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Abstract

This paper studies a stochastic utility maximisation game under relative performance
concerns in finite- and infinite-agent settings, where a continuum of agents interact
through a graphon (see definition below). We consider an incomplete market model
in which agents have CARA utilities, and we obtain characterisations of Nash equi-
libria in both the finite-agent and graphon paradigms. Under modest assumptions on
the denseness of the interaction graph among the agents, we establish convergence
results for the Nash equilibria and optimal utilities of the finite-player problem to the
infinite-player problem. This result is achieved as an application of a general back-
ward propagation of chaos type result for systems of interacting forward—backward
stochastic differential equations, where the interaction is heterogeneous and through
the control processes, and the generator is of quadratic growth. In addition, char-
acterising the solution of the graphon game gives rise to a novel form of infinite-
dimensional forward—backward stochastic differential equation of McKean—Vlasov
type, for which we provide well-posedness results. An interesting consequence of
our result is the computation of the competition indifference capital, i.e., the capital
making an investor indifferent between whether or not to compete.
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1 Introduction

We consider agents investing in a common riskless bond and a vector of stocks
of their own choosing. Each agent aims to maximise their utility as a function of
their terminal wealth, benchmarked by the industry average. In addition, agents’ util-
ity functions are exponential. This problem was first investigated by Espinosa and
Touzi [15, 14] in the setting of a complete market with a finite number of agents. In
these works, the benchmark for a particular agent was taken to be an empirical av-
erage of the other players’ terminal wealth, multiplied by a constant factor between
0 and 1 representing the sensitivity of this particular agent to their peers’ perfor-
mance. Such a utility maximisation problem under relative performance concerns has
since been explored extensively using various techniques; see for instance Frei [16],
Frei and dos Reis [17], Lacker and Zariphopoulou [28], Fu et al. [18], Lacker and
Soret [26], Hu and Zariphopoulou [21] and references therein for a small sample of
works on the question. We also refer to Dos Reis and Platonov [12], Anthropelos
et al. [1], dos Reis and Platonov [13] for more recent articles studying relative
performance concerns through the lens of the forward criteria of Musiela and
Zariphopoulou [36]. The papers [15, 16, 17, 18] approach the problem from a purely
probabilistic perspective through characterising the solution of the game using sys-
tems of (forward—)backward stochastic differential equations ((F)BSDEs). In partic-
ular, Fu et al. [18] explore an extension of the game in an incomplete market frame-
work in the following sense: all agents there invest in the same vector of stocks (with
dimension d) and their strategies can take values in R?. In addition to having a com-
mon Brownian motion W* representing the market uncertainty or “common noise”
in the price dynamics of all stocks, they allow each stock to be driven by a separate
Brownian motion representing the “idiosyncratic noise”. These Brownian motions
are i.i.d. and independent of W*. In this setting, the characterising system of BSDEs
has the particular feature that it is quadratic in the control variable. As first observed
in the work of Frei and dos Reis [17], such systems are not always globally solvable,
making the analysis of the problem in full generality particularly challenging. For
instance, Frei and dos Reis [17, 16] provide specific counterexamples when equilib-
ria do not exist even in the case of a complete market where stocks are driven by
idiosyncratic noise only. Frei [16] showed that multidimensional quadratic BSDEs
are in general only locally solvable (i.e., the solutions exist only on small time in-
tervals), and he provided equilibria for the original game of Espinosa and Touzi [15]
using the existence of local solutions to the characterising BSDEs. Fu et al. [18] es-
tablished existence and uniqueness of the characterising BSDEs in an incomplete
market framework where all investors invest in two stocks only and the strategies are
unconstrained.

Recent developments in mean field games provide new avenues to approach the
above described utility maximisation game by considering the infinite-population
case. In fact, standard mean field games heuristics of Lasry and Lions [30], Huang
et al. [23] and Carmona and Delarue [10] suggest that in a homogeneous game, that
is, when agents are symmetric and identical, the infinite-population analogue of the
game can be solved by considering a single representative player whose best response
is obtained as solution of a (one-dimensional) McKean—Vlasov BSDE. More pre-
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cisely, one thus expects to bypass the subtleties coming with studying multidimen-
sional quadratic BSDEs by analysing a one-dimensional McKean—Vlasov quadratic
BSDE. Despite also having quadratic growth, the latter equation seems much eas-
ier to analyse (both analytically and numerically) than the former, making the mean
field game paradigm particularly attractive for this game. The mean field setting was
first considered by Lacker and Zariphopoulou [28] and Lacker and Soret [26] in the
Markovian setting with deterministic, constant coefficients, and equilibria were de-
rived using Hamilton—Jacobi-Bellman SPDE methods. More recently, probabilistic
techniques were proposed by Fu et al. [18] and dos Reis and Platonov [13].

In the present paper, we rigorously study the link between the finite- and infinite-
population games. Our main modelling assumptions can be summarised as follows:
we consider an incomplete market in which

— agents are allowed to invest in different vectors of stocks with random coeffi-
cients, driven by idiosyncratic noise and common noise;

— agents’ strategies are constrained to take values in a closed, convex set;

— agents benchmark their performance by a weighted average of other agents’

terminal wealth.
Let us elaborate on the last and probably less studied model feature mentioned above.
For a particular agent i, instead of having a single factor A; representing their sensitiv-
ity to a plain average of the other agents’ terminal wealth, we allow this agent to have
different sensitivity factors (A;;) j«; towards each agent. This assumption is a lot more
realistic in the sense that funds usually aim to outperform a small, specific group of
competitors and are usually completely indifferent to the performance of other funds
that are for example on a much smaller or larger scale, utilise completely different
strategies or operate in a widely different market sector. This leads to a heteroge-
neous game set on a (random) graph and deviates from the standard symmetric agent
interaction assumption, which is arguably the main limitation of the mean field game
formulation. Following the seminal works of Lovasz [33, Chap. 11] and Lovész and
Szegedy [34] on the convergence of graphs to so-called graphons (see precise defini-
tion and discussion below), the natural infinite-population analogue of the game we
consider in the present heterogeneous setting is a utility maximisation graphon game.
It is worth pointing out that in addition to the methodology, the main modelling dif-
ference between the present work and [18] resides in the heterogeneous interactions
among agents and the consideration of constrained strategies here. These give rise
to infinite-dimensional McKean—Vlasov type (F)BSDEs with quadratic generators,
making the analysis more demanding and requiring new techniques.

Similarly to mean field games, graphon games provide an alternative to study large
scale network games that in general suffers less from the curse of dimensionality.
However, unlike mean field games, agents in a graphon game are no longer anony-
mous, as mentioned by Carmona et al. [9]. The benefit associated with a graphon in-
teraction is that agents are now aware of who their neighbours are, and are allowed to
possess different preference metrics towards different neighbours. As a result, when
deriving the optimal strategy for a specific agent, one needs to take into account (an
aggregation of) a continuum of infinitely many other agents, where the aggregation
is established through the graphon. The analysis of graphon games has gained trac-
tion in recent years, mostly in the engineering community. Parise and Ozdaglar [38]
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were the first to analyse equilibria for static graphon games. Caines and Huang [7, 8]
studied decentralised control for graphon mean field games and established an
€-Nash theory that relates the equilibria for an infinite-population game to that of
a finite-population game. Gao et al. [19] explored linear—quadratic Gaussian mean
field games. Outside of the engineering community, Carmona et al. [9] studied var-
ious static graphon games. Aurell et al. [2] studied stochastic graphon games in a
linear—quadratic setting. We also refer to the recent works of Lacker and Soret [27]
and Bayraktar et al. [6] for recent results on generic games. The main contributions
of the present work can be summarised as follows:

— We derive explicit characterisation properties of the Nash equilibria in the finite
and the graphon utility maximisation games.

— We show that if the sensitivity matrix in the finite-agent game stems from a
graphon and follows a Bernoulli distribution, then the heterogeneous finite-agent
game converges to the graphon game in the sense that every sequence of Nash
equilibria converges (up to a subsequence) to a graphon equilibrium along with the
associated value functions.

— We prove solvability of the graphon utility maximisation game.

For the characterisation properties, we adopt an extension of a well-known
methodology proposed by Hu et al. [22]. The convergence and existence results are
more involved. Convergence is obtained as a byproduct of a general backward prop-
agation of chaos type result which appears to be of independent interest. Consider
a general system of weakly interacting FBSDEs in which the interaction is given
through a random graph (appropriately) stemming from a graphon. We prove strong
convergence of the interacting particle system to a limit consisting of infinitely many
coupled particles. Backward propagation of chaos type results and their link to the
mean field game convergence problem were first developed in recent works by Lau-
riere and Tangpi [31], Luo and Tangpi [35] and Possamai and Tangpi [39]. Note
that in these works, generators are Lipschitz-continuous. Our work contributes to the
theory by extending it to systems in heterogeneous interactions through the control
processes and where the generators are of quadratic growth. A case of FBSDEs with
heterogeneous interactions was posted on arXiv a week before the present work by
Bayraktar et al. [6]. See also Bayraktar et al. [4], Bayraktar and Wu [5] for results
along the same lines for forward particle systems. The results and methods of the
present work further allow us to introduce and compute the so-called competition
indifference capital, which is the capital allowing to make the investor indifferent
between being concerned by their peers’ performance or not.

The paper is organised as follows. In Sect. 2, we first introduce the probabilistic
setting and the market model, followed by the finite-agent and the graphon models
and lastly the main result of this paper, namely the convergence of the finite-agent
Nash equilibrium to the graphon Nash equilibrium. The BSDE characterisations of
the finite-agent game and the graphon game are presented in Sects. 3.1 and 3.2, re-
spectively. Section 4 is dedicated to the proofs of the existence results. In Sect. 5, we
prove the main results which are propagation of chaos for heterogeneous particle sys-
tems. Section 6 establishes existence and uniqueness for solutions of general graphon
FBSDEs of McKean—Vlasov type which then allows deriving existence of solutions
to the graphon game.
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2 Probabilistic setting and main results

Let us now present the probabilistic setting underpinning this work. In this section,
we also describe the market model as well as the finite- and infinite-population games
under consideration. At the end of the section, we present the main results of the
article.

2.1 The market model

We fix a finite time horizon 7 > 0 and integers n, d € N. Let (W');>| be a sequence
of independent d-dimensional Brownian motions on [0, 7'] supported on the probabil-
ity space (€2, F, P). In addition, this probability space supports another independent
one-dimensional Brownian motion W* on [0, T'] and independent R-valued random
variables (&° )i>1. We denote by " := (F/")sef0,7] the P-completion of the natu-
ral filtration of ((W")izl,,_.,,,, w*, gl ..., &M). Let us define spaces and norms used
throughout the paper. Fix a generic finite-dimensional normed vector space (E, | - |),
let G be a filtration and G a sub-o-algebra of F.

e For p € [1, o], LP(E, G) is the space of E-valued, G-measurable (equivalence
classes of) random variables R such that

1
IRILrE.G) := (E[IRIP])? < 00 for p < oo,
IR|Leo(E,g) :=1inf{€ > 0 : |R| < £ P-as.} < oo.

e For p € [1, 00), HP(E, G) is the space of (equivalence classes of) E-valued,
G-predictable processes Z with

T NP2
12150 :=E[<fo 1z ds) :|<oo.

e The space L2(E,G) consists of all (equivalence classes of) FE-valued,
G-predictable processes Z such that

T
/ |Z‘;|2ds < 00 P-a.s.
0

e For p € [1,00], SP(E, G) is the space of (equivalence classes of) E-valued,
continuous, G-adapted processes Y such that

sup |Y;]
t€[0,7T]

1Yllsr (.6 = LrEG
sIT

When the probability measure in the definition of these norms is another Q on
(2, F), we specify this by writing L”(E, G, Q), H?(E, G, Q) and SP(E, G, Q).

