainly, our results would still
hold true if we require the differentiability of data (£, f) with respect to the parameter s in the L

(resp. L12) sense, or, even better, absolute continuity,.

(vi) Lastly, we stress that the above type-1 BSVIE is defined for (s,t) € [0,T)?, as opposed to
0 <s<t<T. However, anticipating the result of Theorem 3.4.3, this could be handled by first

solving on (s,t) € [0,T)? and then consider the restriction to 0 < s <t <T.

We are now in position to prove the main result of this paper. The next result shows that under
the previous choice of data for (Sy), its solution solves the type-I BSVIE with data (£, f) and wice

versa.
Theorem 3.4.3. Let Assumption H hold. Then

(1) the well-posedness of (Sy) is equivalent to that of the type-1 BSVIE (3.4.1);
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(ii) the type-1 BSVIE (3.4.1) is well-posed, and for any (Y,Z,N) € H* solution to type-1 BSVIE

(3.4.1) there exists C > 0 such that
17,2, V) e < O (16020 + 10€ 2 + 1 rns + IV F2122). (3.42)

Moreover, if (Y, Z', N*) € H* denotes the solution to type-1 BSVIE (3.4.1) with data (£°, f*) for

i € {1,2}, we have

107,82, 6N) (3 < C (1106172 + 1005€ e + 11 F 22 + 01V F (2122 )

Proof. (ii) is a consequence of (7). Indeed, (3.4.2) follows from Proposition 3.6.3, and the well-
posedness of type-I BSVIE (3.4.1) from that of (Sy), which holds by Assumption H and The-

orem 3.3.5. We now argue (7).

Let (V,2,N,Y,Z,N,0Y,0Z,0N) € H be a solution to (S¢). It then follows from Lemma 3.6.2
that letting N, := Nf — [{ ONZdr, t € [0,T], we have that P-a.s. for any t € [0, 7]

T T T
Ytt = §(T, X) —|—/ he (X, Y, Z) Yy, 2, 0Y,)dr — / Z;"TdXT — / dN;.. (3.4.3)
t t t

This shows that ((Y{")ieo,r1, (Z])ieo,r)s Vs 2. (Nt)te[O,T])’ solves the first BSDE in (Sy). It then
follows from the well-posedness of (Sf), which holds by Assumption H and Theorem 3.3.5, that
((Y;tt)te[O,T]7 (Ztt)te[o,Tp (Nt)te[O,T]) =(,2,N)in 52(Rd)XH2(RnXd)XM2(Rd)- Consequently

T T T
Ytszg(s,XH/ fr(s,X,Kf,Zﬁ,Kf",Z,f)dr—/ ZﬁTer—/ dAN?, ¢ € [0,T), P-ass., s € [0, .
t t t

We are left to show the converse result. Let (Y,Z, N) € H* be a solution to type-I BSVIE
(3.4.1). We begin by noticing that the processes Y := (Y})icjo,1: 2 = (Z{)icporp N = (Nf)icpo,1)
are well-defined. In particular, Z € H2(R"*9) is well-defined as Z € H?%(R"*?). Moreover,

Y € L22(R?) follows from

T T
/ sup |Ytr|2dr} :/ Y7 ||s2dr < oc.
0 0

T
VIR =E| [ v Par| <E
0 te[0,7)
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Then, since Assumption H holds and (), Z,Y, Z, N) € L2(RY) xH?(R"*4)x§>2(R%) x H2(R"*4) x
M?22(R%), we obtain, from Lemma 3.6.1, there is (9Y,0Z,0N) € S>2(R%)xH?2(R™*4)xM??2(R%)

such that for s € [0,T], P-a.s. for any ¢ € [0, 7]
T T T
DY = 9, (s, X) +/ Vfi(s, X,0Y5,075,Y5, 25, YT, Z0)dr — / 07:TdX, — / dON?.
t t t

We claim that h := (¥, Z, N, Y, Z, N,dY,dZ,dN) is a solution to (Sy), where N; := N} — [ N/ dr,
t € [0,T]. For this, we first note that in light of Lemmata 3.6.1 and 3.6.2 we have that P-a.s. for

any t € [0, 7]
T T T
ytzf(T,X)+/ hT(X,yT,ZT,KT,ZZ,@Y[)dr—/ z,Ter—/ dN,, (3.4.4)
t t t

and N € M22(R%). We are only left to argue Y € S%(R%). Note that by Assumption H and

Equation (I.1) there exists C' > 0 such that
T 2 T
<1+ ([ 1FIr) + [0+ lol 2+ V7P o] 20 + 07 )
0 0
T 2
/ dN, )
t

t
/ ZTdXx,
0

2

+ +

T
/ zTdX,
t

2
Moreover, by Doob’s inequality IE[ sup } < 4| 2|32 and Equation (3.6.15) yields

te[0,7

113 < C (11N + 1058222 + 1 F1F 120 + IV F IR 122

+ VIR + 1Y 20 + 12122 + 19Z]1}22) < oo

We conclude ||h|| < oo, h € H and thus b solves (Sy). O

Remark 3.4.4. There are two noticeable differences between Theorem 3.4.3 and the results in the
literature on type-1 BSVIEs (1.3.3), (1.3.4) and (1.3.5), as previously studied in Chapter 2, [269],
[245] and [114; 244], respectively. The first is the additional terms, involving the derivative with
respect to the parameter s of the data, appearing in the a priori estimates and the stability. The

second one, is the space where the solution lives. Both differences are due to the fact that we are
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handling the diagonal term for Z in the generator.

In fact, in light of Proposition 3.6.5 for the case of type-1 BSVIEs (1.3.5), i.e. where only the
diagonal of Y is allowed in the generator, one can work in the more standard (compared to the

existing literature) space (9%, - ||s*) given by
H* = SPHRY) x B2 (R™) x MP2(RY), |V, Z, N)[[§ := [V lIZ22 + |1 Z ]2 + I N2
Then, the a priori estimate (3.4.2) simplifies to
1Y, Z Nl < C(IENZ22 + [ flEr22),
and for (Y, Z!, N*) the solution to type-I BSVIE (1.3.5) with data (&, f*) fori € {1,2}, we obtain

10Y,02,6N) |3+ < C([15€][7. + 161 f[1212).

3.5 Time-inconsistency, type-I1 BSVIEs and parabolic
PDEs

This section is devoted to the application of our results in Section 3.4 to the problem of time-
inconsistent control for sophisticated agents. Moreover, we also reconcile seemingly different ap-

proaches to the study of this problem.

3.5.1 A representation formula for adapted solutions of type-I BS-
VIEs

Building upon the fact that second-order, parabolic, semilinear PDEs of HJB type admit a
non-linear Feynman—Kac representation formula, we can identify the family of PDEs associated to
Type-1 BSVIEs. This is similar to the representation of forward backward stochastic differential

equations, FBSDEs for short, see [255].

For (s,4,,1,5,0, 2,7, 5) € [0, T2 x X x (RY)? x (R)2 x (R™¥m)d x R™™, define T[EXT+] €
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R? by (Tr [EZTv])i = Tr[EX "], i € {1,...,d}. Let f and o be as in the preceding section, and
b:[0,T] x X — R™ be bounded, b.(X) € Ppeas(R™,F) and

1
G(S7t7xau7vay7 zv’Y) = vTa(t,x)b(t,x) =+ §TI'[O'O'T(t,$)’y] + f(87t7m7u7v>y7 Z)

Proposition 3.5.1. Suppose ¢i(X,-) = ¢i(Xy, ) for p € {b,0, f,0sf}, and p(s,X) = ¢(s, X1) for
w € {05} For (O:=10,T) x[0,T] xR" =, let v € C{{LQ([O,T]Q x R™) be a classical solution to

8tV(8,t,ZL') + G(S,t,l’,V(S,t,l‘),axV(S,t,l'),V(t,t,!E),an(t,t, IE) 82 V(S,t,l’)) = Oa (S,t,LL‘) € 07

» YT

v(s, T,z) =&(s, ), (s,z) €10,T] x R,

for which v(s,t,z) and 0,V(s,t, ) have uniform exponential growth in 3, i.e.

3C > 0,V(s, t,z) € [0,T)? x X, |V(t,x)| + |0.V(t, )| < Cexp(Clz|r).

Then, Y :=v(s,t, Xy), and Z; := 0,V(s,t, X;) define a solution to the type-1 BSVIE which for

every s € [0,T] holds P-a.s. for any t € [0,T]
T . T
Y = v +/ (fr(s, X0, Y25, 25, Y7, Z7) + 28T 0, (X,)be (X)) dr —/ z:TdX,. (3.5.1)
t t
Proof. Let s € [0,T] and PP as in Section 3.2. Applying Itd’s formula to Y;° we find that P-a.s.

T 1 T
YE v - /t (8tv(s,r, X))+ g Trfoo] ()82, (s. XT)])dr - /t 2:TdX,

T T
=Y5+ / (frls, X0, Y2, 23V Z0) + Z5 T 00 (X,)bp (X)) dr — / Z3TdX,.
t t

We verify the integrability of (Y,Z). As o is bounded, X; has exponential moments of any
order which are bounded on [0, 7], i.e. 3C > 0, such that sup;c[o 1 EF[exp(c|X¢|1)] < C < oo, for
any ¢ > 0, where C depends on T and the bound on ¢. This together with the growth condition

on v(s,t,x) and 0;V(s,t, ) yield the integrability. O

Remark 3.5.2. In the previous result the type-1 BSVIEs has an additional term linear in z. This

3Here, | - |1 denotes the ¢; norm in R™ as in Theorem 2.2.8
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is a consequence of the dynamics of X under P, see Section 3.2. Nevertheless, as b is bounded, we

can define P’ € Prob(X), equivalent to P, given by

dIPb T T
—— 1= exp (/ b.(X,) - dB, —/ \br(Xr)\zdr)
dP 0 0

By Girsanov’s theorem B’ := B — Jobr(Xp)dr is a P*-Brownian motion and
t t
X, = 2o+ / o2 (X, )b (X, dr + / or(X,)dBY, t € [0,T], P'a.s.,
0 0
and consequently

T T
Yy = y;+/ fr(s,Xr,Y;f,Zf,Kf",Z,T)dr—/ ZTdX,, t € [0,T], P-as., s € [0,T).
t t

3.5.2 On equilibria and their value function in time-inconsistent
control problems

The game theoretic approach to time-inconsistent stochastic control problems in continuous-
time started with the Markovian setting, and is grounded in the notion of equilibrium first proposed
in Ekeland and Pirvu [82], Ekeland and Lazrak [81], and the infinite family of PDEs, or Hamilton—
Jacobi-Bellman equation, provided by Bjork, Khapko, and Murgoci [38], see Equation (2.2.9)
below. Soon after, Wei, Yong, and Yu [260] presented a verification argument via a one dimensional
PDE, but over an extended domain, see Equation (3.5.3) below. Both approaches have generated
independent lines of research in the community, including both analytic and probabilistic methods,

but no compelling connections have been established, as far as we know.

BSDEs and BSVIEs appear naturally as part of the probabilistic study of these problems. This
approach allows extensions to a non-Markovian framework, and to reward functionals given by
recursive utilities. Indeed, the approaches in Chapter 2 and [245] address these directions, and
can be regarded as extensions of [38] and [260], respectively. As such, it is not surprising that in
order to characterise an equilibrium and its associated value function, both Chapter 2 and [245]
lay down an infinite family of BSDEs, and a type-1 BSVIEs, respectively. In fact, Theorem 2.2.8

and [245, Theorem 5.1] establish representation formulae for the analytic, i.e. PDEs, counterparts.
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Moreover, in Chapter 2 our approach through BSDEs led to the well-posedness of a BSVIE. This
is nothing but a manifestation of Theorem 3.4.3 which reconciles, at the probabilistic level, the
findings of Chapter 2 and [245]. Moreover, we also include Proposition 3.5.3 which does the same

at the PDE level. To sum up, we can visualise this in the next picture.

Theorem 2.2.8

[38] Chapter 2
A
Proposition 3.5.3 Theorem 3.4.3
\
[260] [245]

[245, Theorem 5.1]

Let A C RP be a compact set, we introduce the mappings
F:0,TPxR"x A— R, b:[0,T] x R" x A — R™, bounded,

with f.(s,-,a) € Pprog(R,F) and b.(-,a) € Pmeas(R™,F) for (s,a) € [0,T] x A. With this we may

define

g(sﬂ t? ':L'? a’ U) = f('S? t’ ’:L'? a) + v - O-(t7 Jj)b(t7 :L" a’)? H(s7 t7 :L" U) = Sug g('S? t’ '1"7 a’ U)?
ac

Vy(s,t,x,a,v) = 0sf(s,t,x,a) + v - o(t,x)b(t,z,a),

and assume there is a* : [0, T]? x R" x R® — A, measurable, such that, g(s,t,z,a*(s,t,z,v),v) =

H(s,t,x,v).

Following the approach of [245], let us assume that given an admissible A-valued strategy v
over the interval [s, T], the reward at s € [0,7] is given by the value at s of the Y coordinate of

the solution to the type-I BSVIE given by

T T
YY) =&(t Xr) +/ gr(t,XT,yT,Z}f)dr—/ Zt-dX,, t € [s,T], P-as.
t t

[245] finds that the value along the equilibrium policy coincides with the Y coordinate of the
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following type-1 BSVIE
T T
Y; = £(t, X7) +/ gr(t, X, a*(r, r,XT,Z:),Zﬁ)dr—/ Z!L.dX,, t€[0,T], P-as.,
t t

where the diagonal of Z appears in the generator. However, decoupling the dependence between
the time variable and the variable source of time-inconsistency, we can define for any s € [0,7],

P-a.s., for any t € [0, T]]
T T
YS = &(s, Xr) —I—/ gr(s, Xp,a*(r,r, Xy, Z7), Z7)dr —/ Z: - dX,.
¢ t

It then follows from Theorem 3.4.3 that this approach is equivalent to that of Chapter 2 based

on the system which for any s € [0,T], holds P-a.s. for any t € [0, T]
T T
Vi =€ X0+ [ (X 2,) - 0x))ar - [ 2, -dx,.

t ¢

T T
0¥ = 08(s.X0) + | Vol Xroa" (1, X, 27),020)dr — [ 027 - dX..
¢ t
We now move on to establish the connection of the analyses at the PDE level. The original

result of [38] is based on the semi-linear PDE system of HJB type given for (V (¢, z), J(s,t,z)) €
C12([0,T] x R™) x C1.12([0,T)? x R™) and (s,t,z) € O by

OVt x) + %Tr[aaT(t, D)0V (6, 2)] + H( 1,2, 0,V (1,3)) — 05T (b £, 2) = 0,
hT (s, t, ) + %T‘r[UJT(t,m)GmmJ(s,t,x)] +g(s,t,2,0,T (s, t,x),a(t,t, 2,0,V (t,x))) =0, (3.5.2)

V(T,z) =&(T,z), J(s,T,z) = &(s,x), (s,2) € [0,T] x RL

On the other hand, [260] considers the equilibrium HJB equation for 7 (s, t,x) € C1.12([0, T]? x R™)

and (s,t,x) € O given by

OV (s, t,x) + %Tr[UJT(t,m)axxV(s, t, )]+ g(s, t,x,0.V(t, t,x),a (¢, t,z,0,V(t,t,z))) =0,
(3.5.3)

V(s,T,z) = &(s,x), (s,z) € [0,T] x RY.

By setting V(s,t,x) = J(s,t,x), it is immediate that a solution to (2.2.9) defines a solution to
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(3.5.3). The next proposition establishes the converse result.

Proposition 3.5.3. Suppose (3.5.2) and (3.5.3) are well-posed.

(i) Let J(s,t,z) solve (3.5.2) Then V(s,t,x) := J(s,t,x) solves (3.5.3).

(it) Let V(s,t,x) solve (3.5.3). Then (V(t,x),TJ(s,t,x)) :== (V(t,t,z),V(s,t,x)) solves (3.5.2).

Proof. We are only left to argue (i7). It is clear (V (t,x), J (s, t,x)) € C12([0, T|xR™)xCy 1 2([0, T)? %
R™), the results follows as —0;V (t,z) + 0sJ (t,t,x) = —0V(t,t, x). O

3.6 Analysis of the BSDE system

In order to alleviate notations, and as it is standard in the literature, we suppress the dependence
on w, i.e. on X, in the functionals, and, write E instead of EP as the underlying probability measure
P is fixed. Moreover, we will write I? instead of I?(E) for any of the integrability spaces involved,

the specific space F is fixed and understood without ambiguity.

3.6.1 Regularity of the system and the diagonal processes

In preparation to the proof of Theorem 3.3.5, we present next a couple of lemmata from which
we will benefit in the following. As a historical remark, we mention the following is in the spirit of
the analysis in Protter [211, Section 3] and Pardoux and Protter [202] of forward Volterra integral

equations.

A technical detail in our analysis is to identify appropriate spaces so that given (OU,U,V, M)
one can rigorously define the processes ((Uf)icjo,17, (Vi) iepo, s (M{)iejo,r1> (OUf )iejo,r)- It is known
that for U € $*2, the diagonal process (Uf);cjo,r] is well-defined. Indeed, this follows from the
pathwise regularity of U for s € [0,7] and has been noticed since [114; 256] and Chapter 2. The
same argument works for (OU, M) € §?2 x M?2. Unfortunately, the same reasoning cannot be

applied for arbitrary V € H?? and motives the introduction of the space H??, see Remark 3.3.3.

Lemma 3.6.1. Let Assumption G hold and (Y, Z) € L2 x H2. Let (U,V, M) € L?? x H?? x M??
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be a solution to
T T - T
s) +/ gr(s,UTS,VTS,yT,ZT)de/ V:dX, f/ dM;?, t €[0,T], P-as., s €[0,7T);
t t t

(i) there exist (OU,0V,0M) € S*2 xH?2 x M?2 unique solution to the equation, which for s € [0,T)

holds P-a.s. for any t € [0,T]

T T T
OU? = Oun(s) + / Van(s, OUS, VS, US, VS, Yy, Z,)dr — / ovsTdx, — / dOMS;  (3.6.1)
t t t

(ii) there exists C > 0, such that for all ¢ > 4L, and (s,t) € [0,T)?

T T 2
E[/ oo T OV dr} < CE{ T\ am(s) + (/ e§T|V§T(8)|dr>
t

. (3.6.2)
+ [ (U 10T VIR D + o) 2
t
(iii) for any s € [0,T], in S? x H? x M2,
T T T
( / ouU™dr, / oV dr, / aM’”dr) =Wt -vs, vt —vs, MT — M¥); (3.6.3)
S S S

(iv) V e H*?. Moreover, for V := (V{)iepm and € > 0, P-a.s.

T
/ \UIVuPdug/ 0TV 2du+/ / ol VIR + e Vol oV Pdudr, t € [0,T].  (3.6.4)
t t

Proof. Note that in light of Assumption G.(3), for (¢,s,z,u,v,y,2) € [0,T]?> x X x R x R42x" x
R4 x ROX" (u,v) — Vgi(s,z,u,v,u,v,y,2) is linear. Therefore, for any s € [0,T] the second
equation defines a linear BSDE, in (OU*, dV®), whose generator at zero, by Assumption G.(iii), is
in LY2. Therefore, its solution (QU®, 9V, dM?®) € S? x H? x M? is well-defined from classic results,
see for instance Zhang [273] or [88]. The continuity of the applications s — (OU?®,0V*®, 0M?), e

([0, T), B([0,T7)) — (S%,|| - |Is2) : s — OU?, follows from the classical stability results of BSDE,
and that by assumption (U, V,Y, Z) € L?2 x H>? x L2 x H? and s — (9sn(s), V§(s)) is continuous.

This establishes (OU, 9V, 0M) € S*? x H*2? x M?2.
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(i) follows from classic a priori estimates, but when the norms are considered over [t, T instead
of [0, T]. Indeed, following the argument in [88, Proposition 2.1], applying It6’s formula to e“|0U;|*
we may find C' > 0 such that for any ¢ > 4L, and (s, t) € [0, 77>

cr 512 r cr| T 52 r cr— s
E| sup {e |oU;| }—l— e"o, OV |"dr+ [ e d[OM?],
relt,T] t t

T 2
< CE eCT‘asn(s)IQ + (/ eST]Vgt(s,O,O,Uf,Vf,yr,ZTﬂdr) ]
t

T 2
eCT](?Sn(s)|2+ </ ez d7°> }
t

T 2 T
Tom(s)+ ([ AV oldr) + [ e (U + ol Vo + I + o] 2],

=CE

8897"(37 Uﬁv ‘/;”Sa y’m ZT)

< CE

where in the second inequality we exploited the fact (u,v,y, z) — 9s9(t, s, z,u, v,y, z) is Lipschitz,

see Assumption G.(ii7), and C' > 0 was appropriately updated.

Next, we assume (7i7) and show (iv). In light of (i) and (iii), s — OV is the density of
s — V* with respect to the Lebesgue measure. Arguing as in Remark 3.2.2, we obtain that we

can define
T
Vi=vr —/ oV/dr, dt ® dP-a.e. in [0,T] x X. (3.6.5)
¢

We now verify (3.6.4). By definition of V, Fubini’s theorem and Young’s inequality we have

that for e > 0

T T ru
/ |JJVuu|2 — |0'IVut|2du = / / QTI“[VJTO'UUI(?VJ}deU
¢ t Jt
T T
_ / / 2Tx (V] T 0] OV | dudr
t r

T T
g/ / eloT V% + e Vol VT 2dudr.
t r

Thus ||V||gz < oo and consequently V' € H?2. This proves (iv).

We now argue (iii). We also remark that a similar argument to the one in (i) shows that under

Assumption G U € S?*2. We know the mapping [0,T] > s — (9Y*,0Z°,0M?®) is continuous, in
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particular integrable. A formal integration with respect to s to (3.6.1) leads to

T T T T
/ 8der:/ 8377(r)dr+/ / 05 Gu(r, UL, VI Vs Za) + 0y gu(r, UL, VI Y, Z2)0UT dudr
S S S t

T T N
+/ / ZaULgU T U?CvVvaU7 )(3V ) ;dudr
tds =

T pT T pT
— / / oZr T dX,dr — / / doM!dr.
s t t s

Fix s € [0,T] and let (II*), be a properly chosen sequence of partitions of [s,T], as in van

Neerven [240, Theorem 1], TI* = (s;)i=1,._n, With ||II¥|| := sup; |s;+1 — si| < £. To ease the notation,

we set Asf := st —sf |, and, for a generic family process (¢*) sel0,7], and a mapping s — Js7(s, T),

we define

)= ZAsquSf, 6¢ == T — ¢, I(Dsn(- ZAS 8577 ), on(z) :=n(T,x) —n(s,z).

We then notice that for any t € [0, T

1'(0U): = (0U); = I'(@n()) = o+ / (0:9u(+ Ui Vi Vs 200V, = 8gul U Vi Vs 2. du
+/t [Iz(asgu u7 u?yU7 ))—’_Ié(aygu( (73 u?yU7 ) )}du

- / L (1OV), — (0V)) X — I4OMy — OM;) — 5(M — M),

We now note that the integrability of (U, dV) and (U, V) yields I*(9U) — (6U) € S?? and I*(0V) —
(0V) € H?2. Therefore, Bouchard, Possamai, Tan, and Zhou [40, Theorem 2.2] yields

10U — (8U) |22 + 1T (BV) = (6V) [ + [ 1°(OM) — (6M) |22
ol

To conclude, we first note that by our choice of (ITf),, I*(U) converges to the Lebesgue integral

<CE |I€(as"7(')) - 577’2 + (/tT ’Ig(ﬁsgu( w? u,yuy u)) - 6gu( w? uvyw )

of OU®. In addition, the uniform continuity of s —— 9sn(s,z) and s — 9s9(s, x,u,v,y, 2), see
Assumption G.(7), justifies, via bounded convergence, the convergence in S>? (resp. H??2) of I*(dU?)

to UT — U* (resp. I*(0V®) to VT — V) as £ —» 0. The result follows in virtue of the uniqueness
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of (U, V, M). N
The next lemma identifies the dynamics of (Uf);cp017-

Lemma 3.6.2. Let (V,2) € L2xH? and (U,0U,V,0V,M,0M) € (L>2)2xH??2xH??x (M??2)?

satisfy for any s € [0,T], P-a.s. for any t € [0,T]
T T T
U = (s, X o)+ [ 0o(s. XUR V2V B0 — [ ViTax, - [ angy,
t t t
T T T
U} = sn(S,X.AT)—i—/ Vgr(s,X,OUﬁ,é?Vf,Uﬁ,%s,yr,Zr)dr—/ 8V7:*TdXT—/ doME.
t t t
Then
T T T o
Ul :Ufﬁ+/ (g0 (r, U, VT, 0, 2,) —aU;:)dr—/ v,deT—/ dM,, t € [0,T], P-as.,
t t t

where M = (]\A/ft)te[oyT] is given by My :== M} — JydMIdr. Moreover, M e M2

Proof. We show that P-a.s., for any ¢ € [0, T
T T T T
/ oUrdr = UL — U! +/ gr(r, ULV Yy Z,)dr —/ VrdX, — / dM,.
t t ¢ t
Indeed, note that, P-a.s., for any t € [0, 7]

T T T /(T
/ ou;dr :/ 6517(r)d7“+/ (/ Vgu(r,aU];,aVJ,Ug,VJ,yu,Zu)du>dr
t t t r

T T T
- / < / oV TdX, — / d@M;)dr.
t r r

By Fubini’s theorem, the change of variables formula for the Lebesgue integral, [212, Theorem

54], and Lemma 3.6.1 we have that, P-a.s., for any t € [0, 7]

T T
/ / Vgu(r, 0UT, OV, UT VT, Yo, Zu)dudr
t r
T u
:/ / NV gu(r, OUT, OV, UT VT, Vo, Z4)drdu
t t
T

- / Gu(w, UP VY, Z4) — gult, UL, VE, Vo, Z0)du.
t

Similarly, given 0V € H?2, the version of Fubini’s theorem for stochastic integration, see [212,
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Theorem 65], yields
T /T T ru T
/ / VI TdX,dr = / / ovrTdrdX, = / (Ve —vHTdX,.
t Jr t Jt t
Now, by Lemma 3.6.1 we have that, P-a.s., for any ¢ € [0, T
T (T T -~
/ / doMdr = / (OMF. — OM)dr = My — My + M} — Mk
t T t

We are left to verify M € M2. Indeed, note that ]\70 =0 and

(7) M has cadlag paths. This follows from the fact that, as I satisfies the usual conditions, there
exist a cadlag modification of (Mtt)tE[O,T]a which, abusing notations, we still denote by (Mf)te[oﬂ.

Indeed for t € [0, 7]

T
M= MF - / OM[dr, P-a.s.
t

(44) M is a martingale. Indeed by Lemma 3.6.1, for 0 < u < ¢ < T, P-a.s.

—~ u t u t _
E[M;|F,] = E[M}|F.] —/ OM; dr —/ E[OM]|F,|dr = M} —/ OM dr —/ OMIdr = M,;
0 u 0 u

(7i7) M is orthogonal to X. For 0 <u <t < T, P-a.s.

E[X;M;|F,] = E[X;M{|F,] — E[Xt / M dr
0

t
7| - [ EERXIF oMIFar
u t
— X, M! — X, / oMTdr — X, / oM dr
0 u
u
— X, M! - X, / OMIdr — X, M! + X, M"
0

= XuMua

where in the second equality we used the fact f(;J OM] dr is F,-measurable, the tower property and
the orthogonality of M* and X and of OM? and X for s € [0,7]. The third equality follows from
Lemma 3.6.1.
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(1) || Mlpe2 < o0,

T

T
< z(E[[MT]T} +7 [ ElM)]dr) < 2[IM7 e + T20M ] < .

— T
| M]3 = IEHM% 7/0 oM dr

3.6.2 A priori estimates

We now establish a priori estimates for (S). To ease the readability, recall it holds for any

s € [0,T7], holds P-a.s. for any ¢ € [0,T]

T T T
V= €T Xor) + [ (XD 20 ULV 00D — [ 2Tax, - [ an,
t t t
T T T
Uf:n(s,X.AT)+/ (s, X, U:,V;,yr,zr)dr—/ VTSTdXT—/ dM? (S)
t t t

T T T
OUF = 0un(s, Xoxr) + [ Vopls, X,0U2,0V2, U2, Vi, Dy Z)dr — [ oveTax, — [ aonsy.
t t t

Let us introduce (H°, ||+ ||3°) and ($°, || ||5e) where || - || and || || se denote the norms induced

by

HO =12 x H? x M? x L?? x H?>? x M*? x L>? x H?>? x M?*?,

§° =12 x H? x M? x (]L,Q’2 x H2?2 x MZ’Q)Q.

To obtain estimates between the difference of solutions, it is more convenient to work with
norms defined by adding exponential weights. We recall, for instance, that for ¢ € [0, 00) the norm
| - |z, is given by

T
12| = E[ | etol ztyzdt},
0

and they are equivalent for any two values of ¢, since [0,7] is compact. With this, we define the
norm || - ||ge.c. In the following, we take the customary approach of introducing arbitrary constants
C > 0 to our analysis. These constants will typically depend on the data of the problem, e.g. the

Lipschitz constants and T and on the value of ¢ unless otherwise stated.
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Proposition 3.6.3. Let Assumption G hold and (¥, Z,N,U,V, M,0U,dV,0M) € H° satisfy (S).
Then (Y,U,0U) € S% x 822 x §%2. Furthermore, there exists a constant C > 0 such that for || - ||

as in Section 3.3

1913, < C (IEl12 + 22 + 101220 + [BlPss + 312022 + [ V5]122) < oo.

—.72
_‘IO

Proof. We proceed in several steps. We recall that in light of Assumption G, dt ® dP-a.e.

e (Y, 20, ULV OUD)| < B+ L (1V5| + |o) 20| + U] + |0, VT + |0U7 ),
190 (5, US, ViE Ve, Z0))| < 1§(s)| + Lo (JUS| + o) ViEL+ Vo] + o) Z2]), (3.6.6)
IV gr(s,0U, 0V U ViE, Ve, 20))| < V3 (8)| + Log (US| + o) ViE| + V0] + o) 22))

+ Ly (|0U| + o, 0V;7)).

Step 1: we start with auxiliary estimates. By Meyer—Ito’s formula for eét\aUﬂ, see Protter

[212, Theorem 70]

T T
e2'oUS| + LY — / e2” sgn(dU?) - oV T dX, — / e2" " sgn(oU;) - dOM;:
t t
C r . (3.6.7)
— 5T ()| + [ o (sgn(dUY) - Vo (5,002, 0V UL Vi, 20) = 51007 ),
t

where LY := L9(OU?) denotes the non-decreasing and pathwise-continuous local time of the semi-
martingale QU® at 0, see [212, Chapter IV, pp. 216]. We also notice that for any s € [0, 7] the last

two terms on the left-hand side are martingales, recall that OV* € H?.

We now take conditional expectation with respect to F; in Equation (3.6.7). We may use (3.6.6)

and the fact L° is non-decreasing to derive that for ¢ € [0,T] and ¢ > 2L,

T
51007 | < B[ j0un(s) + [ o8 (10UF1(Ly — ¢/2) +9Gr(5)] + Lylo 9V, )
t

T
[ oL, (U214 10T+ 1941+ o] 2]
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< E/[of7|0.n(s)

. (3.6.8)

+/ eST(vgr(s)\+E(U7TaVﬁ|+|Uﬁ|+|a7TW|+|%|+\0rTZrI))dT]-
t

where L := max{Ly, Ls,4}. Squaring in (3.6.8), we may use (I.1) and Jensen’s inequality to

derive for t € [0, 7]

ect B T
7I3Uf|2 < By [eT10sn(t)] + TLQ/t (UL + |V + o) 0V + |0, VI + o)) 2, [%)dr

+E, [(/tT eST\ng(t)\drﬂ .

Integrating the previous expression and taking expectation, it follows from the tower property

that for any t € [0, 7]

1 T T T/ T,
71[*:[/ eCT](?U,’:]er} < E[/ eCT](?Sn(r)\zdr] —HE[/ (/ ezuyvgu(r)]du>
t t t T

~ T T
7| [ [ UL+ P+ 10TV + 0T Vi + o] 247)duc]
T

2
dr}

o7 sup}{HGCTms??(r)’Q]Hﬁ +E[</tTe;u|V§u(r)|du>2]}

rel0,T

B T
+122 sup {B| [ e (UIP + 0T VI + o]0V P)du }
rel0,T7] t

B T
+T2L2E[/ e (| Vul* + yajzuﬁ)du].
t

Thus, we obtain there is Cy, > 0 such that for any ¢ > 2L, and t € [0, 7]

1 T T
[ [ emourar] < o7 (10mlss +195100) +E] [ (07 + 107 2, P)ar]
t t
ou . (3.6.9)
+ sup B[ [ e (UP +1o7 Ve + lo] V)]
s€[0,T] t
Similarly, we may find C,, > 0 such that for any ¢ > 2L, and ¢ € [0, 7]
i r cr|rrr|2 cT 2 ~112 r cr 2 T 2
E| [ eTUPdr| < e (Inlzze +113llLr22) +E| [ e (D] + |0y Z0[7)dr
Cu t t
(3.6.10)

T
+ sup E[/ ec’”]arTV;Ser}
s€[0,T7] t
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We now estimate the term V. In light of (3.6.2) and (3.6.4), with e“’c," instead of o,', there

exists C' > 0 such that for any € > 0, ¢ > 4L, and ¢ € [0, 7]

T
E{/ eC“]UJVu“Pdu]
t
T T
gE[/ ec“|aIV1f]2du} —l—/ E
t t

T T
< sup ]E{/ ecu|oIVJ|2du} +T sup E{/ e (elo) VIr2 + |0§8VJ|2/5)du]
rel0,T] t rel0,T] t

T T
< (1+¢T) sup E[/ ec"\oJVJPdu} +TC/EIE[/ e (| Vul* + |anu|2)du]
r€[0,T] t t

T
/ e (elog VI + E_I‘O'IOVJ‘Q)du:l dr

T
+TCe™ ! sup E{/ ecu(|U5!2+\UIVJ’2)dU]
¢

rel0,T]
‘8377(7“)‘2 + (/tT \Vﬁu(r)\du)z].

+TCe 'eT sup E
rel0,T]

Thus, taking ¢ = TC' we may find C,, > 0 such that for any ¢ > 4L, and t € [0, 7]

1 T T
ZE| [ ol ViPar| < T (10umles + |VGIEn2) +E| [ e (D0 + lo] 2 )ar
v

T (3.6.11)
+ sup E{/ (U2 + |O';FVTS|2)d’I”:|.
s€[0,T] t

We emphasise that the constants (Cp,, Cy, Cy) € (0,00)% depend only of the data of the problem

and are universal for any value of ¢ > 4L,.

