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Mean-Field Price Formation on Trees
with a Network of Relative Performance Concerns

Masaaki Fujii*f

This version: January 5, 2026

Abstract

Financial firms and institutional investors are routinely evaluated based on their performance
relative to their peers. These relative performance concerns significantly influence risk-taking
behavior and market dynamics. While the literature studying Nash equilibrium under such
relative performance competitions is extensive, its effect on asset price formation remains largely
unexplored. This paper investigates mean-field equilibrium price formation of a single risky stock
in a discrete-time market where agents exhibit exponential utility and relative performance
concerns. Unlike existing literature that typically treats asset prices as exogenous, we impose
a market-clearing condition to determine the price dynamics endogenously within a relative
performance equilibrium. Using a binomial tree framework, we establish the existence and
uniqueness of the market-clearing mean-field equilibrium in both single- and multi-population
settings. Finally, we provide illustrative numerical examples demonstrating the equilibrium
price distributions and agents’ optimal position sizes.

Keywords: mean-field game, multiple populations, market-clearing, relative performance con-
cerns

1 Introduction

In this paper, we study the problem of equilibrium price formation for agents with exponential
utility. In addition to a partially hedgeable stochastic terminal liability, each agent is assumed to
have concerns over the average trading performance of peers. We assume the presence of multiple
heterogeneous populations forming a network of relative performance concerns and study how it
influences the equilibrium price distribution under the market-clearing condition. To handle this
many-agent problem, we make use of techniques from mean-field game (MFG) theory. MFG was
pioneered independently by the seminal works of Lasry & Lions [39, 40, 41] and by those of Huang
et al. [34, 35, 36]. MFG is a powerful tool to analyze symmetric strategic interactions in large
populations when each individual player has a negligible impact on the collective behavior and the
state of the others. This condition is particularly well suited for financial and economic applications,
and there is an extensive body of literature applying MFG techniques to many-agent problems. See,
for example, [1, 2, 3, 4, 6, 25] and the references therein.

In recent years, there have also been major advances in MFG theory for applications in the
equilibrium price-formation problem, where the asset price process is endogenously constructed
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to ensure that demand and supply always balance among heterogeneous but exchangeable agents,
rather than being exogenously given. Gomes & Satde [27] present a deterministic model of elec-
tricity prices. Its extension with random supply is given by Gomes et al. [26]. Ashrafyan et al. [5]
propose a duality approach transforming these problems into variational ones. Shrivats et al. [33]
address a price formation problem for the solar renewable energy certificate (SREC). Féron et
al. [13] develop a tractable equilibrium model for intraday electricity markets. Sarto et al. [32]
study cap-and-trade pollution regulation. Regarding price formation in securities markets, Fujii &
Takahashi [22] show that the equilibrium price process can be characterized by FBSDEs of con-
ditional McKean-Vlasov type. The strong convergence to the mean-field limit from a finite-agent
setting is proved in [23], and its extension to the presence of a major player is given in [24] by
the same authors. Fujii [19] develops a model that allows the co-presence of cooperative and non-
cooperative populations. By using the martingale optimality principle developed by Hu et al. [28],
Fujii & Sekine [20, 21] solve the mean-field price formation for agents with exponential utilities,
allowing for general self-financing strategies. In contrast to these continuous-time models, Fujii [18]
adopts a discrete-time framework with a recombining binomial tree for the stock price process. By
leveraging the simple structure of the binomial lattice, the author provides the explicit solutions for
the equilibrium transition probabilities for exponential utility as well as exponential-type recursive
utility in the presence of multiple populations.

Despite these advancements, the aforementioned models assume that agents are concerned ex-
clusively with their own trading performance. In practice, however, institutional investors and fund
managers are often evaluated based on their performance relative to a benchmark or the average
performance of their peers. Such relative performance concerns, often referred to as ”keeping up
with the Joneses,” can lead to significant changes in risk-taking behavior and market dynamics.
This motivation has led to an extensive study of optimal investment under relative performance
concerns. The foundational work of Espinosa & Touzi [12] investigates the Nash equilibrium in a
finite-agent setting as well as its large population limit. Specifically, they analyze unconstrained
agents with general utilities and constrained agents with exponential utilities. On the other hand,
Frei & dos Reis [14] explore the existence of equilibrium in similar games and also construct a
counterexample to show that an equilibrium may not exist. Lacker & Zariphopoulou [30] introduce
a model where agents trade distinct stocks correlated through a common noise. Later, with the
development of MFG theory, the idea of distinct stocks introduced by [30] has been applied to
various models and setups. For instance, Fu [15], Fu & Zhou [16], and more recently Dianetti et
al. [9] and Fu & Horst [17] investigate mean-field portfolio games with various preference struc-
tures, including consumption and Epstein-Zin preferences. The use of forward utilities in relative
performance MFGs has also been analyzed by dos Reis & Platonov [10, 11].

However, while these works provide deep insights into optimal strategies and Nash equilibria
for the relative performance competitions, they treat the asset price process as exogenously given.
Hence the problem of how such relative concerns endogenously shape the market stock price remains
largely unanswered, in particular, for incomplete markets. As observed in Espinosa & Touzi [12],
when the risk-premium of the stock is independent of the strength of relative concerns 6, the
effective risk tolerance of each agent and hence their optimal position increase as 6 increases.
They even diverge in the limit # — 1. This raises a natural question: what would happen if
we impose the market-clearing condition? By definition, market clearing prevents all agents from
simultaneously holding infinitely large positions in the same direction. It is plausible that the
risk premium strongly depends on 6 and adjusts the demand for the stock among the agents to



clear the market. Unfortunately, since the existing literature relies heavily on very complex and
delicate mathematics of quadratic backward stochastic differential equations (BSDEs) and their
mean-field extensions, imposing the market-clearing condition on top of the relative performance
Nash equilibrium presents a formidable technical challenge.

In this paper, we fill this gap by extending the discrete-time framework of Fujii [18] to incorpo-
rate relative performance concerns. We combine MFG theory with the classic idea of binomial trees,
initiated by Sharpe [43] and formalized in Cox, Ross & Rubinstein [7]. We consider a market pop-
ulated by agents—financial and investment firms—categorized into distinct populations, indexed
by p=1,2,...,m, who engage in self-financing trading with a common risky stock and a risk-free
money market account. Agents in each population are subject to distinct stochastic liabilities F?
and distinct distributions of idiosyncratic factors. More crucially, we introduce a heterogeneous
network of relative performance concerns represented by (9;7,{, 1 <pk<m,i=1,2,...), which
denote the sensitivity of agent-i in population p relative to the average performance of population
k. The aggregate structure of this network is captured by an m x m interaction matrix © := E[#].
Our main contributions are summarized as follows:

e In the single population case (m = 1), we prove the existence and uniqueness of the market-
clearing mean-field equilibrium (MC-MFE) associated with the relative-performance mean-
field equilibrium (RP-MFE) for any sensitivity parameter © € R.

e In the m-population case, we prove that there is a unique MC-MFE provided that (I — ©)
is invertible or dim Ker(I — ©) = 1. Moreover, utilizing resolvent expansion techniques, we
demonstrate that the equilibrium solutions remain continuous even around the singular points
where (I — ©) exhibits a first-order pole.

e We derive all these results explicitly based on tractable backward induction arguments and
provide several illustrative numerical examples.

The rest of the paper is organized as follows: Section 2 studies the single population case m =1
with relative performance concerns (6°,i € N); Section 3 analyzes an m-population model with
a network of relative performance concerns (0;%, 1 < p,k < m,i € N). The continuity around
the first-order pole of (I — ©) is also investigated; Section 4 presents several illustrative numerical
examples; and Section 5 gives concluding remarks.

2 Single population with relative performance concerns

2.1 The setup and notation

We adopt essentially the same setup and notation used in Fujii [18]. (Q°, F°, (F2)N | PO) is a
complete filtered probability space, where 0 = tg < t; < ... < ty = T is an equally spaced time
sequence using a time step A :=T'/N where 7' < oo and N € N are given constants. This space is
used to model the common shocks to every agent. Specifically, the filtration (]:?n)fyzo is generated
by two stochastic processes: a strictly positive process (S, := S(t,))"_, and a dy-dimensional
process (Y, := Y (t,))2,, i-e., Fp, := 0{Sk, Y3;0 < k < n}. We use the process S := (S,)3_, to
represent a risky stock price process and Y := (Yn)fyzo standalone non-tradable macroeconomic
and/or environmental factors that affect all the agents. We set Sy > 0 and Yy € R as given
constants and thus ]:8 is trivial. For each n = 1,..., N, we assume that the f?n—measurable

random variable

Ry, = Sn/Sn—1



takes only the two possible values, either u or d. In other words, we restrict the trajectories of
(Sn)g:o onto a recombining binomial tree. The set of all possible values taken by S, is thus given
by S, := {So@*d"*,0 < k < n}, which is a finite subset of (0, 00). We denote by 8™ := {(sk)i_p €
R PY(S, = 8,0 < k < n) > 0} the set of all values taken by the stock price trajectory
(Sk)i—o- To avoid technical subtleties with conditional probabilities, we also assume that the
process Y takes values in a finite set at every t,. We use Y, := {y € R? : PY(Y;, = y) > 0} and
Vo= {(yr)i_y € R+ PO(Y, = 43,0 < k < n) > 0} to denote the set of all values taken by
Y, and (Y)}_,, respectively.

In addition to the above space, we introduce a countably infinite number of complete filtered
probability spaces (Q°, 7, (F; )2_,,P"), i € N, which are used to model idiosyncratic shocks to
each agent-i, i = 1,2,.... For each i, (Q°, F*, (.7-"’ YN, P?) is endowed with Fi-measurable random
variables (&;,7i,6;) as well as an (]:tin)g:o—adapted stochastic process Z¢ 1= (Z¢ = Z'(tn))N_,.
Here, &;,7; and 6; are all R-valued. &; represents the initial wealth, 7; the coefficient of absolute
risk aversion, and 6; denotes the strength of the relative performance concern of agent-i, respectively.
The dz-dimensional process Z° is used to model idiosyncratic shocks to agent-i. We denote the
range of random variable Z by Z,,. The fact that (£;,;,6;) are Fé—measurable means that agent-¢
knows their initial wealth, the size of risk aversion, and the strength of the relative performance
concern at time zero. Note that there is no need to impose the restriction of a finite state space on
variables other than (S,Y).

By the standard procedures (see, for example, Klenke [38, Chapter 14]), the complete filtered
probability space (2, F, (F;,)N_,P) is defined as the product of all the above spaces

(Qv]:v (]:tn)yjy:mp) = (QO’]:O’ (]:0 )n OvPO) ;.il (Qia]:ia (]:L )n OvPZ)

which denotes the full probability space containing the entire environment of our model. Therefore,
by construction, (S,Y) and (&,7:, Z"), ¢ € N are mutually independent. On the other hand, the
relevant probability space for each agent-i is the product probability space defined by

(QO7ia~F07iv (}—Onﬂ)n OvPO Z) = (QO>~7:O>(]:0")7]¥:O>PO) Y (sz}_z ( tn)n 0>]P)Z)

which reflects our assumption that common shocks are public knowledge, but the idiosyncratic
shocks are private to each agent. We shall use the same symbols, such as (Sy,Y,,vi, ), if they
are defined as trivial extensions on larger product probability spaces. Expectations with respect to
PO Pi P% and P are denoted by E°[-], E¢[], E%[-] and E[], respectively.

We introduce the symbols S™ := (Sp, S1, ..., S,) to denote a stock-price trajectory and Y™ :=
(Yo, Y1,...,Y,) as a common-noise trajectory, s := (sg, s1,...,8,) € S"and y" := (Y0, Y1, -,Yn) €
V™ serve as their specific realizations. Fors € S"~!, we use the symbols (su)" := (s"~ !, s,_1) € S"
and (sd)" := (s"!,s,_1d) € 8*. Moreover, for y = (0,...,yn) € V", (Y0,---,Yn_1) is denoted by
y~. For s € 8™, we denote its k-th element by s, and similarly y; for y € V™. We also introduce
an F¢-measurable 2-tuple g; := (7;,6;) for notational simplicity. To lighten the notational burden,
we shall use expressions such as E%[-|s,y, 2%, g;] for (s,y,2%) € S"7! x Y"1 x Z,_1, to denote
the conditional expectation E%[|S"1 =, YY" ! =y Z! | = 2% 9; = o;]. With a slight abuse of
notation, we shall use the same symbols for the realizations of the fé—measurable random variables
(e.8., 00).

We assume that the risk-free (nominal) interest rate is given by a constant » > 0. The time-t,
value of the money-market account is thus given by exp(rnA). To make the notation simple, we



introduce the constants _
u:=u—exp(rld), d:=d—exp(rl),

and an ]:?n-measurable random variable, which takes values either u or d,
Ry, := R, — exp(rA),

for each 1 < n < N. We also use the symbol 5 := exp(rA). For notational simplicity, we also
introduce the Fj-measurable process (7%)N_, defined by ~¢ = (8% /8" )y:.
For the above introduced variables and processes, we assume the following;:

Assumption 2.1. (i): @ and d are real constants satisfying 0 < d < exp(rA) < @ < cc.
(ii): The variables (&;,7i,0;, Z%) are identically distributed across all the agents i =1,2,....
(iii): There exist real constants £, &, 7,7, and 6,0 so that for every i € N,

é’i € [§a 5] C R? Qi ‘= (’7“01) el = [l?ﬁ] X [Qa 0] - (0? OO) x R.

(iv): For each i, the process Z' is Markovian, i.e., B'[f(Z},)|F}.| = E'(f(Z})|Z}] for every bounded
measurable function f on Z, and k < n.

(v): The process Y is Markovian, i.e., E°[f(Yy,)|F] = EO[f (Y,)|Yk] for every bounded measurable
function f on YV, and k < n.

(vi): The transition probabilities of S = (Sn)N_, satisfy, for every 0 <n < N —1, a.s.,

]P)O(SnJrl = ﬂSn’]:tOn) = PO(SnJrl = 'ZZSn|Sm Yn) = pn(Sna Yn)a
PO(SW,—I—I = élen‘F?n> = PO(STZ+1 = JSn‘Sna Yn) = QR(S7M Yn)7

where pp,qn ((=1—pp) : Sp XV = R0 <n < N —1 are bounded measurable functions satisfying

0 < pn(s,9), qn(s,y) <1

for every (s,y) € Sp X Vn.