The financial market consists of n agents trading in a common riskless bond with
interest rate r = 0 and n x d stocks. In particular, each agent trades in a d-dimensional
vector of stocks S’ with price evolution following the dynamics

dS! = diag(S")(uidt + o/ dW! + 0 dW),  i=1,...,n,

@ Springer



502 L. Tangpi, X. Zhou

where we denote by diag(x) the d x d matrix with entries x € R? on the diagonal
and 0 everywhere else. The coefficients 11/, o' and o* are predictable stochastic pro-
cesses assumed to be bounded. Let ¥ := (o}, 0,'). We assume throughout that for
alli € {1, ..., n}, the matrix »iniT s uniformly elliptic, that is, X 2Ty > 8|x|2
PP-a.s. for some constant &¢ > 0 and all x € R?. Let us introduce the process 6’ by

o =2l (ziziNH
2.2 The n-agent game

A portfolio strategy is an F”-predictable, R4-valued process (1;)se[o0,7], With each
component representing the amount invested in the corresponding stock at time .
Let X i’” denote the wealth of agent i at time ¢ when starting with the initial position
&' and employing the trading strategy 7, which we assume to be self-financing. Then
X7 satisfies

X7 = m - (S0]dr +ofdW] o dW) X" =&

Each agent aims at maximising their own utility from terminal wealth, and we as-
sume the utility function to be exponential. In addition, each agent is concerned with
the relative performance of their peers; see e.g. Espinosa and Touzi [15], Frei and
dos Reis [17], Espinosa [14] for early works on such problems. Thus the terminal
wealths are benchmarked by a weighted average of the other agents’ terminal values,

A . ;
namely .= ] 3 i B 2L L X7 77 where here and throughout this work, we use ji X7 as

a shorthand notation for > AN} x/. The main modelling novelty considered in

Jell,..,
the present work is the addition of the term % which measures agent i’s sensitivity
to agent j’s wealth. The point is that each agent will try to perform better than the
average of the other agents in the market, but they are not concerned with the per-
formance of all agents. Think for instance of hedge funds which typically compete
with “similar” hedge funds, for instance those raising capital from the same investors.
Thus we always have A;; = 1 if agent i is concerned with agent j’s performance and
Aij = 01if not. Denote for simplicity

= L A with A}, := 0.

n—18,

The utility of agent i takes the form

( i ZAn;ﬂﬂ);:_exp(—%( ZMXMI»

J# J#

where 7' > 0 measures the risk aversion for agent i and p models the interaction
weight. Since we are interested in competition, we fix p € (0, 1] throughout the
article; see e.g. Hu and Zariphopoulou [21]. Let A’ denote the set of admissible
strategies for agent i (which we define shortly). To avoid bulky notations, we use the
abbreviated ¢ for the rest of this section with the understanding that the strategy
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depends on the size n of the game. The optimisation problem for agent i thus takes
the form

Vo' o= Vo () 4i)

= sup E[—exp( 7 ( IT”—pZA" XJ”J)):|. 2.1

reAl J#i

Definition 2.1 Let A’ be a closed convex subset of RY that we call constraint set. A
strategy 7’ for player i is admissible if 7' € H>(A?, F") and forevery j € {1,...,n},
there is p > 2 such that the family

P Pkij
{er 7" : 1 isan F"-stopping time with values in [0, T}

is uniformly integrable. In this case, we write 7/ € A’
We are interested in Nash equilibria, whose definition we recall.

Definition2.2 A vector (7!, 72, ..., 7") € A1 x Ay x---x A, is a Nash equilibrium
if for every i = 1,...,n, the strategy 7' is a solution to the portfolio optimisation
problem given in (2.1). That is, for each i,

Vé"l((ﬁ")jaéi)=E[_6XP(_%( = —p QM XM]))]

JF#

In this work, we assume that (A;;)1<;, j<n are realisations of i.i.d. random vari-
ables which are independent of the randomness in (W!, W*, éi)ie{l ,,,,, n}. In particu-
lar, (A;j)1<i, j<n is defined on a different probability space (D, §, 33) and results are
proved for almost every realisation of the graph. Therefore, we are actually working
on the product space (2 x D, F @ §, P ® B). We often use P to simplify the ex-
position. The interaction parameters (A;;)1<;, j<n give rise to an undirected random
graph. Notice at this point already that our setting will include Erd6s—Renyi graphs
and the traditional complete graph.

Let us conclude this subsection by introducing some more notation used in the
paper. Given a vector y = (y', ..., y"), we define

= ALy,

J#L

the weighted average of the vector y (taking out y’). Let Xfi be shorthand
notation for Xi’”l, and given a Nash equilibrium (%', #2,...,%"), denote by
Y; =y i A” X] ' the weighted average of the portfolio values for agents j # i

when they all use the Nash equilibrium strategy 7/. These notations are used in the
statement of the main results.
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2.3 The graphon game

Let I = [0, 1] denote the unit interval. Intuitively, in the context of an infinite-player
graphon game, we label by u € I a given agent amid a continuum. The following
probabilistic setup models the infinite-population game.

Let B; be the Borel o-field of / and ;¢ Lebesgue measure on /. Given a probabil-
ity space (I, Z, i) which is an extension of the usual Lebesgue space (I, By, 1), and
the sample space (€2, F, IP), consider a rich Fubini extension (I x 2, ZKF, uXP) of
the product space (I x 2, Z® F, uXP). Unfamiliar readers can consult Sun [41] for a
self-contained presentation of the theory of rich Fubini extensions. Let C ([0, T']; RY)
denote the space of continuous functions from [0, T'] to R¢. By Sun [41], we can
construct Z X F-measurable processes (W, &) : I x @ — C([0, T]; R?) x R with
essentially pairwise independent (e.p.i.) and identically distributed random vari-
ables (W¥, £"),cr such that for each u € I, the process W* = (W/)o<;<7 is a
d-dimensional Brownian motion supported on the probability space (€2, F, P) and
&" represents the starting wealth of agent u. Here, following [41, Definition 2.7],
essentially pairwise independent means that for p-almost all u, v € I, the pro-
cesses (WH, £") and (W7, £V) are independent. Suppose that in addition to (W"),<;,
the probability space (€2, F, P) supports the independent one-dimensional Brownian
motion W*,

Throughout the paper, unless otherwise stated, we identify families of random
variables on (I x 2,Z X F, u X P) which are equal (u X P)-almost surely.

Remark 2.3 By [41, Lemma 2.3], we have the usual Fubini property on the rich prod-
uct space (I x 2, ZXF, uXP),i.e., we are free to exchange the order of integration.
That is, given a measurable and integrable function f on (I x Q,ZX F, u X P), we
can write

S, 0)(nX¥P)(dw, du) = /[E[f(u)]u(du) = ]E[fl f(u)u(du)]-

IxQ2

This is used often in proofs without further mention. Moreover, we write
w(du) = du
to lighten the notation.

Let F* denote the completion of the filtration generated by (W*, W*, &%) and F
the completion of the filtration generated by (W*) e, W*, (€*),cr). As above, we
assume to be given a continuum of stocks S* with dynamics

dsy = diag(S;") (u/dr + o/ dW} + o"dW), uel,

so that the wealth process for agent ¥ when employing strategy m follows the
dynamics

dX" = 71, - (16"t + o dW/ + o "dW/), XU =&Y,
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where T, 6, o and o* are B([0, T]) ® Z X F-measurable stochastic processes on
[0, T] x I x 2, bounded uniformly in u € I, with

= (o', 0" and O :=x'(ZVEFH) T Lk,

with X Z;‘T assumed to be uniformly elliptic and where for almost every u € I,
o', o*" and pu* are F*-predictable.

We finally assume that (o"),cs, (6™),er and (u*),er are e.p.i. and identically
distributed.

Definition 2.4 A strategy profile is a family (7"),c; of F“-progressive processes
taking values in R4 and such that (u, 7, w) = /(@) is ZRB([0, T])®@ F-measurable.

Let the mapping n : I — (0, co) be Z-measurable, bounded and bounded away
from zero uniformly in u. Assume that the agent u is an exponential utility max-
imiser with risk aversion parameter n* and is additionally concerned with the perfor-
mance of their peers. The interaction among the continuum of agents is modelled by
a graphon, which is a symmetric and measurable function

G:IxI—1.

Throughout the paper, we fix a graphon G. The utility function of an agent u
is exponential with risk aversion parameter n*. Let F* := (F;");c0,7] denote the
P-completion of the filtration generated by W*.

Given u € I, consider the utility maximisation problem

u,G
VO

= V3 () vzu)
o 1 umh v,V *
= 7Tusgzlg]E[ — exp ( — n_u(XT E[p /I X" Gu, v)dv‘]—}]))]. 2.2)

The set A® of admissible strategies in the infinite-population game is defined as
follows.

Definition 2.5 Let u € I and let A" be a closed convex subset of RY. A strategy
profile (") ,e; is admissible if for p-almost every u € I, it holds 7% € H? (A", F*)
and [, |7 |2 au puydu < 0.

Taking inspiration from the theory of mean field games, see e.g. Carmona and
Delarue [10, Chaps. 1 and 3] or Lasry and Lions [30], we are interested in graphon
Nash equilibria defined as follows.

Definition 2.6 A family of admissible strategy profiles (7%),c; is called a graphon

Nash equilibrium if for p-almost every u, the strategy 7 is optimal for (2.2) with
(V) vu replaced by (7V)yy, that is,

@) = B oo (= (057 =l [ 637 G vanl77]) )|
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2.4 Main results

Let us now present the main results of this work. These are essentially the existence
of solutions to graphon games, the convergence of the finite-population game to the
graphon game and a new notion of competition indifference capital.

2.4.1 Existence of solutions to the graphon game

We begin with the solvability of the graphon utility maximisation problem. Existing
results on well-posedness of solutions to graphon games largely focus on linear—
quadratic or static games, see e.g. Aurell et al. [2] and Carmona et al. [9]; we also
refer to the more recent works by Lacker and Soret [27] and Bayraktar et al. [6] for
more general settings. Moreover, the case of games with common noise has remained
untouched. The existence result given here relies on general solvability of graphon
BSDEs and FBSDEs discussed in the final section of the paper.

Theorem 2.7 Assume that £* € L?>(u X P). Then the following hold:
Q) If A* =R¢ forall u € I and p satisfies

_ 1 _
p < e CAloletDT QD06 Vv 118]l00) ",

then the graphon game admits a graphon Nash equilibrium.
(i) If o™ = 0 for all u € I, then the graphon game admits a graphon Nash
equilibrium.

In the existence result in Theorem 2.7, we consider two cases. The first is the
common noise case. Here, we make the simplifying assumption that the strategies are
unconstrained. This is a standard assumption in the literature. We additionally require
the competition parameter p to be sufficiently small. The second case is the case
without common noise. Here, existence of a solution is obtained in full generality.

2.4.2 Convergence

The second main result states that as n — oo, the n-agent problem converges in
the strong sense to the graphon problem, of course given some link between the
sensitivity parameters (;;)1<;, j<x of the n-agent problem and its counterpart G (u, v)
in the graphon problem. Essentially, we assume below that (4;;)1<;, j<, forms the
adjacency matrix of a (random) graph converging in an appropriate sense to the graph
represented by the graphon G. See for instance Lovasz [33, Chap. 11] and Lovész
and Szegedy [34] for extensive accounts on convergence of graphs as well as the link
between graphs and graphons. Here we recall for readers the definition of the cut
metric which is used in the main results.

Definition 2.8 The cut norm for a graphon G is defined by

IGllg:= sup / G(u, v)dudv
EXE’'

E.E'eB;

’
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and the corresponding cut metric for two graphons G| and G is defined by
do(G1, G) == |IG1 — G2|o-

Although || - ||g is not exactly a norm, we can make it one by identifying graphons
which agree (du x du)-almost everywhere. Let us consider the usual L>-norm on
graphons, which is defined as

1/2
G2 == (/ IG(u,v)Izdudv) )
IxI

We make the following assumptions.

Condition 2.9 1) There is a sequence (By)n>1 in Ry such that lim,_, n,B,% = 00.
2) There exists a sequence (G,)n>1 of graphons such that
2a) the graphons G, are step functions, i.e., they satisfy

[nu] [nv]
G,(u,v) =G, , for (u,v) e I x I,
n n
and for every n € N, it holds
n||G, — Gl — 0 asn — oo;

2b) Ajj = Aji ~ Bemoulli(ﬁnGn(;l;, %)) are independent for 1 < i,j < n and
independent of (§*, o*, 0", o**, n")yer, W* and (W") ;.

The graphons G, introduced above are called step graphons because they are
piecewise constant. The conditions 1) and 2) are the important modelling condi-
tions. By Lovész [33, Theorem 11.22], 2b) says that the graph on which the finite-
population game is written converges (in the cut metric) to an infinite-population
graph. Condition 2b) implicitly implies that 8,G,, (r’l;, %) € [0, 1] and means that the
finite-population graph is a simple graph with weights {0, 1} depending on the out-
come of a “coin toss”. The parameter 8, can be seen as a density parameter on the
graph, and our condition 1) allows the graph to become more and more sparse as n
becomes large. In fact, we have in mind the situation lim,_, », 8, = 0.

