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Mean-Field Price Formation on Trees:
with Multi-Population and Non-Rational Agents

Masaaki Fujii*f

First version: October 13, 2025, This version: November 4, 2025

Abstract

This work solves the equilibrium price formation problem for the risky stock by combining
mean-field game theory with the binomial tree framework, following the classic approach of Cox,
Ross & Rubinstein. For agents with exponential and recursive utilities of exponential-type, we
prove the existence of a unique mean-field market-clearing equilibrium and derive an explicit
analytic formula for equilibrium transition probabilities of the stock price on the binomial lat-
tice. The agents face stochastic terminal liabilities and incremental endowments that depend
on unhedgeable common and idiosyncratic factors, in addition to the stock price path. We
also incorporate an external order flow. Furthermore, the analytic tractability of the proposed
approach allows us to extend the framework in two important directions: First, we incorporate
multi-population heterogeneity, allowing agents to differ in functional forms for their liabili-
ties, endowments, and risk coefficients. Second, we relax the rational expectations hypothesis
by modeling agents operating under subjective probability measures which induce stochasti-
cally biased views on the stock transition probabilities. Our numerical examples illustrate the
qualitative effects of these components on the equilibrium price distribution.

Keywords: mean-field game, subjective measure, non-rational agents , multiple populations, re-
cursive utility, market-clearing

1 Introduction

The mean-field game (MFG) theory was pioneered independently by the seminal works of Lasry &
Lions [33, 34, 35] and by those of Huang et al. [27, 28, 29] in the mid- to late-2000s. These works
are based on analytic methods using coupled Hamilton-Jacobi-Bellman (HJB) and Kolmogorov
equations. Subsequently, the probabilistic approach to the MFG theory, based on forward-backward
stochastic differential equations (FBSDEs) of McKean-Vlasov type, was established by Carmona
& Delarue [9, 10]. The two volumes by the same authors, [11] and [12], provide full details on the
probabilistic approach and its applications.

The greatest advantage of MFG theory is its ability to transform a complex problem of stochas-
tic differential games among many agents into a standard optimization and fixed-point problem.
A growing body of literature attempts to solve many-agent problems using the MFG technique.
The MFG theory requires, in principle, symmetric interactions among the agents. A particularly
large number of MFG applications can be found in financial and energy markets because sym-
metric interactions are standard in these settings. There are also many economic applications of

*mfujiiQe.u-tokyo.ac.jp, Graduate School of Economics, The University of Tokyo, Tokyo, Japan
fThe author is not responsible in any manner for any losses caused by the use of any contents in this research.



mean field games, in particular, those focusing on general equilibrium models of growth, inequality
and unemployment, dynamic demand response and persuasion problems among others. See, for
example, [1, 2, 3, 4, 5, 22] 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
to ensure that supply and demand always balance among the heterogeneous but exchangeable
agents, rather than being exogenously given. Gomes & Satide [24] present a deterministic model
of electricity price. Its extension with random supply is given by Gomes et al.[23]. Ashrafyan
et al. [6] propose a duality approach transforming these problems into variational ones that are
numerically more tractable. Shrivats et al. [40] deal with a price formation problem for the solar
renewable energy certificate (SREC) by solving FBSDEs of McKean-Vlasov type. Féron et al. [15]
develop a tractable equilibrium model for intraday electricity markets. Sarto et al. [37] study cap-
and-trade pollution regulation and derive the equilibrium price for the carbon emission. Regarding
the price formation of securities, Fujii & Takahashi [19] show that the equilibrium price process
can be characterized by FBSDEs of conditional McKean-Vlasov type. Its strong convergence to
the mean-field limit from a finite-agent setting is proved in [20], and its extension to the presence
of a major player is given in [21] by the same authors. Fujii [16] develops a model that allows
the co-presence of cooperative and non-cooperative populations to learn how the price process is
formed when the agents in one population act in a coordinated manner.

There remain two mathematical limitations in the above results: firstly, the relevant control of
each agent is the trading rate and hence their asset position is constrained to follow an absolutely
continuous process with respect to the Lebesgue measure dt; secondly, the cost function of each
agent consists of penalties on the trading speed and on the inventory size of the assets. Therefore,
the above frameworks cannot deal with the general self-financing trading strategies nor with the
utility functions defined directly in terms of the wealth process of the portfolio. A major obstacle in
dealing with a utility function of the wealth resides in the difficulty of guaranteeing the convexity
of the Hamiltonian associated with the Pontryagin’s maximum principle and in the difficulty of
getting enough regularity to prove the well-posedness of the associated FBSDEs. These problems
are solved by Fujii & Sekine [17, 18] for the agents with exponential utilities by applying the method
of Hu, Imkeller & Miiller [26] based on the martingale optimality principle. An extension to the
setting with partial information is studied by Sekine [38]. They find that a novel quadratic-growth
backward SDE (qg-BSDE) of conditional McKean-Vlasov type characterizes the equilibrium risk-
premium process. Unfortunately, however, the existence of the solution of this mean-field qg-BSDE
has been proved only under rather restrictive conditions. This is because the conditional McKean-
Vlasov nature of the equation makes the classical approach of Kobylanski [32] no longer applicable.
Moreover, even if the well-posedness of the equation were to be completely solved, its numerical
evaluation would remain prohibitively difficult. This is a major hurdle for practical applications, a
limitation shared by all existing works of continuous-time framework.

In this work, we study the price-formation problem for the risky stock. To understand how the
equilibrium price process changes its behavior due to the market environment and the differences
in the distribution of characteristics among the agents, it is necessary to obtain more explicit and
numerically tractable solutions than those in the existing literature. To this end, we propose a
framework that combines the MFG theory with the classical idea of binomial trees, initiated by
Sharpe [39] and formalized in Cox, Ross & Rubinstein [13]. By restricting the stock price trajectories
onto a binomial lattice, we are able to search for an appropriate set of transition probabilities that



clears the stock market in a straightforward way. This discrete-time, tree-based approach is the key
technical device that allows us to incorporate more general market environments without sacrificing
the tractability of the equilibrium solution.

The agents in our model—financial and investment firms—have standard exponential utilities
or recursive utilities of the exponential type. We allow for general stochastic terminal liabilities
and incremental endowments that depend on unhedgeable common factors Y and idiosyncratic
factors Z*, as well as the stock price path. The incremental endowments represent non-tradable
income from a firm’s other business activities. We also analyze the impact of external order flow
from outside groups or a major financial player. The presence of unhedgeable risk factors (Y, Z¢)
in these financial items creates an incomplete market for the agents, motivating their demand for
the risky stock to hedge their coupled exposures.

The explicit solutions obtained through our binomial tree approach provide significant analytical
and numerical tractability, allowing us to extend the framework in two important ways that would
be a formidable challenge in the continuous-time setting:

e Addressing Market Heterogeneity: We readily extend the model to a multi-population equi-
librium (Section 4), capturing the structural diversity of the financial sector by allowing
different populations to have distinct functional forms for liabilities, endowments, and risk
characteristics.

e Relaxing Rational Expectations: We generalize the model to agents operating under sub-
jective probability measures (Section 5), which induce stochastically biased state-dependent
views on the stock price transition probabilities. This extension is in the spirit of the re-
cent development in MFG theory initiated by Moll & Ryzhik [36], and relaxes the standard
rational expectation hypothesis implicitly adopted in most of the MFG literature.

Our explicit solutions for the equilibrium transition probabilities enable us to numerically evaluate
the marginal and conditional equilibrium price distributions with respect to the common macroe-
conomic factors Y. Our numerical examples reveal the qualitative behaviors of the equilibrium
distributions to the agents’ characteristics and the above introduced elements.

The analytic tractability achieved via our binomial tree framework is the key contribution
that overcomes the theoretical and numerical difficulties in the continuous-time approaches, which
involve either a (coupled systems of ) complex McKean-Vlasov FBSDEs (or qg-BSDEs), or a coupled
system of HJB and Kolmogorov equations. Beyond theoretical advancement, our methodology
offers a readily implementable framework for practical applications. It provides the equilibrium
excess return required to compensate agents for the risk in the stock position, necessary to clear
the market. The ability to obtain such explicit solutions offers a valuable tool for regulatory bodies
performing market stability analysis under various agent-based scenarios.

We structure the rest of the paper as follows: Section 2 investigates the mean-field equilibrium
among the agents with exponential utilities subject to terminal liabilities. Section 3 deals with
an extension to recursive utilities and also introduces cash spending (i.e., nominal consumption)
and incremental endowments. Section 4 studies an extension to the presence of multiple popula-
tions. Section 5 extends the previous frameworks to incorporate agents operating under respective
subjective measures which induces state-dependent stochastic biases. Section 6 provides several
illustrative numerical examples and examines their important implications. Section 7 summarizes
our findings and discusses possible directions for future research. !

IFor the sake of gender-neutrality and brevity, the singular pronoun ’they’ (and its forms) is used throughout the
paper when referring to an anonymous agent or entity (e.g., agent-i).



2 Exponential utility with terminal liability

We begin our investigation into the mean-field price formation problem by considering a simple
model with a countably infinite number of agents possessing exponential utility. These agents are
optimizing their wealth with terminal liability by carrying out self-financing trading strategies on
a deterministic money market account and a single risky stock. Each agent must manage financial
risk arising from the common market shocks as well as their own idiosyncratic shocks. Notably,
our model incorporates non-tradable macroeconomic and/or environmental shocks that affect all
the agents, in addition to the shocks from the stock price process.

Remark 2.1 (On the stock). In this work, the financial institution’s overall equity exposure is
simplified to a single asset which serves as a proxy for a broad, diversified market indez (e.g., SEP
500) to keep the focus on the mean-field price formation problem.

2.1 The setup and notation

Let us start from explaining the relevant probability spaces. (€20, FY, (ft )n 1, P?) is a complete
filtered probability space, where 0 = ¢y < t; < --- < ty = T is an equally spaced time sequence
using a time step A := T /N where T' < oo and N € N are given constants. The filtration (.7'—0 W,
is generated by two stochastic processes, one is a strictly positive process (S, := S(t,)))_, and the
other is a dy-dimensional process (Y, = Y (¢,)))_,, i.e. ]:t(; := 0{Sk, Y,0 < k <n}. In the model
below, we shall use S, to denote the stock price at t,, and Y, the common shocks affecting all the
agents at t,. Sop > 0 and Y; € R are given constants and thus ]-'8 is trivial.

In addition to the above space, we consider a countably infinite number of complete filtered
probability spaces (Q, F*, (F} )A_,,P"), i € N. For each i, (0, F', (F; )2, P?) is endowed with
Fi-measurable random variables (&;,v;) as well as (]—"l )N_-adapted stochastic process (Zi =
Z(tn))N_y. Here, &,7; are both R-valued and &; is used to represent the initial wealth and -;
the size of absolute risk aversion of agent-i. The dz-dimensional process (Z)Y_, is used to model
idiosyncratic shocks to each agent. The fact that (§;, ;) are fé—measurable means that the agent-i
knows their initial wealth and the size of risk aversion at time zero.

By the standard procedures (see, for example, Klenke [31, Chapter 14]), the complete filtered
probability space (2, F, (F;,)N_,P) is defined as the product of all the above spaces

(97]:7 (‘Ftn)fzv:()ap) = (QO’]_-O’ (-Fton)fzv:[)vpo) ®$21 (in]ja (F )n OvPZ)

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

(QOJVF'O’Z'? (]:.O,LZ)n DvPO Z) = (907]:07 (f?n)évzo’lp()) ® (Q27F (FZ )n 07]P>i)7

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 (S,,Y,,vi, ), if they
are defined as trivial extensions on larger product probability spaces. Expectations with respect to
PO, P¢ P and P are denoted by E°[-], E'[-], E®![] and E[-], respectively. We also denote by E[]
the expectation with respect to the product measure ®§211P’i.

