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Abstract

We investigate the problem of equilibrium price formation in an incomplete securities
market. Each financial firm (agent) tries to minimize its cost via continuous-time trading
with a securities exchange while facing the systemic and idiosyncratic noises as well as
the stochastic order-flows from its over-the-counter clients. We have shown, in the accom-
panying paper (Fujii & Takahashi) [19], that the solution to a certain forward backward
stochastic differential equation of conditional McKean-Vlasov type gives a good approxi-
mate of the equilibrium price which clears the market in the large population limit. In this
work, we prove the existence of a unique market clearing equilibrium among the heteroge-
neous agents of finite population size. We show the strong convergence to the corresponding
mean-field limit given in [19] under suitable conditions. In particular, we provide the sta-
bility relation between the market clearing price for the heterogeneous agents and that for
the homogeneous mean-field limit.

Keywords : equilibrium in incomplete markets, common noise, market clearing, price
formation, mean field games

1 Introduction

The problem of equilibrium asset price formation has been one of the central issues in financial
economics. For complete markets, significant advances have been made and there exists large
amount of literature. See, for example, Chapter 4 of Karatzas & Shreve [27] and references
therein. We also mention Kramkov [29] as a recent development.

On the other hand, the problem of equilibrium price formation in incomplete markets
with continuous-time stochastic setting is still under active research. It is mainly because the
traditional approach of constructing a representative agent turns out to be much more difficult
than in the complete case. See Part 2 and 3 of Jarrow [26] for a nice review of the issues. Let us
refer to the works [7, 6, 8, 25, 35, 42, 43, 45] which tackle the equilibrium problem in incomplete
markets. In the majority of works, each agent is supposed to maximize the exponential utility
function with respect to the terminal wealth. When a simple form of asset price process is
assumed, it is well known that the individual optimization problem for the exponential utility
function gives rise to a quadratic-growth backward stochastic differential equation (qg-BSDE).

*All the contents expressed in this research are solely those of the author and do not represent any views or
opinions of any institutions. The author is not responsible or liable in any manner for any losses and/or damages
caused by the use of any contents in this research.
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Under the diffusion setup, the existence of a unique solution for a qg-BSDE was solved by
Kobylanski [30]. In the presence of jumps, a quadratic-exponential growth BSDE with random
Poisson measures needs to be solved [40]. See also [18, 28] for recent developments. Thanks to
these results, there is no problem in solving the optimization problem for an individual agent.
However, when we impose the market clearing condition in the presence of multiple agents, it
ends up with a coupled system of multi-dimensional qg-BSDEs. A coupled system of qg-BSDEs
has long been unsolved since the traditional approach of [30] crucially relies on the comparison
theorem which is, in general, unavailable for a multi-dimensional setup. In this regard, we refer
to Xing & Zitkovi¢ [42] as an important progress toward the solution for this problem. Some
interesting applications of the result to the problem of market equilibrium can be found in the
references given above.

Recent developments of Mean Field Game (MFG) theory have opened a new interesting
approach to multi-agent problems. Since the publication of the pioneering works by Lasry &
Lions [36, 37, 38] and Huang, Malhame & Caines [24], mean field game theory has been one of
the most active research topics in various fields. The strength of the mean field approach resides
in the fact that, in the large population limit, it decomposes notoriously difficult problem of a
stochastic differential game into a tractable individual optimization problem and an additional
fixed-point problem. It has been proved that the solution to the mean-field game equilibrium
gives an e-Nash equilibrium for the corresponding game of finite homogeneous agents. For
interested readers, there are excellent monographs such as [2, 20, 21, 31] for analytic approach
and [4, 5] for probabilistic approach. See also [3, 10, 11, 32, 33, 34] for another approach
using the concept of relaxed controls, which does not produce any equation characterizing the
equilibrium solution but can significantly weaken the regularity assumptions we need. Since
the mean-field game theory has been constructed for the analysis of the Nash equilibrium,
examples of its direct applications to the market clearing equilibrium are very hard to find. In
the majority of works, certain phenomenological approaches are taken. One popular approach is
to assume that the asset price process is decomposed into two parts, one is an exogenous process
which is independent of the agents’ action, and the other representing the market friction (i.e.
price impact) which is often proportional to the average trading speed of the agents. Although
this assumption makes the setup nicely fit to the Nash game, the market clearing equilibrium
cannot be investigated anymore. Another approach is to impose the market clearing condition
but the demand of the asset is assumed to be given by an exogenous function of price without
considering the optimization problem among the agents. See [1, 9, 14, 15, 16, 23, 39, 12, 13] as
interesting applications to, optimal trading, optimal liquidation, optimal oil production, and
price formation in electricity markets etc., using the phenomenological approaches explained
above. A notable exception directly dealing with the market clearing equilibrium is [22], where
the market price process becomes deterministic due to the absence of the common noise.

