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Abstract

We develop a theory for continuous-time non-Markovian stochastic control problems which are inherently time-
inconsistent. Their distinguishing feature is that the classical 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 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 of the definition of equilibrium that allows us to establish a direct and rigorous proof of an
extended dynamic programming principle, in the same spirit as in the classical theory. This in turn allows us to
introduce a system consisting of an infinite family 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.

Key words: Time inconsistency, consistent planning, non-exponential discounting, mean—variance, backward
stochastic differential equations.

1 Introduction

This paper is concerned with developing a general theory to address time-inconsistent stochastic control problems
for sophisticated agents. In particular, we address this task in a continuous-time and non-Markovian framework.
This is, to the best of our knowledge, the first work that studies these problems at such level of generality from a
probabilistic point of view.

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 [59, 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. 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 payoff functionals at the core of the continuous-time optimal stochastic control literature
in a non-Markovian framework. Given a time reference t € [0, T], where T' > 0 is a fix time horizon, a past trajectory
x for the state process X, whose path up to ¢ we denote by X.A;, and an action plan M = (P,v), that is to say, a
probability distribution for X and an action process, the reward derived by an agent is

T
J(t,;v,M):EP[/t fr(Xopr, vp)dr 4+ E(X A7) |- (1.1)
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However, as pointed out by Samuelson [65], ‘the solution to the problem of maximising (1.1) 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 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 functionals like (1.1)’. 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 differ-
ent dates change over time, see Strotz [70], Laibson [49], Gul and Pesendorfer [32], Fudenberg and Levine [30],
O’Donoghue and Rabin [57; 58]. In many applications, these time-inconsistent preferences introduce a conflict
between ‘an impatient present self and a patient future self’, see Brutscher [11]. In [70], 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 her 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. In
this paper we are interested in the latter type.

The study of time-inconsistency has a long history. The game-theoretic approach started with [70] where the
phenomenon was introduced in a continuous setting, and it was proved that preferences are time-consistent if, and
only if, the discount factor is exponential with a constant discount rate. Pollak [62] gave the 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 [61]. This was, presumably, due to
the unavailability of system of equations providing a general method for solving the problem, at least for sophisticated
agents. Nonetheless, the theory evolved and results were extended to new frameworks, although this was mostly on
a case-by-case basis. For example, Barro [1] studied the neoclassical growth model that includes a variable rate of
time preference, and [49] considered the case of quasi-hyperbolic time preferences. Notably, Basak and Chabakauri
[2] 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 [31] presented one of the first proof
of existence of an equilibrium under quite general conditions. More recently, Vieille and Weibull [73] showed how for
infinite horizon dynamic optimisation problems with non-exponential discounting, the multiplicity of solutions (with
different payoffs) 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 [23; 24], and
Ekeland and Pirvu [25] introduced the first notion of sub-game perfect equilibria in continuous-time, where the
source of inconsistency is non-exponential discounting. [23] consider a deterministic setting, whereas [24] extends
these ideas to Markovian diffusion dynamics. In [25], 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 [6] in discrete-time and Bjork, Khapko, and Murgoci [8; 9] in continuous-time. Inspired by the
notion of equilibrium in [24] and their study of the discrete case in [6], in [9] 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 [35] fills in a missing step in [9] by deriving
rigorously the PDE system and refining the definition of equilibrium, while Lindensjo [51]' shows that solving the
PDE system is a necessary condition for a refinement of the notion of equilibrium by assuming the regularity of the
value function. Nonetheless, so far none of these approaches were able to handle the non-Markovian analogue of
these problems nor did they provide a full characterisation of equilibria and their associated value functions. These
results become essential in applications that go beyond solving a time-inconsistent control problem, for example, in
contracting problems involving a principal and time-inconsistent agents (see Cvitani¢, Possamai, and Touzi [17]).

Simultaneously, extensions have been considered, and unsatisfactory seemingly simple scenarii have been identified.
Bjork, Murgoci, and Zhou [7] study the time-inconsistent version of the portfolio selection problem for diffusion
dynamics and a mean—variance criterion. Czichowsky [18] considers an extension of this problem for general semi-
martingale dynamics. Hu, Jin, and Zhou [40; 41] provide a rigorous characterisation of the linear—quadratic model,

IWe are grateful to an anonnymous referee for calling our attention to this work.



and Huang and Zhou [42] perform a careful study in a Markov chain environment. Regarding the expected utility
paradigm, Karnam, Ma, and Zhang [48] 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
[38] propose the concept of forward rank-dependent performance processes, by means of the notion of conditional non-
linear expectation introduced by Ma, Wong, and Zhang [52], to incorporate probability distortions without assuming
that the model is fully known at the initial time. Landriault, Li, Li, and Young [50] present an example, stemming
from a mean—variance investment problem, in which uniqueness of the equilibrium via the PDE characterisation of
[6] fails.

A different approach is presented in Yong [77] and Wei, Yong, and Yu [75], where, in the framework of recursive
utilities, an equilibrium is defined as a limit of discrete-time games leading to a system of forward—backward SDEs.
Building upon the analysis in [75], Wang and Yong [74] consider the case where the cost functional is determined by
a backward stochastic Volterra integral equation (BSVIE, for short) which covers the general discounting situation
with a recursive feature. A Hamilton—Jacobi-Bellman equation (HJB equation, for short) is associated in order
to obtain a verification result. Moreover, Wang and Yong [74] establish the well-posedness of the HJB equation
and derive a probabilistic representation in terms of a novel type of BSVIEs. As explained in Section 3.3, for
the class of problems considered in this paper, our approach helps making explicit the connection between time-
inconsistent problems and BSVIEs. Han and Wong [33] study the case where the state variable is a Volterra process
and, by associating an extended path-dependent Hamilton—Jacobi-Bellman equation system, obtains a verification
theorem for non-Markovian and non-semimartingale models. Finally, Mei and Zhu [54] deals with time-inconsistent
control problems for McKean—Vlasov dynamics which are, for example, a natural framework to study mean—variance
problems. We highlight that the previous works focused of establishing verification results. In the present work, we
go beyond this as we introduce a system which is fundamental for time-inconsistent control problems in the sense
that its well-posedness is both necessary and sufficient. In wrods, all equilibria arise as solutions to such system.

When it comes to time-inconsistent stopping problems, recent works have progressed 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 [44]. Huang and Zhou [43] 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, Obléj, and Zhou [37] 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 Lindensjo [14; 13; 12] and
Bayraktar, Zhang, and Zhou [3]. [14] study a discrete-time Markov chain stopping problem and propose a definition
of sub-game perfect Nash equilibrium for which necessary and sufficient equilibrium conditions are derived, and an
equilibrium existence result is obtained. The extension to the continuous setting is performed in [13], and [12] studies
the the pre-committed and sophisticated solutions to a moment constrained version of the optimal dividend problem.
Independently, [3] 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
n [44], [13] and [3], 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 [71] gives an example
of nonexistence of an equilibrium stopping plan. On the other hand, Nutz and Zhang [56] provide a first approach
to the recently introduced conditional optimal stopping problems which are inherently time-inconsistent.

The contributions of this paper can be summarised as follows, see Section 3 for detailed statements. First, regarding
the set-up of the problem, we present the first probabilistic approach to non-Markovian time-inconsistent stochastic
control problems. In particular, the dynamics of the controlled state process are prescribed in weak formulation,
and control on both the drift and the volatility are allowed. We address time-inconsistent control problems from
a sophisticated agent point of view, and seek for equilibrium actions. Keeping in mind the rationale behind such
agents, and reviewing the existing literature, [70] stated that: ‘[The] problem [of a sophisticated agent] is then
to find the best plan among those that [she] will actually follow’ This indicates that the agent chooses a plan
that coordinates her future preferences, and therefore, the equilibrium action is time-consistent. Consequently,
the value associated with an equilibrium is expected to satisfy a dynamic programming principle (DPP for short).
However, the only statement of such DPP in the existing literature is, to best of our knowledge, [8, Proposition 8.1]
and, uncommonly, it exploits the PDE system introduced by the same authors in [9]. We further discuss this in
Section 3.1. Motivated by the structure of the classical theory of control, we propose a refinement on the notion
of equilibrium, see Definition 2.6, that allow us to bypass such argument and obtain an extended DPP from this



new notion of equilibria, see Theorem 3.2. Not surprisingly, its statement agrees with the connection between the
game-theoretic approach to time-inconsistent control problems and classic time-consistent control problems in [8]. We
nonetheless emphasise that our result is a direct consequence of our notion of equilibrium. Once a DPP is available,
we can naturally associate a system of backward stochastic differential equations (BSDEs for short) to it, see System
(H). This system features the same fully coupled structure and agrees with the corresponding PDE system known
in the Markovian framework, see Theorem 3.8. Naturally, we address the question of stating what a solution to the
system is, see Definition 3.7, and we are able to obtain a verification result, see Theorem 3.12. Notably, we also
show that (H) is, at the same time, necessary to the study of this problem, see Theorem 3.10. By this we mean that
given an equilibrium, its corresponding value function is naturally associated with a solution to (H). In particular,
we prove that any equilibrium must necessarily maximise the Hamiltonian functional of the agent. Consequently,
(H) is fundamental to the study of time-inconsistent control problems for sophisticated agents as all equilibria arise
as solutions to such system. Our definition of equilibrium and the proof of the extended DPP, which bypasses the
argument in [8, Proposition 8.1], are key for this last result and as such we believe are valuable contributions to
the theory of time-inconsistent control problems. Finally, we provide a well-posedness result in the case where the
volatility of the state process is not controlled, see Theorem 3.15. This result, in combination with Theorem 3.10
and Theorem 3.12, establishes the uniqueness of equilibria in such setting.

This paper is organised as follows. Section 2 is devoted to the formulation of the problem. It presents our probabil-
istic framework, motivates a game formulation to time-inconsistent non-Markovian stochastic control problems, and
introduces our refinement of the definition of equilibrium. Section 3 is dedicated to state and describe our results,
and to compare our definition of equilibrium with the ones available in the literature. Section 4 illustrates our results
with an example. Section 5 takes care of rigorously proving the extend dynamic programming principle. Section 6
contains the analysis and main results of the proposed methodology, that is to say, the necessity and the sufficiency
of (H) in a general setting. Section 7 presents direct extensions of our model to more general reward functionals.
Additionally, the appendix includes the proof of the well-posedness of System (H) in the case when only drift control
is allowed, as well as some auxiliary and technical results.

Notations: Throughout this document we take the convention co — 0o := —o0, and we fix a time horizon T' > 0.
R and R% denote the sets of non-negative and positive real numbers, respectively. Given (E, || - ||) a Banach space,
a positive integer p, and a non-negative integer ¢, CP(E) (resp. Cf;_’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
Cyb(E) :=C, ,(E), i.e. the space of ¢ times continuously differentiable bounded functions with bounded derivatives
from E to R . Whenever E = [0,T] (resp. ¢ = 0 or b is not specified), we suppress the dependence on F (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 z.,; the
path of x stopped at time ¢, i.e. z.A¢ := (z(r At),r > 0). Given (z,%) € C? x C? and t € [0,T], we define their
concatenation x ®; & € CP by (x ®; )(r) := x(r)l{r<sy + (2(t) + 2(r) — 2(t)) 1>, v € [0, T].

For ¢ € CP(E) with ¢ > 2, 97,¢ will denote its Hessian. For a function ¢ : [0,T] x E with s — ¢(s, o) uniformly
continuous uniformly in «, we denote by ps : [0,7] — R its modulus of continuity, which we recall satisfies
ps(€) — 0 as £ ] 0. For (u,v) € RP x RP, u-b will denote their usual inner product, and |u| the corresponding norm.
For positive integers m and n, we denote by M, »(R) the space of m x n matrices with real entries. By 0., , and
I,, we denote the m x n matrix of zeros and the identity matrix of M,,(R) := M, ,(R), respectively. S, (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 (€2, F). For a filtration
F := (Ft)iepo,r) on (2, F), Pprog(E, F) (resp. 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(Q2) and a filtration F,
F¥ := (F{)tepo, 1), denotes the P-augmentation of F. We recall that for any ¢ € [0,T], F{ := F; V o(N¥), where
NE =N CQ:3B € F,N C BandP[B] = 0}. With this, the probability measure P can be extended so
that (Q,F,FF,P) becomes a complete probability space, see Karatzas and Shreve [47, Chapter IL7]. FY denotes
the right limit of F*, i.e. F, := (NougFiyer t € [0,T), and Fy, := Fp, so that F is the minimal 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 suppcpP[B] = 0}, as well as the P-completion of
F, 7 := (F)iecpo, 1), with FL := F V a(NT), t € [0,T] together with the corresponding right-continuous limit
F? = (FQ)teo.r)s with FL = Noag Flhes t € [0,T), and FF, := FF. For {s,t} C [0,T], with s < ¢, T, .(F)
denotes the collection of [¢, T]-valued F—stopping times.



Additionally, given A C R¥, A denotes the collection of finite and positive Borel measures on [0,7] x A whose
projection on [0, 7] is the Lebesgue measure. This is, any ¢ € A can be disintegrated as ¢(dt,da) = ¢:(da)dt, for an
appropriate Borel-measurable kernel ¢;, unique up to (Lebesgue) almost everywhere equality. We are interested in
the set Ay, of ¢ € A of the form ¢ = d4,(da)dt, for d4 the Dirac mass at a Borel-measurable function ¢ : [0,T] — A.

2 Problem formulation

2.1 Probabilistic framework

Let d and n be two positive integers, and X := C?. We will work on the canonical space Q := X x C" x A, whose
elements we will denote generically by w := (z,w, q), and with canonical process (X, W, A), where

Xi(w) :=z(t), Wi(w) :=w(t), Alw) :=¢q, (t,w) €[0,T] x Q.

X and C? are endowed with the topology T, induced by the norm [[2[s = supg<;<p |2(t)], € X, while A is
endowed with the topology ¥, induced by weak convergence, which we recall is metrisable, for instance, by the
Prohorov metric, see Stroock and Varadhan [69, Theorem 1.1.2]. With these norms, both spaces are Polish.

For (t,¢) € [0,T] x Cp([0,T] x A), we define
Aly] = // o(r,a)A(dr,da), so that Afp](w) = // o(r,a)gr(da)dr, for any w € Q.
[0,t]x A [0,t]x A

We denote by F the Borel o-field on Q. In this paper, we will work with the filtrations F := (F})ic[o,7 and
FX .= (_FtX)te[O_’T] defined for ¢ € [0,T] by

Foim o (X W Adlgl) () € 0.1] % Go((0.7) x 4)), FX 1= (X0 Arlig]) () € [0.1] x Go([0.7] x 4)).

Additionally, we will work with processes ¢ : [0, T]|x X — E, (t,2) — 9(t, x), for E some Polish space, which are G-
optional, with G an arbitrary filtration, i.e. Popi(E, G)-measurable. In particular, these processes are automatically
non-anticipative, that is to say, ¥, (X) = ¥.(X.A,) for any r € [0,T]. We denote by 7% the canonical projection
from 2 to A and let wi]P’ := P o (7¥)~! denote the push-forward of P. As the previous processes are defined on
[0,T] x X € [0,7T] x €, we emphasise that throughout this paper, the assertion

‘P-a.e.x € A7, will always mean that (7}P)[X] = 1. (2.1)

P € Prob(£2) will be called a semi-martingale measure if X is an (F, P)-semi-martingale. By Karandikar [46], there
then exists an F-predictable process, denoted by (X) = ((X)¢)¢e[0,7], Which coincides with the quadratic variation of
X, P-a.s., for every semi-martingale measure P. Thus, we can introduce the d x d symmetric positive semi-definite
matrix & as the square root of 32 given by

52 .= limsup M, t € 10,7 (2.2)
eN\0 €
2.2 Conditioning and concatenation of probability measures

In this section, we 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(Q) and 7 € Ty r(F), F; is also
countably generated, so there exists an associated regular conditional probability distribution (r.c.p.d. for short)
(P7)weq, see [69, Theorem 1.3.4], satisfying

(i) for every w € Q, P7 is a probability measure on (£, F);

(79) for every E € F, the mapping w —— PT[E] is Fr-measurable;



(#4¢) the family (P7),ecq 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) = EF¢[¢], for P-a.e. w €

(iv) for every w € Q, PT[Q¥] =1, where Q¥ :={w' € Q: W' (r) = w(r),0 <r < 7(w)}.

Moreover, for P € Prob(f2) and an F,-measurable stochastic kernel (Q7,),eq such that Q7[Q¥] =1 for every w € ,
the concatenated probability measure is defined by

Po. Q.[4] = / P(dw) / 14(0 @10y 3)Qu (D), YA € F. (2.3)
Q Q
The following result, see [69, Theorem 6.1.2], gives a rigorous characterisation of the concatenation procedure.

Theorem 2.1 (Concatenated measure). Consider a stochastic kernel (Qy,)weq, and let T € To r(F). Suppose the map
w +— Qy, is Fr-measurable and Q,[Q¥] =1 for allw € Q. Given P € Prob(Q), there is a unique probability measure
P®..) Q. on (, F) such that P @,y Q. equals P on (Q, F;) and (d, @) Qu)wea s an r.c.p.d. of P®,) Q.|F:.
For some t € [0,T), suppose that T > t, that M : [t,T] x Q@ — R is a right-continuous, F—progressively measurable
function after t, such that My is P®,yQ.-integrable, that for allr € [t,T], (Mynr)refe,) s an (F,P)-martingale, and
that (M — Mynr(w))refe,) 95 an (F,Qy)-martingale, for allw € Q. Then (M)t 1) is an (F,P®,yQ.)-martingale.

In particular, for an F-measurable function ¢, EF®-F"[¢] = EF[EF[¢|F,]] = EF[¢]. This is the classical tower property.
Additionally, the reverse implication in the last statement in Theorem 2.1 holds by [69, Theorem 1.2.10].