We now provide remarks on the assumptions. By (i), we have d < 0 < u. It is well-known
that the transition probabilities under the risk-neutral measure Q are given by p@ := (exp(rA) —
d)/(t—d) = (—d)/(u— d) for the up-move and ¢? := 1 — p@ for the down-move of the stock price.
In this paper, we fix the relative transition size (u, c?) to be constant across all nodes; however, this
is done merely for simplicity. The analysis of the paper still holds even if (u, J) varies from node
to node. It is known that, by adjusting (ﬂ,c?) node by node according to the result by Derman
& Kani [8], we can reproduce the implied volatility surface in the option market, while keeping
the recombining property of the binomial tree intact. Therefore, if necessary, our discussion below
can be constructed on a binomial tree whose risk-neutral distribution is consistent with the option
market. The Markovian assumptions of (iv) and (v) can be imposed without loss of generality
by lifting Y and Z° to higher dimensional processes. The generalization to the path-dependent
transition probabilities, such as p,—1(S™,Y,,), will be discussed in later sections. Under the above
conditions (v) and (vi), (Sp41, Yn41) satisfy the property:

E°[f (Sn+1)9(Yns 1)L, ] = E°Lf (Sn41)[Sn, YalE[9(Yos1)|Ya] a5, 0<n< N -1,

for any bounded measurable functions f : Sp,4+1 — R and g : Yp+1 — R. The process Y can be



interpreted as representing some standalone macroeconomic and/or environmental factors which
are not influenced by the agents’ trading activities. In regime switching models, Y can be used to
model the state process of the regimes.

Remark 2.1. The bound for the transition probabilities (vi) guarantees that the probability measures
PV o S~ and Qo S~ are equivalent. Hence the system is arbitrage free.

2.2 Optimization problem

Consider a financial market which consists of a large number of agents, agent-i, 1 < i < N,
We suppose that the preference of each agent-i is characterized by the exponential utility at the
terminal time ¢ = ¢,y with the absolute risk-aversion coefficient ~;:
_ exp(—’yi (X}'V __b 3" XJ - F(Sn. Ya, Z}'V))).
Np - ]- #
JF#

Here, X := (X} := X(t,))]_, is the wealth process of agent-i, and the term F denotes a stochas-
tic terminal liability which depends on the realizations of the stock price Sy, the non-tradable
macroeconomic factors Yy, as well as the idiosyncratic factors Z]iv. A key extension relative to
the previous work Fujii [18] is the presence of the relative performance concern represented by the
second term. The coefficient 0; gives its strength and direction; 6; > 0 denotes a situation with the
relative performance competition, and 6; < 0 corresponds to altruistic preferences (or homophilous
interaction as termed by Hu & Zariphopoulou [29]), where agents derive positive utility from the
wealth of others. In this section, we are interested in the mean-field limit N, — oo of the above
problem.

We now formulate the optimization problem for each agent. Agent-i, for ¢ = 1,2,..., with
an initial wealth &;, engages in self-financing trading with the risk-free money market account
and a single risky stock. They adopt an (ff;l)gz_ol—adapted trading strategy (qﬁﬁl)ﬁf:_ol, denoting
the invested amount of cash in the stock at time ¢,,. The associated wealth process of agent-i,
Xti= (X = X(t,))]_,, follows the dynamics

Xy = exp(rA) (X} — ¢h) + ¢, Rt

where X§ = &. Recall that 8 := exp(rA) and R,11 = Ryi1 — exp(rA).
Each agent-¢ seeks to solve the optimization problem:

sup K% [— exp(—’yz- (X}V — Oy (SN, YN Y — F(Sn, Y, Z}V)) |]-"8’i}, (2.1)
(@h)n—p €A

where
A= {(qﬁ;)fyz_ol L ¢l is an ffél—measurable real-valued random variable}

denotes the admissible control space. uy : SV x YV¥~1 — R is an appropriate measurable function.
We shall search for the fixed point (p1,)N_o with u := Ei[¢] and p,, : S* x Y"1 - R, 1 <n < N,
such that

(8™, Y™ ) = EY XA ] as..



The independence of p,, from Y,, follows from the dynamics of wealth X* and the condition (vi) in
Assumption 2.1.

Remark 2.2 (Economic interpretation of the agents). Throughout this paper, we interpret the
agents not as individual tnvestors, but as trading desks of institutional market participants, encom-
passing both financial intermediaries (e.g., dealer banks, market makers) and active asset managers
(e.g., hedge funds, insurance firms). In this context, the terminal liability F' represents inventory
risk, derivatives obligations, or specific investment mandates arising from client orders and insur-
ance contracts, which are not under the direct control of the trading desks. In fact, these institu-
tions are often structurally obligated to manage these risks to maintain client relationships or fulfill
business duties. The fee income or premiums received from clients for these services are also non-
tradable and inherent to the business; they are thus embedded in F' as a negative contribution to the
liability. This interpretation naturally justifies the presence of liabilities and sophisticated optimiza-
tion, as well as the introduction of relative performance concerns driven by the highly competitive
nature of the financial industry.

Assumption 2.2. (i): F: Sy x Yn X Zny — R is a bounded measurable function.

(ii): Every agent is a price-taker in the sense that they consider the stock price process (and hence
its transition probabilities specified in Assumption 2.1 (vi)) to be exogenously determined by the
collective actions of the others and unaffected by the agent’s own trading strategies.

(iii): Every agent treats the mean-field terms (Mn),]:[:(), 2 ST x Y"1 R, as exogenous bounded
measurable functions, believing they are determined by the collective actions of the others and
unaffected by the agent’s own trading strategies.

As a preliminary step, we first study, for 1 < n < N, the one-period problem at ¢t = ¢,_1 for
the interval [t,—1,,]:

sup B exp (<94 (X5 = 0i1a(S™, Y )) ) ValSus Yo, Z2s 0| F0 | (2:2)

n—1

where the supremum is taken over the fgzi_l—measurable real-valued random variables. We recall
that 77, is defined as 7% := (Y /8")v; and p; is the 2-tuple o; := (i, 0;).

Lemma 2.1. Let Assumption 2.1 and Assumption 2.2 (ii) and (iii) be in force. Assume, moreover,
that Vi, : Sp XV X Z, X' = R is a measurable function satisfying the uniform bounds 0 < ¢, <V, <
Ch < 00 on its domain with some positive constants ¢, and Cy. Then the problem (2.2) has a unique
optimal solution ¢," | defined by a bounded measurable function ¢ | : S*~! xY" IxZ, 1 xI' - R,
such that ¢" | = ¢* ((S"L YL ZE |, 0i) a.s., where

% ; HZATL(S>y) 1 pn—l(svy)u i
’ i og) = : log(— ==L 4log fu1(s,y, 25 00) b (2.3
Gp_1(8,y, 2", 0) T +%(U_d){0g< qn,l(s,y)d) +log fr-1(s,y, 2 9)} (2.3)

Here, s = 8,1 € Sy_1 and y = Yp—1 € VYn_1 are the last elements of s € S" ! andy € Y"1,
respectively. Furthermore, fn_1: Sp—1 X Yn—1 X Z,-1 X I' = R is a measurable function satisfying

Since the domain S x YN ~! is finite, the boundedness assumption is redundant. However, we make it explicit
for clarity. We keep this convention throughout the paper.



the uniform bounds 0 < ¢, < fn_1 < Cp < 00 on its domain with some positive constants ¢, and
Cp, and A, : S 1 x Y"1 — R is a bounded measurable function. They are defined respectively by

EO’i [Vn(8a7 Y’na Z;n Q2)|y) Zi? QZ]
EO,i[Vn(Sd, Yo, wa Qi)|ya Zia Qi] ’

An(s,y) == pn((s2)",y) — pn((sd)", y).

Proof. We solve the problem on each set {w%® € Q% : (X! |, 8"~ 1 Y"1 Z! | o) = (2%,8,y,2% 0i)}.
Here, with a slight abuse of notation, we use the same symbols for the realizations of Fé—measurable
random variables. Recall that s := s,_1 and y := y,_1, i.e., the last elements of s € S*~! and
y € Y"1 respectively. Then the problem (2.2) is equivalent to

fn—1(57 Y, Zi? Q’L) =

it B [oxp (<7, (8" + 'R — Biun (8", Y")) ) Va (S0, Yo, 20 00)ls, v, 2 ]
re

= eXp(_’%izflxi) igif{pn—l(sv y) exp<_7ZL ((blu - gzun((sa’)na y))>E0’i[Vn(SHv an Z7ZL7 Ql)‘ya zia Q’L]

+ n-1(5, ) exp (=7 (6'd = Oupn ()", ) ) E™ [Va(sd, Yo, Z3s 00)ly, =, 01] |
(2.4)

where we have used the property (vi) in Assumption 2.1. Since 7%, > 0 and d < 0 < u, it is easy to
see that the optimal trade position ¢** is uniquely characterized by

pn—1(57 y)u exp (_7111 (¢17*u - Qlun«sa)n) y)))EO"L[Vn(Sﬂ’ Yna Z;w QZ) ’,% Zi7 Qz]

+ g1 (5, y)dexp( = (6 d = pun((sd)", ¥)) ) EV Va(sd, Yo, Zhs 00) . 2, 0] = O,

which gives the desired result. The existence of positive constants ¢, and C,, for f,_1 follows
immediately from the boundedness of V,. O

2.3 Relative performance mean-field equilibrium

Definition 2.1. We sat that the system is in the relative performance mean-field equilibrium (RP-
MFE) if the problem (2.1) has an optimal solution (¢;" )N_, i =1,2,..., for the agents satisfying

Assumption 2.2 (ii) and (iii), such that, with o = E*[¢;], the bounded measurable functions ji, :
S x Y"1 5 R, 1 <n< N satisfy the fized point condition:

pn(S™, Y™ ) = E¥ [ X2 F) ] as., 1<n<N, (2.5)

where X** denotes the wealth process associated with the optimal control ¢"*. Moreover, we denote
the associated processes in the RP-MFE by (i, ¢'), and refer to them as the solution pair of the
RP-MFE. We also use the symbol Xi fori =1,2,... to represent the wealth process of agent-i
associated with ¢* and the initial condition &;.

Since we are dealing with a symmetric problem with i.i.d. variables and processes (&;, i, 0i, Z%)i>1,

the choice of the representative agent is arbitrary. Since the filtration (F&)Jk\fzo is generated by

(S,Y), the fixed-point condition (2.5) can be equivalently represented by using agent-1 as the



representative:

pn(s,y™) = E'[ X *s,y] = E'[ X0 * s,y ],

for every (s,y~) € S"xY"!. Here,y = (y ™, %) € Y". Inthe following, we prove the existence and
uniqueness of the RP-MFE. We will show that the path-dependence of ¢, ; on (s,y) € S*"1x Yy}
reduces to dependence on the current state (s,y) = (Sp—1,Yn—1) € Sp—1 XVn—1 in the RP-MFE. It is
well known that the RP-MFE constitutes an e-Nash equilibrium for the corresponding finite-agent
game; we refer the reader to Appendix A for a brief explanation.

Theorem 2.1. Let Assumptions 2.1 and 2.2 be in force. Assume further thatAEl[Ql] # 1. Then
there exists a unique RP-MFE for the problem (2.1) with the solution pair (ji, ¢"). The associated
optimal strategy (¢%,_1)2_; is given by the bounded measurable function ¢i,_; : Sp—1X Yn—1X Zp—1 X
I' >R, 1 <n< N, such that

- ; 1 Pn—1(5,y
_1(8,y, 2", 0i) i= ——11lo +log fr_1(s,y, 2*, 0;
105, 9, 2", 04) %(u_d){ g( o 1S7yd) g fn-1(s,y 9)} 0
L1 0i {bg( Pn-1(5,9) )El{i} [Ingn 18,y Z 1,@1)]} '
u—dl—E 6] dn—1(s,y)d Tn
and the dynamics of the associated mean-field terms (ﬂn)ﬁ[:l s given by
ﬁn((SH)n,Y) = 6ﬁn—1(say_) + ,U'El[¢ (3 Y, Zn 1> Ql)} (2 7)

ﬁn((S@n7Y) = ﬁﬁn—l(&yi) + dE1[¢ (8 Y, Zn 1» Ql)]

with the initial condition fip := E'[&1] and

1 1 pnfl( ) logfn 1(3 yaZ 1791)
E! (o) zZh log(— D22 Rl | — | 4B n- :
Here, s := sp—1 and y := yn—1 are the last elements of (s,y) € S" ' x Y"1 and y~ is such

that (y~,yn—1) =y € V" L. The function fn_1: Sn_1 X Yn-1 X Zn_1 x I' = R is defined as in
Lemma 2.1. It satisfies the uniform bounds 0 < ¢, < fo_1 < C, < oo on its domain for some
positive constants ¢, and Cy, and is given by

EY [V, (s, Yo, Z3, 00)ly, 7', 0]
]EOJ[V%(Sd? Yn’ Z;Lu Q’L) |ya Ziv Ql]

fnfl(sv Y, zi7 QZ) =

Here, Vi, : Sy X Y X Z, x ' = R, 0 < n < N, are measurable functions satisfying the uniform
bounds 0 < ¢, <V, < C,, < 00 on their respective domains for some positive constants ¢, and C,.
They are defined recursively by

VN(S) Y, Ziv QZ) = €eXp (’YZF(Sa Yy, Zi))a



for each (s,y,2",0;) € Sy x Yn x Zy x T, and

anl(sa Y, Zia Qi)
= pn-1(5,9) eXp(—’VfLU(cgﬁ;_l(S, Y, 2, 0i) — BN (s,y, Z}_). 91)]))1510” (Va(st, Yo, Z2, 00) |y, 2", 0i]

+ gn-1(5,y) eXp(—%d(d;;‘;_l(s,y,zi,Qz) 0,E oL 1 (s,y, Z}_ 1,91)}))E°’i [V (sd, Yo, ZE, 00) |y, 2*, 0i]
(2.9)

fOT each (S,y,Zi, QZ) € Sn—l X yn—l X Zn—l X P7 1 <n< N.
Remark. Note that (1/4%)logV,, represents the effective liability at t,,.