In this paper, we investigate the problem of equilibrium price formation in an incomplete
securities market. Each financial firm (agent) tries to minimize its cost via continuous-time
trading with a securities exchange while facing the systemic and idiosyncratic noises as well as
the stochastic order-flows from its over-the-counter clients. The biggest difference from the ex-
isting works is the generality of the assumption on the market price process. The price process
of the n securities (@ ),c[o,7) is only required to be a square integrable and progressively mea-
surable process with respect to the full filtration. This is in clear contrast to the vast majority
of works, where the asset price process is supposed to have a simplistic diffusion form. There,
the volatility is often assumed to be constant and then the analysis is essentially restricted to
the risk-premium term. The cost function we adopt is a natural generalization of those used



in optimal liquidation problems. The running as well as the terminal costs depend not only on
the storage level but also on the equilibrium price @ which is to be determined endogenously.
The characterizing equation is a coupled system of fully-coupled forward backward stochastic
differential equations (FBSDEs) instead of the coupled qg-BSDEs. The existence of unique
solution is proved by exploiting the convexity as well as monotone conditions of the coeffi-
cient functions. We have shown, in the accompanying paper (Fujii & Takahashi) [19], that
the solution to a certain FBSDE of conditional McKean-Vlasov type gives a good approximate
of the equilibrium price. In fact, it is shown to clear the market asymptotically in the large
population limit. In the current paper, we build a direct bridge connecting the game among
the finite number of agents and its large population limit. We show the strong convergence
to the mean-field limit given in [19] under suitable conditions. In particular, we provide the
stability relation between the market clearing price for the heterogeneous agents and that for
the homogeneous mean-field limit. The stability result tells us how far the equilibrium price
among the heterogeneous agents deviates from the homogeneous mean-field limit. Finally, the
convergence to the mean-field limit reveals a role of the securities market as an efficient filter
which removes the idiosyncratic noises from the equilibrium price. This implies that each agent
needs only the common market information as well as its own idiosyncratic information to im-
plement the optimal strategy without any access to the idiosyncratic information of the others.
Note that we cannot observe this feature in the setups with finite number of agents since we
cannot restrict the filtration to which the price process is adapted to the one generated by the
common noise. The unnatural and awkward assumption of the perfect information among the
agents is thus resolved in the limit of large population.

The organization of the paper is as follows: In Section 2, the notations used in the paper are
explained. In Section 3, the first major result regarding the existence of the unique equilibrium
among the finite number of agents is given (Theorems 3.2 and 3.3). Section 4 is devoted to prove
the strong convergence of the finite-agent equilibrium to its mean field limit (Theorem 4.2),
which is the second major result of the paper. The stability result between the equilibrium
price for the finite heterogeneous agents and the mean field limit of homogeneous agents is also
given (Theorem 4.3). We conclude in Section 5 with some discussions on the possible directions
for the future research.

2 Notation

We use the same notations adopted in the work [19]. We introduce (N+1) complete probability
spaces:

@, 7P and @, F PHY,,

endowed with filtrations F' := (F;)¢>0, @ € {0,---,N}. Here, F is the completion of the
filtration generated by d’-dimensional Brownian motion W° (hence right-continuous) and, for
each i € {1,---, N}, F' is the complete and right-continuous augmentation of the filtration
generated by d-dimensional Brownian motions W' as well as a Wi-independent n-dimensional
square-integrable random variables (£). We also introduce the product probability spaces

0

O =0"xQ, F, F=(F)so P,ic{l,--- N}



where (F*,IP") is the completion of (.7-"0 ® f,@o ® @Z) and F is the complete and right-
continuous augmentation of (?? ® fi)tzg. In the same way, we define the complete proba-
bility space (€2, F,P) endowed with F = (F;);>0 satisfying the usual conditions as a product of
@, F P TN,