2.3 Controlled state dynamics
Let k be a positive integer, and let A C R*. An action process v is an A-valued FX-predictable process. Given an
action process v, the controlled state equation is given by the stochastic differential equation (SDE for short)

t
X, =20 —I—/ o (X, I/T)(bT(X, vp)dr + dWT), t €[0,T). (2.4)
0

where W is an n-dimensional Brownian motion, zo € R?, and
0:[0,T] x X x A — Mg,(R), is bounded, and (t,z) — o(t,z,a) is F*-optional for any a € A, (2.5)
b:[0,T] x X x A — R", is bounded, (¢, z) — b(t, z,a) is FX-optional for any a € A. .

In this work we characterise the controlled state equation in terms of weak solutions to (2.4). These come from
so-called martingale problems, see [69, Chapter 6]. Let X := (X, W) and 7: [0,T] X X — M, +4(R) given by

— (o 0Ogn
7= In On,d '
For any (t,z) € [0,T] x X, we define P(t,z) as the collection of P € Prob(£2) such that

(i) there exists w € C™ such that Po (X.a¢, Wipy) ™! = O(aope wone)s
(i1) for all ¢ € Ca,(RH™), the process M? : [t,T] x @ — R defined by

M7 =% - | /[ 3T [T @)k (R] A da), 7 < 17 (26)

is an (I, P)-local martingale;
(13i) P[A € Ag] = 1.

There are classical conditions ensuring that the set P (¢, z) is non-empty. For instance, it is enough that the mapping
x +— T¢(x,a) is continuous for some constant control a, see [69, 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 &, (z,a) is uniformly positive away from
zero, i.e. there is A > 0 s.t. 0155, (z,a)0 > \|0)?, (t,z,0) € [0,T] x X x R?, see [69, Theorem 7.1.6].

For 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 =0 +/ or(X,v)dW,, t € [0,T], P-a.s. (2.7)
0



Remark 2.2. We remark some properties of the previous martingale problem which, in particular, justify (2.7)
(i) for any P € P(t,z) and v verifying P[A € Ag] =1, (2.6) implies

62 = (00" ) (X, 1), dr @ dP-a.e., on [t,T] x Q; (2.8)

(i) we highlight the fact that our approach is to enlarge the canonical space right from the beginning of the for-
mulation. This is in contrast to, for instance, El Karoui and Tan [27, Remark 1.6], where the canonical space is
taken as X x A and enlargements are considered as properly needed. As P(t,x) ought to describe the law of X as in
(2.7), 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 [69, Theorem 4.5.2] and (2.8), since

o 0\ (o I,\ (37> . X\ [ xo blo 0
(7 (T B) (2 0)watom ()= ()4 [ (7 Dawnecms  eo

(7it) the reader might notice that the notation P(t,x) does not specify an initial condition for neither the process W,
nor for the measure valued process A. Arguably, given our choice of Q, one is naturally led to introduce P(t,w), with
initial condition w = (x,w,q) € Q. Nevertheless, by (2.6) and (2.9), we see that the dynamics of X depends on the
increments of the application [0,T] > t — AfooT](w) € Ma(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,o) for all © = (z, W, §) € 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 (2.7) has a unique weak solution. A proper definition
requires first to introduce some additional notations. We will denote by (P} ,.)(t,z)e[0,7]x x the corresponding family
of solutions associated to v. Moreover, we recall that uniqueness guarantees the measurability of the application
(t,x) — Py, see [69, Exercise 6.7.4]. For (t,x,P) € [0,T] x X x P(t,z), we define
A(t,2,P) == {v € A: A(dr,da) = 6,, (da)dr, dr ® dP-a.e. on [t,T] x Q},
MO(t,z) == {(P,v) € P(t,z) x A°(t,2,P)}, and P°(t,z,v) := {P € Prob(Q) : (P,v) € M(t,z)}.

Letting A%(¢,z) = U]PeP(t,z) A°(t, z,P), we define rigorously the class of admissible actions
At z) = {v e At,z) : POt,z,v) = {P],}}. (2.10)
We set A(z) := A(0, z) and define similarly, A(¢, z,P), P(t, z,v), M(t, z), A(z,P), M(z) and P(z,v).

Remark 2.3. (i) We remark that the sets M(t,x) and A(t,x) are equivalent parametrisations of the admissible
solutions to (2.7). This follows since uniqueness of weak solutions for fixed actions, as required by (2.10), implies
that the sets A(t,z,P) are disjoint.

(73) Introducing the sets A(t,z,P) allows us to better handle action processes for which the quadratic variation of X
is the same. For different P € P(t,x) the discrepancy among such probability measures can be read from (2.8), i.e. in
the (support of the) quadratic variation of X. This reflects the fact that different diffusion coefficients of (2.7) might
induce mutually singular probability measures in P(t,x). We also recall that in general P(t,x) is not finite since it
is a convex set, see Jacod and Shiryaev [45, Proposition II1.2.8].

Remark 2.4. (i) Since b is bounded, it follows that given (P,v) € M(x), if we define M := (P”, v) with
dP” iy t
op TP b (X,v) - dW, — (X, vp)2dr ), and WM = W, — | (X, v,)dr, t €[0,T],
0 0

we have that WM is o P’ ~Brownian motion, and

t
X =ax0+ / or (X, vy) (bT(X, vp)dr + dW7M), P -as.
0



(ii) We will exploit the previous fact and often work under the drift-less dynamics (2.7). We stress that in contrast
to the strong formulation setting, in the weak formulation the state process X is fixed 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 (¢, z) € [0, T|x X
M(t,x) = { : (P,v) € M(t,2)},

and we set M(x) := M(0,x). To ease notations we set T; 7 := Ty 7(IF), for any 7 € To, 1, PT := (P],)weq, and for any
(r,w) € Tor x Q, P(r,z) :=P(1(w),x), M(7,2) := SJI(T(w) x), and M(7,z) := M(7(w), ).

We will take advantage in the rest of this paper of the fact that we can move freely from objects in M to their
counterparts in 91, see Lemma A.4.2. Also, we mention that we will make a slight abuse of notation, and denote by
M elements in both M (¢, z) and M(¢,z). It will be clear from the context whether M refers to a model for (2.4), or
the drift-less dynamics (2.7).

2.4 Objective functional
Let us introduce the running and terminal cost functionals

f:00,7] x [0,T] x X x A — R, Borel-measurable, with f.(s,-,a), FX-optional, for any (s,a) € [0,T] x A;
£:[0,7] x X — R, Borel-measurable.

We are interested in a generic payoff functional of the form
— T
J(t,@,v) = EF {/ Fo(t, X, v)dr + €, Xoar) |, (82, 0) € 0,T] x X x A(t, ).
t

Remark 2.5. (i) As we work on an enlarged probability space, one might wonder whether the reward’s values under
both formulations coincide. We recall that we chose to enlarge the canonical space, see Section 2.3, to explicitly
account for the randomness driving (2.4), i.e. the process W. Nevertheless, as for any (w,M) € Q x M(t,z), the
latter depends only on x, see Remark 2.2, we see that given M, J is completely specified by (¢, x).

(ii) Given the form of the payoff functional J, the problem of mazimising A(x) > v — J(0,z,v) has a time-
inconsistent nature. More precisely, the dependence of f and & on the current time t is the source of inconsistency.

We study this problem from a game-theoretic perspective and look for equilibrium laws. The next section is dedicated
to explaining these concepts more thoroughly.

2.5 Game formulation

We recall that a strategy profile is sub-game perfect if it prescribes a Nash equilibrium in any sub-game. In our
framework, every player together with a past trajectory define a new sub-game. This motivates the idea behind the
definition of an equilibrium model, see among others [70], [23] and [5].

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 € T; 110 and v € A(7,x). We define v @, v* := vl -y + v* 1 7.

Definition 2.6 (Equilibrium). Let x € X, v* € A(x). Fore >0 let
0. :=inf {é >0:3P € P(x), P[{z € X:3(t,v) € [0,T] x Alt,x), J(t,t,2,0%) < J(t,t, 2,0 @y 1*) — l}] > 0}.

If for any € > 0, £. > 0 then v* is an equilibrium model, and we write v* € £(x).
Remark 2.7. We now make a few remarks regarding our definition.

(i) The first advantage of Definition 2.6 is that . is monotone in c. Indeed, let 0 < &' < g, then by definition, £,
satisfies the condition in the definition of le/, thus l. < £.. We will exploit this in the proof of Theorem 3.2.



(ii) In [25], the authors chose A(t,z,t+ () := {v € A(t,x) : v @4y v* € A(t,z)} as the class of actions to be
compared to in the equilibrium condition. Clearly, A(t,z,t+¢) C A(t,z) for £ > 0. Under the assumption of weak
uniqueness, it holds that v Q¢1¢ v* € A(t,x) for any v € A(t, ), see Lemma A.4.1.

(¢43) From the previous definition, given (g,£) € R% x (0,£;), for P(x)-q.e. x € X and any (t,v) € [0,T] x A(t,x)
J(tt,z,v*) — J(t,t, 2, v Qe v*) > —el. (2.11)

There are two distinguishing features in this definition. The fist one is that Definition 2.6 imposes (2.11) for all £ < £
uniformly in (t,v). This local feature was not captured by the classical definition of equilibria, has motivated other
refinements on the notion of equilibria, and will be key to prove an extended DPP, see Section 3.1 for more details.
The second one is that (2.11) holds for P(x)—q.e. x € X, i.e. the equilibrium condition holds only for trajectories
that are reachable.

In the rest of the document we fix x € X and study the problem
v(t,z) == J(t, bz, v), (t,x) €0,T] x X, v* € E(x). (P)
Thanks to the weak uniqueness assumption, v is well-defined for all (¢,z) € [0, 7] x X and measurable.

Remark 2.8. (P) is fundamentally different from the problem of maximising A(t,x) > v — J(t,t, x,v). First, in
(P) one finds v* € A(x) first and then defines the value function. This contrasts with the classical formulation of
optimal control problems. Second, the previous maximisation will find player t’s so-called pre-committed strategy.

3 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 existing literature.

3.1 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 continuous time-
inconsistent stochastic control.

Given T > 0, on the time interval [0,T] a fixed filtered probability space (Q,IFW,.F:,W ,IP’) 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

t t
X0V = g +/0 bo(XQ™0V, wg)ds +/0 oo (XOPOV v )dWy, for t € [0,T. (3.1)

As introduced in [25], v* is then said to be an equilibrium if for all (¢,2,v) € [0,T] x X x A

* - *
lim inf J(t, o, v*) = J(t,t, 2, v @pye V)

> 0.
N0 Y4 -

If we examine closely the above condition, we obtain that for any x := (t,z,v) € [0,T] x X x A, € > 0 and sequence
(¢n)nen C [0,TY, £, — 0, there is a positive integer N/ such that

Vn > NZE, J(t, t,x,v*) — J(t,t, 2,0 Qupe, V) > —ely,. (3.2)

From (3.2) 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 liminf 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 herself but in the limit is indifferent, conforms with
this definition. This case is excluded when ¢ = 0, 4.e. the case of regular equilibria, see [35, Definition 3|, another
refinement of equilibria which is related to case ¢ = 0 in (2.11). We also remark that [35, Section 4] presents several



examples from the existing literature on time-inconsistent control in which a classical equilibrium fails to be regular.
From these examples one can further show that classical equilibria may fail to be equilibria as in Definition 2.6.

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, from first principles, to a dy-
namic programming principle. Indeed, in line with the literature on stochastic control we chose this to be a direct
consequence of the notion of equilibrium, and as such we introduced a refinement on the definition. As mentioned
in the introduction, [8, Proposition 8.1] unveils the form of this DPP in a Markovian framework. Yet, it does it
without laying proper assumptions or providing a rigorous proof. To be precise, [8, Proposition 8.1] states that (in
the framework of strong formulation with feedback Markovian actions) given an equilibrium, as defined in [8], for
any time-inconsistent stochastic control problem it is possible to find a time-consistent optimal stochastic control
problem which attains the same value. Not surprisingly, the DPP satisfied by the associated time-consistent control
problem agrees with ours in the Markovian framework. However, the argument laid down in [8, Proposition 8.1]
assumes ¢ priori a smooth solution to the PDE system, i.e. it presupposes that the value function associated to
the equilibrium action and the decoupled pay-off functionals belong to C; 2([0,T] x R?), and is in the spirit of the
Feynman-Kac representation formula. This means that the class of equilibria for which the DPP used in [8] holds
is actually a sub-class of the ones given by the classical definition via the liminf. Indeed, these would correspond to
regular equilibria as defined in [51], see also [51, Remark 3.9] and the discussion leading to [36, Assumption 2]. Even
more significant in our view, in the context of classic time-consistent control, the argument in [8, Proposition 8.1]
would be equivalent to assuming that the HJB equation has a smooth classical solution to prove the DPP. Overall,
we found this line of argument to be quite atypical in the sense that: (7) this is usually done the other way around:
the DPP allows one to show that the value function is related to the HIB PDE, usually in the viscosity sense; (i7)
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.

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

(7) The inaugural papers on the game theoretic approach to inconsistent control problems are the sequence of papers
by Ekeland and Lazrak [23; 24], and Ekeland and Pirvu [25]. In their initial work [23], the authors consider a strong
formulation framework, d.e. (3.1) and G = G*X denotes the augmented natural filtration of X %% and seek for
closed-loop, i.e. GX-measurable, action processes defined via spike perturbations of the form

(@ @pte )y = alpgy0)(r) + (X ey (7), (3.3)

that maximise the corresponding Hamiltonian. However as already pointed out by Wei, Yong, and Yu in [75], the
local comparison is made between a Markovian feedback control, i.e. G = G and v, = v(X2*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 [25] and [24] introduce the definition of equilibrium via (3.2), in which admissibility is defined by progressively
measurable open loop processes with moments of all orders. This last condition guarantees the uniqueness of the
strong solution to the controlled state dynamics. In our framework we do not need such condition as the state
dynamics hold in the sense of weak solutions.

(#4) The study in the linear quadratic set-up is carried out by Hu, Jin, and Zhou [40; 41]. There, the dynamics are
stated in strong formulation. To bypass the admissibility issues in [23], [25] and [24], the class of admissible actions
is open loop, i.e. G = FW. Equilibria are defined via (3.2) but contrasting against spike perturbation as in (3.3). In
[40], the authors obtain a condition which ensures that an action process is an equilibrium, and in [41] 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 [40] and [41] 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.

(#i7) Another sequence of works that has received great attention is by Bjork and Murgoci [6] and Bjork, Khapko, and Murgoci
[8; 9]. There, the problem is presented in strong formulation, i.e. (3.1), and admissibility is defined by Markovian
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feedback actions, i.e. G = GX 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 payoffs corresponding to v* and v ®;4¢ v*. In their subsequent paper, the results are
extended to a continuous-time setting, implementing the definition of equilibrium (3.2). 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.

(iv) A different setting is presented in Wei, Yong, and Yu [75] and Wang and Yong [74], see references therein too.
Both works study a time-inconsistent recursive optimal control problem in strong formulation setting, i.e. (3.1), in
which the class of admissible actions are Markovian feedback, i.e. G = GX and v, = v,.(X%*0). An equilibrium is
defined as the unique continuous solution to a forward-backward system that describes the controlled state process
and the reward functionals of the players, and satisfy a local approzimate optimality property. More precisely, u is
the limit of a sequence of locally optimal controls at discrete times. 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 much tractable. We believe this is due to the fact that their
approach relies heavily on the approximation of the solution 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 (2.10). We also would like to mention [74] which, building upon the ideas in [75], 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. We comment of this in Section 3.3.

(v) Other recent works on this subject are Huang and Zhou [42] and He and Jiang [35]. 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. The authors begin by introducing two variations of the notion of equilib-
ria, referred there as strong and weak equilibria. Exploiting the structure on their dynamics, 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, working in the framework of [9], i.e. strong formulation
(3.1), the authors ‘perform the analysis of the derivation of the system, 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, reqular and strong equilibria. Regular equilibria compare rewards with feasible actions different from
v*, and strong equilibria allow comparisons with any feasible actions. 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. Even
though [35] succeeds in characterising both notion of 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. Lastly, we mention that the notions of strong and regular equilibria, as introduced in [42]
and [35] respectively, are related to the case ¢ = 0 in (2.11). Indeed, both definitions introduce a parameter ana-
logous to £, i.e. uniform in (¢, z,v), and consequently would be consistent with the proof of the extended dynamic
programming principle we present in Section 5.

We emphasise that in our setting the dynamics of the state process are non-Markovian, moreover, we have chosen the
class of admissible actions to be ‘closed-loop’® and non-Markovian, i.e. F¥-adapted see Section 2.1. Additionally,
our treatment of time-inconsistent control problems is via weak formulation which is in itself an extension on the
previous works in the subject.

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

3.2 Dynamic programming principle

Our first main result for the study of time-inconsistent stochastic control problems for sophisticated agents, Theorem
3.2, 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.

2This is not a closed-loop formulation per se. Our controls are also adapted to the information generated by the canonical process A.
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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 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 05&(s,x) (resp. Osfi(s,x,a)).

(i1) a — fi(s,x,a) is uniformly Lipschitz continuous, i.e.

3C >0, V(s t,x,a,a’) € [0,T]* x X x A%, |fi(s,z,a) — fi(s,z,a’)| < Cla—d|.
(7i1) (a) x> &(t,x) is lower-semicontinuous uniformly in t, i.e.
V(Z,e) e X xRy, Uz € To, T € Uy, V(t,x) € [0,T] x Uz, &(t,x) > &(t,w0) — €, when &(t,x0) > —o0.
(b) x+— b(t,z,a) and x — o(t,x,a) are uniformly Lipschitz continuous, i.e.
3C >0, V(t,z,2',a) € [0,T] x X% x A, |b(z,a) — be(2,a)| + |ot(2,a) — or(2”,a)] < Cllzar — 2/ p4lloo-

Remark 3.1. Let us comment on the above assumptions. As it will be clear from our analysis in Section 5 and
Section 6.3, to study time-inconsistent stochastic control problems for sophisticated agents under our notion of equi-
librium, 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 [78, Section 4.5].

Consequently, Assumption A.(i) and Assumption A.(ii) 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
regularity 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 — v4(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 [27] 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 regularity assumptions made in the existing literature, see [6], [75], [35]. For details see the
discussion after (5.3) and Remark 5.3.