Before stating the results, we start by putting the n-agent problem and the graphon
problem in the same probabilistic setting.

Remark 2.10 We re-brand the d-dimensional Brownian motions (Wi)ie{ 1
Sect. 2.2 by (W"");¢(1,....ny so that the completion of the natural filtration gener-
ated by (W");c(1,...ny and W* is now a subfiltration of F. Consequently, all in-
dices i € N that appeared in Sect. 2.2 should be interpreted as u;. The coefficients for
the price evolution in the n-agent game, namely (ai, o*t gt )ie(l,...,n} Which are now
(o"i, o™i, 0" );icq1,... ny after this re-branding, should obey the same conditions im-
posed on (o, o**, 0%), ¢ as stated in Sect. 2.3. To avoid unnecessarily complicated
notations, we keep the original indexing in the following sections. This re-branding
comes up again in the proofs of the main convergence theorem.

yenes
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The following result is the main contribution of this work. It proves convergence
of the heterogeneous n-player game to the graphon game.

20 \gi
Theorem 2.11 Let Condition 2.9 be satisfied, assume that I[*I[emIg |] < oo for
all (i,n) and that € € L*(u X P). Further assume that one of the following two
conditions is satisfied:
(i) A* = R? forall u € I and § satisfies § < e~ 101> FDT (2T loo V [0]l00) "
(i) o*™ =0forallu e I.
If the n-agent problem (2.1) admits a Nash equilibrium (ﬁi’”)ie{l ,,,,, n}» then for each
i, the control T"" converges to @" for some u and a graphon Nash equilibrium
(T")yer in the sense that up to a subsequence, as n — 0o,

" —F9E 0 (df @ P)ae.,

Vo (G j24) = Vo™ ()| — 0.

Theorem 2.11 will follow as a consequence of a general propagation of chaos
result for (quadratic) FBSDEs with non-homogeneous interaction. These propagation
of chaos results seem to be first of the kind; we devote Sect. 5 to them.

Before going any further, let us present an example where Theorem 2.11 becomes
easy in that propagation of chaos is not needed, at least granted our characterisation
results to come in Remark 3.3 and Corollary 3.5 below. This example deals with the
case of a market with constant coefficients and further motivates the analysis of the
random coefficients case done in this paper.

Proposition 2.12 Assume for all u € I that A* = RY, o** = 0 and o, u* are de-
terministic measurable functions of time. Consider a slight modification of the utility
maximisation problem (2.1) where A;; # 0, i.e., agent i takes into account a weighted
average of all agents’ final wealths as their benchmark. Under this modification, the
utility maximisation problem for agent i now reads

Vo' =Vt j)

1 i P " i
= sup E[—exp(— F(XIT” - EZ)WXJT ) .
i=1

meRd

Then for all n € N, there is a Nash equilibrium (ﬁi’n)ie{l,‘..,n} given by

Gfﬁti’" = %ni@t’ forall (n,i) e Nx{l,...,n}anda.a.t.
n 123

Furthermore, there is a graphon Nash equilibrium (7%),cy given by
o/7} =n"o/ fora.e. (u,t) € I x[0,T].
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In particular, 7"" and 7" are deterministic and we have
PAii

— Y W0 forall(n,i) e Nx{l,..., n}
nBn — PAii

o/ 7" — ot <
and a.a. t. 2.3)

In addition to providing an easy way to prove convergence results, Proposi-
tion 2.12 is interesting in that it shows that in the present heterogeneous game, when
the coefficients are constant, the Nash equilibria (both in the finite and the graphon
games) are constant as well, at least up to the randomness of the graph. This is in line
with the homogeneous case studied by Lacker and Zariphopoulou [28] using PDE
techniques and by Espinosa and Touzi [15] using BSDE techniques.

2.4.3 Competition indifference capital

To conclude this section on the presentation of our main result, we use the rich lit-
erature on exponential utility maximisation to assess the effect of competition on
an individual investor. As said repeatedly, our results build on characterisations of
the Nash and graphon equilibria by systems of (F)BSDEs. However, in order to nu-
merically simulate equilibria, one still needs to simulate the solutions (notably the
control process) of a high-dimensional system of (F)BSDEs or of McKean—Vlasov
type equations. As is well known in the numerical simulation literature, efficient sim-
ulation of the control process is much harder than that of the value process. One
might then wonder whether appropriately choosing the initial capital could make the
investor indifferent between being concerned with the relative performance of their
peers or not. That is, denoting

o 1 , .
JUUELF) = SUE‘E[ —exp(— F(XITJT - F))} where X" =&,
TeA

we should like to compute p*" such that

n
. . . . : i gin
Jl,n(gl _ pl,n’ 0) — Jl,l’l (gl’ o § :)»ZX%—:T[ >, (24)
J#

where (ﬁi’")ie{l ,,,,, n) is a Nash equilibrium. (In the definition of J when F = 0, we
take the elements of A’ to be F'-progressive instead of F"-progressive since in this
case, the agent is not concerned with the performance (and thus investments) of other
market participants.) This is precisely the (spirit of the) utility indifference pricing of
Hodges and Neuberger [20]. In the infinite-population game, this indifference capital

takes the form
7))

1
JHEE F) = Suj’ E[ _CXP<— W(X;’” - F))} where X" = §".
TeA!

JUE" = p",0) = J”(S”, pE[/ X;’EUG(M, v)dv
I

with
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We thus have the following corollary. In the statement below and throughout the
paper, we denote by P/ (¢) the projection of a vector { onto the constraint set X; A’.

20 |gi
Corollary 2.13 IfE[en & |] < 00, the competition indifference capital is given by
) ) 7/i,n
P =n'log 22—,
Y0

where y" is the value process of the FBSDE system (3.2) below and (y, ¢, ¢*) solves
the BSDE

2

)a

= (- (5 o= B e gglaa—en((%) <)
T . T
_/ ;S.dw;—/ LAWY
t t

Moreover, if the conditions of Theorem 2.11 are satisfied, then we have

|p"" — p"i| — 0 asn — 0o,

where p" is the competition indifference capital of player u in the graphon game.

The gist here is that p’" is given in terms of the value process of a system of

BSDEs, so that an investor starting with capital £ — p’" (only) needs to simulate the
control process of a one-dimensional BSDE in order to compute the optimal trading
strategy.

Proof of Corollary 2.13 The proof starts with the general duality result of Delbaen
et al. [11] which asserts that

s 5 e (= (x4 - w0

reAl J#i

—eXp(%éug(EQ[ ZA X ]—s"—n"H(@m))),

JF#

where H (Q|P) is the relative entropy given by

@ .
HQIP) := {E@[log al Q<P
+00 else,

and Q is the set of probability measures Q that are absolutely continuous with
respect to P and such that the stock price processes are local Q-martingales and
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H(Q|P) < oo. Applying this result to both sides of (2.4) yields

P = sup (E@[p ZAZ-X%’”"} —E- n"H<@|P>> — sup (— &' —n'H@QIP))

QeQ i QeQ
. l n
:n’log(—sup_E[—exp(——l< '”—pZA”X]ﬂJ ))])
reAl n JAi
i 1 im
—n'log| — sup E —exp(——iXT’)
reAl n
= 7' log '
Yo

where the last equality follows by Theorem 3.1 and Hu et al. [22, Theorem 7]. The
above argument also shows that p" = n"log(y;/y;), where Y* satisfies (3.6) and

(v, ¢, c¥) solves
T / 2
y/:/ (_(Q) Y |9”| +5 )ds
/;Y dwy — /g*’de.

The convergence statement therefore follows from Theorem 2.11. ]

(o)

The rest of the paper is dedicated to the proofs of the convergence and existence
results.

3 Characterisations of solutions to the utility maximisation games

This section provides characterisations of the Nash equilibria of the two games pre-
sented above in terms of solutions of backward SDEs. These characterisations will
play a key role in the proofs of our main results.

3.1 FBSDE characterisation of the n-agent problem

The following result provides an FBSDE characterisation for the n-agent utility max-
imisation problem (2.1). In particular, it expresses the Nash equilibrium and the asso-
ciated utilities as functions of solutions to a system of (quadratic) FBSDEs. This ex-
tends the main result of Espinosa and Touzi [15] to the case where both common n_oise

. L . L =i j 77
and idiosyncratic noise are considered. Recall the notation X lt =y jeti X?j X,
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20 \gi
Theorem 3.1 Assume that E[en s |] < 00. If the n-player game admits a Nash

equilibrium (F'"");ie(1.....n)» then it holds

.....

. L i
Fin — (E;E;T)‘E;P;« ;i) +n19}> (dt ® P)-a.e.,
t

Logi_ gl i
i (o~ — 7 (=& —xp)
Vo (M) ji) = —e ’

forie{l,...,n}, 3.1
with (X', y', ¢, ¢*) e SIR, F") x SI(R, F") x HZ (RY, F") x H2 (R, F") for
(i, j) €{1,...,n}* solving the FBSDE

ii

. . r]i . 1 n ..
dyf = (QZ) o+ S = 53 1P

J#
2
>dt
(3.2)

) il L
(1d - Pﬁ)((g;,.) +n’9}>
+ Z;t’f AW + ¢ AW, vr = p Xy — &Y,

j=1
dXi= 7. (Z16idr + ol AW + o7 AW), X =&

27!

The reader might wonder why our characterising equation is a multidimensional
coupled FBSDE in contrast to the BSDEs usually derived in the literature; see for
instance Espinosa and Touzi [15], Frei and dos Reis [17]. We can achieve a charac-
terisation by a BSDE by “shifting” the value process y' and through introducing a
function 1, : R" — R” allowing to decouple the FBSDEs (3.2) into the BSDE (3.4)
given in the next corollary.

Corollary 3.2 Assume that

> o elo, 1. 3.3)
i#i

If the n-player game admits a Nash equilibrium (?f’"”)ie{l n)» then we have

T . Zii . TR
b ﬁ“":P’(( » )+ ’el) = (2" '(Z))),
t t t .lblt(z;k) n t ft( t 11)( 1))

Lgi_ gl yi
in o~ —= (' —pE —Yp)
Vé’n((ﬂ]’n)j?gi) =—e 0

’
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with (Yi, 21, 1) € SHR, F")xHE (R, F")xH2 (R, ") for (i, j) € {1,...,n}?
solving the n-dimensional BSDEs

T i 2
i i A i i A
Yt _[ ( 2 |93| (wt(z* ) 95 K (1]) (Z*)) +77 0
1 ¢ ij n JJ
+FZ|Z‘ + paliad £ (zV wlzn)|?
T
+pr (7 zzf,mpf@*))-z{a{))ds
JF#i
n T .. . T .
—Z/ z;f-dwg—/ ZHAwr, 1 el0, T, (3.4)
j=1 t t

where for every fixed t € [0, T1, b (¢*) = (¢, ¢*), where P, (¢, -) is the inverse
of the mapping &, (¢, -) : R* — R" given by

B o = ¢t = Y ot 5f Ty IE’PJ((Z*)HW)
J#

forall (¢, ¢*) € R™ x R". Here with abuse of notation, d)’ (¢, -) maps from R" to R

up to fixing a single trajectory of (Z )]e ) and (9 )jell,...n}- Furthermore, for
n > 3, is Lipschitz-continuous in ¢* WLth a constant depending on n.

Observe that the dimension of the domain of the function 1\ depends on n. Thus
1; will undoubtedly present a major obstacle when studying the limit of the game
as n — oo. For instance, in the infinite-population game, this decoupling procedure
does not seem to work. Furthermore, the condition (3.3) also presents an obstacle to
the fact that we should like to consider the limit of the game on a relatively sparse
graph. To avoid these difficulties while studying the limit, we rather work with the
FBSDE (3.2).

Remark 3.3 In the absence of the common noise W* (i.e., when o™ = 0 for all

u € I), the complications associated with 1, discussed above vanish. In fact, the
system of BSDEs in Corollary 3.2 then takes the much simpler form
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T i
V= [ (= e - 2ok iaa = PO )P
1 <& iy S o
+ 57 212 i P2 4 o)
J#i

n . .. . .
+Y MRz + 06 9&’>ds

J#

n T . .
—§j/ Z0.awi,  reo,T, (3.5)
j=1"1

and the equilibrium strategy now takes the form
7= (o) ' PI(ZIT +0'6))  (dt @ P)-ace.
3.2 FBSDE characterisation of solutions to the graphon problem

Similarly to the n-player game just discussed, we also derive (F)BSDE characteri-
sations of solutions to the graphon game. This time, the characterisation obtained is
with respect to a system of (infinitely many) McKean—Vlasov (F)BSDEs. We call
these equations graphon (F)BSDE:s to stress the fact that the dependence between the
equations occurs through the graphon G. As above, we use the notation P/(¢) for
the projection of a vector ¢ onto the constrain set X} A“.