Proof. Suppose that the problem for agent-i at ¢,_1 for the period [t,,—1,t,] is given by the form
(2.2). To apply Lemma 2.1, we assume that V,, : S, x V,, x Z,, xI' = R is a measurable function sat-
isfying the uniform bounds ¢, < V,, < (), on its domain for some positive constants ¢, and C,,. This
clearly holds at t = ty_1 for the last interval [ty_1,ty] with Viy(s,y, 2%, 0;) := exp(%F(s,y, zl))

In view of (2.3) in Lemma 2.1, the evolution of the wealth process of agent-i under the optimal
strategy ¢,." | is given by

Xail* ﬁX”l"“z’n 1(Sn717Yn717Z27170i)Rn-

Consider the problem conditioned on the event {(S"~!,Y"™!) = (s,y)} in 7 . Under the
induction hypothesis that EO’I[XTllfﬂs,y] is of the form p,_1(s,y~) with (s,y~) € S"~1 x Y2
(when n = 1, we simply set py = E![¢]), and utilizing the i.i.d. property of (&;,~;,0:, Z),i =
1,2,..., the condltlon for the RP-MFE for the period [¢,—1, t,,] is equivalently given by the following
evolutlon equations:

Bin—1(s,y7) +uE ¢ 1 (5,5, ZL_1, 01)],
ﬁ:u‘n— ( )+dE1[¢n 1(S y7Zn 17@1)]

pn((s2)",y)

2.10
pn((sd)",y) (210)

To solve the above equations, observe that qﬁ *, in (2.3) depends on the mean-field term g, only
through its difference A, (s,y). By taking the difference in (2.10), we obtain the equation for

Ap(s,y) as

} +E! [log fn_l(s’ﬁ’ Znci: Ql)} } (2.11)

An(s,y) = EMo1A (s, y) + {Iog(—M)El{

1
n

Since E![f;] # 1 by assumption, this equation determines A,, uniquely as

An(s,y) = Héw{log(—p"‘l(s’y)u)w [i} +E1[logf" (50, Zn 1’91)]} (2.12)

qn-1(s,y)d 3 7

for each (s,y) = (Sp—1,Yn—1). Note that A, is seen to be independent of the entire trajectory of
(S,Y) up to time t,,_9, depending only on the current state (Sp—1,Yn—1). Substituting A, (s,y) in
(2.12) for A,(s,y) in (2.3) yields the expression ¢, ", as given by (2.6) and hence its expectation

n (2.8). Moreover, (2.10) is shown to be equivalent to (2.7). Since ¢n—1 given by (2.6) is a
bounded measurable function due to the uniform bounds on f,_1, i.e., ¢, < fr—1 < Cp, the mean-
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field term pu, is also bounded and measurable provided that p,_1 is. Thus, under the assumption
that E@'[X'* |s,y] = pn_1(s,y~) with some bounded measurable function i, 1, (2.6) and (2.7)
provide a unique candidate for the solution pair of RP-MFE for the interval [t,_1,t,].

It remains to show that this procedure can be iterated backward from the last interval [ty _1, tN]
to the first one [tg,?1]. From (2.4), we see that the value function at ¢, is given by

- exp(_f)/;—lxi) {pn—l (87 y)6_72((bi;i1u_0iun((sa)n7y))E07i [Vn(Sﬁa Yn7 Z}w Q’L) ‘y7 Ziv QZ]

+ qn_l(&y)6*%(451{*_Id*@mn((Sd)”iy))EO,i[Vn(sgf7 Y, wa o)y, 2, Qz]}

for each realization (z%,s,y, 2", 0;) of (Xfl’il,Snfl,Ynfl,Z};L_l,,gi) with the conventions (s,y) =
(Sn—1,Yn—1). Let V,,_1 be defined in (2.9), which again satisfies the uniform bounds ¢,,—1 < V,,_1 <
Cp—1 on its domain with some positive constants ¢,—; and C,,—1. By invoking (2.7), the value
function at t¢,,_1 can now be expressed as

- exp(_’)/fzfl(xi - ei/’én—l(s7 yi)))Vn—l(Sa Y, Zi) Ql)

yielding a problem of the same form as in (2.2) used in Lemma 2.1. The boundedness condition
on the mean-field terms (p,)2_; thus reduces to that of yo := E'[¢]. Since & € [¢,€] is bounded,
the entire process (Mn)g:o is now bounded and becomes consistent with our assumption. Thus
we conclude that the above constructed optimal strategy ¢“* and the associated mean-field p =
()2, satisfy the fixed point condition (2.5), and hence p and ¢** constitute a RP-MFE solution
pair, which we denote by (i, 5’) for the problem (2.1).

The uniqueness of RP-MFE follows immediately from the construction: firstly, the optimal
control in each interval by Lemma 2.1 for a given u,, is unique; secondly, the dynamics of the mean-
field term (pin)n>1 is uniquely determined by the evolution equations (2.7) with a given initial
condition ug € R. O

Remark 2.3. We analyze three regimes defined by the value of the expected relative performance
concerns EL[61] : EL[91] <0, 0 < EY[01] < 1, and El[#1] > 1. First, we introduce the variable:

Tni= 1_1;1[91]“‘31 U;j-

Observing the expression in (2.8), we can identify T, as the aggregate effective risk tolerance.

e E'[01] < 0: In this regime, on average, the lower the expected relative concern E[01] is, the
smaller the aggregate risk tolerance T, becomes, implying that the agents are, on average, more
risk-averse. This is because the mean-field interaction term 0;p,(S™, Y™™ 1) in the objective
function (2.2) aligns with the wealth of agent-i and thus increases the exposure to the risk in
the stock position.

e 0 < EY01] < 1: In this regime, the agents are, on average, more risk-tolerant, and thus take
larger positions as E'[0] increases. In the limit E'[01] — 1, the aggregate risk tolerance and
hence the stock position diverge, becoming a singular point within the current setup. This is
caused by the divergence of the feedback loop of relative performance concerns, represented by
the series 1+ E61] + (E[01])® + ---, d.e., an agent is concerned with the performance of
peers, while each peer is, in turn, concerned with the performance of others, .. ..
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e El[01] > 1: In this regime, the relative performance concern becomes too large to hedge in
the conventional manner. From (2.8), we observe that the sign of the average stock position
flips. Suppose, for example, the transition probability for the up-move, pn—1(8,y), is signifi-
cantly higher than qn,—1(s,y). If we can neglect the contribution from f,_1, then agents would
typically take a long position in the stock in the first two regimes. However, this is not the
case here. Although a long strategy is likely to produce a positive gain, the gain of peers, when
multiplied by a large 0 > 1, would reduce the agents’ utility significantly more. Thus, agents,
on average, take a short position, bearing a loss from the stock trade but deriving a higher
utility gain from the loss of their peers, which is multiplied by a large 8 > 1. Consider an
agent who deviates from the majority and takes a long position. If the stock price rises, the
agent would enjoy a positive gain from the stock position as well as a significant utility gain
derived from the loss of peers. However, if the stock price falls, the agent would bear a loss
from the stock position as well as a significant utility loss due to the gain of peers. Given the
concavity of the utility function, such a deviation would not be optimal. In fact, the optimal
strategy of each agent is characterized by (2.3) regardless of the sign of A,,.

2.4 Market-clearing mean-field equilibrium

In the previous subsection, assuming E![f;] # 1, we established the unique existence of the RP-
MFE and provided the explicit form of its solution pair (1, ¢*). Importantly, the specific functional
form of the transition probabilities (p,—1(s,¥),gn—1(s,))"_; did not play a decisive role. In this
subsection, utilizing this degree of freedom, we show that it is possible to choose an appropriate
functional form for the stock price transition probabilities satisfying Assumption 2.1 (vi) so that
the market-clearing mean-field equilibrium (MC-MFE) is achieved while preserving the RP-MFE.
Naturally, the market-clearing condition implies that the agents’ stock positions must not diverge.
Interestingly, this suggests that the appropriate choice of transition probabilities that clears the
market may eliminate the singularity at E'[#1] = 1 observed in the relative performance game. We
shall show that this is indeed the case.

As in [18], we incorporate an external stochastic order flow, L,,_1(Sn—1, Ys—1), which represents
the aggregate net stock supply per capita at each time t = ¢,,_1, for 1 < n < N. The external
order flow is intended to model the aggregate contribution from other populations. In particular,
it can be used to represent the aggregate net supply from individual investors, whose behavior is
often difficult to model via rigorous optimization, or the supply from a major financial institution
such as a central bank.

Assumption 2.3. For every 1 < n < N, L,_1 : Sh—1 X Yn—1 — R is a bounded measurable
function.

Definition 2.2. We say that the RP-MFE defined in Definition 2.1 constitutes a market-clearing
mean-field equilibrium (MC-MFE) if

N,
) 1 <A~
IR ; iy = Lo 1(Sn 1, Yo 1),

P-a.s. for every 1 <n < N.

This condition implies that the excess demand/supply per capita converges to zero in the large
population limit.
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Remark 2.4. We often consider the baseline case L, 1 = 0, which corresponds to a met zero
position among the agents. The special case Lyp_1(s,y) = N#s, 1 <n < N, corresponds to the
situation where the supply is given by a constant number of shares N# per agent. In a closed
market setting, this implies that the net initial number of shares per capita is N#. Note that, in
our formulation, L represents the monetary value of the supply per capita.

Theorem 2.2. Let Assumptions 2.1, 2.2 and 2.3 be in force. Then there exists a unique MC-MFE.
The associated equilibrium transition probabilities of the stock price are given by

pnfl(s,y) = PY (Sn = ﬁsnflKSnflaYnfl) = (Say)>

_ (—d)/ {uexp (El[ll/,m {El [log fnl(s;y%’ Z71L_17@1)} (1= E'0])(u — d)Ln_l(s,y)}> _ d}
(2.13)

for every (s,y) € Sn—1XVn-1, 1 <n < N. Here, the functions fn—1: Sn—1 X Vpn-1xXZp_1 xT = R,
1 < n < N are measurable functions satisfying the uniform bounds 0 < ¢, < f,_1 < C,, < 00 on
their respective domains with some positive constants ¢, and C,. They are determined via the
backward induction in Theorem 2.1, with transition probabilities replaced by those given above at
each step. Under the equilibrium transition probabilities, the optimal strategy ¢',_, of agent-i is
given by, for each (s,y,2",0;) € Sp_1 X Y1 X Zn_1 x T,

~ : 1 1—E'[6, 1
¢Zn—1(87 Y, zlv Qz) = EL 1 < i [ ] + ezEl |:71:|)Ln—1(37 y)
[/l 7% Th (2.14)
Lt {Ingnfl(sayaZZaQi) 11 El[logfn_1(8,y, Z,{_l,m)]}
u—d T EM1/v] Vi
Moreover, there exists a positive constant Cp—1 such that
1 N . 2 Cha
E\ﬁ > 6 (S, Yno1, Zh 1, 0) — Ln-1(Sn1, Yn_u) <
P =1 P

for every 1 <n < N, which establishes the convergence rate in the large population limit.
Remark. Recall that the definition o; := (v, 0;) that incorporates the 0;-dependence.

Proof. (Step 1): We first assume that E![¢;] # 1.

In this case, we can directly use the result of Theorem 2.1. Since the sequence {(Z%, ¢;),i € N} is
i.i.d. and also independent of the process (S,Y), the market-clearing condition in Definition 2.2 is
equivalently given by

El [&L*l(sﬁyaZ}Lfval)] = Ln—l(svy) (215)

for every (s,y) € Sp—1 X Yn—1, 1 <n < N. The expression for the transition probabilities (2.13)
is a direct consequence of (2.8) in Theorem 2.1 and the market-clearing condition (2.15). By
substituting the resulting expression for p,_1(s,y) (and g,—1(s,y)) into (2.6), we obtain (2.14).
To establish the first claim, it suffices to verify that the family of transition probabilities
(pn—1(s,9))2_; defined in (2.13) satisfies the bound specified in (vi) in Assumption 2.1, while
updating the functions (f,—1) via the backward induction process described in Theorem 2.1. At
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t = tn_1, fn—1 is a measurable function satisfying the uniform bounds ¢y < fy_1 < Cn on its
domain for some positive constants ¢y and Cn due to the boundedness assumption on F. Com-
bined with d < 0 < u and the boundedness of other variables, such as (v;,0;, L), we can confirm
that py—1 (and hence gy-1) given by (2.13) satisfies 0 < pn-1(s,9),qn-1(s,y) < 1 for every
(5,y) € SN—1 X Yn_1, and is thus consistent with the condition. Moreover, ¢% _; in (2.14) is a
bounded function on its domain due to the uniform bounds of fy_i. It follows that Vx_; defined by
(2.9) is a measurable function satisfying the uniform bounds c¢y_; < Vy_1 < Cny_1 on its domain
for some positive constants ¢y_1 and Cy_1. This, in turn, ensures that fy_o once again satisfies
the desired uniform bounds, and so do (py—2(s,9),qn—2(8,7)), (s,y) € SN—2 X Yn_2. Proceeding
in this way, by backward induction, we establish the desired consistency for every time step.

To establish the second claim, it is enough to show that, for 1 <n < N, there exists a positive
constant C,_1 such that the inequality

N,
1 <&~ A 2 Chq
E‘N E (Z):’L—l(S?ya Z}z—l? Qi) - Ln—l(svy) < ]T:]—
P =1 P

holds uniformly for every (s,y) € S,,—1 X V1. Using the i.i.d. property of (7%, 6;, Z%) as well as the
boundedness of (1/7%,0;, fn_1, Ln_1) and E'[¢1] # 1, we can show that there exists some constant
Cn—1 by rearranging the expression (2.14) as follows:

N,
1 :
E]FZ%,AS,% Zi100) ~ Tnalsy)| <

]S (-2 )+ Lo s

‘Z(logfn 1 S’YZ,ZLDQ@-) - {logfn 1(873:271 1’91)})‘2]

ngn 1(5 y,Zn 17@1) . |:logfn 1(5 .%Zn 17@1)]’ :|
Y Y

16 —El[el]\2+]

Cp— 172
<Gl )
Np Tn Tn
Since the last variance terms are finite, this estimate establishes the desired result. Note that the
cross terms appearing in the second line vanish due to the mutual independence of (v}, 60;, Z");en.

(Step 2): We now consider the special case E}[f;] = 1.
In this case, the equation (2.11), which is the consistency (i.e., fixed point) condition for the RP-
MFE, can be satisfied if and only if

(oo ] [t Bl Ly g

for every (s,y) € Sp—1 X Yp—1. This equality determines the transition probabilities uniquely, and
they are given by the same expression (2.13) with E}[f;] = 1.

If the above equality holds, then A,,(s,y) and hence also the optimal control qﬁil’il in (2.3) would
remain undetermined if we were to consider the problem solely within the RP-MFE framework.
However, if we impose the market-clearing condition, the optimal control &171 and A, (s,y) are
determined uniquely. Specifically, under the condition (2.16), the equations (2.15) and (2.3) imply

An(S, Y) = (u - d)Ln—l(Sv y):
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which only depends on the last elements of (s,y), i.e., (s,y) € Sp—1 X Yn—1. Thus, once again by
(2.3), we obtain

i i N _ n 1 _pn,l(s,y)u i
Grals9: 200 = biLna(s9) + o {log (=01 ) Hlog fua(s,3, 20} (217)

n
with the transition probabilities derived above. This is also consistent with the expression in (2.14)
when E![f;] = 1. Given that V,, satisfies the uniformA bounds 0 < ¢, <V, < ), < oo on its domain
for some positive constants ¢, and Cp,, the control ¢!,_; is bounded and measurable. Thus, under
the assumption that Eo’l[X}:l]s, Y] = tn—1(s,y~) with some bounded measurable function f,_1,
(2.14) and (2.7) with transition probabilities (2.13) with (E![¢;] = 1) provide a unique candidate
for the solution to the MC-MFE (and hence the RP-MFE) for the interval [t,_1,,].