Our dynamic programming principle takes the following form.

Theorem 3.2. Let Assumption A hold, and v* € £(x). For {o,7} C Ty, 0 <7 and P(x)-q.e. x € X, we have

v(o,z) = sup EP [U(T,X)+ / ' (fr(r, X, v,) — EPo. [asf(r,X.ATH / ' Osfulr, X, u;;)duDdr] (3.4)

veA(o,z)
Moreover, v* attains the sup in (3.4).

Remark 3.3. (i) In light of Theorem 3.2 we are led to consider a system consisting of a second order BSDE (2BSDE
for short) and an infinite 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 the connection, already mentioned in [8, Proposition 8.1], between time-
inconsistent control problems and optimal stochastic control problems in a Markovian setting.

(ii) We emphasise that Theorem 3.2 is a direct consequence of Definition 2.6. Moreover, it differs from [8, Proposition
8.1] in that the latter argues via the PDE (3.10), see below. In fact, the result in [8] is obtained assuming that a
smooth solution exists and it is in the spirit of the Feynman-Kac representation formula. This would be analogous to
us assuming that we had access to a solution to the 2BSDE in the proof of Theorem 3.2 which, among other things,
would automatically rule out the possibility to prove the necessity of the 2BSDE, i.e. that any equilibria is associated
to a solution to such system. In our probabilistic framework, the proof of Theorem 3.2 will ultimately allow us to
bypass this and establish the necessity result.

(#i7) Lastly, we point out that even for 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 [4, Section 1.2].
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Corollary 3.4. 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

o T
0, T] x X x A — R, (t,z,a) — ki(z,a) = fi(t,x,a) — EFt.e {8S§(t,X.AT) —|—/ Os fu(t, X, v} )du |,
t
Then, for P(x)-qe. € X
7 T
v(t,z) = sup E° {/ kT(X7I/T)dT—|—€(T,X./\T):|.
veA(t,x) t

Remark 3.5. (i) As mentioned in [8, Proposition 8.1], this last result is of little practical use as it requires knowing
the equilibrium strategy a priori, since the functional k does depend on v*.

(13) We remark that the results in this section hold if one lets £ in Definition 2.6 depend on (t,v), see Remark 5.4.

3.3 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,z,2,7,3,u,v,a) € [0,T)? x X x RY x
Sa(R) x Sa(R) x R x R? x A, let

1
hu(s. 0, 2,7,0) = fi(s, 2,0) +bi(2,0) - 0r(w,0) T2 + 5 Tr [(00 )y, a)y];

Ht(xvzv'yvu) ‘=Ssup {ht(tvxvzv'y?a)} - u.
acA

Following the approach of Soner, Touzi, and Zhang [68], 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(x) == {Zi(z,a) € Sa(R) : a € A}, where Ey(z,a) = (00" )i(, a),
A(2,2) :={a€ A: (00" )i(z,a) = 5}, T € Ty(x).

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

he(s,z,z,a) = fi(s,z,a) + bi(x, a) - o (z, a)Tz, Vh(s,x,v,a) := s ft(s,x,a) + by(x, a) - o¢(x, a)Tv.

Ft(I,Z,E,U) = sup {h't(tvxvzva)}_ua
a€A¢(x,X)

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

1
Hy(z,z,v,u) = sup {Ft(x, z,%,u) + = Tr[Ev]}. (3.5)
e (x) 2

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

[0,T] x X x RY 3 (t,2,2) — V*(t,x,2) € argmax hy(t,z, 2, a). (3.6)
aEAt(w,(T?(;E))

In the most general setting for (P) considered in this paper, where control on both the drift and the volatility are
allowed, to &, 0s&, Osf, and F as above, we associate the system

T T
Y, = &(T, X.rr) +/ Fo (X, Z,,52,0Y)dr — / Z,-dX, + KB~ K?, 0<t<T, P(x)-qs.,
. t T t (H)
Y (w) = EF.- |:(95§(S,X./\T) —|—/ Os fr(s, X, V*(r, X, ZT))dr], (s,t) € [0,T)? we€ Q.
t

3The existence of such mapping is guaranteed by Schil [66, Theorem 3] in the case of A bounded and a — h¢(t, z, 2,7, a) Lipschitz
for every (t,x,2,7) € [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. oy(z) := oy(z,a) for all a € A, the weak uniqueness assumption for (2.7) implies
P(x) = {P}. Letting

h{(s,z,z,a) := fi(s,x,a) + b(z,a) - O't(:E)TZ, Vhi(s,x,z,a) := s fr(s,x,a) + be(x, a) - O't(I)TZ,

Hi?(x? 2, ’LL) = Sup{h’g(ta z,z, CL)} —u,
acA
we show, see Proposition 6.6, that (H) reduces to the system

T T
Y, = &(T, X.ar) +/ HO(X, Z,,0Y")dr —/ Z,-dX,, 0<t<T, P-as.,
t t
T T (Ho)
Y, = 0,&(s, X.ar) +/ Vhe(s, X,0Z5,V*(r, X, Z,))dr —/ 075 dX,, 0<t<T,P-as,0<s<T.
t t

Though BSDEs have been previously incorporated in the formulation and analysis of time-inconsistent control prob-
lems, the kind of systems of BSDEs prescribed by (H) and (H,) are new in the literature. Indeed, in [25] 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 (3.2). This was a reasonable line of arguments as
we recall at the time no verification theorem was available. More recently, [74] studied the case in which the reward
functional is represented by a Type-I BSVIEs, a generalisation of the concept of BSDEs. In fact, [74] 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 (8Ytt)te[o,:r] satisfies a Type-1 BSVIE, see Lemmata A.2.2 and A.2.3.

In the general case, the first equation in (H) defines a 2BSDE, whereas the second defines an infinite family of
processes, (Y *)o<s<7, each of which admits a BSDE representation. We chose to introduce such processes via the
family (P ;)(t,z)e[O,T]x x, since in the first equation one needs an object defined on the support of every P € P(x).
Recall that when the volatility is controlled, the supports of the measures in P(x) may be disjoint, whereas in the
drift control case, the support is always the same. Had we chosen to introduce the BSDE representation, we would

have 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 Y, the diagonal process prescribed by the infinite family (Y *)o<s<T,
in the first equation and of Z in the definition of the family. This makes any standard results available in the
BSDEs literature immediately inoperative. Therefore, identifying stating sufficient conditions under which well-
posedness holds, i.e. existence and uniqueness of a solution, needed to be investigated. Part of these duties consists
of determining in what sense such a solution exists, see Definition 3.7 and Definition 3.13 for the general case and
the drift control case, respectively. The well-posedness of (H,), i.e. in the drift control case,, is part of our, rather
technical, Appendix A.3. See Section 3.6 for precise statements of our results and the necessary assumptions.

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

Pro(r,P,G) = {JP’ e P(t,z) : P =P on gr}. (3.7)

We will write Py(r,P,G) for Py, (r,P,G). We postpone to Section 6 the definition of the spaces involved in the
following definitions.

Definition 3.6. For a given process (83/?)%[01], consider the equation
T T
Y; = &(T, X .a7) +/ F.(X,Z,,02,0Y)dr — / Z,-dX, + Ky —K{, 0<t<T. (3.8)
t t

We say (Y, Z, (K¥)pep(x)) is a solution to 2BSDE (3.8) under P(x) if for some p > 1
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(i) Equation (3.8) holds P(x)-q.s.;
(1) (V. Z, (K )pep) € S(FXT™) x HE(FY7) x B (FFFpepio);

(ii) the family (K )pep(x) satisfies the minimality condition

0= essinf® EF[KE - KF|FXP] 0<t<T, Pas., VP € P(x). 3.9
P/er(ltr,lP,Ff) [ T t | t+ } SU > (%) (3.9)

We now state our definition of a solution to (H).

Definition 3.7. We say (Y, Z, (K" )pep(x), 0Y) is a solution to (H), if for some p > 1
(i) (Y,Z,(K¥)pepx)) is a solution to the 2BSDE in (H) under P(x);

(i) aY e SE2(FY 7)),

(i3i) there exists v* € A(x) such that

0=E" [K?”* K ‘}'ﬁ’w } 0<t<T, P as.

An immediate result about system (H) is that it is indeed a generalisation of the system of PDEs given in [6] 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 3.8. Consider the Markovian setting, i.e. V(X ) = (Xy, ) for =b,0, f,0sf, and, (s, X) = (s, Xr)
for i = 0s€,&. 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 S4(R) > (¢, z,2,7) — V*(t,x,z,v) € argglqax {ht(t,x,z,v,a)};
(ii) for (s,t,x) € [0,T) x [0,T] x R% := O, there exists (v(t,z),J(s,t,7)) € C12([0,T] x R?) x C1.1.2([0,T)? x R?)
classical solution to the system
OV (t,x) + H(t,x,0,V(t, ), 05V (t,x),0s T (L, t,2)) =0, (s,t,x) € O,
KT (t,x) + h3(t, 2,0, T°(t,x), 0pa T (t, ), v*(t,2)) = 0, (s,t,z) € O, (3.10)
V(T,z) = &(T,z), T*(T,x) =&(s, ), (s,7) €[0,T] x R,
where v*(t, ) := V" (t,x,0,V (t,x), 0V (t, )).
(iii) v, Opv, J, OxJ and f(s,t,x) := f(s,t,z,v*(t,x)) have uniform exponential growth in z°, i.e.
3C >0, V(s,t,z) € [0,T)? x RY, |o(t,x)| + |0v(t, )| + [T (s, t,2)| + [0 (s, L, 3)| + | F(s,t,2)| < Cexp(Clzl]r),

Then, a solution to the 2BSDE in (H) is given by
¢
Y i=0(t, Xy), Zy = 0,0(t, Xy), Ky = / kpdr, Y := 0,J°(t, X4),
0

where ky == H(t, Xy, Zy, Ty, 0Y}) — Fy (X4, Zy,02,0Y)) — %Tr[&fft] and Ty 1= Opv(t, Xy). Moreover, if for vi =
V(t, Xy, Z,Ty) there exists P* € P(x,v*), then (Y, Z, K,dY) and v* are a solution to (H).

4Following [9] , for a function (s,-) — ¢(s,-), »*(-), stresses that the s coordinate is fixed.
5For x € RY, |z|; = 2?21 |24]-
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Remark 3.9. We highlight the assumption on P(x,v*) is satisfied, for instance, if the map x — oo, (z,v*(t,x))
is continuous for every t, see [69, Theorem 6.1.6]. Note that the latter is a property of (3.10) itself. In addition,
we also remark that under the assumptions in the verification theorem in [5, 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 results are about the well-posedness of the system (H) when volatility
control is forbidden which ultimately yields the existence and uniqueness of equilibria for (P).

3.4 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 [9, Section 5], it had been conjectured that, in a Markovian setting, given
an equilibrium »* and its value function v, the latter would satisfy the associated system of PDEs (3.10), and v*
would attain the supremum in the associated Hamiltonian. Nevertheless, according to [9] 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.

For our results to hold, we need the following assumption, standard in the context of 2BSDEs, see Possamai, Tan, and Zhou
[63].
Assumption B. (i) There exists p > 1 such that for every (s,t,z) € [0,T]> x X

T
sup EP |§(T,X)|p+|65§(s,X)|p+/ F,(X,0,62,0)P + |94 fi (s, X, v2)Pdr| < oo,
PeP(t,z) t

(ii) R? 3 2z — Fy(x, 2z, %, u) is Lipschitz continuous, uniformly in (t,z,%,u), i.e. there exists C > 0 s.t.
V(z,2") € R? x RY, |Fy(z, 2,5, u) — Fi(x, 2/, 5, u)| < C|2Y2(z — 2)|, V(t,2,2,u) € [0,T] x X x (x) x R.

(iii) R% > 2 — V*(t,x,2) € A is Lipschitz continuous, uniformly in (t,x) € [0,T] x X, i.e. there exists C > 0 s.t.
V(z,2') € R x RY, |V*(t,@,2) = V*(t,2,2')| < Clz = 2| ,V(t,2) € [0,T] x X.

Theorem 3.10 (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 anyt € [0,T] and P(x)-q.e. x € X

o(t,z) = sup E"[Y].
PeP(t,x)

Moreover, v* satisfies Definition 3.7.(iti), i.e. v* is a mazimiser of the Hamiltonian.

Remark 3.11. (i) We stress that in light of Theorem 3.10, every equilibrium must necessarily mazimise the Hamilto-
nian 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.

(it) Ewven for Markovian time-consistent control problems, we recall that necessity results are quite technical and typ-
ically require the theory of viscosity solutions, see Fleming and Soner [28]. To appreciate the scope of Theorem 3.10,
we recall that Markovian BSDEs (resp. 2BSDES) coincide with viscosity (resp. Sobolev type) solutions of PDEs (resp.
path-dependent PDEs), see [78, Theorem 5.5.8] (resp. [78, Proposition 11.3.8]).

(7it) We also comment on [51, Theorem 3.11] which states that given a reqular equilibria, see [51, Definition 3.7],
one can define a classic solution the PDE system in [9], i.e. (3.10). In the Markovian setting of [51], reqular
equilibria render, by definition, smooth classic solutions to the value function and the decoupled payoff functionals.
Not surprisingly, one can construct a classic solution to (3.10) by means of Ito’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 only be, in general, measurable.
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3.5 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, the proof of [75, 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) x+—— ®(r,x) := 9:&(r, z) + fTT Os fu(r, z,a)du is continuous in x.
(13) s+ &(s,x) (resp. s — fi(s,x,a)) is continuously differentiable uniformly in x (resp. in (t,x,a));

Theorem 3.12 (Verification). Let Assumption B and Assumption C hold. Let (Y, Z, (K" )pep(x),dY) be a solution
to (H) as in Definition 3.7 with v} := V*(t, X, Z:). Then, v* € £(x) and for P(x)-q.e. z € X

v(t,x) = sup EP[YJ.
PeP(t,z)

We stress that together, Theorem 3.10 and Theorem 3.12 imply that System (H) is fundamental for the study of
time-consistent stochastic control problems for sophisticated agents.

3.6 Well-posedness

Our analysis would not be complete without a well-posedness result. The result we present is limited to the drift
control case, see Appendix A.3. In this framework, there is a unique weak solution to (2.7) 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 [75]. 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 3.13. The pairs (Y, Z), and (0Y,0Z) are a solution to the system (H,) if for some p > 1
(i) (V,2Z) € Se(FLT) x HR(FYT) satisfy the first equation in (H,) P-a.s.;
(i1) (9Y,0Z2) € S§’2(Ff’P) xHﬂ’Q(Ff’P) and (0Y®,07°%) satisfies the second equation in (H,) P-a.s., for any s € [0, T};
(i3i) there exists v* € A(x) such that
H{ (X, Z,0Y)) = h(t, X, Z;, 0V}, v}) dt @ dP-a.e. on [0,T] x X.
Our well-posedness result in the uncontrolled volatility case is subject to the following assumption.
Assumption D. (i) o.(z) := oy (z,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,x,a));
(#i1) z —> HP(x, z,u) is Lipschitz uniformly in (t,2,u), i.e.

3C >0, Y(z,2") € R* x RY, |H? (2, 2,u) — HY (¢, 7', u)| < Clog(x)?(z = 2')|, Y(t,z,u) € [0,T] x X x R;

(iv) R > 2+ V*(t,z,2) € A is Lipschitz continuous, uniformly in (t,z) € [0,T] x X, i.e. there exists C > 0 s.t.

V(z,2') € R? x RY, |V¥(t 2, 2) = V*(t,2,2")| < Cloy(x)/2(z — 2)|,¥(t,z) € [0,T] x X.

(v) (z,a) — Vh((s,x,a) is Lipschitz continuous, uniformly in (s,t,x), i.e. there exists C > 0 such that for all
(s,t,z) €[0,T)> x X

V(z, 2 a,a') € R x R? x A%, |VhS(s,z, 2,a) — VhO(s,, 2, a’)| < C(low(x)?(z — 2)| + |a — d']);
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(vi) there exists p > 1 such that for any (s,t,z) € [0,T])*> x X

T T
EP[\&(T,X)!’)JF/ ]Hf(x,o,O)\”dr] +1Eﬂ"{\ass(s,xﬂp +/ |05 fe(s,2,0,V*(t,2,0))["dr| < oo
t t

Remark 3.14. 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 (ii) will be exploited to control the coupling between the two BSDEs.

The technical but simple results regarding well-posedness are deferred to Appendix A.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 considered in this work, where the coupling is via
an uncountable family of BSDEs, have not been considered before in the literature.

Theorem 3.15 (Wellposedness drift control). Let Assumption D hold with p = 2. There exists a unique solution,
in the sense of Definition 3.13, to (H,) with p = 2.

Lastly, an immediate consequence of the previous results, Theorem 3.10 and Theorem 3.12, we obtain the existence
and uniqueness of equilibrium actions for (P) in the drift control case.

Theorem 3.16 (Uniqueness of equilibria). Let Assumption D hold with p = 2. There exists a unique equilibria for
(P) given by v* =V*(-, X, Z.), where V* denotes the unique Borel-measurable map that mazimises h°.

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,).