Proposition 3.4 Assume that &€ € L*(iu X P) and that a solution

(X", Y", Z", 72" e S*(R, ") x S*(R, F*) x H*(RY, F*) x H?(R, F*)
such that (u, t, w) — X} (w) is measurable exists for the graphon FBSDE
dxy =7} (Z!6/dt + o' dW} + o "dW)), Xy =¢&",

u

~ _ V4
Tt = (%) Z;‘T) 12;‘ P} <(Z>‘€“) + n”@;’) (dt @ u X P)-a.e.,
t

z n"
ot = ((2h)or-+ et -

+ZU - AWE 4 ZH AW,
Yi= E[/p(X% —&ENG(u, v)dv
I

u

aa- () + et
t

dl

2
)dt (3.6)

znu

Then the graphon game in (2.2) admits a graphon Nash equilibrium (7"),c; such
that for almost every u € I, we have

1
VIO = —exp ( Gl / PEIE"1G (u, v)dv — Yo”)) @37
n I
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and

4

7= (zrzr Ty e p <(Z*”
t

) + n“e;‘) dr ® K P)-a.e. (3.8)

The above result characterises the solutions to the graphon game with common
noise in the sense that solvability of the game reduces to solvability of the sys-
tem (3.6). Moreover, the value function as well as the equilibrium strategies in the
infinite-population game are given explicitly in terms of solutions to (3.6). In the case
where there is no common noise, i.e., o** = 0 for almost all u € I, the above result
simplifies as follows.

Corollary 3.5 Assume that the graphon BSDE
u 77“ w2 u u 1 u u upuy 2
dy/) = 7|9z| + 2z -6 —W|(Id—P[)(Zt +n"6,")|

- ]E|:/,0Pt”(Zt” +n'6") -6/ G(u, v)dvi|>dt + Z; - dwW/,
I

1 €[0,T],

Y;p=0 3.9
admits a solution (Y", Z"),cr such that (u,t, w) — Z}(w) is measurable and we
have (Y*, Z%) € S*(R, F*) x H2(R?, F*) for almost every u € 1. Then the graphon
game described in (2.2) admits a graphon Nash equilibrium (7"),c; such that for
almost every u € I, we have

7= (o) PIZ 4+ 0"0") (At @ n K P)-ae., (3.10)

VO = —exp < - iu(s“ - /E[psv]c(u, v)dv — Y5‘)>. (3.11)
n I

4 Proofs of existence and characterisation results

The proof of Theorem 2.11 is based on general propagation of chaos results that are
given in Sect. 5. The existence result in Theorem 2.7 is a consequence of existence for
solutions to graphon BSDEs discussed in Sect. 6, where we present existence results
for graphon (F)BSDE:s.

4.1 Proof of the existence result in Theorem 2.7

We distinguish two cases: the case with common noise and the case without.
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(i) Case with common noise: In this case, when A* = R for all u, the FBSDE
(3.6) becomes

dXY = b*(1, Z4, ZF)dr —|—/’l’f(t, Zu, Z¥ydWHr + hg(l‘, Zu, ZHdw,
AV} = —g"(0, 20, ZPdr + Z¥ - AW + Z7dW;,

X4 =g, Yy =IE|:/I,0(X% — &G (u, v)dv

]—"§:|,
with
u *\ usuT\—1su < upu upu
bU(t, 2, 7%) = (ST~ B ((Z*)-f-?’l 9,)2[9,,

B 2. 2%) = (2;’2:’T>‘Er”((zz*) + n“@f) ot

e = Ty ((5) + ey o,

u
g'(t,z,7") = (;) -6 + %let"Iz.

In particular, because the processes X%, u* are bounded, the coefficients of this equa-
tion satisfy the conditions of Proposition 6.1. Thus it follows that (3.6) admits a
unique square-integrable solution. Therefore the result follows from Proposition 3.4.

(i1) Case without common noise: When o* = 0, the proof is similar. In fact,
it follows by Proposition 6.2 that the graphon BSDE (3.9) admits a unique solu-
tion such that (Y*, Z*) € S®(F*, R%) x Hpmo(F*, R?) for almost every u € I
with (u, 1, ) > Z{'(w) measurable and sup,, || Z" |2 g g« < 00. Then the result
follows by Corollary 3.5. g

4.2 Proof of Proposition 2.12

Under the given assumptions which include deterministic coefficients, the system of
FBSDEs (3.2) characterising the n-agent optimisation problem simplifies to

. .. . ni . 1 n ..
dyf = (&0l + L1 — =3 1e7 1 )ar
2 2nt =
J#i
n
+Y ¢’ -aw!,  relo, Tl
j=1

n T . . . .
vi =pXp =8N =p> )\?j/ 7ol (0] di +aw)),

; 0

j=1

“.1)

dX! = 7ol idt +dw)), X =&,
with the equilibrium strategies given by

a7 =l 4o (dr ® P)-ae.
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Let Y/ =y/ —p Y5 M fo 7" (6] ds +dWy). Recall that Al = Aij/nfy. Then
we have Y. = 0 and we can rewrite the FBSDE (4.1) as

T .
y;=/ <_;;’.9;——|9| +—Z|§s”| +pZA +n’9s’)9s’)ds
1

J#

n T . .
—2:/ (67— palh & + niody)aws.
=17

Observe that choosing

PAY;

PN 7
1-— ,o)L”

T JQ/
2

i ij _
9[9 ;I -

ii
& =

makes the stochastic integral in the above BSDE vanish, leaving Y’ a deterministic
process. Thus

T . .
vi= (—c;l~e;——|e| +—Z|;;f| +Zk +nj9s’)6’sj>ds
! J#
with
n

P i ij P

¢t = —"_n'e, J = U _pig) fori#
1 — pAl; 1— )»"

is a (deterministic) solution to the above BSDE.
Similarly, the BSDE (3.9) characterising the solution to the graphon game simpli-
fies to

T u
Y/ = / (— 777|6;‘|2 —-Zy-6¢ +IE[,0/(Z;’ +1'0) - 6 G (u, v)dv})ds
t I
T
- [ zeawy, 42)
t
with the equilibrium strategy given by
o7 = Z +n"6/.
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Using a change of measure argument, we can rewrite (4.2) as

T u
v/ = / (— %|9§‘|2 +E|:p];(Z;} + m6;) - 0, G(u, v)dv])ds
t

T
- / 24 (AW + 6"ds)
t

T u
=/ (—”7|9;’|2+E[p/(zs”+n”9;’>-9;)G<u,v>dv])ds
t I
T
_/, z" - dwnQ,

where W*@ is a standard Brownian motion under a new probability measure Q
dQ [T —prawe—1L 17 194 2du : u 2(md TRu :

such that T = ¢ T Tz . Noting that Z* € H~(R¢, F“, P), taking

Q-conditional expectations with respect to F;' on both sides, we can now con-

clude that
T nu
Y} = / (— 7|95',4|2 +E[pfnv|9;|2G(u, v)dv:|>ds,
' 1

u __ uSu _ upl
Z/ =0, o/'m, =n"6/,

is a (deterministic) solution to the BSDE (4.2). The convergence results (2.3) thus
follow from the boundedness of 1 and 6;. O

4.3 Proofs for Sect. 3.1

We now present the proof of the characterisation result for the n-player game. This
section consists of the proof for Theorem 3.1 and two auxiliary results in Lemmas
4.1 and 4.2.

Proof of Theorem 3.1 Assume (ﬁi>”)i€{ 1,....n} is a Nash equilibrium of problem (2.1).

First note that our assumptions on o/, o, and ! imply that X, € L*(R, F7). Let
T be the set of all F”-stopping times valued in [0, T']. Define the family of random
variables

- nll (T 7y-(Ti6! dstol dWi+o 21 dWs) —p(Xp—E))

T () =E[—e 721,
and let
Vi(t) :=ess sup TH (1) forallt € T
reAl
so that
VH0) = e#(étp?)V(f"l((ﬁj)j;éi)-
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Now let

Bim .= e# I nu~(2£9,idu+otidw,i+a;‘idw;‘).
Then it can be checked as in the proof of Espinosa and Touzi [15, Lemma 4.13] that
forallw € A,

[5’ V(7)) > E[B’ v ()| 7,1 for all stopping times 71 < 15, (4.3)

and by Karatzas and Shreve [24, Proposition 1.3.14], the process V' has a cadlag
modification again denoted by (V}) te[0,7]- Moreover, this process also satisfies (4.3)
so that for any w € A, the process /7 V' is a P-supermartingale. Now the definition
of a Nash equilibrium implies that 7" is optimal for agent i. In other words,

. IXtrr_, X
V(S:SUPE[—C”( & P(Tf))]

reAl

E[ - R —sf—p(Y’T—E‘»]_

The above implies that BTV isa P-martingale, where we write BT as a shorthand
notation for B> " . Denote M’ := 7 V!, We now proceed to show that the adapted
and continuous process

=i,n

v =X —& +p'In(-M)), 1[0, T], (4.4)

solves a BSDE. Note already that by the definitions of V! and M!, we have

~i L —pE' V)
Vo (@) i) = — !
This proves the representation (3.1) of Vé’"((ﬁj’”)j;é,-).

We first need to check that )/i is in SI(R, F"). On the one hand, using Jensen’s
inequality, we have

1 = _
—-IEI[X”r —& —p(XT E)NF] < In(=M;). 4.5)

T]l
On the other hand, by the definition of Vi, we have

it} = —BiFVi < BIFE[ed T |27

Thus using the inequality Inx < x, we have

(Té)

In(—M') < In B/ + InE[e” |77

(r%‘)

—/ Ao (Zh0Ldu + oldW) + o dW) + E[e |77 ]-
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Now, combining this with (4.5) and the definition of Bi‘ﬁ, we obtain

E[ sup |in(—1))]
1€[0,T]

1 b i Vi =l n
<E| sup —E[IX[" —& —p(Xp —E)I|F/]
te[OT]’?

+IE|: sup —|X” Ei|]+E[ sup E[ (XT $)|]-"t"]]
refo,71 M te[0,T]

1 ~i,n ~in ;
§—iIE[ sup E[|XF ||f,"]]+ﬂ-z[ sup | X7 |]+2E[§’]
n te[0,T] t€[0,7T]

+1E[ sup —E[Ip(XT ?i)I|F,"]}+E[ sup Efer 70 E)|ff]]~
10,717 r€l0,7]

It is then sufficient to bound the last term. The Jensen and Holder inequalities give

]E[ sup E[e” v X E)|.7-',”]]

t€l0,T]
iigj 1 20 ™ 7{-/ 1
ui Pn 2 [ sup E[e’i' 5n ‘].‘t"]z]
Hél 1€[0,T]

By the admissibility condition on 7, it follows that In(—M') € SI(R, F"). It thus
follows that y' € SI(R, F*) forevery i € {1, ..., n}. For an arbitrary = € A’, define

Lxr—g—yh

1 T Fin
. (X X
M[l’ﬂ = ( ! ! )

= A;I;e_”’

It follows from the same argument as in Espinosa and Touzi [15, Theorem 4.7, 2(b)]
that M"T is a supermartingale. Now by (4.4), the Doob—Meyer decomposition and
&’s formula, there is (¢7, ¢*) € HIOC(R”d, F) x leoc (R4, F) such that

n
dy/ = —bjdt + Y g - dW/ + ¢ awy.
j=1

We first compute b, y* and 7' and then derive the BSDEs satisfied by (y/, ¢/, ¢*).
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By Itd’s formula, we have

_ de_’l_li(X;T _Ei_yti)

_ e—ni,«x;f—é"—y )

( ((atn,) dWl+Z;;f aw/ + (o n,i+g“t*i)dW,*)
j=1

| i wini 1 T i
o B g e G o LD

(n'

1 . . noo ,
T 202 (Ia;n,|2 +lofm P+ 1g P+ 1 |2>dt>. (4.6)
j=1

Using the supermartingale property of M’™, the martingale property of M together
with (4.6), keeping in mind that X! := (0/, 0;*) and writing ¢/ := (¢/%, ¢7), we get

. 1 T . . . 1 " . ;7[ . . .
by < — 3wl — @+ 0DP+ =D 15 P = S0P - 6l @4
2 2 j#i 2

. 1 T i
b= 517 7l — @ ') +—Z|c 161> =&/ -6}
J#

Thus 77,’ " minimises the function (in 77%) on the right-hand side of (4.7). Therefore
we can express 7, and b! as

A= (S ) TSP '),

4 1. . n o 4
by = grdistr + 6] AN + 25 N TP =5l -6,
J#

Therefore, (v, ¢, ¢*) € S'(R, F) x H2 (R™, F) x H2 (R, F) solves the BSDE

loc loc

i = (o + L ——Zwm — 5l = PO+ o) o
JF

n
+ Z é,[l] . dle 4 gt*ith*’
j=1

vi=p(X7 - )—pZAf 7 (26lds + ol dW] + ol awp). O
JF#
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Proof of Corollary 3.2 The proof of this corollary builds upon that of Theorem 3.1,
with exactly the same notation. Define the process

=N ol / 7 (Bl0fds + of AW + of*dw)
JF#
as well as
.. n . .
z) =¢7 —pal Lo E78 ZH =) = — pryja/* -7 (4.8)
JF
Here, ¢, is a mapping from R" to R" defined componentwise as in (4.8). Moreover,

notice that Zi’ = ¢/’ since A", = 0, and that y = ¥/ The processes (Y, Z/, Z*')
thus satisfy

T i
Yfl:/t (—3|9;|2—c;~9;+2—n,.|(1d—P;><;;+n19;)|2+ Z|c§f|
J#i

n o LS . T
+ Y pn G 259{))@ - Z/ ZY . dw/ _/ ZH AW,
J# j=1"" !