Step 2: Let s € [0,T], we show that (J,U,0U) € S? x §22 x §*2. To alleviate the notation we

introduce

2 = (V,U*,0U%), 3:=(Z,V*5,0V®), M= (N, M*,0M?),

whose elements we may denote with superscripts, e.g. V', Y2, V2 correspond to ), U®, OU®.

By (I.1) and (3.6.6), we obtain that there exists C' > 0, which may change value from line to

line, such that

T 2 T
U < O(Ins)P + ([ lar(@ar) + [ (U2R +107 Ve + D2 + o] 2 )
T 2
/ M >
t
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We note that by Doob’s inequality

t
/ ‘/TSTdXT

El sup
0

te[0,T

2
] < A||VE||3e. (3.6.12)
Taking supremum over ¢ € [0,7] and expectation we obtain for s € [0, T]

1U*][52 < CIln(s)l1Z2 + 13(s)F 1.2
(3.6.13)

U2 + 1Vl + IVIE2 + 1211 + 1M°]f2) < oo

Similarly, we obtain that there exists C' > 0 such that for s € [0, 7]

3
JoU* 1B < (10m(s) = +193(6) o + Y- 1971 + 132 + [03£°]R: ) < o0 (3614)

=1

Given (n,0sn,§,09) € (L**)? x (LY22)%, (U,0U,V,0V,M,0M) € (L*?)? x (H*?)? x (M*?)?,
(3.6.13) and (3.6.14), the mapping

([0,7), B([0,T])) — (S%,]| - ||s2) : s — ™ is continuous for i € {2,3},

and [|2)%(|g2.2 < 0o. Consequently, 9¢ € S2 for i € {2,3}. Arguing as above we may also derive,

T ? T T T
i< o(jef+ ([ uldr) + [ 00R 4 lo] 2 4+ ULF + 10 Vi P + 10U P)ar

0 0

2 T 2

[ am] ).
t

+ +
which in turn yields, in combination with (3.6.9), (3.6.10) and (3.6.11),

T
/ zTdX,
t

IVIIE: < CUE + IVIZ2 + 1211 + [UlZ22 + IVIIE22 + 10V Iz + [N[fp) < oo (3.6.15)

Finally, taking sup over s € [0, 7] and adding together (3.6.15) (3.6.13) and (3.6.14) we obtain

HyHé? + HUSHé?»? + ||(9UH§2,2 < C(Ig + H(y,Z,N, U7 V7 M7 8U7 a‘/v aM)HHO) (3616)
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Step 3: We obtain the estimate of the norm. To ease the notation we introduce

hy = he(Vr, 2, ULV, OUL), ge(s) = g5, U3, V3, V. 20),

Vgr(s) == Vgr (5,007, 0V, UL V2, Yy, Zr).
By applying Itd’s formula to e (|| + |Uf|? + |0Uf|?) we obtain, P-a.s.

> 12 T i 12 T ;
> e —|—/ o) i dr +/ T d[N] + My — My
i=1 t t
= e T(E(T)? + In(s)* + 95 (s)[?)
T
4 [TV e+ 203 - gi(5) + 2003 - Vrls) = e + U2 +10U3)dr
t
where we used the orthogonality of X and both M?® and N, and we introduced the martingale
3.t T t . .
My = 22/ YL -3 dX, +/ YL - AN
=170 0

Indeed, the Burkholder-Davis—Gundy inequality together with the fact that (), U®,0U®) €
(S?)3 shows that 90t is uniformly integrable, and consequently a true martingale. Moreover, we
insist on the fact that the integrals with respect to N, M?® and OM?® account for possible jumps,

see [142, Lemma 4.24].

Moreover, as (Y, U,0U) € §? x (S%2)2, from (3.6.6) and with Young’s inequality we obtain that

for any (g, &) € (0,00)?, there is C (&) € (0,00) such that the left-hand side above is smaller than

< T (€ + [n(s)2 + 19sn(s) +/ &) — (V2 + U2 + |0U2 ) dr

T 1 1 1
+ [ ée”<lafzr!2+03W|2+|018W!2+\UZI2+IWI2+\GUZ"IQ)dT
t Cu Cv C@u
T , . 2 1/ T . 2 1/ (T . 2
vy s e+ L [Termiar) L [Tt o) + ([ etrmaoar)
€ 0 € 0

i=1 TE[O T]
with (Cay, Cu, Cy) as in (3.6.9)-(3.6.11). Taking expectation and letting ¢ > 4L, we find there
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is C' > 0 such that

]ELZ; t|93t| +/ T32| dr+/ er=q o] ]
SEM |V [(C ()—c)dr] ©sup E[/tT (O )_C)dr}

s€[0,T

+ sup E

T
o E| [ e IOU(C(E) — )ar] + OV e + 1UIEuse+ 19U o)
se|0,

+ (147 +8)CI +EC (|2 1R + [VIIEeze + 10V [ )-

We then let & = 1/(24C), ¢ > max{4L,, C(¢)}, and take sup over ¢t € [0,T] (resp. (s,t) € [0,T]?)
to each term on the left side separately. Adding these terms up we find there is C' > 0, such that

for any € > 0

1
=[bllge < sup E[e® V[’ ]+ sup E[eU7]+ sup E[e”|oUf|?]
T t€[0,7] (s,£)€[0,T]2 (s,)€[0,T]2

F 121 + [VIZes + 10V[Zes + V12 + [ M2 + [0M |2 (36.17)
< 1 —1 2 2 2 2
< (L4 NCR 1 eC(IVI2 + Ul + 10U]120).

We can the use (3.6.17) back in (3.6.16) to find € € (0, 00) small enough so that* 16]|3 < CI3.

The result in terms of the norm || - ||y follows from (3.6.11). O

Proposition 3.6.4. Let (¢,n%,0.n') € L2 x (£>2)% and (hi, g%, 059°) for i € {1,2} satisfy As-
sumption G and suppose that h' € HC is a solution to (S) with coefficients (&', h%, 0, g*, Osn*, Vg'),
i€{1,2}. Then

2 2 2
H5bl|3{ < C(”(%Hm + H577HL2,2 + H6677||52,2 + ”51h”]]2,1a2 + ||519||]%17272 + ||51V9||]L172»2)>
where for ¢ € {Y, Z,N,U,V,M,0U,d0V,0M,&,n,0sn} and ® € {h,g,Vg}
Sp =@ —¢? and, 5,9, := o (Y}, 2zl UM, v a2l 2! Ul VY, dt@dP-a.e. in [0,T] x X.

Proof. Note that by the Lipschitz assumption on h and g there exist bounded processes with

4Recall the norm | - ||s; is the norm induced by the space $ as defined in Remark 3.3.3.(i1)
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appropriate dimensions (o, 8,~%,¢%), i € {1,2,3}, p and o such that for every s € [0,T], P-a.s.,
t €0,
T T
5V, = 86(T) — / 5ZTdX, — / 5N,
t t
T
- / (61hy + 70V, +all o) 62, 4+ BLoUT + Lol 6V )dr
t
T T
SUS = bn(s) — / sVTAX, — / ds M
t t
T
4 / (6190 (5) + B28US + e2TaT 5V +426Y, + a2 ol 62,)dr,
t
T T
5OUS = 50,n(s) — / 50vsTAxX, — / dsoM?
t t

T
+ / (6:V9:(5) + 60U + 0,80V + B36US + 3T aT 6V + 436, + a¥To ) 62,)dr.
t

We can therefore apply Proposition 3.6.3 and the result follows. 0

When the data of the system is chosen so as to study the class of type-I BSVIEs considered in
Section 3.4, our approach can be specialised so as to enlarge the initial space and simplify the a

priori estimates obtained in Proposition 3.6.3. We let (H*?, || - |[*) be
H* =17 x H? x M? x L*? x H>? x M*?,

IV, 2N, Y, Z,N) 30 = IVIIE2 + 1 Zll2 + IV 52 + 1Y IE22 + 1 2122 + [N [3g22-

Proposition 3.6.5. Let Assumption H hold and consider (¥, Z,N,Y,Z,N) € H*° solution to the

system which for any s € [0,T], holds P-a.s. for any t € [0,T]

T T T
V=T X)+ [ XV 2 ) —ovar— [ 2Ix - [,
t t t 0
T T T (Sf)
V=gl X) + [ e Xz - [ Z2Tax, - [Ny ee 0.7,
t t t

with OY given as in Lemma 3.6.1. Then (V,Y) € S? x §?2 and there exist C > 0 such that

V. 2N Y. Z V)| < C(€l222 + 1 Fr2) < oo.

Proof. We first note that Y € S?2 follows as in Proposition 3.6.3. Thus, in light of Lemma 3.6.1,
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there exists (0Y,07Z,0N) € S*2 x H>? x M?? solution to the BSDE with data (9&,9f), and,
(Y1) iepo.r) (Z8)iepo) € S* x H? are well-defined. Moreover, 9Y;" is well-defined as an element of
LY2) j.e. dt ® dP-a.e. on [0,T] x X, as a consequence of the path-wise continuity of dY*. With

this, we conclude ) € S2.

Let us now note that given (Y{")icjo.1], (Zf)ico,r] and (9Y})cjo,r), the first equation, being a
Lipschitz BSDE, admits a unique solution (), Z,N). In addition, for N as in Lemma 3.6.2 we

obtain

T T T
v} :y7?+/ (fo(r, YT, 25,90 —é)YT’“)dr—/ Z:deﬁ/ dN,, t € [0,T], P-as. (3.6.18)
t t t

Thus, (¥, Z2.,N) = (Y)eep,r) (Zi)icom) (Nt)te[O,T]> in S? x H? x M? and we obtain

y T

T
t)—i—/ oY ZE V) dr—/ 7T ax, - / dN}, t € [0,T), P-a.s. (3.6.19)
t
With this equation we can simplify our estimates. Let us introduce the system

T
t)+/ £ Y 78D, dr—/ 7t ax, - / AN, t € [0,T], P-as.,
T (A)
8)+/ fr(s, Y2, 20, V) dr—/ z:Tdx, - / dN?, t € [0,T], P-a.s., s € [0,T).
t

Then, following the same reasoning of Proposition 3.6.3, i.e. applying Ito’s formula to e (|V;|+]Y;*|)

in combination with Young’s inequality, we obtain there is C' > 0 such that ||(¥, Z,N,Y, Z,N)||3,. <

C(l€l 72z + 11 2.2.2) < 0. =

3.6.3 Proof of Theorem 3.3.5

Before we present the proof of Theorem 3.3.5 we recall that in light of Proposition 3.6.3 and
Proposition 3.6.4 once the result is obtained for H° the existence of a unique solution in ‘H follows

immediately.

Proof of Theorem 3.3.5. Note that uniqueness follows from Proposition 3.6.4. To show existence,
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let us define the map

T:H — H°

(y,z,n,u,v,m,u,v,m) — (KZ7N7U7V)M78U78‘/78M))
with (¥, Z,N,U,V, M,0U,0V,0M) given for any s € [0,T], P-a.s. for any ¢ € [0,T] by

T T T
Ve =&(T, X A7) —I—/ he (X, yp, 20, U, VY OU )dre —/ zldx, —/ dN,,
t t t
T T T
Uts = 77(57X4/\,T) +/ gr(57X7 va ‘/7‘87 Yr, Zr)dr - / V;'STdXT - / dea
t t t

T T T
8Uts = asn(87X~/\,T) + / VQT(Saxa 8U7§76‘/rsa U;’S?V;’S)yﬁzr)dr - / av;‘STdXT' - / d@Mf
t t t

Step 1: We first show T is well defined. Let (y, z,n,u,v, m,u,v,m) € H°.

(¢) Let us first consider the tuples (U,V, M) and (9U,dV,0M). Let us first consider the second
equation. Given (y,z) € S? x H? and Assumption G, this equation is a standard Lipschitz BSDE
whose well-posedness follows by classical arguments, see [273; 88]. This yields (U®,V* M*) €
S? x H? x M? for all s € [0,T].

Let us argue the continuity of ([0,7],B([0,T])) — (L2, - ||r2) : s — U*. Let (sp)n C
[0,T), 80, 2% 59 € [0,T] and define for ¢ € {U,V,n}, Ap™ := ¢*» — ¢*. From the classic

stability result for BSDEs we obtain that there is C > 0 such that
T 2 2 2/ 2
E[/O AT dr} < 27 (|| A" 22 + TL2 (5215w — sol))-

We conclude |U||p22 < oo and U € L*2. Given (U*, V?) € L2 xH? together with (y, z) € S?xH?,

the argument for (U, 0V*,0M?) for fixed s € [0, 7] is identical.

(ii) We now show that (V,0V, M,0M) € (H>?)? x (M??2)2. Again, the argument for (0V,0M) is

completely analogous. Applying Ito’s formula to |U#|? we obtain

T T T
Ui+ [l ViR [T ae) = )R 42 [ U7 g UE Vi z)dr
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T T
—2/ Uf-VTSTdXT—Q/ Us_ - dMS?.
¢ t
First note U* € S? guarantees that the last two terms are true martingale for any s € [0, T].

To show that ([0,7],B([0,T])) — (H2,| - ||lg2) (resp. (M2, - |lp2)) : 8 —> V' (vesp. M?®) is

n—oo

continuous, let (s,), C [0,T], s, — so € [0,T]. We then deduce there is C' > 0 such that
™o 2 2 2
B[ [ lo] AV Par + [a0lx] < O(I18nlZ + p(15n 50D,
and, likewise, we obtain

T
sup E{/ o) VE2dr 4 [M*]r
s€[0,T7] 0

< C(|InliZes + 51212) < oo

Since the first term on the right-hand side is finite from Assumption G, we obtain ||V |22 +

||M”M2,2 < Q.

We are left to argue V' € H?*2. Applying Lemma 3.6.1 to the system, which for any s € [0, 7]

satisfies P-a.s. for any t € [0, 7]

T T T
Uf:n(s,X.mT)—i—/ gr(s,X,U,f,Vﬁ,yT,zr)dr—/ V;deXT—/ dM?,
t t t

T T T
OU? = dyn(s, Xpr) + / Vo (s, X, 0U5, 0VS, US, VS, yr, 2)dr — / ovsTdx, — / doM?,
t t t

we obtain s — V¥ is absolutely continuous with density s — 9V*®. Consequently, we may define

the diagonal of V', denoted by V := (V});c(077, as in Equation (3.6.5), with
T
vi=vr —/ oV dr, dt ® dP-a.e. in [0,T] x X.
t

The fact ||V|g2 < oo follows as in Lemma 3.6.1.(iv). This yields V € H? and we conclude V € H?2.

(797) We derive an auxiliary estimate. Recall (U, V, M, 0U, 0V, 0M) satisfy (3.6.3). Now, in light of

Assumption G and (i7), we may find, as in Step 1 in Proposition 3.6.3, a universal constant C' > 0
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such that for any ¢ > 4L, and t € [0, 7]

1 T
E| [ e (Ui + 10Uz + ol vy Py
! (3.6.20)

T
<o (lnlfzns + Ngsa + 1OunlBas + IV3lEaz) +E| [ e (ll? + 107 2 ar].
(1v) We now argue for the tuple (), Z, ). Notice that

_ T
N ::E{g(T)_‘_/ o (Yr, 20, Uy, V1, OU)dr
0

ft:l , is a square integrable F-martingale.

Indeed, under Assumption G, h is uniformly Lipschitz in (y,z,u), so (3.6.20) yields for any
t €0,

N . T
B[] < 6(I61 + 11Eee + L3 (Iule + elfe +E| [ (U2 + V72 + oU Py )) < o

Integrating the above expression, Fubini’s theorem implies that Y € L2, thus the predictable
martingale representation property for local martingales guarantees the existence of a unique
(Z,N) € H? x M? such that (), Z, N) satisfies the correct dynamics and Doob’s inequality implies
Y € S?, where

Y=y EU ho (g, 20, UL, VI, OUTYdr .
0

All together, we have shown that T(y, z, n, u, v, m, du, dv,dm) € H°.

Step 2: We show T is a contraction under the equivalent norm || - ||ge.c, for some ¢ > 0 large
enough. Let (y, 2%, n’,u’, v', m?) € H°, b = Z(y, 2%, n’, ul, v, m?, Ou?, v, Om?) for i € {1,2}. We

first note that by Lemma 3.6.2
, T S A T T
ug:n(T)+/ (gr(r,u;,v;,yg,z;)—au;)dr—/ VZdXT—/ dMi, t € [0,T), Pas.,
t t t

where

(uiv Viv Mia auZ) = ((Uzt)tE[O,T}a (‘/tit)tE[O,Tb (Mti)tG[O,T]a (8Utit)t€[0,T]>7

and M* as in Lemma 3.6.2 for i € {1,2}.
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To ease the readability we define dt ® dP-a.e.

Shy = h,(yt, 25 Ut VE oul) — he (32, 22, U2, V2, 0U?),
5.@1“ = gr(r’url)vq}vyiaz%) - aurl _gr(r’uv??Vq?qu%?Z?) + aug?
S5gr(s) = gr(s, U Vi yp, 20) — g0 (s, U, V25 g2 20),

5v97"(s) = VQT(‘g?aUﬁl?aV;Slv Uﬁla ‘/r817 yil7 Z;) - Vgr<37 8U7§27 8‘/7*827 U7:927 ‘/;527 yi27 22)7

T

and
0 := (6, 0U,8U°,60U7), 63 := (6Z,0V,0V*,60V?), 69 := (6N, 5Mv, IM? §0M?),

whose elements we may denote with superscripts, e.g. ¢!, 692, 623, §9* correspond to §Y, 6U,
oU?®, §0U°.

(7) In light of (3.6.3), as in Step 1 in Proposition 3.6.3, we may find that for ¢ > 4L, there exists

a universal constant C' € (0, 00) such that for ¢t € [0, T]

T T
EU o (16U, 2 + 50U, |2 + |ajavr2)dr} < (JE[/ (5 + oTom P)dr].  (3.621)
t t

(i1) Applying It6’s formula to e (|6, |? + [0Uy|* + [0US|? + |60UZ|?) and noticing that
(0¥, oUr,0Ur, 60Ur) = (0,0,0,0),
we obtain

1 o (T .9 T o
Zeﬂéﬁ)ﬂ —i—/ eCT|U,T(55fn| dr—i—/ e”fd[é‘)"(l]r—i-fm%—imf
i=1 ¢ t
T
_ / e (20, - 6h, + 28U - 8g, (s) + 200U - 5Vg,(s) — e(|8Y,[? + [6U3 * + 5007 2) ),
t
where
N 4t : T t . ,
M =23 / 6L 530X, + / 51 - d 6.
=170 0
Again, the fact that (6)),0U,5U,50U) € (S?)? x (S*?)? guarantees, via the Burkholder-Davis—
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Gundy inequality, that M* is a uniformly integrable martingale, and thus a true martingale for all

s €1[0,T7.
Additionally, under Assumption G.(i7) and G.(iii), dt ® dP-a.e.
[0he| < Li(I6ye| + |0 020 + [0Uy | + [0} 3Vr| + 00U,
097 < Lg(|0y,| + |02—5Zr| + |6y | + |U;F5Vr|) + |60Uy |,

189-(5)] < Ly (18U3] + |07 6V;7| + 13y, | + |, 5]),

0%90(5)| < Loy (0UZ] + o 6V | + [0r| + |0 82,1) + Ly(150U%| + [0 60V;7).

In turn, this implies together with Young’s inequality and (3.6.21), that for any ¢ > 4L, there

exists a universal constant C' > 0 such that for any € > 0

4 5 T - T .
E{Zeﬂé@ﬂ + [ el oniPar [ ecr_d[éml]T]
i=1 t t

T
<E / e (|32 + 10Uy [2 + [8U3 2 + 60U [2) (Ce ™! = ¢) )dr
t

T
[ e (=00 107 822 40U ] + 1o, 61| + (6004 )
t

T T
< E{/ e (|0X|* + |0Uy|?) (Ce™t — c)dr} + sup E{/ e |SUS 2 (Ce™! — c)dr]
t s€[0,T] t

T T
/ eT1OUS 2 (Cet — c)dr} + sCE[/ e (|0, |* + \U:5zrl2)dr],
t 0

+ sup E
s€[0,T7]

where in the second inequality C is appropriately updated. Choosing e = Cc™! we obtain
4 - T o T , C
B| S clonil*+ [ oo s3ifar+ [ eralon] | < T (I6ylhac + [52] )
t t

i=1

which yields

C
1381300 < = (18ll2e + 62z ).

We conclude ¥ has a fixed point as it is a contraction for ¢ large enough. O
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Chapter 4

Quadratic backward stochastic Volterra integral

equations

We now want to build upon the strategy devised in Chapter 3 and address the well-posedness

of a general class of multidimensional type-I BSVIEs with quadratic generators.

The setting is, up to growth condition of the generator, identical to that of Chapter 3. Never-
theless, for the reader’s convience we briefly recall it. We let X be the solution to a drift-less SDE
under a probability measure P, and F be the P-augmentation of the filtration generated by X. We
consider a tuple (Y, Z', N'), of appropriately F-adapted processes, which satisfy for any s € [0,T7],

P-a.s. for any ¢ € [0, 7], the equation
T
Yy :g(s)+/ gr(s, X, Y5, 25, Y7, Z7) dr—/ Z3dX, — / AN, (4.0.1)
t

We will consider both the case of linear (in Y) quadratic (in Z) and fully quadratic generators.
To be able to cover type-I BSVIEs as general as (4.0.1), following the ideas in Chapter 3, our

approach is based on the following class of infinite families of BSDEs

T
ytzs(T)+/ B (X, Ve 20, Y7 27, OV drf/ 2,dX, — / AN,
t
T
Yts:n(s)Jr/ gr(s,X,Kf,Zf,yT,ZT)dr—/ ZﬁdXT—/ dNy, (4.0.2)
t t t

T T T
oY = sn(s)—f—/ vgr(s,X,amaz,f,mz,%,yr,zr)dr—/ az,deT—/ dOM?.
t t t

where (¥, Z,N,Y,Z,N,0Y,0Z,0N) are unknown, and required to have appropriate integrability.
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4.1 Practical motivations

(i) The first motivation builds upon the treatment presented in [246] of scalar continuous-time
dynamic risk measures as introduced in [88]. By studying multidimensional type-BSVIEs one
could extend these ideas to the more realistic situation where the risky portfolio is vector-valued.
In the static case, Jouini, Meddeb, and Touzi [144] provides a notion of multidimensional coherent
risk measure that renders a convenient extension of the real-valued risk measures intially introduced
in Artzner, Delbaen, Eber, and Heath [13]. Building upon these ideas, Kulikov [160] presents a
model that takes into account risks of changing currency exchange rates and transaction costs. In
particular, exploiting the cone structure induced by a given partial ordering, the author introduces

multidimensional coherent risk measures tail V@R, and weighted VQR.

(74) Systems of the nature of (4.0.2) are known to appear naturally in problems in behavioural
economics and applications in contract theory. An immediate practical motivation behind studying
systems of the form prescribed by (4.0.2) in a quadratic framework comes from the study of time-
inconsistent control problems. In this kind of problems the idea of optimal controls is incompatible
with the underlying agent’s preferences and thus one approach that leads to a successful concept
of solution is that of consistent plans or equilibria, as initially introduced in Ekeland and Lazrak
[80, 81]. In Chapter 2, we established this connection via a extended dynamic principle for the
problem faced by a sophisticated time-inconsistent agent, i.e. one seeking for an equilibria among
the players prescribed by her future preferences. However, their analysis was limited to a standard

Lipschitz assumptions on the data of the problem.

To motivate the results of this document, we specialised to the Markovian framework and precise

the dynamics of the controlled process X. This is, we let b;(z,a) := {=f, o¢(7) := 0 bounded, and

A := [a1, as] so that
¥, — t oo, — X, t N o
t=x0+ | op———dr+ | o, dWS, t€[0,T], P*as.
o r=T 0

for some A-valued process o which the agent controls. P* denotes a probability measure governing

the distribution of the canonical process X which the agent controls and for simplicity we assume
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one dimensional. W denotes a P*-Brownian motion. Let us recall that P* is guaranteed to exists
as the previous Lipschitz SDE has a unique strong solution. Moreover, at ¢ = T, we have that

X7 = ar € [a1,a2].

Now, for real valued k, F', and GG with appropriate measurability, we let the reward of an agent

performing the A-valued action « from time ¢ onwards, with initial condition z € X', be given by

T
J(t,z,a) ;= EF" [ / kr (t, Xpy a)dr + F(t, X7)|Fe | + G (6L, E™ [Xr|F]),
0

where EF”[-| 7] denote the classic conditional expectation operator under P®. The noticeable
features of this type of rewards are: (i) the dependence of k, F' and G on ¢ which besides the case
of exponential discounting is a source of time-inconsistency; (i¢) the possible non-linear dependence
of G on a conditional expectation of g(Xr), another source of time-inconsistency, which would allow
for mean—variance type of criteria. We remark that we have refrained ourselves to the Markovian

setting for the purpose of illustrating the result in this chapter.
Following the analysis in Chapter 2, let {(T,z) := F(T,z) + G(T, g(z)), n(s,z) := 0sF(s,x),
9i(s, 7, 2,a) == k(s,a) + by(x,a) - 0, 2, Vgi(s,z,v,a) := ski(s,a) + by(z,a) - o/ v,

Hi(z,z,u,n,z) :—sup{gttx z,a)} —u— 0sG(t, n)f%z oo, z 92,G(t,n),
acA

and denote by a*(t,z,z) the A-valued measurable mapping attaining the sup in H. Then, we
will find that agent’s value function associated to an equilibrium action «* correspond to ) and

a*(t, X, Z¢), respectively, given by

yt:f(T XT —|—/ XT,Z,.,aY” NT,Z d?“—/ Z.-dX,,
OV = s, Xr) + [ V(s X, 023, a(r, X, Z))r — [ 070X,
t t

~ T - T
Nt:XT+/ bT(XT,a*(r,XT,ZT))-a;rZrdr—/ Z, -dX,.
t t

We highlight that it follows from the definition that H is quadratic in z and it is quadratic
in n if, for instance, G(s,n) = ¢(s)n?. Moreover, having access to a well-posedness result for the

previous system would guarantee the uniqueness of the equilibrium. This becomes particularly
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important in light of the recent results in [164], where the authors presents an example, stemming
from a mean—variance investment problem, in which uniqueness of the equilibrium fails. In light
of the dynamics specified above for X we have that terminal conditions of the previous system
are bounded. Morever, if in addition z — (£(¢, ), 0sn(s,x)) is monotone and continuous this
bound is determined by a1, as. All in all, we will find that the previous system is well-posed and
therefore there is a unique equilibrium associated to the time-inconsistent control problem faced

by a sophisticated agent.

(7i1) Lastly, even in the case G = 0 the reward of the agent can be represented via a standard

type-I BSVIE. This is due to the time-inconsistency arising from k and F'. In complete analogy to

the case of a classic time-consistent agent, the need for the understanding of multidimensional BS-

VIEs such as (4.0.1) would arise in applications to nonzero-sum risk-sensitive stochastic differential

game, El Karoui and Hamadéne [84] and [133]; financial market equilibrium problems for several

interacting agents, Bielagk, Lionnet, and Dos Reis [29], Espinosa and Touzi [96], [103], [102]; price
=

impact models, [158] [157]; and principal agent contracting problems with competitive interacting

agents in Elie and Possamai [90] to mention just a few.

4.2 Preliminaries

4.2.1 The stochastic basis on the canonical space
For the reader’s convenience, we recall the formulation on the canonical space.

We take two positive integers n and m, which represent respectively the dimension of the
martingale which will drive our equations, and the dimension of the Brownian motion appearing in
the dynamics of the former. We consider the canonical space X = C™, with canonical process X. We
let 7X be the Borel g-algebra on X (for the topology of uniform convergence), and FX = (F;X )eelo,1]
is the natural filtration of X. We fix a bounded Borel-measurable map o : [0,T] x X — R™*™,
0.(X) € Pueas(R™™ FX), and an initial condition 2o € R”. We assume there is P € Prob(X)
such that P[Xo = x9] = 1 and X is martingale, whose quadratic variation, (X) = ({(X)¢)e[o,77, 18

absolutely continuous with respect to Lebesgue measure, with density given by oo . Enlarging the
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original probability space, see Stroock and Varadhan [232, Theorem 4.5.2], there is an R"-valued

Brownian motion B with
t
X =120 —I—/ or(X.ar)dB,, t €10,T], P-a.s.
0

We now let I := (F¢);c(o,7r] be the (right-limit) of the P-augmentation of FX. We stress that we
will not assume P is unique. In particular, the predictable martingale representation property for

(F,P)-martingales in terms of stochastic integrals with respect to X might not hold.

Remark 4.2.1. We remark that the previous formulation on the canonical is by no means neces-
sary. Indeed, any probability space supporting a Brownian motion B and a process X satisfying the

previous SDE will do, and this can be found whenever that equation has a weak solution.

4.2.2 Functional spaces and norms

We now introduce the spaces of interest for our analysis. In the following, (2, Fr,F,P) denotes
the filtered probability space as defined in the introduction. We are given a non-negative real
number ¢ and (E,| - |) a finite-dimensional Euclidean space, i.e. E = R4 for some non-negative
integer d and | - | denotes the L?-norm. We also introduce the £>-norm which for an arbitrary

E-valued random variable ¢ is given by ||(||oc := inf{C > 0:|¢| < C, P-a.s.} as well as the spaces

LC(E) of £ € Preas(E, Fr) P-essentially bounded, such that ||€||zec.c := He%Tfﬂoo < o0

sup e2|Yj| <

t€[0,T]

o S®CE)ofY € Pypt(E,F), with P-a.s. cadlag paths on [0, 7] and ||Y || sec.c :=

oo
00.;

o S2(E) of Y € Popt(E, F), with P-a.s. cadlag paths and [|Y]2,. := E{ sup
T

e§t|Yt|2} <00
telo

]
T c
o LLV®C(E) of Y € Popt(E,F) with ||Y||L1,00c 1= H/ e?t|Yt]dtH < 00
0 oo

T

o H*¢(E) of Z € Pprea(E, F), defined oo/ dt-a.e., with ||Z||Z,. = E{/ ecr\arZr|2dr] < o0
0

« BMO?¢(E) of square integrable E-valued (F,P)-martingales M with P-a.s. cadlag paths on [0, T’

and

2
M]3y 02 = Sup < o0;
TE'TOYT

]

’ [e.e]

T [
/ e2"~dM,
.

176

EP[




2
< oQ;

M BMO?*

o H0(E) of Z € Porea(E,F), defined oo, dt-a.c., with 1Z|22. = H/ ZydX,
BMO 0

. M%&O(E) of cadlag martingales N € Pypi(E, F), P-orthogonal to X (that is the product X N is

an (F,P)-martingale), with Ny = 0 and || N|| = HNH;MOQ,C < o0

2
2,c
MBI\/IO

o M?*¢(E) of cadlag martingales N € Popi(E,F), P-orthogonal to X, No = 0 and |[N|Zp. :=
T
E[/ ecrdTr[N]r} <ool;
0

o P2..(E,Fr) of two parameter processes (Uf)(s,p)elom? ([0,T)% x Q,B([0,7T)?) ® Fr) —
(E, B(E)) measurable.

o L2%2¢(E) denotes the space of collections 7 := (1(s))se[o,1] € Prmeas(E: F) such that the mapping
([0,T] x Q,B([0,T]) @ F) — (LX(F,P)), | - [loop)) : s — n(s) is continuous and ||| gec.2,c :=

sup [|7(s)[[zoe.e < 00.
s€[0,T]

« Given a Banach space (I°(E), ||-||1¢), we define (I>¢(E), ||-||j2.c) the space of U € P2 .. (E, Fr) such
that ([0, 7], B([0,T])) — (I°(E), ||-||zc) : s — U?® is continuous and ||U||j2.c := sup ||[U®||1 < oo.

s€(0,T

For example, L1°>2¢(E) denotes the space of U € P2,.(E, Fr) such that ([0, 7], B([0,T])) —

(LYo¢(E), || - |lptoee) 8 — U* is continuous and ||U]|p1.c02.c := sup [|U* || 1.00.c < 00;

s€[0,T
o H*?(E) of (Z7) (s yeo.172 € Prneas(Es Fr) such that ([0, T], B([0,T])) — (HP(E), || - [uw) : s —
Z* is absolutely continuous with respect to the Lebesgue measure,? Z € H?¢(E), where Z :=

(Z{)iejo,r] is given by

T
Zt = 77 —/ 0z7dr, and, ||Z) 20z = | 2|3 + |2 < oc.
t

o Hinio(B) of (Z7)(snefo.11? € Prheas(E, Fr) such that ([0, T], B((0,T1)) — (Hpyio(E), |- lue

BMO

) :
s — Z?® is absolutely continuous with respect to the Lebesgue measure, Z € HzB’K/IO(E), where

Z = (Z{)iepo1) is given by

T
7t = th_/ 0Z;dr, and, | Z)2acs = 2]z + 1220, < oo
t BMO BMO

HBMO

!We remark the use of [-] instead of (-) as N is only assumed to be cadlag

2We recall that H?, being a Hilbert space and in particular a reflexive Banach space, has the so-called Radon—
Nikodym property, see [216, Corollary 5.45]. Thus the absolute continuity of the H2-valued mapping s — Z° is
equivalent to the existence of the density (0Z°)sc(o,77, which is unique for Lebesgue-a.e. s € [0,T]. The fact Z is
well-defined is argued in Remark 4.2.2
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Remark 4.2.2. (i) We remark that the first set of spaces in the previous list, but M%’&O(E), are the
corresponding weighted version of the classic spaces in the literature for BSDESs, which are recovered
by taking ¢ = 0. Such weighted spaces are known to be more suitable to handle existence results.
Moreover, given our assumption of finite time horizon these spaces are known to be isomorphic for

any value of c.

(ii) The second set of these spaces are weighted versions of suitable extensions of the classical ones,
whose norms are tailor-made to the analysis of the systems we will study. Some of these spaces
have been previously considered in the literature on BSVIEs, see Chapter 3 , [267] and [245].0f
particular interest are the spaces H>?(E) and EZBH%/[O(E) Indeed, the space H*“(E) being closed
implies H>%¢(E) is a closed subspace of H>%¢(E) and thus a Banach space. Let us recall that the
space H>*¢(E) allows us to define a good candidate for (Z})em as an element of H*(E). Let

Q:=[0,T]x X, @ := (t,2) € Q and
T ~
3,(@) = 27 (z) — / 077 (z)dr, dt © dP-a.e. @ € Q, s € [0, T,

so that the Radon—Nikodym property and Fubini’s theorem imply 3s = Z*%,dt ® dP-a.e., s € [0,T].