In this work, we restrict the trajectories of (S,)"_, onto a recombining binomial tree. For each
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n=1,---,N, the random variable En := Sp/Sn—1 takes only the two possible values, either u or d.
This means that the set of all possible values taken by S, is given by S,, := {Sou*d"*,0 < k < n},
which is a finite subset of (0,00). Let 8™ := Sy x S1 X S X -+ X S, be the set of all values taken
by the stock price trajectory (Sk)p_,- Moreover, in order to avoid technicalities regarding the
conditional probabilities, we also assume that the process Y takes only a finite number of values
at every t,. We use V,, which is a finite subset of R? | to denote the set of all values taken by Y,.
We alsouse V" =Yg X W1 X -+ X Y, C Ry *(n+1) for each 0 < n < N, to represent the set of all
values taken by the trajectory (Yj)}_,. In a similar manner, we denote the support of the random
variable Z! by Z, and define Z" := Zq x Z; x - -- x Z, as the support of (Z,i)zzo. There is no need
to impose the restriction of finite state space on variables other than (S,Y’). The time-t, value
of the risk-free money market account is given by exp (rnA) where r > 0 is a positive constant
denoting the risk-free (nominal) interest rate. We also use the symbol 5 := exp(rA). For later use,
let us also define B
u:=u—exp(rld), d:=d—exp(rl)

and N
R, =R, —exp(rA), 1 <n < N.

The random variable R,, takes the values either u or d.

In the following, to lighten the notational burden, we use E° [ s, y, 2, 'yl-] to denote E% [ |Sp—1 =
$, Yo 1=y, Zf]_l =2ty = fyi} for (s,y,2") € Sn_1 X Vn_1 X Z,_1. With a slight abuse of notation,
we shall use the same symbols for the realizations of Fj-measurable random variables (v; in the
above example).

Assumption 2.1. (i): u and d are real constants satisfying 0 < d< exp(rA) < u < oo.
(ii): Bvery (&, i, (ZL)N_) is identically distributed across all agents i =1,2,.. ..

(iii): There exist constants ,& and v,7 so that for every i € N,

Gel&,gfCR, v el:=[y,7] C(0,0:0).

(iv): For every 0 <n < N, Z, is a bounded subset of R%7.
(v): For each i, (Z})N_ is a Markov process i.e., B'[f(Z%1)|F ] = B [f(Z})|Z}] for every bounded
measurable function f on Z, and k < n.
(vi): (Yn)ilo is a Markov process i.e., E°[f(Yy,)|F] = EO[f (Y,)|Yk] for every bounded measurable
function f on YV, and k < n.
(vii): The transition probabilities of (Sn)N_, satisfy, for every 0 <n < N —1,

PY(Sps1 = Sy |FL.) = PO(Sny1 = WSn|Sn, Ya) =: pn(Sn, Ya),

]PO(SR-I—I = an’f?n) = PO(Sn—I—l = dvsn‘snu Yn) = Qn(s’m Yn)7
where pp,gn (=1—pp) : Sp XV = R, 0 <n < N —1 are bounded measurable functions satisfying
0 < pu(s, ), qn(s,y) <1

for every (s,y) € Sp X Vn.

Let us give some remarks on the above assumptions. Firstly, by the condition (i), we have
d < 0 < u. It is well-known that the transition probabilities under the risk-neutral measure Q for



the classical binomial framework are given by p@ := (—d)/(u — d) = (exp(rA) — d) /(i — d) for the
up-move and qQ =1 —p? for the down-move. These probabilities are uniquely determined by the
parameters (u, d) and the risk-free interest rate. In this paper, we fix the relative jump size (u, d)
to be constant across all nodes; however this is done merely for simplicity. The entire discussion
of our paper still holds even if (u,d) varies from node to node. In fact, the method works even
for general non-recombining binomial trees. Moreover, thanks to the famous result by Derman &
Kani (1994) [14], one can construct so-called “implied binomial trees” by adjusting the position
(u, d) node by node to reproduce implied volatility surface in the option market, while keeping the
recombining property of binomial trees intact. Therefore, if necessary, our discussion below can
be applied to a binomial tree whose risk-neutral distribution is consistent with the option market.
The boundedness assumption in (iii) and (iv) is not crucial. One can relax it by adding appropriate
integrability conditions.

Our goal in this section is to find a set of transition probabilities of the form (py(s, )N so
that the demand and supply of the stock are balanced among the agents at every node (s,y) €
Sn X Vp,0<n <N —1. Note that we can assume, without any loss of generality, that the process
(YN _o and (Zi)N _o are Markov, since, if necessary, we can recover Markovian property by lifting
Y, Z* to higher dimensional processes. However, the condition (vii) is not trivial. In fact, in the next
section, we shall study more general situations where the transition probability must be dependent
on the past history of the stock price to achieve the market-clearing equilibrium. Under the current
condition (vi) and (vii), (Sp+1, Ynt1) satisfy the property:

EY[f (Sn41)9(Yos1) | 2] = B f (Sni1) |9, Yal B lg (Vo) [¥a), 0SS N—1, 0 (21)

for any bounded measurable functions f : S,+1 — R and g : V,,41 — R. We can interpret that the
process (Y,)N_, represents some standalone macroeconomic and/or environmental factors which
are not influenced by the agents’ trading activities. It may naturally serve as a state process in

regime switching models.

Remark 2.2. Note that the bound for the transition probabilities in (vii) guarantees the equivalence
of probability measures P° o S-1 and Qo S, 1. Hence, our system is arbitrage free.

2.2 The individual optimization problem

To obtain the market-clearing equilibrium of the risky stock among a large number of strategically
interacting agents, we adopt the Mean-Field Game (MFG) technique. The standard MFG approach
involves two steps: (i) we assume the stock price process (or transition probabilities in our case),
which is formed by the collective actions of the agents and adapted to the public information
(Fi, 9N, is given and then solve each agent’s optimization problem as a price taker; (ii) we solve
the fixed-point problem of the consistency condition, (i.e., the market-clearing), to obtain the
equilibrium price distribution. In this subsection, we address the optimization task of step (i).
We now formulate the optimization problem for each agent. Agent-i, for i € N, with an initial
wealth §;, engages in self-financing trading involving the risk-free money market account and a
single risky stock. They adopt an (.7:13 ;Z),]L_Ol—adapted trading strategy ((b@)f:[:_ol, representing the
invested amount of cash in the stock at time ¢,,. The associated wealth process of agent-i, denoted



by (Xi = X(tn))N_,, follows the dynamics
Xier = exp(rA)(X;, = 6)) + & Foni
= BX; + ¢;Rn+17

where Xé = ¢ and § = exp(rA). Recall that Ry, := §n+1 —exp(rA).
Fach agent-¢ is supposed to solve the optimization problem:

Sup ]EOJA —eXP\ 7 XZ _F(SN7YN>ZZ) ‘]:O’i 3
(64) N ehi [ ( (X N )) 0 ] (2.2)

where ' 4 ' ‘
A = {(%)5501 : ¢y, is an fff—measurable real random Variable}

denotes the admissible control space. Here, we assume that agent-¢ has full knowledge of the
common market information and their own private idiosyncratic information, but no knowledge of
the private idiosyncratic information of the other agents.

Assumption 2.2. (i): F': Sy x Yy x Zy — 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 (vii)) to be exogenously given by the collective
actions of the others and unaffected by the agent’s own trading strategies.

F(Sn,Yn, Z%;) denotes the stochastic terminal liability (or the negative of the terminal endow-
ment), depending on Sy, Yy and Z}'V. Given the exponential utility assumption, the constant shift
F — F+c does not alter the optimization problem; hence, only the dependence on (Sy, Yy, Z%) in
the function F' is relevant. The condition (ii) is a plausible assumption since every agent naturally
knows their individual trading share is negligible in the market. This negligibility of individual
actions is a key assumption for the standard MFG technique, as previously remarked.

Remark 2.3. Before solving the optimization problem, we provide some economic motivations
for including the stochastic terminal liability F(SN,YN,Z}'\,). Since we primarily model various
financial firms as our agents, it is natural to suppose that they are subject to stochastic liabilities
(such as a portfolio of derivative contracts) dependent on the stock price. It is also plausible that
the size of the liability varies from agent to agent based on their idiosyncratic factors (Z}V) as well
as common macroeconomic/environmental factors (Yn). This structure would naturally hold for
non-financial firms, too.

We now characterize the optimal trading strategy for each agent. Applying the well-known
scheme of backward induction for discrete-time models, but now in the presence of common as well
as idiosyncratic shocks, we establish the following result.

Theorem 2.1. Let Assumptions 2.1 and 2.2 be in force. Then the problem (2.2) has a unique

optimal solution (d)fl’*_l)f:[:l, which is an a.s. bounded process defined by a measurable function



(;5;*1 Sl X Vpo1 X Zp1 X T' = R such that qﬁ;*l —qb 1(Sn—1,Yn_1, 2% _1,7i), where

n

[ x : g Pn-1(5,9)u :
o0t (s, y, 20 i) = 7—{10 (—7>+lo _1(s,y, 2%, v },
EOZ[VH(5a7 Yn7Z1Z@,’Yi)|y,ZZ,’7i] ’
fno1(s,y, 2", 7i) == 0 = : .
B0V, (sd, Yo, Z3, vi)ly, 2%, il
Here, froi1:Sn1 X Vn1 X Zp 1A X =Rand V, : S, X YV X Z, XxI' = R are a.s. strictly positive
bounded measumble functions defined recursively for 1 <n < N by
Viv(s,y, 2", %) = exp (i F (5,9, 2")),
and
i o sN i i 0,i ~ i i
Va-1(8,y, 2", %) 1= pn-1(s, y) exp —%W%_l(&y,z Y BV Vi (st, Yo, Zy, i) |y, 25 il
(2.4)

+ qn1(s,y) eXp( C6it (s,y, 2 ,Vi)d)Eo’i[Vn(SCZYn,Zf;,%)ly,zi,%]-

BN
IBTL
The function log V,, can be interpreted as the continuation value of the liability at time t,.

Proof. With Vy : Sy x Yn x Zy x I' = R defined by Vn(s,y, 2", 7)) = exp(%F(s,y, zz)), we
temporarily suppose that the problem of agent-i at t = ¢,,_1, 1 <n < N, is defined by

N

s;llp RO [— exp( %BBnXT’L) Viu(Sn, Yo, Z2 ;) |.7-"8;i_1} , (2.5)

with some a.s. strictly positive bounded measurable function V;, : S, x Y, x 2, x I' = R. Here, the
supremum is taken over }-0 " -measurable real random variables. Let us solve the above problem

on the set {w% € Q¢ : (X}l 1,Sn_1,Yn_1,Zfl_1,’y¢) = (2%, 5,9,2%7i)}2. Then the above problem
is equivalent to

#éfREOl[eXp( %g” (536 + ¢'Ry, )) (sR Y,,Z" ,’yi)}xi,y,zi,%]

N

= exp(—%ﬂé_lxi) inf {pn 1(s,y) exp(

n 0B Va5, Y, Zh )l 2

BN
/Bn
B gia)Eo, d, Yo, Zb, i)y, 27

an¢ [ (8 771)‘y72 7’71] )

where we have used the property given in Assumption 2.1 (vii). Since d < 0 < wu, the optimal
position ¢%* is a.s. uniquely characterized by

/BN 0. _ . :
U o W)Y V(5T Yo, Z3, 30y, 2, 3]

ﬂN i % 0, 7 i i1
+qn71(s,y)deXp(—%ﬁ¢ d)IE [Va(sd, Yo, Zy,,vi)ly, 2", i) = 0.

+ gn-1(5,y) exp<

Pn—1(8,y)u exp(

2With a slight abuse of notation, we use the same symbols for the realizations of F¢-measurable random variables.



This gives the results given in (2.3), which is well-defined and bounded since V,, is a strictly positive
and bounded, and 0 < p,—1,¢n—1 < 1 by our assumption.

It follows that the function V;,_1 defined by (2.4) becomes once again a.s. strictly positive and
bounded on S,_1 X Y,_1 X Z,_1 X I'. The value function at the next step t,,_1 is now defined by

gN . .
—exp(—%WXfl,1>Vn_1(Sn_1,Yn_l, Zp_1:7)
and we have recovered the problem of the same form as in (2.5). Thus the repeat of the above
procedures N times yields the desired conclusion. O

2.3 Mean-field equilibrium under stochastic order flow

Our goal is to find a set of transition probability functions py,(s,¥), (s,y) € Sp X Vp,0 <n < N —1,
that clears the market by matching demand and supply at every node. To ensure generality, we also
incorporate an external stochastic order flow, L,,_1(Sn—1, Yn,—1), which represents the aggregate net
stock supply per capita at each time t,_1, for 1 < n < N. The external order flow serves to model
the aggregate contribution from other populations. In particular, it can be used to represent the
aggregate net supply from individual investors, which is often difficult to be modeled by rigorous
optimizations, 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 Vo1 — R is a bounded measurable
function.