By Lemma 4.2 below, ¢, has an inverse ), so that {* = lbﬁ(Zt*). We can thus
express the equilibrium strategy for player i as

‘ i Zii igi i (il ik
ZIT P ((II)Z(Z* >+77 9,) =: ft (Zt ) (Zt ))’ te[0,T],

and

1 i =i i
~ 7 (E'—p& —vp)
V(;’n((ﬂ"/)j?gi) = —en o7,

By construction, (Y', Z, z*) e SI(R,F") x H%C(R”d F") x HIOC(R, ") solves
the BSDE (3.4). a

Lemma4.1 Foranyt € [0, T], fixed« € R? and B € R4, the map

1 T . T . .

is a bijection on R for every i. Furthermore, its inverse is a contraction.

Proof Fix t € [0, T] and i. The mapping H, () is a bijection if and only if the map

1 ; . ) )
—o =z )7 P ((fﬁ) * ’3)

MY (x) =
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has a unique fixed point. Notice that since the projection operator is 1-Lipschitz,
) 1 T ST .
MY () = MY ()] < — o (5% )7 Bl = ),

. . T isi T ; .
It is thus sufficient to show that |0, ' (2/X! )~!S!| < 1. For notational conve-

. . . . . i T - TR R
nience, let us omit all subscripts ¢. First notice that X' %! = o'c'+0™c* . Using
the Sherman—Morrison formula in Bartlett [3], which gives conditions on a matrix A
and vectors a, b under which the matrix A + ab ! is invertible, we have that

—i i

S _i - o0 tc7'oMo® 070
X' )y =00 —

1 4+o% g-ig—igH

and
O,*l (2121 ) 121
T o Tost i w7 i T ;
:(o‘*l (2121 ) lo_lo_*t (2121 ) 10*1)
O.*l 0'710'710'*1 T . O.*l 0'710'710'*1
= (1 — )O'*l o’ .
l+o% g-ig—igH l4o% grig—igH
Thus

kI —1 —1 kI
T T . o o o O
o (=il H)yTlsl = <1,

1+ 0% g-ig—igi

where the last line follows from the fact that ¢/ is uniformly elliptic for every i. We
now proceed to show that the inverse H, ! of H, is a contraction. For x # x’, we
have

g Tt ({3 o) () 0))f
=|x — x|
e T (1) +6) - ((7) +))
et (#((0) ) - ((2)40))]
> |x —x'7, 4.9)

since the property of projection onto closed convex sets implies that the middle term
is nonnegative. U
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Lemma 4.2 Define the map ¢, : R" — R" componentwise by
ik e N~ an s Tyt pi (21 g
e =g =Y el = OISR ((D) + el ). @i
j#i 3
Ifzhéi )L;?j € [0, 1], then for t € [0, T], the mapping &; is a bijection on R" and

has an inverse that we denote by \p;. Furthermore, \D; is measurable and Lipschitz-
continuous with a constant that depends only on n when n > 3.

Proof Omit all subscripts ¢ for notational convenience. Let Z* and ¢* denote the
column vectors (Z*, ..., Z"*)T and (¢"*, ..., ¢"*)T, respectively. Further, let

o i
Pji=ol* . (z-fsz)—lszf((gj*> + n-/e/).

Let U denote the column vector with the jth component equal to P;. Let A be the
matrix (A;;)o<i, j,<n- By (4.8), we have

1
ZF=¢"— —— AT
n—1
and
;i"(A+I Y0 + Z0* = Hoii i (C5F)
n_l d - le’nlel )

where 17 denotes the n-dimensional vector with 1 at the ith position and 0 in all other
positions. By Lemma 4.1, szjﬁnjej (¢"*) is invertible. Using (4.8) again, we have

n
¢ =2 4 3 Mol (zind ) s
j#i
. Zii .
pi ( _ - . ) 9/
x ( szlj.’njgj(n%lu(zx+1)[Pk]+zu*) +n; )

= NOZ'(¢%). 4.11)

We then proceed to show that N%" (¢*) has a unique fixed point. Notice that for
x # y, following the inequality in (4.9),

|Hyij pigi (X) = Hyii yigi I
U N2 (200 . (70 .
j igi\ — pi igi
= (1 77) (P () =) =i () )
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.. .. . ZJi .
Thus for fixed Z// and /67, the map P/((z-1= (.)) + n/67) is Lipschitz with
Zii i
constant 1/(1 + ﬁ). Forx,y € R and x # y,

. . PG Y e Ml =kl S 15 —

Z* Vi #j 7k o/*||x =yl

NV () = N2 2l < ) - + D M ——
J#i J#i

<

il
where the last inequality follows since ) i )L;’j € [0,1] for all i and |67*| < 1
for all j (see the proof of Lemma 4.1). We can now conclude that forn > 3, N izx
admits a unique fixed point which we denote by ' (Z*), and that £* = {(Z*) is the
unique solution to (4.10).

Finally, we prove that 1) is Lipschitz with a constant that depends only on n when
n > 3. From (4.11), we have that forall i and n > 3,

2W(Z}) — W(Z3)
nn—1)

W (ZH) = (Z5)| < |2 — Z3T| +
1 *J *Jj
+r—Lliu_1<) |1Z" = Zy7|.

=j=n

Then we have sup; ; , |11’-/(Z’1“) —/ (Z)] < % SUP | <j<p IZT] - Z;J |. Therefore

the function 1 is Lipschitz-continuous and hence Borel-measurable. U
4.4 Proofs for Sect. 3.2

We now prove results pertaining to the characterisation of solutions to the infinite-
population game. These are direct consequences of the work of Hu et al. [22].

Proof of Proposition 3.4 Consider a solution
(X", Y, Z", Z*") € S* (R, F*) x S*(R, F*) x H?(RY, F*) x HZ(R, F*)

to (3.6). Then for almost every u € I, the process (Y, Z*, Z*"*) solves the BSDE

u 2
(1d — Pt”)<<zzju> + n“e,“) >dt
t

nLl ) Zu l
dy = (jlﬂul + (Z;ﬁu) -0 — i
+Z} AW/ + ZF AW,
Yi=F
with F := E[p [,(X}™ — £")G(u, v)dv|F5]. Thus it follows from [22, Theorem
7] that T given by (3.8) is an optimal strategy for the utility maximisation problem
(2.2), while the value function satisfies (3.7). By linear growth of the projection op-

erator, it follows that 7% € H?(A*, F*) for almost every u € I, and by measurability
of Z", we have that 7" is measurable. ]
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Remark 4.3 Huetal. [22, Theorem 7] assumes a bounded terminal condition F'. How-
ever, examining the proof reveals that boundedness is needed only to guarantee exis-
tence of a solution to the BSDE and the BMO property of [ Z" - dW" + [ Z** dW*.

Proof of Corollary 3.5 Let (Y", Z"), s solve (3.9) and introduce the processes
t
v =Y +/0 E[,O/I PX(Z] +1n"0))-0.G(u, v)dv]ds.
Then (y“, Z") satisfies
u 1
dy/ = (— %|91”|2 —-Z!- 6/ + W|(Id - PH(Z! + n”@t”)|2>dt —Z} - dw/

(u X P)-a.s. for t € [0, T'], and it follows by Fubini’s theorem and the martingale
property of [y Z - dW! that

=Y —HE[/I,O(X;’ — &G (u, v)dvi|.

In particular, y; = IE[fI p (X% — V)G (u, v)dv] because Y7 = 0 in (3.9). Thus by
[22, Theorem 7], the value function of the utility maximisation problem (2.2) (when
o* = 0) satisfies (3.11) and the process T given by (3.10) is an optimal strategy that
is square-integrable. In the present case, we even have that

1 -
{ exp < - —X7 ) : T is an F“-stopping time}
n
is uniformly integrable. In particular, (7%),¢; is admissible. O
5 General backward propagation of chaos theorem: proof of
Theorem 2.11

In this section, we present backward propagation of chaos results that are central in
the proof of our main convergence result. We start by proving the case with com-
mon noise and then come back to the case without common noise. The two proofs
are similar, but the case with common noise is slightly more involved because the
representing backward particle system if fully coupled with a forward process.

5.1 Proof of Theorem 2.11: the common noise case
Consider an interacting particle system (X", Y’" Zzi:n z*:m) Within this sys-
tem, the processes (Yl*”, Y21 ..., Y™") evolve backward in time, and the processes

(X, x®m .. X™") evolve forward in time and characterise the Nash equilibrium,
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i.e., this particle system is such that

ii,n

*i n) + ﬂi9,i> (dt ® P)-aee.,

= (zixi’)" 12P<(Z
t

. . L gi_ *iiyi,n
VIR (@) ) = —e 7 © ST forie {1, n);

see Theorem 3.1. We can find functions / and g such that the particle system satisfies
the FBSDEs

dX;,n — hi(t, Z;i,n’ Z;ki,n)(et[dt +0'tidWi 4 O_t*idw*) XE)JI — %-l"
dYti,n — _(gi (t, Z;‘i,n *l n) + L Z |ZU n )
I (5.1)
+ Zz” AW + ZP W

j=1
pzﬁé,,\" Xf”—xf”)

Observe that due to the graph (A;;)1<;, j<n, the particles in the above system are not
indistinguishable as in the homogeneous case considered by Lauriere and Tangpi [31,
32] and Possamai and Tangpi [39]. Our goal here is to show that as the number of
particles in the system approaches infinity, the above particle system converges to the
infinite particle system (X*, Y, Z", Z**)o<u<1 given by

AXY = h(r, Z0, Z3)(0Fdt + ol dWE + o dW?), XY = £V,
dYtu = —gu(t, Z”, Zt*u)dt + Z;‘dWIu + Z[*”dW[*, (5'2)

Yy :E[p/l‘X%G(u,v)dv

f?] - /; pX5G (u, v)dv.
As above, this system is understood in the sense that the mapping
(u,t,w) —~ (X}, Y, Z}, Z") ()
is measurable and for almost every u € I, we have
(X", Y%, Z", ") € S*(R, F*) x S*(R, F*) x H?(RY, F*) x H?(R, F*).
In particular, if we consider a specific particle # = u; in the continuum, we show that

(Y5, ZIn ZE Y and (Y, Z, Z'*) are “close” when n — oo. We consider the
followmg assumption on the coefficients of the FBSDE:s.

Condition 5.1 The functions h* : [0,T] x Q X R x R — RY and
410, T] x  x RY x R — R are such that there exist nonnegative constants £,
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and €y, such that for almost every u € I, we have

IR, x, 2 oo < n(1 + 2] + 127)),
|h"(t,2,2%) = h"(t. 2/, 2*)| < ta(lz = 21 + 12" — 2]),
1g"(t,z2,2") — g"(1, 2, 2 < lg(lz — 2| + 12" — 2]
forall (t,z,7, 7%, 2) € [0, T] x (R%)? x R2.
Remark 5.2 Recall that we use the same probability setting as in Remark 2.10. In
other words, the indices in (5.1) should be considered as u;. Further recall the link
between A;; and B, > 0 and the graphon G made in Condition 2.9.