Lastly, as for & € Q, s — 35(@) is continuous, we may define

T
zt.=2zr _/t 0Z{dr, for dt ® dP-a.e. (t,z) in [0,T] x X.

(#i7) Lastly, we comment on our choice to introduce the spaces M%@IO(E) and M%’i&%(E) Those
familiar with the theory of BSDEs would recognise the integrability in M>¢(E) as the typical one for
orthogonal martingales. However, given the setting of this paper, one might argue whether it would
be more natural to require a BMO-type of integrability, as the space M%ﬁ/[o(E) does. This had been

noticed since [238]. Therefore, a natural question is how requiring one specific type of integrability

would quantitatively affect our well-posedness results.
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4.2.3 Auxiliary inequalities

Finally, to ease the readability we recall a particularly useful inequality in our setting. It
is obtained from the so—called energy inequality, see Meyer [185, Chapter VII. Section 6]. For a
positive integer p and a potential X, i.e. a positive right-continuous super-martingale s.t. E[X;] —

0, t — 00, the pth-energy is defined by

1
ep(Xe) = HE[(Aoo)p],

where A is the increasing, right—continuous process appearing in the Doob—Meyer decomposition

of X. The p—energy inequality states that
ep(Xt) < CP, whenever | X;| < C.
In the context of this document, we can use it to obtain the following auxiliary inequalities, whose
proof is available in Section 4.7.1.
Lemma 4.2.3. Let d be a positive integer.

(i) Let Z € HZ, R"*d). Then,

MOQ’C(
T p 9
E[(/ eCT\o;rZr|2dr> } <pllZ|%,. . (4.2.1)
0 BMO
(i5) Let Z € H>?(R™9), Z = (Z})epr) and ¢ > 0, e > 0. Then, P-a.s.
T T T T
/ ol 2, Pdu < / o7 7t 2du +/ / o 7% + e e 0T 07T [2dudr, t € [0,T).
t t t r
Moreover, for any t € [0,T]

T 2
Et[(/ e0“|o—,jzu|2du) } < 6((1+T2)||Z||§H2,2,C +T2HaZ||§Hz,2,c),
t BMO BMO

. +T)0Z|

(@)

T
B [ o) Zufdu] < (14 D)2 250
t BM BMO
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4.3 The BSDE system

For a fixed integers dy and do we are given jointly measurable mappings h, g, £ and 7, such that

for any (y, z,u,v,u) € RA x R4 x RI2 x R1X4d2 x R4z

h:[0,T] x & x RE x R?¥ 5 R%2 x R™ %2 R%2 3 RY R (-, y, 2, u,v,1) € Pprog(R™,F),
g:[0,T)? x X x R%2 x R4z 5 RE 5 RN 5 R g (5, 1,0, 9, 2) € Pprog(R%2, ),

£:00,T] x X — R4, 5:[0,T] x ¥ — R%,
Moreover, throughout this section we assume the following condition on (7, g).

Assumption I. (s,u,v) — gi(s,z,u,v,y,2) (resp. s — n(s,x)) is continuously differentiable,
uniformly in (t,x,y,2) (resp. in ). Moreover, Vg.(s,, 0, v,u,v,9,2) € Pprog(R2,F),s € [0,T]

where the mapping Vg : [0,T]> x X x (R% x R™*42)2x R4 x R™*%4 — R% s defined by

n
vyt($7 T,u, Vv, u,v,Y, Z) = Sgt($7 T, u,,Y, Z) + 8ugt(s7 T, u,v,Y, z)u + Z av:igt(sv T,u,V,Y, Z)Vil'

i=1
Set (h.,3.(s), V§.(s)) := (h.(-,0,0),9.(s,-,0),dsg.(5,-,0)), for 0 := (u,v,9, 2)l(0,..0)-

To ease the readability, in the rest of the document we will remove the dependence of the

previous spaces on the underlying Euclidean spaces where the processes take value, i.e. we will

write S*¢ for S%¢(R%).

Given Fp-measurable (£,n) and h and g, with d;n and Vg given by Assumption I, which we
will refer as the data, we consider the following infinite family of BSDEs defined for s € [0, 7],

P-a.s. for any ¢ € [0,T] by

T T T
ytzg(T,X.AT)+/ hT(X,yT,ZT,U;",VZ’,aU[)dr—/ Z,TdXT—/ AN,
t t t
T T T
Uf:n(s,X.AT)+/ g (s, X, Uﬁ,%s,yr,zr)dr—/ VdeXT—/ dM, (S)
t t t

T T T
OUF = (s Xopa) + [ Vgn(s, X,0U2, 0V, U2, Vi,V Z)dr — [ oveTax, — [ aonsy,
t t t
Under the above assumption, we are interested in studying the well-posedness of (S). For ¢ > 0,
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we define the space (H, ||-||3¢), whose elements we denote h = (Y, Z, N, U, V, M, 90U, 9V, 0M ), where

c._ Qoo,c 2,c 2,c 00,2,¢  TT2:2 2,2,c 00,2,c 2,2,c 2,2,c
HE = 8% x Hpyo x M™ xS x Hgyo x M xS x Hgyio x M

and || - ||y denotes the respective induced norm.

Remark 4.3.1. (i) We highlight that system (S) is fully coupled. This means that a solution to

(i)

(iid)

the system has to be determined simultaneously. Moreover, the reader might notice our choice
to preven the generator of the first BSDE to depend on the diagonal of OV. This is due to
our interest, as in Chapter 3, to establish the connection between these systems and type-1
BSVIEs (4.0.1). For this, the presence of the diagonal OU plays a key role. It should be clear
from our arqguments and Lemma 4.2.3 that these can be easily extended to accommodate this

case.

We remark that for any ¢ > 0, the space (H, || - |[4<) is a Banach space. Indeed, it is clearly
a normed space. Moreover, the fact that the spaces S°¢ and M>¢ are complete is classical
in the literature. The completeness of the spaces H2B’§/IO and M2B’§/[O, which are endowed with
BMO-type norms, follows from Dellacherie and Meyer [70, CH. VII, Theorem 88|. Indeed, a
dual space is always complete. Finally, the completeness extends clearly to spaces of the form

00,2,¢ T2, 2,2,c
S yHgyio and Mgy -

We also remark that implicit in the definition of HE is the fact that OV coincides, dt @ dP-a.e.,
with the density with respect to the Lebesgue measure of the application s — V¥ which appears

in the definition of the space E]%’I%/IO' This is for any s € [0,T]
s 2
VE-V0 = /0 oV'dr, in Hgyo-

This contrasts with the result in the Lipschitz case obtained in Chapter 3 where this was a
consequence of the result, see also the remark after Definition 3.4.1. The reason for this is
that the quadratic growth of the generator is incompatible with the contraction specified in the

proof of Theorem 3.4.3.

We now state precisely what we mean by a solution to (S).
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Definition 4.3.2. A tuple h = (¥, Z,N,U,V, M,0U,0V,0M) is said to be a solution to (S) with
terminal condition (§,m) and generators (f,g) under P, if b satisfies (S) P-a.s., and, h € HE for

some ¢ > 0.

For ¢ > 0 and R > 0, we define Bg C H° to be the subset of H¢ of processes (Y, Z, N,U,V, M) €
HE such that

I(Y, 2, N, U, V, M)|3c < R2.

The need to introduce Bg is inherent to the quadratic growth nature of (S). Systems of the type
of (S) were studied in a Lipschitz framework in Chapter 2. By choosing a weight ¢ large enough,
and exploiting the fact that all weighted norms are equivalent, in Chapter 2 we obtained the well-
posedness of (S) in the space 2 := S? x H? x M? x §%2 x H>? x M?? x §*2 x H>2 x M?2. In
the setting of this paper, the Lipschitz assumption for the generators is replaced by some kind of
local quadratic growth. As a consequence, one cannot recover a contraction by simply choosing
a weight large enough. In fact, as noticed in [238] and [153], given our growth assumptions,
our candidate for providing a contractive map is no longer Lipschitz-continuous, but only locally
Lipschitz-continuous. The idea, initially proposed in [238], is then to localise the usual procedure
to a ball, thus making the application Lipschitz continuous again, and then to choose the radius
of such a ball so as to recover a contraction. The crucial contribution of [238] is to show that such

controls can be obtained by taking the data of the system small enough in norm.

Our procedure is inspired by this idea and incorporates it into the strategy devised in Chapter 3
to address the well-posedness of this kind of systems. We have decided to work on weighted spaces
as, in our opinion, it does significantly simplify the arguments in the proof. We also mention that we
tried to estimate the greatest ball, i.e. the largest radius R, for which such a localisation procedure
leads to a contraction. Details are found in the proof. As we work on weighted spaces, we will find
¢ > 0 large enough so that, given data with sufficiently small norm, (S) has a unique solution in
Br C H¢ In words, throughout the proof, we will accumulate conditions on any candidate value
for ¢ that allows to verify the necessary steps to obtain the result. As such, an appropriate value

of ¢ must satisfy all such conditions. This should be clear from the statement of the result.
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4.3.1 The Lipschitz—quadratic case
Assumption J. (i) 3¢ € (0,00) such that (£,1,0sn, f,§,V§) € L2 x LE x L1 x 10022,

(i3) I(Ly, Lu, Ly) € (0,00)% s.t. Y(s,t,z,y,7,u,,u,1,z0,v) € [0,T])? x X x (R1)2 x (R¥=)* x

Rnxdl % (Rnxdz)Q

|ht($,y,zauv7}7u) - ht(xagaz7ﬂvvaﬁ)‘ + ’gt(S,LL’,U,U,y,Z) - gt(s,x,ﬁ,v,gj, Z)’

+ ]Vgt(s,x,u,v, u,v,Y, Z) _gt<3,x,ﬁ,V7’L~L,’U,g,Z)‘ S Ly‘y - :’j‘ + Lu’u - ﬂ| + Lu’u - ﬁ"

(iii) (L., Ly, Ly) € (0,003, ¢ € Hytio s.t. (s, t,2,y,u,1,2,%,0,5,v,7) € [0,T]> x X x R x
(Rdg)Q % (Rnxd1)2 % (Rnxd2)4

\he(,y, 2, u,v,0) — by, y, Z,u, 0,u) — (2 — 2) T oy ()
+1ge(s, 2, u,0,9,2) = gi(s, 2,1, 8,9, 2) — (v = 0) Top(2) |
+|Vag(s,z,u,v,u,v,y,2) — Vg (s, z,u,v,u,0,y,2) — (v — G)Tar(m)étl

< L|lo) (2)2]+o, (2)2]|lo) (2) (2 = 2)|+ Lo, (@)v] +]o, ()50} () (v - D)

+Ly|lo] (@)v]+]o) (2)¥]] |0, () (v = 7).

Remark 4.3.3. We now comment on the previous set of assumptions. Assumption J.(i) imposes
integrability on the data of the system. We highlight that in our setting we require the integral with
respect to the time variable of the generators (f,g,vg) to be bounded. This is in contrast to re-
quiring the generators itself to be bounded. On the other hand, Assumption J.(i7) imposes a classic
uniformly Lipschitz growth assumption on the (Y,U,0U) terms for the system. Finally, Assump-
tion J.(i91) imposes a slight generalisation of a local Lipschitz—quadratic growth, this corresponds
to the presence of the process ¢, and is similar to the one found in [238]. This property is almost
equivalent to saying that the underlying function is quadratic in z. The two properties would be
equivalent if the process ¢ was bounded. Here we allow something a bit more general by letting ¢ be
unbounded but in H2BMO. As we will see next, since this assumption allow us to apply the Girsanov

transformation, we do not need to bound the processes and BMO type conditions are sufficient.
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Lastly, we also remark that ¢ is common for the three generators and do not depend on s. This is
certainly a limitation in terms of the system (S). Yet, as we are working towards establishing the
well-posedness of the BSVIE (4.4.1) we will see in Section 4.4, namely (Sy), that will chose h and

g so that such condition is sensible.

As a preliminary to our analysis, we note that Assumption J.(i7i) can be simplified. This is
the purpose of the next lemma. Therefore, without lost of generality in the rest of this section we

assume ¢ = 0.

Lemma 4.3.4. Let

A

ht(fU;y,Z,UaU,U) = ht(x7yazauav7u) - ZTUT<$)¢t7
@t(S,.f,U, v, Y, Z) = gt(37$7u, v, Y, Z) - UTGT(x)gbtv

v.@t(S,x7U,Va u,v,Y, Z) = gt(S,.I, u,v,u,v,Y, Z) - VTUT(x)¢t'

Then (Y, Z,N,U,V, N) is a solution to (S) with terminal condition (§,n) and generator (f,g) under
P if and only if (Y,Z,N,U,V,N) is a solution to (S) with terminal condition (§,n) and generator

(f,9) under Q € Prob(Q) given by

j% :(‘Z(/OTqbt-dXt).

Proof. We first verify that Q above is well-defined. Indeed, from the fact that ¢ € H2B’§/IO (R™) we
have that the process defined above is a uniformly integrable martingale and Girsanov’s theorem

holds, see [152, Section 1.3]. To verify the assertion of the lemma we note, for instance, that
T T T
Vo =¢ -|—/ he(X, Y, Z,, UZ VT OUT )dr —/ ZtT(dXT — oppdr) +/ dN,, t € [0,7], Q-a.s.
t t t

O]

To ease the presentation of our result in the Lipschitz—quadratic case we introduce some nota-

tion. For (v,¢, R) € (0,00)3, &; € (0,00), i € {1,...,11}, and k € N, we define

I5 = ||&lIzoec+ 20l Zoe e+ (1 + €1 + 2) 05| oo 2
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+ 63”il”il,oo,c+ (64 + 55)||§||i1,oo,2,c+ (61 +e9 + 66)||V§||I%1,oo,2,c,
1

L*;: maX{LZavaLV}’ Z/{(HI) = M’
*

and,

¢ :=max {2L, + 51_17TL121 + (e1+ 52)TL§ + 8;1L3+ eg+ €9+ €10,
2Ly +e3'TT +e7 + €5 'L, 2Ly + e L; + e 'L,
2Ly + (e1 +€2)TL: + eg ' L + €11, 8Ly + 2T Ly + 2T Ly L,

4L, +2TL, +2TL,L,}.

Remark 4.3.5. Let us mention that the previous expressions arise in the analysis given our goal
of finding the largest ball over which we can guarantee a contraction. In particular, for this reason
there are several degrees of freedom, €;’s, that determine ¢¢. In particular, let us mention that there
are many simplifying choices that can be made, at the risk of loosing some flexibility. For instance,
letting & € (0,00)%, i € {1,...,5}, 61 = 9 = 6 = &1, €3 = &9, €4 = €5 = &3, €7 = €11 = &4 and

€g = €9 = €19 = €5 we only need to choose 5 variables and

I§ = [|€)|Z00e+ 2)1)| 2002 + (1 4 281) (1057|2002 + E2]|BIIZ 1oc + 2853|2100 2.0 + 381V Lo e
e _ ~—1 2 ~ 2, =172 ~ ~—1 ~ | =172 ~—172 | =172

2Ly +261TL, + &5 'L + &4, 8Ly + 2T Ly + 2T LyLy, AL, + 2T Ly, + 2T LyLy}.

Assumption K. Let (v,¢, R) € (0,00)3, g; € (0,00), i € {1,...,11}, k € N. We say Assumption K
holds for k if

(V1 F ez + 35+ V3r)? <28k, I§ <YR*/k, R? <U(k), ¢ > ¢ .

Theorem 4.3.6. Let Assumption J holds. Suppose Assumption K holds for k = 10. Then, there

exists a unique solution to (S) in Br C HE with

21
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Remark 4.3.7. Before we proceed with the proof, we would like to comment on both the qualitative

and quantitative statements in Theorem 4.3.6.

(i) As a result of our procedure, and consistent with the results available in the literature, we require
the data of (S) to be sufficiently small in order to obtain the well-posedness of (S). We stress this
property on the data is influenced not only by the value of v and R, but also, by the the value of c

which determines the norms.

(#4) In addition, we introduced Assumption K which depends on a parameter k € N. This parameter
1s related with the number of processes for which we have to keep track of the integrability of. In
particular, we mention that, in the proof we present below, in addition to the 9 elements that
prescribe a solution to the system we control the norm of the diagonal process (V;tt>te[0,T] which
appears in the definition of H>?. An alternative line of reasoning is available by leaving out the norm

of process (Vtt)te[(),ﬂ in the definition of H?? and exploit the inequality derived in Lemma 4.2.3.

(7i1) We also want to point out that we tried to obtain the largest ball for which the whole procedure
goes through. This can be appreciated in Equation (4.5.8) which introduces an upper bound on R
for which our candidate map is well-defined. A word of caution nonetheless, since our bound of R
cannot be directly compared to the ones obtained in [238] or [153]. Indeed, we recall that the norms
involved depend on our choice of c. As such, the radius of the ball, Bg C H€, in Theorem 4.3.6
depends on the choice of c. Consequently, if we were to exploit the equivalence between all the spaces

HE the radius would have to be appropriately adjusted.

Remark 4.3.8. Alternative versions of Theorem 4.3.6 are available. These are related to the

orthogonal martingales.

(i) We first highlight that we are able to show, a posteriori, that the (N, M,0M) part of the solution
to system (S) in H¢ actually has a finite BMO-type norm. This is proved in Theorem 4.3.9. We
recall that in this quadratic setting with bounded terminal condition, this might be considered as a

more natural type of integrability for the martingale part of the solutions.

(i) Furthermore, one could wonder about how the statement of Theorem 4.3.6 changes in the case
where (N, M,0M) are required, a priori, to have finite BMO-norm. This would allow, for instance,

to keep a control on the BMO-norm inside the resulting ball. We cover this in Theorem 4.3.10.
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(#i7) Finally, we consider the case when the representation property for (F,P)-martingales in terms
of stochastic integrals with respect to X holds. This is the case, for example, if P is an extremal point
of the convex hull of the set of probability measures satisfying the requirements in Section 4.2.1, see
[142, Theorem 4.29]. In such a scenario, we have that N = M = OM = 0. This case is covered in
Theorem 4.3.10.

Theorem 4.3.9. Let Assumption J hold and b be a solution to (S) in the sense of Definition 4.3.2.
Then

< 0.

VI3

. M e +||0M
e+ MIlgea. + [0M];

s
We now the address the well-posedness of (S) in the following two scenarii
(i) when (N, M,0M) € M50 x Migeie, x Mgas, d.e. (N, M,dM) are required to have finite
BMO-norm;

(7) when the predictable martingale representation property for (I, P)-martingales in term of

stochastic integral with respect to X hold, i.e. both A/, M and OM vanish.

For this, let us introduce the spaces (H¢, || - l57.) and (H | - l|7¢) for ¢ >0 where
HE 1= 8% x Hgtio X Mpso X 82 x e, x M x S%2¢ x Hae) x Mg,

__ Qoo,c 00,2,¢ , T2r2:C 00,2,¢ 2,2,c
H =S ><]HI Mo XS x Hgyo x S x Hgyio-

and || - and || - |l¢ denote the associated norms. Moreover, Br C H° (resp. Br C H") denotes

(B

the ball of radius R for the norm || - || 5. (vesp. || - [lz¢)-
Theorem 4.3.10. Let Assumption J hold. If in addition

(i) Assumption K holds for k = 11, then, there exists a unique solution to (S) in Br C (H<, |- l57¢);

(ii) Assumption K holds for k = 8, and the predictable martingale representation property for
(F,P)-martingales in term of stochastic integral with respect to X hold. Then, there exists a unique

solution to (S) in B C (H,|| - ll7z¢)-

4.3.2 The quadratic case
Our approach allows us to consider also the case of quadratic generators as follows.
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Assumption L. (i) 3¢ > 0 s.t (£,1,0n, f,§,V§) € L2 x L202 x L0062 5 LS 5 [LooG2 i

Llpo,E,Q.

(43) 3(Ly, Lu, Ly) € (0,00)3, s.t. ¥(s,t,z,y,9,u,4,u,1,20,v) € [0,T]? x X x (RH1)2 x (R%2)* x

Rnxd1 x (Rnxd2)2

ha(s 4, 20, 0,0) — R, 5,20, ) < Lyly — 31 + 131) + Ll — il (] + [4) + Ll — ],
|gt(s,x,u,v,y, Z) - gt(8,$,ﬂ,v,ﬂ,2)| + |Vgt(8,x,u,v,u,v,y,z) - Vgt(s,x,ﬁ,v,&,vgj, Z)|

< Lulu — @l|[uf + [&]] + Lulu — @l|Jul + |al| + Lyly — 7lllyl + |71}

(iii) 3(Lz, Ly, Ly) € (0,003, ¢ € Hytio s.t. (s, t,2,y,u,1,2,%,0,5,v,7) € [0,T]> x X x RN x
(Rdg)Q % (Rnxdl)Q % (Rnxd2)4

\he(, y, 2, u,v,0) — by, y, Z,u, 0,u) — (2 — 2) T o ()
+1ge(s, 2, u,0,y,2) = gi(s, 2,0, 8,9, 2) — (v = 0) "o (2) |
+ |V (s,z,u, v,u,v,y,2) — Vagi(s,z,u,v,u,0,y,2) — (v — V)Tar(x)¢t|
< L|lo) (2)2+o) (2)2]||o) (2) (z = 2)|+ Lol (2)v] +]o, ()80 () (v - D)

Ly || ()] + o) (@) o7 (@) (v — 7).

Remark 4.3.11. In the previous set of assumptions we have allowed the generators to have quad-
ratic growth in all of the terms, with the exception of h on the term u. The reason for this are
twofold: (i) for the kind of systems that motivate our analysis the term (8U,f)t€[07T} always appears
linearly in the generator, (ii) when making the connection with the type-I BSVIE (4.0.1) (8U{);ep0,1)
plays the auxiliary role of keeping track of the diagonal processes (Uf)te[o,T] and (Vtt)te[o,T} and for
this it suffices that it appears linearly in the generator. This is, the Lipschitz assumption on this

variable will suffice for the purposes of our results and the problems that motivated our study.

As before, we need to introduce some auxiliary notation. For (v, ¢, R) € (0,00)3, &; € (0, 00),

i€{l,...,6},and K € N, we let I§ be as in Section 4.3.1 and define

1

Ly := max{Ly, Ly, Lu, L, Ly, Ly}, ¢ := max{e; "TTL2,e; 7T, 2L, },U(K) := T36m LE man (2. 77)
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Assumption M. Let (v,¢,R) € (0,00)3, g; € (0,00), i € {1,...,6}, and k € N. We say Assump-
tion M holds for k if

(Ver+e2+ 3k + \/3/-@)2 < 56k, I5 < ’yR2//<a, R? < U(k), ¢ > .

Theorem 4.3.12. Let Assumption L holds. Suppose Assumption M holds for k = 10. Then, there

exists a unique solution to (S) in Br C HE with

1
< .
336k L2 max{2,T?}

R2

Remark 4.3.13. We remark that the best way to appreciate the previous result is by contrasting
it with our well-posedness result in the linear—quadratic case. For simplicity, let us assume L, =
L, =L, =L, =L, = Ly. Regarding the constraint on the weight parameter of the resulting
norm, the result is pretty much in the same order of magnitude. Nevertheless, the most noticeable
feature is that by allowing the system to have quadratic growth the greatest radius under which our
argument is able to quarantee the well-posedness of the solution decreases by a factor 2max{2, T?}.

This quantity can be significant in light of its dependence on the time horizon T .

4.4 Muldimensional quadratic type-I1 BSVIEs

We now address the well-posedness of multidimensional linear—quadratic and quadratic type-1
BSVIEs. Let d be a non-negative integer, and f and £ be jointly measurable functionals such that

for any (s,y, z,u,v) € [0,T] x (R% x R™*4)2

F00,TP x X x (R x R 5 R f.(s,-,9, 2,u,0) € Pprog(R%,F),

€:]0,T] x X — R%, £(s,-) is F-measurable.

The main result in this section follows exploiting the well-posedness of (S). Therefore, we work

under the following set of assumptions.

Assumption N. (s,y,2) — fi(s,z,y, z,u,v) (resp. s — &(s,x)) is continuously differentiable,

uniformly in (t,x,u,v) (resp. in x). Moreover, Vf.(s,-,y,z,u,v,u,v) € Pprog(Rd,]F),s € [0,7],
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where the mapping Vf : [0,T]?> x X x (R? x R™*4)3 — R? s defined by

n
vft(sa z,u,v,y, =<, U,U) = 3sft(571“ay, Z,U,U) + 8yft(5,l',y, Z, u,v)u + Zaz;ift(sa'xa Y, Z,U,’U)Vi:.
i=1

Set <f7f(3)7vf<3>) = (f'('7070)7f~(37 '70)788f~(87 '70))7 fOT‘ 0:= (u7vay7z)’(0,...,0)-

Let (H*¢, || - [[3<) denote the space of (Y, Z, N) € H*¢ such that ||(Y, Z, N)||3+c < oo where
HAe = 53 x Hifio X Mo, |- e = 1Y [§oe + 1 Z 12 + IN 32
We consider the n-dimensional type-I BSVIE on (H*, || - ||2+), which for any s € [0, T satisfies
Y =¢&(s, X) + /tT fols, X, Y5, 28, YT, Z0)d / ZsTdX, — / dNg, t € ]0,T], P-as. (4.4.1)

We work under the following notion of solution.

Definition 4.4.1. We say (Y, Z,N) is a solution to the type-1 BSVIE (4.4.1) iof (Y,Z,N) € H*
verifies (4.4.1).

We may consider the system, given for any s € [0, 7] by

T T T
yt:g(T,XH/ (fT(r,X,yr,Zr,Y[,ZZ)—6Y[)dr—/ Z;rer—/ AN,
t t t
T T T
Yf:g(s,XH/ fr(s,X,Kf,Z,‘f,y,a,Zr)dr—/ ZﬁTer—/ dN?, (Sp)
t t t

T T T
ay;:asg(s,XH/ Vfr(s,X,(?Yj,aZf,Yf,Zf,yr,Zr)dr—/ 8ZdeXT—/ dON?.
t t t

Remark 4.4.2. Let us briefly comment that our set-up for the study type-1 BSVIE (4.4.1) is
based on the systems introduced in Section 4.3. As such, the necessity of the set of assumptions in

Assumption N is clear.

We are now in position to prove the main result of this paper. The next result shows that under
the previous choice of data for (Sy), its solution solves the type-I BSVIE with data (&, f) and wvice
versa in both the linear—quadratic and quadratic case. For this we introduce the following set of

assumptions.

190



Assumption O. (i) 3¢ € (0,00) such that (&,1,0sn, f,§, V) € L x Lo2E 5 100 5 L1022,
(i4) 3(Ly, Lu, Lu) € (0,00)3 s.t. V(s,t,2,y, 7, u, @, 1,1, 2,0,v) € [0,T]2x X x (R?)0 x Rn*d x (Rn*d)3

\ft(Sawvyaz,%U) - ft(s,x,gj,z,ﬂ,v)\ + ]Vft(s,x,u,v,y,z,u,v) - Vft(S,CE,ﬁ,V,g,Z,ﬁ,U”

SLy‘y - ?j‘ +Lu‘u_ﬁ‘ +Lu‘u_ﬁ‘;

i13) 3(L,, Ly, Ly) € (0,00)3, ¢ € HAC | s.t. V s, t,x,y,u,, 2, 2,0,0,v,v) € [0,T]? x X x (R)3
BMO
(Rnxd)ﬁ

|ft(syxayvzau7v) - ft(s,x,y,é,u,f)) - (Z - 2)TUT(x)¢t|
+ |V fi(s,z,u,v,y, z,u,v) — Vfi(s,z,u,v,y, 2, u,0) — (v — G)Tar(x)qﬁﬂ
< L.lo) (@)l o (@) 2l [0 (@) 2 — DI+ Lolloy @l +lo (@)l l]o7 (@) (v - o)

L[|l @) flo (@) (v — D).
Assumption P. (i) 3¢ € (0,00) such that (£,1,0sn, f,§, V) € Lo x L2 x LL1o0E x L1002,
(i) 3(Ly, Lu, L) € (0,00)% s.t. (s, t,2,y,§,u, @0, 0, 2,0,v) € [0, T]>x X x(RT)ExR™ @5 (R"*2)3

\ft(&@“,yv%uyv) - ft(S,Hf,g,Z,fL,'U)‘ + ]Vft(s,x,u,v,y,z,u, ’U) - vft(saxaﬁa\/?gazaa??))‘

<Lyly = §lllyl + 13l| + Lulu — al|Jul + |al| + Lufu — @] |[u] + [;

i13) 3(L,, Ly, Ly) € (0,00)3, ¢ € HAS | s.t. V s,t o, y,u,u, 2, 2,0,0,v,v) € [0,T]? x X x (RH)3 x
BMO
(Rnxd)ﬁ

|ft(57$7y72aU,U) - ft(s7x7y727u)f}) - (Z - Z)TGT($)¢t’
+ ]Vft(s,x,u,v,y,z,u, U) - Vft(s,x,u,f/,y,é,u,ﬁ) - (V - G)Tar(x)(zﬁ”
< LloT @)zl + ol @)l ll07(@) (= — DI+ Lulloy @]+ o7 (@)l o () (v - 5]

+Ly||o] (2)v]+|o) (2)7]] |0 (2) (v = 9)].
Theorem 4.4.3. Let Assumption N hold. Then, the well-posedness of (Sf) is equivalent to that
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of the type-1 BSVIE (4.4.1) if either:
(7) Assumption O holds and Assumption K holds for k = 7. In such case, there exists a unique
solution to the type-1 BSVIE (4.4.1) in Br C H*¢ with

21
168KL2"

(ii) Assumption P holds and Assumption M holds for k = 7. In such case, there ezists a unique

solution to the type-1 BSVIE (4.4.1) in B C H*¢ with

1

R? < :
336k L2 max{2,T?}

Proof. Let us first note that the second part of the statements in (i) and (iii) are a direct con-

sequente of Theorem 4.3.6 and Theorem 4.3.12, respectively.

Let us first argue why it suffices to have Assumption K and Assumption M hold for x = 7
instead of 10. This follows from the specification of data for (Sf). Indeed, following the notation
of the proof of Theorem 4.3.6 in this case we have that Y =U, Z =V and N = M so the auxiliary
equation introduced in step 1 (i7) is not necessary and, as from (4.5.6), the argument in the proof

holds with 7 instead on 10.

We are only left to argue the equivalence of the solutions. Let us argue (i), the argument for
(i) is analogous. For this we follow Theorem 3.4.3. Let (Y, Z,N,Y,Z,N,0Y,0Z,0N) € Br C H*

be a solution to (S¢). It then follows from Lemma 3.6.2 that
T T -+ T

Y} =¢(T, X) —l—/ (fr(r, XY, ZI Ve, Z,) — 8}/‘7]“)(17« —/ Z; dX, —/ dN,, t € [0,T], P-as.,
t t t

where N, := N} — J3ONIdr, t € [0,T)], and N € M2¢. As in Theorem 4.3.9, we obtain that
N € Mg5o. This shows that (Y e (Z)ieiom V- 2., (Nt)te[O,T])v solves the first BSDE in
(S¢). It then follows from the well-posedness of (Sy), which holds by Assumption N, P, M and
Theorem 4.3.6, that ((Y{)sep 11, (Z8)iep11 (Nedicp.ry) = (Vo 2., M) in 82€ x Hiyio X Migyio and

the result follows.

We show the converse result. Let (Y, Z, N) € Br C H** be a solution to type-I BSVIE (4.4.1).
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It is clear that the processes Y := (Y{)icio.11, 2 = (Z)ico s N = (Nf)iepo,r) are well-defined.
Then, since Assumption N holds and (), Z,Y, Z, N) € L1%¢ x ]HI2 Vo X 822 x H MO X M}zg’f/i%,
we can apply Lemma 3.6.1 and obtain the existence of (9Y,9Z,0N) € §%2¢ x H?%¢ x M?%¢ such

that for s € [0, 7]
T
DY = 9.t (s, X) +/ Vo (s, X, 0V, 025, Y, 25 YT, 27) dr—/ 02:TdX, — / dONE.
¢

Moreover, from the fact that Assumption K holds for £ = 7 we obtain that [|0Y[|32... +[0Z H%I“’C +
BMO

|ON |22 < R2.
Let us claim that § := (y,Z,N,Y,Z, N,0Y,0Z,0N) is a solution to (Sy), where N; = N} —
Jy ONZIdr, t € [0,T]. For this, we first note that in light of Lemma 3.6.1 and 3.6.2 we have that

T T
Y, = ¢(T, X) +/ (X, V), 2, YT Z;:,@Y,f)dr—/ z,Tdx, —/ dN,, t € [0,T], P-a.s.
t t

Now, N € M%’ﬁ/fo follows as in Theorem 4.3.9. As in step 1 (iii) in the proof of Theorem 4.3.6,
we obtain that J € §%¢. We are only left to argue ||h|| < R. This follows readily following step 1
(4v) in the proof of Theorem 4.3.6 and the fact that || Z]|3... + HZH22 2 + ||8ZH22 20 < R2 O

BMO

4.5 Proof of the linear—quadratic case

Proof of Theorem 4.3.6. For ¢ > 0, let us introduce the mapping

T (Br: |l - lIme) — (Br, || - [le)

(y, z,n,u,v,m, du, dv,0m) — (Y, Z, N,U,V, M,0U, 0V, 0M),
with (Y, Z,N,U,V, M,0U,0V,0M) given for any s € [0,T], P-a.s. for any ¢ € [0,T] by

T T
Vi = E(T, X p7) +/ (X, Yy, 20, UL 07, OUT) r—/ z,TdXT—/ aA;,

T
Uf:n(s,X.A,T)Jr/ gr(s, X, U2, T,yr,z,n)dr—/ veldX, — /d
t t

Ty Yry

T T
OU? = dy(s, Xopr) + / Var(s, X, 002, 005, US, 0%, Yy, 2)dr — / ovsTdx, — / Ao,
t t t
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Step 1: We first argue that ¥ is well-defined.