In order to complete the proof, it suffices to show that this procedure can be repeated backward
from the last interval [ty_1,tn] to the first one [to, ¢1]. The value function V,,_; for agent-i at t,,_1,
which serves as the objective function for the optimization for the period [tn—2,tn—1], is given by
(2.9) with ¢’ obtained above. It once again satisfies the desired uniform bounds for some positive
constants ¢,,_1 and C,,_1. Thus we can proceed with the backward induction one step further. The
condition for g, 1 is reduced to the initial condition ug := E'[¢1] and is satisfied trivially. The
second claim on the convergence rate can be shown as in (Step 1). O

Remark 2.5. Theorem 2.2 shows that there is no singularity at E*[01] = 1 and the three regimes
(E1[61] < 0,0 < E'[61] < 1,E[01] > 1) are continuously connected. Let us give some remarks on
the behavior of the equilibrium transition probabilities. The economic interpretation when there is
no relative performance concern @ = 0 is detailed in Fujii [18][Section 2.4], in particular, on the
effects from the liabilities (or negative of the endowments). Recall that the transition probability of
the up-move under the risk-neutral measure Q is given by p% = (—=d)/(u—d). Thus p,_1(s,y) > p°
denotes a positive excess return (at the node (s,y) € Sp—1 X Yn—1). Suppose, for simplicity, the
hedge needs for the effective liability are negligible, i.e., log f,—1 ~ 0. In this case, when EX[0;] < 1,
the positive stock supply Ln—1(s,y) implies that a positive excess return is required by the agents
to compensate for their risk of taking long positions for market clearing. As E[01] approaches
1, the effective risk-tolerance T, becomes larger, which reduces the required excess return. The
agents become totally indifferent to the stock size they absorb at the critical point E'[0;] = 1.
Conversely, when E[01] > 1, the effective risk aversion of the agents becomes negative due to
extremely strong relative performance concerns. In order to clear the market, the excess return
turns negative p,_1(s,y) < pQ. With the negative effective risk aversion, a negative excess return
is required to induce agents to hold a long position to balance the positive market supply.

3 A network of relative performance concerns among multiple
populations

3.1 The setup and notation

A primary limitation of the previous framework lies in their restriction to a single homogeneous
population, where all agents share identical liability functions F', distributions of i.i.d. idiosyncratic
shocks Z¢, initial wealth &;, risk aversion +;, and relative performance concern 6;. Crucially, the
relative performance concern 6; was constrained to reference solely the aggregate wealth of the
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entire population. This simplified structure fails to capture more realistic scenarios where agents
benchmark their performance against specific peer groups or competitors rather than the market
average as a whole.

To address this limitation, we consider a more generalized setting where agents (i.e., financial
firms) belong to distinct sectors or groups p = 1,2,...,m. Agents in different populations are
assumed to have distinct liability functions FP and distributions of idiosyncratic factors, charac-
terized by &,47, and Z%P. Most importantly, we introduce a heterogeneous network of relative
performance concerns represented by Géyk, which denotes the sensitivity of agent-i in population p
(denoted by agent-(i,p) hereafter) relative to the performance of population k, for k = 1,...,m.
Moreover, we allow the liability function F? to be path-dependent on the stock price, which is
a natural extension of the previous case. As we will see, this generalization necessitates that the
stock price transition probabilities also become path-dependent to achieve the MC-MFE. Note that,
without loss of generality, we can assume that the liability depends only on the terminal values
of (Yn,Z Zp ~ ), unlike the stock price. This simplification is justified because any path-dependent
effects 1nv01ving these factors can always be incorporated by lifting the underlying processes to
higher dimensions.

Let us start by preparing the appropriate probability spaces. We use the same setup and no-
tation as in Section 2.1, for the complete filtered probability space (Q°, FY, (]—"0 )N, P%). The
filtration (Fp, )AL, is generated by the stock price process S := (S, := S(t,))2_ and the common
noise process Y := (Y, := Y (¢,))Y_,. The notations for their ranges (S,,S™, V,, V"), 0 <n < N,
remain identical to those defined in Section 2.1. Specifically, we continue to assume that the tra-
Jectories of the stock price are confined to the binomial tree, and that the process Y possesses
a finite state space. We also use the same notation Ry := Sn/Sn_1, Ry := R, — exp(rA),
u = U — exp(rA), d := d — exp(rA), and B := exp(rA) as before. To model heterogene-
ity across the populations, we introduce a countably infinite number of complete filtered prob-
ability spaces (QP, FoP (F/P)N_ P"P),i = 1,2,... for each population p = 1,2,...,m. Here,
QP Fiop, (]-'t’p )N_,,PiP) is the space modeling the idiosyncratic variables and shocks specific
to agent- (z p): & is the initial wealth and ~? is the risk aversion of the agent, both of which
are fé’p -measurable. We also define ’yf;p = (BY/B")Y, 0 < n < N, for notational simplicity;
Zip = (Z5P = Z%P(t,))N_, denotes the dzr-dimensional (}"Z;lp)nNzo—adapted idiosyncratic shock
process to the agent. We denote the range of Z5P by 2k (C R?2?). To represent a network of rela-
tive performance concerns, we introduce ]-"é’p -measurable real random variables 9;, whk=12...,m
Here, 9;7,6 denotes the relative concern of agent-(, p) in population p regarding the average perfor-
mance of population k.

By standard procedures, we define

(QF, (Fr)n=0:P) = (0, F°, (F)nlo, BY) @y @32, (P, FP, (FyP)3lo, BP)

as the complete filtered probability space describing the entire environment of the m-population
model. On the other hand, the relevant probability space for each agent-(,p) is given by

(907(2"17)7]:07(1'@)7 (ng(ivp))é\f:o’lpo,(i,p)) = (onf()? (f?n)g:O’PO) ® (Qi’pﬂfi’p7 (-Fti’p)n 0’p17p)

n

Expectations with respect to PV, Pi?, PO:(:P) and P are denoted by E°[-], E#?[.], E%(P) and E[],
respectively. We use the same conventions for conditional expectations as in Section 2.1.
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Assumption 3.1. (i): u and d are real constants satisfying 0 < d < exp(rA) < u < oo.
(ii): The variables (£, ~7, (H;k)zq’zl,Zi’p) are identically distributed across all agents i = 1,2,...
within each population p=1,...,m. B
(iii): For each population p =1,...,m, there exist real constants §p,?,lp,ﬁp, and 6%, 6" such that
for every i € N,

gele&IcR, o =0 (Gh)it1) € 7= " 7] x [67,8"]™ C (0,00) x R™.

(iv): For each (i,p), i € N,p = 1,...,m, the process Z*P is Markovian, i.e., Ei’p[f(Zf;pﬂ]:Zl’cp] =
Ei’p[f(Z,i’pﬂZ,i’p] for every bounded measurable function f on Zh and k < n.
(v): The process Y is Markovian i.e., EV[f(Yy,)|F] = E°[f(Yy)[Yk] for every bounded measurable
function f on Y, and k <n.
(vi): The transition probabilities of S = (Sn)N_, satisfy, for every 0 <n < N —1, a.s.,

P(Spp1 = Sy |FL)) = PO(Spy1 = WSn|S™, Ya) = pu(S™, Ya),

PO(Spi1 = dSp|FL) = PU(Syi1 = dSn|S™, Vy) =: ¢a(S™, Vy),

where pp,qn ((=1—pp) : 8" x YV, = R, 0 <n < N —1 are bounded measurable functions satisfying

0 < pn(s,9):qnls,y) <1
for every (s,y) € 8™ X V.

The transition probabilities of the stock price are now allowed to depend on its past trajectory.
Under conditions (v) and (vi) above, (Sp+1, Yn+1) now satisfy the property:

EOLF(Sn41)9(Vos1) [ F2] = EOLF (1) 8™, Y E g (Vo) Ya] aus., 0 <n < N — 1,
for any bounded measurable functions f : S,+1 — Rand g : V11 — R.

Remark 3.1. The risk-neutral measure Q remains the same as in the previous section, in which
the transition probability of the up-move is p? = (—=d)/(u — d) and the down-move ¢© = u/(u — d).
The bound on the transition probabilities in Assumption 3.1 (vi) guarantees that the probability
measures P° o S~ and Q o S~ are equivalent. Hence our system is arbitrage free.

3.2 Optimization problem

We now formulate the optimization problem for each agent. Each agent-(i,p) in population p,
with initial wealth £, engages in self-financing trading with the risk-free money market account
and the single risky stock. The agent adopts an (Ff;(z’p )),]X:O—adapted trading strategy (447 N,
representing the cash amount invested in the stock at time ¢,. The associated wealth process of
agent-(i,p), XP := (Xp := X¥P(t,))],, follows the dynamics

Xi2, = explrA) (X5 — 639) + 680 s

= BXrlfp + ¢iﬁpRn+la

with X0P = ¢?.
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We suppose that each agent-(i,p) solves the following optimization problem:

m
o EALP ot
(3.1)

where

AP = {(ghP)N ) phP is an ]-"torz(i’p )_measurable real-valued random variable}

denotes the admissible control space. pf; : SV x YN-1 5 R, p = 1,...,m, are measurable
functions denoting the average wealth of the population p. We seek to find a fixed point (,uﬁ)ﬁfzo
with g :=EP[¢F] and ph : 8" x Y"1 -5 R, 1 <n < N, satisfying

,qu(S”,Y”_l) = E%6@p) [Xf;p|ft()n] a.s.

for every population p=1,...,m.

For notational convenience in the subsequent analysis, let us introduce matrix notations. We
define the interaction matrix © € R™*™ representing a network of aggregate relative performance
concerns among populations, whose (p, k)-th entry is given by the expected concern:

@p,k = ]Ei,p[ggihk]? 1 S D, k S m,

which is independent of the specific agent ¢ € N due to the i.i.d. assumption. For any m-dimensional
vector pu = (p',...,;1™)" € R™, we adopt the notation:

(O'w), =D O u’s (On), = Opn’.
k=1 k=1

Assumption 3.2. For each 1 < p < m, the following conditions hold:

(i): The function FP : SN x Yy x 2§, — R is measurable and bounded.

(ii): Fvery agent-(i,p), i = 1,2,..., is a price-taker in the sense that they consider the stock price
process (and hence its transition probabilities specified in Assumption 3.1 (vi)) to be exogenously
determined by the collective actions of the others and unaffected by the agent’s own trading strate-
gies.

(iii): Bwvery agent-(i,p), i = 1,2,..., treats the mean-field terms (uf)N_o k = 1,...,m, where
pk o 8" x Yl 5 R, as exogenous bounded measurable functions, believing that they are deter-
mined by the collective actions of the agents in the population k and unaffected by the agent’s own
trading strategies.”

Following the approach in the previous section, for 1 < n < N, we analyze the one-period
problem at ¢t = t,,_1 for the interval [t,,—1,t,]:

n—1

sup EO,(Z',I?) |:_ exp<_fﬁ'{p (X:lyp _ (elﬂn)p(sn, Yn—l)))Vé)(Sn’ Yna Zj{p’ Qf)

i
oy

Al @

2 As noted in Assumption 2.2, since the domains are finite, the boundedness assumption is theoretically redundant
but kept for clarity.
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where the supremum is taken over the }" ( P)_measurable real-valued random variables. We recall
that n (BN//B’IZ),}/l and Qp (/Yz ) ( )lel)‘

Lemma 3.1. Suppose that Assumption 3.1 and Assumption 3.2 (ii) and (iii) hold. Furthermore,
assume that Vi : 8" x YV, x Zh x TP — R is a measurable function satisfying the uniform bounds
0<c, <VY<C, < oo onits domain with some positive constants ¢, and C,,. Then, for every p =

1,...,m, the problem (3.2) admits a unique optimal solution ¢$l ’pl given by a bounded measurable

functzon gi)n;pl S x Yl 2P < TP — R, such that gi)n’fl = (;SEZLP%’*( n—l yn-1 Zn’pl, )
a.s., where

(QiAn)p(sa}’)

1 pn—l(s, y)u :
u—d +’Y¢Z{p(u—d){10g<_%_1(s,y)d) +10gf£_1(sjy’z pv@?)}-
(3.3)

¢Sf£7*(sa Yy, Zi,p’ Qf) =

Here, y = Ypn—1 € Vy_1 is the last element of y € Y~ L. Furthermore, f7 | : 8" ' x Y1 x 28 | x
I'P — R is a measurable function satisfying thi uniform bounds 0 < ¢, < f¥ |, < C, < > on
its domain for some positive constants ¢, and Cp, and A, = (A,’j)?’:l, Afl S Yyt S5 R,
1 < k <m are bounded measurable functions. They are defined respectively by

E*CP[VE((s2)", Yo, Zu”, 0F)ly: 27, of

F2 (s, 2, ) = 2

EO-GR[VY((sd)" YmZ L)y, 27, o)
Ak(s,y) = ((s0)™,y) — ph((sd)", y)-
Proof. We solve the problem on each set {w®(@P) e QO.(p) . (X,P,, st ynt Zn’pl,gp) =

(xPP,s,y, 2P, Qf )}. Here, with a slight abuse of notation, we use the same symbols for the re-
alizations of F(P-measurable random variables. We also set y = y,_1, i.e., the last element of
y € Y"1, The problem (3.2) can be rewritten equivalently as

Jinf B oxp (i (B2 + 6 By — (0 pua)y(S", Y JVE(S Yo 237, oD)ls. v, 2, o
zpeR

-t
pn_1(s,y)eXp(—7f;p(¢i’pu—(9iun)p((sﬂ)”7y))>EO’(i’p) [VP((s2)™, Yy, Z5P, &8y, 27, oF]

+ gn-1(s,9) eXp(—vfip(aﬁi’pd — (0" pn)p((sd)", Y))>E°’(i’p) [VP((sd)", Yy, ZiP, 0Py, 2, 0] }

(3.4)

where we have used property (vi) in Assumption 3.1. Given that ’y,’;;p >0 and d < 0 < u, the
optimal trade position ¢(?)* is uniquely characterized by the first-order condition:

pnfl(s,y)ueXp(ﬂf{p(qbi’pu*(Giun)p((sﬂ)”,y)))EO’(”’) (VP ((s0)™, Yo, Z4P, o)y, 2, o]

+ a1 (5 ) dexp (i (6770 — (0 )y (50", ) JESD [VE((5D)", Yo, Z57, )y, 27, ) =0,

which yields the desired result. The existence of the uniform bounds on f* | is a direct consequence
of its definition and the uniform bounds on Vi!. ]
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3.3 Relative performance mean-field equilibrium

We now study the mean-field equilibrium in a network of relative performance concerns among the
m populations.

Definition 3.1. We say that the system is in the relative performance mean-field equilibrium (RP-
MFE) if the problem (3.1) admits an optimal solution (gbff’_p%’*)N 1<p<m,i=12...,

n=1>

for agents satisfying Assumptions 3.2 (ii) and (i), such that, with b = E“P[¢V], the bounded
measurable functions ph : S x Y"1 5 R, 1 < n < N, satisfy the fized point condition:

p (8", Y"1 = BN [x 0P F) ] as., 1< n <N, (3.5)
for every population p = 1,...,m. Here, X"P)* denotes the wealth process of agent-(i,p) associated

with the optimal control #P)* - Moreover, we denote the associated processes in the RP-MFE by
(P, ¢*P), 1 < p < m, and refer to them as the solution pairs of the RP-MFE. For eachp =1,...,m
andi=1,2,..., we also use the symbol X to represent the wealth process of agent-(i,p) associated
with qﬁ“p and the initial condition &7.