Throughout the work, the symbol L and L, denote given positive constants, the symbol
C' a general positive constant which may change line by line. For a given constant 17" > 0, we
use the following notation for frequently encountered spaces:
° ]L2(g ; Rd) denotes the set of Révalued G-measurable square integrable random variables.
o S?(G;R?) is the set of R%valued G-adapted continuous processes X satisfying

1
[| X ||s2 ::E[ sup ]Xt]2]2 <00 .
te[0,7

e H?(G;R?) is the set of R%valued G-progressively measurable processes Z satisfying

12 ::E[(/OT\Ztht)F <.

e L(X) denotes the law of a random variable X.

e P(R?) is the set of probability measures on (R?, B(R%)).

e P,(R%) with p > 1 is the subset of P(R?) with finite p-th moment; i.e., the set of u € P(R%)
satisfying

My = ([ lautan)) < oo

We always assign P,(R?) with (p > 1) the p-Wasserstein distance W,, which makes P,(R?) a
complete separable metric space. It is defined by, for any u,v € Pp(Rd),

1

Wi ) i= inkrert o[ ([ 1o = slPn(dr.dy)’] (21)

R xR4

where IT, (i, v) denotes the set of probability measures in Pp(Rd x R?) with marginals y and
v. For more details, see Chapter 5 in [4].
e m(u) denotes the expectation with respect to u € P(R?), i.e.

mip) = [ aontds).

We frequently omit the arguments such as (G,R?) in the above definitions when there is no
confusion from the context.

3 Market Clearing Equilibrium among Finite Agents

Our first goal is to prove the existence of the unique market clearing equilibrium for a stylized
model of securities market and its characterization by the system of FBSDEs. The securities
market we are interested in is basically the same as the one studied in the accompanying
paper [19]. In the market, n types of securities are continuously traded via the securities



exchange participated by the N security firms indexed by ¢ = 1,--- , N. Every security firm,
we will call it as an agent, is supposed to have many individual clients who cannot directly
access to the exchange. In addition to the common systemic shocks, each agent faces the
idiosyncratic shocks and the order-flow from its individual clients. In this environment, each
agent ¢ € {1,--- , N} tries to solve the optimization problem:

inf J'(a) (3.1)
ateAl

with the cost functional
. . T . . . . .
Jial) = E[/ filt, X}, ol wy, &, édt + gi( X, wr, &8, )|
0
subject to the dynamic constraint describing the time evolution of its securities’ position:
ax} = (af+ Lt mi, ) dt + aP(t, ¢, AW + oilt, o, )Wy, t € [0,T]

with X} = ¢'. Here, ¢ € L2 (ﬁ); R™) denotes the size of the initial position, which is assumed
to have the common law for every 1 < i < N. (w)ep,r) € H*(F;R") denotes the market
price process of n securities. One of our main goals is to derive the price process (w¢)ie(o,7)
endogenously so that it achieves a market clearing equilibrium among those agents. (c¥);>¢ €

H? (FO; R™) denotes the coupon payments from the securities or the market news affecting all
the agents, while (ci);>o € H> (F; R™) denotes some idiosyncratic shocks affecting only the ith

agent. Moreover, (ci);>o are also assumed to have the common law for all 1 < i < N. The
terms involving (l;, 09, 0;) denote the order-flow to the ith agent from its individual clients
through the over-the-counter (OTC) market. Each agent controls (o);ejo,r], which is an R"-
valued process denoting the trading speed of the n securities via the exchange. Note that, in
addition to the random initial states (€)Y, we have dyp-dimensional common noise W9 and N
d-dimensional idiosyncratic noises (W)Y ,. Since we impose no restriction on the size among
(n,dp,d, N), we have an incomplete securities market in general.

If the number of agents N is sufficiently large, it is natural to assume that each agent
consider itself as a price taker. This means that each agent tries to solve the optimization
problem by treating (w;);>0 as an exogenous process. We firstly solve this individual optimiza-
tion problem. We then use the result to search the market price process of the n securities
which achieves the market clearing equilibrium among all the agents 1 < i < N who consider
themselves as price takers. 1 We set the space of admissible strategies as A" = H?(FF; R"). This
means that each agent has the perfect information.

Remark 3.1. Ideally, we would like to restrict the information set available to each agent i
to the filtration (o{ws : s <t} V F})i>0. We postpone tackling this difficult problem for future
research. Interestingly however, through the investigation of the mean-field limit of the market
equilibrium in later sections, we shall observe that the information set of each agent i can be
essentially restricted to F for large N.