4 Example: optimal investment with non-exponential discounting
We consider the following non-exponential discounting framework
E(s,x) = o(T — 8)é(x), fi(s,z,a) = p(t — s)fi(x,a), (t,s,,a) €[0,T]* x X x A,

where §~ is a Borel-measurable map, and

f:[0,T] x X x A — R, Borel-measurable, with f.(-, a) FX-optional for any a € A,
¢ :[0,T] — 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 FX-adapted process (o (Xy), ¢t (Xt))te[o,r) With exponential moments of all orders bounded by some

arbitrary large constant M. We let o (Xs, v¢) := s (Xt), be( Xy, v4) == B+ a; H(Xy)(rXy — ¢i(X;)). Consequently, for
M = (P,v) € M(s, z), with M(s,z) = {(P,v) € Prob(Q) x A(s,z,P)}

AX7"Y = ay (B + a7 (r Xy — c)dt + AWM, P - aus.
Here we will study the case where the utility function is given, for all x € R by

2 —1
U(z) := ﬁl{ne(o,l)} + log(2)1gy=13,
so that

_ T
J(s,t,z,v) =EY |o(T — s)U(X7) + /t o(r — 8)U(cp)dr|.
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This model, studied for specific choices of U and ¢ in [25] and [8], represents an agent who is seeking to find
investment and consumption plans, in cash value, a and c respectively, which determine the wealth process X. She
derives utility only from consumption. At time s, the present utility from consumption at time r is discounted
according to ¢(r — s). We present a solution, via verification, based on Theorem 3.12 . The system (H) is given by

T T
Y, = U(Xr) +/ Fo(X,, Z,.,52,0Y])dr —/ Z,-dX, + Ky — K}, 0<t<T, P(x)qs.,
¢ ¢
o T
Yy (w) := EFre {(‘%g@(T —s)U(X7) +/ Osp(r — s)U (c* (r, X, ZT))dr], (s,t) € [0,T)? we€ Q.
t
where for (¢,z,2,7,%) € [0,T] x X x R x R x R},

1
Fi(z,z,%,u) = sup {(ra+Ba—c)z2+U(c)} —u; Hy(z,2,7) = sup {Ft(:b,z,E,u)—i——Ew}.
(c;0)€R? x {a?=5} SeR? 2

Proposition 4.1. Let (Y, Z, K) and v* be given by
t
Y; = a(t)U(Xy) +b(t), Zy == a(t)X; ", K; ::/ kpdr, v = (ﬂn_lXt,a(t)_%Xt),
0

where
1 _
ky == H(t, Xy, 20, Ty, 0Y}) — Fy(Xy, Z4,62,0Y)) — 5 Te[62Ty], Ty = —na(t) X, M t € [0, 7],

dY® is defined as above, and a(t) and b(t) as in Equation (A.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

*

ax, = Xt((r + 8%  a(r)W)dt+ 517—1th), 0<t<T, P —as.

Proof. By computing the Hamiltonian, we obtain (¢*(¢,x, ), a* (¢, z, 2,7)) := (z_%r, |Bzy~Y|) define the maximisers
in F and H respectively. Therefore, in this setting, the 2BDE in (H) can be rewritten as for any P € P(x)

1
n

T 1 _ T
Yt:U(XT)—i—/ (ZT(rXT—i—ﬂ&T—ZT N+ UZ, )—aY[)dr—/ Zp-dX, + KB~ K? 0<t<T, P as.
t t

Moreover, taking Y, Z and K as in the statement we obtain v} := (af,c}) = (ﬂn_lXt,a(t)f%Xt), t € [0,T]. Note
that the map (¢, x, z,u) — Fi(x, z,X,u) is clearly continuous for fixed ¥ and that the processes X,Y,Z and T are
continuous in time for fixed w. This yields, as in the proof of Theorem 3.8, that the process K satisfies the minimality
condition under every P € P(x). Moreover, note that  — o (x) is continuous for all ¢ € [0,T]. Therefore, there
exists P*" € A(x,v*) such that

dX, = Xt((r + 6%t + a(r)_%)dt + ﬂnflth), 0<t<T, Fu*fa.s.

Moreover, we may find a(¢) and b(t) given by Equation (A.1) so that for any P € P(x)

T T
Y: =U(X7) —|—/ he(ry Xy a(r) X717, a(t)f%Xt) =Y, ldr — / a(r)X,"-dX, + Kr — K,
t t

T T
=U(Xr) +/ Fo(X,, Xpya(r)X,7",62,0Y)dr — / a(r)X,;"-dX, + Kp — K¢, 0<t<T, P-as.,
¢ t
where we exploited the fact Y satisfies (A.5). Also note that given our choice of v*, K P = 0. We are left to
argue the integrability of Y, Z, K. This follows as in the proof of Theorem 3.8 as the uniform exponential growth
assumption is satisfied, since a(t) and b(¢) 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 9Y is argued as in the proof of (3.10). O
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5 Dynamic programming principle

This section is devoted to the proof of Theorem 3.2, namely we wish to obtain the corresponding 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 (¢,2) € [0,T] x X we recall

v(t,x) = J(t, t, z,v") IEPM[/ frt, X v dr + €(t, Xoar) |

and (P,lg’,;)(t,z)e[o,T]xx denotes the unique solution to the martingale problem for (2.7), with initial condition (¢, x)
and fixed action process v*. Similarly, for w = (z,w,q) € Q, {o,7} C To.r, with ¢ < 7, and v € A(o, z) we also set

1)(0’7 X)(w) = U(U(w)v x-/\a(w))a and J(Uv T, Xv V)(w) = J(U(w)v T(w)a T Ao(w)s V)'
Our first result consists of a one step iteration of our equilibrium definition.

Lemma 5.1. Let v* € £(x) and v the value associated to v* as in (P). Then, for any (¢,4,t,0,7) € RY x (0,£:) x
[0,T] X Tt t4e X Te e with o <7, and P(x)-qe. z € X

Woa) < s (00w y ®r )
veA(o,z)

_ . (5.1)
v(o,x) > sup EF [U(T,X) —i—/ frlo, X, vp)dr + J(o, 7, X, v*) — J(1, 7, X, v*) | —€l.
veA(o,z) o
Proof. The first inequality is clear. Indeed for P(x)-q.e. z € X, IP’ 2 € P(o(w),z) and therefore v* € A(o, z).

To get the second inequality note that for (¢,4,t,0,7) € R% x (0, /) x [0, T X Tt 440X Te.t4¢ with 0 < 7, P(x)-q.e. x €
X and v € A(o, x)

v(o,z) = J(o,0,2,v*) > J(o,0,2,v @, V") — &l

FrOTv T
|:/ V Qr V*)r)dr + / fr(av X, (V ®r V*)T)dr + 5(07 X'/\T):| —etl

EP[( X) /fTO'XVT)dT—I—J(O'TXI/) J(T,T,X,V*):|—E€,

where the last equality follows by conditioning and the JF, measurability of all the terms. Indeed, in light of

v*

Lemma A.4.1, an r.c.p.d. of F@TU with respect to }'T, evaluated at x, agrees with P the weak solution to

7(x),z?
(2.7) with initial condition (7, ) and action v*, for P'®" —ae. z € X. As all the terms inside the expectation are
Fr-measurable, the previous holds for P'-ae. 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 (0,7) € Ti7 X Titse, With 0 < 7, we denote by II* = (r f)le{l _____ ney € Tir a generic
partition of [o,7] with mesh smaller than ¢, i.e. for ny = [(r — 0)/{], 0 = 7§ < -+ < 7%, = 7, V{, and
SUDje (1, ey [Tf — 71| < €. We also let Arf :=7{ — 7/ . The previous definitions hold w-by-w.

Proposition 5.2. Let v* € £(x) and {0,7} C Ty 1, with o < 7. Fiz e > 0 and some partition I with ¢ < {.. Then
for P(x)-qe. v € X

nel

v(o,x) > sup EF’ [ 7, X) Z/ (!, X, vp)dr + J(7f, 7hy, Xov*) — J(thq, mh, X, v%) — neet |

veA(o,x)

20



Proof. A straightforward iteration of Lemma 5.1 yields that for P(x)-q.e. z € X

v(o,x) >  sup EF [/ fr(o, X, v)dr + J(o, 78, X, v*) — J(Tf,Tf,X,I/*)—i—v(Tf,X)—af]
veA(o,x)

1
>  sup / (/ fr(a,X,l/r)dr—l—J(Té,Tg,X,V*)—J(Tf,Tf,X,l/*)
veA(o,z) JQ o

+ sup B [0(72, / folri, X, 0y )dr + J (8, 74, X, v*) — J (18,78, X, %) — 25[])@”@&))
DEA(Tf,i)

= sup EF [/ fr(o, X, vp)dr + J(75, 78, X, v*) = J(vf, 7f, X, v%)
veA(o,x)

+v (72, / fr( Tl,X VT)dT+J(T1,T2,X v — J(Tf,Tf,X,U*)—Q&E],

where the second inequality follows by applying the definition of an equilibrium at (7f, X). Now, the last step follows
from [26, Theorem 4.6.], see also [55, Theorem 2.3.], which holds thanks to [27]. Indeed, as F is countably generated
and P(t,z) # @, for all (¢t,z) € [0,T] x X, [27, 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 x € X, {0,(,7} C To,r with 0 < ¢ < 7, v* € A(x), v € A(o,x),
and any F4 -measurable random variable ¢, we introduce the notation

EF ' [¢] = BF ®Fex[g),

where ]P)Z,*X is given by w — Pl(jg*(w) Zoncto) and denotes the F¢-kernel prescribed by the family of solutions to the
martingale problem associated with v*, see [69, Theorem 6.2.2]. Note in particular Eﬁl_juﬁu €] = EPo.x [€].

Proof of Theorem 3.2. Let € >0, 0 < £ < {. and II be as in the statement of Proposition 5.2. From Proposition 5.2
we know that for P(x)—q.e. z € X

Nng— 1
U(Ua I) Z sup {EP |: T X Z / aXa VT)dT+ '](T T+15X v ) J(TiéJrlvaJrlaXa V*) _n25€:|}
veA(o,x)

— ne—1 i+1
sup {EP [U(T, X)+ Z / fr(tf, X, v dr — Tlgé‘é:|
) i=0 /i

veA(o,x

ne—1

T
ey [ [ (frvf,X,v:)—fmfﬂ,x,v:))dmg(rf,n—5(rf+1,x>}ﬂ‘ﬂ>”<dw>}

i4+1
Nng— 1
= sup {EP [ (1, X) Z/ ,X,VT)dT—ng€€:|
)

veA(o,x
1 (5.2)
Z ]E]P ]P |:/[ (fT(TiéaXay ) f’r( z+17 :))dr—’—g(Tqu'/\T)_g(Tié+17X-/\T):|}u
i+l
where we used the definition of J and conditioned. For (¢,z,v) € [0,T] x X x A(t,z), let G(s) := [ fr(s,x,vp)dr,
s € [t,T]. We set G(s) := G(s), so that
nelo ) T ne—1 T
ZEP [/e fT(TigvayT :| ZEP |: erl G(Tzé)—"_/ (fT(Tié7X7VT)_fT(Tié+17X7VT))dT:|
=0 Ty o
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1 +1

_ Z EP |:G(Tié+]_)_G( )} EIP’ B [/Uff (fol(rf, X, vy) — fr(Tf+1aX7’/T))dT]
(5.3)

where the last equality follows from the .7-'T_e+1-measurability of the integral and Theorem 2.1. Now we observe that

we can add the integral terms in (5.2) and (5.3), i.e

ne—1 _ _ . T =v =¥ i
Z Effflp [/[ (fr(TiZaXayr) fT( 1+17 :))dr] +Eféff {/ (fr(TinvaT)_fT(TiZ-',-levVT))dr]
i=0 Ti+1 ¢ o
nyg—1 *
S ET it xwe fo(rhon X, (v @ v7),))d
= Ti£+1 r ) v ‘rf+11/ ) ) r\Tit+15 (V ‘rf+ly )T) .
=0 o

Consequently, for P(x)-q.e. x € X

_ Nng— 1
v(o,x) >  sup {EP[ (1, X) +ZG Tiy1) — G(7; )—ngaf]
)

vEA(o,x

nel

s [ [T
P e R A A R R e LT )

ngl

# > BT et X et X

The idea in the rest of the proof is to take the limit £ — 0 on both sides of (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 [T —o/ ﬂ 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 2.7, we consider
ly given by £, — ¢y as ¢ — 0. We must consider two cases for fp: 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 (5.4) are independent of £, we then first let € go to zero so that [7 — o /¢|el — 0 as e — 0,
and then study the limit £ — 0 as in the following. In both scenarii (3.4) 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 :=
> kens YkL(on_1,04(t) for a sequence of non-decreasing F-stopping times (ox)ren, and random variables (v )ren+,
such that for any k > 1, vy is F ngf -measurable. We will denote by APY (¢, ) the corresponding subclass of actions.
By [27] the supremum over A(t, z) and APY(¢,z) coincide. Indeed, under Assumption A.(i7) and A.(iii), we can
apply [27, Theorem 4.5]. Assumption A.(i7), 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 [27, Remark 3.8]. Without loss

of generality we assume (o )ren C IT¢, as we can always refine I1¢ so that v, = v; for 7/ <r < Tf_H.

In the following, we fix w € Q. A first-order Taylor expansion of the first summation term in (5.4) guarantees the
existence of vf € (7f,7f,1), i € {0,...,n¢} such that

ng—1 Tie+1
S Glrty) - Gl - Am(fT X+ [ og s Xovar ) (5.5)
=0 o
nyg—1 7-,C+1/\'yZ Tﬁ 1
Z At! < (5, X, v) — frel e —i—Z/ s fr(7f, X, Vk)dT—/ Bsfr(TfH,X,uk)dr)
i
Ng— 1

< 3ttt + 3 [ i) <2700+ 0 0) 20,

The equality follows by replacing the expansion of the terms G(7¢ 1) and the fact v is constant between any two terms
of the partition. The first inequality follows from Assumption A.(7), where p and pg, 5 are the modulus of continuity
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of the maps t — fi(t,x,a) and s — 95 f,(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 € Q0. We
claim that for a well chosen sequence of partitions of the interval [o, 7]

el — T T r
EF [ZG(rfm—G(rf)} 420, P [ [ nxwars [ Eﬂ”nx[ / asfu(r,x,uu)du}dr], (5.6)
1=0 o o o

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 [53], for £ > 0 fixed there exists, w-by-w, I = (FD)ie 1, me}
a partition of [o, 7] such that the Riemann sum in (5.5) evaluated at I converges to the Lebesgue integral w-by-
w. With this, we are left to argue (5.6). Recall that so far, our analysis was for w €  fixed, therefore one has
to be careful about, for instance, the measurability of the partition ‘. An application of Galmarino’s test, see
Dellacherie and Meyer [20, Ch. IV. 99-101], guarantees that #{ € Tor for all i € {1,...,n,}, d.e. the random
times 7/ are in fact stopping times. See Lemma A.4.3 for details. Finally, (5.6) follows by the bounded convergence
theorem.

Similarly, a first-order expansion of the second term in (5.4) yields (”Yf)z‘e{o,... such that

e}

ne—1

Z EIP: " |:/ (fT( Tis ’( ®Tie+1 ) ) fr( Tit1s X, (v ®Tz’[+1 v ) )+AT+16 fT( H‘l’X’ (U®Tie+1 V*)T)>dr]

+1

=

nel

T
Z EIP B [ATerl/ (asfr(%éaXa (v ®e ), ) 0Os fT( 1+1,X7 (v Qre,, y*)r))d?‘:|

< Tpa,r(0) H—O> 0.

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

EF [Wzlmmﬁ 41 [/ Os fulthin, X, (v, ’ 1V*)u)du” 20, g U EPTX{/ Ds fulr, X, (v@p1*)u )du}dr].

Combining the double integrals in (5.6) and the previous expression we obtain back in (5.4) that for P(x)—q.e. z € X

—v T —* T
v(o,x) > sup EF |:U(T,X) —|—/ {fr(r, X,v,) —EFrx [855(7", X.AT) —|—/ Os fulr, X, v, )du”dr}

veA(o,z)

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

- T T
v(o,x) = EFo.x |:’U(T,X) —|—/ fr(o, X, v*)dr — / fr(r, X, v*)dr + £(0, XoaT) — &(7,4 X.AT)].

In light of the regularity of s — f;(s,x,a) and the measurability of v*, Fubini’s theorem yield

EPM[/ Folo, X, dr—/ folr X, v)d ]:]Eﬂ_"fz[/;(fr(r,x,y ]Eﬂ”rx[/ 0, fu(r, X, v2)d })dr},

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

*

—v T —* T
v(o, x) —Epdvm[ (T,X)+/ <fT(T,X,I/:) — EFrx [8S§(T,X.,\T)—|—/ Os fulr, X, v, )du])dr],
which gives us the desired equality and the fact that v* does attain the supremum. O

Remark 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 (5.4) attains the same value over A(t,x) and AP¥(t,z). For
this we used [27, Theorem 4.5] which holds in light of Assumption A.(iii). Indeed, after inspecting the proof of [27,
Theorem 4.5], one sees that [27, Assumption 1.1] guarantees pathwise uniqueness of the solution to an auziliary SDE.
However, as pointed out also in Claisse, Talay, and Tan [15, Section 2.1], the previous condition can be relaxed to
weaker conditions which imply weak uniqueness but are beyond the scope of the current paper.
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Remark 5.4. A close look at our arguments in the above proof, right after Equation (5.4), brings to light how to
obtain Theorem 3.2 in the case one introduces {.;, in the definition of equilibria. Indeed, we need to control £y,
the limit € — 0 of leyr,. In the case of equilibria, no extra condition was necessary as Le is uniform in (t,v).
However, when this is not the case one could add, for instance, the condition that for P(x)-q.e.x € X

inf go,t,u > 0.
(t,v)€[0, T x A(t,x)

Remark 5.5 (Reduction in the exponential case). As a sanity check at this point, we can see what Theorem 3.2
yields in the case of exponential discounting. Let, for any (t,s,z,a) € [0,T]?> x X x A

fs,t,x,0) = e YU f(t ,a), €(s, ) = e "T79(a),
4 T ~ ~
J(t,z,v) =EF [ / e-”—“f(r,x,ur)dr+e—9<T—“£<X.AT>]
t

Notice that
T T T
/ (asw, Xoar) + / Osfulr, X,v )du)dr= (e — ST E(Xonr) + / (1= e77) flr, X, v)dr
t T t

T
+/ (e_e(T_T) — e_e(T_t))f(r X, vr)dr

Now, replacing on the right side of (3.4) and cancelling terms we obtain that for P(x)—q.e.z € X

’U(O’, ;[;) = ei})ip )Eﬁu |:/ eie(rig)f(r, X, VT)dT‘ + ’U(T, X-/\T):| ,

which is the classic dynamic programming principle, see [27, Theorem 3.5].