(4) Inlight of Assumption J, there is ¢ > 0 such that (£,7,9n, f,§, V§) € L€ x ([,007270)2 x IL1:o%:e i

(}LLOO’Q’C)2 and (z,v,0v) € IHI MO X HBMO X HBMO’ thus, we may use (4.2.1) to obtain

T

2
}—&- sup E[ln (8)* + ’/ lg:(s,0,v7,0, 2)|dt
s€[0,T]

B[l +| [ (0. 20,0.0,0)t

2
+ sup E||on(s)|* + ‘/ [Vg(s,0,0v],0,v;,0, 2)|dt }
s€[0,T
- T 2
E[|§(T)|2+3‘/ |y |dt +10L§/ |2 2dt +3L3/ |v;§|2dt]
0
T
+ sup E||n(s |2—|—3‘/ s)|dt +7L12,/ lvf|2dt }
s€[0,T 0

T 2
/ 0vs[2dt ]
0

S "€‘|%oo,c + 3”?‘1/”]%1,00,5 + HT]H%OO,2,C + SHQH]%LOO,Q,C + ||an”%oo,2,c + 4”ng]%1,00,2,5

2
+ sup E[|8n(s)2+4‘/ |V§i(s)|dt| + 4L?
0

s€[0,7

+2OL2” H4QC +14L2H’U”—220 +8L2H8’UH4220 < Q.

Therefore, by Theorem 3.3.5, ¥ defines a well-posed system of BSDEs with unique solution in the
space $2. We recall the spaces involved in the definition of $2, and their corresponding norms,

were introduced in Section 4.2.2.

(7i) Arguing as in Lemma 3.6.1 and 3.6.2, we may use Assumption J and v € HBMO, i.e. Ov is the
density with respect to the Lebesgue measure of s — v*, to obtain that (U, V, M) € S x H? x M?
given by

U = UL, V=V, M, = MY — /Ot oM dr, t € [0,T],

satisfy the equation

T T T
Uy = n(T, X aT) + / (gr(r, X, Up, 0], Yy, 2) — OU )dr — / V. TdX, — / dM,, t € [0,T],P-a.s.
t t t

(7i1) We show (Y, U) € §°¢ x §°¢ and ||U||ge.2.c + ||OU]|g00,2.c < 00.
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To alleviate the notation we introduce

hr = hr(yryzrvur,vzj?aU::)v gr = gr(’l“,ur,’l):,yr,Zr) - 8U77:7

gT(S) (5 Uﬁ,UT,yr,Zr) v.gr(s) = Vgr(s,(‘)Uf,av U;,v; yrazr)

ro Yrs

and

Y = (Y, U,U*,0U%), 3:=(2,V,V*0V?), 3:= (N, M, M* 0M?),
whose elements we may denote with superscripts, e.g. 9%, 92,23, correspond to Y, U, U*,dU*.

In light of Assumption J, dr ® dP-a.e.

| < Ly|yr| + LZ|U;|—ZT|2 + LUy | + Lv|0':“: e Ly|0U; | + |ﬁr|,

97| < Lulle] + Lolo, v} + Ly|Yr| + Lalo) 2> + 10U} | + |30,

(4.5.1)
lgr(s)| < Lu|U| + Lv’U;rvi 2 Lyl Y| + LZ|‘77~TZ'7"’2 + [gr ()],
Vgr(s)| < LulOU| + Lylo, 90[* + LulUF| + Lolo) w3 + Ly|Vr| + Lzloy 2| + Vi (s)].
Applying Meyer-1t6’s formula to e2!(|V;| 4 |Us| + |U| + |0U|) we obtain
2" (|| + U] + |UF| + |0UF]) + My — My + L
= 2" (¢] + [n(T)| + In(s)| + [9n(s)]) (4.5.2)

T C
+ /t e2r(sgn(yr)-hr + sgn(Uy)-gr + sgn(U;)-gr(s) + sgn(0U;)-Vg,(s) — = Z 1), \)

where E? = E?(y,u ,U*?,0U?) denotes the non-decreasing and pathwise-continuous local time of
the semimartingale (Y,U,U?®, dU®) at 0, see [212, Theorem 70], and, we introduced the martingale

(recall that (i) and (i) guarantee (Z,V,N, M, V,0V, M,0M) € (H?)? x (M?)? x (H??2)? x (M?2)?2)
4 t o, ) t . )
= Y [ 53 sm () - dX, + [ o (@) a3, te 0.7
=170 0

Again, we take conditional expectations with respect to F; in Equation (4.5.2) and exploit the

fact E?p is non-decreasing. Moreover, in combination with (4.5.1) and Lemma 4.7.1, we obtain back
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in (4.5.2) that for Cy := 4Ly +TLy+TLyLy, Cy:=2L,, C3:=2L,+TL,+TLyL,, and Cy := L,

T

> T c c
SVl + el + 107+ 1002 + ] [ e Dle/2 = Codr| + B [ eS gl ez - oyar]

T T
+ sup Et[/ e2"|U?|(¢/2 — Cg)d?“:| + sup Et[/ e2"|0U;|(¢/2 — C’4)>dr}
s€[0,T] t s€[0,T] t

T -
< Eele2™ (€] + [n(T)] + [n(s)] + 10sn(s)])] + Ee Ut 8" (|| + 1G] + 10 (s)] + !V@(s)!)dr}
+ (T + LaT) (0l g2 + [VGllLiooze + Le(100[222.0 + 02220 + 112220 )
BMO BMO BMO

T
+ Et[/ e (4Lz\o;zr\2 + 2Ly |0, o7 > 4 2L, |0, v3|? + LV\UTT(%ﬁ]Q)dr},
t
where we recall the notation L, = max{L,, L,, Ly}. Thus, for

¢ > 2max{4L, + TLy, + TLyLy,2Ly,2Ly + TLy + TLyLy, Ly}

=max{8L, + 2T L, + 2T LyLy, 4L, + 2T L, + 2T LL,, 2Ly}, (4.5.3)

we obtain

<

max{e2!| )|, e2' U4y, e2'|Uf|, e2'|0US |} < e2' (|| + U] + |U;| + [0Uf])
< [|€llzooe + RllLrose + 2([ll g2 + |G llLt00.2e)
+ (L+ T+ TL) (1050 goo2.c + [[Vl|L1o0.20)

(4T + L)L (10022 + 02220 +llfae ).

Hemo

(iv) We show (Z,V, N, M) € (HxE10)" x (M), [V |20, +|M |2 +]0V ]|

2,2,
Hg o

e HIOM |32, <

2
2,2,
Hg o

Q.

Applying 1t&’s formula to e (V| + 14| + |UZ|* + |0U{|?) we obtain

S i+ [ ey 3y ar + [ e dTi(3 ), + 9, — My
i=1 ¢ t
= ([ + (D) + In(s)]> + [9sn(s)]?) (4.5.4)

T 40
+ / o <2yr i Ry - g+ 203 - go(5) + 20U - Vgo(s) — e |ay;|2>dr,
t

i=1
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where for any s € [0,T] we introduced the martingale
. ot t , .
M, = Z/ ecrazap;.dxr+/ Y. d3i, ¢ e [0,T].
i=170 0

Indeed, Burkholder-Davis-Gundy’s inequality and the fact that (Y,U, Z,V,U, U, V,0V) € (S?)% x

(H?)2 x (S*?)% x (H?2)2, recall (i) and (i), implies that there exists C' > 0 such that

T S 3 . .
| <cr|| [ emmioTsiPar] | < T al 3, i € (1. 1)
0

t .
| e3iv; - ax,

0

E { sup
te[0,7

which guarantees each of the processes in M is an uniformly integrable martingale. Thus, taking

conditional expectations with respect to F; in Equation (4.5.4), we obtain

4 T T
ctsyyi |2 cr| T 912 cr— 7
S ei B[ [ elor P+ [ orani3
= Ey[eT (2 + In(T) 2 + n(s) 2 + [0, (s) )]

T 40
+Et[/ ecr(wr hy + Uy - g+ 2U5 - g (8) + 20U7 - Vg, (s) — ch;y?)dr], t € [0, 7).
t i=1

From (7i7), Assumption J.(i¢) and J.(ii4), together with Young’s inequality, yield that, for any
g; > 0, and defining CN‘EL7 i= 2L, + ey MTTL2 + 71 L2, CN’Q’8 = 2L, + 5 \TT + 58_1[’32/7 C.y =

2L, + 5§1L§, as well as, CEIO’H = 2L, + e L2 + 5f01Lz2/ we have
2V - hy — C|yr|2 < (661,7 - C)DMQ + 2[| Vo0 (LZ|‘7;|—ZT|2 + Lv‘g;ﬂrv: 2+ |Br|)
+ e (TT)YOUL ? + erlthe |2,

Wy - gr — clUs[* < (Cops — U ? + 2/Ul 50, (Lalo) 20| + Loo, o) + 1)

+e2(7T) HOUT * + es| Vi,
207 - gr(5) — | US* < (Coy = O|UF? +2||Ulsoe 2 (Luloy 03 [? + Lafoy 20 + 13, ()]) + €9l Ve,

28U1§ : Vgr(s) - C’@Uf‘z < (6610,11 - C)|8Uﬁ’2 + 811|U7f‘2 + 510’YT’2

+ 2[|0U || s50.c:2 (LV|U:6U:|2 + Lv|‘7:1’: 2 LZ|0;Z1~|2 +1V3r(s)])-
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These inequalities in combination with Lemma 4.7.1, and Young’s inequality, show that if we
define Cf = 651’7 +éeg+e9+eE10+ (81 + 62)TL?2/, C2a = 65278 +ée7, C§ = égg +e11+ (81 + 62)TL3,
Ci = 6’510111, then for any ¢; > 0,7 € {7,...,15}

4

S e il + B[ [ eTloT 3 Par+ [ e dm{zl, 4 [ o (e~ OF) + e — )
t

i=1
T
+ sup Et[/ eCT]Uﬂz(c—C?f)dr} + sup Et[/ ecr|8Uf]2(c—Cj)dr]
s€[0,T t s€[0,T] t
_ 2 ~ |2 2 4 4 4
= (e1 + 52)(||8377H£m,2,c + IV 1oz + 2L*(HawHIHIQBﬁg + [0l 2 + HZHHQB,&O))
+E, [ecT(!rSP + (D)2 + n(s)]? + yasn(s)yQ)} + (5" + e + e )V 2

+(er' e e ) IUlZce + (65 + eg + €7 MU Zerer + (65 + €18 + €19 + €20 ) 10U 500,02

T B T 2
/e“\hr|dr /e”\grldr}
t t
T T
[ elans)lar [ e 19alar
t t

T
+ (12 + €14 +€16 + Elg)Lz]Et / ecr’UTTZT‘QdT
t

’ T, 52
/ e o, vy|*dr
t

2
+ eslE; |: ] + 4B |:

T

2
] + (e13 + 815)L12)Et[

2
+ es5E; |: ] + eglEs |:

T 2
/ ec’"]a;vﬂer }
t

1

T
+ (e17 + E19)L%Et{ /t ecr|(7;81)fq‘2d7“

] + e99 L2, {

We now let 7 € Tor. In light of (4.5.3), for

¢ > max {2Ly + e, TTL: + e1TL; + 2T L, + e7 ' L2, + €5 + €9 + €10,
2Ly + &5 TT +er+e5 LY, 2Ly +e1TLE + e2TLY + 65 ' L) + €1, (4.5.5)

2Ly + ey L + €19 L2, 8Ly + 2T Ly + 2T LyLy, AL, + 2T L, + 2T Ly Ly},

(4.2.1) yields

4 ‘ T , T ‘
S DR+ B [ ool 3+ [ o ame(3,
i=1 t t

=I5 +2Li(e1 o2 +enn e+ e+ ens)llzllgae + (g5 +eny +em) [V S
+2L2((e1 + &2+ 13 + 15+ 17 + €19)l[0] A2 + (21 + €2+ £20) [ 00] 2z )
BMO BMO

+ (er' tem e ) IUlZwe + (65 + e1g + €7 MU |Jere2 + (65 + €18 + €19 + €20 ) 10U [[Zo0,0,2-
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which in turn leads to

1
16 (I 1B+ U oz + 10U B + 12z
FIVIZaae +10VI2aze + W Iae + 1M + (01 e )
HBIVIO BMO
< g+ 2mlEnc + (1 + 21+ ) [0l + allilEr e + (24 + 23)]1Er 2
(4.5.6)

+ (e1+ €2+ 6) I Vll2 1002, + 2L2(e1 + €2 + €12 + €14 + €16 + EIS)H'ZH%QB’&O

+2L%(e1 +eo + 13 + €15 + E17 + 819)HUH%2,2,c +2L2(e1 + &2+ 620)\!311\!%12,2@
BMO BMO
+ (e5' +etm + eV Fee + (e +erd + 1) U Ee

+(e5" et T o) [Ull5men + (557 + 215 + 19 +€20) [0U[goenca
From (4.5.6) we conclude (Z, N) € Hyt,o x M?¢,

o FIM|Epz.e + [|1OM]}p2.2. < oo

O

2
IVlige2. + 110Vl

2
2,2,
MO Hgn

At this point, we can highlight a crucial step in this approach. It is clear from (4.5.6) that the
norm of ¥ does not have a linear growth in the norm of the input. In the following, we will see
that choosing the data of the system small enough and localising ¥ will bring us back to the linear

growth scenario. For this, we observe that if we define

Ce:=min{1-— 10(»351 + 5131 + 5f31), 1-— 10(551 + 5f41 + ef51),

1—10(es + e +e77), 1 —10(e5 ' + 615 + 619 +€50) ),

for 1 —10(e3' +e1y +e13) €(0,1], 1 —10(;* +e7f +e75) €(0,1], 1 —10(e5 ' + 674 +e77) €(0,1],

1 —10(egt + 618 + 79 + €59) €(0,1], and for some ~ € (0,00),
I§5 < yR*/10,
we obtain back in (4.5.6)
(Y, Z,N,U,V, M,dU,V,0M)|3.
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< Cg_l (1018 + 20[&((51 + &2+ €12+ €14+ €16+ 618)

4
z
el
+ (e1+e2+e13+e1s +er + 519)”””%2,2,(: +(e1te2+ 520)”5””%%2& ))
BMO BMO

< C'R(y + 20L2((e1 + €2 + €12 + 214 + €16+ €18) 2]

22
Hino
+(e1+ea+eiztes+err+ 619)HU||%%,§4,8 +(e1+e2+ 520)||3U||§H§§A,8))

20

< C’;lR2 (7 + 2OL3R2 (51 + &9 + Z 61)>
i=12

Therefore, to obtain T(Bgr) C Bg, that is to say that the image under ¥ of the ball of radius
R is contained in the ball of radius R, it is necessary to find R? such that the term in parentheses
above is less or equal than C;, i.e.

R? < : 2 C - 720 .
20L; ey +e2+ Y imiaci

(4.5.7)

Clearly, there are many choices of €’s so that the above holds. Among such, we wish to choose
7, €i, so that the expression to the right in (4.5.7) is maximal. In light of Lemma 4.7.2, we have

that [|[(Y,Z,N,U,V, M)||ne < R provided that

1

2
R <25.3.52.7.Lz'

(4.5.8)

(v) Lastly, we are left to argue (U, V, M, 0U, 0V,0M) € S>2¢ x HQB’f/iCO X MI22:¢ % §%2:¢ % H%’ﬁfo X

M?2¢, The argument for (U, V, M) is analogous to that of (OU,dV,dM), thus we argue the con-

tinuity of the applications ([0, T, B([0,T])) — (8%, || - [|soc.c) (resp. (HzB’lf/[O, I llgze ), (M2 || -
BMO

vzie)) = s — ¢° for p = U® (resp. V*, M*).

Recall p, denotes the modulus of continuity of g. Let (s,)n, C [0,77, sp 70 50 € [0,7] and
define for p € {U,V, M, u,v,n}, Ap™ := % — 0. Applying [t6’s formula to e“!|AU*|?, proceeding
as in Step 1 (iv) we obtain

JAU" [Fere + 1AV [F2e 4+ [AM [fpae < 4(|A7" [Fwe +ALNAC" e+ po(lsn = 50)?)-

2,c 2,c
HBM HBM

We conclude, T(Bg) C By for all R satisfying (4.5.8).
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Step 2: We now argue that T is a contraction in Br C H for the norm || - ||5e.
Let (Y4, Z!, NL, U VI M UL VE MY = T(y, 24 nt b, vf,mb) for (v, 24, ntul, vl m?, oul,
ovt,0m') € Br, i =1,2.

For ¢ € {y,z,n,u,v,m,0u,dv,0m,Y, Z, N, UV, M, U, V, M,0U,0V,0M?}, we denote dp :=

o' — p? and

1,t 2.t
5ht _ht( t’ztaut’vt 78Ut ) ht( t vztvutavt 76Ut )7
o 1 1t 1 1 1t 2.t
Sge = gr(t, U}, vt YV 20 — U — gi(t, U ,vt ,Yt 28+ oUt,
2 2
6gt(s) = gt(sa Ut17savg-787}/tl)zt1) - gt(sa Ut 7savt’s7}/1527Z152)7
6V gi(s) := Vagu(s,0U 0v1 UM 0} Y, 2H) — gu(s, OURS vl U 02 Y2, 22),
5}~Lt - ht( t ,Zt,ut avt 78Ut2 t) ht(vaztzvufﬂvf’tvaUtQ’t)ﬂ
2.t 2.
0gt _gt(t Utavt 7}/;527*21?) aUlt _gt(tvutvvt va?'Zt)"i'aUt )
- 2,5 1, 2,8 2,
6gt(s) = gt(SaUt Savt saY??Ztl) *gt(SaUt Savt 57Yt2azt2)a

SV Gi(s) := Vagu(s, 0UZ* 00 UPS 0} Y2, 21) — gu(s, 0URS vl U 02 Y2, 22).
Applying Ito’s formula to e (|Y;|? + [6Us|? + [0UF |2 + |§0UF|?), we obtain that for any ¢ € [0, 7]
4 ' T A T , N N
> e o + / e lo,t 638 2dr + / e~ dTr[63], + 0M; — 0Ny
i=1 t t

T
= / er (25:% - Ohy + 20U, - 6gy + 20U - 0gr(s) + 200U - 0V gr(s) — CZ |6@ 2)
t

T -
< / e (2]537¢](Ly|5yr| + Ly|0Uy| + Ly|60UL| + [5hy|) — ¢|dVr|?
t

+ 216Uy | (Lo |6Uy | + Ly |6V | + [60UT| + 15Gr|) — c|oUy|*
+ 26U | (LulSUS| 4 Ly|6Ye| + [6gr(s)]) — c|oUS|?

+ 2100U2 | (Lu|60US| + Lo|0US| + Ly |6V,| + [6V.(5)]) — c|58Uﬁ|2>dr,

where 091 denotes the corresponding martingale term. Let 7 € 7o 7, as in Lemma 4.7.1 we obtain
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for ¢ > 2L,

T .cr T 2
ET{ ;\58Uﬂ2dr} < sup esssup’ ET[/ e |0V gr(s,0,00:,0,v;,0, zr)|d7“]

SE[O,T] TG%,T

(4.5.9)

T T
+TL§IET[/ ecr|5Yr|2dr] +TL? sup ET[/ ecr|5U,f|2d7“].
T s€[0,7T T

We now take conditional expectation with respect to F; in the expression above. In addition,
we use Assumption J in combination with (4.5.9), exactly as in Step 1 (iv). We then obtain from

Young’s inequality that for any &; € (0,00), 7 € {1,...,11}, and

¢ > max {2Ly + & 3T L] + &5 + &g + E10 + &7 ' Lo, + (61 + &)TL, 2Ly + &7 + 376, + &5 L2,

2Ly + 5 ' LiFe1n + (614 &)TLY, 2Ly + 6 LE + 619 L2},

(4.5.10)
it follows that
4 } T ‘ T 4
> et |6 +ET[/ ecr|a;r(53;|2dr+/ ec”_dTY[dff]r]
i=1 t t
< EHOY | Zsore + 7 10U 2o 2.0 + 5 H[0U |20 2c + E 00U |20 2
T 2
+ (€1 4 &) sup esssup’ ET{/ ecr|6Vgr(s,0,8vﬁ,0,v,‘f,0,z7«)|dr} (4.5.11)
SE[O,T] ’7'67611“ T
2 2

T -
E, { / e“|5ht|dr] + &g esssup’
T TE%,T

E{/jec’"\égt(sﬂdr] 2

+ €z ess supP
TE%,T

T
E, { / e“|5§t|dr}

B[ [ elavas)iar]

2

+ € sup ess sup]P
s€[0,T] 7€To,1

+ €5 sup ess SupIFD
s€[0,T] 7€To,1

We now estimate the terms on the right side of (4.5.11). Note that in light of Assumption J.(7i7)

we have

2

T T 2
ET[/ ec’"MVgT(s,O,avﬁ,O,v,‘f,O,zr)]dr] , ET[/ ecr|5V§t(s)dr} }

max {

T
B | [ o (Lo 800\ 90| + o7 92 + Lolof 602107 ot + o o2
i

<

2
4 Lol 82|07 21| + 107 22 )
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T T
< 3L°E. [/ QCT|UTT56U:|2dT‘] ET[/ e (|o,) dvl| + |0:3v£|)2dr}
T T
T r T )
+ 3L%E, {/ ecr|a;r5v;f|2dr] E, / e (|of vl 4 |o) v2)) dr]
T LJT
T T )
+ 3L%E, {/ eCT|0TT§zT|2dr] E, / e (|o) 2t + |o) 22]) dr]
T LJT

T b T T
< GLERZ(ET[/ el 502 [2dr +ET[/ ec’"]a;rév;?\er] +ET[/ ecryajaerdTD

< 6L2R2<H58v\|222c 8012 c + 1102l ),

where in the second inequality we used (I.1) and Cauchy—Schwarz’s inequality. Similarly

T - T T 2
maX{ET[/ e‘”’|5h7«]dr} ET[/ e”|5§r(s)|dr] ET{/ em"]égr|dr] }

<4L2R2(H(SZHQQC + [160]22. )
MO

2 2

) )

Overall, we obtain back in (4.5.11) that

4 , T . T .
Zect\ag)g|2+ET[ / [T 531 [2dr + / ec"_dTr[cSSl]T]
i=1 t t
< EHOY oo + L H|0U|| R 2c + &5 HI0U || 2o 2. + €5 100U || 3o 2.0
+6LZR2(€1+€2—|—€6)(||58UHH228 + 60122 + 16215z, )
BMO

+ALZRY (&3 + &4 + &5) (||5z|y2

R e ).

If we define, for & > 10,7 € {3,4,5,6}, Cz := min{1 — 10/&3, 1 —10/&4, 1 —10/5, 1 —10/5¢},

we deduce,

1(8Y,82,6N, 86U, 6V, M, 50U, 60V, 50M)||3,e
S IOCgILzRQ( (51 + 82 + 56 (HdaUHQQQC + H5’UH7220 + H52H220 )
+4(83 + &4 + &5) (Hazquc + 180l ) (4.5.12)

< 2005 LER?(321 + 385 + 283 + 284 + 285 + 356) (021

et ||z e t 60 ¢ )
hae A l160[Za0c + 000320 )

By minimising the previous upper bound for &; and &, fixed, see Lemma 4.7.3, and in light of
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(4.5.8) and (4.5.10), we find that letting

1
R? < . and
25.3.52.7-12

¢ > max{2Ly + & 3TL] + &g + &g + E10 + &7 ' Lo, + (61 + &)TLY, 2Ly + &7 + 3T, + &5 L2,

2Ly + 5 LiFe + (614 &)TLE, 2Ly + 6 LE + 619 L2},
we have that

1(8Y,6Z,6N, 6U, 5V, 6 M, 60U, 50V, 5OM) |3,

20
< grg 7 (V30 + (B +22) + VB0 (102 Fae + [1B0]aae + 180l )
(V30 + (61 + &2) + V30)? 5 9
- R AT (1620 + 160 0Zae + 10015z )

Thus, letting choosing (1/30 + (61 + &) + v/30)? < 22.7.10, T is contractive, i.e

1(6Y,6Z,6N, 86U, 5V, 6 M, 60U, 50V, 50M) |3, < ||02]2

H2,c + H(SU”—QQL + H(S@UH
BMO

2,2,c -
H BMO

Step 3: We consolidate our results. To begin with, we collect the constraints of the weight of

the norms. In light of (4.5.5) and (4.5.10), ¢ must satisfy

¢ > max {2L, + 51_17TL3 + 51TL§ + agTLz + a;lLi + &g+ €9 + €10,
2Ly + &3 ' TT + e7 + €5 ' L22Ly + 1T L, + 9T LY + 65 ' LY + €11,
2Ly + e Ll +eg Ly, , 2Ly + &7 + 3T + &5 L2,
2L, + &7 '3TLY + &s + &9+ E10 + &7 'Ly + (61 + &2)TLY,
2Ly +eg ' LiFe + (1 +&)TLL, 2Ly + 6 L2 + &9 L2,
8L, + 2T L, +2TLyL,, 4L, +2T*L, + 2T%L,L,}
= max {20, + &7 " TTL2 + (e1 + EQ)TLZ +e7 L2 4 eg + g9 + €10,

2Ly + 5 17T + 7 + sgle,

(4.5.13)
2Ly +e1TL, 4+ eTL: + 65 ' L + €11, 2Ly + 67y L + e L,

8L, + 2T Ly + 2T LyLy, 4L, + 2T L, + 2T LyL,},
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where the equality follows from the choice ¢; = &;,i € {1,2,7,...,11}.

All together we find that given v € (0,00), &; € (0,00), i € {1,...,11}, ¢ € (0,00), such that
e1 + g2 < (270 — 1/30)? — 30, T is a well-defined contraction in Br C H¢ for the norm || - ||
provided: (i) v, &;, i € {1,...,6}, and the data of the problem satisfy I§ < yR2?/10; (ii) c satisfies
(4.5.13). 0

Proof of Theorem 4.3.9. We show for H(?MH%MOZ,QVC < 00, the argument for (N, M) being com-
pletely analogous. Without lost of generality we assume ¢ = 0, see Remark 4.2.2. In light of

Assumption J, we have that dr ® dP-a.e.
Vgr (5,007, 0V,2 UZ, VE, Y, 20)| < La| US| + Lo, V2 + LulUF| + Loloy Vi + Ly | V|
+ Lo} 2. + Vg (s).

Let 7 € To,7. We now note, recall 0V € HQBﬁ%aO

ETK/ OVdeXT> } :IETK/ 8VTSTer) } :]ET[/ yafav;ﬂ?dr].

All together, it follows from (S) and Jensen’s inequality that

T 2
/ Ao ]

<10E, [yasn(s)y2 +

ET{

2 T
+ |OUE_|? + T/ Lo|OUE 2 4 Ly US| + Ly| Yy |2dr
.

2
+

[ asar

T 2 T T 2 T - 2
+ / Lo|o ovePdr| + / Ly|o, VE|2dr / L.|lo} Z,|?dr| + / Ve dXT]
T— T— T— T—

< 1o(||asn(s)||iw,2 + [Vl 1002 + (14 LT*)]|OU [|Z02 + LuT U | 20,2 4+ Ly T V1300

FIOVIZa0 (L4 22200V 20 )+ 282V Iise +222)20, ).

2 2
22 ( 22,)

O]

Proof of Theorem 4.3.10. Upon close inspection of the proof of Theorem 4.3.6, we see that the only
stages of the argument where both the presence and the norm of (N, M, M) plays a role are in
(4.5.6), (4.5.7) and (4.5.12). We address each of them in the following. We consider the case (7).

The argument for (i7) follows similarly.
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If we were to require BMO-norms on (N, M,90M) we see that

(¢) In (4.5.6), the presence of the ess sup® in the BMO-norm would require us to consider the
estimate right before (4.5.6) for each of the 9 processes that define the solution to (S). Thus we

obtain a factor 11 instead of 10. This yields

C: :=min{l — 11(551 + 51_21 + 51_31), 1-— 11(521 + 51_41 + 51_51),

1—11(e5" +e3g +e17), 1 —11(eg " + e +emg +30) )

I§ <~R*/11,

and
20
I(Y,Z,N,U,V,M,0U,V,0M)||%, < CZ'R? (’y + 242, R? <51 +eat Y s)>
=12

(73) As a consequence of the previous observation (4.5.7) would be replace by

R2 S 1 CE _’720 < 1 5

= U(11).

where the upper bound comes from the optimisation procedure, i.e. Lemma 4.7.2.

(7i1) Likewise, with C¢ as in the proof, (4.5.12) is now given by

I(Y,Z,N.U,V,M,0U,dV,0M)|%,

< 24C7 VL2, R2(38) + 38 + 283 + 284 + 285 + 386) (Hcszu]fﬂz,c H[[00]20.0 + (0002520 )
BMO BMO

2
Hgmo

1
< — (V33 33+ &1 + 69)2 (16225 V)% 0ne + [|000] %20 ),
57 (V3B + VBB T E T &) (023 + 10ullaac + [1600]50. )

where the second inequality follows from the new version of the optimisation procedure, i.e.

Lemma 4.7.3.

All things considered, Step 3 will lead to require Assumption K for k = 11. By assumption

the result follows. O
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4.6 Proof of the quadratic case

Proof of Theorem 4.3.12. For ¢ > 0, let us introduce the mapping

T (Br: |l - lme) — (Br, || - [lne)

(y, z,n,u,v,m, du,dv,0m) — (Y, Z, N,U,V, M,0U, 0V, 0M),
with $ = (Y, Z,N,U,V, M, U, dV,0M) given for any s € [0,T], P-a.s. for any ¢t € [0,T] by

T T T
ytzg(T,X,/\T)—i—/ hT(X,yT,zT,u:,v;,ﬁUf)dr—/ Z;rdX,«—/ dN;,
t t t
T T T
UEZU(&X-/\,T)‘F/ gr(s,Xjufq,vfd,yr,zr)dr—/ VdeXT—/ dM;,
t t t

T T T
OUS = (s, Xopr) + / Vgr(s, X, 008, 005, us, v, o, 20)dr — / ovsTdx, — / A0,
t t t

r

Step 1: We first argue that ¥ is well-defined.

(i) Let us first remark that for u € S°2¢
T
EU ut er} < Tlful2me. (4.6.1)
0

In light of Assumption L, there is ¢ > 0 such that (&,7,8n, f,§, Vj) € L£L°x (50072"3)2 x IL1:o%:€ i

(ILLOO’Q’C)Q, thus, we may use (4.2.1) and (4.6.1) to obtain
|

2

T
in(s)? + ] [ oozl
]
T
/ I2,[2dt
0

2
}—i— sup E

T
|16 + | [ a1, o, 0l
0 s€[0,7T

+ sup E
s€[0,7T

< E{;g(T)F + 5’ /OT |y |dt

T
| et
0

T
+ sup E{yan(s)ﬁw‘/ IV .(s)|dt
s€[0,7T 0

T
’877(8”2 + ‘ /0 ’v9t(878uf>8Uf>u?avf7yfvzt)|dt

T 2
|l
0

2 T ~ r s|12
P+s| [ o)l g
T T
/ Ous|2dt / 190g 2t
0 0

S ”f”%oo,c + 5”?7/”]%1,00& + ”n”%OO,Q,C + 5H§Hil,oo,2,c + HanH%OO,Q,C + 7||vg||i1,oo,2,c

2
+ 1712

2

2
+17L7 +5L;,

T
JAERY
0

T
| il
0

2

2
+12L2 +12L2

T

2 2
+5L2 ] + sup E }
$€[0,T

2
+7L2

2
+ 712
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+ 17LIT? ||yl §oc.c + 34LZ|2]| o LTLAT?||ul| sc2e + 24L2||0]| 2.0

4
2,c
H5 HgMmo

+ TLAT?||0u| Soc 2.c + 14L2|| 0|2 22.. < 00

2,
HBMO

Therefore, by Theorem 3.4.3, ¥ defines a well-posed system of BSDEs with unique solution in the
space 2. We recall the spaces involved in the definition of $?, and their corresponding norms,

were introduced in Section 4.2.2.

(i1) For Uy := U}, Vi == V!, My := M} — [ OM?dr, t € [0,T], U,V,M) € S* x H? x M? and

satisfy the equation
T T T

U =n(T, X ar) —I—/ (gr(r, X, ur, vy, Yr, 2p) — QU )dr — / vidx, — / dM,., t € [0,T], P-a.s.
t t t

(i) (V,U) € 8¢ x 8¢ and ||U||goo2.c + [|0U]| goezee < 00.

In light of Assumption L, dr ® dP-a.e.

|he| < Ly‘yr|2 + LZ|U;I—ZT|2 + LU|U:|2 + Lv|0;r7}: - Ly|0U; | + ‘ﬁr|v
lgr| < Lulur® + Lol vy + Lylyr|* + La|o, 21> + [0U]| + 131,
’gT(S)’ < Lu‘uiF + L’U‘O—;I—U’f 2 + Ly‘yT‘Q + Lz‘U;I—ZTF + ’gr(s)’a (4'6'2)

V9r ()| < Luldup? + Lylo, 003 + Lulup® + Loloy o} * + Lylye* + Laloy 20> + Ve (s)].

Again, we apply Meyer-Itd’s formula to e2!(|)| + U] + |Uf| + |0Uf|) and take conditional
expectations with respect to F; as in Equation (4.5.2). Moreover, in combination with (4.6.2) and

Lemma 4.7.1, we obtain back in (4.5.2) that

T T
S04+ |+ 107+ 10UF) + B | [ Sesriynlar| +Be| [ Sesriar]
t t

T C ¢ T C ¢
/ e2’"|Uf|dr} + sup Et[/ e2T8Uf|dr}
t 2 5€[0,T] t 2

+ sup [E;
s€[0,T

c T c ~
< Eefe " (|g] + [n(T)] + [n(s)] + |0sn(s)])] + Ee M 2" (|| + 10| + 13- (5)] + !V§r<s>!)dr}

+ (T + L) (J0u e+ 95 lurwne + TLa([9o + [l + 003
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T+ L)Ll + o0 + 1001250, )

T
+ E; / e <4Ly|a;ryr|2 + 2Ly |0 ul > + 2Lu|a;ru;f|2>dr}
t

T
+E, [/ e (Lu|a;r6ui|2 +4L.|0) 2)? + 2Ly|o,) v7)? + 2L, |0, v3)? + Lv|0:@vf\2)dr],
t
where we recall the notation L, = max{Ly, Ly, Ly, L., Ly, Ly}. Thus, for any ¢ > 0 we obtain

max{e2!| V|, e2!|Uy], e2!|UF], e2!|0U; |}
< €]l zooe + |1l Lroeze + 2([0ll oozie + |GllLroeze) + (1 + T + TLy) ([|0s7] coozie + | VGl L10i2.c)
2 2 2
+(4+T+ LuT)L*T(Hyllsmc + [|uf|goo2.c + ||8ullsoo,2,c)

+4+T+ LuT)L*(HZH]?ﬂzB,&O + HUH%QB’% + ||8U||§H§§g>’

) 2
(iv) We show (Z,V,N,M)¢c (H%&O)QX(MZC) Vo2 + ”MH12M12,2,c+ [0V ||%2.2.c + ||6M||§A12,2,C <
HBMO HBMO

Q.