Definition 2.1. We say that the system is in the mean-field equilibrium if

N,
. 1 - iy ]
N},linoo Fp ; (bz_l(sn—lv Yn-1, kap 7@) = Ln—l(Sn—h Yn—1)7

P-a.s. for every 1 <n < N with gbil’il defined by (2.3).

Since the idiosyncratic factors (Z¢,;),4 € N are independent and identically distributed (i.i.d.),
and also independent of the process (S,Y’), the above condition for the mean-field equilibrium is
equivalently expressed as

E' [¢p" 1 (5,9, Zp_1,71)] = Ln-1(5,9) (2.6)

for every (s,y) € Sp—1 X Yn-1, 1 < n < N. Under the mean-field equilibrium, the excess de-
mand/supply per capita converges to zero as the population size tends to infinity. Our first main
result is then established as follows. One can observe a conditional McKean-Vlasov nature, where
the transition probabilities depend on the distribution of idiosyncratic factors conditioned on the
realization of common shocks (5,Y), as expected from the result in [19, 17].

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

Pa-1(3,) = P (S = S-1|(Sum1, Ya1) = (5,1))
N (2.7)

- (—d)/{uexp(El[ll/%] [El(log(fnl(s,’yyl, Z}L_l,%))) - d)gnLn—1(S,y)D B d},




for every (s,y) € Sn—1 X Yn—1, 1 < n < N. Under the above transition probabilities, the optimal
strategy of agent-i is given by

oL (5,9, Zi_1, i) =

1 Bn{logfn (8,9, ZL_1,7) 1/7 gl log fr—1(s,y, Z}_ 1771)”

(u—d) BN i  EN1/7] n
1/7i
+ an—l(sa Y)-
(2.8)
Moreover, there exists some positive constant Cp_1 such that
. 2 Che
E‘N Z¢ Sn—1,Yn-1,Z5,_1,%) = Ln-1(Sp-1,Yn-1)| < ]:L[ - (2.9)

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

Proof. The first claim (2.7) is a direct consequence of (2.3). The form of p,_i(s,y) is uniquely
determined by the condition (2.6). By substituting the resultant expression for p,_1(s,y) (and
dn—1(8,y)) into (2.3), we obtain (2.8).

We only need to verify that the set of (p,—1(s,y)) satisfies the condition (vii) in Assumption 2.1.
At t =ty_1, fnv_1 is an a.s. strictly positive and bounded function on Sy_1 X Yny_1 X Zy_1 X" by
the corresponding assumption on F'. Since d < 0 < u, it is easy to see 0 < pn_1(8,¥y), qn-1(s,y) < 1
for every (s,y) € Sn—1 X Yn—1, and hence consistent with the condition. This then implies that
qb?{;k_l is an a.s. bounded function on Sy_1 X Yny_1 X Zny_1 X I', which results in a.s. strictly positive
and bounded Viy_; given by (2.4) on Sy—1 X Yn—1 X Zy—1 x I'. This in turn ensures that fy_o
satisfies the desired properties, and so do (py—2(s,¥), an—2(S,9)), (S,y) € Sn—2 X Yn—_2. In this
way, by simple induction, we get the desired consistency for every time step.

For the second claim, it suffices to show that there is some constant C),_; such that an inequality

2 O,
]E‘N qun 1 S y? n laFY’L) Lnfl(svy) S ]trp

holds for every (s,y) € Sp—1 X Yn—1, 1 < n < N. Using the i.i.d. property of (Z!_;,v;) and the
boundedness of f,—1, L,—1 and 1/7;, we can arrange the expression (2.8) to show that there exists
some constant C,,_1 such that

2
E‘N Z¢n 1S y7 n 1,’)/'5)—[/71_1(8,:1/)‘

HZ(*_EI[ D) ‘Z<logfn (89, Z01m) [logfn 1(s,9, 2 1771)m2]

Vi 71

< Cn—1E1 [‘—El(l)‘2+ ‘Ingn 189, Zn1:m) [logfn 1(8:9, Zy— 1,71)” ]
Np st et Y1 Y1

which establishes the desired result. Note that the cross terms appearing in the second line vanish
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due to the independence of (Z%,7;);en. The variances in the righ-hand side of the third line are
finite uniformly in (s,y) € Sp—1 X Yn—1, owing to the boundedness of functions f,—; and 1/7;. O

Remark 2.4 (On the choice of exponential utility). Before considering the implications of these
findings, we offer a brief remark on our choice of exponential utility. The most important char-
acteristic of the exponential utility is that the optimal trading strategy ¢* is independent of the
wealth process X' as shown in (2.3). This property is crucial for solving the mean-field condition
in Theorem 2.2. Indeed, if other utilities were adopted, the optimal position ¢y would generally
depend on the agent’s wealth X' . The equilibrium condition (2.6) would then yield a complex fived-
point problem involving the forward X* and backward ¢** processes. The exponential utility also
allows the agents to hold negative net wealth. This is quite advantageous for modeling financial
institutions who naturally hold substantial portfolios of derivatives, the values of which can be neg-
ative with nonzero probabilities. Although the constant absolute risk aversion (CARA) is a clear
limitation, given that most financial institutions routinely revise their risk management objectives,
the restriction of CARA for a relatively short-term horizon T seems to be a reasonable approrima-
tion. The same observations hold for the recursive utility of exponential-type, which we discuss in
Section 3.

2.4 Some implications

Let us discuss some implications of the results obtained in this section. A key advantage of our
closed-form solution is the explicit dependence of the transition probabilities (p,—1(s,y)) on the
macroeconomic factor Y. This allows us to clearly analyze how changes in the macroeconomic
conditions affect the equilibrium price distribution and consequently the excess return.

In order to understand the qualitative behavior of our model, assume first that there is no
external order flow, i.e., L. = 0 for simplicity. Recalling that the risk-neutral probability of the
up-move at each node is p¥ = (—d)/(u — d), one can see from (2.7) that p,_1(s,y) > p¥ (ie. a
positive excess return at this node) occurs if and only if

El[log(fnfl(s, Y, 2711_1, 7))/71] < 0.

This happens if V,, is a decreasing function of the stock price S, where V,, represents the continu-
ation liability derived from the terminal liability F'. In Section 6, we shall confirm this point with
numerical examples. The corresponding situation occurs when the agents’ liability (or, the negative
of their endowment) decreases as the stock price increases. In this case, adding to the long position
in the stock increases the risk in the same direction as the liability’s exposure, and hence the agents
require a higher risk premium. Therefore, for a liability whose size varies countercyclically with
the stock price, the higher the leverage of the financial and investment firms, the higher the risk
premium demanded. Suppose, on the other hand, that the agents’ liability increases when the stock
price goes up. For example, imagine that agents have a net short position in call options on the
stock. Then, the agents have a strong incentive to increase their long position in the same stock
(to hedge the options), and hence may accept even a negative risk premium.

As one can see from (2.7), it is not necessary to add idiosyncratic shocks to significantly influence
the size of excess return, which is mainly determined by the sensitivity of the liability to the stock
price. However, the absence of idiosyncratic shocks gives rise to a very unrealistic market structure
where there is no trade among the agents. From the expression of the optimal position in (2.8), we
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can observe that the trading volume per capita H:*?ngﬁ,lfk 2]% in the market is primarily governed by
the variation of the idiosyncratic factors. Note that, by the definition of the mean-field equilibrium,
E[¢y*] = 0,Vi € N when L,, = 0. Therefore, E[|¢* 2]% gives the standard deviation of the stock
position among the agents at ¢,.

In addition to the condition L = 0, let us now suppose that the function F' is independent of
the stock price. We then have fy_1 = 1 a.s. since Vi is Sy-independent and thus (ﬂ;{r*—l =0 a.s. by
(2.8). This in turn makes Vxy_; independent from Sy_;. In this way, a simple induction shows
that f,_1 = 1 a.s. for every 1 < n < N and the equilibrium price distribution becomes equal to
the one in the risk-neutral measure. In this case, there is no trade in the market although each
agent has different risk aversion, which corresponds to the classical (but uninteresting) example of
the representative agent with CARA utility.

Finally, let us turn on the external order flow. It is clearly seen from (2.7) that the positive
inflow L > 0 to the stock market increases the equilibrium risk premium. This may sound slightly
counter-intuitive since we think a big sell-off in the stock should lead to a sharp decline in the stock
price. In order to understand that there is no contradiction, it is important to recall that what
we have found above is the transition probabilities so that there exists equilibrium. As a common
characteristic of price-formation frameworks, our model does not argue the performance of a stock
price given the business performance of its issuer. Rather, it provides the excess return (and
more generally price distribution) required by the agents to support the existence of the market
equilibrium. If there is positive supply of the stock, the agents must accept larger long position
(and hence larger risk) in the stock to maintain the balance of demand and supply; consequently,
the agents require a higher risk premium to compensate for this additional risk. If the risk premium
is not high enough, there would be no equilibrium and thus the stock market might crash. If the
required risk premium turns out to be unrealistically high, then one can infer that the stock market
cannot support such a large external supply. The same analysis can be done for the sustainability
of the stock equilibrium under highly levered financial firms.

3 Recursive utility with path-dependent financial items

In the previous section, we obtained mean-field equilibrium by choosing an appropriate set of
transition probabilities in the form of p,(s,y). Suppose now that the stochastic liability (or the
negative of the endowment) F' is dependent not only on the terminal stock price Sy but also
on the stock-price history (Sn)ﬁzo, which is just as plausible. In this case, a quick inspection of
the proofs for Theorems 2.1 and 2.2 shows that the transition probabilities of the simple form
pn(s,y) cannot clear the market anymore. This strongly suggests that we need path-dependence
also in the transition probabilities. We also want to examine whether we can include cash spending
(i.e. nominal consumption) and to analyze its impact on the excess return. In this section, we
shall thus adopt recursive utility that incorporates standard time-separable utility over nominal
consumptions as its special case. We include a path-dependent terminal liability as well as path-
dependent incremental endowments in the model for generality.

3.1 The setup and notation

In this section, for each i € N, we enlarge the probability space (Q, F?, (ffn),]:fzo, IP%) so that it sup-
ports (&, Vi, G, i, 0i) as Fj-measurable random variables, in addition to (ffn)nNzo—adapted stochas-
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tic process (Z8 = Z'(tn))_,. Here, (; is the coefficient of absolute risk aversion for cash spending
and the parameter 1); is used to control the importance of the continuation utility relative to the cur-
rent spending. §; denotes the coefficient of time preference. We introduce an F¢-measurable 4-tuple
0i = (Vi, Ciy ¥, 0;) for simpler notation. Let us also introduce the symbol S™ := (Sp, S1,...,S,) to
denote a stock-price trajectory and s" = (s, ..., sn) € S" as its specific realization. For s € st
we also use the symbols (s2)" := (s",s,_1u) € S” and (sd)" := (s"1,s,-1d) € S*. As in the
last section, we shall use the expressions such as E%[ - |s, 5, 2%, ;] for (s,y, 2') € S" ! x VY 1 X Z, 1
to denote the conditional expectation E¥[ - |S"™! =5V, 1 =y, Z! | = 2, 0; = 0i], where, with
a slight abuse of notation, the same symbol is used for a realization of the Fé—measurable random
variable g;. Except these points, we will use the same setup and notation given in Section 2.1. In
particular, we impose the finite state space condition only on (S,) and (Y;). Now, let us update

Assumption 2.1 for this section.

Assumption 3.1. (i): u and d are real constants satisfying
0<d<exp(rA) <@ < oo.

(ii): Bvery (&, i, Gir ¥i, 0, (Z8)N_) s identically distributed across all agents i =1,2,....