Finally, we mention that representations in the spirit of (3.4) have been obtained, see [25, Proposition 3.2]. Never-
theless, this is an a posteriori result, which follows from a direct application of Feynman—Kac’s formula.

6 Analysis of the BSDE system

We begin this section introducing the spaces necessary to carry out our analysis of (P).

6.1 Functional spaces and norms

Let (P(t,))t,2)e[0,r]xx be given family of sets of probability measures on (€2, ) solutions to the corresponding
martingale problems with initial condition (¢,2) € [0,T] x Q. Fix (¢t,z) € [0,T] x X and let G be an arbitrary
o-algebra on Q, G := (G, )s<r<7 be an arbitrary filtration on €, X be an arbitrary G-adapted process, P an arbitrary
element in P(¢,z). For any p,q > 1 we introduce the space

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

il = sup EIP] < (resp el o= B < < ).
ty c T

o S7.(G) (resp. S} ,(G,P)) of Y € Pprog(R,G), with P(t, z)-q.s. (resp. P-a.s.) cadlag paths on [t, T], with
Y8 = sup IE]P[ sup |YT|p] < 00, (resp ||Y||Sp ® —EP[ sup |Y, |p] <oo)

PeP(t,x) re(t,T] €[t,T]

o LYP(G) (resp. LY (G,P)) of Y € Pprog(R, G), with

T a T z
[Y[[far := sup ]EPK/ |yT|qd7a) ] < 00, (resp. ||Y||§q,p(P) = EPK/ |yr|qdr) ] <oo).
bro PeP(t,z) 0 b 0
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e HY ,.(G) (resp. HY ,(G,P)) of Z € Pprea(R%, G), which are defined 57dt-a.e., with

T 5 T '
1Z|%, = sup ]EPK/ |8TZT|2dr) ] < 0, (resp. 1218, o = EPK/ |8TZT|2dr> ] < oo>.
@ PcP(t,x) 0 t@ 0

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

1Ky ey = EF[|Kr|P] < occ.

We will say a family (K¥)pep(s,q) belongs to I ,((Gp)pep,q)), if for any P € P(t,z), K* € I} ,(Gp,P), and

K| = sup [K|} p <oo.
ST pep(t,z) 1w (P)

o M}, (G,P) of martingales M € Popi(R,G) which are P-orthogonal to X (that is the product XM is a (G,P)-
martingale), with P-a.s. cadlag paths, My = 0 and

] <o

ok

1My o = EF |[M]

Due to the time-inconsistent nature of the problem, for a metric space E we let P2,

parameter processes (Uc)repo, 772 © ([0,T)? x Q, B([0,T]*) ® G) — (B(E), E) measurable.

(E,G) be the space of two

- 13
such that the mapping ([0, 7] x Q, B((0, T]) ® F5) — (L7 .(G), || - |z ) (vesp. (LY2(G,P)), || - ez @) : s — &(s)
is continuous and

. Lfy’f (G) (resp. Lf)’2(g ,I?)) denotes the space of collections (£(s))seo,r) of G-measurable R-valued random variables
I

Po,i=s P, < oo, | resp. P = s p < )
6z = s N <o, (1o €1y = st I€(o)E g < o0

Finally, given a generic integrability space (IP, || - ||1) we introduce the space
o 172 of (Ux)reo, 172 € Pheas(R, Gr) such that the mapping (0,77, 8([0,T])) — (I7, | - [|ir) : s — U* and

1UNgp.2 :== sup [[U°[|f, < oo.
sel0,T

Remark 6.1. To ease the notation, when p = q we will write Lf ,(G) (resp. Lg’f(G)) Jor LY2(G) (resp. L;?;;‘;@(G)).
With this convention, L? ,(G) (resp. Li’j(@)) will always mean Li’f (G) (resp. Li’jz (G)). The spaces are Lg:gﬁ((g)
and Hfﬁ’f(G,X) are Hilbert spaces. For U € Sfj(@) we highlight the diagonal process (Uf)icio,r) s 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.

6.2 The BSDE system

We now begin our study of the system

T T
Y, = &(T, X.a7) +/ F.(X,Z,.,5%,0Y")dr — / Z.-dX, + K5 — K, 0<t<T, P(x)qs.,
t T ' (H)
Y (w) := Eft= |:(95§(S,X./\T) —I—/ s fr(s, X, V*(r, X, ZT))dr], (5,t) € [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 2.6 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 results in Possamal, Tan, and Zhou [63] allow us to verify that constructing the
initial solution suffices, see Lemma A.2.1.
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Definition 6.2. Let (s,z) € [0,T] x X, 9Y," be a given process and consider the equation

sy Yo

T T
Y% = &(T, X.pr) +/ F.(X, 757 52 aY[)dr—/ 757 dX, + K3™F - KPP s <t < T (6.1)
t t

We say (Y=, Z5% (K*"F)pep(s.2)) is a solution to 2BSDE (6.1) under P(s,z) if for some p > 1,
(i) Equation (6.1) holds P(s,z)—q.s.

.. s.z s.x sz X, P(s,z X, P(s,x s
(i) (Y25, 297, (K" Fpepsm) € L (BT ) X B L (FE7) x (B, (FFF, P)perp(om)-

(i4i) The family (K" F)pep(s,z) satisfies the minimality condition

0= essinff E¥ [K:SF’I’P — KpoF }]—"tX’P |, s<t<T, P-as., VP € P(s,z).
P'EP; . (¢,P,FY) *

Consistent with Definition 3.6, we set (Y, Z, (K¥)pep(x)) = (YO0, Z9% (KO*F)pcp(x)). We use the rest of this
section to prove Theorem 3.8, justifying that in the setting of this paper our approach encompasses that of [6].

Proof of Theorem 3.8. Let P € P(x) and consider (€2, Ffp(x), P). We first verify that (Y, Z, K) satisfies first equation
in System (H). A direct application of Itd’s formula to Y; = v(t, X;) with X given by the SDE (2.7) yields that
P-a.s.

T T
Y, =Yy — / ((%v(r, X,) + %Tr[d(X)ramv(r, XT)])dr - / dpu(r, X,) - dX,
t t

T T

1 1

— Yy +/ sup {FT(XT, 20, 8,0V0) + = Te[S rr]} — S Tx [d(X),T,]dr — / 7, dX,,
t TeT,(X,) 2 2 ¢

where we used (3.10) and the definition of H in terms of F as in (3.5). Next, by definition of 57 and with K, as in
the statement we obtain

T T
Yt:YT+/ FT(XT,ZT,@?,&)J,T)—/ Z,-dX, + Ky — K;, P-as.
t t

Next, we verify the integrability conditions in Definitions 3.7.(i) and 3.7.(i7). As o is bounded, it follows that for any
P € P(x), X; has exponential moments of any order which are bounded on [0, T, i.e. 3C, sup,¢(o7) B [exp(c|X¢]1)] <
C < o0,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 Y € Sﬁ(Ff’P(x), P(x)) for p > 1.
Similarly, we obtain Z € HZ(FY""™) P(x), X) and 9y € SE2(FY"™) P(x)). To derive the integrability of K, let
P € P(x) and note that

T P
¥ (i} <G, (V18 + sul())IEPK | imzestolar) | +loviz. + 1215, ) <,
* PeP(x 0 x *

where the inequality follows from the fact (¢t,z,z,a) — F(t,x,2,a,0) is Lipschitz in z which follows from the
exponential growth assumption on f° and the boundedness of the coefficients b and . The constant C,, depends on
the Lipschitz constant and the value of p as in Bouchard, Possamai, Tan, and Zhou [10, Lemma 2.1]. As the term
on the right does not depend on P, we conclude K &€ Hﬁ((Ff’P)Pep(x)). The previous estimate shows as a by-product
that the 2BSDE in (H) is well-posed, see [63, Theorem 4.1]. Therefore, provided K satisfies the minimality condition
by [63, Theorem 4.2], we conclude Definition 3.7.(7), 7.e. (Y, Z, K) is the solution to the 2BSDE in (H).

We now argue that K satisfies (3.9). Following [68, Theorem 5.2], we can exploit the fact the o is bounded and
the continuity in time of X, Z and T for fixed z € X, to show that for ¢ > 0, (t,v) € [0,7] x A(x,P) and
7ot =T Ainf{r >t : K, > K, + ¢}, there exists P*" € Px(t,P,FY) such that k; < e, dt ® dP¥" on [r5!, T] x €.
From this the minimality condition follows. Moreover, by assumption, we know there exists P e PO(0,x, v*) where
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v* maximises the Hamiltonian, i.e. 52 = (o0 ' )i(Xs,v}),dt @ dP*~a.e. on [0,T] x Q, and k; = 0, P*" ~a.s. for all
t € [0,T]. Thus the minimality condition is attained under P", i.e. 3.7.(iii) holds. Moreover, note that this implies

V(t, Xy, Z0,Ty) = V*(t, X4, Zy), P ~as. (6.2)

We are left to argue 0Y satisfies the second equation in (H). Given the regularity of s — J(s,t,z), we can
differentiate the second equation in (3.10). Using this, for s € [0,7] fixed and w = (z,w,q) € Q we can apply Itd’s

formula to Y = 0sJ(s,t, X;) under F;’z This yields,

o T
0¥ () = BP0 01606, X) + [ 00 (5, X V71 X, 20
t
where the stochastic integral term vanished in light of the growth assumption on 9,.J(s,t,z) and we used (6.2). O

6.3 Necessity of (H) for equilibria

We recall that throughout this section, we let the Assumptions A and B hold. To begin with, from the definition
of the set A(t,x), we can restate the result of our dynamic programming principle Theorem 3.2, 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 (2.7) and v. We
remark that for any given P € P(¢,x), there could be in general several admissible controls v. With this we state
Theorem 3.2 as, for v* € £(x), 0,7 € Ty, 7, 0 < 7 and P(x)—qe.xz € X

— T " T
v(o,x) = sup sup EF [U(T,X)—i—/ fr(r, X, vp) — EE- [8S§(T,X.AT)+/ Os fulr, X, v )du]dr} (6.3)

PeP(o,z) vEA(0o,x,P)

The goal of this section is to show that given v*, P*, unique solution to the martingale problem asociated with v*,
and v(t,x), one can construct a solution to (H). To do so, we recall that given a family of BSDEs (V*)pept,0)
indexed by P(t,w) C Prob(Q) with (¢,w) € [0,T] x Q, a 2BSDE is the supremum over P(t,w) of the P-expectation
of the afore mentioned family, see [68], [63]. This together with equation (6.3) 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,x) we consider the
FX-adapted processes

F@i= s 8 [ar ) [ (X - ov)ar],

veA(t,x,P)

(6.4)
Y/ (w) :=E fz{[){ X.AT) /8frsX1/) }
and on (Q,F}",P) the BSDE
T T P
VE = &(T, X .ar) +/ F.(X,2F 52 0Y")dr — (/ Zf-dXT> ,0<s<t<T. (6.5)
t t

Note we specify the stochastic integral w.r.t X is under the probability P. Our first step is to relate )P with the
solution to the BSDE (6.5). Namely, Lemma 6.3 says that J* corresponds to the first component of the solution to

(6.5).

Lemma 6.3. Let Assumption B hold, (t,w,P) € [0,T] x Q x P(t,z) and (Y¥, Z¥) be the solution to the BSDE (6.5),
as in Papapantoleon, Possamai, and Saplaouras [60, Definition 3.2], and o} := V*(t, X, ZF'). Then

VE(w) = EF 7). (6.6)

Proof. Let us consider on (Q, Ffp, ]P’), for t <u < T and v € A(t,z,P) the BSDE
T T P
VEV = ¢(T, X p7) +/ (hT(r, X, 28 0, — ayTr)dr — (/ AR er) , P-as. (6.7)
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Under Assumptions B.(ii) and B.(7), we know that z — h¢(¢, x, z, a) is Lipschitz-continuous, uniformly in (¢, x, a),
that there exists p > 1 such that ([0, T]x Q,FX) 3 (t,w) — he(t, 2,0,0) € HP2(R™, F}", P) is well defined, and that
oY € Hg)w(R,FfP,P). Moreover, as for any v, and 7 in A(s, z,P), (00" )¢(X, 1) = 6% = (00" )(X, ), dt @ dP-a.e.,
PP is the unique solution to an uncontrolled martingale problem where (oo " ):(X) := (00 " )¢(X, ;). Consequently, the
martingale representation property holds for any local martingale in (2, FF, P) relative to X, see Jacod and Shiryaev
[45, Theorem 4.29]. Therefore, conditions (H1)-(H6) in [60, Theorem 3.23] hold and the above BSDE is well defined.
Its solution consists of a tuple (Vv ZFv) € D§7I(Ff’P,P) X Hﬁ)m(Rm,FfP,P, X) and for every v € A(t, z,P) and
P” is as in Remark 2.4 we have

— — T
E? [yf””] =EP {ﬁ(T,X) —|—/ (fr(r, X,v) —8Y[)dr , t€10,T].
t

In addition, Assumption B.(iii) guarantees the solution (J*, Z¥) € Dgw(lﬁ‘fp, P) x HE ,(R™, Ff’P, P) to BSDE (6.5)
is well defined. Furthermore, conditions (Compl)—(Comp3) in [60, 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 (00 ");(X,7;) = 62,dt ® dP-a.e. on [t,T] x X,
and so, o* € A(t,z,P). By comparison, we obtain

Yiw)= sup ETI<ET V]
veA(t,zP)
|

Remark 6.4. (i) In the literature on BSDEs one might find the additional term ftT dNE in (6.5), where NT is a
P-martingale P-orthogonal to X. Yet, as noticed in the proof once (oo )(X) is fived, uniqueness of the associated
martingale problem guarantees the representation property relative to X.

(13) We remark that an alternative constructive approach to relate Y to a BSDE is to consider for any v € A(s,z,P)
and t > s the process

t
NF’V = J(t,t, X, v (P)) —|—/ (fr(r, X, vp) — (’9Y[)dr.
0

However, as the careful reader might have noticed, this requires that for a given P € P(s,x) we introduce v*(P) the
action process attaining the sup in (6.4). However, the existence of an action with such property is not necessarily
guaranteed for all P € P(s,x), at least without further assumptions, which we do not want to impose here.

Remark 6.5. At this point we are halfway from our goal in this section. For (t,w) € [0,T] x §, the previous lemma

defines a family (y]P)Pep(t)w) 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 z)ejo,1)xx, i-e. putting together (6.6) and (6.3), we now know

v(t,x) = sup EF V7] (6.8)
PeP(t,x)

In light of the previous remark and the characterisation in [63], we consider the following 2BSDE
T T
Y; :§(T,X./\T)+/ F.(X, Zr,c?f,aY[)dr—/ Z,-dX, + K5y —KF, 0<t<T, P(x)q.s. (6.9)
¢ ¢

With this we are ready to prove the necessity of System (I).

Proof of Theorem 3.10. We begin by verifying the integrability of Y, defined as in (6.4). From Assumption B.(7)
we have that for any s € [0, T

T
0Y?||sz < sup Ep[yasﬁ(s,X.AT)‘p—i—/ yasz(s,X,uT*)’pdr < 0.
PeP(x) 0
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Therefore, as Assumption A.(i) guarantees the continuity of the map s — ||0Y® ||§p (FX P (x)) the result follows.

Let us construct such a solution from v* € £(x). Under Assumption B.(i7), it follows from (6.8) and [63, Lemma
3.2] that v is 1adlag outside a P(x)-polar set. Therefore the process v given by

+ = li t
T = o

is well defined in the P(x)—q.s. sense. Clearly v is cadlag, Ffp(x)—adapted, and in light of [63, Lemmata 2.2 and 3.6],

which hold under Assumption B, we have that for any P € P(x), there exist (ZF,KF) € ]HI&X(IE‘fP, P) x ]I&x(IFf’P, P)
such that

o 'r‘7

T
zg(T,X.AT)—i-/ F(XZPAzﬁYTdr—(/ Zr. dX) + K —KF, 0<t<T, P-as.
t

Moreover, the process Z; := (33)@11[1)27;] where (62)® denotes the Moore—Penrose pseudo-inverse of 7, aggregates
the family (Z")pep(x)- The proof that (K¥)pep(x) satlsﬁes the minimality condition (3.9) is argued as in [63, Section

4.4]. The integrability follows from Assumption B.(7).
Arguing as in [63, Lemma 3.5], we may obtain that for any P(x)-q.e.x € X and P € P(t,x)

+ _ P P
vy = esssup Y

PeP(t,P,FY)

with JF as in (6.5). Consequently
v(t,z) = sup EF[uf].
PeP(t,x)

Moreover, as for any ¢t € [0,T] and P(x)—q.e.z € X, IP’ attains equality in (6.8), see Theorem 3.2, we deduce, in

I

light of Remark 2.4, P¥" attains the minimality condition. This is, under P*", the process K P equals 0. With this,
we obtain (v, Z, (K)Pep( )) and 9Y are a solution to (H). Moreover, Lemma 6.3 implies

vy € arg max hi(t, X, Z;, a), dt @ dP” -a.e., on [0,T] x X.
a€A(z,62(x))

6.4 Verification

This section is devoted to prove the verification Theorem 3.12. To do so we will need to obtain a rigorous statement
of how the processes defined by (H) relate. This is carried in a series of lemmata available in Appendix A.2.

Proof of Theorem 3.12. We will first show that with v* as in the statement of the theorem Y;(z) = J(¢,¢t,x,v*) for
all t € [0,T] and P(x)—q.e.x € X. To do so, let (s,z) € [0,T] x X and note that Assumption B guarantees that the
corresponding 2BSDE under P(s,x) is well-posed. Indeed, it follows from Soner, Touzi, and Zhang [67, Lemma 6.2]
that for any p > p’ > k > 1,

/
D

)]

The well-posedness follows by [63, Theorem 4.1]. Now, in light of lemma A.2.1, for any s € [0,T]

T
sup Ep[esssupp< esssup’  EF [|§(T, X.AT)|”+/ |F.(X,0,52,0Y,7)|"dr
PeP(s,x) s<t<T P'€Ps o (t,P,FT) s

Y, =Y s <t<T, P(s,x)-qs., for P(x)-q.e. z € X,
Zy=27)%, 62dt @ dP(s,z)-q.e. on [s,T] x X, for P(x)-q.e. x € X, (6.10)
K} = KSIP T s <t<T, Ps,—as., forP-ae ze€ X, VP e P(x).
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We first claim that given a solution to (H) for any (s,z) € (0,7T] x X, P¥’, attains the minimality condition for the

s,z

2BSDE under P(s, x), see Definition 6.2. Indeed, by Definition 3.7.(ii%)

* v* v*
]E]P(l)/ x |:KP0,x IP)D,x
’ T

_ K, }zo,ogth.