From (4i7), Assumption J.(i¢) and J.(éi7), together with Young’s inequality, yield that, for any
g; > 0,1 € {1,2}, and defining C;, := 51_17TL121, and Cg, := 52_17T, we have

2V - hy — C|yr|2 < 2| Y soere (Ly|yr|2 + Lz,U:ZT‘Q + Lu|u:|2 + Lv|07—ﬂrv;|2 + |BT|)
+e1(7T)HOUT P + (Ce, — )| W2,

2Uy - g — ety * < 20U | soec (Lylyr|® + Laloy 2o + [l + Lojo, o7 |* + 130])

+e2(7T) 7 HOUT | + (C, — o),
2U; - gr(s) — C‘U{f‘Q < 2[|U || go0 2.0 (Luwi|2+Lv|‘7rTU1§’2+Ly‘yr|2+L2’szr’2+‘gr(s)‘) - C|U1f|2a

20U - Vgo(s) — cloU;|? < 2|0V g2 (Lal@ul]? + Lol 00 + Lulugl® + Lylo, v + [V, (s)])

+ 2(|0U || gs0.e2 (Ly|yr|* + Lo, 20 ) — c|oUS|%.

These inequalities in combination with the analogous version of Lemma 4.7.1 (which holds for
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¢ > 2Ly), Young’s inequality, and 1t6’s formula, as in (4.5.4), show that for any ¢; > 0,4 € {3, ...,24}

1 , T . T
St il + B[ [ el P+ e amfzl, + [ (3P - 0n) + e - O]
i=1 t t

T T
+ sup Et[/ cec’”]Uﬂer} + sup ]Et[/ cecr](?Uﬂer}
s€[0,T] t s€[0,T] t

=E/[e (16" + (D + () + 0an()P)] + (01 +2) (|0uml oz + V3 Erx2)
+ (51 + 62) (L*TQ(”yH%oo,c—i_||u||i4s'oo,c + ||8uH§oo,c) + 2L3<H8’UH%12,2,C + HU”%Q,Q,C + ”ZH]?-]IQ’C ))
BMO BMO BMO
—1 —1 —1 —1 —1 2 —1 —1 —1 —1 —1 2
+ (63 4+e7 +eg +eg +eg) V5o + (65 +e7 +epp +e13 ) U] 50
+ (5 +ems terg T ey +eg) U2 ca+ (€5 + €19 + €30 + €21 + €35 + 53 + €24 ) 10U |Zo0.c.2
T B 2 T T 2 T 2
/ " oy |dr / o |3, |dr / o |G ()| dr / o Vg, |dr }
t t t t
+ (67 +€11 +€15 + 519>L*T2||y||j4§oc,c+ (69 +é13 +e17 + 821)L*T2||u||éoo,2,c+ 623L*T2||8u||§oo,2,c

T T 2
/ e o, 2| 2dr / e |o or Pdr }
t t

T 2
/ e o v3)2dr }
t

We now let 7 € 7o . In light of (4.5.3), for

+ €4 T €6

2
+Et|:53 ] + &5

2
] + (610 + 614)L%Et[

+ (58 + €12 + €16 + Ezo)LgEt

2 T
] + e94 L2, / e |, ovg Pdr
t

+ (e18 + 522)L12;Et [

¢ > max {e]'TTL2 ;' 7T, 2L, }, (4.6.3)

Equation (4.2.1) yields

4 . T , T .

SR+ 5| [ e3P+ [ e ani(3, ]

i=1 t t

1€l Z00e + 2[Mll zoc2e+ (14 €1 + €2)[|0snl| 200 2. + €3[| B[ 1,00
+ (64 + 85)||§||E1,m,2,c+ (61 + 9+ SG)HVQH]%‘LOO,&C

+ LET2(E1 +eoter+er+es+ 819)Hy||i19oo,c + L2T2(€1 +e2+e9+e13+e17+ 621)HUH§OO,Q,C
+ L2T?(1 + £2 + £93)]|0ul§0.2.c + 2L2(e1 + €2 + €3 + 12 + €16 + 520>qu§@§40

+2L%(e1 + 2 + €10 + €14 + €18 + €22) ||V || 222 + 2L2(e1 + 2 + 524)!!301!]}4{2,2,c

HBMO BMO

+ (5t +ert g ey +erg) IVIEee + (63 + e +etp + e e ) U)o

210



+ (65" e +erg +eir +eg) U2

—1 -1 1 1 -1 1 1 2
+ (65 +e1g T30 +eq1 +Ex +ea3 +255) 10U 500 e,
which in turn leads to

1
E(HyH?'swm + [ UlEe + Ul 52 + 10U 5 + |1 2]

2
2,c
HBMO

+IVligea. + 10V

MO

e+ IV e + 1M Rz + 1OM][gec

2
Hi
< NEl2ore + 2lll2002.c+ (1 + 1 + e2) |05l Zoc 2.+ €3]l Al co.c

+ (ea+5)[1Gl1 10020+ (61 + €2+ €6) [ VIIT 1,002,

+ L3T2(61 +ée2ter+enr+es+ 519)”9“%%@

+ LiT?(e1 4 €2 4 €9 + €13 + €17 + £21) U g0 2,c

+ L2T?(e1 + e + £23) ||0ul| 5002, + 2L2(e1 + €2 + €8 + €12 + €16 + 520)”2”;@&0
+2L%(ey 4+ €9+ €10 + €14 + €18 + 522)||v|%2,2,c +2L2(e1 + €2 + €24)[|0[[F 22,0

BMO BMO

+(e5' o7l ey ey eIV ISee + (65" +en +en e e U

+ (5" e +erg terr )T 2w

+ (eg" +etg +ex et +ex +eas +€54) 10U ez

From (4.6.4) we conclude (Z, N) € Hys o x M?°,

IVIZ22e +10VIE22e + Ml + 10M|[f22e < oo
B BMO

MO

Defining C. analogously and if for some v € (0, 00)
I§ < yR?/10,
we obtain back in (4.6.4)

||(Y’Z7N> UaVYvMaaU)aV;&M)H’QHC

< C (1015 + 1022 max{2, T?} ((e1 + 2 + &7 + 11 + €15 + 210) [yl $.c
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+(e1+ex+eg+eizterr+ 621)||u||§w,2,c

+ (1 + €2 4 £23)]|0U|§o0 2c + (61 + €2 + €8 + €12 + €16 + 520)”2”%123‘&0

+(e1te2tew0+eates+ 522)”””%]23»54% +(e1te2t+ 624)||5U||§H§§A,8)

24
< C’;lR2 (7 + 1OL3 max{2, T2}R2 <51 + &9+ Z 51>> .
i=7
Therefore, to obtain T(Bgr) C Bg, that is to say that the image under ¥ of the ball of radius
R is contained in the ball of radius R, it is necessary to find R? such that the term in parentheses

above is less or equal than C¢, i.e.

2 1 Cs -7
R S 2 2 24 ’
10L3 max{2,T%} 1 + e2 4+ Y jo7 &

which after optimising the choice of €’s renders

1
R? : 4.6.6
< 96.3.52.7- L2 - max{2, 1) (4.6.6)
(v) The continuity of the applications ([0,7],B([0,T])) — (8¢, | - |ls=.c) (resp. (H? oo -

lgze )y (M2 |- lygze)) s — @ for p = U, 0U* (resp. V*,0V*, M*, 0M?) follows analogously
BMO

as in the proof Theorem 4.3.6.

We conclude, T(Bg) C By, for all R satisfying (4.6.6).

Step 2: We now argue that ¥ is a contraction in Br C H for the norm || - ||3e. Let
1 1,t 2 2,t
5ht: h(yt7zt7ut 7Ut 78U ) ht(ytvztvut 7vt 7aU )7

5gt: gt (t u%tﬂ}t 7ytazt) 6U _gt(t thtavt 7ytvzt) +8U27ta

5iLt: h(yt’ztlautltvvt ,8U ) ht(ytvzz?vu?t7vt ’aU )7

1t 1.t 1)

2t
6gt _gt(t ut y Uy 7ytazt gt(t ut 7vt 7ytazt2)

~ 1, 1 2 2
6gt( ) _gt(s Uy 87 t78)ytl7zt1) gt(s uts t7s7yt27zt2))

6v§t(s) = v.gt(s7aut 81}18 187 7ytazt) gt(s 8“’15 81)28 25 287%,2,52)
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Applying 1t6’s formula we obtain that for any ¢ € [0, 7]

o~

T . T X — —
Z |52 + / |07 531 2dr + / = dTr[537], + 690, — 6y
t

IN

— / CT<263}T Shy + 20U, - gy + 26U° - 6G,(s )+256Uﬁ-5vgr(s))dr

cr(mayr (LaldOUT| + 57 ]) + 21604, (15907 | + 153 )

4
+ 20502165, (5)| + 2130U553,(5)] — 3 5L )
i=1

where 691 denotes the corresponding martingale term. Let 7 € 7p 7, as in Lemma 4.7.1 we obtain

for ¢ > 2L,

2
T ecr

E, UTTecrang(s)mr}

|58UT|2dr < sup esssup’

ET[ (4.6.7)
T s€f0,T] T7€To,1

We now take conditional expectation with respect to F, in the expression above and use As-
sumption J in combination with (4.6.7). We then obtain from Young’s inequality that for any

€ (0,00), 7 € {1,2}, and

¢ >max {&7'3TL2, 3T, 2L, }, (4.6.8)
it follows that
4 . T . T .
S o6 + B, [ / oo T 53 [2dr + / ec’"dTr[53Z]T}
i=1 t t

< EMI0Y ||Zoore + &7 H|0U|| 2o 2c + &5 10U |22 + 85 160U || 300 2.0

T 2 T _ 2
+ (61 + &3 + &) sup esssup’ |E, [/ eCT|5V§T(S)\dT} + &z esssup’ ET[/ e”|5ht\dr}
s€0,T] 7€To,T T T€T0, T T
T 2 T 2
+ &4 esssup’ |E, {/ e‘”|5§t\dr} + &5 sup esssup’ JET[/ ec’“|5§t(s)]dr}
T€T0, T s€f0,T] 7€To,r T
(4.6.9)

We now estimate the terms on the right side of (4.6.9). Note that in light of Assumption J.(7i7)
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we have

2

T
e | [ elovas)ar]

T
ET{ / e (Lul60us | (|9ul

+ Lu\éuﬂ(lul S|+ |u® 1) + Ly \UT(SUSWJ

<

7)) + Lo, 6007 |(lo,) dvp| + |o, 007°))

‘O’T 23)

2
+%WMMHW%+MW&MW#HW%%ﬁﬂ

T T
< 6L3ET[/ ecrléauipdr} ET{/ e (|Ou | + ]8u3’5|)2dr

- T T
+ 6L2E, / ecr|a;r<58v;f\2dr} E, {/ e (|o) vls| + ‘0:603’8‘)2(17"]
- T T )
+ 6L2E, / e”’|5ui!2dr} E, {/ e (Jub®| + [u®®|) dr}
- T T
+ 6L2E, / eCT|0:50ﬁ|2dr} E, {/ lof vl + o) v29) dr]
LJT T
o [ [T 2 T 1 21\2
0128, | [ ooy Par B | [ e Iyt -+ 12 ar
LJST T
- T T )
+ 6L%E, / ecr|ajézr]2dr} E, [/ e (|o) 2t + |o) 22]) dr]
LJT T
T T T
< 6L2R? max{2,T} (ET[/ ecrléﬁuﬁ\2dr] +E; {/ ecr\ajéavﬁpdr} + ET[/ ecr|5ufa]2dr}
T T T
T T
/ ecr|5yr|2dr] +E; / eCT\JT,T(Sz,«Fdr])

- 1lfgoze+ 1005220 + 10Yl50.c+ 1025 )
BMO

T
—|—ET{/ ecr|0;r(5vﬁ|2dr] +E;

< 6L2R? max{2, T2} ([|00u] 3o 2.+ 16002

where in the second inequality we used (I.1) and Cauchy—Schwarz’s inequality. Similarly

T - T T 2
max{ /eCTMhT]dr] /ecr\égr(s)\dr} /ec’”[égr\dr} }

§4L3R2max{2,T2}<||5y||%m,c—I—||5ZH%12,C + 10w 5 2.0 + [[50] 2 )
BMO BMO

2 2

Overall, we obtain back in (4.6.9) that

4 , T , T .
Ze6t|5@§|2+ﬂﬂ7[ [ ool s3ifar+ [ ecrdTr[53l]r}
i=1 t t

< 531"5}/”8006 + 1||5UHSO<>2C +€51||5UH8002C +€61H68U||S°°2c
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+ 6(21 + & + &) LR max{2, T} ([100ul| 3 2.c + 16002220 + 1|6u]|Fmc.c )
BM

)

+6(¢1 + & + &) L2R? max{z,T2}(||5v\|%2,2,c + 16yl Zc.c + [162]22.c )
B BMO

HgeMmo

+ 4(&3 4 &4 4 &5) L2 R? max{2, T?} (||5y|y§oo,c + 11020220+ 0ulo2e + ||5v||%2,c )
BMO BMO

If we define, for &; > 10,i € {3,4,5,6}, Cz := min{1 — 10/&3, 1 —10/&4, 1 —10/&5, 1 —10/&¢},

we deduce,
1092 < 20C=L2R? max{2, T?}(3&) + 382 + 283 + 284 + 285 + 356) (|0 34c- (4.6.10)

Minimising for £; and &, fixed, we find that letting

1

o2 _—lom =—lomir2 1
36357 L2 max(2 T7) c>max{e] TTL;,e5 7T,6; 3TL;, 3T€,",2Ly},

R? <

we have that

= 2
10512 < =20 3(,/30+ (&1 + &) + VO ob e = YT CLFE) T VIR 5

3
24.3.7-102 23.7-10

Thus, letting choosing (/30 + (&1 + &) + v/30)% <23 .7-10, T is contractive.

Step 3: We consolidate our results.. In light of (4.6.3) and (4.6.8), taking ¢; = &;,7 € {1,2}, ¢

must satisfy
¢ > max{e] 'TTL2 e\ 7T, 673T L2, 3T&;", 2L} = max{e ' 7TTL? 5 '7T, 2L,}  (4.6.11)

All together we find that given v € (0,00), &; € (0,00), i € {1,2}, ¢ € (0,00), such that
£1 + g2 < (435 — v/30)% — 30, T is a well-defined contraction in Bg C H¢ for the norm | - |3
provided: (i) 7, &;, ¢ € {1,2}, and the data of the problem satisfy (4.6.5); (ii) c satisfies (4.6.11).

0
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4.7 Awuxiliary results

4.7.1 Proofs of Section 4.2

Proof of Lemma 4.2.3. First note that for Z € HQBMO(R”XJ), Z e X, := [} ZdX, is a continuous

local martingale, thus we have that

< 00.

1Z ¢ X|[pyioze = sup [E[(e3Z 0 X), — (e5Z o X) | /]
TE%,T

(e 9]

Therefore, letting X, := E[(e2Z & X)) — (e2Z & X);|F;], we have:
(i) 1Xel < 12 o Xllgyoze = 1212
BMO

(i1) A= (e2Z o X). Indeed, note X; = E[<egZoX>T].7:t] — <e§ZoX>t.

The result then follows immediately from the energy inequality, i.e.

T p
B|( [ e} 2ar) | = Bl < #1212, .
0 Hgno

To obtain the second part of the statement, recall that by definition of H?? (R”X‘i), s+— 0Z°
is the density of s — Z*% with respect to the Lebesgue measure and Z is given as in Remark 4.2.2.

By definition of Z, Fubini’s theorem and Young’s inequality we have that for € > 0

T T ru
/ o) Zu? — o) ZLPdu = / / 2e“Tr [ZQTO'UO',IaZZ} drdu
t t Jt
_ Tt cu rT T T
= 2e“Tr|Z,, oyo, 07, |dudr
t r

T T
< / / ee®o) Z7 7 + e e o) 027 Pdudr.
t r

This proves the first first statement. For the second claim, we may use (I.1) and (4.2.1) to obtain

T 2
]EtK/ eC"|UIZu]2du> ]
t
T 2
< 3(}Et{</ eC“|JJZ};]2du> ]
t
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T 2 T T 2
(/ ec“]UJZﬂQdu) }dr—l—T/ E, (/ ec“|aJ8ZZ|2du> }dr)
t t t

. +T%0Z|

O

T
—l—T/ E;
t

<6((1+ 12|

4 4 - )
2,2, 12,¢ )-
HBM HBMO

The inequality for the H? norm is argued similarly taking expectations. O

4.7.2 Proofs of Section 4.5

We next sequence of lemmata helps derive appropriate auxiliary estimates of the terms U} and

OU} as defined by T in Section 4.5.

Lemma 4.7.1. Let OU satisfy the equation
T T - T
OU? = dyn(s, Xpr) + / Vo (s, X,0U°, 00, U2, 05, Yy, 2)dr — / oV Tdx, — / oM,
t t t
and ¢ > max{2L,,2L,}, the following estimates hold for t € [0,T]

T ecr
o |2 2 ~ 112 2 4 4 4
E /t 71907 | dr} < [19snllzoe2.e + VL1002 + 2L*(H8vHHzB,§4,g +lellgze + HvHHzB,;I,g)

T
/ eCT\U;?\QdT},
¢

T 57
B [ S 1oUrldr| <10l e + [Vl + La(1001500 + lolza + 213, )
t BMO BMO BMO

T
+TLZEt[ / eC"der] +TL? sup E,
t s€[0,T7]

T T
—l—LyEt{/ e27'|Yr|dT] + L, sup Et[/ ecr|Uﬁ|dT].
i s€[0,T] t

Proof. By Meyer-1to’s formula for e2!|dUf|, see Protter [212, Theorem 70]

T T
e2!'|oUS| + LY — / e2"sgn(dU?) - 9V T dX, — / e2" " sgn(0U;_) - dOM;: (4.7.1)
t t

T
= e2T19,n(s)| +/t e2r(sgn(8Uf) -Vgr(s,0U;, 00, Uz v3, Ve, 2p) — ;|8Uﬁ])dr, t €[0,T],

where L? := L%(OU®) denotes the non-decreasing and pathwise-continuous local time of the semi-
martingale QU* at 0, see [212, Chapter IV, pp. 216]. We also notice that for any s € [0, 7] the last

two terms on the left-hand side are martingales, recall that OV* € H? by Theorem 3.4.3.
In light of Assumption J, letting Vg, (s) := Vg, (s,0U%, 0v:,Us,v:,Y,, z), we have that dt ®

Ty YTy
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dP-a.e.

Vg ()| SLalOUZ| + Lylo 00 + Lol US|+ Lulo 6l + L|Yil + Lalo) 20l + Vg (s)]. (4.7:2)

We now take conditional expectation with respect to F; in Equation (4.7.1). We may use (4.7.2)

and the fact L° is non- decreasing to derive that for ¢ > 2L, and t € [0, T]

> c T c
e2'|0U7| < E {eﬂl@n(S)l + / 02" (IV:(s)| + Lo, 9071 + Lo|U;|
! (4.7.3)

4 Lol ot 4 Ly [V + Lelo] 2 )]
Squaring in (4.7.3), we may use (I.1) and Jensen’s inequality to derive that for ¢ € [0, 7]

ct T 2 T T
JoULP? < E [eCT|8sn(t)|2+ (/ ez”|V§T(t)|dr) +TL3/ e”|U,’f|2dr—|—TL§/ oY, 2dr
t t t
T 2 T 2 T 2
+L3(/t e2r|a;r(%f,|2dr> —I—Lg(/t e2r\a:vﬁ|2dr> +LZ(/t e2r|a:zT|2dr> }

By integrating the previous expression and taking conditional expectation with respect to Ji,

it follows from the tower property that for any t € [0, 7T

1 r cr |2
Et{/ oV | dr}
7 ¢
T T T, 2
< Et{/ eCT|8Sn(r)]2dr} +Et{/ K/ 62“|V§u(r)|du) dr}
t t T
T T T T
+TLZE{/ / eC“\U;“qu]errTLgEtU / eC“\Yu|2du]dr
t r t r
T T 2 T T, 2
+L\2,/ Et[(/ e2“|028v£|2du> }dr—i—Lz/ EtK/ e2%o ) ur 2du> }dr
t T t T
T T 2
+Lg/ EtK/ e2“|alzu\2du) ]dr
t T

T C
/ 65|V gy (r)|du

r

2 T
} +T2L§Et[/ eC“]Yu\Zdu}
00 t

< T sup {HGCT’U(T)F]HOO + ‘
r€(0,T]

T T 2
+T2L% sup {Et {/ eculUg\Qdu} } +TL? sup {Et [(/ 62“\03802\2du) }dr}
r€[0,T] t rel0,7) t

T 2 T 2
+TL? sup {Et [(/ e2%o ) ur 2du) }d?‘} + TL*E, K/ e2“](f;—zu|2du> }dr,
ref0,7] t t
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and by (4.2.1) we obtain for ¢ > 2L,, and any ¢ € [0, T

T ecr
|2 2 ~112 2 4 4 4
B [ 510U Par| < ol + 19018 a + 222 (100l + I2lkas + loliac )

T T
+TL§E{/ e”|Yr|2dr] ++TL? sup Et{/ eC"|Uf;]2du}
t rel0,T) t

Evaluating at s = ¢ in (4.7.3) and integrating with respect to ¢ we derive the second estimate. [J

Lemma 4.7.2 (Optimal upper bound for R). (OPT1) = 1/(2%5), where

min {a(e3, 12,€13), a(ea,e14,€15), ales, 16,€17), l€6,€18,€19,€20) ) — ¥
e1+e2+Y2E

sup

s.t.a(es,e12,613) = 1 — 10(e3 ' + 3 +e4) € (0,1],
aleq,e14,615) = 1 — 10(eg ' + e +e15) € (0,1],
ales 16, €17) = 1 = 10(e5 ! +e7g +e17) € (0, 1],
a(es, €18, €19,€20) = 1 = 10(e5 ' + €35 +e79 +e39) € (0, 1],

v € (0,00); & € (0,00),Vi € {1,...,6} U{12,...,20}.

Proof. We begin by noticing that as a function of (v, e1,e9,e3,€4,€5,26) the objective is bounded

by the value when (v,e1,€2,€3,€4,¢5,86) — (0,0,0, 00, 00, 00,00). Thus, we will maximise

min{l — 10(ej5 +e74), 1 —10(e7} +e35), 1 —10(eg +e17), 1 —10(eig +e7g + a5 )}
20 :
i=12 i

From this we observe that the optimal value is positive. Indeed, one can find a feasible solution
with positive value, and the min in the objective function does not involve common ¢&; terms, so
the minima is attained at one of the terms. Since the value function is symmetric in each of the

variables inside each term of the mean we can assume with out lost of generality

4
E12=¢€13= 201, €14 = €15 = 202, €16 = €17 = 203, €18 = €19 = €20 = 34, {a1, a2, a3, 04} € (0,00)".
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So we can write the objective function as

min{1 — 10a; ', 1 — 1005, 1 —10az*, 1 —10a; '}
4o + 4o + 4ag + 9ay '

Now, without lost of generality the min is attained by the first quantity. This is, the optimisation

problem becomes

1 —10a;*
su
P on +das+40s+9a,

s.t. a1 < min{ag, a3, a4},1 —10a; ! € (0,1], 04 € (0,00),3 € {1,...,4}.

Now, as the objective function is decreasing in ag, as, oy, and a1 < min{as, ag, as},we must have
o1 = a9 = oz = oy and we are left with

1 —10a;?

10—l
Slas s.t. 1 —10a7 " € (0,1], a1 € (0, 00).

sup

Let f(ay) := 2=19 By first order analysis

2
2laf

—ag (g — 20)

=0, yields, a; € {0,20}.

By inspecting the sign of the derivative, one sees that a; = 0 corresponds to a minima and a7 = 20

is the maximum and it is feasible. Thus we obtain that

1

We conclude the maxima happens when (e12, €13, €14, €15, €16, €17, €18, €19, €20) = (40, 40, 40, 40,
40, 40, 60, 60, 60). Evaluating the value function in these values and letting (v, €1, €3, €8, €9, €10, €11)
— (0,0,0, 00, 00, 00, 00), we obtain this bound. This is, f does not attain its maximum value, but

in the feasible region it can get as close as possible. O

Lemma 4.7.3 (Minimal bound for Contraction). (OPT2) = 3(1/30 + (é1 + &2) + v/30)2, where

. N N . N . N €3 €4 €5 €6
OPT?2) := inf< (3 3 2 2 2 3
( ) in {( &1+ 380 + 283 + 284 + 285 + 56)m1n{§3_10, 510 =10 56_10}},

st.1—1081 € (0,1], & € (0,00), i € {3,4,5,6}.
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Proof. Without lost of generality let us assume the min is attained by the first quantity, 7.e. the

optimisation problem becomes

. - - - - - - E
inf (3(81 +€2) + 283 + 264 + 265 +356)§ 310,
3 —

s.t. &g < min{éy, 5,86}, 1 — 1085 € (0,1, & € (0,00) i € {3,4,5,6}.

As the value function is increasing in (£4,£5,86), &3 < min{éy,é&s5,&¢} implies we must have

€3 = &4 = &5 = £g. Thus, we minimise

382 + &(&1 + &)

5) =3
US) 10
First order analysis gives
9z — 1802 — 30(&, + & 1
O:f(5) = = < 10(51 +22) o yields, & = 10+ 6\/602 +120(21 + &).
6 —

The minimum occurs at £ = 10 + §+/602 + 120(¢; + &3), and
f() = 3(,/30 + (&1 + &) + V/30)°.

We conclude the minima occurs when (£3,4,85,86) = (20,20,20,20). Evaluating the value
function in these values and letting (£1,&2) — (0,0), we obtain this bound. This is, f does not

attain its minimum value, but in the feasible region it can get as close as possible. O
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Part IV

Time-inconsistent contract theory



Chapter 5

Time-inconsistent contract theory for sophisticated

agents

This chapter is devoted to put together all our efforts of Part IT and Part III in order to address
the moral hazard problem in finite horizon with lump-sum payments, involving a time-inconsistent
sophisticated agent and a standard utility maximiser principal. Our main contribution consists
of a characterisation of the moral hazard problem faced by the principal. In particular, it shows
that under relatively mild technical conditions on the data of the problem, the supremum of the
principal’s expected utility over the restricted family of contracts is equal to the supremum over
all feasible contracts. Nevertheless, this characterisation yields, as far as we know, a novel class of
control problems that involve the control of a forward Volterra equation via constrained Volterra
type controls. Despite the inherent challenges of these class of problems, we study the solution
to this problem under three different specifications of utility functions for both the agent and the
principal and draw qualitative implications from the form of the optimal contract. The general

case remains the subject of future research.

5.1 Problem statement

Let us recall the formulation. We take two positive integers n and m, which represent respect-
ively the dimension of the process controlled by the agent, and the dimension of the Brownian
motion driving this controlled process. We consider the canonical space X = C", endowed with the
sup norm and with canonical process X, and whose generic elements we denote x. We reserve the

notation x and x to denote R-valued variables.
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We let FX be the Borel o-algebra on X (for the topology of uniform convergence), and FX =
(F¥ )telo,r] is the natural filtration of X. We let A be a compact subspace of a finite-dimensional
Euclidean space (typically A is a subset of R¥ for some positive integer k), where the controls will

take values.

5.1.1 Controlled state equation

We fix a bounded Borel-measurable map o : [0,7] x X — R™ ™ and an initial condition
zg € R", and assume that there is a unique solution, denoted by P, to the martingale problem
for which X is an (F¥,P)-local martingale, such that X, = 2y with probability 1, and d(X); =
o (X. /\t)U;r (X.a¢)dt. Enlarging the original probability space if necessary (see Stroock and Varadhan

[232, Theorem 4.5.2]), we can find an R™-valued Brownian motion B such that
t
X, = o +/ 05(X.p)dBy, t € [0,T).
0

We now let F := (F¢).e(0,7) be the P-augmentation of FX which we assume is right-continuous.
We recall that uniqueness of the solution to the martingale problem implies that the predictable
martingale representation property holds for (I, P)-martingales, which can be represented as sto-
chastic integrals with respect to X (see Jacod and Shiryaev [142, Theorem II1.4.29]). We also
mention that the right continuity assumption on F guarantees that (P, [F) satisfies the Blumenthal

zero—one law.

We can then introduce our drift functional b : [0,7] x X x A — R™, which is assumed
to be Borel-measurable with respect to all its arguments. Let us recall that for any A-valued,

F-predictable process a such that

P T 1 T 9
EP | exp /br(X./\r,ar)dBr—i/ 165 (Xonss ) |2 )| < o0, (5.1.1)
0 0

we can define the probability measure P* on (X, Fr), whose density with respect to P is given by

dpe T 1 T 9
ik .—exp</0 by (Xopr, ) dB, — 5/0 1be (X s )| dr).
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Moreover, by Girsanov’s theorem, the process B® := B— [ by (X.xr, a;)dr is an R"-valued, (F,P)-

Brownian motion and we have
t ¢
Xt = w9 +/ UT(XJ\T)br(X-/\mar)dr +/ O—T'(X'/\’I")ng7 le [OaT]7 P-a.s.
0 0

Let us emphasise that we are working under the so-called weak formulation of the problem.
This means that the state process X is fixed and, in contrast to the typical strong formulation, the
Brownian motion and the probability measure are not fixed. Indeed, the choice of « corresponds

to the choice of probability measure P* and thus the distribution of process X.

5.1.2 The agent’s problem

We aim to cover various specifications of time-inconsistent utility functions for the agent. To
motivate our formulation, let us start with an informal discussion on the typical nature of the
reward functionals assigned to the agent in contract theory. In general terms, and at the formal
level, given a contract £ the value received by a time-inconsistent agent at the beginning of the

problem from choosing an action « typically takes the form
. T
VA (€, a) == BF [UA(0,€, C5)], with €2 = / er(t, Xopr, ),
t

where Uy : [0, T] xR xR — R, (¢,2,¢) — Ux (¢, %, c) denotes the agent’s utility function, & is
a real-valued random variable representing the final payment prescribed by the contract and Cy'p
denotes the cumulative cost functional. We highlight that the generic dependence of both Ua and

¢ on t accounts for the sources of time-inconsistency. In the classic literature, utilities are usually

classified under two categories, namely
(i) separable utility functions, i.e. Ua(t,x,¢) = Ua(t,x) —c,
(74) nmon-separable utility functions, i.e. Up(t,x,¢) = Ua(t,x — c).

For instance, in the separable case the agent’s value takes the familiar form

T
Vi (& a) =E™ |UA(0,€) - / er(0, X.pr, 0)dr |,
0
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which we recall satisfies V (€, ) = Y%, for Y the initial value of the first component of

(Y0e, z02) solution to the BSDE

T T
V2% = Ua(0,€) + /t (01 (X )br (X opnry ) Z0% — €(0, X pry ) dr — /t z% . dX,, P-as.

Moreover, in the (time-consistent) case in which the agent discounts exponentially with constant

factor p, i.e. Up(t,x) = e PTDUL(x) and ¢;(s, x,a) = e P~ ¢y(z, a), it holds that
0 T T
Y% = Ua(€) + / (00 (X Ar)br (X opnr, ) Z0% — (X opr, ) — pY, ) dr — / 7% . dX,, P-as.
t t

The previous representation corresponds to a so-called recursive utility particularly known as
standard additive utility, see Epstein and Zin [95]. Let us remark that an analogous argument holds
in the case of the non-separable exponential utility and refer to El Karoui, Peng, and Quenez [88] for
more examples on recursive utilities. Intuitively, a recursive utility can be viewed as an extension
of the classic separable or non-separable utilities in which the instantaneous utility depends on the
instantaneous action a; and the future utility via Yto’a. Extrapolating these ideas, we may arrive
at considering rewards functionals of the form V{ (€, a) = Y"* where the pair (Y?, Z%) satisfies

the BSVIE
' T T
Y = Ua(t,€) +/ hr(t,X./\r,}/f’o‘,Zﬁ’o‘,a,ﬂ)dr—/ Zb . dX,, Pas., t€[0,7]. (5.1.2)
t t

By letting both Ua and h depend on t we allow for general discounting structures and incorpor-
ate time-inconsistency into the agent’s preferences. Moreover, the previous discussion shows that

this formulation encompasses time-inconsistent recursive utilities too.

Remark 5.1.1. In a Markovian framework, the game-theoretic approach to time-inconsistent
agents whose reward is given by (5.1.2) has been considered in Wei, Yong, and Yu [260], Wang
and Yong [245] and Hamaguchi [114]. In these works, the dynamics of the controlled state process
are given in strong formulation and each considered a refinement of the notion of equilibrium in
[82] that was suitable in their setting. In this work, we use BSVIEs to model the agent’s reward and

build upon the results in Part 111 to extend the non-Markovian framework proposed in Chapter 2.
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Let us now present this formulation properly. We define the set of admissible actions, recall A
is compact, as

A= {a € Ppred(A,F) : (5.1.1) holds},

and assume we are given jointly measurable mappings h : [0,7] x X x R x R" x A —
R, h.(-,y,2,a) € Pprog(R,F) for any (y,z,a) € R xR" x A, and Uy : [0,7] x R — R satis-

fying the following set of assumptions.

Assumption Q. (i) For every s € [0,T], x — Ua(s,x) is invertible, i.e. there exists a mapping

Ug_l) :[0,T] x R — R such that UE;I)(S,UA(S,X)) =X

(i1) (s,,2) — he(s,z,y,2,a) (resp. s — UA(s,x)) is continuously differentiable. Morevoer,
Vh.(8,u,v,Y, 2,a) € Pprog(R,F) for all s € [0,T), where Vh : [0,T]> x X x (R x R")? — R is
defined by

n
Vhi(s,z,u,v,9, z,a) = 0shi(s,x,y,2,a) + Oyhi(s,x,y, 2, a)u + Z@Ziht(s,x,y, Z,a)v;;
i=1
(7i1) for ¢ € {h,0sh}, (y,z,a) — @i(s,x,y,2,a) is uniformly Lipschitz-continuous with linear

growth, i.e. there exists some C' > 0 such that V(s,t,z,y,7,2,2,a,a),

|(Pt(87x7ya Z7a) - got(s,x,]],é,d)\ < C(‘y - g‘ + ‘O—t(x)—r(z - 2)| + |a - &‘)7

[pe(s, 2., 2,0)] < O(L+ [yl +|oe(z) " 2]).