Theorem 2.11 (i) is then a direct corollary of the following result.

Theorem 5.3 Assume that Conditions 2.9 and 5.1 are satisfied. Further assume that
the FBSDEs (5.1) and (5.2) admit respective solutions

(xin yin ziin zHimy e (R, F") x SR, F") x H2(RY, F") x HX(R, "),
(X", Y", 7", 72" e S2(R, F*) x S*(R, F*) x H2(R?, F*) x H>(R, F*)
forevery (i, j) € {1, ...,n}* and almost every u € I. Then for every i € N, we have
Yg" =Yy — 0  asn— oo. (5.3)
Moreover, up to a subsequence, we have for almost every t € [0, T] that
E[IZ"" — Z/| +|ZF" — 27" — 0 asn — . (5.4)

Proof Using Condition 5.1, Remark 2.3 and the definition of F, we have that for
almost all (r,v) € [0, T] x I,

]E|:/X;’G(u, v)dv ]-";]
I

t
:/E[XS]G(u,v)dv—i—/ E[/h”(s, Z!, 276G (u, v)dv
0 1

1
t

! EU /hv(s’ Z{, 230! G(u, v)dvdW, ﬁ}
0 JI

+E[

t
/ /h”(s, Z;,Z")o ' G (u, v)dv f;j|dWs*
0 JI

f;j|ds

t
= /E[XS]G(u,v)dv—i—/ E[/h”(s, Z!, 270G (u, v)dv
I 0 I

]:}i|ds

t
+/ E[/h“(s, Z],Z7")o G (u, v)dv
0 I

f?}dwsf
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where the first equality uses that X{ is independent of W*, and the second follows
from Lacker et al. [29, Lemma B.1]. Let us now introduce the “shifted” processes

ZM =7 — E|:p / h'(t, Z7, Z;")o " G (u, v)dv f;],
I
zZ! =7,

V= yr — p(]E|:/ X! G (u, v)dv
1

.7:;] — /E[XS]G(M, v)dv),
I

so that using (5.2), the processes (Y, Z*, Z**) satisfy
T
V= / g" (s, Z¥, Z¥") +]E|:,o/h”(Zs”, Z7"6Y G (u, v)dv
t I

T T
- / 20w — / ZRgwr
t t

Observe that the drift term is not written with respect to the newly defined processes
H, 2%, Z**), but rather with respect to the original (Y*, Z*, Z**). Similarly, for
the prelimits, consider

f;]ds

n
Z,*i’n — Z;ki,n —p Z)‘?jo—t*]hj(t’ Z[J]»n’ Zt*],n)’
J#i
2" = 2" = Mol W 2] 2,
. . n . .
V=Y = p Y =Xy,
J#i
so that using (5.1), the processes (V>", Zi/:" | Z*: satisfy

. T , . 1 & .
V"= / 86 2 20 + 55 D 1z
t . .

J#

1 g . . "o . r
+ oy Ml (s, 23" 256l ds = / Z"-awi — / 27w
J#i j=1"" !

To further simplify the notation, let us put

i,n . si.n u; i,n _ yi,n u;
Ayt T yz — Yt > AYt - Yt —Yz s
AZ,*”” = Zt*”" - Z, " AZ,*"" = Zt*l’n -7 "
ijn _ ijn ol ijjn _ Zijn Ui
AZ, =277 =62, AZST =27 =682, .
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Let ¢ € [0, T'] be fixed. We now define stopping times 7 for k € N by

s n
I -_T/\lnf{s>t / Z |AZl]n|2 |Azljl’l|+|AZ*]n|

+ 1, ZP", ZE ) dr + sup AV > k}.

relt,s]

Observe that 7; depends on i and n, but this dependence is omitted to simplify
notation. Since

(xbr, Yy, zin ey e 2R, F') x SP(R, F') x HA(RY, F") x HA(R, F")

and (X*,Y*, Z", 7)) e S*(R,F*) x S3(R,F*) x H2(R?, F*) x H*(R, F%), it
follows that for each n and i, 7} converges to 7' P-a.s as k — oo. Furthermore, put

7]

rin -_pz,\" Wi (s, Zy" zj‘”f')-ej‘f'—pE[/hv(s, ZV, Z¥) -0V G (u;, v)dv
1
JF#

and

F*l n._ 0 Z)‘n Bt (s, Z Z;‘”j) _O,:“J'
J#

— pE[/ h’(s, 2], Z7V) - 07 G (i, v)dv
I

7|

Now, applying Itd’s formula to |ij "2, we get

. % /M . )
AV + / (Z IAZS" P+ |AZS*"”|2> ds
t

j=1

i,n 2
= |AYE"

™ - - . I
+/ 2Ay;’"<g’(s, ZIn, ZEmy — ghi(s, ZM, 23 + ) |z§f’”|2)ds
t . -
J#

+/ 2AYp an 0l (h/ (s, ZI"", 2"y — ni(s, 27, Z3)) ds
! J#i
Tk

- / 20V, T ds
t

n Tk . .. . Tk . .
-y f QAVITAZIT AW — / 2AVITAZFAWE, (5.5)
—Jt t
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Recall that we have AZV" = AZU" — B-hj;a/n/ (Z)17, Z4") for i # j and
AZ'm = AZ'" Equation (5.5) now takes the form

. Tk n . )
|Ay,””|2+/ <Z|AZ§”"|2+ |Az;‘”"|2) ds
b=l
, Tk . , .. ,
= |Ay;]’("|2 + f 2AY" (g’ (s, ZS", Z3) — g"i(s, Zy', Zf”"))ds
+/ szl”pZ/\” 0l (W (s, 2", 27" — h'i (s, 2,7, 23)) ds
! J#
Tk . . Tk . .
+ f 2AYTE s + / 2AYEITH
t t
n Tk ) . ..
+Zp,\;’j/ AV (s, ZI", 73 el - AZE ds
J#i !
—Z/ QAVITAZIT (AW — AZY"ds)
J#

Tk . .. . Tk . .
- / 2AVIMAZIM . awi — / DAY AZHGW, (5.6)
t t

Let Q be the probability measure with density

——exp(Z/ AZI". de——Z/ |AZ""2ds>

J#i Ve

The probability measure Q depends on i and n, but its density has a second moment
bounded by a constant Cy depending on k, but not on i and n. Taking conditional
expectations under Q with respect to ;' in (5.6), we obtain
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. T n . .
AV + ]E@U (Z IAZ")? + |Az;“~"|2) ds ]-',”}
t

j=1
. w202 y .
< EQ['AJ}E{VLFL}‘[H] +EQ|:/ T<€'|A3);,n|2 4 8|AZ§,”"|2 +8|AZ§”’”|2 ds
t

f?}

Tk . . Tk , ,
+IEQ[/ 2Ay;’"r§:”ds‘f,"] +EQ[/ 2Ay;’"rjl’"ds‘f;l}
t t

+ CE@[ / * <|Ay;*"|2
t
P n
+ (n—1)2B2 (gkl21>

n
x 1601 (5, 2P 2Ty — i Gs, 24 zz‘”’>l2>ds
J#i

f:’}

+CE@|:Z/ 2[0)\ |Ayln||h/(s ZJJYl *]n)gs AZl]Vl|d ‘]_-n]
J#

Recall P from after Definition 2.2. Using E¥ [/\l.zj] < B, and by the definition of the
stopping time 7, this estimate can be simplified to
7]

. Tk n . )
1AV + (1 —S)EQ[/ (Zmzy’”ﬁ + |AZ§‘""|2> ds
t

j=1

T ; ; ; Cp.0.n.k
]EQ) AV (T Fn ds|Fn p,0,h,
" [/, A%+ ')S"]+(n—1)ﬁn

2

. ™% 20 .
< EX[1aY; P 7] +E@[/ (1 + 7*”)|Ay;’”|2ds
t

+CEQ|:Z/ 2pkn|Ayzn||hj(ZJJn *]n)ffs AZ”n|ds
J#i

]-""i| 5.7

Applying Young’s inequality and recalling the definition of i, the last term above
can be estimated as
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n % ) o . . .
EQ[Z | 2ory avimind 2. 2l -AZ;””|ds‘F,”}
t

J#L
_ Plol

(n— 1B,

. o7 N . . . ..
xE@[ sup |AY"| / D (s, ZI" P+ 1Az ) ds ff}
1<s<7} t

< Cp,o,h,T,k
T (- DB

Thus choosing ¢ < 1 and subsequently using in (5.7) Gronwall’s inequality, taking
expectations with respect to P and using the Cauchy—Schwarz and Doob inequalities,
we are left with

EIAY" 1) < E[E[1AYY | 7]

1 1
dO\*11 T . 2
+ck,TE[(d%) } E[ /0 (T + |F;‘""|2)ds}

Cp,0.0,h,T k

(n—=DBu

Observe that using again Cauchy—Schwarz gives

(5.8)

. dO\ 2 3
<[ESTa0tPIo7]) < el () | mnadurtt

To proceed, first notice that for every n, (|A)Jil'(” 1) k>1 converges to 0 in probability as

k — o0, since 1 converges to T P-a.s. Thus there exists a subsequence (Ay;;"m)mzl
such that 1

e’
in 4
P[|Ay;kt1m| > el = o

Therefore, for every ¢ > 0, we have

in o4y i 4 » i 4 _
E[|Ay‘lfk’,1m| ]—E[my;:ml l{|Ay;*k’fm|4ge}] +E[|Ay;k’,’lm| 1{|A)}é}:m|4>s}]

—K3
,€
<e+4+k"—.
m
oLe . . 2
Our definition of t; implies that all moments of % are bounded by e€** for some
constant C > 0 independent of k. Thus coming back to (5.8), we continue the
estimation as
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P2 cK? 2e_k3 2 T oinp 2
E(IAY;" ") = Ce (e + =) + CurE| |1y Pds
0
+ C T]E[/T |F*i’"|2ds]% 4+ Cooo Tk (5.9)
’ o (n—1py '

Applying Lemma 5.4, first fix k£ and let n — oo, followed by letting m — oo and
& — 0. We then conclude that

E[M)’;’"Iz] — 0 asn — oo.

In particular, starting with # = 0, it follows that the sequence (Ay(i)’")nz 1 converges
to zero, and we obtain (5.3) since AY" = AYy".

Let us now turn to the convergence of the control processes. By (5.7), (5.9), the
Cauchy-Schwarz inequality and the above estimates, we have

Tk,m . .
E[/ (AZi"| + IAZ;“”"Dds}
t
dQ\ 212 Um , 1
< TEK@) ] E@[ / (IAZ§""|2+|AZf”"|2)ds]
t

2 e_k3 r . %
< TeCk (a + kP 4 Ck,T]E[f |F;’”|2dsi|
m 0

r . 2 Cho.T.k 2
+ Cy, IE[/ |F*”"|2ds} 4 — > )
/T (n— DB,

Using Lemma 5.4, first fix k and let n — oo, followed by letting m — oo and ¢ — 0.
We then conclude that up to a subsequence, we have

lim lim [AZ0" |1 y<q 1 + IAZ5 " 1 5<g,) =0  P-as.forae.s e[z, T].
m—00 n—00 ’ -

Since P[tx,,, > t] = 1, this shows that

|AZzii’n| + |AZZ*Z""| — 0 P-a.s. as n — 0o0.