Since we are dealing with a symmetric problem with i.i.d. variables and processes (&,77, 0; 4 Py,

i € N| the choice of a representative agent-(i,p) in each population p = 1,...,m is arbitrary. Given
that filtration (F&)évzo is generated by (5,Y), the fixed-point condition (3.5) can be equivalently
represented by using agent-(1,p) as the representative:

WE(s,y™) = EW[X(P)s,y] = BV [X(Pe]s,y 7]

for every (s,y~) € S® x Y"1, Here, y = (y~,yn) € Y". In the following, we prove the existence

and uniqueness of the RP-MFE. We will show that the path-dependence of ¢£:_p%* ony €Y' lin
Lemma 3.1 reduces to a dependence on the current state y = y,—1 € V,,—1 in the RP-MFE.

Theorem 3.1. Suppose that Assumptions 3.1 and 3.2 hold. We also assume that the m X m matrix

(I—©), with entries defined by {(1—0O)p 1 := (5p,k—E17p[0;’k]), 1 < p,k <m}, has a bounded inverse
(I —©)~L. Then, the problem (3.1) admits a unique RP-MFE with‘the solution pairs (pP, (ﬁi’p)g‘:l
Z?p

For each population p=1,...,m, the associated optimal strategy (g/b\nfl)ﬁ;l 1s given by the bounded

measurable function (Efl”il : ST X Y1 x 2P x TP - R, 1 <n <N, such that

~5i.p 1 Pn-1(8,y)u
ne1(8, Y, 2 ’p79f) = W{IOg(_d) + log f5_1(57y7 ’p,gf)}

Gn-1(8,y)
1 Prn—1(8,y)u 1 log f* ,(s,y ZLk ) (3.6)
(T -1 _ bPn— ) 1,k 1,k n— »Ln—150;
+u—d;(9 (I-9) )pv’“{log< qn,l(s,y)d>E [%g,k] +E [ LE ”
and the dynamics of the associated mean-field terms (fin)N_, is given by
AL ((sT)",y) = B,y (s,y7) +uE" (6,7 (s,y, Z,"), o})], (3.7)

fin((sd)",y) = Bity,_1(s,y )"‘dEl’p[‘b 1(s van PLa)l,
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with the initial condition pif := EVP[¢]] and

El,p[gﬁ 18,9, 2," "1. 07)]
1 }_’_El,k[logfn \(s,, Z)F 1,&)}}' (3.8)

. 1 _ pnfl(svy)u ,
= - ont{e (e s o

Here, 3 := yn_1 is the last element of y € Y" !, and y~ denotes the history up to t,_s such that
(Y yYn-1) =y. For eachp = 1,...,m, the function f£ | : S" P x V1 x ZP | x TP — R is
defined as in Lemma 3.1. It satisfies the uniform bounds 0 < ¢, < f? | < C,, < oo on its domain
for some positive constants ¢, and C,,, and is given by

E*GP) [ViP(s)", Yo, Zi”, 0F)|y: 27, of]

fg— Svyvzi’pvgl? = ; - .
1( Z) EO’(ZJJ) [VTf(( d) YTL?Z;LLI)’Qf”yﬂ Zl,p’ QZP]

(3.9)

Here, for eachp=1,...,m, V¥ : 8" x YV, x ZL xTP =+ R, 0 < n < N, are measurable functions
satisfying the uniform bounds 0<cp, <VF <C, < oo on their respective domains with some posi-
tive constants c, and Cy. They are defined recursively by Vi (s,y, 2P, of) == exp('ypr(s,y, zi’p)),
for each (s,y, 2P, o) € SN x Yy x Z8, x I'?, and

VP (s,y,2", 0F) = pn1(s, y)exp( VPu(oF | (s,y, 2P, o) — 29’ EY* [0 (s, v, 2, 1,91)])>
x EO() [Vr‘f’((sﬂ)”,Yn,Zf;”, )y, 2P @’7]
+Qn71(say)exp( pd(¢n 1(S Y,z 7 Zez Elk n 1(S y7Zn 1agl)])>

x BOUP VP ((sd)", Yy, Z“pjgf)lywp,gﬂ
(3.10)

for each (s,y,2"P,0) € S" 1 x Y1 x ZP_ | x TP, 1 <n < N.
Remark. Note that (1/’yfip) log Vi¥' represents the effective liability for agent-(i,p) at t = t,.

Proof. Suppose that, for every p = 1,...,m, the problem for agent-(i,p) at t,_1 for the period
[tn_1,ts] takes the form (3.2). To apply Lemma 3.1, we hypothesize that V' : S"x Y, x ZExT? — R
is a measurable function satisfying the uniform bounds ¢, < V;¥ < C, on its domain for some
positive constants ¢, and C,,. This clearly holds at ¢t = ty_; for the last interval [ty_1,tx] with
VE(5,9, 59, o) 1= exp(1P FP(s, y, 2i7)).
Using (3.3) in Lemma 3.1, the evolution of the wealth process of agent-(i, p) under the optimal
strategy <Z>£Z’_pz’* is given by
X( 5X zp), _'_¢ 717)» (Sn 1 Yn 1 le

n—1> @

&) R.

Consider the problem conditioned on the event {(S"~!,Y"™!) = (s,y)} in 77 . Under the

induction hypothesis that E%(1:») [XT(Llﬁ)’ﬂs,y] is given by the form uf |(s,y~) with (s,y”) €
S" 1 x Y2 (when n = 1, we simply set pf = EMP[¢]]), and using the i.i.d. property of the
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variables (o, Z"P),i = 1,2,..., the fixed point condition (3.5) for the RP-MFE for the period
[tn—1,tn] is equivalently given by the following evolution equations:

E((sa)",y) = Bt _1(s,y7) + uB [ (s, y, ZP 1, )],

" Lp 4(1p)* (3.11)
ih((sd)",y) = Bipy_1(s,57) + dEM? [¢, ) (s, 5, 2,71, o),
for p = 1 ,m. To solve the above equations, notice that d)s_p%* in (3.3) depends on the mean-field
terms uk, k ...m only through their differences Afl(s, y),k =1,...,m. Taking the difference
in (3.11), we obtain the simultaneous equations for (A7 (s,y));L; as
AP (s,y) Z O,, RAE(
(3.12)

+ {1Og<_w>ﬂgl,p [’Yl} LR [bg fna(s,9. 2,7, gf;)] !

qn_l(s7 y)d 7]i7p ,y?]lwp

Since (I — ©) is invertible by assumption, this equation determines (Aﬁ)g;l uniquely as

87(s.) = S - 03510 g (- By L] HEM[logfﬁ_ﬂs,ly;Z,ifl,g’f)}} (31

el In-1(8,9) Yn' Yn'

for every (s,y) € 8" ' x Y,_1, p = 1,...,m. Note that A, turns out to be independent of
the entire trajectory of ¥ up to time tn 2, dependlng only on the current state y = yn 1 By
substituting A, (s,y) in (3.3) with A, (s,y) in (3.13), we obtain the desired expression ¢ *asin
(3.6) and hence its expectation as in (3.8), which are also independent of the trajectory of Y up to
time ¢,_o. The measurable functions f? ;,p =1,...m defined by (3.9) satisfy the uniform bounds
¢, < ff | < C, for some positive constants ¢, and C,, due to the uniform bounds on (V! )t

Hence gbff’_p%’*, p=1,...,m with expression of (3.6) are bounded and measurable, and from (3.11),
ph, p=1,...,m are also bounded and measurable as long as u¥ |, p=1,...,m are. Thus, under

the assumption that E%(1-») [Xﬁbl_’q)’*]s,y] = uP_,(s,y~) with some bounded measurable functions
p? 1, (3.6) and (3.7) provide a unique candidate for the solution pairs of RP-MFE for the interval

[tTL—17 tn] .
It remains to show that this procedure can be repeated backward from the last interval [ty _1, ty]
to the first one [to, t1]. It follows from (3.4) that the value function for agent-(7,p) at ¢, is

; . i, (4,p) i \n . ;
_ eXp(—W:[]ilﬂ’p) {pnfl(S, y)e—%” (%f’l u— (0" pn )p ((s) ,Y)) EO:(:p) [V,,{’((sﬂ)", Yy, Z1P, Qf)|y, SbP Qﬂ
i, (3,p),* i nn . .
+aua (s ) IO G D) R0 [Vr((sd), Yo, 257, )y 217, o]

for each realization (%7, s,y, 27, o¥) of (X(Z p)* ,Sn—1 yn—l Zn’pl, o) with y = y,,—1. From (3.7),
the above value function becomes

= exp(= (7 = (0 1)y, 3 7)) VI (5,027, ) (314
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where VP | is given by (3.10), which once again satisfies the uniform bounds ¢,—1 < VP’ | < )4
for some positive constants ¢,—1 and C,_1. Therefore, we reproduce the problem for [t,_2,t,_1]
of the same form as in (3.2) used in Lemma 3.1. Thus the boundedness condition on the mean-
field terms (uh)N_,, p = 1,...,m is reduced to that of uf) := EP[¢]], p = 1,...,m. Since & €
[gp,Zp],p =1,...,m are bounded, all the processes y?,p = 1,...,m are now bounded and become
consistent with our assumption. Thus we conclude that the above constructed mean-field p? and
the optimal strategy ¢(“P)* satisfy the fixed point condition (3.5), and hence (pP) and (¢(?)*)
constitute the RP-MFE solution pairs, which we denote by (17, ai’p) for the problem (3.1).

The uniqueness of RP-MFE immediately follows from construction: firstly, the optimal control
in each interval by Lemma 3.1 for given (uh,) is unique; secondly, the dynamics of the mean-field
terms (ph)n>1,p = 1,...,m is uniquely determined by the evolution equations (3.7) with a given
set of initial conditions uf € R, p=1,...,m. O

3.4 Market-clearing mean-field equilibrium

As in Section 2.4, we leverage the degrees of freedom in the transition probabilities (pn—1(s,¥), gn—1(s,¥)),
1 <n < N, to establish the market-clearing mean-field equilibrium (MC-MFE). This equilibrium
analysis reveals how the inter-population network of relative performance concerns, characterized

by the matrix O, affects the equilibrium stock price transition probabilities, and more specifically,

the equilibrium excess return required by the agents to compensate for their risk. In this section,

we allow the external stochastic order flow at each ¢ = ¢,,_1 to depend on the stock price trajectory

up to t,_1, taking the form L, 1(S" 1, Y, _1).

Assumption 3.3. For every 1 < n < N, L,_1 : S 1 x V.1 = R is a bounded measurable
function.

As in Fujii [18], we study the mean-field market clearing as the large population limit while
keeping the ratios of relative population size constant. Let us denote the number of agents in
population p by N, and set N := N + - -- + N,, as the total population size. We use wy, := N,/ N
to denote the relative size of population p. Observe that we have the relation:

m Np
Al[z;gazaz o(3 zqs )
p=1i=1 p=1

Definition 3.2. We say that the RP-MFE defined in Definition 3.1 constitutes a market-clearing
mean-field equilibrium (MC-MFE) if

m Np

dm S A = L (8 o)

p=11i=1

P-a.s. for every 1 < n < N, where the large population limit is taken with the population ratios
(wp)pty kept constant.

Let f£ 18" ' x Y1 x 28  xT?P 3R, p=1,...,m, 1 <n <N be the functions defined in
Theorem 3.1. To simplify the notation and facilitate the subsequent discussion, we introduce the
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following effective variables, assuming that the matrix (I — ©) has a bounded inverse:

m

1
1,k
(1-©)) |E [lk}
n k::l Tn
i 1
To= 3 wp(l - ©), LB Lk],
p,k=1 In
: : log f2_1(s,y,2"7,0) <N, _ log f*_ (s, y, Z}*,, ob)
Vit (s,9, 27, ) 1= =t Em RE S0 N (04T — ©) 7 BN | e e S
Tn k=1 Tn
i lo S ,Z ,
Vsl = 3 w1 - o) et [T s 8 )
p,k=1 ’Yn’

(3.15)

We recall that viP := (BN/B™)AY and of == (47, (Hé’k)gl:l). Here, T,°P, which is Fé’p—measurable,
represents the effective risk tolerance of agent-(i, p) at t,. Note that 7, corresponds to the aggregate
risk tolerance of the market, satisfying the relation:

= > w,E"P[T7]. (3.16)

p=1

Similarly, V c ST Y, X ZP | xT'P — R is a measurable function representmg the sensitivity
of the eﬁectlve hablhty at t,—1 for agent-(i,p), where the dependence on v, is incorporated by
the argument o?. Thus, strictly speaking, the superscript ¢ in V"’ is redundant, but we retain it
to clearly associate the variable with the relevant agent. Note also that Vo1 : S" ' x V1 = R
corresponds to the aggregate sensitivity of the effective liability, which satisfies

Vi-1(s,y) Zw [El,p VP 1 (s, v, Zn7p17Q€))]' (3.17)
With these effective variables, the optimal control (3.6) in the RP-MFE can be expressed as
j 1 n—1.S,
¢T£P1(S y,Z’p7Q€)— _d{10g< M)W?_’_val(s Y, 2 7P’Qf)}' (318)

qn-1(s,y)d

Theorem 3.2. Suppose that Assumptions 3.1, 3.2 and 3.3 hold. Furthermore, we assume that the
matriz (I — ©) has a bounded inverse and that Ty # 0 (which implies Ty, # 0 for all1 <n < N).
Then there exists a unique MC-MFE. The associated equilibrium transition probabilities of the stock
price are given by

proa(sy) = (—d) / {uexp <V”‘1(S’ v) = (%_ ) Lns(s, y)> - d} (3.19)

for every (s,y) € 8" ' x V,_1, 1 < n < N. Here, for each 1 < n < N, the functions f*_| :

S Ix Y, 1 x Zfz_l xI? - R, p=1,...,m, which are components of (V. nkl, Vn-1), are measurable
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functions satisfying the uniform bounds 0 < ¢, < ff | < C, < oo on their respective domains for
some positive constants ¢, and C,,. They are determined by the backward induction in Theorem 3.1,
with the transition probabilities replaced by those given above at each step. Under the equilibrium
transition probabilities, the optimal strategy of agent-(i,p) is given by, for each (sjy7zi’p7gf) €
S x Y1 x 2P x TP,

32152 = T L)+ — (V20 )~ Bovas). (320
n—1 Y,z 72‘_7:1 n17y u—d n—1 Y,z 71‘ 7:171,—1 yY) - .
Moreover, there exists a positive constant C,_1 such that
m Np 9 Co
E)NZZ¢ (8" Yot 221 6) = Luea (8" Yay)| < 7
p=11i1=1

for every 1 <n < N, which establishes the convergence rate in the large population limit.