Remark 5.1.2. Let us comment of the previous assumptions. The first condition guarantees we can
identify units of utility with contract payments. Indeed, the utility Ua(s,§) is sufficient to identify,
)

via UE{l , the contract payment £&. The second assumption guarantees sufficient regularity, with

respect to the variable source of inconsistency, of the data prescribing the agent’s reward
We assume the agent has a reservation utility Rg € R below which he refuses to take the
contract. The agent is hired at time ¢ = 0, and the contracts £ offered by the principal, for which

she can only access the information about the state process X, are assumed to provide the agent

with a compensation at the terminal time T'. Thus, we specify the set of admissible contracts, see
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Section 5.3.1 for the definition of the integrability spaces, as
C .= {g : R-valued and Fr-measurable, (Ua(s,€))scpo 1) (9sUa (s, €))scon]) € (52’2)2}. (5.1.3)

If hired, the agent chooses an effort strategy o € A, and at any time ¢ € [0, 71, his value, from time

t onwards, from performing « is given by
A t,
Vi€ a) =Y

where the pair (Y, Z%) satisfies the BSVIE (5.1.2). We recall VA(£, @) is commonly referred to in
the literature as the continuation utility. We always interpret VA (¢, a) as a map from [0,T] x X

to R.

Given the choice of reward, the problem of the agent is time-inconsistent. We, therefore, assume
the agent is a so-called sophisticated time-inconsistent agent who, aware of his inconsistency, can
anticipate it, thus making his strategy time-consistent. Consequently, the problem of the agent
can be interpreted as an intra-personal game in which he is trying to balance all of his preferences
searches for sub-game perfect Nash equilibria. We recall the definition of an equilibrium strategy
introduced in Chapter 2, see further comments in Remark 5.1.5. Let {a*,a} C A, t € [0,T], and

£ e (0,7 —t], we define v @10 v* := vl gy + v Ljpo 1y

Definition 5.1.3. Let o* € A. For e > 0, define
loo=mf{0>0:30 €A P[{zeX:Ie0,T], VAE ") < VA(E a @i a®) —el}] > 0},

If for any e > 0, L. > 0 then o* is an equilibrium. Given & € C, we call () the set of all equilibria

associated to &.

As such, the agent’s goal is, given a contract & that is guaranteed by the principal, to choose
an effort that aligns with his sophisticated preferences, i.e. to find a* € £(§). In contrast to the
case of a classic time-consistent utility maximiser, for a time-inconsistent sophisticated agent, there
could be more than one equilibria with potentially different rewards, see for instance [164]. In this

work, we will restrict our attention to the set for which all equilibria provide the same value to the
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agent. See additional comments about this point in the following remark.

Definition 5.1.4. C, denotes the family of contracts & € C such that for any {a*,a*} C £(&),
Ve ) = V(€ a),t € [0,T),

All in all, for € € C, we can now define

VNE) = VIE o), o* € £(8).

Remark 5.1.5. (i) In the non-Markovian framework, the strategy devised in Chapter 2 builds
upon the approach in [38] to study rewards given by conditional expectations of non-Markovian
functionals. This approach is based on decoupling the sources of inconsistency in the agent’s reward
and requires to introduce the terms 0;Ua and Vh into the analysis, see Section 5.5 for details. We
also mention that Theorem 5.5.3 generalises the extended dynamic programming principle obtained

in Chapter 2 for the case of rewards given by (5.1.2) and equilibrium actions as in Definition 5.1.3.

(i) The previous definition of equilibrium can be regarded as a reformulation of the classic defin-
ition, in [82], via the liminf. Indeed, it follows from Definition 5.1.3 that given (e,£) € (0,00) X
(0,£.), 3X C X, P[X] =1, such that

VA a)(@) = VA @ @rsr a) (@) = —2f, V(t,2,0) € [0,7] x & x A

(#i1) Lastly, we also expand on the mecessity to focus our attention on contracts for which all
equilibria provide the same value to the agent. The need for said restriction is inherent to contract
theory models involving a game-theoretic formulation at the level of the agent. Indeed, in either
the case of a finite number of competitive interacting agents seeking for a Nash equilibrium, see
Elie and Possamai [90], or a continuum of players seeking for a mean-field equilibrium, see Elie,
Mastrolia, and Possamai [91], it is generally possible for multiple equilibria to exist. In such cases,
the existence of a Pareto-dominating equilibrium, one for which all agents receive no worse reward if
deviating from a current equilibrium, is by no means guaranteed. In the context of contract theory,
this means that there is no clear rule, at the level of the problem of the agent, to decide which

equilibria should be taken for any two equilibria providing different values to different players. As
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giving control on this decision to the principal makes little practical sense, one way to bypass this

s to assume that all possible equilibria yield the same value, as we did here.

Anticipating our analysis in Section 5.3.1, we highlight that, in the Lipschitz setting of this
paper, we can identify conditions on the data of the problem under which this is the case for any
& € C, see Assumption R and Remark 5.3.2. As such, this is not such a stringent assumption in our
context. Moreover, in all the examples considered in Section 5.4 the agent’s participation constraint
is saturated, i.e. it is held to the reservation level Ry. Hence, one suspects this might be a more

general phenomenon beyond this document’s scope.

5.1.3 The principal’s problem

We now present the principal’s problem. We therefore let Z C C, be the set of admissible
contracts, defined by
=:={€€C,:Vy(€) > Ro}.

In such manner, any contract £ € = is implementable, that is, there exists at least one equilibrium
strategy, namely « € £(&), for the agent’s problem. Even though in the previous section we focused
our attention on equilibria for which the agent gets the same value, we still need a rule for whenever
there are more than one such equilibria. Following the standard convention in the literature, we
assume that if there is more than one such action, for which the agent is indifferent by assumption,

he implements the one that is best for the principal.

The principal has her own utility function Up : X x R — R and solves the problem

VP :=sup sup E¥[Up(X.ar,€)].
€€E ack(€)

Remark 5.1.6. We point out that we have assumed the principal is a standard utility maximiser.
This is because, in our opinion, the cruz of the problem lies in identifying a proper description of
the problem of the principal when contracting a time-inconsistent sophisticated agent. In the case
of a time-consistent agent, [64] identifies this description as a standard stochastic control problem
with an additional state variable. Therefore, in the case of a classic time-consistent agent and a

time-inconsistent principal, following [64], one expects the problem of the principal to boil down to
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a non-Markovian time-inconsistent control problem with an additional state variable. As studied in
Chapter 2, these problems are characterised by an infinite family of BSDEs, analogue to the PDE

system in [38] in the Markovian case.

5.2 The first-best problem

In the first-best, or risk-sharing, problem, the principal chooses both the effort and the con-
tract for the agent, and she is simply required to satisfy the participation constraint. To provide
appropriate characterisations of the solution to several examples, we will focus on a particular class
of reward functionals for the agent. We recall that our goal is to study the second-best problem
introduced in the previous section. As such, despite its inherent interest, the results in the cur-
rent section serve mainly as a reference point for the general analysis we conduct in Section 5.3.
Moreover, the following specification is covered by the general formulation presented in Section 5.1,
see Remark 5.2.1, and it is yet rich enough to cover examples of both separable and non-separable

utilities.

Let us assume the agent has a given increasing and concave utility function U4 : R — R
and Borel-measurable discount functions g, and f defined on [0, T, taking values in (0, +00), with
g(0) = f(0) = 1, which are assumed to be continuously differentiable with derivatives ¢/, and f’.
Lastly, we have Borel-measurable functionals k and ¢, defined on [0,7] x X x A and taking values

in R+.

For any (¢,«) € [0,T] x A, we then specify the agent’s continuation utility by

T
Vi€ @) =E {’Cfﬁi (T = )UA(9(T = 1)§) — /t Ker F(r = ten(Xoar, ar)dr

]-}}, (5.2.1)
where

T
D7 = exp (/ g(r — s)kr(X.Ar,ozT)dr>, (s,t,a) € [0,T]? x A.
’ t

Regarding the principal, we assume she has her own utility function Up : R — R, which we

231



assume to be concave and strictly increasing so that

VP = sup EF[US(D(X7) —€)],
(,8)eAXE

where I' : R” — R denotes a mechanism by which the principal collects the values of the n different

coordinates of the state process X.

Remark 5.2.1. (i) As commented above, the previous type of rewards are indeed covered by the
formulation via BSVIEs (5.1.2) and satisfy Assumption Q. Indeed, it corresponds to the choice
Ua(s,x) = (T = s)UR(9(T — 5)x), 0sUa(s,x) = —f'(T = s)UR(9(T — s)x) = f(T' = s)g"(T -
5)0xU4 (g(T — s)x), and

hals,,y,2,a) = o3(@)bi () - 2 — F(t = s)ex(w, @) + g(t — 5)ke(, )y,

Vht($7x>u>v7y7 2 (Z) = O—t(x)bt(x: a) U+ f/(t - S)Ct(.’L’,a) - gl(t - S)kt(x7a)y + g(t - S)kt(xv a)u'

Regarding the principal, our specification corresponds to Up(z,x) = Up(I'(zr) —x). Let us mention
that, to facilitate the resolution of the following examples, we assumed that Up depends only on
the terminal value of xp. This allow us to use the dynamics of X as given in Section 5.1.1. We
highlight this assumption is not necessary in general analysis for the second-best problem we present

in Section 5.3.

We now move on to characterise the solution to the first-best problem in the case of a time-
inconsistent agent with both separable and non-separable utility functions. Anticipating the result,
we highlight that in the first-best problem, the problem of the principal reduces to solving a standard

stochastic control problem.

5.2.1 Non-separable utility

We recall that the CARA utility function, commonly known as the exponential utility, consti-
tutes the stereotypical example of non-separable utility. We then consider (5.2.1) under the choice

c=0,
e_’YPX e_'YAX
Up(x) = —, UL(x) := —
) = = U3 = -

, XER, yo >0, vp > 0,

232



ki(x,a) = yak?(z,a) and assume a — kP (x,a) is convex for any (t,z) € [0,7] x X. We then have

that
[e% t T
Vg @) = B [F(T = )UR (9(T — 1) — K[) | i), for Ky o= / g(r — $)k2(X, e )dr. (5.2.2)
b 9 t
The value of principal is thus obtained through the following constrained optimisation problem

VEsi= sup BT [UR(N(Xr) — ©), st B | A(T)UA (1) g/“ (X )dr )| = R,

(a,8)eAxC

Note that, the concavity (resp. convexity) of both U} and U} (resp. a — kf(x,a)) and the
fact (A,C) is a convex set, imply that VEB is a concave optimisation problem. The Lagrangian
associated to this problem, where p € R} denotes the multiplier of the participation constraint, is

given, for any («, &, p) € A x C x Ry, by

8a.,p) = BT VBT (Xr) — €) + pf ()04 (of g/g (Xnrsan)r) | - oo

For convenience of the reader, we recall that the dual problem Vggl , which is an unconstrained

control problem, is in general an upper bound of ng and is defined by

VEg= sup inf £(a,&p) < inf  sup Lo, p) = Vggi, (5.2.3)
(a,§)eAxC PERY PERY (a,)eAxC
where we used the convention supy = —oco. As it is commonplace for convex problems, the next

result exploits the absence of duality gap, i.e. VEB = Vgg , to compute the value of VEB. It uses
the following notations
_ yavrg(T 1 P -
L ( ) < o (—1) (y))

= , = ——eX
ag(T) +vp" 7 v P

Proposition 5.2.2. Let

o 1 _ T 5g(r)ke
Veont := sup EF [—_exp(—fyFX +/ L (X Ar, O drﬂ,
" aea 5 (Xn)+ Jy gy Kormor)

L L (A T
P M) ( vaRo VCO’“) '
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Suppose Veont < 00 and for any (o, p) € A X Ry, & (p, ) € C where

1
*(pa) = ——— (pD(X7) + YA KYY + log (p*g(T) F(T))).
€ (p,0) = e (WD (Xr) + 9K + log (57g(T) /(1))
Then
P
VEB = Cﬂvcgnt'
£(T)

Moreover, if o* is an optimal control for Veent, then an optimal contract is given by £ (p*, a*).

Proof. Let (p, ) € Ry x A be fixed and optimise the mapping C 3 £ — £(a, &, p) € R. An upper
bound of this problem is given by optimising x-by-z. This leads us to define, for any (a, p) € AxR4

fixed, the candidate

€(.0) = = (T (Xr) + WG +log (pa(T)F(T)).

To show the upper bound induced by £*(p, «) is attained it suffices to note that £*(p,a) € C by
assumption. Replacing in £(p, a, §) we obtain

. 1 _J e _ :V 0
vEd — inf { Ro — = (pg(T)f(T))s@a sup EF {ex ( I(Xy) + K “)H
e = Inf = pRo 7(pg( )f(T)) sup p| —(X7) () ot

If Veont < 00, as the above function is a strictly convex function of p, first order conditions gives

p* as in the statement.

We are only left to show that VIEB = Vgl’g , i.e. that there is no duality gap. For this, it suffices
to verify that (£*(p*,a*),a*) is primal feasible, i.e. that it satisfy the participation constraint.
Indeed

EP U (g(T)§ - /O R (X, a:)dr)]

p
~1_par _ Ao 0ot A (T M e .
_ “lge [exp ( ~AT(X7) — 771)7[(8:; — P log (WC()VCOm) — AKS )

o~ TP vaRo
1 g i} YA - 000 00 \]( 7 TR _ R
- _EF [exp(_ [(X7) — =Ky 7 —yaKy —V ()~ f(1T)
= AT (X7) p or T VAo o M) (1) T f(D)
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5.2.2 Separable utility

We consider the case k = 0 and g = 1 in (5.2.1), and assume a — ¢(t, z,a) is convex for any
(t,z) € [0,T] x X. The agent’s reward from time ¢ € [0,7] onwards is given, for any (¢,,&) €
[0,T] x AxC, by

A _ WP _ o _ T _
VA(E ) = BB [ F(T — U3 () /t £(s t)cs(X.As,as)ds]-"t} (5.2.4)

The value of principal is thus obtained through the following constrained optimisation problem

T
Vipi= s BRI - 0], 56 B [FD0R©) - [ 10 (Xarsar)ar] 2 o
(a,§)eAXC 0

The Lagrangian associated to this problem is given, for any («, &, p) € A x C x Ry, by

(e, & p) :==E" |UR(I(X1) — &) + pf(T)UA(E) — p/OT Flr)ee(Xoar, Oér)dr] — pRy.

Proposition 5.2.3. (i) Suppose U} and U$ are such that mapping £*(x, p) given as the solution

to
—0xUp(I'(x) = £°(x, p)) + pf(T)0xUR (£ (x,p)) =0, (x,p) € R" x Ry,
is well-defined and (X, p) € C for any p € Ry. For p € Ry, let

Veont(p) := iléﬁEP& U (T(X71) — & (X1, p)) + pf (T)US (EX( X7, p)) — p/OT f(r)er (Xoar, o )dr|.

Then

Pd __ . _
Vig = Pgﬁ{r { pRo + Veont (P)}

Moreover, suppose the pair (a*(p*), (X1, p*)) is feasible for the primal problem, where o*(p)
(resp. p*) denote the mazximiser in Veont(p) (resp. the above problem), which we assume to exist.

Then, there is no duality gap, i.e.

P _ y/Pd
VFB - VFB ’
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the optimal contract is given by (X, p*).

(17) If US(x) = UR(x) =x, for a € A let

Cla) = {g eC:E"[¢] =E [/OT f((r) cT(X./\T,a,n)dr} 4 2o }

F(T) f(T)

Then, the problem of the principal is given by the solution to the standard control problem

T
Vig = —% + ztelgEPa [F(XT) - /0 f(r)cT(X.M,ar)dr].

Moreover, for a* € A an optimal control of this problem, (?(oz*) contains all the optimal contracts

for the principal.e.q. the deterministic contract

Ry
f(T)

oF T
& = + f(T)'EF {/0 f(r)er (Xoar, a)dr|.

Proof. We argue (i). Let (p,a) € R4 x A be fixed and optimise the mapping C 3 £ — £(«, &, p) €
R. An upper bound of this problem is given by optimising x-by-x. This defines the mapping
& (x,p). As before, the fact that £*(p,«) € C guarantees the upper bound is indeed attained.
Replacing in £(p, «, §) we obtain Veent(p) and the corresponding equality for Vggj . Now, to obtain
the absence of duality gap we must verify that there exists a solution to the dual problem that is

primal feasible. This is exactly the additional assumption in the statement.

We now consider (). In this case, we can solve VEg directly. In light of Up(x) = U (x) = x,

T
Vig =  sup EPQ[P(XT%&],s.t.EP“[ﬂT)f— / Fr)er (X pr, 0n)dr| > Ry.
(a,8)eAxC 0

Let us note that for fixed o € A the principal’s reward is linear and strictly decreasing in EF”[¢]
and therefore she is indifferent between contracts that have the same expectation. Therefore, she
optimises over the feasible contracts that have the same expectation. Now, for fixed o € A any

feasibility contract satisfies

Ry
f(T)

P rex P T f(T’)
E"[¢*] > E UO f(T)cT(X.M,aT)dr +
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Therefore, our previous comment implies that for given « the principal is indifferent between

contracts in C(a). Note that C(a) # 0. Indeed, take the deterministic contract &*(a) = % +
T

f(T)~'EF” {/ F(r)er (Xoar, a)dr|.
0

Plugging this back into the principal’s utility, we get the expression for VEB in the statement. [

Remark 5.2.4. We remark that the assumption on the utility functions in Proposition 5.2.3 is
relatively reasonable. Indeed, it is immediately satisfied, for instance, in either of the following

scenarii
(1) Up(x) =x and U (x) is strictly increasing;
(13) for ¢ € {UX, U}, z — p(x) is concave, strictly increasing and satisfies the following condi-

tions

lim Oxp(x) = oo, Jim Oxp(x) = 0.

X——00

5.3 The second-best problem: general scenario

In this section, we bring back our attention to the second-best problem face by the principal

VP =sup sup EF*[Up(X.a7,8)].
€EE ack(¢)

We will exploit the theory of type-I BSVIEs, revisited in Part III. We first introduce suitable

integrability spaces.

5.3.1 Integrability spaces and Hamiltonian
Following Part III, to carry out the analysis we introduce the spaces
o L2 of £ € Pueas(R, F), such that HfH%Q = E[|¢]?] < oo;

o S% of cadlag Y € Pprog(R, F) such that ||V, := E{ sup ]Ytﬂ < 00;
t€[0,T7]

T
o L2 of Y € Popt(R,F), with ||Y[2, := EK/ \Yr\erﬂ < 00;
0
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T
o H? of Z € Pprea(R™,F) such that || Z]|Z, :==E / |ara;rZr|2dr} < o0;
0

To make sense of the class of systems considered in this paper we introduce some extra spaces.

e Given a Banach space (I, || - ||1) of E-valued processes, we define (I2, | - [|12) the space of U €
P2..(E, F) such that ([0,7],B([0,T])) — (I2,] - |l2) : s — U* is continuous and ||U||p :=

sup ||U®||1 < oo
s€[0,T]

e.g., S%2 denotes the space of Y € P2 (R, F) such that ([0,7],B([0,T])) — (S*(R), || - ||s2) :

s +— Y is continuous and ||Y|[g2.2 := sup [|[Y?®||s2 < o0
s€[0,7T

next, we introduce the space

b E2’2 of (ZT)TE[O,T]Q € ,Przneas(Rnaf) such that ([OaTLB([O7T])) — (H27H ' ”HQ) ts — Z°
is absolutely continuous with respect to the Lebesgue measure with density 07, and ||Z ||%272 =

1Z||32.2 + | 2|52 < o0, where Z := (Z]);co0,r] € H? is given by
t
zt=270 + / dZ! dr.
0

Lastly, we introduce the space § := S? x H? x §?2 x H?>? x §*2 x H??2.

Remark 5.3.1. Building upon our analysis in Part II and Part 111, we recall that the second
set of these spaces are suitable extensions of the classical ones, whose norms are tailor-made to
the analysis of the systems we will study. Some of these spaces have been previously considered
in the literature on BSVIEs, e.g. [245]. Of particular interest is the space H??2, introduced in
Chapter 3, which allows us to define a good candidate for (Zf)te[o,T] as an element of H2. Indeed,

let Q:=1[0,T] x X, @ := (t,z) € Q and
T -
3,(@) = 2] (z) — / 0Z{ (z)dr, dt ® dP-a.e. @ € Q, s € [0,T],

so that the Radon—Nikodym property and Fubini’s theorem imply 3s = Z*,dt ® dP-a.e., s € [0,T].

Lastly, as for & € Q, s —> 3s(@) is continuous, we may define

T
AREY A —/ 0Z{dr, for dt ® dP-a.e. (t,x) in [0,7] x X.
t
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5.3.2 Characterising equilibria and the BSDE system

Building upon the results in Chapter 2, where only the case of an agent with separable utility
was considered, we wish to obtain a characterisation of the equilibria that are associated to any
¢ € E. For this we must introduce the Hamiltonian functional H : [0,7] x X x R x R™ — R given
by

Hy(z,y,z) :=sup h(t,z,y,2,a), (t,z,y,2) € [0,T] x X x R x R".
acA

Our standing assumptions on H are the following.

Assumption R. (i) For any (t,z) € [0,T] x X, the map R x R™ 5 (y,2) — Hy(x,y,2) is uni-
formly Lipschitz-continuous with linear growth, i.e. there is C' > 0 such that for any (t,x,y,y,2,7) €
[0,T] x X x R? x (R")?

| Hi(x,y,2) — Hi(2,5.2)| < C(ly = 3| + low(2) (2 = 2)]), [Hi(e,y,2)| < O(L+ ly| + |ow(2) "2l);

(7i) there exists a unique Borel-measurable map a* : [0,T] x X x R x R" — A such that

Hy(x,y,z) = h(t,x,y,2,a"(t, 2, y,2)), V(t,z,y,2z) € [0,T] x X x R x R".

(7i1) For any (t,z) € [0,T] x X, the map R x R" 5 (y,z) — a*(t,x,y,z) is uniformly Lipschitz-
continuous with linear growth, i.e. there is C' > 0 such that for any (t,x,y,y,2,z) € [0,T] x X X
R? x (R™)2.

|a*(t,2,y,2) — a*(t,2,3,2)| < Cly = 5| + |or(z) " (z = D)), |a*(t,2,y,2)| < C(1 + |y| + |ow(x) "2]);
To ease the notation we also introduce b} (z,y,z) := by (x, a*(t, z,y,2)),

h:(s)xvyv Z:yvz) = h?”(svxuyu Z,(l*(’l”,d/’,y, Z))a

vh: (87 x? u7 v? y? 27 y7 Z) = vhr (87 w? u? U? y? Z? a*(r7 x? y7 Z)) *
Remark 5.3.2. Let us comment on the previous set of assumptions. FEven in the non-Markovian
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setting of this document, the problem faced by a sophisticated agent is related to a system of equa-
tions instead of just one, see Chapter 2. This raises many issues, among which is the possibility
for multiplicity of equilibria with different values. Assumption R.(i), R.(ii1) guarantee that for a
given £ € Z any equilibria o € E(&) provide the agent with the same value, and all correspond
to mazimisers of the Hamiltonian. Ultimately, Assumption R.(i1) guarantees that there is only
one maximiser of the Hamiltonian. Let us mention that the existence of a* is guaranteed under
Assumption Q.(7i7) by Schal [221, Theorem 3]. This conciliates our focus on contracts for which

any equilibria provides the same value as we stated in Section 5.1.2.

Under this set of assumptions we are able to show, see Section 5.5, that for any & € =

£(§) = {(a™(t, X.nt, Yi(€): Z4(6))eeior )

where the processes (Y (€),Z(§)) come from the solution to the following infinite family of
BSDEs which for any s € [0, T satisfies, P-a.s.

T
Vi) = U + [ (B (X120, 2) - 9% ©)ar - [ 20)- ax,,
V(€)= Ua(s, &) +/ B (s, X, Y2 (), Z5(6), Y (€) dr—/ 75(¢ (5.3.1)

DY (€) = .U (s5,€) + / Vi (s, X, 0V (€), 0Z3(6), Y2 (€), Z3(€), Yo €), Zo())dr
- / 0Z3() - dX

Moreover, we have that

VA&, a* (-, X, Y.(€), Z.(€))) = Yi(€) = Y(€), t € [0,T], Pas.,

Zy(&) = Z}(¢), dt @ dP-a.e.

(5.3.2)

Given that Assumption  guarantees that @ — Ux(s,x) invertible for every s € [0,7], we also

have that

U (5, Y2(0)) = € = UTY (u, YE(9)), P-ass., (s,u) € [0, T2 (5.3.3)
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Remark 5.3.3. (i) We recall that the diagonal process (Zf)icpo,r) is well-defined for elements in

H?2, see Section 5.3.1.

(7i) Links between time-inconsistent control problems and a broader class of BSVIEs have been
identified in the past. The first mention of this links appears, as far as we know, in the concluding
remarks of Wang and Yong [255]. The link was then made rigorous independently by Chapter 2
and Wang and Yong [245]. In our setting, in light of (5.3.2), such an equation appears as the one
satisfied by the reward of the agent along the equilibrium. As such, the pair (Y;(€), Zts(g))(s,t)e[o,TP
solves a so-called extended Type-1 BSVIE, which for any s € [0,T] satisfies

T T
YI:S(OZUA(SMS)ﬂL/t h:(s,X,W(g),Zﬁ(.f),W(g),Z;’(g))dr—/t Z;(§) - dX;, Pas. (5.3.4)

We highlight that this BSVIE involves the diagonal processes (Y}(£), Z{(€)) 2 and that in

(s,t)€l0,T
light of Theorem 3.4.3 the well-posedness of (5.3.1) is equivalent to that of (5.3.4).

5.3.3 The family of restricted contracts

In light of our previous observation, namely (5.3.3), in the following, we will introduce a family
of restricted contract payments which we will denote Z. For any contract in this family, we can
solve the associate time-inconsistent control problem faced by the agent. Moreover, we will show
that any admissible contract available to the principal admits a representation as a contract in =.

Consequently, the principal’s optimal expected utility is not reduced if she restricts herself to offer

contracts in this family and optimises.

In order to define the family of restricted contracts, we introduce next the process Y% which,
for a suitable process Z, will represent the value of the agent. This is a preliminary step based on
the observation, see (5.3.3), that the value of the agent at the terminal time 7" coincides with the

payment offered by the contract. To alleviate the notation let us set Z := {yo € Cf : yJ > Ro}.

Definition 5.3.4. We denote by H>? the collection of processes Z € H>? satisfying:

[Y Y07 ||g2.2 < 00, where for yg € I, YV0Z := (Y% 1o satisfies for every s € [0,T],

t t
Yy d :yg—/ h;(s,X.M,Yf’yO’Z,Z;?,KT’?JO’Z,ZI)dr+/ Z:-dX,, t€[0,T], P-as. (5.3.5)
0 0
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U (s, 2002y = UTY (0, Y9 ?) Poas., (s,u) € [0,T)2. (5.3.6)
With this, it is natural to consider the set Z of contracts of the form
U (T, YY), (yo, Z) € T x H?.

The main novelty of our argument, compared to that in the time-consistent case, is the fact
that (5.3.6) imposes a constraint on the elements Z € H?2. We note that in light of 3.4.3 we have
that H>2 # (.

Remark 5.3.5. (i) The process YY0Z denotes a solution to a so-called forward Volterra integral
equation (FSVIE, for short). These objects have been studied since Berger and Mizel [23, 24], Prot-
ter [211], Pardoux and Peng [201]. However, this is not a classic FSVIE in the sense that, in

addition to Y*¥Z  the diagonal processes (Y}t’yo’z) appears in the generator. For complete-

te[0,7

ness, Proposition 5.6.4 below presents a suitable well-posedness result.

(ii) We also remark that in light of (5.3.6), for any € € Z, it holds that £ = Ug_l)(s,Y;’yo’Z),
P-a.s., s € [0,7T].

(ii7) As mentioned at the beginning of this section, we chose to work with a representation for the
agent’s value as opposed to the value of the contract itself. This determines the form of the contracts
in the definition of Z and provides a quite general and comprehensive approach. For instance,
one could have chosen to represent the value of the contract & directly for an agent with a time-
inconsistent exponential utility. This would have produced a version of (5.3.1) whose generators
have quadratic growth in Z and whose well-posedness is more delicate than in the Lipschitz case.
See for instance, Briand and Hu [42], Kobylanski [155] and Tevzadze [238] for the study of quadratic
BSDEs. We recall that in light of [42], taking that approach in the time-consistent scenario requires,
at the very least, to assume the contracts have exponential moments of sufficiently large order. Our
approach prevents this given our growth assumptions in Assumption Q. However, one cannot expect

to avoid such restrictions for problems that are inherently quadratic.
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In light of our previous remark, as a preliminary step, we must verify that (5.3.5) uniquely defines
Y¥0:Z At the formal level, the following auxiliary lemma says that the integrability condition on

Y¥0:Z guarantees this.

Lemma 5.3.6. Let Assumption Q and Assumption R hold. Given (yo, Z) € T x H>? there exist

unique processes (YZ,0Y) € S22 x S22 such that YYZ satisfies (5.3.5) and OYYZ satisfies
t t
8Yts,y0,Z _ 83/8 _/0 Vh:(S,X, BKS’yO’Z,aZﬁ,KS’yO’Z, Zﬁ,YTT’yO’Z,Z,T)dT +/0 077 -dX,. (5.3.7)

Proof. Let us first argue the result for Y¥%:Z. Note that the integrability of Z € H??2, Assump-

tion Q.(74) and Assumption R.(7i7) yields

T 2
sup E[(/ ]hf(s,X.M,O,Z;f,O,Z:))dr) ] < 0.
s€[0,7T 0

The result follows from Proposition 5.6.4. The second part of the statement is a consequence of

Proposition 5.6.5. O

We are now ready to state our main result, in words it guarantees that there is no loss of

generality for the principal in offering contracts of the form given by =.

Theorem 5.3.7. (i) We have = = =. Moreover, for any contract £ € Z, associated to (yo, Z) €

T x H*2, we have

5(5) = {a*(th-/\t7Y?y07Z7 Ztt)te[oj]}? VOA<€) - yg'

;- " o mat (XY V07 7 . . ) )
(ii) Let P*(Z) :=P . The problem of the principal admits the following representa

tion

VP = sup V(y), where V(y) := sup EP"(%)
yo€Z ZeH2?2

Up <X.AT, vy (T, vl 7y°’Z))] . (5.3.8)

Proof. We first argue = C Z. Let £ € Z. In light of Assumption Q, Theorem 3.3.5 guarantees
that for ¢ € C there exists (Y (£), Z(€)) € $*? x H*? solution to (5.3.4) and a process 9Y (§) € $??2
satisfying that the mapping ([0, 7], B([0,T])) — (S%,] - |ls2) : s — 9Y*(€) is the derivative of
([0, 7], B([0,T])) — (S%|| - lls2) : s — Y*(£). Moreover, Assumption Q.(i) guarantees (5.3.6)
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holds. Moreover, (5.3.2) implies Yp(&) = VA (&, a* (-, X., Y.(€), Z.(€))) > R, recall £ € Z. From this,
taking yo (&) = Yp(&) we have that (yo(€), Z(€)) € T x H?2. Thus £ € E.

To show the reverse inclusion, let £ € Z. This is, £ = UE;I)(T i YTT ’yO’Z), where, in light
of Lemma 5.3.6, Y¥%:Z denotes the unique process, induced by (vo,Z) € T x H?*?%, such that

[Y¥0:Z]|g2,2 < 0o and (5.3.6) holds. In particular,

VU2 — Uy (s,€), Pras., s €[0,T).
Therefore, for any s € [0, 7]
7 _ T T
Yo, :UA(S,g)+/ h:(s,X./\r,Yﬁ’yo’Z,Zﬁ,)ﬂf’yo’z,Z}f)dr—/ Z$-dX,, P-as.  (5.3.9)
t t

We now show ¢ € C, as in Definition 5.1.4. We first show & € C, recall (5.1.3). It is immediate

to see that

IUAG, )220 = sup E[[Ua(s,&)*] = sup E[[vi*o 7] < ywZ|2,; < oo.
s€[0,T7 s€[0,7T

Now, given Y% solution to (5.3.5) and 0Z by definition of Z € H?2, Lemma 5.3.6 guarantees there
exists QY¥Z € §%2 such that the pair (0Y?,07) satisfies (5.3.7). Moreover, by Proposition 5.6.5
for any s € [0, 7]

aYS? = 9,UN(s,€), P-as.

Thus, H@sUA(-,é)H%Q,Q < ||oy¥o-Z)|2, , < co. This shows & € C.

Let us argue £ € C,, d.e. that any o € () provide the agent the same value. In light of
Theorem 5.5.4 and Theorem 5.5.5, it suffices to establish (5.3.1) has at most one solution. In light

of Assumption Q, € € C,

N T 2
A7 122 = sup E[(/ ‘h:(s,X.AT,O,O,O,O)‘dr) } < 00,
s€[0,7T 0

Hvi’;”i17272 = Sup E

T 2
(/ \Vh:(s,X.M,o,o,o,o,o,o)]dr> ] < 00,
s€[0,T7] 0
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and Theorem 3.3.5, (5.3.1) is well-posed with solution
((Kst’yo’z)te[o,ﬂ, (Z})iep.m, Y7, Z,0Y%7 07).