@ Springer



Optimal investment for heterogeneous agents 535

By the identity A Z/" = AZ'"" we have thus obtained that (AZﬁi’")nzl converges
to zero. For the convergence of AZ;""", observe that

|AZE" < |[AZF 4 |TE

+

n .
PN hajlol 0 (5. 2", ZEY — W5, 24, 23
np, <~
JF#
S |Azji,n| + |1—w;ki,n|

. 1 n . .
oo™ oo b 2 > i (IAZI" |+ 1AZE).
n ..
J#

Thus we get

Tk,m . Tk,m . ) C %
E[/ |AZj”"|dsi| < 11«:[/ (AZH" 2 4 II‘;”’"|2)ds] § Lok
0 0 ‘ (n— 1By

Therefore, arguing as above and using again Lemma 5.4, we have that up to a
subsequence,

IAZF") — 0 P-a.s. as n — o0.
Therefore (5.4) follows by dominated convergence. This concludes the proof. ]

Lemma 5.4 Under the conditions of Theorem 5.3, we have
T . T
]E|:/ |F;"”"|2ds:| +IE|:/ |F§’”|2dsi| — 0 asn — oo for everyi € N.
0 0

Proof We consider only the term I'"; the term " is dealt with similarly. Using
Condition 2.9, especially that A;; are i.i.d. and defined on a separate probability space
from (2, F,P) and (W', ..., W, W*), we have
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. 1 n , . ) )
Bl P] = B | S 6.20, 20 o
o i

]

—E[/h“(s, z°, z;*”)-egc(u,»,v)dv‘f;]
1

n
Aii s ; : ;
=28 > (ihf(s, zy, 2.0y

n_lj;&i "

2

— (s, Zs?, 2505 G (u;, uﬂ)

1< . s
i 2EH7,T1 Y ks, 237, 2565 Gui, u )
J#

1

— IEI[ / hV(s, ZV, Z2°) - 6G (u;, u)dv‘f;]
1
Continuing the estimation above,

. C " ) . .
E[IrE"?] < 79\@[&,-]1@[2 i (s, Z,", z:?‘”’)ﬂ

_ 2R2
= 282 -
1 n
. uj XU j uj
+4E|:‘;§h“’(& 249, 26" G i u )
J#i

]

[ o
-E[- Do o, 23, 25 G up)| 7]
p

n

1 _ . L
+ IEH]E[; > h (s, 28, 256 Gutwi, u )| F

j=1
2}

- ]E[/h”(s, 20,2 -0, G i, v)do| F |
1
Using that the step function F]' given by

n
Fu) =Y h*i(s, Zs' 280 Ve,
j=1

approximates the function Fy : v — h¥(s, Z7, Z}") - 6 in L3(I, B(I), ), we have
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E[IF?”F]
= g vl U]E[Zlhj(s Zy Z:”-")|2]
(n ) By
J#i
4 o | ) 2
T S R[5, 2, 20— Bl s, 24, 20 7

J#

]
ho(s, Z{, Z) - 6. Gp(u;, v)dv — /h”(s, Z!,Z) - 6)G(ui, v)dv

I I

]

+E|:‘/E:’(U)Gn(ui,v) dv—/h”(s, Z0, Z*) -0 G (u;, v)dv
1 1

]

+|

n
> ij — BDujDhi (s, 27, 25

Co
== 1)253E[

J#i
T )zZE (107 s, 22, ZEDR] + 12 = Fol 2 s
2
+CQE[f |h”(s,Z_y,z;‘”)|2<G,,(ui,v) —G(ui,v)) dv]. (5.10)
1

Because the Lipschitz constants of #* and g“ do not depend on u, standard FBSDE
estimates show that sup,,c; [[(Z", Z*") |2 (ga+1 vy < 00. Hence integrating on both
sides above and using Condition 5.1, we have
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1 r .
—ZEU |F§*”|2ds}
- 0

Cho.r Co )
< AT (supII(Z”,Z*”)II 2Rt +1)
((n—l)ﬂ% n—1 )\ HERETLED

+ Cr | Fy' = Fsll 2,80y

+ 6Co((sup 12", 2 o o ) + 1)

uel
1 <& 2
x 521:]1 <Gn(u,-,v) —G(ui,v)) dv
1=
ChorT.Z Co.z

= Cr||F" — F.
St-ng o T T Bleasn.w

+zic9,zf/(cn(w, v) — G(, v))” dv du
1JI

Cho,r1,7 Co,z

< +
(m—DB: (-1
+0Co 711Gy — GII3. (5.11)

+ CrllFy — Fsll 2. By

Therefore, since n||G,, — G ||% — 0, it follows that for each i, we have
T .
E[/ |F§’”|2dsi| —>0 asn— oo. |
0

Remark 5.5 If the function % is bounded (which is the case when the graphon equi-
librium (7%),; is bounded), it is enough the require that n||G,, — G| — 0, which
is weaker that ]Lz-convergence. This is due to the fact that the last term in (5.10) can
be estimated as

2
]E[(/h”(s, 7Y, Z2Y) 0" (Gu(ui, v) — G(uj, v) dv) }
1

2

<Chp

/(Gn(ui, v) — G(ui, v))dv
1

Taking the average, we obtain the estimation

J=(

< 4|G, - G|,

(G2

i=1

2
du)

/ G,(ui,v) — G(u;, v)dv
I

/ (Gn(u, v) — G(u, v))dv
I
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where |G| is the so-called operator norm given by

|G|l := sup h(u)G(u, v)dv|du

hlleo=<1 1

It follows from Lovész [33, Lemma 8.11] that ||G || and || G || are equivalent norms.
Therefore the last term in (5.11) can be replaced by ZﬁCg, 721G, — G ||2D. (Il

5.2 Proof of Theorem 2.11: the case without common noise

Let us now present the proof of Theorem 2.11 (ii). Throughout this subsection, we
assume o™ = O forallu € I. By Theorem 3.1 and Remark 3.3, the Nash equilibrium
")iefl,...,ny is characterised by the BSDE (3.5). That is, we have

7" = @) P2 6
and

. . _L i
Vé’n((ﬁj’n)j;éi) =—e (/=€ il (dt @ P)-a.e.

with (Y©", ZUM) ooy solving the BSDE (3.5). Moreover, by Corollary 3.5
and Proposition 6.2, there is a graphon equilibrium (7%),¢; such that

7= (o) P(Z" 4 0 6! (dr @ u K P)-ace.

and

u, 1 u v u
Vo —exp<— n—u(s —/IE[ps 1G (u, v)dv — YO)>

with (Y, Z"), 1 solving (3.9). It thus suffices to show that
Yo" =YY +1Z0" - 2P — 0 (dr @ P)-ae. asn — o0,

Letus put AY"" ;= Y'"" — Y% and AZV" = ZUm — Z4i§;;. Lett € [0, T] be
fixed and consider the stopping time

s n , .. L. L
T = inf{s > ¢ :/ (§ \PL(Z" +0i6]))? + |AZ¥”"|2> dr
1 .
j=1

+ sup |AY;¥"|2zk}AT

I<r<s
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Observe that for each i, n, the sequence (tx)k>1 converges to 7' P-a.s. Applying Itd’s
formula to e/ (AY,"")? for some k > 0 to be chosen, we have

ext(AYti,n)Z
, Tk ,
— KT (AY;;”)z +/ ZeKsAYsz,n
t
x (9; CAZI 4 Z—W(|(Id — PHY(ZI" 4 0]y
— I(d — P (ZY + n"fe;”>|2)> as

o n

+/ 26 AYIN Y ZI + oM p P (ZE + 0P ds
t C .
JF#

Tk L. .
+/ 265 YN (ZA” Pz + niedHe!
t
J#i

- E[/ PJ(ZJ +1"09)6; G (u, v) dv]) ds
1
Tk . n T -
_/ ke (MY ds — Z/ e |AZS" P ds
t =
n T ) . )

Let us introduce the measure Q with density

+Zf (2" + 220" ol M p PLZI + 0i00)) - dWSj>,
J#

where y; is the (linearly growing) function defined by

|(Ad = POZ" + 0" 0D — 1(d = PEYZY + 000D = yo(Z{", Z{) AZT".
The existence of such a function follows by the Lipschitz-continuity of the projec-
tion operator since A/ is convex (also recall the rebranding from i to u;). Thus by

Girsanov’s theorem, the BMO martingale property of Z“ and square-integrability of
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Z'Y'" we have

e (AY]")?

=EC [e”k(AY;',;”)z
T . A2 . S .
+ [ arin Y 2 S ol Py 2l 6l P s fr"]
! = P
Tk . 1 n . .. . . .
+JE@[ f 2e”AY;’"p< D MBIz 0006
' b i
I ¢ Uj crz%i ujptiygi
— — > NPz 40056 ) ds
Pz

% ) ) ) n .
+/ (2e“AYS””,0F;’” — ke (AYIM)? — Ze“|AZ§””|2> ds
t .
j=1

7]

where """ is the process given by

1

ret =
npu

n
> hi Pz + e ey — E[/ PY(ZY + 1°00)0 G (u;, v) du].
J#i !

Using Lipschitz-continuity of the projection operator and boundedness of X, we
continue the estimation as
7]

. C Tk C .
— ]EQ[CKTI{(AY;ILH)Z + k.p,o + / eKS(M _ K>|AY;’n|2 ds‘}-tn]
t 8

s
7

Tk 1 <& N2 o
+8E@|:/ (w( Z,\U|AZ§J"’|) +e’”|l"";"|2> ds
t nPn i

where we also used Young’s inequality with some ¢ > 0. Choosing ¥ > 0 large
enough and using the Cauchy—Schwarz inequality, it follows

. n T .
e"’(AY,”")z—i—]EQ[Z/ eSIAZY" |2 ds
j=171

@ Springer



542 L. Tangpi, X. Zhou

that

. % .
EQ [ekt(AYtl,n)Z + Z/ eKS|AZ;]J’l|2 ds:|
j=1""

: C
< B AV

+5E@Utu( nﬂz(zk ) S IAZP 4 e )ds]

i
Ck,p Ck |:/Tk eKS|Fi,n|2 ds:|
n?pz  npy ‘ *

where we used that A;; is independent of wl, ..., W" with EP [k?j] < B, and the
definition of the stopping time 7. As (AY. ri/ln) x>1 converges to 0 in P-probability and

< EQ[e* ™ (AYEm?] +

thus in Q-probability for each n, we can find a subsequence (AYri/l’fn )m>1 such that

—k2
QUAYL" | > 6] < =—.
m

Tk,m
Thus for every ¢ > 0, we have

—k?
QUAYI P < e+ k.
m

Tk,m

Hence, using again the definition of i,

. n Tk,m ..
EQ |:e"’(AY;’")2 + Z/ eS|IAZY" 2 ds]
j=1""

—k? T

e C k ;

SS—i—k——i—M—Fé‘EQ[/ emlré’ﬂzdsil.
m nBy t

Using the Cauchy—Schwarz inequality, we further have

. Tk,m .
E[e’“mY,””l + / eCIAZI ds:|
t

d 27172 . Tk,m .. %
< 2T1E[(d—(§) } E@[e"’(AY,””)2+/ eKS|AZ§"”|2ds]
t

—k2 T

C k,m . 2

<Ck<e+k—+ —Lpo +3EQ[/ eKS|F;»”|2dsD :
m nBn t

‘We show below that for each fixed k, we have

Tk,m 3
E@[/ |F§’”|2ds} —0 asn— oo. (5.12)
t
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Thus first taking the limit in #, then in m and then letting ¢ — 0, it follows that
, Tk,m ..
E[e“|AYtl’"| +/ eCNAZ"| dsi| —0 asm,n — oo.
t

We thus obtain that AY(;’" — (0 as n — oo and, up to a subsequence,

|AZ§’-’”|1{S§”{_m} — 0 for almost every s € [f, T], P-a.s., asm, n — oo.
In particular, because Pt , > 1] = 1, we get AZf’” — 0 P-a.s.asn — 0.