Proof. Since, for each p = 1,...,m, (Z°?, ¢"),i € N are i.i.d. and also independent of (S,Y), the
market-clearing condition in Definition 3.2 is equivalently given by

Zw E'P (6,71 (s,y, 2071, 0F)] = Lu-1(s,9) (3.21)

for every (s,y) € 8" ' x V,-1, 1 < n < N. The expression for the transition probabilities
(3.19) is a direct consequence of (3.8) in Theorem 3.1 and the market-clearing condition (3.21).
By substituting the resulting expression for p,_i(s,y) (and g,—1(s,y)) into (3.6) (or equivalently
(3.18)), we obtain the desired equality (3.20).

To establish the first claim, it suffices to verify that the family of transition probabilities
(Pn-1(s,y))_, defined in (3.19) satisfies the bound given by (vi) in Assumption 3.1, while updating
the functions (f?_,) via the backward induction process described in Theorem 3.1. At ¢ = ty_1,
/X _1.p =1,...,m are measurable functions satisfying the uniform bounds ¢y < f§ | < Cy on
their respective domains for some positive constants ¢y and Cn due to the boundedness assump-
tion on FP. This makes Vy_; a bounded function on SV x Yn_1. Moreover, Ly_; and 1/Tn
are bounded. Combined with the fact d < 0 < u, we can confirm that py_; (and hence gn_1)
given by (3.19) satisfies 0 < pn_1(s,¥),qn_1(s,y) < 1 for every (s,y) € SV~! x Yy_1, and is
thus consistent with Assumption 3.1 (vi). Then it is easy to observe that (%V’p_l is bounded on its
domain by the expression (3.18). Then, using the formula (3.10), V§_;,p =1,...,m are shown to
satisfy the uniform bounds cy_1 < V]{’,_l < Cn_1 on their respective domains for some positive
constants ¢cy_q and Cy_i. This in turn ensures that fX _,,p = 1,...,m once again satisfy the
desired properties, and so do (py_2(s,¥), qnv—2(s,%)), (s,y) € SV~2 x Yy_». Proceeding in this
way, by backward induction, we establish the desired consistency for every time step.

To establish the second claim, it suffices to prove that

m N B

B D0 0.0, 20 ) — Loy = T

p=11i=1
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holds uniformly for every (s,y) € S ! x V,_1. Using the equilibrium condition (3.21), it is useful
to observe that

m Np

NS B s 2 ) — L 1(5,0)
p=1i=1

:Z Z¢n 18 ya n 17@p) El’p[ﬁb (S y,Zn 1,‘(_)!1’)]
p=1

Since the term inside the parenthesis for each p is the average of centered i.i.d. random variables with
finite variance (guaranteed by the boundedness of the effective variables), the desired convergence
rate follows from the standard law of large numbers arguments used in Theorem 2.2. Equivalently,
one can also use the expression (3.20) with the relations (3.16) and (3.17). O

Remark 3.2 (Economic Interpretation of the Equilibrium Strategy). The expression (3.20) pro-
vides a clear economic interpretation of the equilibrium strategy. It can be decomposed into two
distinct components:

7:1%7p 1 ﬁ’p

Alvp — L ,L’p
e T e - Ty
n—1 771 u—d n—1 771
———
(1) Supply Distribution (II) Hedge Distribution

(I) The first term represents the sharing of the external supply L,_1. FEach agent absorbs a
portion of the supply proportional to their effective risk tolerance T,'* relative to the market
aggregate Tp. Note that the network effect © modifies the effective tolerance.

(II) The second term corresponds to the hedging demand against the effective liability at t,.
Since V¥ | represents the sensitivity of the liability (normalized by risk aversion), the term

fol (u — d) essentially corresponds to the Delta hedge required for agent-(i,p). However,
since the market must clear, agents cannot simply hold their desired hedge. Instead, the aggre-
gate hedging demand of the market, Vy,—1/(u—d), is redistributed back to the agents according

to their risk tolerance shares.

This decomposition of the equilibrium strategy is universal: one can confirm that the same relation
holds for (2.14) in Theorem 2.2, although the 0-dependent terms in (II) cancel out in the single
population case.

3.5 Market-clearing mean-field equilibrium when dim Ker(/ — ©) =1

From the definition of the effective variables in (3.15), if some eigenvalues (Ag,1 < k < m) of
(I —©) approach zero, we can reasonably expect that the effective risk tolerance diverges, rendering
the relative performance game ill-defined. However, as observed in the single-population case
(Theorem 2.2), we may recover the equilibrium with appropriate transition probabilities of the
stock price by imposing the market-clearing condition, which precludes the divergence of the agents’
positions. In this subsection, we demonstrate that this is indeed the case when dim Ker(I —
©) = 1. This single dimension of the kernel corresponds to the existence of only one closed loop
(e.g., population-a — population-b — --- — population-a) where the feedback effect of relative
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performance concerns diverges. We also show that there is generally no RP-MFE when dim Ker (] —
©) > 2. Let us recall the definition of the pseudo inverse, (I — ©)T:

(1-o)t = (- (9)|Ker(1_®)L)_1 Tm(I — ©) — Ker(I — ©)*,

In general, for a matrix A and € Im(A), Atz is the minimal norm solution to the equation
Ay = x and we clearly have AATz = 2. On the other hand, AT Az gives the projection of = onto
Ker(A)* for any . For general properties of pseudo inverse operators, see, e.g., [42][Appendix C].

We introduce the following notation for 1 < p < m and ¢ € N, which is slightly different from
that defined in (3.15):

. 1 . LTl
Tt = ip’ T =E 7p[ Lp}’

Tn Tn (3 22)
°y7 i IOg fp_l(sayv z’i,p’gp) ° IOg fp_1(S>Z/;ZLf1’Q}17) '
Ynma(s 92t ) = ) ’Yl}p =, Vioa(sy) = B . 71,10 - ’

n n

for each (s, y, 2"P, ¥) € "' xV,_1x ZE_ | xTI'P. The functions f?_; : S""1xY,_1xZF_ | xI'? — R,
p=1,...,m are defined as in Lemma 3.1. Their complete determination by backward induction

will be detailed in the following theorem. The functions f)n_l S xY,_1 — R and V;f Lt
S IxY, 1 x Zﬁ_l xI'P — R are bounded measurable functions. Although the superscript i in V:ﬁ 1
is redundant, since the dependence on %i{p is incorporated by the argument o? := (77, (Gé’k)?zl),
we retain it to clearly associate the variable with the relevant agent as before. We also introduce
the vector notations T, := (70}?);,”:1 and V,,_(s,y) = (9ﬁ,1(s,y))?:1. In addition to the matrix
notation explained in the previous subsection, we use the notation (u, v) to denote the inner product
between any m-dimensional vectors u and v. We use w = (wp),;; € R™ to denote the vector of

relative population size.

Theorem 3.3. Suppose that Assumptions 3.1, 3.2 and 3.3 hold. Furthermore, we assume that
dim Ker(I —©) = 1. Let v and k be unit vectors such that v € Ker((I —0)") and k € Ker(I —©),
respectively. We assume that they satisfy the non-degeneracy conditions (v, TN) # 0 and (w,K) #
0. Then there exists a unique MC-MFE. The associated equilibrium transition probabilities of the
stock price are given by

Pn-1(s,y) = (—d)/ {ueXp (W) - d} (3.23)

for every (s,y) € St X Yn—1, 1 < n < N. For each population p = 1,...,m, the equilibrium
strategy of agent-(i,p), (¢.F 1)N_1, is given by the bounded measurable function ¢*P : S*~1 x Y1 x

ZP  xT?P - R, 1<n<N, such that

B = (L (510)
— ’ @) (3.24)
+o— d{u;’fl(s,y, 2P o0) + (07(1 — @)Tun_l(s,y))p " (w R’; w' (I — @)Tun_l(s,y)},
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where w = (wp)zlzl € R™ is the vector of relative population size. The bounded measurable functions
Uur, S x Vg % ZP  xTP >R andU?_; - S x Vo1 =R, p=1,...,m are defined by

, R (1’7{) —1(Svy)) T
UP (3,9, 2P, 0F) i= VP (s, y, 2P, 0F) — o2 T p

(Ua’i-n> "
° 7971— (S7y)) -
UL (s,y) ==V (s,y) — © Vn-1(5,9)) ! Tr.
n—l(s Y) n—1(5 Y) (0.7 )

We denote the vector formed by the latter components as Un—1(s,y) := (U, _1(s,y))py. Here,
for each 1 < n < N, the functions frffl S x Y, X ngl XI?P - R, p=1,...,m,
which are components of( o 1,Vk UZ’fl,L{ﬁfl), are measurable functions satisfying the uni-
form bounds 0 < ¢, < fn_ < C, < oo for some positive constants ¢, and C,. They are
determined by the backward induction as in Theorem 3.1: We use the same terminal condition
VR (s, y, 2P, o) == exp(7F FP(s,y, 2"F)) and the formulas (3.9) and (3.10), replacing the transition
probabilities (pn—1(S,v), gn-1(s,y))_; and the optimal control (gbn ON_ | with those given above at
each step. The dynamics of the associated mean-field terms (,un)n:1 s given by

b ((su)",y) = By, _1(s,y )+UE1’p[¢ P (s, y7Zn L],

D 3.25
A ((sd)", y) = By (5,37) + dEP (32 (5,1, 204, ). ()

with
EYP[6M7(s,y, 2,7y, o})]

K 1 K
(w7pH)Ln_1(s, y) + m{ (1 - 0)U,_1(s, y))p _ (wig)

under the initial condition pb .= EP[EY]. Moreover, there exists a positive constant Cn—1 such that

w' (I —0) U, (s, y)}

N,
m
p C 1

B D03 (8" Ve 2 ) — Luea (87 V)| =

p=1i=1

for every 1 < n < N, which establishes the convergence rate in the large population limit.

Proof. We proceed as in the proof for Theorem 3.1. We suppose that, for every p = 1,...,m,
the problem for agent-(i,p) at t,—1 for the period [t,—1,t,] is given by the form (3.2). To apply
Lemma 3.1, we hypothesize that the measurable function V' : 8" x V,, x Zh x I'? — R satisfies
the uniform bounds ¢, < Vi < C,, for some positive constants ¢, and C,. This ensures that the
function f£—1 also satisfies the desired uniform bounds. This clearly holds at ¢t = t_1 for the last
interval [ty_1,tn] with Vi (s, y, 2P, o) := exp(7F FP(s, y, 2P)).

Using (3.3) in Lemma 3.1, the evolution of the wealth process of agent-(i,p) under the optimal

strategy d)iffi *

is given by
XUV = B o TS LY 202 o) R

Consider the problem conditioned on the event {(S"!, Y"!) = (s,y)} in F . Under the

tn—1
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induction hypothesis that EO’(l’p)[ 1p)’ Is, y] is given by the form uf | (s,y~) with (s,y”) €
S" 1 x Y2 (when n = 1, we simply set ph = ELP[EN)), using the i.i.d. property of the variables
(o0, Z%P),i = 1,2,..., the fixed point condition (3.5) for the RP-MFE for the period [t,,_1,,] is
given by

12 ((s0)",y) = Bub_y(s,y™) + uE"P[¢{ )" (s, y, ZP ) b)),

e (3.26)
PE((sd)™,y) = Bl (s,y7) + dE? [ (s,y, ZE), )],

which is equal to (3.11). Taking the difference on both sides, and defining the vectors T = (7?);”:1
and \O)n_l(s, y) == (fig_l(s, Y))pe1, we obtain (3.12), or equivalently, for the relative performance

equilibrium, the equality

Po1(s,y)uy & |
I—0)A,(s,y) =1lo <—7>Tn £V, (s, 3.7
( )An(s,y) = log 1050V 1(s,y) (3.27)
must hold for every (s,y) € S*~! x Y"1, For this equation to have a solution, the right-hand side

must be in Im(I — ©). By the Fredholm theorem, since Im(I — ©) = (Ker(I — @)T)L, this is the
case if and only if

Pn—1(s,y)u . - _
log<—m) (v, ) + (v, Vi(s,y)) = 0

for a vector v € Ker(I — ©)". We normalize it as ||v| = 1. Note that dimKer(I — 0)" =
dim Ker(I — ©) = 1 since (I — 0) is a square matrix. This uniquely fixes the form of p,_1(s,y)
(and hence gn_1(s,y)) as in (3.23). Note that (v,7,) # 0 for every n. The uniform bounds
0<e, <fF,<C, <ooensurethat0<pn 1(s, y) qn—1(s,y) < 1 for every (s,y) € S" 1 x V1.
In this case, a general solution to (3.27) can be written in the following form:

(’U, 9”—1(87 y))

S = - f Dn— S, - o
Ba(s:¥) = (1= 0) {Vua(sy) - =0

Tn} + 0n(s,y)K,

where §, : S"7! x "7 — R is an arbitrary (bounded) measurable function and k € R™ is a
unit vector with kK € Ker(I — ©). Substituting these results into the optimal strategy (3.3) in
Lemma 3.1, we obtain

(v, Tn)

(ai”)p
u—d’

PPN (s, y, 2P, o) = ! — (0%] 0) {9n—1(5,y) - Ml(s’y))TnD
P (3.28)
(U T )

1 e np P 1,p
+u_dba1@y, &) - Tov} +ou(s.y)

Hence, with the transition probabilities given by (3.23), the solution to the relative performance
game for the period [t,,—1, t,] exists but it is not unique. We also observe that the path-dependence

y € Y" lin A, and (;ngf?* appears only through the function d,(s,y).
The additional degree of freedom in the choice of é, is uniquely fixed by imposing the market-
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clearing condition:

Zw EYP [P (5., ZEP 1 0F)] = L1 (s, ). (3.29)

From (3.28) and (3.29), it is straightforward to obtain

1 : (0. Vo-1(5.9) ;
n(s.) = {<u ~Lomi(s) 0 (1= 0) (Vima () = 2 RIET ) } 7

which only depends on the last element y € )J,_; in y € Y"~!. Substituting this expression for
9y, into (3.28), we obtain (ﬁS’_p%’*(s y,z"P, of) in the form given in (3.24). Since (f5_;)7; satisfies
the uniform bounds ¢, < f?_; < C, due to the induction hypothesis on (V7)™

*

pe1, the optimal

control ng’_p% and hence the mean-field term p} are also given by bounded measurable functions.
Therefore, with a given bounded initial condition (ufl_l(s,y_));”zl, the transition probabilities
(3.23), the control (3.24), and the dynamics of the mean-field term (3.25) provide the unique
solution for MC-MFE for this period [tp—1,ty].