Thus

E(€) = {a"(t, X, Y7 Z0) oy -

To conclude & € =, note that by Theorem 5.5.5, Vé(f_) = 93, so that y§ > Ry guarantees the

participation constraint is satisfied. O

The problem of the principal involves controlling, via Z € H??2, of the processes (X,Y#). The

dynamics of X are given, in weak formulation, by
t
X, =20+ / 00 (X p0) (B (X, Y902 Z0)dr + dBY), t € [0,T], Pass. (5.3.10)
0

where B* := B — [ b(X.pp, Y;"¥0Z ZT)dr is a P*(Z)-Brownian motion. The second state variable,

(Y;tyo,Z)te[O’T]’ is the first component of the solution to the system

t t

Ytt’yO’Z _ y8 _ / (Hr (X-/\r, y;",yo,Z7 Z:) _ aY:’yO’Z>dT +/ Zr - dX,,
0 0
t t

Y;s,yo,Z = yg o /0 h:(sv X-/\Tv Y;"S’ymza Zﬁ? Y;Tyyo,Z’ Z:)d?“ * /0 Zﬁ . dXT’

¢ t
8Yf’y°’Z =y — / Vh:(s,X.M,81/;5’90’2,82;8,1@8’902, ZfaKnr’yO’Z7Z:)d"" _|_/ 075 -dX,.
0 0

In the general situation, it is unclear—at least to us—how to address this class of problems. In

fact, the previous system provides two possible representations for the term YTT 90,2 appearing in

the reward of the principal, each coming with its own challenges:

7y07Z

(i) If we choose to focus on the dynamics of Ytt as given by the first equation, one can ex-

ploit the fact that the action of the control Z is only through the diagonal (Zf)te[o,T}- Moreover,

given (8Ytt’y°’z)t€[0’ﬂ, the first equation implies (Y;'¥#

)telo,r) i an It6 process. Nevertheless,
as (8Ytt’yO’Z)t€[07T] is not given, there is no direct access to the dynamics of (8Ytt’Z)tE[O’T] that is

amenable to the analysis, 7.e. that would allow us to use It6 calculus. Moreover, this process is
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neither Markov nor a semi-martingale and does not satisfy a flow property

S S
aYs&yo,Z ” aY%byo,Z _ /t Vh: (S,X./\r,8Kns’y0’z7az;f,Y,-&yO’Z,Zf,}/TT’yO’Za Z:)dT‘ +/t Zi -dX,

(7i) Alternatively, suppose we choose the representation through the second equation. In that

b ’Z
Y02 where

case, the problem of the principal involves the control of the family of FSVIEs Y’
the controls consist of a constrained family of processes Z € H?? that impacts the dynamics via
((Z})teio,r)s (Z8)ieo,m))- The fact that the dependence is through both arguments makes the recent
approach in Viens and Zhang [243] for controlled FSVIEs inoperable. Moreover, in general, this

seems to be quite a challenging problem. Therefore, we will for now concentrate our attention on

simpler examples.

As a motivation for our approach in the following examples, we recall that for classic separable
utilities, as in Chapter 2, it is known that in the case of exponential discounting with parameter
p, it holds that dY = pY, in which case the second and third equations are redundant. Indeed,
the first equation suffices to describe the dynamics of (Ytt)te[o,T}- This motivates the study of H2?
under particular specifications of utility functions for both the agent and the principal, hoping to

be able to
(a) reduce the complexity of the set H??;
(b) exploit its particular structure to formulate an ansatz to the problem of the principal.

This is exactly what we do in the following sections. The general case remains subject of further

research.

5.4 The second-best problem: examples

5.4.1 Agent with discounted utility reward

As an initial example, let us consider the scenario in Section 5.2.1 under the additional choice

g = 1, which implies K, does not depend on s € [0,T]. Thus, for any (¢,a,&) € [0,7] x A x E,
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we have

T
VG @) =BT [T - 003 (6 - Ki|B], Ki = [ R(mandr (G4)
Under this specification, (5.3.1) reduces significantly. Indeed

ht(sv z,Y,z, a’) = Ut(x)bt($, a’) K 2ay ’)/Akl?(x7 a’)y7
Vht(sa z,u,v,yY,z, a) = Gt(x)bt('rv (I) "V A+ ’YAktO(xa a)ua

U (s,%x) = f(T' = 5)UR (x), OsUX(s,x) = —f'(T — 5)UR (x).

Remark 5.4.1. (i) We highlight that the absence of accumulative cost in the agent’s reward func-
tional, i.e. ¢ = 0, together with the choice g = 1 makes the driver in the second family of BSDEs
independent of the variable s, i.e. Vh = h. Moreover, it coincides with the functional mazimised

in the Hamiltonian H.

(ii) We remark that in this scenario, the non-exponential discount factor, i.e. the time-inconsistent
preferences, does not add much to the problem. Even though the agent’s continuation utility changes
by a factor, the optimal/equilibrium control state pair coincides for both problems. Our aim in
presenting it is to illustrate how the technique presented in Section 5.3.3 is compatible with the

results known in the case of a time-consistent agent.

The next result provides a drastic simplification of the infinite dimensional system introduced

in Section 5.3.2. This is due to the particular form of the reward of the agent (5.4.1).

Lemma 5.4.2. (i) Let& € = and the agent’s reward be given by (5.4.1). Then, (5.3.1) is equivalent
to the BSDE

f/(T_ )Y'T,(g)>d7”—/T ZT(S).dXT, te [O,T], P-a.s.

() = RO+ [ (H (X ¥o(6). 2006 + L=

(ii) Let Z € H*2. Then (Yf’yo’z)te[oﬂ solves the BSDE
/ T _ T
Ytt,yo, — Tyo7 +/ ( X/\'r Yryo, Z:)_l_?((T :))YTr,yo,Z>dT_/ Z:'er, tc [()7T]7 P-a.s.
- t
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(iii) H>? = H2, where H? denotes the family of Z € H? satisfying |Y¥07||s2 < oo where, for any

Yo € (R07 00)7

f{(T =) Z) /t
LYY )dr + Z,-dX,, t€|0,T], P-a.s.
p(T T’) T r 0 [ ] S

t
vl =y [ (H (Y7 2) +
0
(iv) 2= {UOA(fl)(YTQO’Z) : (Y0, Z) € (Ro,00) x H%}. Moreover, for any & € E
g(g) = {(a*(t')X'/\t’Y;‘/ymza Zt)tE[O,T]}v Vé(&) = Yo-

Proof. 1t is immediate from (5.3.1) that, P-a.s.

Yi(§) = O [#(1 - 5)U% (¢ - Koy )| 7).
OV (€) = —ET O [f(T - 5)UR (¢ - Kyy)| 7], and,

V(&) = Yi(9).

Thus

and, for any (s,u) € [0, T)?

U 7(9) = U3 (S ) == v (L) 00w ), s

All together, this shows that (5.3.1) reduces to the equation in the statement. The result then
follows as we can trace back the argument and construct a solution to (5.3.1) starting from a

solution to the BSDE in the statement.

We now argue (ii). Let Z € H*2. Then, there is (¥5)sejo,r) such that (5.3.6) holds and

t t
Yps =y — [ Wi X Ve E 22 YA 2 ar + [ 27X
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Let us note that (5.3.6) implies Y27 = f(T — 5)Y2**? Since
h(s,z,y, z,a) = hy(u, z,y, 2,a), (s,u) € [0,T]%,
we obtain
Vv d — f(T — )Y v 4 /tT WE(r, Xopg, Y,IUOZ | 73 Y902 70 drr — /tT 7 - dX,,
so that

T
v ? = BF (T — )Y "7 exp (’YA / kY (X, Y907, 7] )dr)
t

ft:|)
(T —t)
aYt,yo,Z _ _f ( Yt’yO’Z.
t T -1

Note that (Y,'v- € S2. Thanks to Theorem 5.3.7, the result follows replacing Y,"¥*% in
(Y, t€[0,T] : placing 0Y;

the first equation of (5.3.1).

We are left to argue (iii) as (iv) is argued as in Theorem 5.3.7. H>*2? C H2 follows by (ii).
Indeed, there is yJ such that
(T

—’I") 90,2 ! r
I = Dy g+ [ 77 dX,.

t
, 7Z b b}
nyo :ygf/o <HT(X./\T7YTNJ0 Z,Z£)+ (T

Conversely, let (yo, Z) € (Rg,o0) x H? and Y¥Z € S? as in the statement. Then, letting

_ N T
v = Byt g D[ - oy Lo ([ R v 7 200 ) 7],
- t
gy SVt . _ f'(T = s) yYo.Z
t : f(T _ t) t ’

the martingale representation theorem, which holds in light of (S) and the integrability of

(Y2 7), guarantees the existence of (Z .02 ) € A>? x H2? such that, as elements of H?,
~ ~ S ~ ~
z75 =27+ / 0Z"dr, and Z! = Z;,dt @ dP-a.c.
0

It then follows that (ZS)SE[O,T] € H22. O
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5.4.1.1 Principal’s second-best solution

In the following, we will exploit the so-called certainty equivalent, i.e. the relation £ =
U Y (VA(€, ) between the the contract and the terminal value of the value function. The
benefits of this are twofold: it lays down an expression that can be replaced directly into the
principal’s criterion, and it removes Y4 from the generator of the expression representing the
contract in exchange for a term which is quadratic in Z. For this we need to introduce some extra

notation.

Let H :[0,7] x X x R" — R be given by

ﬁt(x,z) = suplAlt(x,z,a), (t,z,z) € [0,T] x X x R",
a€A

with Ty (z,2,a) == o(z)b(z,a) - z — k(x,a). The mapping [0,T] x X x R" —» a*(t,z,2) € A

is defined, as before, by the relation Hy(x,z) = hy(z,z,a*(t,x,2)), and X (x,2), k% (z,z) are also
defined.

Proposition 5.4.3. The problem of the principal can be represented as the following standard

control problem

VP = sup V(yo), with V(yo) = sup EXD[Up(X a7, V7)),
yo=>Ro ZeH?

where P*(Z) = Pa* (X2 gnd }AC}'O’Z s given by the terminal value of

1 PN w1 (T
thyo = _P)/Aln(_'YAyO)_/O HT(X~/\raZr)_?|a7:r(X-/\r)Zr|2 A f(T d?“—l—/
where,
~ 1 Z
Zt = - tZ
ryA )/'ty()y

Proof. We first note that in light Lemma 5.4.2, we may replace the optimisation over H?? with H2.

Let Z € H2. The result then follows from Lemma 5.4.2 by applying It6’s formula to U( b (v;%). O

Remark 5.4.4. (i) Let us highlight the main message behind Proposition 5.4.3. When the agent’s

reward is given by (5.4.1), the principal’s second-best problem reduces to a standard control problem.
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This is a drastic simplification of the result in Theorem 5.3.7 and a consequence of the particular

form of the agent’s reward.

(#) In a Markovian setting in which the dependence of the data on the path X is via the current
value, we see from the controlled dynamics for X and YvoZ that the problem boilds down to solving
V. Employing the standard dynamic programming approach we obtain that the relevant term for

this problem is given for (t,x,y) € [0,T] x R™ x R by

OV (t,x,y) + H(t,x,y,0V (t,x,y), 0*V(t,x,y)) = 0,

where
« VA T2 7 1 f’(T—t)>
H(t,x,y,p, M) := sup < Af(x, z) - X—i—( r (X)2|° = Hp(x,2) + — 07—
(1. M) 1= sup {70 2) -+ (Bl )2 = e 2) ==
1
+ §Tr [aatT(X)(MXX + zzTMyy + 2z - Myy)] },
bx Mk Mxy
for p = eR"x R, M := € St 1 (R), My € S§(R), My, € S{(R), and
Dy My Myy

Mxy € Mn,l (R) .

In the following proposition, whose proof is available in Section 5.7, we study the case n = 1,
so that

Vi(yo) = sup, EX(D)[Up (Xr - V207))].

This result is equivalent to solving the HJB equation in Remark 5.4.4.

Proposition 5.4.5. Let principal and agent have exponential utility with parameters vp and ~ya,

respectively. Let Cy := —,%Pe*w(xo*y), }A%o = UCA(_I)(R()), and assume that

(1) the maps o, \* and k°* do not depend on the x variable;
(i3) for anyt € [0,T], the map R > z 2 X (2) — k?*(z2) — Wlol 2|2 — Elo) (1—2)% has a unique
mazximiser z*(t), such that [0,T] > t — 2*(t) is square integrable.

Then

v _ 0 Lo _/T<A o A T*2) /T*
& :=U, (f(T)) ; H, (=) 5 o, Z|* |dr + ; zrd X,
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s an optimal solution to principal’s second-best problem and
p r r
VP = O f0) R e (= e [ gl (0)at).
0

Remark 5.4.6. To close this section we present a few remarks:

(i) Comparing the results in Proposition 5.4.5 and Proposition 5.2.2 we see that, as expected, in

general the solution to the second-best and first-best problem are not equal.
(#3) If we bring ourselves back to the setting of [130], i.e. bi(z,a) = a/o, oi(x) = o, kf(r,a) =

ka®/2, we have

B 1+ o2ypk
c(14 o2k(ya +p))

B 1+ o2ypk
- 1+ 0%k(ya +p)’

2 (t) a”(t)

This recovers the result for the case of a risk-neutral principal, i.e. yp = 0, presented in [130]. The
optimal contract and the respective rewards differ by a factor which depends on the discount factor

and agent’s risk aversion parameter.

(#i7) Following up on the previous comment, we add that the optimal contract takes the form of a
Markovian rule. Moreover, it is linear. This is consistent with the seminal work of [130] and the
conclusion of [45] in which the robustness of these policies was studied. Nevertheless, as we will see
in Section 5.4.3, this appears to be a consequence of the simplicity of the source of time-inconsistency

considered in this section.

5.4.2 Agent with separable utility

We consider the scenario in Section 5.2.2, i.e.

VG 0) = B[ 1 - UR©) ~ [ 75— Des(X psr s
t ) A ] S ‘Asy s

R a9 e0.71x AxzE,
and we have Up(s,x) = f(T — s)UR (x), 0sUa(s,x) = —f'(T — s)U (x),

hi(s,z,2,a) = op(x)be(x,a) - 2 — f(t — s)er(z,a), Vh(s,z,v,a) = or(x)be(z,a) - v+ f(t — s)er(z, a).
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The mappings Hy(z,z), a*(t,x,z), \(z,2), ¢ (x,z), and the probability P*(Z) = P (:X-2) are

obtained accordingly.

In this section, we are trying to get a deeper understanding of the family H?? under the previous
specification of preferences for the agent. In particular, we want to understand how the elements of
the family (Y5%, Zs)se[o,T] are related to each other. In light of Assumption Q and Assumption R,

for any Z € H?? we denote M*% the (F,P*(Z))-square integrable martingale

T
Mp? =EV@ / 0% (8, X, Z7)dr
0

ft:|, te [O,T],

where

f(T —s)

55(5,7,7) 1= ci(w,2) (f A TeD

f(T)>, (s,t,z,2) € [0,T]? x X x R".

We also recall that P*(Z) is the unique solution to the martingale problem for which X has char-
acteristic triplet (A\*,oo',0). Thus, the representation property holds for (I, P*(Z))-martingales
(see [142, Theorem IT1.4.29]) and we can introduce the unique F-predictable process Z*Z such that
/OT ‘JTJ:Zf’Z’2d?”:| < oo,! and, in light of (5.3.10),

sup,e(o.r B (%)

t_
Mts,Z _ MOs,Z +/ 757 . (dX, — A (X oar, Z7)dr), t € 10,7, P-as.
0

The next lemma, proved in Section 5.7, presents relationships satisfied by the elements of family,

(Y5Z . Z*%)seo.1], and how we can use them to obtain another characterisation of #*? and E.

Lemma 5.4.7. (i) Let Z € H*?, for any s € [0, T]

pa— * T
v = Lo e @] [ dite, X 20
t

.7-}}, t €[0,7T], P-a.s.

(ii) Let Z € H*?, for any s € [0, T

f(T —s)
f(T)

!The integrability for s € [0,T] fixed is clear. The sup follows as in Theorem 3.3.5 as ¢* is uniformly continuous
in s.

78 = 70 — 752 dt @ dP-a.c.
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Yo € (Ro, 00)

(iii) H>2 = H°®, where H® denotes the class of Z € H>?(R™) such that |[Y?|s2 < oo, where for
thyo,Z — Yo

F(T)

_/ f(T)_lh:(OvX-/\raZBaZ:
0
and

Z; =

)dr + /tf(T)_lzro-er, t €[0,7T], P-as.
0
_ (T —5)
S(T)

70— Z57 | dt @ dP-a.c.
(iv) E = {U3CD(YE?) 2 (yo, Z) € (Ro,00) x H*}. For any € € B,

(5.4.2)
E(&) = {(a*(t, X-nt; ZD)reo.m }+ Vo () = vo-

flr

Remark 5.4.8. (i) In the exponential discounting case, i.e. f(t):=e Pt for some p > 0, we have

f(Tf_(;)i(z)_ 'LL) _ e—p(r—s) e—p(r—s)

$,Y0,Z
Yy

f(T - S) YO,yo,Z

f(T)

Thus, 6* = 0 and the result of Lemma 5.4.7 simplifies to
t

= 0. (r,s,u) € [0,T]>.

T —
, t€[0,T], P-as. Z; = ST = s)

f(T)
Therefore, this implies that in the non-exponential discounting case, the term

Z?, dt ® d]P)*a.e., s € [O,T]
E *(2) or X "
] 7"(87 ATy 7‘)

s exactly the correction due to time-inconsistency.

-Ft:| 9
(ii) We also remark that the choice Z° in the constraint for the family Z is arbitrary. Indeed, it
could be replaced by any other element Z* of the family Z € H>?.

5.4.2.1 Principal’s second-best solution

Thanks to Lemma 5.4.7, we have now proved that
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Proposition 5.4.9. The problem of the principal can be represented as the following control problem

VP = sup Vi(go), where Viyo) = sup B [Up(X.ar, US D (v07))),
yo=Ro ZeH®

where P*(Z) = Pt (X020 and

ype? /f ) (0, X pr, Z), Z7) dr+/ )"120 . dX,, t € [0,T], P-a.s.

We remark that contrary to the example in Section 5.4.1, Proposition 5.4.9 reduces the problem
of the principal to a non-standard control problem. Indeed, we have to optimise over H®, a family
of infinite-dimensional controls which has to satisfy a novel type of constraint, namely (5.4.2).

Nonetheless, under additional assumptions on the model, we can proceed with the resolution.

As in Section 5.4.1, we focus on the case n =1 so that

V(yo) = sup B [Up(Xr — U3V (v 7)) ]. (5.4.3)
ZeH*

Proposition 5.4.10. Let n = 1, the principal and the agent be risk-neutral, i.e. U (x) = Ug(x) =

x, X € R.

(1) Suppose there is a unique measurable map z* : [0,T] x X x R" — R" satisfying

Hy(z,v) = v\ (z, 2%(t, z,v)) + A\f (x, 2" (¢, z,v)) —

(x,z*(t, z,v)), for any (t,z) € [0,T] x X,

where for any (t,z,v) € [0,T] x X x R"

Hy(z,v) := ilelﬂg {U/\*(:I:, 2) + A (z,2) — JJ:((;)) (z, z)},

Moreover, assume the mapping R" 5 v —— Hy(x,v) € R is Lipschitz-continuous uniformly in (t,x)
with linear growth. Then, VP = xo — % + Uy where the pair (U, V) denotes a solution to the
BSDE

T T
Ut:/ HT(X.AT,W)dr—/ V.. dX,.
t t
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In addition, let

f(T)

7, PH(2) = PV X2

Yo == Ro, Z¢:=2"(t, X1, Vi), 2" o=
and suppose EP*<Z)[fg loro) Z,|2dr] < co. Then, there exists Z* € H??, such that (y§, Z*) €
[Ro,00) X H® define a solution to the second-best problem and the optimal contract is given by
Ry

T T
€= 2oy —f(T)—l/ h:(O,X.AT,ZS’*,ZT)dr+f(T)_l/ 7% .dX,, t € [0,T], P-as.
0 0

(i) Suppose the maps \* and ¢* do not depend on the x variable and for any t € [0,T], the map
R 3 z v X (2) — f(1)/f(T)ct(2) has a unique mazimiser z*(t), such that [0,T] > t —s 2*(t) is

Lebesgue integrable.

Then, a solution (y§, Z*) € [Ro,00) x H® for the second-best problem is given by

~ R, T
o = Ro, Zi = i)z*(t), Zi =0, (s,t) €0, T)*, and V¥ = 20 — T;l) + / g:(z*(1))dt.
0

Moreover, the associated optimal contract is given by

om0 o[ P2 — ci (2" TL@)
€= gy~ FO7 [ i 0) — F0eimar+ [ 7,

Proof. Let us show (i). As both agent and principal are risk neutral, we have

V(yo) = sup E¥'(D
ZeH®

/OT (A?(X‘/\T’Z:) _ f(r) (X opr, Z:))dr]

An upper bound V(yg) is obtained by ignoring (5.4.2). In such scenario, the mapping H in the
statement denotes the Hamiltonian and by classical arguments in control, see El Karoui, Peng, and
Quenez [88], its value is given by Uy where (U, V') are as in the statement. We are left to show this

bound is attained. For this we must verify Z* € H*.

On the one side, note that the integrability of Z together with Assumption Q guarantee

E[P’*(Z) Ué-*|2] < 00.
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Therefore, by Theorem 3.3.5 and Theorem 3.4.3, there exists a unique solution (Y*, Z*) € §*2 x H??

to the BSVIE with data (£*, h*) given by
T T
Y = f(T — s)&* +/ hy (s, Xoar, Zp%, Z0%)dr —/ zZ2* - dX,, t €[0,T], P-as., s €[0,7].
t t
On the other side, under the integrability assumption on Z we have that for every s € [0, T]

N T
VARES D) [f(T —8)&* — ./t f(r—s)c(Xap, Zp)dr

d

~

defines a P*(Z)-square integrable martingale. Thus, there exists a family of process (Z°),¢(o 7 such

that
v :f(T—s)§*+/ h:(s,X.M,Zﬁ,ZT)dr—/ 75.dX, t € 0,T), Pas., s € [0,7).
t t
Moreover, in light of (Q) we have that Z € H22. Therefore, by uniqueness of the solution
(Y*, Z* (2 Vietor)) = (Y, Z, 2), in §*2 x H2? x H

From this, arguing as in Lemma 5.4.7 we obtain that Z* satisfies (5.4.2).

We now argue (i7). Note that we can find an upper bound for VP, Indeed, we have

F= )| Y0 T (it - SO e
Vs sup g B0 = gt [ (30020 — etz ot

RO T * . *
Sxo—f(T)—i—/O gi(2%(t))dt =: VI

We now show that the pair (y§, Z*) given in the statement is a feasible solution that attains
VP* To verify feasibility note that, by assumption, z*(-) is deterministic, and so is Z*. Thus,
it is straightforward from the definition that Z* € H*®. Lastly, it follows by definition that under

(yg, Z*) the upper bound VP is attained. O

Remark 5.4.11. (i) Let us now present a formal argument regarding our choice U (x) = U (x) =

X in the previous result for solving (5.4.3). Suppose for simplicity the maps o, \* and ¢* do not
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depend on the x variable so that the dynamics of the state variables are given by

g,
*_7°.d4B.
(T)

t t t t
Xt::v0+/ A*(ZT)dr+/ o, -dBr, Yy = N 7/ f(r) c:(Zr)dT‘Jr/
0 0 0 0

f(T) f(T) f

Moreover, suppose the value function v(t,x,y) is reqular enough so that Itd’s formula yields,

P*(Z)-a.s.

T
o(T, X7, Y207 —u(t, Xy, YO7) + / (0'7»81»1)4- Ir Zﬁ)@yv)(r,Xr,K,yo’Z)dB:
t f(T)
’ ft) o7 o; o2
= [ 0w—NA(ZD)Opv— i CE(ZD) Oy = D+ — e Z00gy v+ = | Z2 |20, v> r, X,, Y2 dr,

And let us highlight the presence of both Z} and Z? in the last term. From this we can see, formally,
that for general U4 and U} the process (Zf)te[o,T] alone is not sufficient to obtain the solution of
(5.4.3). Moreover, recall we can not take Z} and Z? independently due to the constraint (5.4.2).
Lastly, under the assumptions of Proposition 5.4.10 one expects, intuitively, that Orzv = Opyv =

dyyv = 0 so that the choice Z° can be made after optimising over (Ztt)te[O,T]-
Remark 5.4.12. We close this section with a few remarks.

(i) It is worth mentioning that even in the setting of Proposition 5.2.3.(i1) the optimal contract is
neither linear nor Markovian. Moreover, from the expression describing the optimal contract we
see that this is entirely related to the presence of the discounting structure which is the source of

time-inconsistency.

(#d) It follows from Proposition 5.2.3 that for risk-neutral preferences, the utility of the principal is
the same for both the first-best and second-best problem and that the optimal second-best contract
s also optimal there. This is a typical result for time-consistent risk-neutral agents, and it would
certainly be worth studying whether this remains true for more general specifications of Uy and
U4. In light of Remark 5.4.11, this question further motivates the study of the general class of

non-standard control problems introduced by Theorem 5.3.7.
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5.4.3 Agent with utility of discounted income

We now consider the scenario in Section 5.2.1 under the additional choice f = 1. We then have
o ' T
Vg @) = EF|UR (9T — 1) — Kt’%))}}], where K = / g(r — )X, o )dr.  (5.4.4)
; ; ;
In the context of (5.3.1), this corresponds to

ht(saxvya 2 CL) = O't(l')bt(l', (1) "z rYAg(t - S)kf(l" a)yv

Vhy(s,x,u,v,y,a) = oy(z)bs(x,a) - v —yag (t — )k (x,a)y + yag(t — )k (z, a)u,

Ua(s,8) = UR(9(T — 5)§), and O;Una(s, ) = —g'(T' — 5)0UR (9(T' — 5)§)UR (9(T — s)¢).

Remark 5.4.13. (i) The problem introduce by (5.4.4) is time-inconsistent even in the case of
exponential discounting, i.e. g(t) = e *', t € [0,T], for some p > 0. This is due to the exponential
utility Up. Indeed, the BSDE representation allows us to interpret the reward of the agent as a
recursive utility in which the terminal value is discounted at a rate e9T=9) whereas the generator
discounts at a rate g(t — s). It is known, see Marin-Solano and Navas [179, Section 4.5], that even
in the case of exponential discounting the problem becomes time-inconsistent as soon as the rates at
which the terminal value and the running reward are discounted differ. We also recall that the case

of no discounting, i.e. g(t) =1, corresponds to the seminal work Holmstréom and Milgrom [130].

(ii) Let us note h exhibits both of the features of the examples in Sections 5.4.1 and 5.4.2, this is,
the second term includes the discount factor and the y variable.> We highlight that a key element in
Proposition 5.4.10 was the fact that the dynamics of Y502 were given by (yo, Z) without Y'Y on
the right hand side. Consequently, the presence of y in h forces us to begin by changing variables
to the certainty equivalent for the problem of the agent, i.e. from Z to Z as we denote below. In
this way, we remove y in the dynamics of YY0Z at the expense of the mapping 6*, which we use to
identify an auxiliary martingale, becoming quadratic in the new variable Z. On the one hand, this
creates a subtle issue when trying to establish a correspondence between the natural integrability of

the variables Z and Z. This will ultimately prevent us from obtaining a complete characterisation

In fact, (5.4.4) covers the situation in Section 5.4.2 in the particular case of a risk-neutral agent, recall 1/ya —
Ua(x) — x, whenever y4 — 0.
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of the family H>?. On the other hand, the quadratic term does not correspond to the diagonal values
of the control variable Z. This makes the approach in Section 5.4.2, namely Proposition 5.4.10,

inoperable and forces us to restrict ourselves to a suitable subclass that is amenable to the analysis.

As we may probably expect after our analysis in Section 5.4.1, the process Y¥0Z in the definition
of H?? becomes more amenable to the analysis by working in terms of the certainty equivalent.

For this, we introduce, for (t,s,z,z, z,v) € [0,T]?> x X x (R")3,

ﬁt(xvz) = SUPEt(tﬂ?azaa)v Tlt(S,JZ‘,Z,(I) = Ut(x)bt(m7a) T2 g(t - S)kto(‘rva)a
acA

Vh(s, 2,0, 2, a) == oy(2)by(x,a)) - v+ ¢ (t — 8)k2(z,a) — ya0y (2)z - o] (z)v.

~ ~

The maps a*(t, z,z), N\ (z,2), k{*(x,2), hi(s,x, z,2), VR (s, z,v,z,2), and the probability P*(z) are

defined accordingly.

Moreover, inspired by Section 5.4.2; we introduce the mapping 6* given, for (s,t,z,z,z2,2) €

0,TT2 x & x (R")?, by

* 5) = kO (.7 r— s _Q(T—S) r TA Uszz_g(T—S) o T (2)3]2
5 (.0.2.2.2) = k(@) (9l = 9) = Lm0 ) + B8 (o] @02 = L= o] ()38,

The following result is analogous to Lemma 5.4.7, we defer its proof to Section 5.7.

Lemma 5.4.14. Let 7 € H?2.

(i) There exists family of processes (?s’yO’Z, Zs)se[oﬂ such that for every s € [0,T]

powoZ Ly e tﬁ* Xop, 25, 727 = 216 T 7512)d tfs-dX te[0,1], P-
t - YA n( P)/Ayl)) 0 7"(37 ATy r) 92 o r’ r+ 0 T T 6[7 ]7 a.S.

(ii) If Z € H2?2 then for every s € [0,

~ T —58)~ " T o~
s — g(g (T)S)Y;P’yf”z _EP@) [ | o Xon 2522, 200

7
(iii) Moreover, if the process M*% given by

T ~ o~ o~
M = EF2) /0 05 (5, Xops 20, 23, 20)dr

.7-}], P-a.s., (s,t) € [0,T)?,
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is a square integrable (F,P*(Z))-martingale, then

s 9T —5) 50 5sz
78 =22 270 787 4t @ dP-ae.
k g(r)y 7t

where Z%% denotes the term in the representation of M*Z.

Remark 5.4.15. (i) We highlight that in contrast to the analysis presented in Sections 5.4.1 and
5.4.2, the previous result does not provide an equivalent representation of the set H*2. This is
intimately related to the square integrability condition on the process M*? required in (7i1) abowve,

and the fact that (z,2) — 6;(x,2, 2, 2) is quadratic for (t,s,2,2) € [0,T]?> x X x R™ fized.

(it) As a sanity check at this point, let us verify the coherence of the previous system in terms of
the analysis of the previous section. In the following we omit the dependence on X and assume

7 € H22(R™). Let

(A%)(t) := g(t—s)—g(t), K5 :=exp (a | (K(Z)(A%9)(r)=alov 2P 4yaZy T 02 oy )dr ),
’ t

By applying 1to’s formula to }N/f = Kf;SUA(}A/TS’Z - ffro’yo’Z), we have that for any s € [0,T], P-a.s.

UR (7 g

t . o
—E" U3 (45 - 8~ [ (A 90I(EZn) ~mlon Z2P + a2 o, 20 )ar )| |

_ 0 . . . . .
Asyy 1—Uj’&(y) NESAN Yy, we see the previous equation induces the corresponding one in Lemma 5.4.7.

5.4.3.1 Principal’s second-best solution

Let us highlight that in contrast to Section 5.4.2, the analysis in the previous section does not
provide a full characterisation of H?? in the context to rewards given by (5.2.4). This is principally
due to the integrability necessary on the variable Z , induced by the certainty equivalent, in order
to apply the methodology devised in 5.4.2, see Lemma 5.4.14. Nevertheless, given that current
example generalises the previous two, we build upon the structure of the optimal solution that was
obtained to propose a family over which the optimisation in the problem of the principal can be

carried out.
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We will focus on the case n = 1 and we will pay special attention to the class H C H22 of
processes Z € H??2 for which given the pair (yo, Z) € Zo x H>?, and Y¥Z given by (5.3.5), there

exists a pair of predictable processes (7, () such that

S 1 A
Zi = =y = ealis Mg =L t€0T]

Therefore, we have from Theorem 5.3.7 and (5.4.2) that

VP = sup sup EF*(2) [U% (XT — lA/TO’yO’Z” < VP,
O>R ]
YoZ1i0 ZeH

Remark 5.4.16. (i) We remark that the previous definition implicitly requires that for any t €

[0,T] the mapping s — s+ is differentiable.

(#4) In addition, provided k°*(z,z) does not depend on x it is easy to verify that that H£D. In

light of the previous lemma, we have that for Z € H

MY — EPD) {/OT K () (g(r_s)_wg(r))+’g* J’“TQ’Q(\ﬁs,r!Q_g(gT(;)S)mo’rhr) dr

]:t:| )
and

Zf’z _ (Q(T - 5)

s )G dt @ dP-ae.
g(T) To,t Ui ,t) Ct ® a.e

This implies that H includes, in particular, all the processes Z that are induced by deterministic
pairs (¢,n). Indeed, for such class of processes we have that M*5Z s deterministic, AL 0, and
consequently, ns; = g(T — s)/g(T —t) provides a non trivial element of H. The previous argument
also holds in the case of exponential discounting, in which we recall that the agent’s problem remains

time-inconsistent.
The following result characterises the solution to XP. Its proof is available in Section 5.7.

Proposition 5.4.17. Let principal and agent have exponential utility with parameters vp and ya,
respectively. Let Cy := Le—r(@o—y) Ry = UOA(_I)(RO), and assume that:

B

(i) the maps o, \* and k°* do not depend on the x variable;
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(i) for any (t,n) € [0,T] x R, the map G : R — R given by

2
G(z) == N (2) — %kf*(z) 2;14 770015’ 12 ‘2 P 2(1 ngn(gT)Z) ’

has a unique mazimiser z*(t,n), such that [0,T] 3 t — 2*(t,n) is square-integrable.

Then

VP = sup CﬁoEp[exp< yp/ G (z*(r,n, )dr)], where, Z;" 1= 05 25(t, me)-
ZneH nt

Moreover

(i) let VE° denote the restriction of VE to the subclass of H with deterministic n. Then the optimal

deterministic contract is given by the family

and

_&_L ! * g(T) o* _ *(r —r r tZ*(t,g(T—t)) .
= o~ qmy Jy M0 g2 o =@ ) Jary [T

(ii) in the case (ya,vp) = (0,0), i.e. the case of risk-neutral principal and agent, the solution to
VP and consequently of Np, agrees with the value given by Proposition 5.4.10 and the optimal

family Z is deterministic.
Remark 5.4.18. We close this section with a few remarks.

(i) The solution to the problem of the principal for the general class of restricted contracts induced
by H*? escaped the analysis presented above. As detailed in Remark 5.4.13.(i7), this is due to subtle
integrability issues when trying to identify an appropriate reduction of H>?, and the quadratic
nature of the generator when working in term of the certainty equivalent. We believe this echoes the

intricacies of the non-standard class of control problem introduced in Theorem 5.3.7.