As K0 is an increasing process, this implies K Py — 0 and therefore ngx attains the minimality condition for the
2BSDE in (H) under P(x). This implies, together with (6.10), that for P(x)-q.e.x € X and s € [0,T]

* *
v v
s, s,z,Py

*
v *
e g0 } —0, PY,-as.,

*
v* v* s,x,PY s,x,P
EPS,I[E%[KT e K

s,z P

f{” — EF. [KT

which proves the claim. Consequently, for P(x)-q.e.x € X and s € [0, T

T T
Y, = Y% = &(T, X.nr) +/ F.(X, 25" 52,0V )dr — / 75" dX,, s <t <T, P! —as.
t t

We note the equation on the right side prescribes a BSDE under ]P’Z; € P(s,xz). Moreover, given that for P(x)—
qe.z € X and s € [0,T], Vi (X, Z)") = Vi(X, Z,),dt ® dPY,~a.e. on [s,T] x X, we obtain

T T
Y = (T, X ar) —I—/ (hr(r, X, Z,v)) — 8YTT)dT — / Z3% - dX,, s<t<T, Pls’;fa.s.
t t
In particular, at ¢ = s we have that for P(x)—q.e.x € X and ¢t € [0,T]
V* V* T
P [Yttm] — EPV. [g(T, Xar)+ / (hr(r, X, Zvr) — ayrr)dr . (6.11)
¢

Now, in light of Assumption C.(i%), there exists (0),0Z) € S?g (Ffw‘w) X Hfi (Ffw’” , X) such that for any s € [¢, T

uru

T T
0Y; = 05&(s, X.aT) —|—/ Vhy(s, X,0Z:,v:)du —/ 0Z)-dX,, s<r<T, ]P’Z;fa.s.

In addition, Lemma A.2.2 yields

* T V* T ’/* T V* T
EPY = [/ (9Y[d7”] = EFte {/ EPY. [855(7", X.AT) +/ Os fu(r, X, V;)du} dr] = EFte [/ 8y;dr]
¢ ¢ r ¢
Therefore, from Lemma A.2.3 and (6.11) we have that for P(x)-q.e.z € X and ¢t € [0, T
1/* V* T
P (1] = B 60 X + [ (1 X287, 0) 09| = Tt ) (6.12)
¢

Finally, arguing as in [17, Proposition 4.6], (6.12) yields that for P(x) — q.e.x € X and t € [0,T]

v(t,r) = sup EP[Y;&’I]
PeP(t,z)

It remains to show v* € £(x). Let (¢,¢,t,z,v) € RY x (0,4.) x [0,T] x Q x A(t, x), £ to be chosen, and v @, v*.
Recall we established that for P(x)—q.e.z € X, t € [0,T]

T T
J(t bz, v) = E(T, X) + / F.(X, Zb 52, 9V )dr — / Zt7 . dX, + Kb®F - KETFp(t,z)-qus.
t t

_V®t+l’/*

By computing the expectation of the stochastic integral under P we obtain

J(t,t,x, v*) = J(tt, v Qppp V)
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T ? T

T
> EP Porer” §(T,X)+/ (he(r, X, Z1",02) = b (X, (v @40 V7)) - 5, ZE7)dr
L t

T
€0 X) - [ (X o)) + aY:)dr}

§V®t+[u*

r T
—E §(T,X)—§(t,X)+/t ho(r, X, Z5% %) — ho(t, X, Z% 02 — 8Yrdr}

T ? T T ? T

T ’ T ks Y T

t+L
+/ he(r, X, Z5% U%) — he(t, X, Z5%, 0, + ho(t, X, Z0% 07 — hr(r,X,Zﬁ’I,yr)dr},
t

where the inequality follows from dropping the K term. Now, since for P(x)-q.e.z € X, V} (X, Z;"") = V} (X, Z;), dt®
dP-a.e. on [s,T] x X for all P € P(s,z), we have the previous expression is greater or equal than the sum of

« [ T
E(T, X) — €(t+ 0, X) + / (o (. X, Z5%,07) — o (t + €, X, Z0%, 1) — BY7)d }

T t+¢
fT(t—f—g X 1% )dT+/ (fr(rava:) _BY;“T)dT:|’
t

§(t+€X £(t, X) /thXudT—i—
L t4+4

t+£
/t (fr(r, X,v) — fr(t, X, vp) + fr(8, X, v0) — fr(r, X, V:))dr].

We now study each remaining terms separately. First, regarding I;, by condlmonmg we can see this term equals 0.

Indeed, this follows analogously to (6.11), by using the fact that (J., @1 p’ w) PO | Fi g
see Lemma A.4.1, together with Lemma A.2.3.

EQ1sanrcpd of P

We can next use Fubini’s theorem and ® as in Assumption C to express the term I as

ey t+e T T t+e
IL=EF " {/ 8S§(T,X)dr—|—/ / Os fu(r, X, vy )dudr —/ / Os fu(r, X, vy )dudr —/ 8Y:dr]
t t Jr t+0 t

*

=E¥ [ /t " EFtec [(r, X)] — P [@(T,X)]dr},

where the second equality follows by conditioning, see Lemma A. 4 1. Now, arguing as in the proof of [69, Corollary

6.3.3], under the weak uniqueness assumption for fixed actions ]P’ z, — ]P’”z weakly, whenever (t,,x,) — (t, ).

By Assumption C.(i), for every (r,t,z) € [0,T]? x X, Eﬁr%m [®(r, X)] — EFi- [®(r, X)], £ — 0. Moreover, as
t — ®(¢, ) is clearly continuous and (r,t) € [0, T]?, the previous convergence holds uniformly in (r,¢). Together with
)

bounded convergence we obtain that for P(x)—q.e.z € X and v € A(t, z), EF [@(r,X)] — EF [®(r, X)],

¢ — 0, uniformly in (¢,7).

We now argue that the above convergence holds uniformly in v. Indeed, Assumption B.(i) guarantees that for
P(x)-q.e.xz € X the family M7, _,(Z) := IEP:H@[@(T,X)] - EP:’I[Q(T,X)], is P(t, z)—uniformly integrable. Thus,
provided P(t, z) is weakly compact, an application of the non-dominated monotone convergence theorem, see [21,
Theorem 31], yields the result. In order to bypass the compactness assumption on P(¢t, z), we consider the compact
set A™!(t, ), see [27, Theorem 4.1], of solutions to the martingale problem for which relaxed action processes are

allowed, i.e. ignoring condition (#i¢) in the definition of P(t,z). By [27, Theorem 4.5], the supremum over the two
families coincide. With this we can find ¢, such that for ¢ < /.

£
/ sup |E
t veA(t,z)

Finally, to control I3, we see that Assumption C.(i7) guarantees there is ¢, such that for all (r,z,a) € [0,T] x X x
A, |fr(s,z,a) — fr(t,2,a)| < e/2 whenever |s — t| < L, so that

§V®t+lu* [

o(r, X)) —~EF " [0(r, X)]|ar < <.

@y t+£
D {/ | fr(r, X, vp)dr — fr(t, X, vp)| + [ fr(, X, V:)_fT(T’X’Umdr] =t
t
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Combining the previous arguments, we obtain that for 0 < ¢ < £, P(x)—q.e.z € X and (¢,v) € [0,T] x A(t, z)

J(t,t,.’L',U*) - J(t,t,fE,V ®t+f V*) > —el.

6.5 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
(2.7) 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 6.6. Suppose o((z,a) = oy(x,a) =: o,(x) for all a € A, i.e. the volatility is not controlled, then System
(H) reduces to

T T
Y, = &(T, X.pr) +/ HO(X, Z,,0Y")dr — / Z,-dX,, 0<t<T, P-as.,
t . t . (Ho)
Y, = 05&(s, X.aT) +/ O0hl(s, X,0Z:,V*(r, X, Z,))dr —/ 077 -dX,, 0<t<T, P-as, 0<s<T.
¢ ¢

Proof. As the volatility is not controlled there is a unique solution to the martingale problem (2.6), i.e. P(x) = {P}.
In addition, since (c0 " )¢(z,a) = (00 "), (x) for all t € [0, 7], then

Si(x) = {(00 " )i(2)} € SF(R), Ay(z,04(z)) = A.

Let (Y, Z, K) be a solution to the 2BSDE in (H). As P(x) = {P}, the minimality condition implies that the process
KP 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 (Ff’P,P)-martingales. With this, it follows that for s € [0,7], 9Y® in (H) admits the
representation in (H,), which holds up to a P-null set. O

Remark 6.7 (HJB system exponential case). As a sanity check at this point we can check what the above system
leads to in the case of exponential discounting in a non-Markovian framework. Defining f(s,t,x,a) and F(s,x) as
in Remark 5.5, note that

T
J(t,z,v) =E" {/ e 0D f(r, X, v, )dr + e_G(T_t)F(X.AT)] =Y
t

Notice that

T ~ T
Yy = e 0= 4 / (00— f(r, X, v7) + b(r, X, v}) - o(r, X) T Z5)dr — / 0Z: - dX,,

t t

and as it does turn out that Z] = Z,, see Lemma A.2.2 and Theorem 3.12, we get

T T
OY = 00T 4 / (0e= 0= f(r, X, v%) + b(r, X, v}) - o(r, X) T Z})dr — / 9zt - dX,
t t

* T ~ ~
= gE*” [ / e 0=t f(r, X, % )dr + e"<Tt>F(X.AT)‘f§+ﬂ =0y}

t

Thus

T T
Y, =¢&(T) —I—/ H(X,,Z"",0Y,)dr — / ZV"dX,, vf(@, 2, u) = argmax {h{(t,z,z,a)}.
t t acA

In the classic Brownian filtration set up, e.g. assuming o is non-degenerate and n = d, the above BSDE corresponds
to the well-known solution to an optimal stochastic control problem with exponential discounting, see [78].
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The general treatment of systems as (H,) is carried out in the appendix.
Proof of Theorem 3.15. The result is immediate from Theorem A.3.1, see the appendix. o

Remark 6.8. 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 (3.9) is attained, we believe a feasible direction to attain this result is to go one level beyond
the weak formulation, and work in the relaxed framework, see for example [27].

7 Extensions of our results

We now present an extension of our results to more general classes of pay-off functionals, as in [8, Section 7.4]. The
dynamics of the controlled process X remains as in Section 2.3. We only present the corresponding results, the proofs
are analogous to those presented in this document and are available in Herndndez [39]. We will consider

f:[0,7] x X — R, Borel-measurable, with f.(-) F*-optional; g : ¥ — R, Borel-measurable;
€:]0,T] x X — R, Borel-measurable; G : [0,T] x R — R, Borel-measurable,

f:00,7]? x X x R x A — R, Borel-measurable, with f.(s,n, -, a) F~*-optional,
for any (s,n,a) € [0,T] x R x A, and define for (s,t,z,v) € [0,T]?> x X x A(t, x)

J(s,t,z,v) = EFre [/tT f (s X, EFee[f, (X)), ur)dr T e(s, X.AT)] + G(s, EPr. [g(X,AT)]).

As a motivation for the consideration for this kind of pay-off functionals, notice that the presence of the term
G(s,EFt=[g(x)]) 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.

Recall the convention 82 fi(s,x,n,a) := 86—1122 ft(s,x,n, a) denotes the respective derivatives. Let v* € £(x) and define

M (@) = B [g(Xpr)], N2 () = EPr [fo(X.pe)], (5,8,2) € [0,TJ2 x X.

We emphasise that N defines an infinite family of processes, when considered as functions of s, one for every ¢ € [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 [69, 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. Assumption A.(ii) and A.(iii) together with

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

(i1) fi(s,z,n,a) = fi(s,z,a) —I—ft(s,n) for an FX -optional (resp. deterministic) mapping f (resp. f) The mappings
x+— fi(z), t — fi(z), and x — g(x) are continuous uniformly in the other variables.

(#i7) 3C >0, p: (0,00) —> [0,00), p(|¢]) — 0, £ — 0, such that for P(x)q.e. € X,v € A(t,z), t <t/ <r <T,

=y =y , 2 -
E? UEPt«[N,’E *]— NE*| + ‘Eﬂ”w[M;,] - My

2
] < Ol — tlp(lt’ —t)).

Remark 7.1. 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 on f basically disentangles the randomness

coming from X.nr and EP:vm[fT (X Ar)]. This helps us bypass some measurability issues arising from the interaction
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between these two variables. Given the mon-linear dependence of the reward, when passing to the limit in the proof
of Theorem 7.3 below, one should expect that first order, i.e. linear, approximations, would not suffice 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 [46]. It is thus necessary to guarantee that M* and N} are left limits of cddlag
processes. In light of the continuity of the map (t,z) — Pt”_;, Assumption E.(ii) ensures that these processes are
continuous. 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.(ii1). We highlight that both processes appearing in Assumption E.(ii7)
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
f and g are regular in the sense of Cont and Fournié [16] so that the functional Ito formula holds, see below.

Lemma 7.2. Assumption E.(iii) holds if either

(i) the volatility is uncontrolled, A is bounded, f has bounded horizontal, first and second order vertical derivatives,
Dif, Vaf and V2, respectively. Moreover, the process A(t, X.a¢,v4) is square integrable for any v € A, where
A(t, x,a) := Dy fe(x) + 01(2)bu (2, a) Vi fula) + 5(00 T )u(2) V3 ful2);

(ii) the problem is in strong formulation with state dependent coefficients, unique strong solution. This is, there is
a probability space (Q, F,F,P) and a P-Brownian motion W such that for any v € A(x) there is a unique process
XY that satisfies

t t
Xf’”:xo—i—/ bT(XT,uT)dr—i—/ o (Xr, v )d Wy, £ € [0,T], P-as.
0 0

Moreover, (f,g) € C12([0,T] x R,R) x Co(R,R) and A(t, X¢, 1) is square integrable for any v € A, where A(t,x,a) :=
Oifi(x) + o (x, )by (2, )0:Fu(x) + $(00 ") (a, 2)02, fu(z).

In light of Remark 7.1 we define m and 7 square roots of the processes

M*|y — [M*)i—e N*y — [N*|—
mi = thupM, nt? = lim sup A el LT = (r,t) €]0,T]%
eN0 £ e\0 €

Building upon our previous analysis, we can profit from the recent results available in Djete, Possamai, and Tan [22]
to obtain the next DPP. We also remark that time-inconsistent McKean—Vlasov problems have been recently studied
by Mei and Zhu [54].

Theorem 7.3. Let Assumption E hold, and v* € E£(x). For {o,7} C Ty.r, 0 <7 and P(x)q.e. x € X, we have

o) = swp B o X) 4 [ (066 (000) < B (0,60 M) — 502Gl 072 Jar
veA(o,x) o

T T
_I/* 1
_ / EP-. |:(95§(T,X) +/ (8Sfu(r, X, NP5 vk) + iﬁﬁnfu(r, X, NI, yZ)ﬁZQ)du] dr]
Analogously, we can associate a system of BSDEs to the problem. Define for (s,t,z,z,7v,3,u,v, n,z,m,z,a) €
[0,7)2 x X x R? x Sg(R) x Sg(R) x Rx R x Rx R x R x R x A
he(s,z, z,a) == fi(s,z,f,(z),a) + by(z,a) - oy (z,a) " 2;

1
Fi(z,z,%,u,m,z) := sup {ht(t,x, z, a)} —u—=2z'%z8* G(t,m),
a€A(z,%) 2

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) — V*(t,z,2) € argmax hy(t,z, 2, a).
a€A

34



In light of Theorem 7.3, we consider for (s,t) € [0,7]? and w € Q the system

T T
}/t:é.(TaX)_'—G(Tvg(X))_'—/ FT(XaZTaafvaxﬂTaM:vﬁlt)dT_/ ZTdXT—"K’IIP;_KiIEPv
t t

o T
Y (w) = EFt= [855(5, X) + / (Bsf:(s, X,N*% Z,) + %Bﬁnf:(s, X, N5*, Zr)ﬁﬁ)dr} , (He)
t
* B *,8 7 ~ d[M* R dN:’
M () = EFC [g(X)], NP () = B R 0)], i o= SO g AN

Where 8Sft*(s’ I) n7 Z) = asft*(s7 x? n) V*(t7 x? Z)) and 812]1’11](‘;(57 x? n) Z) = al%nft*(s’ :Z:) n? V*(t’ :Z:) Z))'
In the case of drift control only, we define

RS (s, x, z,a) := fi(s,z,n,a) + by(x,a) - oy (z) " 2,

1
Ohl(s,z,v,1,2,a) = s fi(s, x,n,a) + by(z,a) - op(x) v + §ZTO}(I)TO’¢($) 202 fi(s,x,n,a),

HE(CE,Z,’U,, m,z) ‘= sup {hf(t,;v,z,a)} —u-—- aSG(tu m) - % ZTUt(‘T)TUt(x)Z ar?an(ta m)u
a€A

and (H.) reduces to the infinite family of BSDEs which for any s € [0, T] (recall the notations in Section 3.3) satisfies
T T
Y, = ¢(T, X) + G(T, g(X)) + / HO(X, Z,,0Y", M*, Z*)dr — / Z,-dX,, t € [0,T], P-as.,
t t

T T
ay;szasg(s,X)Jr/ Ong (s, X,0Z2, N&*, Z5* V*(r, X, ZT))dr—/ 07 -dX,, t€[0,T], P-as.,
t t o
(He)

T T

M = g(X) + / b (X, V*(r, X, Z,)) - 0, (X) Zdr — / Z}-dX,, t€[0,7], P-as.,
t t
T T

Nf**:ft(X)—F/ b (X, V*(r, X, Z,)) -UI(X)Z:’*dr—/ ZP* - dX,, t €10,T], P-as.