In order to complete the proof, it suffices to show that this procedure can be repeated backward
from the last interval [ty_1,tn] to the first one [to,¢1]. The value function for the agent-(i,p) at
tn—1, which is the objective function for the optimization for the period [t,_2,t,—1], is given by the
same formula (3.14) with V” | in (3.10) with transition probabilities and P replaced by those in
(3.23) and (3.24) derived above. It is easy to confirm that V? | once again satisfies the uniform
bounds ¢,—1 < Vf_l < C),_1 on its domain for some positive constants ¢,_1 and C,,_1. Hence we
succeed in recovering the same form of problem as in Lemma 3.1. Hence we can proceed with the
backward induction by one time step. The induction hypothesis of bounded measurability for uf
is reduced to the constant ub := ELp [€7] and is satisfied trivially. The last claim on the convergence
rate can be proved in the same way as in Theorem 3.2. O

)

Remark 3.3. From (3.27), one can observe that there is generally no equilibrium for dg :=
dimKer(I — ©) > 2. Specifically, in order to have a mean-field equilibrium, we need to satisfy
the solvability conditions for every basis vector vj, € Ker((I —0)"), 1 < k < d. Since we only
have a single scalar degree of freedom (the transition probability of the stock price) to satisfy these
dx independent constraints simultaneously, the system is overdetermined. Thus, a solution exists
only in highly degenerate cases where the vectors (\O)nfl(s,y)) coincidentally lie in the orthogonal
complement of the kernel. For instance, a trivial case is given where the liabilities (FP) and the
external order flow (Ly) are independent of the stock price process. In this case, (fY_) and hence
f)n_l vanish, and the transition probabilities become equal to those in the risk-neutral measure Q,

i.e.,
pn—l(s7y>u
log({ ———=—) = 0.
g( qnq(s,y)d)

In this special situation, relative performance concerns become irrelevant due to the independence

of the mean-field term [ from the stock price.

Remark 3.4. If we assume that the liabilities and external order flow depend only on the cur-
rent state variables, i.e., take the form FP(Sn,Yn,Z ’p) and Ly—1(Sp—1,Yn-1), then we can show
that the equilibrium transition probabilities and the controls in Theorems 3.1, 3.2, and 3.3 become
Markovian (path-independent) as shown in Theorems 2.1 and 2.2.
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3.6 Perturbation of the inverse (I — O(¢))™! around ¢ = 0

As observed in Theorem 3.3, a unique MC-MFE exists when dim Ker(/ — ©) = 1. It is natural to
expect that, similarly to the single-population case (Theorem 2.2), the market-clearing condition
ensures that both the equilibrium transition probabilities (p,—1(s,y)) and the equilibrium controls
((Ejﬁ 1) exhibit continuous dependence on the interaction matrix as it approaches the singular limit.
We assume that the unperturbed interaction matrix satisfies dim Ker(/ — ©) = 1. For simplicity,
we consider a perturbation ¢ € R of the form:

Op k(€)== 0, — €Opr, O(€) =0 —el (3.30)
for every p,k =1,...,m and ¢ € N, where 0, ;, denotes the Kronecker delta . We need the following

result:

Assumption 3.4. dim Ker(I —©) = 1 and the pole of the resolvent (I —©O(¢))~! has a simple pole
at e = 0.

Lemma 3.2. Let Assumption 8.4 be in force. Let v and k be m-dimensional unit vectors satisfying
v €Ker(I —0)" and k € Ker(I —0©). Define the projection matriz P and the pseudo inverse G by

, G:={I-0).

Then, for any € satisfying 0 < |e| < ||PG||~! and such that (1 + €) is in the resolvent set of ©, the
following expansion holds:

K'/'UT >
(- 0() " =252 3 (e (PGP (3.31)

€(v,k)  —~

Remark. Note that Assumption 3.4 implies (v, k) # 0.

Proof. Under Assumption 3.4, the resolvent has a simple pole at ¢ = 0. Thus, we can postulate a
Laurent expansion of the form:

1
(I—0(e) ™! = “Roit+ Rot Ry

We determine the coefficients (R;)°_; using the identity (I — ©(¢))(I — O(e))~! = I. Recall that
I —0O(e) = (I — O) + el. Comparing terms of order e !, we get (I — ©)R_; = 0, which implies
R_1 = ke for some vector ¢ € R™. Comparing terms of order €, we have (I —©)Ry+R_, = I, or
(I —©)Ry = I — R_1. Multiplying by v from the left, and noting that v' (I — ©) = 0, we obtain
0 =v' —wv'ke'. This determines ¢' = v'/(v, k), yielding the residue R_1 = (kv')/(v, k).
Note that I — R_; = P. Next, since Ry is a solution to (I — ©)Ry = P, it must take the form
Ry = GP + K)CI for some ¢; € R™. To determine ¢;, we compare terms of order e'. We have
(I —©)R1+ Ry =0, or (I —0O)R; = —Ry. Multiplying by v from the left yields the condition
v Ry = 0. Substituting the expression for Ry, we obtain vT(GP + nclT) = 0. This uniquely
T T v 'GP

determines ¢; as ¢; = — CIOR Substituting this back into the expression for Ry, we obtain
T T
Ry =GP~ 2 ~GP = (I - >~ )GP = PGP.
(v, k) (v, %)
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Proceeding inductively, requiring the existence of higher-order terms leads to the relation R, =
(—=1)"(PG)""P. The series converges in the operator norm under the condition |e|| PG| < 1. O

Note that, for any € R™, we have (v, Pz) = 0. Since Im(I — ©) = (Ker(I —0)" )t = {y ¢ R™ |
(v,y) = 0}, the matrix P serves as the projection operator onto the image space Im(I — ©) along
the kernel direction k.

Theorem 3.4. Suppose that the assumptions of Theorem 3.8 hold. Furthermore, let Assump-
tion 3.4 be in force. Choose ng > 0 sufficiently small such that, for all |e|] € (0,m0), the matriz
(I — O(e)) is invertible and Tp(e) # 0, where Ty (€) is obtained from (3.15) by replacing © with
O(e). For |e| € (0,m0), let us denote the unique solution for the MC-MFE associated with the per-
turbed relative performance concerns (9;,19( €),i € NI by ngn (8,9, 2P, 0F)(€) and py_1(s,y)(€)
for each (s,y,z%P, o) € 8" 1 x Vo1 x ZP_ | x TP, 1 < n < N. These solutions are deter-
mined by Theorems 3.1 and 3.2 with (9p i ©, Qf) replaced by (9;7,6(6), O(e), 0¥ (€)), where we define
ol (e) == (P, (9;7,9( )ity). Then we have the convergence

li_%pn—l (S7 y)(ﬁ) = Pn—1 (S7 y);

im 6,21 (s,y, 27, &0)(€) = 6,71 (s,9,27,&f), i €N
for every (s,y, 2%, F) € S IxV, 1 xZP_ xTP, 1 <n < N. Here, pp_1(s,y) and 6.7 (s, y, 27, o)
are the solutions established in Theorem 3.3 for the singular case.

Proof. We proceed with backward induction. We define the following variables and functions (See

(3.15) and (3.22)):

Tir= o, =B,
Tn Tn '
1};,31(8’%2@;;’@?)(6) = o5 fﬁ—l(s;z;zw’&)?)(ﬁ)? 9ﬁ,1(s,y)( ) :=E" [Vn 1(s, 9, Zn’plaQ]f)(E)]’
Tan(E) = T2 + (01 - @(e))*lﬂ)p, Ta(e) = w (I = ©(e) T,
Vi (50,27, D)(E) 2= V2 (59,27, D) () + ()T = () Vaa (5.9)(0))
Virt(5.9)() == w7 (1 = ©(6) Vi (5.0)(0).

for each (s,y,z"?, o) € 8" ' x V-1 x 22 | x TP, i € N. Here, w = (wp)p 1 is the relative
weight vector of populations. Furthermore, the functions (f2_,(:)(e),p = 1,...,m) are those de-
termined by Theorem 3.2 with perturbed interaction 6%(¢). We also employ vector notation, such
as Ty = (7037);”:1 and V,,_1(s,y)(e) := (]35_1(8,3/)(6));1:1. Let us also introduce the notation
Vi (s,y, 2%, 0)(€),1 < n < N to represent the exponential effective liability for the e-perturbed
setup defined by (3.10) with 0°(¢), p_1(-)(e), ggi’p(-)(e), ete.

With these variables, the equilibrium control for 6°(¢) in Theorem 3.2 can be written as

350,70, 00 = T 1 o)+ (Vi )0~ Ty, (@),

(3.32)
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As an induction hypothesis, we assume

lim V2(s", yn, 237, 0F)(€) = VI (8", ym, 2,7, 0F)

EE%V i (8" 17%—1%2817 o))(e) = Vﬁifl(snflvyn—hzii’ip o),
for every (s”,s"7!) € S" x S*~! (yn,yn 1) € Vn X yn 1, (zn’p, n’pl) € Zh x 2P|, of € P, where
the limits Vi(s", yn, 217, 0%) and V P (8" g, 20 gf)ln the right-hand sides correspond to
the functions defined in Theorem 3.3. The convergence of V'’ (-)(e) also implies the convergence
of Vi 1(s,y)(e) (:= (]}g_l(s,y)(e));”zl) — V,_1(s,y) as € = 0 by the dominated convergence
theorem. In particular, this implies that they remain bounded as ¢ — 0. These convergences hold
trivially at m» = N since the function F? is e-independent. For notational simplicity, we fix the
values of (s, y, z"P, gp ) €SI x Y, 1 x ZP | x TP and suppress these arguments hereafter to focus

on the dependence on e.
Using Lemma 3.2, let R_; := K,’UT/(’U, k) and Ry := PGP. We then have the expansion:

. 1. .
(0 (e)(I —O(e))™h) = “O'R_1+ (0'Ro = R-1) + O(e).
Similarly, we obtain the expansions as

TaP(€) = - (O'RaTu)p + Ty + ((0'Ro = R-1)T) , + O(e),

p
Tn(e) = %'wTR,ﬂO'n +w RyTn + Oe),
&y 05D L i ’

Vil i() = Vil () + ((CO'Roa + (0'Ro = Boa) + 0(6) ) Vs (6))

Vor(e) = w" <%R_1 Ry +0(6)) Vo ).

p

Firstly, it is easy to confirm that

Trf’p(ﬁ) _ ip 1 (v,K) 24, i T )
Tn(e) =P = €W{/€p - ('U,‘i—n) (7; + (6 R()Tn)p —pfw ROTn)} + O(e?),

where p*? := (§'k),/(w, k). This establishes the desired convergence of the first term in (3.32).
Next, we consider the convergence for the second term of ¢, | (¢). We have

7 ﬂ,p 1 i o i o
V0 = T (0 = {O RV a0 - 70T RV ()
+ V21 () + ((6°Ro — R-1)V-1(6)), — pPw  RoVio1(e) (3.33)
- W) (150 4 (0BT )y — 07w BT ) Jw R Vui(e) + O(e)
(’lU,K,) P ° n 0/ n)p 0/ n —-1Vn-1 .

(v, Tn)

Note that the potentially diverging terms as ¢ — 0 given by the first line vanish completely by the
equality . ] ' )
(0'R-1Vn-1(e)),, — pPw RV i(e) = 0.
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By expanding the left matrix P in Ry := PGP, (3.33) can be simplified, due to significant cancel-
lations, to

_ ﬁ,p(e) 5, D

Vi€ = 5 Ve = V() + ('GP V(@) = 7w GPVoa(e)

n—

('U7 1.)710—1(6))
(v, Th)

(7°;;':p 4 (0'GPTw), — pi’prGP’i'n) +O(e).

Finally, using the induction hypothesis on the convergence of V;f 1(e) and V,_1(€), we obtain
- Ta®(€)

. 2,P - n

i (VM(E) To(e)

Vn_1(6)> = U+ (0'GU 1)y — pPw Gl 1.

Here, we have recalled the definition:

Lp  _ )bP
Z/{n_l — V

o (07{)21—1) ° i ° _ (/v'){)n—l),i-p
(v, Tn)

TP Uy =V, = ns
(v, Tn)

and used the fact that Pljln_l = iln_l, which holds because ljln_l € Im(I — ©).
Consequently, (3.32) can be expressed as

~i i 1 i i i °
O 1(€) = PP Lot + —— (U + (0" GU 1)y = p 70" Gl ) + O().

This establishes the desired convergence of g/b\jfi 1- The convergence of the transition probabilities is
straightforward to verify by noting that

Varr(d) _ (. Vu1(0)
Tn(e) (v, Tn)

+ O(e)

and the boundedness of the external order flow L, _1.
From (3.10) and the dominated convergence theorem, the convergence established above as well
as the induction hypothesis Vi (¢) — Vi imply that

lii% VP (s,y, 2", dF)(e) = VP (s,y, 2", 0F) (3.34)

for every (s,y,z"P, of) € "1 x Vo1 x Z8_| x TP. Since (V}_,)7", satisfy the uniform bounds
0<cpg < Vf_l < Cph-1 < 00, the above convergence of Vf_l(e) also implies the convergence of
1P ,(€) and hence V', (€). Therefore, we recover the induction hypothesis for the previous time

tn_9, which establishes the claim. O

Remark 3.5. The continuity established in Theorem 3.4 relies on the assumption that (I —©(€)) ™1
has a simple pole. Note, however, that the equilibrium existence result in Theorem 3.8 does not
require this condition. The asymptotic behavior for higher-order poles and more general forms of
perturbation ©(e) can possibly be analyzed using the methods described in Kato [37].
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4 Numerical examples

In this section, we provide numerical examples for the models studied in Sections 2 and 3. To
reduce computational cost, following Fujii [18], we assume that Y and Z*P are one-dimensional
discrete processes taking values on binomial trees, and that 0;)  are independent of 4, i.e., they

are constants common across all the agents in each population p. Moreover, we assume that ]-'é"p -
measurable random variables ¥ are uniformly distributed over finite sets. Since the cases without
relative performance concerns (i.e., #* = 0) have been studied in [18] in detail, we focus here on
providing illustrative examples that highlight the impact of 8 on the equilibrium price distribution
and the optimal trading position size.