(iii): There exist real constants §,§, 7,7, ¢, ¢, g,@ and 8,0 so that for every i € N,

gi € [gag] C Rv

0i = (Vi Gir i, 0:) € T == [7,7] X [¢, ¢] % [0, ] % [8,6] C (0, 00)".

(iv): For every 0 <n < N, Z, is a bounded subset of R%Z.

(v): For each i, (Z5))_y is a Markov process i.e. B'[f(Z5)|F] = E'[f(Z%)|Z;] for every bounded
measurable function f on Z, and k < n.

(vi): (Yn)ilo is a Markov process i.e. EU[f(Yy)|FR] = E[f(Yn)[Yi] for every bounded measurable
function f on YV, and k < n.

(vii): The transition probabilities of (Sn)N_, satisfy, for every 0 <n < N —1,

P(Spp1 = Sy |FL.) = PO(Spy1 = USn|S™, Yn) =: pu(S™, Yy),
PO(Spi1 = dSu|FL) = PO(Spi1 = dSn|S™, Yy) =: gu(S™, Yr),

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

0 <pn(s,y), an(s,y) <1
for every (s,y) € S" X V.
Under the above assumptions, we have, instead of (2.1), the relation
B[ (Sn+1)g(Yas)IF5 ] = ELS ()™ Ya B lg(Yosn)IYa], O<n<N -1, (3)
for any bounded measurable functions f : S,+1 = Rand ¢g: Vy11 — R.

Remark 3.1. As in the last section, the condition 0 < py(s,vy),qn(s,y) < 1,V(s,y) € 8" X Vp,0 <
n < N — 1 guarantees the equivalence of PV oS! and Qo S, '. Hence the system is arbitrage free.
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3.2 The individual optimization problem

In this section, as previously mentioned, we assume that each agent-i engages in self-financing
trading using the money-market account and the risky stock, while also spending some cash at the
beginning of each period. Moreover, they receive a stochastic endowment at each time ¢,,,1 <n <
N. Thus the wealth of the agent-i, (X! := X(t,))"_,, follows the dynamics:

n=0»

Xiy = exp(rA)(X] — A — ¢L) + ¢ Rt + g1 (S™H, Yo, Z819)

2 . | (3.2)
= B(X} — 4 A) + ¢4 Ryt + g (8", Yoy, Z1 1),

where X} = &;. Recall that R, := En—exp(rA). Here, ¢/, 0 < n < N —1 denotes the cash spending
at t,. For the scaling purposes in the discrete-time model, this value is defined such that the actual
cash used is ¢/ A. gn(S", Yy, Z1),1 < n < N is the stochastic endowment (i.e., income originating
from the agent’s other business lines) paid at t,,, which is dependent on the stock-price trajectory
S™ in addition to the common and the idiosyncratic shocks (Y;,, Z!). Since we do not restrict g, to
be positive, it can also represent incremental liability incurred at ¢, when negative. As discussed
in Remark 2.3 concerning the terminal liability, the ability of our framework to incorporate such a

term is crucial for developing realistic models of financial firms.

We suppose that the (f?rf)ﬁ:o—adapted process of utilities (U2)N_, is defined recursively by

UfL = _Clz' log{exp(—chﬁ)A + d; GXPCZ; log(EO’i[ein;’“ ‘}—?ﬂz]» }’

YN exp(—QU,i) = exp(—CZ-cfl)A +6; exp(iéi log(EO’i[e*%UﬁH ‘ffj]))

(3.3)

with the terminal condition 4 ‘ .
Ul = X — F(SY, Y, Z4).

Here, F(SV, Yy, Z}V) denotes the terminal liability as in the last section, but now dependent on
the price trajectory SV. Each agent-i is supposed to solve the optimization problem

sup U, (3.4)

(Dhch)n—o EA?
over the admissible space defined by

A= {(¢, N (4, L) is an FO-measurable R%-valued random variable }.

For simplicity, we do not restrict (c,) to non-negative values. One may interpret negative spending
as positive income from costly labor for the corresponding period.

Assumption 3.2. (i): The function F : S x Y x Zy — R is measurable and bounded.

(ii): For every 1 < n < N, the function g, : S™ X YV, X Z,, — R is measurable and bounded.

(iii): Fvery agent is a price-taker in the sense that they consider the stock price process (and hence
its transition probabilities specified in Assumption 3.1 (vii)) to be exogenously given by the collective
actions of the others and unaffected by the agent’s own trading strategies.
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Before going into the details, let us consider the special case: (; = v; = 1;. Then we have

exp(—GUL) = exp(—Gich)A + §E™ [exp(—G UL 1 )| Fy]
= exp(—(ich) A + EY[§; exp(—(ich 1) AIFL] + 67EY [exp(—GUS 1) | Fy ]
N—-1
E— exp(—CiC%)A + Eo’i |: Z 5lkin eXp(—QC%)A + (SzNin eXp(—CiU}Q)|fgrzl] y
k=n-+1

which thus corresponds to the standard time-separable utility over nominal consumptions with the
terminal liability F'. One can see that the parameter ; determines the relative importance of
the continuation utility. We now derive the optimal strategy for each agent with respect to the
above-defined recursive utility.

Theorem 3.1. Let Assumptions 3.1 and 3.2 be in force. Then the problem (3.4) has a unique

optimal solution (¢ |, ¢ IN_,, where (¢7* )N_, and (¢2* )N_, are a.s. bounded processes defined

by measurable funcﬁons qﬁZil ST Y1 X 2 x T — R and 02*_1 TRxS" I x Y, 1 x Z,_1 %
[ — R such that ¢ | := ¢" [(S" Y, Y1, ZL 1, 0i) and ¢ | = ¢ (XE_1,S" LY, 1, ZL 1, 0i)

. . n—1» n
respectively, where, for each (z*,s,y,2% 0;) ER x 8" 1 x Y, 1 x Z,_1 x T,

7% i\ . 1 _Pn—l(S,?/)U i
(an—l(S?yaZ 7@1) T ’an%(u_ d) {10g< Qn—l(s,y)d> +10g(fn—1(5,y72 791))}7 (35)
i g ; Yin, B ; 1 Sivbim’, B v =~ ;
et (2t s,y 2t o) = ' — — lo " exp| — log Vi_1(s,y, 2", 0:) ) ¢-
=1 b2 1) G + Ayim;, B Gi + Avin B g{ Gi p<%' g Va-1(s,9,%" 0 )>}
(3.6)

Here, fr_1:S8" ' x YVp_1 x Z,_1 xI' = R is an a.s. strictly positive bounded measurable function:

foi(5.0. 7 0) = E% [exp (v [Va (s0)™, Ya, Zi:, 05) — 190 ((50)™, Yo, ZE)) |y, 2°, 0i] (3.7)
E%? [exp (i [ Vo ((sd)™, Yo, Z5, 0i) — niygn((sd)™, Yo, Z2)]) |y, 27, 04)

and Vy, : 8™ X YV X Z, x I' = R is an a.s. bounded measurable function defined recursively by

; M1 ~ ; 1 Sibint B 1 ;
an s, Y, ZZ) 0i) ‘= — IOg an s,Y, Z’Lv 0; + ; IOg - IOg 31— ) (38)
1 )= i BVl )+ aas e () ~ g et

with
Vii(sy, 2, 01)
= D1 (8, y)e RO ED [exp(yi [V (ST)", Y, Zs 00) — 09 ((8T)", Yo, ZD)Dy. 2 0i]  (3.9)
+ o (8,)e OB [exp (Vi ()", Yo, Z2, 00) — 0 (50", Yo, Z2)y, 2, 4],

starting from the terminal condition Vi (SN, Yy, Z%,0:) == F(SN, Yy, Z%,). (ni)N_, are strictly
positive and bounded F¢-measurable random variables given by the recursive relation:

Yin, B

_ Wil i =, 3.10
G+ Ayin B N (3.10)

% .
Mp—1 =

15



Similar to Theorem 2.1, V,, can be interpreted as the continuation value of liability at ¢,,.
Proof. We first hypothesize that the utility U! at t = t,, is given by the following form:
U;L(X:m Sna Yna me QZ) = W;X:z - Vn(sna an Z;w Ql)a

where V,, : 8" x V,, x Z, x I' = R is a measurable a.s. bounded function and nfl is fé-measurable
strictly positive and bounded random variable. The hypothesis obviously holds at the terminal
point with Vy(SY, Yy, Z%, 0:) = F(SY,Yn, ZY;) and 5y = 1. We shall show by induction that
our hypothesis holds in every period. Under the hypothesis, the problem for the agent-i at ¢, 1
becomes to find fgfl—measurable strategy (¢, ') that solves

(;gfi){exp(—@ci)A +6; exp(iﬁj log (Eo’i [exp(—%U,i(Xf“ S™, Yy, Z}, Qz))’fg—ll]» } (3.11)

We consider the problem on the set {w% € Q% : (X! |/ S" 1Y, 1,7} |, 0:) = (2%,8,y,2% 0,)}.
By Assumption 3.1 (vii), (3.1), and the above hypothesis, we have

E% [eXp(—%Ué(Xé, S Y., Zi, 01)) |2, s, o, 2, QZ}

_ g0 [exp(—*ymf; (B(a' — ¢ A) + ¢' Ry + gu(S™, Yo, Z1)) + %V (S™, Yoy, Z2, Qz’)) 8,7, 2, Qi]

— e rimnBa’—c'A) {pn_l(s,y)e—vmmiuﬂao,i [exp('yi[Vn((sﬂ)”,Yn, 7L 00) — nh g ((sT)™, Yo, Z)])|y, 2°, gi}
+ (s, y)e T IEY [exp(vi [V ((sd)™, Yoy Zis, 05) — 1 g (8d)™, Yoo, Z)) |y, 2, 04] }

Thus the problem (3.11) can be restated as

ot {ep(=Ge)A + 8 exp(—yunf, (e’ — )

X em(f? log{pn—l(s, y)e MmO UEY exp (v (Vi (82)™, Yo, Z, 05) — 0 gn ((5T)™, Yo, Z2)]) |y, 27, 03]

)

+ o1 (5,9)e OB [exp(3 Vi ()", Yo, Zi 00) = g (s4)", Yo, Zi))lys =, 0] }) -

The optimization over (¢°,c') can now be solved separately. Since d < 0 < u, the optimal ¢"*
is characterized uniquely by

0= pn—l(sa y)ue—’ymaqbquO,i [eXp(’yi[Vn((Sa)n7 Yn> Z}w QZ') - Uﬁgn((sa)m YTL7 Z}z)])’yv zi7 Qi]

+ gn1(s,y)de” Y [exp (v (Vi (sd)", Yo, Z3s 06) = 1hgn((sd)™, Yo, Z0)])]y: 2, 04]
which gives the desired solution (3.5) for ‘152*—1 with f,—1 defined as in (3.7). Thanks to the
boundedness of g, and our hypothesis on V,,, f,_1 is proved to be an a.s. strictly positive and

bounded function on S”fl X V-1 X Z,-1 X I'. Combined with the assumption on (p,—1,¢,—1) and

our hypothesis on 7?,, ¢ | is also a.s. bounded on S" X V1 x Z,_q x T
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With ‘7n,1 defined as in (3.9), the optimization with respect to ¢’ reduces to

igf{exp(—@ci)A +9; exp(—wmflﬁ(xi — ciA)) exp(% log ‘7n_1(s, y, 2", gl)> }

i
Thus the optimal solution is characterized by the equation:

0= ~Gexp(~Gie') + St B exp(— i b(at — ') exp (-

i 10g anl(saya Z, Q’L))a (312)

which gives the unique solution ¢ 1 in (3.6) as desired. Note that it is a.s. bounded if the wealth
x" at t,_1 is bounded. Therefore, once our induction is complete, the spending process is shown to
be a.s. bounded since &; takes values in a bounded interval [¢, £].

In order to complete the induction argument, we need to obtain the utility Ufl_l for the next
period. By (3.3), it satisfies

wfii log ‘77171(57 Y, Zia QZ)) .

i

exp(~GUL 1) = exp(—Cicy" ) A + b exp (i (o’ — e, ) exp(

The right-hand side of the above equality can be evaluated by using (3.12) as

7% 1 % % + A vl In 7%
(G )8+ T Gep(—Gey) = SIS i)
G+ Ay GomiB Gi Sivpim’ B (5
=g e A e ans L o e (5 e Ve (e ) |

It follows that the utility U!_; is given by

272 i 1 0i 1;
. l(x s,y, 2", 0;) = YillnS x ﬁlog{ Villn?