In the same way, a necessity theorem holds. It does require us to introduce the following set of assumptions.
Assumption F. Assumption B.(i:) and B.(iii) together with
(i) there exists p > 1 such that for every (s,t,z) € [0,T]> x X

sup EF [|§(TaX)|p+ |0:8(s, X)IP + |G(T, g(X))” + [g(X) [ + [ fs(X)[P
PeP(t,x)

1y 2P

T
+/ |F-(X,0,52,0,0,0)|” + [0hS(s, X, 0, NS* as*, vf) [Pdr| < oo,
t

Theorem 7.4 (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. z € X

v(t,x) = sup EP[YJ.
PeP(t,z)

Moreover, v* satisfies Definition 3.7.(iii), i.e. v* is a mazimiser of the Hamiltonian.

Remark 7.5. We would like to comment that the well-posedness of (Hy), 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 [50]
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 [29], Harter and Richou [34], and Xing and Zitkovié
[76], we expect to be able to obtain existence of a solution, but not necessarily uniquness.
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A Appendix

A.1 Optimal investment and consumption for log utility
We provide the necessary results for Section 4. We start with expressions to determine the functions a(-) and b(+)

2

pi= %, g =1- %, ar(t) :==r+ %ﬂ2p+a(t)7p, t€[0,T], aa(t) := (1 —1n)(ar(t) + 25—772(1 +1n)), t €[0,T].

Under the optimal policy (¢*,~*) we have that P*" —a.s.

dX, = Xo(r+ 807" + @(T)fi)dt + BT X dWy, dX T = (1) X [0 (t)dt + pBdW],
AU (1, X2)) = alt)1 X, (s (8) — pa'()a(t) )t + pBaWy),

which we can use to obtain that for P € P(¢, )
EP[U(c*(r, X,))) = U(c (¢, 2)) + 2 / Cexp ( / ’ m(v)dv)a(u)q(al(u) ~ pa (wa(u))du,
T
EF[U(X7)] = U(x) exp (/t ag(u)du).

By direct computation in (A.5) one finds that in general a must satisfy

T
a'(t)+ (1 —n)a(t)ar(t) + a(t)le(T —t) + @' (T — t) exp (/ ag(u)du)
K (A.1)

T T T
—i—/ o' (r— t)/ exp </ ag(v)dv>a(u)q (oa(t) — pa'(u)a(u)_l)dudr =0,t€[0,7), a(T) =1,
t t t
where we recall a; and ay are actually functions of a. The boundary condition follows as Yr(x) = 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 from doing so here. Nevertheless, in the
particular case 7 = 1, which corresponds to the log utility scenario, the expressions involved simplify considerably,

39



which reflects the fact that all non-linearities vanish. Indeed, in this case p =1, ¢ =10, a; =7+ /2 —a~*

and one obtains

7062:0

V'(t) + a(t)ou(t) —loga(t) — /tT ¢'(s — 1) (A(s) — A(t) — logla(s)])ds + ¢ (T = t)(A(T) — A(t))
+log(z)[a'(t) + (T —t) + @' (T — )] = 0.
where A(t) denotes the antiderivative of a;. To find a we set
dt)+e(T—t)+¢'(T—t)=0,t€[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(7T") = 0.

A.2 Verification theorem

Throughout this section we assume Assumption C. We present next a series of lemmata which shed light on the
properties satisfied by the 2BSDE in (H).

Lemma A.2.1. For (x,z,8) € X x X x (0,T] consider the 2BSDEs

T T
Y; =T, X 7))+ | Fo(X,Z,.,62,0Y])dr — / Z,-dX, + Ky — K}, 0<t<T, P(x)qs
t t
(A.2)

3 7’7 )

T T
Y% = (T, X.p7) +/ Fo (X, 25" 52,80Y)dr —/ Z5%AX, + K3W K570 s <t < T, P(s,z) qs.
t t

Suppose both 2BSDEs are well-posed. Then, for any s € (0,7,
Y; =Y, s <t<T, P(s,x)-qs., for P(x)-q.e. z € X,
Zy = 7%, 62dt @ dP(s,z)-q.e.on [5,T] x X, for P(x)-qe. = € X,
Kl = KSIP w8 <t<T, Ps,—as., forP-ae xe€ X VP e PXx).

Proof. Following [63], we consider for (¢,z) € [0,T] x X

)A/t(a:) = sup EPDJF],

PeP(t,x)

where for an arbitrary P € P(s,z), Y¥ corresponds to the first coordinate of the solution to the BSDE

T
y]fzf(T,X.AT)—i-/ F.(X,2F,62,0Y,)dr / zZP.dX,, s<t<T, P-as.
t

It then follows by [63, Lemmata 3.2. and 3.6.] that YT, the right limit of ), is IFX PO _measurable, P(x)—q.s. cadlag,

and for every P € P(x), there is (2%, KF) € HL (FLF,P) x IZ(FY", P) such that for every P € P(x)

T
yj:g(T,X.AT)Jr/ F.(X,ZF,52,0Y)) dr—/ ZP.dX, +/ dKE, 0<t<T, P-as.
t t

By [46], there exists a universal process [V, X] which coincides with the quadratic co-variation of Y+ and X under

each probability measure P € P(x). Thus, one can define a universal Ff’P(x)—predictable process Z by
~ Y+, X,
2= (o7 Al (A3)

and obtain,

T T
Vi = &(T, X.ar) +/ F.(X,Z,,5%,0Y")dr —/ Z, - dX, + K5 —KF, 0<t < T, P(x)-q.s
t t
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By well-posedness, we have that

V=Y, 0<t<T, P(x)-qs., Zs = Z;, 52dt ® dP(x)-q.e. on [0,T] x X,

Py (A.4)
Ki =K;,0<t<T, P-as., VP € P(x),

where the later denotes the solution to the first 2BSDE in (A.2). Thus, as YT is computed w—by—w, we can repeat
the previous argument on the time interval [s,7] and Q¥ = {® € Q : & = z,,0 < r < s}, d.e. fixing an initial
trajectory. Reasoning as before, we then find that on Q¥, Y7 is Fz(s’x)—measurable and P(s, z)—q.s. cadlag. By well-

posedness of the second 2BSDE in (A.2), this yields the analogous version of (A.4) between (Y, Z, (Ep)pep(s)w))
and (Y%, Z%%, (K*")pep(s,))- It is then clear that

Y, =YY", s <t <T,P(s,z)-qs., for P(x)—qe. xz € X, s (0,T].
The corresponding result for Z follows from (A.3). The relation for the family (K¥)pep(x) holds P-by-P for every

P € P(x) in light of the weak uniqueness assumption for the drift-less dynamics (2.7) and [15, Lemma 4.1], which
guarantees that for any P € P(x) and P-a.e.x € X

T P T Po o
(/ A XT> = (/ Ly -XT) , 0<s<t, Py p—as.
t t

Lemma A.2.2. Let (P”,v) € M(x). For (s,x) € [0,T] x X consider the system, assumed to hold P¥ ,-a.s.

T T
OY{ = 0:&(r, X aT) —|—/ Ohy(r, X, 02, v, )du — / 02 -dX,, s<t<T,
T r (D)
y[:é.(T7X/\T)+/ hu(T,X,Z;,Vu)dU—/ ZZqu, SStST
¢ ¢

Let (0Y,0Z) € Sb2 (FfPZ’I,P;I) x HE-2 (Ffpz’x,]}w X) be the solution to the first BSDE in (D). Then, the mapping

[0,T] 2 s — (0Y®,02°) € S’S’J(Ffps’z,]}”;w) X H§7w(Ff’Ps’z,Pg7m,X) is Lebesgue-integrable with antiderivative
(Y, 2), that is to say

T T
< / oYrdr, / aZ’“dr) =" -y, 2" - 2%), P ~as.

Furthermore, letting
- T
Y] (w) := EFt= [355(7"7 X.AT) —|—/ Os fulr, X, Vu)du], (5,t) €[0,T]?, w e Q,
¢
it holds that OY? = - [0V and J(s,s,z,v) = o [Vi]. If in addition 8Y € Sﬁ’Q(FfP:’”), forany t € [s,T]

— T — T
EFe = { / aY,fdr} =[EPe { / ay;dr].
t t

Proof. We first prove the second part of the statement. Note that
T T
Vi =E&(s, Xoar) +/ (fr(s, X, vp) +bo(X, ) - 5, Z5)dr — / Z:-dX,,
t t

T T
=¢&(s, X.aT) —|—/ fr(s, X, vp)dr —/ zZ: - dX,, F:)wfa.s.
t t
This implies
T
P X.PY .
Vi(z) = EP:.= [g(r, XAT) —|—/ fu(r, X, Vu)du‘ft+ ' ]
t
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Therefore, by taking expectation

— — T
EPs.= [yg(w)} = EFse {ﬁ(s,X./\T) +/ fr(s, X, VT)dr] = J(s,8,z,v).

The equality 0Y7 = 0Y:, is argued identically. Now, to obtain the last equality we use the fact that 0) €

Se-2 (Ff’Ps‘m,]P’;m). Indeed, the continuity of the mapping s — (0Y*,02°) 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?®,0Z®) is continuous,
in particular integrable. A formal integration with respect to s to the first equation in (D) leads to

/Bytds—/ BﬁsXATds—i—/ / 8fTle/r)ds+b(XuT /Bstdr—/ / 0Z:ds - dX,.

Therefore, a natural candidate for solution to the second BSDE in (D) is (V*, 2%, N¥), solution of the BSDE

T T
yfzg(s,X.ATH-/ (fr(s,X,VT)—FbT(X,VT)-GIZf)dT—/ Z:-dX,.
t t

Let (ITY); be a properly chosen sequence of partitions of [s,T], as in [72, Theorem 1], ITI* = (8d)ieqa,...,
[TI]] < €. Recall Asf = sf — st_,. For a generic family process X € HZ2(G), and mappings s — 9:£(s, ),
s — Osf(s,z,a) for (s,z,a) € [0,T] x X x A we define

Mg
I“(x ZASEXS 6X = XT — X5, 1°(8:¢(-, ZAsfag ), T4 f)e( = ZAS% fi(st, z,a),

=0

and notice that for any ¢ € [0, T
T
I5OY ), — (8Y ) = I(056(-, X.ar)) — (E(T, X 1) — E(5, Xopt)) — / (I'(02), — (62),) - dX,
T
/t [190s £)r (-, X, v0)) = (fo(T, X, vp) — fr(8, X, v0)] + G (X,v)[[4(02), — (62),]dr

Thanks to the integrability of (9Y,8Z2) and (Y, Z), it follows that I*(9Y) — (§Y) € HZ:2 and similarly for 0Z and Z.
Therefore, [10, Theorem 2.2] yields

1Y) = (V)1 + 11°02) - (D)l < 7 |

(0sEC. Xonr)) — (6T Xnr) §(s,X.AT))‘p
T P
+/t ‘Ig(asf)r('vXuyr)) - (fr(TuXJVT)_fT(SuXuyr))’ dT]

The uniform continuity of s — 05£(s, z) and s — 9, f (s, x, a), see Assumption C, justifies, via bounded convergence,

the convergence in S?  (F. s JPY ) (resp HE ) of IY(8Y*) to YT —Y* (vesp I(0Z%) to ZT — Z*) as { — 0. O

Lemma A.2.3. Let (P”,v) € M(x), (s,z) € [0,T] x X and (0Y,0Z) and (Y, Z) as in (D). Then

T
V=% +/ he(r, X, 25, v,) — OYidr —/ ZrdX,, §<t<T, P, as. (A.5)
t
Proof. By evaluating 9) at r =t in (D) we get

T T
8yf:855(t,X.AT)+/ ahT(t,X,az:,uT)—/ 02! - dX,, P'-as
t t
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We will show that for s <t < T, P, ,—a.s.

T T T T T
g(T,X.AT)—g(t,X.AT)+/ h,(r, X, Zl,yr)dr—/ ZrdXx, :/ he(t, X, Zﬁ,ur)dr—/ Zﬁ-dXH—/ oYrdr.
t t t t t

Indeed
T T T T T T
/ oY, dr = / 0s&(r, X ar)dr + / / Ohy(r, X,0Z], v, )dudr — / / 0Z; -dX,dr.
t t t T t T
Now, Assumption C.(ii) and 0Z € Hgﬁ(Ff’P:’z,P;m, X) yield

T T T ru
/ / Ohy(r, X,0Z;,, v, )dudr :/ / (Bsfu(r, X,vy) + 0ubu (X, 1) - 8Z£)drdu
t Jr t Jt

T
:/ (hu(u,X,Z;f,uu)—hu(t,X,Zi,uu))du.
t

P
Moreover, [[0Z]lgr2 ) < 0o guarantees fOT EP< .= {foT |3tZ[|2dt} “dr < oo so a stochastic Fubini’s theorem, see
Da Prato and Zabczyk [19, Section 1.4.5], justifies

T T T
/ / 072 - dX,dr = / (Zy—ZL)-dXy, P ~as.
t T t

A.3 Well-posedness
In this section we work under the setting of Section 2 but with a slightly more general system. We consider mappings

h:0,T] x[0,T]x X x Rx R xR — R, ¢:[0,7>x X xR xR?xR xR — R,

E:0,T)x X — R, n:[0,T]> x ¥ — R, (A.6)

which are all assumed to be jointly Borel-measurable. We also define for any t € [0,T], z € X, (y,z,u,v) €
R x RY x R x R, h(t,z,y, z,u) := hi(t, 2,9, z,u). We will work under the following assumptions.

Assumption G. (i) s —> ?Lt(s,x,y,z,u) (resp. s — gi(s,x,u,v,y,2)) is continuous, uniformly in (t,x,y,z,u)
(resp. uniformly in (t,x,u,v,y, 2));

(#1) (y,z,u) —> hy(z,y, z,u) is uniformly Lipschitz continuous, i.e. ALy > 0, such that for all (t,z,y,y', 2z, 2", u,u’)

|ht(‘r7ya 2 u) - ht(xvyla Zla u/)| < Lh(|y - yl| + |Ut(I)T(z - ZI)| + |u - ul|);

(131) (u,v,y,2) — gi(s,z,u,v,y, 2) is uniformly Lipschitz continuous, i.e. 3Ly > 0, such that for all (s,t,z,u, v/,

’ ’ ’
v?’U?y’y?Z?Z)

19¢(s, 2, u, 0,9, 2) = ge(s, 2,0, 0"y, 2)| < Ly (Ju =o' + low(@) T (v = )|+ ly = /| + |ow(@) T (2 = 2)]);

(iv) h.:=h.(-,0,0,0) € Ly*(FL",P), and, §.(s) := g.(s,-,0,0,0,0) € L>*(F3", P).
For (¢,m) € L2(F3X,P) x L22(FX,P) consider the system
T T T
yt=§(T,X./\T)+/ hT(X,yr,Zr,u:)dr—/ ZT-dXT—/ AN, t € 0,77,
t ¢ ¢
T T T (S)
Uu; =n(s, X ar) —I—/ gr (s, X, U2,V Y, Z,)dr —/ Vi-dX, —/ dMs, (s,t) € [0,T]?,
¢ ¢ ¢

with (V, Z, N, U, V, M) € L2(FLF, P)xH2(FF, X, P) x M2 (FF, P) x Ly *(FLF, P) x H (F 7, X, P) x M¥? (R4, P).
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A.3.1 A priori estimates and regularity properties

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 functions. In this section, we fix x € X and an arbitrary probability measure P € P(x). To ease the notation

we will write H? for H2 (Ffp, X, P) and similarly for the other spaces involved. Throughout this section, we define
(A, H ) H«%g)v and (A7, H ) Hif*)v where

H =12 x H? x M2 x L?? x H>? x M*?, J7* :=§% x H? x M2 x §%2 x H*? x M2,
1, Z,N UV, M5 = [VIIE2 + 127 + Ve + [U]E22 + [VIIee + [IM][f,
(V. Z N UV, M5 = VN3 + 1215 + [N + [UlEo + Vg + [M]fe.

We remove the dependence of the expectation operator on the underlying measure, and write E instead of EF. To
obtain estimates between the the difference of solutions, it is more convenient to work with norms defined by adding
exponential weights. For instance, for any ¢ € R, we define the norm || - |gz.c by

T
e = | [ ool us .

Such norms are equivalent for different values of ¢, since [0, 7] is compact. We also recall Young’s inequality which
for € > 0 states 2ab < ea® + ¢~ 'b*, and that for any finite collection of non-negative numbers (a;);c(1,....n}

<§ai)2§n§a?' (A7)

Lemma A.3.1. Let (Y, Z,N,U,V, M) € H# be a solution to (S). Then (Y,U) € S*> x S*2. Furthermore there exists
a constant C > 0 depending only on the data of the problem such that

10, 2N UV, M) < Ol + InliZes + IRIEw: + 13122 ) < oo

Proof. We proceed in several steps.

<

Step 1: We derive an auxiliary estimate. By applying Meyer—1to’s formula to e2¢|Uf|, see Protter [64, Theorem 70]

T T
et U | + LY — / e sgn(UVE - dX, — / e2 " sgn(Us_)dM?
t t
) T . (A.8)
=l + [ ot (snpdon o, V2 90 20) - Sl ar, v € 0.7
t
where L? := L°(U4*) denotes the non-decreasing and pathwise-continuous local time of the semi-martingale U* at 0,

see [64, Chapter IV, pp. 216]. We also notice that for any s € [0,T] the last two terms on the left-hand side are a
martingale, recall that V* € H2.