(i) If, as in Remark 5.4.6, we bring ourselves back to the setting of [130], i.e. b(x,a) = a/o,

263



oi(x) = o, ki(x,a) = ka®/2, we have

s 9(T)g(T —s)(g(T — t) + ypo’k)
" g (T —t) + o%kg(T)(7ag(T) + )

We highlight that: (a) in contrast to [130], for any type of discounting structure (including expo-
nential discounting) the previous expression and consequently the optimal action is neither linear
nor Markovian. This corroborates our comment in Remark 5.4.13.(i), in the sense that even in
the case of exponential discounting the problem of the agent remains time-inconsistent; (b) in the
case of no discounting, i.e. g = 1, when we bring ourselves back to the model of Remark 5.4.6, the
previous expression coincides with the linear contract result specified by [130]. This shows that, even
if possibly not the best, the optimal contract in the class H at least captures the optimal contract

when the problem becomes time-consistent again.

5.5 On time-inconsistency for BSVIE-type rewards

Let us start by mentioning that in the context of rewards given by (5.1.2), the methodology
devised in Chapter 2, which builds on the approach in the Markovian framework of [38], is based
introducing the family of processes (Y*,Z%),c[or] solution to the backward stochastic Volterra

integral equation (BSVIEs for short), which satisfies

T T
Y = (s, €) +/ by (8, Xopr, Y20, Z2% oy )dr —/ zZ3% . dX,, P-as., s€[0,T]. (5.5.1)
t t

Throughout this section we fix £ € C and o* € £ := £(§). Thus, we identify the agent’s reward
under a € A via VA(a) := VA (a, &) = Y;**. We write V2 for the associated value function under

ar.

To establish an extended dynamic programming principle we need the following minimal set of

assumptions.

Assumption S. (i) (s,y,2) — hi(s,z,y,2,a) (resp. s — UA(s,x)) is continuously differenti-
able, uniformly in (t,z,a) (resp. in ). Moreover, the mapping Vh : [0,T]? x X x (R x R")2 — R
defined by

264



n
Vht(S,CE, U, 0, Y, 2, a) = 5sht(5735,.% Zs CL) + 8yht(5a L, Y, %, CL)U + Zaziht(saxaya Z,(I)’Ui,
i=1

satisfies Vh.(s,-,u,v,y, 2,a) € Pprog(R,F); for all s € [0,T7;
(ii) for ¢ € {h,0sh}, (y,z,a) — @i(s,2,y,2,a) is uniformly Lipschitz-continuous with linear
growth, i.e. there exists some C' > 0 such that V(s,t,z,y,7,2,2,a,a),
|C,0t(8,$, Y, Z,CL) - SDt(S,l’,?], 2’ ZL)| < C(|y - g| + ‘O‘t(IE)T(Z - 2)| + |(Z - d|),
(i33) let (h.(s),Vh.(s)) = (h.(s,-,0,0,0),Vh.(s,-,0,0,0,0,0)), then (h,Vh) := (h(-),Vh())) €
L1225 122
Remark 5.5.1. We remark that Assumption S.(iii) is satisfied if one assumes the classic linear

growth condition, i.e. there exists some C > 0 such that for all (s,t,z,y,z,u,v,a)

\he(s, 2,9, 2,0)] < C(1+ |y| + |ov(z) " 2]),

[Vhi(s, 2, u,0,y,2,0)] < C(1+ |u| + |ow(z) "v| + [y| + |ov(z) " 2]).

Under Assumption S, Lemma 3.6.1 guarantees that for any a € A there exists (Y%, 02%) €

S? x H?2 such that for every s € [0, 7]

T
AV = dym(s, €) + /t Vho (5, Xopp, Y52, 025 Y50 759 0 )dr
(5.5.2)

T
—/ 0z -dX,, t€[0,T], P-a.s.,
t

which ultimately implies the absolute continuity of the mapping ([0, T], B([0,T])) — (H2, || - ||m2) :

s — Z%% With this, the process (Zf’a)te[oj] is well-defined. Moreover, see Lemma 3.6.2, for any
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ae A

(T, €) +/ (1, Xopr, Y0, 27, ) = OV, )dr
(5.5.3)

—/ Z - dX,, t€[0,T], P-as.
t

We begin stating the following auxiliary result.

Lemma 5.5.2. Let Assumption S hold. For any {v,7'} C Tor, v <7/, and a € A
’ v
EF [YWV’O‘ — YA;Z 4 [y OYTT’O‘dr’]—}], depends only on the value of a on [y,7'].
Proof. This property is clear for BSDEs whose generator does not depend on (y, z). Indeed,
P ¥,0 e’ v Qo P g
P |y v 4 [ ovredr|F | =B (7, X, 00 )| Fy |
v v
To extend this result to the BSDEs (5.5.1)—(5.5.2) we consider the Picard iteration procedure

T
Ysan+1 Sf +/ 5 X/\hysan Zsan Oér)dT‘—/ Z’f,a,n-‘rl.er’
t

aysan-i—li 77 +/ Vh 8 X/\T,aysan 8Zsan Ysan Zsan ar)dr

B / 8Z57a’n+1 ' era
t
and note that, as in (5.5.3)

,7/

!

Ep[m,a,nﬂ V] ant1 / gy ety
v

fy]

54

L (5.5.0)

_F { / By (7 Xop, YO 7550 0 )l
Y

7).

Then, from the fact that Y9 = 720 = gy 0 = 9220 = 0 we see that (5.5.4) implies the result
at the initial step. It is then also clear, again from (5.5.4), that this property is preserved at every

iteration and thus in the limit. O

In the following, given (o, 7) € Ty 1 X Ty 40, With 0 < 7, we denote by 0 = (7))iz1...n, € Tt

)

a generic partition of [0, 7] with mesh smaller than ¢, i.e. for ny:= [(1 —0)/f], 0 = 7§ < --- <
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Tf;g =17, V{, and sup; <<y, mf— 1l | <€ Wealso let Ar! =7 — 7}/ ;. The previous definitions

hold z-by-z.

Theorem 5.5.3 (Dynamic programming principle). Let Assumption S hold. Let o* € £(€) and

{o,7} C Tir, with o < 7. Then, P-a.s.

VOA = esssup’ EF
acA

T
VA 4 / (hr (r, Xope, YO, 209 00,) — 8Y[’°‘*>dr

fO':|7

where for every s € [0,T], dY>*" denotes the solution to (5.5.2) with a*. Moreover, o* attains the

esssup’.

Proof. We first show the inequality >. We proceed in 3 steps. Let ¢ > 0, 0 < £ < /., and TI be a

partition of [o, T].

Step 1: From the definition of equilibria we have that for any a € A
VE > VR (0@ a¥) — el > BF [y 00—y ioon ety iein e gl gy

Recall that for any p € Tor, Y} a®pat _ Yppﬂ*. In light of the arbitrariness of o € A we obtain

o,a® -, a* 1,0+, a*
V? > ess supp EF [Yg ey bt Vﬁ‘l
acA

.7:0} —el, P-a.s.
Step 2: Let us note that in light of Step 1

5 & * ) R *
V? > ess supIP EF [Y;a R :11 AEmA 4 Vfl
acA

fg} — el

T,0Q -+, a* 1,0+, a*

= ess Sup]P EP [Yg JR Yn1 1
acA
T1,0Q79 a* T2,0Q 7o T2,00@ 70 F
+ ess Sg‘pp B [y 00 _ypaene gy e p 1 E, | - 2et
ae
0,01 a* 71,07 T1,aQm, a* 72,0+, A*

= ess sup]P EP [Vg +Y, T =YY YT =Y, ‘J—"g} — 2el,

acA

where the second equality holds in light of [210, Lemma 3.5] as [210, Assumption 1.1] holds under
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Assumption Q. Iterating the previous argument we obtain that P-a.s.

nf—1
T, Q®r, Tit1,aQ7, | oF
VA > ess sg‘pp EF|VA + Z YTy ]-"(,} — nyel.
ac i=0

Now, we use the fact that for any i € {0,...,n, — 1} and o ®,, @*, Lemma 5.5.2 implies

. * . * *
T3,a@7; o Tit1,0Q7; 1 & Ta®r 4 Q

EP [Yri - YTi+1 + /Ti“ oY, dr’]:a':|
i

P Tit+1
_E [ / By (7 Xon, Y5O 5% )
T,

i

fa} |
Replacing in the previous expression we obtain that P-a.s.

V? > esssup’ EF
acA

VA 4+ / B (7, Xop, YOO, Z0% ) dr

ag
: 5.5.5)
nf—1 Tit1 . (
-3 / Ay, E Y Q4 _ el
i=0 " Ti

7]

Step 3: Let i € {0,...,n;,—1}. In light of Assumption Q, the stability of the system of BSDE

defined by (5.5.1) and (5.5.2), see Proposition 3.6.4, yields there exists a constant C' > 0 such that

which leads to

Tit+1 ra®r , ,o* %
/ oy, Fn _ gyratqy
Ti

Tit1 2
< gHayo@THm* B 6ya*H < £CE[(/ |y — aﬂdr) ],
[,2 52 Ti

ne— bl ory *
r,oa®-rz. « *
> [ o avretar

i=0 7 Ti

- 2
gECEK/ |ar—a:|dr> } 29,9,

[

LZ

By choosing an appropriate partition II¢ and dominated convergence we obtain that
nf—1 Tit+1 ra®y. o 2.0 T .
I(ng) == > / Yy, T dr S—>/ Y, dr, P-a.s.
i=0 T 7
Back in (5.5.5) we obtain

VA = esssup” EF
acA

VA 4+ /T (hr (r, Xoar, Y04, Z0% ay) — 8Y}T’a*>dr

[

-7:0—] , P-a.s.
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Lastly, we show that the equality is attained by o* € £. Indeed, note that (5.5.3) implies

.
va =EP {Vﬁ + / (o (r, X, Y78, 2797 ) — Y Yo
g

fg} , P-a.s.

Let us recall that the Hamiltonian associated to h is given by

Ht(gj7yaz) = sup ht(tamayazva)’ (t,x,y, Z) € [O>T] X X xR xR"
a€A

Our standing assumptions on H are the following.

Assumption T. (i) Forany (t,x) € [0,T]xX, the map RxR"™ > (y, z) — Hy(x,y, z) is uniformly

Lipschitz-continuous, i.e. there is C > 0 such that for any (t,z,y,¥,2,2) € [0,T] x X x R? x (R")?
|Ht(x7Y7Z) - Ht(%,y,i)‘ < C(|y - 5’| + |O‘t($)T(Z - i)|)7
(7i) there exists a unique Borel-measurable map a* : [0,T] x X x R x R" — A such that

Hy(x,y,z) = h(t,x,y,2,a"(t,z,y,2)), V(t,z,y,2z) € [0,T] x X x R x R™;

(#i1) for any (t,z) € [0,T] x X, the map R x R"™ > (y,z) — a*(t,z,y,2) is uniformly Lipschitz-

continuous, i.e. there is C' > 0 such that for any (t,x,y,¥,2,%) € [0,T] x X x R% x (R™)2.
!a*(t,:r,y, Z) - a*(t,l’,y, Z)| S C(|y - S” + |O't(.’1/’)T(Z - Z)‘)’

(iv) (H,a*) € LM?(R) x LY2(R), where (H.,a*) := (H.(-,0,0),a*(-,0,0)).

With this we introduce the system defined for any s € [0, 7] by

T T
Y; = (T, €) +/ (Ho(Xprs Yr Z,) — OYT)dr —/ Z,-dX,, t € [0,T], P-as.
t t
T T
Y? =n(s,§) —i—/ hy(s, Xonr, Y2, 22, Y, Z,)dr —/ Z:-dX,, t€0,T], P-as. (H)
t t

T T
DY = D,(s, €) + /t VA (s, Xopr, OYS, 028, Y 28, Yo, Z,)dr — /t 07 -dX,, t € [0,T], P-a.s.
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We will say (Y, 2,Y,Z,0Y,0Z) € § is a solution to the system whenever (H) is satisfied. In light
of Theorem 5.5.3, given a* € £ it is reasonable to associate the value along the equilibria with a

BSDE whose generator is given, partially, by H. This is the purpose of the next result.

Theorem 5.5.4 (Necessity). Let Assumptions S and T hold and o* € €. Then, one can construct

a solution to (H).

Proof. Given a* € £, Assumption S guarantees that the processes (Y, Z%") and (9Y*",0Z%")
solution to (5.5.1) and (5.5.2), respectively, are well-defined. Moreover, the diagonal processes
((Ytt’a*)te[oﬂ, (Zf’a*)te[oj]) are well-defined as elements of S? x H?, see Lemma 3.6.2. Given

(OYtt’a*)te[O’T] € S?, for any o € A, we can define the processes (Y%, Z%) € S? x H? solution to
T . T
Ve = (T, €) +/ (ho (1, Xpr, V2, 28, 00) — 0¥ ) —/ Z0.dX,, t € [0,T], P-as.
t t

We now note that under Assumption S the classic comparison result for BSDEs, see for instance
[273, Theorem 4.4.1]. Then, it follows from Theorem 5.5.3 that the pair ((}Qt’a*)te[oj], (Zf’a*)te[oj])
solves the BSDE

T T
V=0T + [ (HAXpr Y2 Z,) = 0¥ )dr = [ 2, dX,., t€[0,T], Pas.
t t

Moreover, the second part of the statement of Theorem 5.5.3 implies that o* = a*(-, X, Y., Z.),
dt ® dP-a.e. Consequently, (Y, Z%") and (9Y*",0Z%") define a solution to the second and third

equations in (H), respectively. O
We close this section with a verification theorem for equilibria.

Theorem 5.5.5 (Verification). Let Assumptions S and T hold. Let (Y, 2,Y,Z,0Y,0Z) € § be a
solution to (H) with o* := a*(-, X, )., Z.). Then, o* € £ and

VA =), Pas.

Proof. We verify the definition of an equilibria. Let ¢ > 0, (¢,¢) € [0,T] x (0,¢.) with £. to be

chosen. Let (Yo®@u+ee” Za®uea™y ¢ §2 % H? be the solution, which exists in light of Assumption S,
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to (5.5.1) with action o ®;1¢ o*, that is to say, P-a.s.

T
S AR 0" 58,0@4 0"
y;a e 77(575)+/ hT(s, X-/\r, ia tHLC ’Z;;a t4Le 7(og Q¢tr a*)r)dT
t

T 5,00Q ¢4 00"
—/ Z00%e qx, . t e [0,7).
t
It then follows that

* T * * *
Vo = g(T,€) + / (e, Xop, VRO, 209 (2,40 a),) = O 5H y

T ra®ypa*
f 0
—/ Z0 o d X
t
Now

t,a®iypa*
V=Y

T * *
= /t (HT(X'/\T7YI“72T) - hr('r’ X~/\r7 g®t+ea 7Zg®t+za 7(0& ®t+€ a*)r)>dr
T * ra®iyp* T r,a®ipa*
—/ gyt _ gy, dr—/ (2, — Zpe@me’y gx,
t t

T r,o* AR LaQppea* i ra®¢yea*
= (HA(Xopr Yo, 2) = OV = i, X, YEO 20500 ) oy ay
t+

t+£ N N T N
- / oY — QYO dr — / (Zy — 2700 L dX,
t t

t+4 . N T *
- JY,;EH Y _ gy et dqr — / (Z, — 2000 LdX,,
t t

where the inequality follows by definition of H and a* and Assumption T. The second equality
follows from the fact that the first term cancels on [t + ¢, T], see Lemma 5.5.2. Taking expectation

we find

% t+2 N N
V? — VtA(a Qptr OZ*) = ]E{yt _ ;7a®t+£a ']:t] > E|:/ aY}T,a®t+ea B aY;T’a dr
t

7

By Proposition 3.6.4 we find that

t+e ra®ipa* *
- _
Y, gy e’ dr

t+e 2
§€CEK/ ]ar—a:]dr> }
§2,2 f

< zHaYa&Ha* oy
£2

t
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By the boundedness of the action set, we may choose /. such that the last term above is smaller
that fe. With this, we conclude o* € £. The second part of the statement follows from the fact
that J; = Y,** | P-as. O

5.6 On forward stochastic Volterra integral equations

We are given a jointly measurable mapping h, a processes Z, and a family (Y{) sefo,7] € Z such

that for any (y,u) € R? x (R")?
he[0,TPx X x RxR" x R x R" — R, h.(-,y,u) € Pprog(R, F).

Moreover, we work under the following set of assumptions.

Assumption U. (i) (s,y) — hi(s,z,y,u) (resp. s — Y (x)) is continuously differentiable,
uniformly in (t,x,u) (resp. in ). Moreover, the mapping Vh : [0,T]> x X x (R x R")? — R
defined by

Vhi(s,z,0,y,u) := 0shi(s, x,y,u) + Oyhs(s, z,y,u)u, Vh.(s,-,0,y,u) € Pprog(R, F);

(ii) for ¢ € {h,0sh}, (y,u) — Ospi(s,x,y,u) is uniformly Lipschitz-continuous, i.e. there exists

some C' > 0 such that V(s,t,z,y, 7, u, ),

|Q0t(S,ZL‘,y,U) - got(s,x,gj,ﬂﬂ S C(|y - g| + |U - ﬂ|)a

(iii) (Yo,0:Yo) € (2)°, Z € W22, (h.(s),Vh.(s)) = (h.(s,- 0),0sh.(s,-,0)) € (LV22), for 0 :=

(y> u)|(0,0) :

We are interested in establishing the well-posedness of the FSVIE

t t
vy :YOS+/ hr(s,X.A,,W,de/ 75 dX,, t € [0,T], P-as., s€[0,T].  (5.6.1)
0 0

To alleviate the notation we write Y instead of YZ in the previous equation.
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Definition 5.6.1. We say Y is a solution to the FSVIE (5.6.1) if Y satisfies equation (5.6.1) and
Y € §22.

Remark 5.6.2. We remark that in light of the pathwise continuity of Y* for every s € [0,T] the

process (Y )ieom) is well defined dt @ dP-a.e. on [0,T] x X.

We begin presenting a priori estimates for solutions of (5.6.1). These can be recover from the

arguments in [273].

Lemma 5.6.3. Let Y be a solution to (5.6.1), there exists a constant C' > 0 such that
Y1322 < C(1YollZ2 + 1R l1E 122 + 1 Z]1f2.2).-

Moreover, for Y solution to (5.6.1) with data (Y§,h, Z*) satisfying (U) for i € {1,2} there exists

C > 0 such that
— 22 S o — Yo llr2.2 ht— 1,2,2 — 2,2).
IV = Y232 < C(IYy — Y5222 + 1R = B[00z + 12" — Z2|32.2)
Proof. Let us observe that the continuity of the application s — [|[AY*||s2 implies

T T
E / e—“mm?dr} < / E[ sup e~ AV [*dr < T[AY|ge.. (5-6.2)
0 0

u€[0,T

With this, the proof of both statements can obtained following the line of [273, Theorem 3.2.2 and

Theorem 3.2.4]. O

We are now ready to establish the well-posedness of (5.6.1).

Proposition 5.6.4. Let Assumption U hold. There is a unique solution to (5.6.1).
Proof. Uniqueness follows from Lemma 5.6.3. We use a Picard iteration argument. Let y0 =
Yy, s €10,T] and
. ¢ t
Yf’n+ =Yy +/ hr(s,X.AT,KS’”,KT’")dr+/ Z:-dX,, t€[0,T).
0 0
We note that Y™ € §%2 for n > 0. Indeed, the result holds for Y and the process (Ytt’o)te[gj] e L!?
is well-defined. Inductively, in light of Assumption U, the fact that Z € H*? and (Ytt’")te[oﬂ e L12,
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see (5.6.2), yields Y*"*! € S for every s € [0, T]. The continuity of s — ||Y*"||s2, Assumption U
together with Lemma 5.6.3 guarantees Y"! € S22, Moreover, the pathwise continuity Y7 *! for

any s € [0,7T] guarantees (Ytt’"ﬂ)te[oﬂ is well-defined dt ® dP-a.e.

Let AY™ := Y™ — Y"1 Then, for any s € [0, 7]

t
AYS M = [ (B8, Xoar, YY) — hy(s, Xopr, V7L V1)) dre
t 0 T T r T

The inequality 2ab < e~'a? + eb? for any € > 0 yields that for any £ > 0 there exists C(¢) > 0 such

that

efct‘AYtS,n-l-1|2
t

= [ AT (5, X, Y V) B, X, Y2 VI )) AV
0

t
< / e~ (JAYSH2(C(e) — o) + e AV + e AV P dr,
0
we then find that for ¢ > C(¢)

E{ sup e_Ct‘AY;s’n+1|2

T
< EE[/ T (IAYE 4+ | A 2)dr ] . (5.6.3)
te[0,7 0

Now, as AY*" € §%2 we may use (5.6.2) back in (5.6.3) and obtain that for & = g, ¢ > C(€), we
have|| AY" 1|2, . < 471 AY ™2, Inductively, we find that for all n > 1, [|[AY"||2,,. < C47".

Thus, for m > n,

U mC C
”Ym — YnHS2,2,c < Z ”AYkHS2,2,c < Z 27 < 27
k=n+1 k=n+1
Hence there is Y € S22 such that Y 2—% v O

We now establish a result regarding the differentiability of (5.6.1). Recall that for Z € H??
there exists by definition, see Section 5.3.1, a process 97 which can be interpreted as the derivative

of the mapping ([OaTLB([OvT])) - (HZQ? H ’ ||H2) ts e Z°.

Proposition 5.6.5. Let Assumption U hold and Y € S? be the solution to (5.6.1). There is a
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unique process OY € S?? that satisfies
¢ t
oYy = 0,Yg +/ Vo (5, X pr, OYS, Y, Y )dr +/ 07 -dX,, t € [0,T], P-as., s € [0,T]. (5.6.4)
0 0

Moreover

/ OY'du = Y* — YO, in S2.
0

Proof. Note that given the pair (Y, Z) € S$?2 x H*2, Assumption U guarantees there is C' > 0 such
that

T 2 ~
sup (/ |Vhr(s,X.Ar,0,1§5,1§T)]dr) < O(J0uRIZran + [V [2a2) < ox.
$€[0,T]

We now note that Assumption U.(ii) guarantees u — Vhi(s, x,u,y,u) is Lipschitz uniformly in
(s,t,x,y,u). Therefore, Proposition 5.6.4 guarantees there is a unique solution 9Y € S§*2. The
second part of the statement, follows arguing as in Lemma 3.6.1 in light of the stability result in

Lemma 5.6.3 and the fact Z € H>2. O

5.7 Proofs of Section 5.4

5.7.1 Proof of Proposition 5.4.5

We first note that, P-a.s.

XT—}A/%/O’Z
T !
~ N ~ ~ ~ ~ YA, T 5 19 ].f(T—T‘))
— 20— Y, N(Xps 20 = Z0) + Ho(Xops Z0) — PloT (Xn) 202 — — L2 ")
ro= Yo+ [ (N(Xar Z)0 = Z0) + Be(Xpr.20) = o] (X0) 2ol = — L= Yar

+ / (X)(1 = Z,)dB> D),
so that,

~ T ~
Up(X7 — ngo,Z) — C'?OMT exp ( — fyp/o Gr (X Ars Zr)dr), P-a.s.,
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where

o* YA, T 2 P, T 2 1 f/(T )
Gz, 2) = Ni(2,2) — k2% (2, 2) — —|o, (2)2]* — —|o, (2)(1 — 2)]" — — )
+(2,2) (z,2) (z,2) = loy (2)2]" = ooy (2)(1 = 2)| AT T=1)
and M denotes the supermartingale
t ~
M, ;:exp<_fyp/ oT (X 0) (1= Z,) - dBE D) / o7 ( —ZT)Pdr), te[0,1].
0

Indeed, M is a local martingale that is bounded from below and My = 1. Consequently,
P*(Z 00,2 P r 7
EF D [Up (X7 — V%)) < CLE [exp<—7p/0 GT(X./\,,,ZT)dr)].
Now, under assumptions (i) and (i) in the statement it is clear that
Ve < Cp [(T ) exp( ’YP/ g(z ) = VI,
where the upper bound is given by

* o* YA, T2 TP T 2
Ne(z) — k - £ - .
sup {\7(2) = K" (2) = GHlo 2 = ol (1= 2)7}

Let us now show the upper bound is attained. Indeed, letting
7t = — U (T )2 (),
SRo B b 1 (T — t
Yo = Ry — / <H,,(z*) A T2 M)dr +/ 2dX,, t € [0,T],
0 0

o2t o f(T =)

it is easy to verify that the integrability assumption on z* guarantees that Z* € H2. We conclude
that £* € =, where £* denotes the contract induced by Ry and Z*, is optimal as it attains VF*,

this concludes the proof.
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5.7.2 Proof of Lemma 5.4.7

We argue (7). Let Z € H*2. Recall
$,90,4 t t
Ve =i [N 27 = )X Z0)r 4 [ 23X,
0 0

and, in light of (5.3.6), we have

Q0 (TN gm0
UA <f(T—S)> _UA <f(T_u)>> (S7u) € [O,T]

Therefore, for any s € [0, 7]

$,Y0,Z 0,90,2
R (L 1

f(T —s) F(T) o
T s r—s T
-, A:(X’A"’Z:)(NOTZT— 57 70) ~ S B (= - )
T zZ$ Zy
+/0 (f<Ts> _f(T)> A

Yvos,yo,z Y(')OJJOZ 1 /T
— — + 5%(8, Xoar, Z))dr
FT=%)  Fr—w " J@ = Jy &Ko)

f (7 - ff%) (A% = A (Ko, 2 )

1 T5
+ / *(5, Xonr, Z0)dr
(T—S) ] ( A )

8,40,Z 0,90,2
Yy Y

Cf(T—-s) AT f
T Zﬁ Z19 . _ * T r
[ Ga e ) @ Nz

The result then follows taking conditional expectation thanks to the integrability of Z* and Z°.

We now argue (ii). Let s € [0,T] be fixed. Note that

Z * T
Np 7 = BF O] [ 60 X s 2
t

]-“t]
7 t
_ M —/ 5%(5, Xonr, Z0)dr
0

t t
— M7y / 757 - (dX, — N(Xopp, Z0)dr) — / 52(8, X pr, Z7)dbr (5.7.1)
0 0
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Therefore, in light of (i), we have that there exists a finite variation process A such that

_ . T
vowd = L Syom gl 75106, % 0, 20000 |
7(7) !
t — ~
— A - / (f(TS)Z? - Zf’Z) (dXy — N(Xopp, Z0)dr), P-as.
o \ f(T)

The result then follows from the uniqueness of the Ité decomposition of ¥,

We are only left to argue (iii) as (iv) is a direct consequence. The inclusion H?? C H*® follows

from (ii) and taking Y,Z := Y,>¥? / f(T). Conversely, given Z € H* we define for any s € [0, 7]

f(T —s)

T yPvZ _ NSZ e [0,T), P-as.

Ytoo,Z — f(T)YtyO’Z, Y;S,ymz —

Let us note Y3 *? is clearly differentiable and Y%7 satisfies (5.3.6). Indeed, as N3? = 0,

s € (0,77, we have
5,%0,Z u,Y0,2Z
Yr _ywZ _ Y7

fT—s) T f(T—w)

We now verify Y¥0Z € S22, Let us first note that HZH]%I” < 00. Indeed,

(s,u) € [0, T2

~ t ~
1218 = | [ oo 207 P

— EP*(2)

¢ t
T 78,72 T 78,72
Mt/o lovo, Z: /0 lovo, Z:

2dr} <E"(®

2dr} < 00,
where M denotes the supermartingale given by
t * r * 1 t * V|2
M, = exp(—/o b (Xpys Z7) - ABF — 5/0 (X pr, Z7)| dr), t € [0,T].
From this, it follows by Assumption Q that
Z2 el [T 2 e[ (T 2 =19
1N e < (=] [ It znPar] + s 8] [ 15X 20 ar] + 1212 ) <
0 s€[0,T] 0

We also note that the continuity of s — f(t—s) implies the continuity of s — || N*#||s2. Moreover,
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[Y0%0.Z|12, < 0o guarantees, by definition, that ||Y¥%-Z||2,, < co. Moreover, by definition

57907Z
Y

:f(ﬁ;)é’(yw/ (Xonn Z0) f(r dr+/ 70 (dX, — X(Xopps Z )dr))
_ M /0 757 (X, — NS(Xopps Z0)dr) + /O 52(8, X pr, Z0)dr

_ f(f(lﬁm - M&Z ¥ /0 (X ZD)f(r - 5)dr

+/ < —Z* Z) (dX, = A X pr, Z0)dr)

:f(T))yo MSZ +/ (X Z5) f(r — 5)dr + /Ot 75 (dX, — N (Xopps Z7)dr)

=y5 — /Ot hy (s, Xoar, Zy, Z))dr —i—/o zZ%-dX,,

where the third inequality follows from the fact Z € H®. We conclude Z € H?2.

5.7.3 Proof of Lemma 5.4.14

Let us note that (i7) and (i4i) are argued as in Lemma 5.4.7. We now argue (7). Let (yo,2) €
T x H*2. Note that given Y*¥-Z in light of the regularity of y§ and the generator, it is possible

to define Y $¥0:Z guch that

t t

v = [ (X vy 2) —ovpF)ar+ [ 27 ax,,
t t

Yol =y — /0 hy (s, Xop, Y200, 23 Y0002, Z0)dr + /0 Zy - dXe,

t t
oYy oy — [ Ohi(s, X p 0w 02z YA Y E g+ [ 07y - dx,.

Letting
N 1 ! 1z
= ttZ,and,Zt— St
—YA }/t Y0, —YA }/t »Y0,

we obtain that

t R t
Y;t’yO’Z — yg — /0 (— ’)/AYVTT’yO’ZHr(X‘/\r,Z:) — 8YJ’,?JO,Z dr +/ Z: . er’

t ~
Ay /0 —ANYSIOERE (5, Xopey 22, Z0)dr + / z: - dX,,
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t N ¢
oY = oyl — /0 VHE (8, Xp, Y502 978 Y3002 7Yy 4 /0 075 - dX,.

The result then follows by It6’s formula introducing

N 1 ~ 1 8Y8’y°’Z
}/;S,yo,Z — _71n(_7A}/tS7yO,Z), 8Y%S,?JO,Z = 7t7Z’ and
A —YA Y'tsay(h
. 1 aZS —~ ~
0% == —~ <ysvy§72 + 712*8}@&%225)'
t

5.7.4 Proof of Proposition 5.4.17

Note that it always holds that, P*(Z)-a.s.

Xr = U (%) /g(T)

“1(4 1)(}00) /,1 ( ~ g(r) ~ YA 50 2)
=xg— ————">+ M (Xoar, Z2)) — 2k (X oar, 27 ) — o, (X ar)Z, |7 |d
0 (T) 0 ( A ) (T) ( A ) ) (T)’ ( N ) ’ r

=+ — Z7 dX —)\* X Z d
/ (1 = ) : r (XA, 77: r),
0 9(1) ( ( " ) )

so that

T ~ ~
Up (XT - U?\(*l)(yﬁ,Z)/g(To = C?OOMT exp ( - 'yp/o Gr(Xar, Zr, Zg)dr), P-as.,

where

2
il 2,0) = Ni,2) = SOk (2.2) = 2l (nl? =

9

sl )

and M denotes the supermartingale

2
dr), te0,7).

t ZO N ’Y2 t ZO
My :=exp | — / IX.T(1— T)-dBf}(Z)—P/ TTX.T<1— )
' Xp( w J, or a1 o 2 Jo |7r ) \1= 0y

Consequently

T o~
B2 [U5 (X — U309 (1)) < Coyl” [ exp (= e [ G0 220000 )| 5:72)
0 0
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Now, under the additional assumptions, we have that for any Z € H

T

B DU (X - U3 0P /0(T) < C B exp (= [ G (Gt )ar) .

Therefore, as

* g(t) 0% YA 2,12 P
2*(t,m eargmax{)\ z) — —ki"(2) — o, z|“|n|” —

|

% (1 - g(ZT) n)

as longs as 7 is chosen so that Z" € H the upper bound is attained.

Let us argue the second part of the statement. Since we are now constrained to deterministic
choices of 7 the integrability of z* and the boundedness of [0,7] > t — g¢(t) guarantee that
the constant process M*Z in Lemma 5.4.2 is finite and thus square integrable. Therefore, as the
contract induced by the family

9(T = s) 9(T)
75 . *(t, ), = ’
t Q(T _ t) z ( 770,75) Mot g(T _ t)
attains the upper bound in (5.7.2), the result follows. The last statement follows letting (v, vp) —
(0,0) and noticing the terms involving Z° in (5.7.2) vanish. Therefore the upper bound is attained

by the maximiser of G(z) = A\ (z) — g(t)k{*(2)/g(T), i.e. the deterministic contract given by
Zi = f(T = s)2*(t)/ F(T = 1).
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Conclusion

This thesis studied the decision-making of agents exhibiting time-inconsistent preferences
and its implications in the context of contract theory. In particular, we studied the contracting
problem between a standard utility maximiser principal and a sophisticated time-inconsistent agent.
We showed that the contracting problem faced by the principal can be reformulated as a novel class
of control problems exposing the complications of the agent’s preferences. This corresponds to the
control of a forward Volterra equation via constrained Volterra type controls. The structure of this
problem is inherently related to the representation of the agent’s value function via extended type-1
backward stochastic differential equations. Despite the inherent challenges of this class of problems,
our reformulation allows us to study the solution for different specifications of preferences for the

principal and the agent. Regarding the implications of our results we can mention the following:

(7) from a methodological point of view, unlike in the time-consistent case, the solution to the
moral hazard problem does not reduce, in general, to a standard stochastic control problem. Nev-
ertheless, the solution to the risk-sharing problem between a utility maximiser principal and a
time-inconsistent sophisticated agent does, see Section 2. This suggest a dire difference between
the first-best and second-best problems as soon as the agent is allowed to have time-inconsistent

preferences;

(7i) a second takeaway from our analysis is associated with the so-called optimality of linear con-
tracts. These are contracts consisting of a constant part and a term proportional to the terminal
value of the state process as in the seminal work of [130]. We study two examples that can be
regarded as (time-inconsistent) variations of [130], which we refer to as discounted utility, and
utility of discounted income. In the former case, by virtue of the simplicity of the source of time-
inconsistency, we find that optimal contract is linear. In the latter case, we find that the optimal
contract is no longer linear unless there is no discounting (as in [130]). Our point here is that slight
deviations of the model in [130] seem to challenge the virtues attributed to linear contracts and

this suggests that would typically cease to be optimal in general for time-inconsistent agents;
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(7i7) lastly, we comment on the non-Markovian nature of the optimal contract. It is known that,
beyond the realm of the model in [130], the optimal contract in the time-consistent scenario is,
in general, non-Markovian in the state process X, see [64]. Indeed, we find the same result in
the case of an agent with separable time-inconsistent preferences. Moreover, in our context the

non-Markovian structure is also manifestation of the agent’s time-inconsistent preferences.
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