G+ AvmL BT G+ A, G
1 (Cz‘ + AT/%U?%).

- El Ying B

on the set {w% € Q% : (X! |,S" 1Y, 1,Z. | 0) = (2°,8,y,2%, 0;)}. By setting the right-hand
side equal to nfl_lxi — Vno1(s,y, 2%, 0;), we obtained the desired recursive relation for 7}, and V.

exp Cf’j log anl(sa y, 2", Qz)) }

It is now clear that (n%)N_; are JFi-measurable, strictly positive and bounded, and that V;, is a
bounded function on 8™ x YV, x Z, x I' = R for every 0 <n < N. O

Remark 3.2 (On time inconsistency). It is well known that the optimization problem for utili-
ties becomes, in general, time-inconsistent if the associated coefficients are time-dependent, such

s (7i(t), Gi(t),0:(t),1i(t)). However, even in this case, the solution (qﬁ;*,cﬁ*)g ! produces the
sub-game perfect Nash equilibrium (SPNE), provided it is derived via backward induction, as we
have done in this section. If we suppose that there exists an independent agent responsible for the
optimization in each interval [t,,t,11], and they do not commit to past decisions made by other
agents and believes future agents act similarly, then the backward induction solution (¢, cﬁ*)ggol
yields a Nash equilibrium among them. This is an important characteristic of any games defined
on trees over finite intervals. Considering most of the financial firms revise their risk and bud-

getary targets periodically, the concept of SPNE fits well the real situation. Therefore, even if we

17



deal with time-inconsistent problem with time-dependent coefficients (7v;(t), ((t), 8 (t),vi(t)), our
scheme still provides a meaningful result. This is an additional advantage of adopting the binomial
tree approach, which sidesteps the complezities often encountered in continuous-time settings. Un-
fortunately, however, if the coefficients follow general stochastic processes not measurable by Fj,
explicit solvability would be lost.

3.3 Mean-field equilibrium among the agents with recursive utilities

Finally, as a main goal of this section, we shall derive a set of transition probabilities of the stock
price so that the mean-field equilibrium holds among the agents with recursive utilities. As before,
we incorporate the existence of stochastic external order flow L,, at each t,, but it is now allowed
to be path-dependent on the stock price:

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

Definition 3.1. We say that the system is in the mean-field equilibrium if
i Z<z> (8", Vo1, Zh 1, 01) = L1 (8™, Y1),

P-a.s. for every 1 <n < N with qﬁ;’*_l defined by (3.5).

Since (Z¢, 0;),4 € N are independent, identically distributed, and also independent of the process
(S,Y), the above condition for the mean-field equilibrium can be represented by

El [qbiz*l(s Y, Zn 15 Ql)] = Lnfl(sa y) (313)

for every (s,y) € 8" 1 x ¥,_1, 1 <n < N. It is now straightforward to derive the counterpart of
Theorem 2.2.

Theorem 3.2. Let Assumptions 3.1, 3.2 and 3.3 be in force. Then there exists a unique mean-field
equilibrium and the associated transition probabilities of the stock price are given by

Pri(s,y) = ]P’O(Sn — USy_1|(S", Y1) = (s, y))

= (—d)/{u exp(M [E (10g(fn 1(21777”Zn L Ql))) —(u—d)Ly—1(s, y)D - d}

for every (s,y) € S" ! x V,_1, 1 <n < N. Under the above transition probabilities, the optimal
strategy of agent-i is given by

7% S Zi N — 1 logfnfl(sayazi,gi) _ 1/(%”%) logfn 1(S y’Z” 1791)
Slaense) = g { = Syl N7 )}
1/(vin},)

ml/nfl(svy)'
(3.14)

18



Moreover, there exists some positive constant Cp,_1 such that

Cn—l

p

N,
1 o= s B , 3 2
E’FZ@;_I(S" YY1, 2 1, 00) = Lna (8" Y)| <
P =1

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

Proof. The expression for the transition probabilities p,_1(s,y) is a direct consequence of (3.5) and
(3.13). By substituting this expression for p,_i(s,y) (and g,—1(s,y)) into (3.5), we obtain (3.14).
The rest of the proof is analogous to that of Theorem 2.2. Assumptions 3.2 and 3.3 guarantees
that fy_1 is a.s. strictly positive and bounded and hence the condition (vii) in Assumption 3.1 is
satisfied for (pn—1,qn—1). It then makes ¢§\7,*—1 a.s. bounded and thus Vjy_; becomes a.s. strictly
positive and bounded. It then follows that Vi _1 and hence fy_o are a.s. bounded functions, which
shows that (pny_2,qn—_2) satisfies the condition (vii). In this way, a simple induction shows that
the transition probabilities satisfy Assumption 3.1 (vii) for every period. The second claim can be

proved from (3.14) and the fact that all the relevant components are bounded. O

Remark 3.3. The path-dependent extension for the model in Section 2, which replaces F(Sn, Y, ZJ’V)
and (Ly—1(Sn—1, Yn—1))2_, with the path-dependent forms F(S™,Yn, Z%) and (Lp—1(S™ 1, Y1),
can be done in exactly the same way. Specifically, the corresponding results are obtained by substi-
tuting the path-dependent states (s, (su)™, (sd)™) € 8"~ 1 x 8" x 8™ for one-time states (s, su,sd) €
Sn—1 xS, x Sy, in the statements of Theorems 2.1 and 2.2.

More generally, it is not difficult to confirm that the path dependence horizon required for the
transition probabilities matches that for the liability and the incremental endowments. In particular,
if F and g, in the current recursive utility model depend only on Sy and S, respectively, as in
Section 2, then the mean-field equilibrium is achieved using transition probabilities of the form
(Pn1(5,9), @n_1(5,%)) with s € S,_1; by simply replacing s € S*~' with s € S,,_1, we obtain the
corresponding results for Theorems 3.1 and 3.2.

3.4 Some implications

Let us discuss some implications of the results in this section for the recursive utility. The key
advantage of the explicit dependence of the transition probabilities (pn—1(s,y)) on the macroeco-
nomic factor Y still holds in the current case. Regarding the relation between the mean-field price
distribution and the one in the risk-neutral measure, most of the discussions given in Section 2.4
still hold. Indeed, the situation p,_1(s,y) > p¥ (i.e., a positive excess return at the node (s,y))
occurs if and only if

E'[log fa-1(s,y, Zp_1,01)/(mmy)] <0,

when there is no external order flow L,_1 = 0.

As one can see from (3.7), f,—1 now receives contributions from the incremental endowment
gn in addition to the liability V,,. For example, although the investment funds typically do not
have substantial liabilities, their endowments (fees from their customers) are naturally expected to
grow as the stock price goes higher, since these fees are generally proportional to the Assets Under
Management (AUM), which pushes the required excess return to higher values. If the liability size
decreases and the endowment size simultaneously increases as the stock price grows, both effects
will amplify the deviations from the risk-neutral distribution, leading to a higher excess return.
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Since the equilibrium price distribution of the stock is determined by the need for risk hedging,
the relative importance of the continuation utility with respect to the current nominal consumption
is a crucial factor in controlling the size of the risk premium. From the expressions in (3.8) and
(3.9), one can expect that the ratio

-1/

is the key value. Using 8 ~ 1 and A < 1, we have n’_,/n% =~ 1;/¢; from (3.10). Therefore, if
1; < (; holds for the majority of agents, we expect that the relative importance of the continuation
utility quickly decays and we would see only a small impact from it in the earlier periods. In
this case, significant deviations from the risk-neutral price distribution can be observed only in
the later periods, near the maturity. On the other hand, in the case of ¢; > (;, we can expect
to see significant deviations throughout the interval. We shall confirm this behavior by numerical
examples in Section 6.

As for the expected trading volume E[[(]ﬁ%* 2]%, which gives the standard deviation of the stock
position among the agents at ¢ = ¢, the result is consistent with that in Section 2.4. The expression
for ¢ | in (3.14) shows that its size is governed by the variation of idiosyncratic factors defined on
the space (', F%,IP"). It is also quite consistent with our intuition that the agents’ heterogeneity
in idiosyncratic factors is the origin of the trading activity in the market. Moreover, we can make
use of the degrees of freedom in the process (Z!), in particular its volatility, to obtain the desired
trading volume. We shall demonstrate this property by numerical examples in Section 6.2.

Finally, we comment on the fact that the constant shifts in F' and g¢,, i.e. F' — F + ¢ and
Jn > gn + ¢ with some constants ¢, € R do not affect the equilibrium price distribution. This
property can be checked by a simple induction as follows: By (3.7), the value of fy_; remains
unchanged and so are py_1(s,y) and ¢ _,; the value of Vy_q is changed only by an Fj-measurable
multiplicative factor; the value of Viy_1 is simply shifted by an Fj-measurable term; thus fy o
remains once again unchanged, and so are py_s(s,y) and ¢, ,, and so on. Therefore, the signs
of F' and g, can be altered without affecting the equilibrium price distribution. Note however that
the cash spending is affected by these shifts.

4 Mean-field equilibrium of multiple populations

A primary drawback of the previous frameworks lies in their restriction to a single homogeneous
population, where all agents share identical functional forms for terminal liabilities F' and in-
cremental endowments (gn)gzl. That is, their heterogeneity is limited to the realizations of the
idiosyncratic factor process Z¢. Beyond this structural constraint, risk aversion coefficients and
time preferences are expected to have substantially different distributions across diverse financial
entities, such as investment banks, commercial banks, insurance firms, pension, and other invest-
ment funds. To address this fundamental market heterogeneity, we propose a multi-population
extension of the mean-field equilibrium studied in the preceding sections.

Let us consider the case where there are m € N populations. For simplicity, we assume that
all the agents have recursive utilities of exponential-type as in Section 3. We adopt the same
model setup and notation as given in Sections 2.1 and 3.1, in particular those for (Sn);y:() and
(Yn)fyzo. However to incorporate the heterogeneity across the m populations, we need to introduce
population-specific probability spaces for the idiosyncratic factors. We now introduce a countably
infinite number of complete filtered probability spaces (Q“P, FiP, (F;P)N_  P#P), i € N for each

n /n=0°
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p5p

., 0;) as F "P_measurable R-valued random

population p, p = 1,...,m. We introduce (£7,~%,¢?,
variables and (Z? = Z'?(t,))N_ as (F;P)N_j-adapted dz-dimensional stochastic process. Since m
is finite, we can take dz to be the same for every population by using a sufficiently large integer. As
before, we denote the support of the random variable Z5? by Z% and define 2P := ZEXZVx- - x Zh
as the support of (Z,i’p )i—o- Importantly, while these variables are assumed to be i.i.d. copies within
each population p, their distributions can vary across the populations.

With the same probability space (Q°, F0, (F )2, PY) as in Section 2.1, we define

n=0"
(Qaf7 (ftn)f":[:O?P) = (QOMF()» (f?n)fzv:o?ﬂ»o) ®1T9n:1 ®7§1(Qi7pvﬁ7pv (‘Ff;lp)g:()vpip)

as the full probability space containing the entire environment of the m-population model. For
agent-i in the population p (it will be denoted by agent-(i, p) hereafter), the relevant probability
space is given by

Q6P FO6R, (B P, BYEP) = (0, FO, (Ff )ilo, B) @ (°F, F2, (FF)Lo PP).

n=0>

Expectations with respect to P*? and P%(?) are denoted by E*?[-] and E®(P)[.], respectively. We
assume the following for the multi-population model:

Assumption 4.1. (i): @ and d are real constants satisfying 0 < d < exp(rA) < u < oo
(ii): Bvery (&2,~47,¢P 4P, 67 ( n’p)gzo) is identically distributed across all agentsi = 1,2, ... within
each population 1 < p < m.

(iii): There exist real constants §, £, %7 G, ¢, g,@ and 8,0 so that for every 1 <p <m,i € N,

&elgc
= (. Wﬁﬂ I'i=[y,7] x [¢,{] x [, 9] x [8,6] C (0,00)".