We now note that under the Lipschitz condition

|90 (s, U5, 0,7V Ve, ZO) < 13(8)] + Lo (U] + |0 Vi + |Ve| + o) 20]), (A.9)

T T

We now take conditional expectation with respect to F; in Equation (A.8). We may use (A.9) and the fact L° is
non-decreasing to derive that for ¢ > 2L,

T
A1 < B ol + [ o (REI(E, = /2 +10)] + Ly (o7 Vil + 190 + lo] 2:1) )
t

T
< B (o Tln(o)| + [ o5 (189 + Lo Vi + D11 410l 20))ar] € 0.7 (A.10)
t
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Squaring in (A.10), we may use (A.7) and Jensen’s inequality to derive

2

ct T T
P < TeP + ([ elair) 722 [ e (P ol ViPar+ o] 22)ar, ve 0.7
t t

Integrating the previous expression and taking expectation, it follows from the tower property that for any ¢ € [0, T

éE[/tTGCTV/ITTIQdT] < ]E[/tTech(r)Pdr] +1E{/tT (/TTe%“IQU(r)IdU)QdT}

T T
+ TL§E[/ / (| Vul® + log Vil? + |ajzu|2)dudr]
t T

T 2 T
<T sup {'ecT|n(r)|2]||L2 +E|:</ e%ulgu(rﬂdu) :| + TL§E|:/ ecu|UIV;|2du:| }
] t t

rel0,T
T
+T2L§1EU e (| Vul® + |UJZU|2)du}
t

Thus, we obtain for C' = 5T2L§eCT and ¢ > 2Ly, and any ¢ € [0,T]

1 T

T
EE[/ e”|l/{,f|2dr] < T2 () 2ae + [121.2) +E[/
t t

Step 2: Let s € [0,T], we show that (),U) € S* x S22. By (A.7), we obtain that there exists C' > 0, which may

change value from line to line, such that
T T 2
/ Ve - dX, / dM; >
t t

} < 4Ve)2,, (A12)

(V2 + o7 zr|2)dr] Ve (A1)

2 2

T T
|uf|2gc<|n(s)|2+‘/ |G, (s)|dr +/ (P + 10, VEP + 1V + o) Z0)?)dr + +
0 0

We note that by Doob’s inequality

t 2
E[ sup </ V- dXT)
te[0,T) 0

so it is a uniformly integrable martingale. Taking supremum over ¢ and expectation we obtain

ELS[%"T | |uf|2} < C(In() e + 13(5) 2o + U720 + V7120 + 1V12e + 12120 + [MP]Ze) <00 (A13)
€10,

Given (n,7) € £2? x LY22 and (U, V, M) € L*?2 x H?? x M?2, the map ([0, T], B([0,T])) — (S, - ||s2) : s — U*
in continuous. As s € [0,7], [|U||s22 < 0o and consequently U € S%2.

Arguing similarly in combination with (A.11), we obtain there exists C' > 0 such that
VI3 <CIEDMNZ + InlZ22 + [1BIEs2 + 131022 + IVIIE + [ 211 + Vo2 + Vi) < co. (A.14)

Step 3: We obtain the estimate of the norm. By applying It6’s formula to e“(|Y;|? + |U7|?) we obtain, P-a.s.
T T T T
ect|yt|2 + ect'uts|2 +/ GCT|U;ZT|2C1’I" +/ e°T|U;er|2dr +/ ecr—d[/\[]r +/ ecr—d[Ms]T
t t t t
T
= (€D + In(s)*) + 2/ e (Vrhy (Vs 20 UL) — | Vi |2 + Uz g (.U V7, Vs 21) — e P)dr + My — My,
t

where we use the orthogonality of X and both M?® and N, and introduced the notation

t

t t t
M, ::2/ eV, 2, ~dXT+2/ Y -dNT+2/ UV, ~dXT+2/ U - AME.
0 0 0 0
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We insist on the fact that the integrals with respect to both A" and M?* account for possible jumps, see [45, Lemma
4.24]. Moreover, as (V,U) € S? x S*2 the Lipschitz assumption together with Young’s inequality yield that for ¢ > 0
the left-hand side above is smaller than

T
1 1 1
< T (6P + o)) + [ e (DR = o)+ LG = o)+ 3loT 2P + gl Ve + Sl Jar
0
T B 2 T 2
+e sup €|V +¢e sup eCT|UTS|2—|—6_1</ e§T|hT|dr> —|—5_1</ e%T|§T(S)|dT) + My — My,
r€[0,T] r€f0,T] 0 0

with C as in (A.11) and the constants Cy and Cy changed appropriately. As in (A.12), the Burkholder-Davis-Gundy
inequality in combination with the fact that both ) and U*® are in S? shows that M is a true martingale. Therefore,
by (A.11), we find by taking expectation that

T T

ot (02 + )+ [ e (T 20+ loTViR)ar+ [ e (@, + e,
0 t

T 3 3
< eIz + A+ O)|nllZ2.2) +E[/O e”(l%Iz(Cl — o)+ USP(Cy — ) + gIUIZTF + ZIUfVﬁF)dT}

- 1
+ee (VI3 + 1Ullgez) + e e hIE 2 + (71 + C)e T [glEr 22 + gV o2,

with C; and Cs appropriately updated. Therefore, letting ¢ > max{C7, Cy}, the monotonicity of the integral yields
e+ e+ [ o (BloT 2P+ arveP)ar+ [ e @, +aie,)|
0 0

c — 7 — ~ c 1
<eT(IE@)NZs + (1 + O)linliZan + 7 AlRwz + (74 + C) 31022 ) + 2o (1VIEe + WUlEa2) + 5 VIEe.

Therefore, taking sup over s and ¢ to each term on the left-hand side separately and adding we find

g2 B 1
sup B[]+ sup B[] + SlIZIEe + glVIIEee + IVl + 1M
te(0,7] (s,6)€[0,7)2 (A.15)

< 66°T(|I€(T)II%2 + (L4 O)lnlZez + e Rl + (€7 + C)Ilﬁllﬁl,w) + Gee (V3 + 1A112.2).-

To conclude, we take sup over s in (A.13) and add it to (A.14). We may then use (A.15) to control the right side
and find € > 0 small enough such that the result holds. O

Lemma A.3.2. Let (£,n%) € L2 x £L*? and (h',g") for i € {1,2} satisfy Assumption G and suppose in addition
that (', ZL, N\ UL, VI, M) € 2 are solutions to the system (S) with coefficients (€', hi,n', g*), i € {1,2}. Then

T 2
1(6Y,8Z, 0N, 0U, 5V, 6 M)||? < C(E[\éﬁf + (/ \5ht(yg,zg,ut”)ydt> }
0

+ sup E[;an<s>|2+ ( / T}5gt<s,ut“,thsvyé,ztl))?dtﬂ)

s€[0,T]
where for o € {Y, Z,N, U, V, M, &}
6901 = </71 - 9027 and 5ht(ytlvzt1’ut1t) = h%(ytl’ztlvutlt) - h?(ytlvztlautlt)v te [OaT]

Proof. Note that by the Lipschitz assumption on h and g there exist bounded processes (o, ¢,7%), i € {1,2} and
2
€“ such that

T T T
oY, = 66(T) +/ (6he (VE ZEUT) + 410V, + af - 0} 62, + BLOUL ) dr — / 62, -dX, — / SAN;,
t t t

T
SUS = om(s) + / (8g- (s, U=, VI VE ZH) + B20UE + 2 - 0, 0VE + 420, + a2 -0, 02, )dr
t

T T
—/ 5325.01)@—/ SAM:.
t t

We can therefore apply Lemma A.3.1 and the result follows. O
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A.3.2 General well-posedness
Theorem A.3.1. Let Assumption (G) hold. Then (S) admits a unique solution in J .

In light of Lemma A.3.1 and Lemma A.3.2 existence of a unique solution in (42, || -|| s+ ) follows from Theorem A.3.1.

Proof. We first note that uniqueness follows from Lemma A.3.2. To show existence, let us define the map

T H — H
(y,z,n,u,v,m) — (y7Z7N7u7V7M)7

with (¥, Z,N,U,V, M) given by
T T T
Y Zf(T,X.AT)—i-/ hT(X,yT,ZT,UTT)dT—/ ZT-dXT—/ dN;.,
t t t
T T T
U =n(s, X.nr1) +/ gr (s, X, us, vl yp, 2 )dr —/ Vi-dX, —/ dM:.
t t t

Step 1: We first show ¥ is well defined. Let (y, z,n,u,v,m) € .

(7) Let us first consider the pair (U, V, M). Recall that for all s

T
= [+ [ gtz 7|
t
We first show ||U||p2.2 < co. To do so, note that for s € [0, 7]

T
Z/{ts —]E|:77(5) +/ gT‘(Svuf‘avﬁay?WZT)dT
0

fﬁ_’ﬂ , is a square-integrable F-martingale.
Indeed, by Assumption G g is uniformly Lipschitz in (u,v,y, z). Thus (A.7) and Jensen’s inequality yield
B[] < 6(||77(S)||%2 HlglEre + TLy(lulZaz + [[vllee + lylIE: + ||Z||1%12)) < oo, Vt € [0,T].

Now as U = U — E[fot gr(8,us, v, yr, zr)dr} , we get the estimate

T
S}épT]E[ / |uf|2dt] < 6T (Inl2ae + 1901222 + TLE(fullfen + ollfes + Iyl + 1213) ) < oo.
se|0,

Let us argue the continuity of ([0, 7], B([0,T])) — (L2,] - |lL2) : s — U*®. Let (sp)n C [0,7T], 8, — so € [0, T}, as,
n — oo, and define for p € {U,V,u,v,n}, Ap™ := @*" — p*. From the previous observation we have that

fﬁ] .

T
|AL{tn|2 <2E [|A77n|2 + T/ ‘gr(sm U V" Yy 2r) — 09780, U0, 070, Y ZT)‘QdT
0
Therefore, in light of the Lipschitz assumption we obtain there is C' > 0 such that

T
| [ 18uprar] < o (lar B + LA s, — sob + 1" s + 0" )

We conclude |U||p22 < oo and U € 122, Consequently, the predictable martingale representation property for local
martingales, [45, Theorem 4.29], guarantees the existence for any s € [0, T of a unique F-predictable process V* € H?
and an orthogonal martingale M?® € M? with the desired dynamics. Moreover, as in (A.13) Doob’s inequality yield
Us € $? for all s € [0, 7).

In addition, taking C' as in derivation of (A.11) in Lemma A.3.1, we may find that for ¢ > 2L, and t € [0,T]

1 T CcTr T 1 ~ T CcTr
S| [ emurPar] < pp i + a2 +E| [ oo+ laP)ar] + lfis (410
g
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(#4) For the tuple (Y, Z, N), notice that Y= IE[ —|—f0 +(Yrs 2y :)dﬂfiip] , is a square integrable F-martingale.
Indeed, under Assumption G, g is uniformly Lipschitz in (y, z,u), so (A.16) yields

T
E[54)7] < 4(||§<T>|%z 2 +TL,%(||y||%Hz T )2 +E[ / |u::|2er) < o0, ¥t € [0,T].

Integrating the above expression, Fubini’s theorem implies that )N) € H?, thus the the predictable martingale repres-
entation property for local martingales guarantees the existence of a unique (Z,N) € H? x M? such that (¥, Z,N)
satisfies the correct dynamics, where ) := ) — [ fo (Yr, 2rs L{T)dr} Furthermore, Doob’s inequality implies ) € S2.

(iii) We now show that (V, M) € H*? x M2, Applying 1t6’s formula to |[UZ|? we obtain

T T T T T
P+ [ et viPars [ Al = P+ [ Utstonan a2 [ uveeax, -2 [ -aa,
t t t t t
First note U* € S? ensures that the last two terms are true martingale for any s € [0, T']. To show ([0, T}, B([0,T])) —

(H2, || - |lm2) (vesp. (M2, ]| - [[m2)) : s — V* (vesp. M?) is continuous, let (sp)n C [0,T], s, — so € [0,T], as,
n — 00. We then deduce there is C > 0 such that

T
| [ o7 avePar+ AT < O(18n3 + 4305, = ool + 180 B + 1807,
0
and, likewise, we obtain

T
sup }E[ | lorvepar+ [MS]T} < C(JInlizes + 13120s + lolEee + Jullfez) < oo.
se[0,T 0

Since the first term on the right-hand side is finite from Assumption G, we obtain ||V|gz2.2 + [[M]pmz2 < oo. All
together, we have shown that ¢(y, z,n,u,v,m) € .

Step 2: We show T is a contraction under the equivalent norms || - || e. Let (y¢, 2%, nt, ut, v’ m%);—1 2 € 5 and
1 sl 2 52 52
5h’T = hT(y}‘vzrlvugr) _h’T(ygaZ?‘aurzr) 697“ = gT( ’ f‘ 7’Ui ayr ’ r) gT( ’ f‘ ,1}: 7y: 5272‘)

(i) With C as in derivation of (A.11) in Lemma A.3.1, we may find that for ¢ > 2L, and t € [0,T]
1 T T
EE[/ e”|§M,’f|2dr] < IE{/ o™ (|6, |* + |§zr|2)dr} - 1160] ez (A17)
t t
(ii) Applying It6’s formula to " (|6,|> 4 |6U:|?) and noticing that (6Yr, dUr) = (0,0) we obtain
T T
e (162)* + [0U)?) +/ e (|0} 62, > + |0, 6VE|?)dr +/ e d([ON], + [OM®),) + M3 — M;
t t
T
_ / e (262,81 + 20259, — c(|6V, [ + U ) ) dr
t
where

~ t t t t
M =2 / TSV, 0 2, - dX, + 2 / e Y, dSN; + 2 / T SUSSVE - dX, + 2 / Y, dSM?.
0 0 0 0

Again, the fact that (6),6U) € S? x S$*? guarantees, via the Burkholder-Davis—Gundy inequality, that Ms is a
uniformly integrable martingale, and thus a true martingale for all s. Additionally, under Assumption G (g,dg) are
uniformly Lipschitz in (u,v,y, z) which implies

(s 20 Us") = (7, 22 UED)| < Li(16y, | + lo]| 2] + 1604y ]),
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|gr(87u7sﬂl7vﬁ17yr 727:}) gr(svui27 izuyr 9 r)| < L (|(5’U, |+ |0T6v |+ |6y7‘| + |0T§ZT|)

yielding in turn, together with (A.17) and Young’s inequality, there is C' > 0 such that for any € > 0

T

T
E[e“(|6yt|2+|5uf|2)+/ e”(|0:5ZT|2+|U;F5Vf|2)dr+/ e“d([é/\/]T+[5/\/ls]T)}
t t

T
SE[/ e (182 + 10U 12) (20 = &) + 2(0us? + o] 60312 + 16y, 2 + |0 82,12) ) dr + e[ 6v] Fa.
0

Choosing € = 2Cc™! taking sup over s on the right we get

T

T
e (09 + )+ [ e (o 9z + lof avi)ar + [
f t
40(

e d([6N], + [5M5]r)}

[Gulluas + ldelliea + 6y ls + 119zl ).

yielding ||(8Y, 62, 0N, 60U, 6V, 6M)|%pc < 2E(||0ullLz.2+ ||6v|m22 + | 6y|[L2+ [|62||m2) . We conclude T has a fixed-point
as it is a contraction for c¢ large enough.

O

A.4 Auxiliary lemmata
To being with we present a result that justifies our choice of the class A(¢, z) in our definition of equilibrium.

Lemma A.4.1. Let (t,7) € [0,T] x Tir, (v,0) € A(x) x A(t,z). Then, P®7 = P¥ @, P/ ,
Alt,z,7) = Alt, o).

Proof. The later two results follows from the first. Let 7 € A(t,x), we claim that P¥ @, P  is well defined
and solves the martmgale problem associated with v ®, v*. Indeed, by [69, Exercise 6.7.4, Theorem 6.2.2] we
have that w — IP’T(w) X (r(w) )4 18 Fr-measurable for any A € F, and P:Ew),X(T(w),w)[Qi] =1 for all w € Q.

v, e At z),

Therefore, Theorem 2.1 guarantees P @, ]P’f(,))X(,) is well defined and P” @, ]P):(-),X(») equals P¥ on F, and
0w ® Pv weq isanr.c.p.d. of PY ®, P¥ iven F,. In combination with [69, Theorem 1.2.10] this yields M ¥
( (W) Fr(w),z/we p X 8 ) y

is a (F,P” ®, P»"X)-local martingale on [t, T| with control v ®, v*. O

Lemma A.4.2. Let (t,z,7) € [0,T] x X x Ty.r, (M, M) € M(t, z) x M(t, x) such that v @, U € A(t,z,P). Then,
—=v =UQ U
P'®, P, =P

T7

Proof. This follows from Lemma A.4.1 and the fact we can commute changes of measure and concatenation. O
Lemma A.4.3. For{ >0 let (”Yf)ie{l,...,m} be sample points as in Theorem 3.2. (:Yf)ie{l,...,ng} are F—stopping times.

Proof. We study (:Yf)ie{l,...,m} as the argument for the other sequences in the proof is similar. The result follows
from a direct application of Galmarino’s test, see [20, C. iv. 99-101], we recall it next for completeness: Let g be
Fr-measurable function with values in [0,7]. o is a stopping time if and only if for every ¢t € [0,T] we have that
o(w) <t (Xp, Wi, Ar]) (w) = (X, We, Ay p]) (@) for all (r, ) € [0,¢] x Cp([0,T] x A) implies o(w) = o(@).

Now, in the context of Theorem 3.2 we start with II¢ = (Tf)ie{l ,,,,, ne} a collection of stopping times that partitions
the interval [0, 7] C [0, T]. As £ > 0 is fixed we drop the dependence of the partition on £ and write Il = (7;)icq1,....n,} -
Without loss of generality we consider the case of a partition of [0,T]. For w € Q we can coincidence of the Lebesgue
integral with the so called gauge integral [53, Definition 1.5] to obtain a partition ¢ = (7 )16{1 ne}- We want to
show 7; € Tor for all i € {1,...,n¢}.

.....

A close inspection to the construction of the gauge integral allows us to see that for fixed w € € the choice of 7;(w)
depends solely on the application ¢t — f;(t,x,a) for (t,z,a) € [0,T] x X x A. We recall that as the supremum is
taken over APV (t, ) the action process is a fix value a € A over the interval [1;_1, 7;]. We note that fi(¢, X,v;)(w) =
fe(t,xar,a) = fi(t, X, v;)(@) as is fi(s,x,a) is optional for every (s,a) € [0,T] x A. These two facts imply 7;(w) =
7;(@) and the result follows. O
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