4.1 Single population

We first consider the model discussed in Section 2. «; is assumed to be uniformly distributed over
the (INy + 1) discrete values given by

Yilky) =9+ (T —Vky/Ny, ky=0,..., N,

We assume that the coefficient of relative performance concerns @' is common across all the agents,
ie., 0 =0 € R, Vi € N. The process (Z,i)ﬁ:o is modeled as a one-dimensional binomial process
defined by

'rZH-l - Z’I’L’LR;l-‘rla
where (R!) is an (F} )-adapted process taking values either u. or d.. Specifically, R}, = u. occurs
with probability p, and R! = d, with ¢, := 1 — p.. We take u, = (d.)™' = exp(c.v/A). We also
assume Z( = zg € (0,00) is common for all the agents to reduce computational cost. We model the

process (Yn)ﬁzo similarly but assume it follows an approximate Gaussian process:

Yo =Y+ Ry,

where (R}) is an (F} )-adapted process taking values of either u, or d,. Specifically, R}, takes the
value u, with probability p, and d, with probability ¢, := 1 — p,. We take u, = (—dy) = O’y\/g.
Finally, for the stock-price process (Sy), we set @ = (d)~' = exp(cv/A) and Sy = 1.0. From
Theorems 2.1 and 2.2, one can see that there is no need to track the evolution of the path-
dependent mean-field term p, for obtaining the equilibrium price distributions (p,—1(s,y)) and
the optimal strategies q%_l. We only need its difference, i.e., A, which is fixed by the market-
clearing condition.
As an example for a terminal liability, we adopt the parameterization

F(Sy,Yn,Zy) = C — fuSNYNZk,

where C' € R is an arbitrary real constant. Since the result is invariant under a constant shift,
one may adjust the constant C, if necessary, to make the liability positive. f, € R is a parameter
determining the sensitivity of the liability. We model the external order flow as

Lnfl(Snfla Ynfl) — la(l + lanfl)Snfla (41)

35



with some real constants [,,l, € R. Table 1 summarizes the parameters to be used in Figures 1
and 2. We recall that the initial wealth &; is irrelevant to our analysis.

parameter v 7 Ny 2o 0. Dp. Yo o0y Dy So o r T N fo la Iy

value 05 1.5 4 1.0 12% 05 1.0 12% 05 1.0 15% 25% 2yr 48 1.5 1 1

Table 1: parameter values

In Figure 1, we present the equilibrium distribution of the stock price at the 2-year horizon for
six different values of § € {—0.2,0.1,0.4,0.7,1.0,1.3}. One can observe that the price distribution
changes smoothly. More specifically, it monotonically shifts leftward as 6 increases, which implies
that a lower excess return is demanded when there exists a strong relative performance concern.
In Figure 2, we plot E[|¢! (tn)\Z]% for the corresponding values of 6 at three different times ¢, €
{0.5,1.0,1.5} years. As expected, there is no irregularity around 6 = 1.
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Figure 1: The equilibrium stock price distribution at Figure 2: The root mean square of the equilibrium
the 2-year horizon for six different values of 6. optimal strategy E[“ﬁl(tn)ﬂ% as a function of 0 at t,, €
{0.5,1.0,1.5}.

In the next example, we set f, = 0 to eliminate the terminal liability and use a larger value for [,
to emphasize the effect of 6 on the equilibrium price distribution. The parameters are summarized in
Table 2. In Figure 3, we plot the time evolution of the expected stock price E[S(t,)] in equilibrium

parameter vy ¥ N, 2o 0. p. Yo oy py So o r T N fo la by
value 05 1.5 4 1.0 12% 05 1.0 12% 0.5 1.0 15% 25% 2yr 48 0 3 1

Table 2: parameter values

for five different values of # € {0.4,0.7,1.0,1.3,1.6}, based on the parameters in Table 2. The
risk-free interest rate is r = 2.5%, which coincides with the expected growth rate of the stock when
6 = 1.0. This is consistent with the discussion in Remark 2.5. We can also observe that cases with
6 > 1 yield a negative excess return. It is interesting to note that, when 6 = 1.0, the equilibrium
price distribution coincides exactly with the distribution under the risk-neutral measure. Using
(2.14) and (2.9), a simple induction argument shows that f,,—; =1 and ¢!,_;(s,y) = Ln_1(s,y) for
all 1 < n < N. Since the effective risk tolerance is now +o00, there is no required risk premium
regardless of the size of L,,_1.
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Figure 3: The evolution of E[S(t)] for 6 € {0.4,0.7,1.0,1.3,1.6} with parameters in Table 2.

4.2 Multiple populations

We next provide numerical examples for the multi-population model studied in Section 3. For
simplicity, we focus on the two-population model (m = 2) with relative population weights w,,p €
{1,2}. Asin the previous case, 7! is assumed to be uniformly distributed over the (N% +1) discrete
values:

,y’bp(k’y)zlp_’_(ﬁp_lp)k’y/]\%)’ p€{152}7 ki’y:O,...,Ng.
As mentioned at the beginning of this section, we assume that {( ;’ x), Dk € {1,2}} are independent
of the agent-i, i.e., 0;7,6 = O, for every p,k € {1,2}. The processes (Zf{p)ﬁ[:g for p € {1,2} are
modeled in the same way as before:

Zyig=Zy"R 0,

where (R};?) is an (F}?)-adapted process taking values in {u%, d2}. Specifically, Ry;? takes the value
uf with probability p? and d? with probability ¢¥ := 1 — pZ. We take u? = (d2)~" = exp(afV/A).
We also assume that Zy* = z§ € (0,00) is common to all the agents in each population p. The
dynamics of the stock price process (S,) as well as the common noise process (Y,,) are exactly the
same as in the previous example.

For each population p, the terminal liability is assumed to be

FP(SN, Y, Z3P) == CP — fPSNYNZWP, pe (1,2}, (4.2)

where CP is an arbitrary real constant and f% is a parameter determining the level of sensitivity.
The external order flow (L,_1) is modeled by (4.1) as before. As mentioned in Remark 3.4, since
both the terminal liability and the external order flow are independent of the past history of the
stock price, the equilibrium transition probabilities and the associated optimal controls also become
path-independent. In this case, the solutions given in Theorems 3.1, 3.2, and 3.3 hold by replacing
s € S" ! with s € S,,_1, the last element of s.

In the first example, we consider the matrix of relative performance concerns with the following

parametrization:
a 04
O(a) :== (0.4 u > , (4.3)
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with a chosen around the value 0.6, which makes (I — ©) singular. When a = 0.6, we have

51 -1 1
(I —©6(0.6)) S <_1 1 > ,U=K \/5(1, 1)".
Recall that (I — ©(0.6))" denotes the pseudo inverse defined on the span{(1,—1)"} and v and &
are unit vectors satisfying v € Ker(I — ©(0.6))" and & € Ker(I — ©(0.6)). It is easy to see that
a = 0.6 is a first-order pole. In fact, setting a = 0.6 — €, we have

_ 1 (04+c 04
(7= 6@)™ = (08 +¢) < 04 04+ e> ‘ (44)

The remaining parameters for this example are summarized in Table 3.

Tl 2 2 T2 1 L2 1 2 T2
parameter wi w2 Yy ¥ ¥ ¥ Ny N z oz o, or p. D

value 03 07 05 15 02 1.2 4 4 1.0 1.0 12% 12% 0.5 0.5

parameter Yo oy, py So o r T N f; ff la Uy
value 1.0 12% 0.5 1.0 15% 2.5% 2yr 48 1.2 24 15 1.5

Table 3: parameter values
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Figure 4: The equilibrium stock price distributions at Figure 5: The root mean square of the equilibrium op-
the 2-year horizon for five different values of a. timal strategy E[|¢p(tn)|2}% for p € {1,2} as a function
of a at t, € {0.5,1.0,1.5}.

In Figure 4, we plot the equilibrium stock price distributions at the 2-year horizon for © in (4.3)
and the parameters in Table 3 with five different values of a € {0,0.2,0.4,0.6,0.8}. The distribution
at the singular point (a = 0.6) is calculated using the results in Theorem 3.3, while the others are
based on Theorem 3.2. In Figure 5, we present the root mean square of the equilibrium optimal
strategy E[|$p(tn)]2]% for each population p € {1,2} as a function of a at ¢, € {0.5,1.0,1.5}
years. We evaluate ten cases with {a = (0.1)k : kK = 0,1,...,9}. Consistent with the results
in Section 3.6, both the equilibrium price distributions and the optimal position sizes appear to
change continuously with the parameter a. Figure 5 shows that E[|$2(tn)|2]% > E[|</j>\1(tn)|2]% for
small values of a, but this relationship reverses for ¢ > 0.6. Since the second population has
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a larger risk tolerance (v < ! on average) and higher hedging needs (f! < f2), it is natural
that they hold larger positions than the first population when the effects of relative performance
concerns are sufficiently small. The significant change around a = 0.6 is attributable to the sign
flip in (I —O(e))~! from (4.4) and the resulting impact on both the effective risk tolerance and the
sensitivity of the effective liability defined in (3.15).

In the second example, we consider the matrix of relative performance concerns of the following

form: o) (@ 01
(a) = (0 a)

with a € R as a parameter. This asymmetric matrix has a second-order pole at a = 1 and hence
this model is not covered by the analysis in Section 3.6. By setting a = 1 — €, we obtain

_ 1 (1/e 0.1/é
r-e@) = (1 ).
When a = 1, it is not difficult to see that
0 O
1-oa)= (1, §). v=00" k=0

where (I — ©(1))T is the pseudo inverse defined on span{(1,0)"} and v and & are unit vectors
satisfying v € Ker(I —©(1))" and & € Ker(I — ©(1)). The remaining parameters for this example
are summarized in Table 4.

T 1 2 2 N1 on2 1 L2 1 2 12
parameter w1 w2 Yy ¥ ¥° ¥ Ny Ny z 2z 0. 0: p. P

value 05 05 05 15 05 15 4 4 1.0 1.0 12% 12% 0.5 0.5

parameter Yy o, py So o r T N f; ff la Uy
value 1.0 12% 0.5 1.0 15% 2.5% 2yr 48 0 0 2 2

Table 4: parameter values

In Figure 6, we plot the equilibrium stock price distributions at the 2-year horizon for six differ-
ent values of a € {0.4,0.6,0.78,1.0,1.2,1.4}, and in Figure 7, we plot the root mean square of the
equilibrium optimal strategy E[\(Zp(tn)\Q]% for each population p € {1,2} at t,, € {0.5,1.0, 1.5} years.
For this figure, we evaluate nine different values of a € {0.4,0.5,0.6,0.7,0.78,1.0,1.2,1.3,1.4}. At
the singular point (a = 1.0), the results in Theorem 3.3 are used, while the others are based on
Theorem 3.2. We could not obtain stable numerical results near the singular point ¢ = 1.0 using
Theorem 3.2 due to numerical overflow arising from (V/” ), which are exponentials of the effective
liabilities. Although the equilibrium price distributions still appear to shlft monotonically leftward
as a increases, the root mean square of the optimal strategies E[|¢p (t )]2] 2 exhibit distinctive be-
havior around the singular point. In particular, the optimal strategy of the second population

[|gz52( 2)|? ] decreases toward zero at a = 1.0. Since there is no liability and (©k)2 = 0, we can
show, by a simple induction, that q§2 = 0 from (3 24) when a = 1.0. Furthermore, since an induc-
tion argument shows V2 =0 and we have (’v AV 1) = ngl, the equilibrium price distribution at
a = 1.0 coincides with that under the risk-neutral measure.
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Figure 6: The equilibrium stock price distributions at Figure 7: The root mean square of the equilibrium op-
the 2-year horizon for six different values of a. timal strategy E[|¢” (tn)m% for p € {1,2} as a function
of a at t, € {0.5,1.0,1.5}.

5 Concluding remarks

In this paper, we have investigated the mean-field equilibrium price formation in a discrete-time
market populated by agents with exponential utility and relative performance concerns. By extend-
ing the tractable binomial tree framework, we were able to impose the market-clearing condition
explicitly, thereby determining the asset price dynamics endogenously rather than treating it as
exogenous. We established the existence and uniqueness of the Market-Clearing Mean-Field Equi-
librium (MC-MFE) for both single-population and multi-population settings, characterizing how
the network of relative concerns impacts the risk premium and trading strategies. Furthermore,
using resolvent expansion techniques, we demonstrated that the equilibrium solutions depend con-
tinuously on the interaction matrix, even around the points where (I — ©) exhibits a first-order
singularity.
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A Connection to the finite population game

We briefly comment on the connection to the finite population game with agent-i, 1 < i < N,,.
Due to the symmetry of the problem, we focus on the optimization problem for the agent-1. Let
us define the empirical expectation of the wealth as

_N, 1 S
/’LNP = X]j\h
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where Xj denotes the wealth process of agent-j associated with the mean-field optimal control
¢ = (¢!, _,)N_; given in Theorem 2.1.

Suppose that agent-1 adopts an arbitrary admissible control ¢! := ((;5,11_1)7]2[:1 in A! and set

JNP71(¢17 $27 s 7$Np) =K |:_ exp(—’yl (Xfl\f - elﬁ%p - F(SN7 YN7 Z]lV)) |F871]7

where X! is the wealth process of agent-1 associated with the control ¢!. We also define the value
function in the large population limit:

j1(¢17 (&EJ)?‘;Z) = Eo’l |:_ exp(_’yl (XJIV - HlﬁN(SN’YN_l) - F(SN’ Yn, ZJIV)) |F8’1} )

where i is the solution to the RP-MFE given in Theorem 2.1. Note that J! (ggl, (53)?;2) corresponds
to the value function in the RP-MFE studied in Theorem 2.1.
Since (X7);>2 are F%-conditionally i.i.d., we have

1
N, -1

EHﬁNp _ ﬂN(SN,YN_I)‘z)SJ} = [0 H)A(fv — Eo’j[)?j\,\s,y_]‘z‘s,y_} < ]%, (A1)

uniformly in (s,y) € S¥ x YV with some positive constant C. Note that the conditional variance
is finite due to the boundedness of X7, which follows from the boundedness of {; and ¢’.

Theorem A.1. Let Assumptions 2.1 and 2.2 be in force. We also assume that E'[6;] # 1. For
any admissible control ¢* € A, there exists €n, > 0 such that

JNP71(¢17($27 cee 7$Np) S JNP’1($17$27 e 7$NP> + ENpa
and ey, — 0 as Np — 0.

Proof. It is enough to constrain the admissible control space Al so that JVel(p!, 52, ceey Q/ZS\NP) A
T, (qﬁj)?‘;Z) > —M for sufficiently large M > 0. Then we have

[TV (gl @2, M) = T ()52,
< ME |exp (7|61 [n (8™, YY) = iy [) = 1] < CME i (8™, YY) — ).

where C' is some positive constant depending on the bounds of ~1, 61, iy, and E]NV”. Recall that the

wealth process X7 associated with $j is a bounded process, and so are fiy and ﬂ%” . In particular,
C can be taken independent of N,,. It thus follows from the estimate (A.1) and Jensen’s inequality
that

"]Nwl((bla $27 RS (ZNP) - jl((bl? (&5])?‘;2)’ < C/ \% NP (A2>
with some constant C' independent of IV,,.
On the other hand, by definition of ¢!, J'(¢!, (W);’iQ) < JY¢t, (¢j)j“;2) for any admissible
control ¢'. Therefore, using the estimate in (A4.2),

TNl (g1 82, M) < TN (67)2,) + C//N,
< TYGY (¢7)22) + C//N, < TN0Y (G, 6%, ..., ¢™) + 20/ /Ny,
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which proves the claim with ey, = 2C/\/N,. O

Remark A.1. Theorem A.1 implies that the optimal controls (Q/b\i)i21 constitute an (open loop)
e-Nash equilibrium for the relative performance game.
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