(iv): For every 1 <p<m and 0 <n < N, Zf is a bounded subset of Rfiz. ' '
(v): For each (i,p), (Zn")N_o is a Markov process i.e., E*P[f(Zz")|FF] = BYP[f(Z5")|2,"] for
every bounded measurable function f on Z5 and k < n.
(vi): (Yn)ily is a Markov process i.e., E°[f(Yy,)|F] = EO[f (Y,)|Yk] for every bounded measurable
function f on YV, and k < n.
(vii): The transition probabilities of (Sn)N_, satisfy, for every 0 <n < N —1,

P(Spi1 = USn|FL.) = PO(Spy1 = USn|S™, Yy) =1 pu(S™, Yy),

PO(Spi1 = dSy|FL) = PY(Si1 = dS,|S™, V) =: ¢ (S™, Yy),

where pn,qn (=1—pp) : S" XYy = R, 0 <n < N—1 are bounded measurable functions satisfying
0 < pn(s,y),qn(s,y) <1

for every (s,y) € 8™ x V.

We also introduce the terminal liabilities F? and the incremental endowments (gh)~_,, which
may have different functional forms across the populations p = 1,...,m to capture the diversity of
financial entities.
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Assumption 4.2. For each 1 <p <m,

(i): the function FP : SN x Yn x 28 — R is measurable and bounded.

(ii): for every 1 <mn < N, the function gh : 8™ x YV, x Zh — R is measurable and bounded.

(iii): every agent is a price-taker in the sense that they consider the stock price process (and hence
its transition probabilities specified in Assumption 4.1 (vii)) to be exogenously given by the collective
actions of the others and unaffected by the agent’s own trading strategies.

We suppose that each agent-(i, p) solves the optimization problem

sup Uy?,
(n? en?) N enir

over the admissible space defined by

AP = {(¢hP, P YN (gl ) is an FOp)_measurable R?-valued random variable }.

The (.Ft (6P )) " ,-adapted process of the recursive utilities (U5?)N_, is defined by

. P . prrip oL
Uip .= 7 log{exp( PEP)A 6P exp(f}’, log(IEO’(”p) [e™ 7 Unts |]_-3;( ,p)]))}

% %

with the terminal condition 4 ' '
U = X3P — FP(SN, Y, Z3P).
Here, (X547 )N_, denotes the wealth process of agent-(i, p) which follows
szf—l = B(Xi{p - CiipA) + ¢2pRn+1 + g£+1(sn+1a Yo, Z:{.H)

where X g = &, The interpretations of the coefficients are the same as Section 3.
Under Assumptions 4.1 and 4.2, a direct application of Theorem 3.1 for each population

= 1,...,m provides the optimal solution (gbﬁp ’1,07{:0 TN, In particular, we have ¢.7] =

p
gb’p’ (Snt Yn 1,271, 0%), where for each (s,y, 2P, o) € S 1 x V1 x 2| x T,

n

1 _
¢n’p’1(s y, 2P, oF) == W{leg(—W) +log(f2_ (s, y, 2 :{Qg))}, (4.1)
Here, f?_, is given by (3.7) by replacing F' with F? and g, with gh in its recursive definition.
Similarly, ;" is given by (3.10) with ¢); — ¥ and ¢; — (P

We now Con51der the large population limit and the associated market-clearing condition. As
discussed in [19, 16], we need to keep track of the ratio of population size. Let us denote the number
of agents in population p by N, and set N := Nj + --- + Np,. We use wy, := N, /N to denote the
relative size of population p. We obviously have the following decomposition:

m Np

SOD) B Z o(5 Zcb 1) (4.2)

p=1i=1

We thus consider the limit A” — oo while keeping wp,1 < p < m constant, and then introduce the
following concept of mean-field equilibrium in the presence of an external order flow:
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Definition 4.1. We say that the system is in the mean-field equilibrium if

m Np
A}’Erlmﬁzqu’py Sn ! Yo 17Zn 17Qp):Ln—1(Sn_1aYn—l)a
p=1i=1

P-a.s. for every 1 < n < N with qﬁjﬁ’f defined by (4.1), where the large population limit is taken
with the population ratios (wp);' kept constant.

We can now derive the equilibrium transition probabilities among the m populations.

Theorem 4.1. Let Assumptions 4.1, 4.2 and 3.3 be in force. Then there exists a unique mean-field
equilibrium and the associated transition probabilities of the stock price are given by

Pri(s,y) = ]P’0<Sn — USn_1[(S™L, Yol1) = (s, y))

m 17 10g(f ( 7y7Z P , @ ))
Yo wpBl? | LR RS (0 — d) Ly (s,y)

P Ly wpELP[1/ (7] Lp)]

:(—d)/ U exp —d

for every (s,y) € S" 1 x V1, 1 <n < N. Moreover, with the above transition probabilities, there
exists some positive constant C,,_1 such that

m Np C

E‘NZZ¢J’7 (8™~ LY 1’Zn vap)_Lnfl(Sn_l,Ynfl) 2 < .X/j

p=1 i=1

1

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

Proof. By the i.i.d. property within each population and the decomposition (4.2), the condition for
the mean-field equilibrium given by Definition 4.1 can be rewritten as

Zw ELP nvp,l (s, , Zn,p17 gﬁ’)] = L,_1(s,y) (4.3)

for every (s,y) € S" ! x V,,_1, 1 <n < N. Using (4.1), the proof can be done exactly in the same
way as in Theorems 2.2 and 3.2. O

As discussed in Remark 3.3, if we turn off the path-dependence in F? and (gh), then the simpler
form of transition probabilities, (pp—1(S,9), ¢n-1(S,Yy)), (S,y) € Sp—1 X Yn—1, is sufficient to clear
the market. In this case, at least, numerical costs would not be so high and one can calculate
the equilibrium price distribution in the same way as the next Section 6. We can even mix the
populations with standard exponential utilities and the recursive utilities in a similar manner.

It should be noted that the analytical tractability achieved in this section is quite remarkable
when compared with the situation in continuous-time settings. In fact, attempting to solve the
corresponding problem in the formulation of Fujii & Sekine [17] would lead to a coupled system of
mean-field qg-BSDEs. Also in the optimal storage-type modeling adopted in many of the existing
literature such as [19, 37, 40], the multi-population extension would produce a coupled system
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of FBSDEs of McKean-Vlasov type. The well-posedness of these equations is substantially more
challenging than in the single population case, to say nothing of its numerical evaluation.

5 Subjective Measures: Stochastic Bias and Equilibrium

This section addresses the question of whether every agent must adopt the correct objective proba-
bility measure PY for the dynamics of the stock price to achieve the market-clearing equilibrium. All
existing literature on MFG implicitly adopts the rational expectation hypothesis, assuming that ev-
ery agent shares correct knowledge of the objective probability distributions governing the relevant
state processes or outcomes. A recent paper by Moll & Ryzhik [36] (2025) studies MFGs without
rational expectations. They show that, in some cases, departing from rational expectations com-
pletely sidesteps the Master equation, allowing for the solution of much simpler finite-dimensional
HJB equations instead.

In the preceding sections, we adopt Assumptions 2.2 (ii), 3.2 (iii), and 4.2 (iii), all of which
assume that every agent-i possesses true knowledge of the stock dynamics by sharing the objec-
tive measure P°. Specifically, they use the objective probability measure P%¢ := P? @ P!, which
incorporates the correct objective distributions for (S,Y’) and the agents’ idiosyncratic shocks. As
emphasized in [36], it is more natural to suppose that each agent-i adopts a subjective measure,
which is estimated, for example, by a statistical technique or based on a plausible economic model.
Then the resultant dynamics of the stock price under the subjective measure is likely to exhibit a
bias relative to the true dynamics. Moreover, this bias is expected to change stochastically depen-
dent on the agents’ risk characteristics as well as the market environment. The ultimate goal of this
section is to determine the objective transition probability of the stock price under the measure P°
that clears the market among these agents operating under their respective subjective measures.

5.1 The setup and notation

In this section, we directly extend the results in Section 3 to incorporate agents’ subjective measures
on the stock dynamics. We adopt the same setup and notation as in Section 3.1. The key novelty
in this section is captured by the following assumption:

Assumption 5.1. Each agent-i adopts a subjective probability measure P on (Q0¢, FO, (f?;i)flvzo)
which may differ from the objective measure P%'. The two measures P%" and P coincide for the
dynamics of the variables (Y, Z",&;, 0;) but differ only in the stock dynamics in the following way:

Po’i(STH*l = aSn|‘Fz‘,0,,;Z) = Po’i(Sn+1 = aSn’Sny Yn’ Zﬁu QZ) = pn(Sn7 Yn7 Z:La Ql)v
PO (St = dSn|F') = PO (Sni1 = dSn|S™, Yu, Z5, 0i) =2 4u(S™, Y, Z, 03),

where p, and q, = 1 — p,, are measurable functions defined on S™ x YV, x Z, x I' and satisfy, for
eachn=20,...,N —1, ‘

pn(s,y, 2, 0i) ; (pn(s,y))

———— =wy(s,y, 2" 0) | ———=

qn(s7 y7 217 QZ) n( Y ) 9 l) qn<s’ y) )
where Py, qn are the transition probabilities under the objective measure given in Assumption 3.1
(vii) and wop, @ 8™ X Vp X Z, x I' = R is a measurable function that expresses the agents’ biased
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view on the transition probabilities. There exist some positive constants 0 < @ < @ < oo such that
w < wn(s,y, zia QZ) <w

for every (s,y,2%,0;) €S" X Yp x Z, x,0<n < N —1.

We denote by IEOPZ[] the expectation with respect to P%¢. Note that P%? is equivalent to P% due
to the strict positivity and boundedness of (w,,),. This equivalence guarantees that each agent’s
subjective view remains arbitrage-free, which is a fundamental requirement for the well-posedness
and economic consistency of the individual optimization problem.

In this model, the individual bias on the transition probabilities at ¢,, is captured by the function
wy. Specifically, w, > 1 (resp., w, < 1) implies a positive (resp., negative) view on the stock
performance for the period [t,,t,+1], which is conditional on the time ¢, realizations of the stock
price history, macroeconomic/environmental factors Y, idiosyncratic shocks Z?, as well as the
agent’s risk coefficients. For example, if agent-i is relatively more cautious (resp., optimistic), they
might choose w,, < 1 (resp., w, > 1) when the stock price and the macroeconomic factor take
large (i.e., good) values.

5.2 The individual optimization problem

As in Section 3.2, the (.F?f)nN:O—adapted process of utilities (US)N_ is recursively defined by

Ui = —2 log{exp(—@cﬁl)A +9; exp(? log(IE%i [e_”’iUerl |.7:Enl])), (5.1)

with the terminal condition U} := X4 — F(SY, Yy, Z%). The sole difference from (3.3) is the use
of the expectation IE%Z[] with respect to the subjective measure P%. The wealth process of agent-i,
(XE)N_,, follows the same dynamics as in (3.2), and the agent problem is also given by (3.4) with
the identical admissible space A’.

Theorem 5.1. Let Assumptions 3.1, 3.2 (i), (ii), and 5.1 be in force. Then the problem (3.4)
with wutility defined by (5.1) has a unique optimal solution (¢, |, ¢, )N, where (¢7" )N, and
(er* ON_| are a.s. bounded processes defined by measurable functions ¢, |+ 8"t X Vo1 X Z,-1 ¥

I >Randc R x S x Y, 1 x Z,_1 xT = R such that gb;;il = zil(S”_l,Yn_l, Zi 1 0i)

n
and ¢ | = (XY, SV Y, 0, ZE |, 0i) respectively. Furthermore, all the expressions (3.5)-
(3.10) in Theorem 3.1 hold, provided that the objective transition probabilities (pn—1(8,Y), gn-1(S,v))
in (3.5) and (3.9) are replaced by the subjective probabilities (pn_1(s,y, 2%, 0i), dn_1(s, ¥y, 2%, 0;)) for

each (S’yvzia QZ) € Sn_l X yn,1 X anl x I'.