Let us now come back to (5.12). Since the random variables (Z%),¢; are e.p.i., it
follows by the exact law of large numbers, see Sun [41, Corollary 3.10], that

n
IDE | < | Y i P (Ze + 0657057 — / PY(ZY +1"6)6. G (u;, v) dv|.
1

"oy

Therefore, using the triangle inequality and the fact that
n 1 - Uj ztj ujniygHi
Fl )G, (ui, v)(0) dv = = " P(Z + 167657 G (i, )
1 ni4
with
n
uj uj LU uj
Flu) =Y P(ZT + 000 Ve, ;-

j=1

it follows that

in
) B P

n
2ij P25+ 1657657
npu

I~ i u; s
— P + 60 Gt u )
=1

—|—}/F;’(U)Gn(ui,v)(v)dv—/F;’(U)G(u,-,v)(v)dv
I I

+

/ F!'(v)G(u;, v)dv — / PY(Z? +1"0))6 G (u;, v) dv
I I

Proceeding as in the proof of Lemma 5.4, we have
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Tk .
]EQ[/ |F§’"|2ds}
0

< Var[?»zij]
np;

+E@[//rk |F ()7 ds (G (i, v) — G(u,-,v))zdv:|
1J0

101loe (12 - W* lIgmo + Co,n)

Tk
+E@[ / / |F;’(v)—Ps”(Z;’+n”9;’)9;’|2dvds]
0 I

T
< Con + f (Gn(ui,v) — G(uj, v))ZEQ[/ |Fs"(v)|2d5] dv
; 0

= np;

40\ 2772 T 2 12
+E[<—” E[/ (/|F:<v>—PS”<Z;’+n”9;’>9:|2dv) ds] .
dP 0 I

Since the intervals (u, u j41] form a partition of / and by using the linear growth of
the projection operator, it follows that

n
|an(u)|2 < Z |Zgj|21{Ll€(Mj,uj+1]} + CG,A-
j=1

Thus using || - [lp2gd gy < | - ”H%MO(W,]F“)’ the fact that the BMO-norms under

P and under Q are equivalent (due to the definition of the stopping time ti; see
Kazamaki [25, Theorem 3.6]), and further sup,,¢; || 2" ||H2BMO (R uy < 00, We have

T n
EQ[ /0 |Fs"<u)|2ds} <D N1Z%lyg o oy ety + Cooa < C.
j=1

Hence we have

Tk .
EQ[/O |F§’"|2ds]

Co 5 T R 1/2
E nﬁ% +C/;(Gn(ui,v)_G(ui,U)) dU+Ck]E|:/(; ||F£_FS||L2(1’H)dS 3
where Fs(v) := PJ(ZY + n'67)6; . Since the sequence (F"),>1 of step functions
converges to F in L>(I, u), it follows by dominated convergence that, fixing k, we
have (5.12). The convergence to zero of the term f, (Gn(ui, v) — G(u;, v))*dv is
proved as at the end of the proof of Lemma 5.4. This concludes the proof. ]

6 Well-posedness of graphon McKean-Vlasov BSDEs and FBSDEs

We conclude the article by the two existence results for graphon McKean—Vlasov
(F)BSDEs used in the proof of existence of graphon equilibria. In the ensuing state-
ments and proofs, we use the space S” (IF, R4, I) of families of (equivalence classes
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of) processes (Y'*),es such that (u, t, w) — Y/ (w) is B([0, T']) ® Z X F-measurable
and for almost every u, we have Y* € SP(F*, R¢). This space is equipped with the
norm

”Y”SP(F’R!!’[) = / ”Yu”Sp(]Fu’Rd)du
1

which makes it a Banach space. We similarly define H” (IF, RY, I ). We further denote
by Hgmo (F*, RY) the space of F“-predictable processes Z with values in R? such
that the process f ZdW" is a (P, F*)-BMO martingale. The space Hpmo (F, R4, ] )
is defined analogously to S” (IF, R, I) with the norm

1Z ot = 12" e

6.1 Graphon McKean-Vlasov FBSDEs

We start by proving existence of a solution to the graphon McKean—VIlasov FBSDEs
with Lipschitz coefficients. Observe that this is a system involving a continuum of
coupled equations, where the coupling is due to the graphon term.

Proposition 6.1 Let g : I x[0, T]xR? xR — R, b, ho : I x[0, T]x QxR4T - R
and hy : I x [0,T] x Q x RItl — R4 pe measurable functions, where the
sets 1, [0, T], R? are equipped with their Borel-o-algebras, and assume they are
Lipschitz-continuous in the sense that for (t,z,7,2"*,7*) € [0, T] X (}Rd)2 x R? and
f e {g", b", hbl’, hg}, we have

for some C > 0 which does not depend on (u, ), where we write C =: L, for
f=g"and C =&y, for f € {b", hi, h3). Moreover, we assume that
1 T
/ E[/ 1g“(, 0, O)|2dt]du < oo. 6.1)
0 0

Further assume that we are given a family (€“),e; such that € € L*>(jn ®QP). Then if

—024 L
o< ﬁe CEADT the graphon system

dX; =b"@t,Z), Z")dt + hY(t, Z}!, Z[")dW, + kS (¢, Z}', Z*)dW',
Ay" = —g"(Z", Z"ydt 4+ ZdW" + ZFdW?,

6.2)
7]

Yy =]E|:,0/X%G(u,v)dv
i
X5 =¢&"

admits a unique solution (X", Y", Z", Z**), ¢ such that

(X", Y", Z", Z")uer € SP(F, R, I) x S*(F, R, I) x H*(F,R?, I) x H>(F, R, I).
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Proof Let (z*, z*"),e; € H2(F, R?, I) x H2(F, R, I) be a given family of processes
and consider (X“, Y", Z*, Z*),ec; which satisfy

t
Xt =¢g" +/ b(s, z¥, z;")ds
0
t t
+/ hl(S,Z?,Z;m)dWSM-i-/ (s, 2, 2 AW?,
0 0 (6.3)

T
Y = E[pﬁX%G(u, v)dv ‘7:?] +/ g4(s, Z¥, Z*)ds
t

T T
_ / 24w — / 2w,
t t

It follows by Stricker and Yor [40, Sect. 4] that (u, t, ®) = X} () is measurable and
thus that f ; X7G(u, v)dv is well defined. Arguing as in the proof of [40, Sect. 4] (in
particular using Picard iteration), one establishes that (u, t, w) — (Y}, Z}', Z}*)(w)
is measurable. Moreover, since X7 is square-integrable, it follows by the standard
result of Pardoux and Peng [37] on Lipschitz BSDEs that (Y, Z") exists and is
unique in S2(F*, R) x H2(F*, RY) x H2(F*, R) for almost every u. Thus the function

\Ij((zuv Z*M)MEI) = (ZM’ Z*M)MEI

maps the Banach space H2 (F, R, T ) X H2 (F, R, I) into itself. This follows from the
fact that the H2(F*, R9t1)-norm of (Z*, Z**) depends only on the second moment
of E[p fl X7G(u, v)dv|}';] as well as of E[fOT |g“(t, 0, O)dt|2]. Thus integrating
over u and using (6.1) guarantees the claim. It remains to show that W admits a
unique fixed point.

Let (2%, 2 uer, (2%, 7% ues € H2(F,R?, I) x H(F, R, I) be given. Put

(" 2 uer) = (2 Z"er, W@ 7"er) = (2", 2" yer,
where (X, Y, Z", Z")yer and (Xu, yv, Zx, Z;")uel both satisfy (6.3). Introduce
the shorthand notations AX* = X% — X%, AY" := Y"* — Y4 AZ" = Z" — Z"
and AZ* = Z** — Z** Given some constant x > 0, we apply 1t6’s formula to
e“!|AY*|? to obtain
2

* r Eg 2
]:T +/ CKS 2;—/( IAYSM|
t

T
+ (e — 1)/ e (AZY 2 4 |AZ*)ds
t

e |AY!? < e"szE[/ |AXY G (u, v)*dv
I

T T
—/ eSAYIAZ AW —/ SAYIAZI AW
1 t
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Taking expectations on both sides and choosing k = 25?, /€, we have
T
E[e“|AY,"|2 +(1 - e)f (ESIAZY + e”|AZ;"”|2)dsi|
t

< eKTp2/1E[|AX%|2]dv.
1

Applying It6’s formula to e’ |AX;‘|2 and using Lipschitz-continuity of ", A and

h, we obtain via Young’s inequality that
E[e' |AX"|*]

t
< IE[/ (2e0n(12¥ — Z¥ | + 25" — 2 DIAXY]
0
1
+ GeS (|2 = 24P + |2 —z;‘“|2))ds} +KJE[/0 e”|AX?|2ds:|
t t
< E[(l + K)/ e”|AX§‘|2ds} + 2K§E[/ (12" — 24P 4 |2 — z;‘”|2)ds].
0 0
Thus by Gronwall’s inequality, we have
t
EkfﬂAX?F]szﬁe“+”ﬁE[/ JW&?—ZQZ+¢£“—E?VNh}
0

Soife =1/2, we get

T
/E[/ eK~V|Az;'|2+e“|Az;*“|2ds}du
I 0
T
< 4zie<4’f§+”Tp2/EU N e A P —z§“|2)ds]du.
I 0

Thus by the choice of p and the Banach fixed point theorem, the mapping W admits a
unique fixed point, implying that the graphon FBSDE (6.2) admits a unique solution
inS%2(F,R, I) x S*(F, R, I) x HX(F,R?, I) x H3(F, R, I). O

6.2 Graphon McKean-Vlasov BSDE

Let us now turn to the well-posedness of graphon McKean—Vlasov BSDEs with
Lipschitz-continuous coefficients.

Proposition 6.2 Assume that g : I x[0, T|xR¢ — Rand f : I x [0,T] x R - R
are Borel-measurable functions satisfying the local and global Lipschitz-continuity
conditions, with some constants £g, £y > 0 that do not depend on (u, ),

g (t,2) — g“(t, )| < Le(lzl + 12 DIz — 21, 18“(t, D) < Le(1 + |z[%)
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and

Lf“ @, 2) = fU (D < bylz =21, |4 )l < €1+ z])

forevery (t,z,7)) € [0, T] x (Rd)2 and almost all u € 1. Further assume that we are
given .F%-measurable random variables F" such that (u, w) — F"“(w) is measurable

and uniformly bounded. Then the graphon system

T T
Y =F" +/ (g”(s, Zy) —i—/IE[f”(s, Z)HG (u, v)dv) ds — / Zidw
t 1

t

admits a unique solution (Y", Z"),cy in S*®(F, R, I) x Hpmo(F, R, I) and such
that Sup,er ”ZMHHBMo(F,Rd) < Q0.

Proof Let (y*, z%)ues € S®(F, R?, I) x Hpmo(F, R, I) be given and consider the
(decoupled) quadratic BSDEs

T T
Y/'=F" +/ (g”(s, zZH+ / E[fY(s, z)1G (u, v)dv) ds — / ZHdw.
' I

t

It follows by Hu et al. [22] that for almost every u € I, this equation admits a unique
solution (Y*, Z%) € S®(F*, R) x Hgmo (F*, R?). Moreover, it follows by the argu-
ments of Stricker and Yor [40, Sect. 4] that (u, ¢, w) — (Y}, Z})(w) is measurable.
Thus the function

U, 2er) = (Y", Zer

is well defined and maps the Banach space S (IF, R, I') x Hgmo (F, R4, I) into itself.
This follows because by Huang et al. [23], the S (F*, R) x Fgpmo (F, ]Rd)-norm of
(Y", Z") depends only on £y, £, and the bound of F". Since these constants are
uniform in u, this yields the claim. It therefore remains to show that this mapping
admits a unique fixed point.

Let (v, 2%uer, 5%, 2 uer € S®(F, R, I) x Hpmo(F, R, I) be given. Put

WO, 2uer) = (Y, Z"yers U((", 2er) = X", Z")yer.
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Let k > 0 be a constant to be determined and 7 an F“-stopping time. Apply Itd’s
formula to e’ |AY|? := e*!|Y* — Y*|? to obtain

T
eTIAY? =/ 2eSAY! (g“(s, Z"y — g"(s, Z")
T
+ [ ELf¥(s.2Y) — (s, 2D1G @, v)dv)ds
1

T T T
—K/ e“|AY;’|2ds—f eK“'|AZ§‘|2ds—/ 2eSAYHAZ AWH
T T

t

1 T T
< (— —K>f eS| AYY P ds +se§/ e“fEnAz;‘R]G(u, v)%ds
& T T 1

T T
—f e“|Azy|2ds—/ 26 AYEAZ'AWC,
T

T

where we used the shorthand notations AZ := Z* — Z* and Az" := z* — 7" and
Ww*Q is a Brownian motion under the probability measure defined by

d(@ . ' u u zu u
@._5</0 B (s,ZS,ZS)dWS>

for a linearly growing function 8 such that g" (s, z) — g“(s, 2) = B“(s, z,2) - (z — 2).
Choose k > é Taking conditional expectations on both sides yields

T
]-'?} < ezft/IE[/ e“S|AzY|ds
T

Taking the supremum over 7 and integrating on both sides in u therefore gives

T
e”|AY;‘|2+1E@[/ e |AZ"|2ds
T

]:?]dv.

AY |3 +1AZ)? < eCO2 |6z
|AY I3 p.1y + IAZIG, Fazlzs

vo@®4E D) = vo@®4E D)

where we used as before that the BMO-norms under P and QQ are equivalent and that
I lmegem < |- 12, . Choosing ¢ > 0 small enough allows to conclude
’ Hno (RY,F)

that W is a contraction, and thus it follows by the Banach fixed point theorem that W
admits a unique fixed point in S®(R, F, I) x H%MO(R”I, F, I). O
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