Proof. The proof of this theorem follows exactly the same arguments as that of Theorem 3.1, with
the sole modification that the objective transition probabilities (p,—1(s,v), ¢n—1(s,y)) are replaced
by the subjective probabilities (pn_1(s, ¥, 2%, 0i), qn_1(s,y, 2*, 0;)). Note, in particular, that on the
set {w% € QO (X | S"L Y, 1,78 1, 0) = (2¢,8,y, 2%, 0;)}, we have the following equality:

]E%Z [exp(—'yiU,i(Xfl, S™, Ya, Zf@ Qz)) |xi7 S, yia zi’ Qi:|

, . o . ‘ . . (5.2)
=EY [exp(—'ym; (B(z' = ¢ A) + ¢ Ry + gn(S™, Yo, Z})) + 7iVa(S™, Ya, 23, Qz‘)) ls,y,2", @Z}
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= exp(—yn, Bz’ — 'A))
X {Pn—l(& Y, Zi7 Qi)ei’yingd)lqu’i [exp(’}/’b [Vn((sa)na an wa Ql) - n;},gn((Sﬁ)nv Yna Z7Z’L)])|y7 Zi7 Q’L]
+ qn-1(s,y, 2", 0)e VOB [exp (v (Vi (8d)"™, Yoy Z0s, 03) — 09 ((84)™, Yoo, ZE))) |y, 2°, 01] }

Here, we have used Assumption 5.1 and the coincidence of E% and E%i on o({Y,Z%, 0;}). Using
the strict positivity and boundedness of w,,, the remainder of the arguments are identical to those
in the proof of Theorem 3.1. O

From Theorem 5.1, we obtain, for each (s, y, 2%, 0;) € S* 1 x V1 x Z,1 x T,

1% i\ 1 _pnfl(s7 Y, Zia Ql)u i
o1 (s,y,2',0i) = powy {log( (51 zi,gi)d> + log(fa-1(s,y, 2 an))}a

which is the optimal strategy of agent-i. Using Assumption 5.1, we have

7% i\ 1 _pn—l(svy)u s i
Gn_1(s,y,2",0i) = i —d) {10g< 7qn_1(s,y)d) +log(fr_1(s,y,2 ,Qz))}, (5.3)

where f7_; : S" 1 x Vo1 x Z,_1 x ' = R is a strictly positive, bounded, measurable function
defined by

frg—l(sa Y, Zl? Q’L) = wn_1<S, Y, z, Qi)fn—1<s7 Y, zlu Q’L) (54)
This suggests that the stochastically biased views manifest effectively as a modification to the
continuation liabilities and /or incremental endowments. 3

5.3 Mean-field equilibrium among the agents with subjective measures

As a main goal of this section, we shall now derive a set of transition probabilities (pn—1,qn—1) of
the stock price under the objective measure P? so that the mean-field equilibrium holds among the
agents operating under respective subjective measures with stochastically biased estimates on the
stock transition probabilities. The mean-field market-clearing condition is defined in Definition 3.1
with (gb;*_l) given by Theorem 5.1. This is still characterized by equation (3.13). Using the
expression (5.3), it is straightforward to modify Theorem 3.2 for the current setting:

Theorem 5.2. Let Assumptions 3.1, 3.2 (i), (ii), 3.3 and 5.1 be in force. Then there exists a
unique mean-field equilibrium, and the associated objective transition probabilities of the stock price
are given by

pn—l(svy) = IP)O (Sn = aSn—1|(snilv Yn—l) = (S’y))

- oo (L) ] -4

(5.5)

for every (s,y) € S" ! x V,_1, 1 <n < N. Under the above transition probabilities, the optimal

3In addition to the multiplicative factors (wn)n, the subjective transition probabilities (pn, gn)n also change the
values of (V,, V,,)» and hence also of (f,)» through their updates in the recursive formula.
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strategy of agent-i is given by

1 {logfﬁ_l(s,y&i,m) 1/(vint,) . 1<1ng5—1(5,3/72%—1»91)>}

u — d) Yin, CEL/(mnt Tk
1/(vinl)

ELN1/(yim})]

Here, f™ is defined by (5.4) and the other variables are as defined in Theorem 5.1. Moreover, there
exists some positive constant C,,_1 such that

(bz*_l(sa Y, Ziv Ql) = (

Lnfl (Sa y)

Cnfl

P

N,
1 <& B ) _ 2
E’MZgﬁ;*l(Sn laYnth;Lz—laQi)_Lnfl(Sn laYnfl) <
i=1

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

Proof. The proof of this theorem follows exactly the same arguments as that of Theorem 3.2 by
using (f7_) instead of (fn,—1). Since (w,) is strictly positive and bounded, every argument for
Theorem 3.2 is still valid. O

It is instructive to decompose f™ in the expression (5.5) in the following way:

Proa(s,y) = PO(Sy = @Sy al(S8"L, Yor) = (s,))

08 fn-1(8:4, Zy 1,
:(_d)/ {ueXp (El[l/gwn}b)] [El(l : 1(7127]7}12 1 Ql))

log @y 1(8, 4, Zp_1, 0
—(u—d)Ln_l(s,y)+E1( 1(%771 ! 1))] —ab.

This result implies that, apart from the subtle effects induced by the changes in f,,_1, the aggregated
effect of the biased views on the stock price transition probabilities can also manifest as an external
order flow term L, in the standard rational expectation setting. Specifically, it is clear that the
negative view (w,—1 < 1) adds to the external supply L,_1, and the positive one (ww,—1 > 1)
does the opposite. Combined with the discussions in Section 2.4, the above result implies that the
existence of a large portion of agents whose bias reflects a counter-cyclical, contrarian view—i.e.,
cautious (pessimistic) view (w,—1 < 1) when the market-wide economic factor and stock price
are at high levels, and, conversely, exhibits an optimistic view (w,—1 > 1) when they are at low
levels—tends to make the equilibrium price distributions more fat-tailed.

Remark 5.1 (Path Dependence and Extension to Multiple Populations). We remark that the
discussions in Remark 3.8 regarding the necessary length of the price trajectory in the transition
probabilities remain valid for the results in this section. Moreover, the framework of multi-population
equilibrium presented in Section 4 can be readily extended to the current model for agents with
subjective measures. Specifically, we only need to replace, for eachp =1,...,m, the set of functions
(fE) by (fi'F) where fif = wh x fh with population-specific bias functions (wh).
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6 Numerical examples and implications

In this section, we provide some numerical examples for the models introduced in Sections 2 and
3, focusing on cases without path dependence. We also provide an example with stochastically
biased agents developed in Section 5. Since the models are too flexible for a thorough analysis,
we focus only on a few simple setups to illustrate characteristic behaviors of the mean-field price
distributions. In order to reduce numerical cost, we assume that Y and Z¢ are one-dimensional
discrete processes taking values on binomial trees, and that all ]:é—measurable random variables
are uniformly distributed over finite sets.

For our analytical formulation, the finite state space for (S,Y’) has played an important role.
However, there is no requirement for Y to follow a binomial process. Moreover, the coefficients
0i = (7, ¢, 6i, ;) and the process (Z%) can have continuous distributions. The specific assumptions
made in this section are solely for numerical convenience.

6.1 Utility with terminal liability

We first consider the model discussed in Section 2. ~; is assumed to be uniformly distributed over
the (N5 + 1) discrete values given by

')’i(k"y) ::l"i_(ﬁ_l)k’Y/N’ya /67:0,-'- ,ny.
The process (Z};),ILO is supposed to follow a one-dimensional binomial process modeled by

Z7i1+1 = ZfLR;Ha
where (Rfl) is an (ffn)—adapted process taking values either u, or d,. Specifically, Rfl = U, OCCUrIS
with probability p, and R, = d, with ¢, := 1 — p,. We take u, = (d,)"! = exp(0.vV/A). We also
assume Z) = zp € (0,00) is common for all the agents in order to reduce numerical costs. We
model the process (Yn)fyzo similarly but it is assumed to follow an approximate Gaussian process:

Vo1 =Y+ Ry,

where (R}) is an (F7 )-adapted process taking values either u, or d,, where R}, = u, with proba-
bility p, and R} = d,, with ¢, := 1 — p,. We take u, = (—d,) = ay\/Z. Finally, for the stock-price
process (Sy), we set & = (d)~' = exp(cv/A) and Sy = 1.0.

The parameter values to be used throughout this subsection are summarized in Table 1 below.
We recall that the initial wealth &; is irrelevant for our analysis.

parameter v ¥ Ny 2 0. p. Yo oy py So O T T N

value 05 1.5 4 1.0 12% 05 1.0 12% 0.5 1.0 15% 3.3% 3yr 48

Table 1: parameter values
Let us first assume that there is no external oder flow L,, = 0, and that the terminal liability

F' is given by ' '
F(SN,YN, Z}V) = C - SSNYNZ}V, (61)
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where C' € R is an arbitrary real constant. Since the result is invariant to a constant shift, one
may adjust the constant C, if necessary, to make the liability positive. From the discussion in
Section 2.4, we expect that the equilibrium price distribution for this liability will yield a positive
excess return. We can verify this expectation by observing Figure 1, which presents the comparison
of the marginal price distributions under the equilibrium measure (P) and the risk-neutral measure
(Q) at 1-year and 3-year points.
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We can also provide the conditional price distribution P(S,, € A|Y,, = y), VA C S, for each
y € V. At the three-year point (n = 48), the value of Y marking the 75th percentile (Y toP—25%)
is equivalent to a total of 36 up moves, while the 25th percentile (YbOttom_QE’%) is equivalent to
12 up moves. Figure 2 compares the conditional distributions {P(S, = s|Y*P=25%) P(S, =
s|ybottom=25%) "5 ¢ S 1 with the marginal distribution P(-) at the three-year point. As expected
from the functional form in (6.1), the deviations from the risk-neutral distribution are positive
and become larger for the larger value of Y. If Y is a stochastic process possessing large jumps
(instead of the diffusion-like process in this section), which is the case, for example, for regime-
switching models, we expect a substantial sudden shift of the transition probabilities and hence the
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equilibrium excess return.

In Figure 3, we provide the time-evolution of the expected value of the stock price under the
equilibrium (P) and the risk-neutral (Q) measures (EF[S(¢)], EQ[S()]). We also include the condi-
tional expectation values (EP[S(t)|YtP~25%] RF[S(t)|yPottom=25%]) for V in the 75th (YtoP—25%)
and 25th percentiles (Y Pottom=25%) choosing the nearest nodes at each time. Since the risk-free
rate is r = 3.3% per annum, one can observe from Figure 3 that the excess return is roughly 8%
for the equilibrium distribution P, and roughly 13% and 5% per annum, conditional on YtoP—25%
and YPottom=25%  rogpectively. Figure 4 gives the time-evolution of the expected trading vol-
ume EP[|¢1’*(1€)|2]% under the equilibrium distribution, as well as the conditional expectations
(EF[| 1 (¢)|2|Y 1oP—25%] 3 EP[|1* (¢)[2[YPottom—25%]3) . The slightly irregular zigzag behavior ob-
served in Figures 3 and 4 is an artifact of our selection of the nearest nodes when determining the
top and bottom 25th percentiles for Y at each time step.
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In Figures 5, 6, 7 and 8, we present the corresponding results for the different liability function

F(Sy, YN, ZY) :=C +3SnyYnZY (6.2)

which exhibits the opposite sign of sensitivity to the stock price. As expected, we observe that the
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excess return becomes negative in this case.

Now, we introduce the external order flow. We continue to use the same parameter values
from Table 1 and the liability function defined by (6.1), but now including an external order flow
(without y-dependence):

L, (s) := amax(s — ¢, 0). (6.3)

We set ¢ = 1.75 and consider two scenarios, one is ¢ = 7 and the other is ¢ = —7. In the former
case, there is positive supply of the stock when the stock price is very large s > 1.75, and in the
latter case there is positive demand (i.e., negative supply) when s > 1.75. In Figure 9, we compare
the marginal as well as conditional price distribution as in Figure 2 with the positive external order
flow in the left panel and the negative one in the right panel. We can clearly observe that the
positive supply generates a heavy right tail in the equilibrium distributions and that the positive
demand causes the opposite.
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Figure 9: Comparison of the marginal price distribution P and the conditional price distributions P(-|Y*°P~25%) and
P(-|[yPottom=25%) at 3_vear point. F is given by (6.1) and the external order flow is equal to L, (s) = 7 max(s—1.75,0)
(i.e., positive supply) in the left panel and L,(s) = —7 max(s — 1.75,0) (i.e., positive demand) in the right panel.

6.2 Recursive utility

We now consider the recursive utility model discussed in Section 3. The model of stochastically
biased agents in Section 5 is treated only in Figure 13. For numerical ease, we assume no path-
dependence. The liability F' is thus assumed to depend solely on the terminal stock price Sy,
while the incremental endowments g, depend solely on the current price S,. See Remark 3.3 for
the corresponding analytic solutions. We use the same models for (S,, Y, Z};)ﬁ;o and ~y; as in

Section 6.1. 1); is assumed to be uniformly distributed over the (N, + 1) discrete values given by

Yi(ky) =0+ (P — )ky /Ny, ky=0,---, Ny.

For simplicity, we assume that the time preference coefficient §; := exp(—pA) takes a common
value across the agents. Moreover, we assume that (; and ; are related by
Vi /G = ac,

31



where a¢ is a positive constant common across the agents. We shall use the parameter a; to control
the ratio ‘ '

Mn—1/"n = Vi/ G
See the discussion in Section 3.4 for the role of this ratio. The parameter values to be used
throughout this subsection (except the last example) are summarized in Table 2 below:

parameter vy § Ny ¥ P Ny p zo 0. p. Yo o0y py So o r T N
3

value 04 1.6 05 1.5 2 50% 1.0 12% 0.5 1.0 12% 0.5 1.0 15% 3.3% 3yr 48

Table 2: parameter values
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Figure 11: Comparison of the expected values of S(t,) under the risk-neutral as well as the equilibrium
price distributions with a¢ = 0.9,0.95,1.0, 1.05.

Since the effects of the stochastic liability and incremental endowments on the equilibrium price
distributions are as expected from the results in the previous subsection, let us first concentrate
on the effect of the ratio ar = v;/¢;. We set L,, =0, Vn and define the liability function and the
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incremental endowments in the following way:

F(Sn,Yn, ZY) == C — 2SNYN 2L, (6.4)
9n(Sn, Y, Z0) := C' +1.5A8, Y, Z:, 1 <n<N. (6.5)

Here, C,C" are arbitrary constants irrelevant for the equilibrium distributions. In Figure 10, we
plot the risk-neutral as well as the equilibrium marginal price distributions with 4 different values
of the ratio a¢ = 0.9,0.95,1.0,1.05 at 1-year (left panel) and 3-year (right panel) points. Figure 11
provides the time evolution of the expected value of the stock price S(t,) for each case. As inferred
from the discussion in Section 3.4, the deviations from the risk-neutral distribution become smaller
as a¢ decreases. This effect (smaller deviations) is more pronounced in earlier periods. We can
observe that the value of ac = 1;/(; can efficiently control the level of the excess return without
changing the other parameters. More specifically, higher values of a; put more weight on the
continuation utilities relative to current consumptions, thus increasing the agents’ hedge needs,
and leads to higher excess returns.
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Figure 12: Comparison of the stock price distributions Figure 13: Comparison of the marginal price distribu-

at 3-year point with L,, given by (6.6) and L, =0 tion at 3-year point with the rational agents, those with
contrarian-bias (wy,), and with momentum-bias (") de-
fined in (6.7).

Next, we set the incremental endowments g, = 0 while keeping the liability function the same
as in (6.4). We are now going to study the effects of an external order flow defined by

L(S,) := 8max(S, — 1.6,0) — 8max(1.1 — 5,,0), 0<n<N-1. (6.6)

This demonstration aims to show how flexibly the shape of equilibrium distributions can change.
The definition in (6.6) implies a positive supply (i.e., sell orders from other groups) of the stock
when the price S, is high and a positive demand (i.e., buy orders from other groups) when the price
is low. In Figure 12, with a; = 1.07, we compare the equilibrium price distribution at 3-year point
with L, given by (6.6) and that with L, = 0. It shows that the existence of the external order
flow (6.6) makes the equilibrium distribution fat-tailed in both directions, which is as expected
by the analysis made in the last paragraph of Section 2.4. This suggests that the existence of
individual investors behaving as a contrarian makes the equilibrium price distribution fat-tailed,
which is an interesting example to demonstrate that microstructures of the market impact on the
tail distributions. Corresponding modifications in the terminal liability F' and/or the incremental
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endowments g, would yield similar results.

As a related analysis that explores the impact of non-rational agents on tails of the equilib-
rium price distributions, we utilize the subjective measure framework developed in Section 5. We
investigate how agents’ biased estimates on the transition probabilities impact the equilibrium

distribution. We define the contrarian-bias (w¢) and momentum-bias (") as follows:

SoB"™ Zoy
— A 1.2
Sn Z% ’

w’(Sp, Z1) = 0.8V
(6.7)

, Sp 7t
@™(Sp, ZL) = 0.8V —- " A 1.2,
( ) SoB™ Zo

We use parameter values taken from Table 2, a¢ = 1.05, and (6.4) and (6.5) for the terminal
liability and the incremental endowments. Figure 13 compares the equilibrium distributions for
the three agent types: rational, contrarian-biased, and momentum-biased agents. As discussed in
Section 5.3, the agents with contrarian-bias produce a fat-tailed equilibrium price distribution and
those with momentum-bias a thin-tailed one.

In the last numerical example, we examine the effect of o, the volatility of the process (Z%), on
trading volume. This volume is quantified by the standard deviation of the stock position among
the agents, which is El[\qﬁi’*m%, as discussed in Section 2.4. To highlight the effect of o, we reduce
the variation in (v;,;, (;). The parameter values we use are summarized in Table 3 below:

parameter 7y ¥ Ny ¥ P Ny p zo ac p. Yo o0y Dy So O T T N
value 095 1.05 2 095 1.05 2 50% 1.0 1.02 05 1.0 12% 0.5 1.0 15% 3.3% 3yr 48

Table 3: value of parameters for Figure 14.
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Figure 14: Left panel: Comparison of the expected value of S(¢,) under the risk-neutral as well as the
equilibrium price distributions with o, = 0%, 5%, 10%, 15%, 20%. Right panel: Comparison of the trading
volumes EF[|¢1*(¢)[2]2 with o, = 0%, 5%, 10%, 15%, 20%.

We put L, = 0 and use the terminal liability and the incremental endowments defined by (6.4)
and (6.5). In the right panel of Figure 14, we have plotted the evolution of the trading volume
EP[|¢1’*(2€)|2]% for 5 different volatilities of the process (Z!): o, = 0%, 5%, 10%, 15%, 20%. We
observe that the trading volume increases with the volatility .. The non-zero trading volume,
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even when o, = 0, stems from the non-zero variation in the risk-aversion coefficients. The near-
identical trading volume in the earliest period is a consequence of our assumption that the agents
have the common initial value Z§ = zp = 1, Vi € N. This assumption is made solely for numerical
convenience.

In the left panel of Figure 14, we have plotted the evolution of the expected value of S(t) for
each case of o,. (The result for the risk-neutral measure is also plotted for reference.) From this
result, we see that the size of excess return is almost unaffected by the volatility o,. This stems
from the functional form of (6.4) and (6.5), as well as the fact that the expectation value of Z!
remains nearly identical across all cases. These results suggest that we can control trading volume
by changing o, without significantly affecting the excess return. Although trading volume is also
significantly influenced by the variation in Fé—measurable random variables such as v;, (;, and ¥,
these variables may simultaneously cause a large shift in the excess return.

6.3 Limits of our framework and practical implications

As our examples demonstrated, the equilibrium price distributions and the resultant excess returns
can substantially deviate from the risk-neutral measure, depending on the agents’ characteristics.
This deviation can possibly lead to an odd situation where the required equilibrium excess return
(or more generally transition probabilities) becomes totally unrealistic or economically unfeasible.
As is common for price-formation frameworks, our model does not argue how we can justify such a
stock price performance based on the issuer’s business activities and the surrounding business and
macroeconomic environment. Our framework only provides the necessary transition probabilities
(and thus excess return) required by the agents to compensate their risk for achieving the market-
clearing equilibrium. Therefore, it does not tell if the equilibrium can be achieved nor what happens
when it fails. However, our framework can still offer regulatory bodies valuable information on po-
tential market instability by providing the necessary transition probabilities, marginal /conditional
price distributions, and in particular the excess return required to maintain the equilibrium, which
would form a flexible platform for market stability analysis under various agent-based scenarios.

7 Concluding remarks and future research directions

In this work, we have successfully developed a numerically tractable and readily implementable
framework for the mean-field equilibrium (MFE) price formation problem by combining MFG
theory with the binomial tree structure. This classical simplifying device allows us to bypass the
substantial mathematical and computational challenges inherent in continuous-time models, such
as the well-posedness and numerical evaluation of FBSDEs of McKean-Vlasov type or coupled non-
linear PDEs. We proved the existence of the unique MFE for agents with exponential utilities and
recursive utilities of exponential-type and derived an explicit analytic formula for the stock price
transition probabilities.

Our framework successfully incorporates highly general model features, including stochastic ter-
minal liabilities and incremental endowments dependent on unhedgeable common and idiosyncratic
factors, as well as external order flow. Moreover, the analytic tractability of our approach enabled
us to achieve two significant extensions that would be formidable problems in the continuous-time
setting:

35



e We introduced multi-population heterogeneity, allowing populations to differ fundamentally
in their risk characteristics, liabilities, and endowments.

e We relaxed the standard rational expectations hypothesis by modeling agents operating under
subjective probability measures.

Our results clearly show that the equilibrium distributions can substantially change their shapes
in response to these inputs. In particular, we found that countercyclical liabilities (or cyclical
endowments) increase the excess return required by the agents, and that the equilibrium price
distributions can become fat-tailed due to either contrarian external order flow or contrarian bi-
ases arising from agents’ subjective measures. Furthermore, trading volume per capita is crucially
dependent on the variation in idiosyncratic factors. The explicit and tractable solution offers regu-
latory bodies a flexible platform for market stability analysis under various agent-based scenarios.
Empirical analysis regarding these findings would constitute an important research topic.

Our method may also be applied to other asset classes, such as commodities and foreign ex-
changes, provided they can be modeled by binomial trees. Specifically, frameworks like the Black-
Derman-Toy model (BDT) [8] could be adapted to analyze a mean-field equilibrium for risk-free
interest rates. Furthermore, various practitioner techniques, such as implied binomial trees, can
now serve as valuable tools for investigating the MFE in our framework, advancing beyond their
initial purpose. (For a comprehensive overview of general Markov processes in finance, see, e.g., [7]
and [25].)

Nevertheless, there remain several important challenges waiting for further research. First,
extensions to general multinomial trees and multi-asset frameworks constitute interesting future
research directions. Although our framework remains conceptually the same, there appear several
hurdles to be overcome.

e Although it is not difficult to put appropriate assumptions so that there exists a unique
optimal solution, its explicit form is generally unavailable.

e There are more degrees of freedom in the transition probabilities than are imposed by the
market-clearing conditions. This remaining freedom must be fixed by imposing an appropriate
dependence structure among the assets.

Due to these issues, while the second point might be beneficial for flexibility, numerical costs would
be significantly higher than the single asset case, in particular, in the presence of common noises.
The fact that the market-clearing condition alone does not uniquely determine the price processes
in the presence of multiple stocks is already well known. (See, Karatzas & Shreve [30, Chapter
4].) This is because that one can build a equivalent set of mutual funds from the original stocks
without affecting the market-clearing condition.

Second, constructing mean-field equilibrium among agents with other utilities, such as power-
type utilities, remains one of the most challenging problems. This is a common issue, mirroring
the challenge in the continuous-time setting. For utilities other than the exponential-type, the
optimal trade position ¢;;* is, in general, dependent on the size of wealth at t,. Since the wealth
of each agent X! at t, depends on the trading strategy up to t,, the mean-field equilibrium
condition leads to a complex fixed-point problem involving the backward d)ﬁ{* and forward X!
discrete processes. Although we can decouple the wealth process by deliberately constructing the
model so that gﬁf{* = 0, the resulting model allows no trading activity in the market and is thus
clearly unrealistic.
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