'In fact, most of the macroeconomic research is done under the price takers’ equilibrium.



3.1 Individual optimization problem

For each agent i, let us introduce the cost functions: f; : [0, 7] x (R")? = R, g; : (R")* = R,
fi:10,T] x (R")* — R and finally g, : (R®)3 — R, which are measurable functions such that

1

fi(t,m,a,w,co,c) = (w,a) + = {a, Aa) +?i(t,m,w,co,c),

N |

gi(x,w,co,c) = —0{w, z) —|—§i(m,co,c).

The following assumptions are fundamental to guarantee the unique solvability of the opti-
mization problem for each agent.

Assumption 3.1. Uniformly in 1 < i < N, we assume the following conditions:

(i) A is a positive definite n x n symmetric matriz with \|0|> < (9, A8) < N|0|? for any 6 € R"
where 0 < A < X are some constants.

(ii) For any (t,z,w,, c) € [0,T] x (R™)%,

filt, 2,2, o)l + [g;(x, %, )] < L+ | + | + [ + [c]?) .
(iii) f; and g; are continuously differentiable in x and, for any (t,z,2',w,°, c) € [0,T] x (R"),
0ufilt 2’ @, 0) = 0ufilt, 2, @, ", o) +10:Gi(a", ¥, €) — ogi(, ¥, 0)| < Ll —a

and 10, fi(t, 2, %, &, ¢)| +10:g;(x, &, )| < L1+ || + || + 7] + [e]).
(iv) The functions f; and g; are convex in x in the sense that

_ _ f

fi(tvxlawacoac)_fi(tvxawacovc)_<x z afz(txw C C)>>7|x |2 3
g

gi(ml,co,c) —yz-(a;,co,c) — (2’ — :c,(?xﬁi(w,co,c» > %]a:’ — x]Q ,

for any (t,z,2', @, c) €0, T] x (R™)® with some constants 47,49 > 0.
(v) 1 : [0,T] (R”) — R, o) : [0,T] x (R")? — R”Xdo, and o; : [0,T] x (R")? — R™? qre
the measurable functions satzsfymg, for any (t,w,c%, c) € [0,T] x (R™)3,

li(t, @, %, )| + a7 (t, ", ¢)| + [oi(t, ., e)| < L(L + |w] +[c?] + e]).
(vi) 6 € [0,1) is a given constant.
Remark 3.2. Note that the condition (iv) in the above assumptions implies
(2 —z,0,f(t, 2, w,,¢) — 8fl(tch c)>>7f|x z)?,
<:E — x,0,9;(2' ,co,c) — 0,9, (z, o c)> > A9z’ — x\Q,
which is frequently used in the following analyses.

Economic interpretation of each term is as follows; the first term (w, a) of f; denotes the
direct cost incurred by the sales and purchase of the securities via the exchange and the second
term %(a,Aa> is some fee to be paid to the exchange based on the agent’s trading speed.
—d(w, x) denotes the mark-to-market value at the terminal time T with some discount factor
§ < 1. The other terms f,,g; denote the running as well as the terminal costs depending on



the storage level of the securities and their price. (A,d) is assumed to be common for all the
agents to make the problem simpler.
The associated (reduced) Hamiltonian 2 H; : [0,7] x (R")® — R

Hi(t,m,y,a,w,co,c) = (y,a+ li(t,w,co,c» + fi(tvxﬂ()‘?w? CO,C)

has a unique minimizer

a(y,w) = Ay + w) (3.2)

where A := A~!. The adjoint equation for the ith agent arising from the stochastic maximum
principle is then given by

ax] = (G @) + it 0, ) ) dt 4+ 00 (1, AW + it ¢ )W,
AV} = =0, f(t. X}, @1, ¢ c})dt + 2 0dW + >z} dwy, (3.3)
j=1
with X§ = ¢ and Y7 := 0,9;,( X%, wr, &, ¢4).

Theorem 3.1. Let Assumption 3.1 be in force. Then, for a given (w¢)iejor) € H?(F;R™), the
problem (3.1) for each agent 1 < i < N is uniquely characterized by the FBSDE (3.3) which
is strongly solvable with a unique solution (X' Y, Z40 (Zi’j)é-v:l) € S?(F;R™) x S?(F; R™) x
HQ(F; Rnxdo) % (HQ(F, Rnxd))N'

Proof. This is essentially the same as Theorem 3.1 in [19]. Since the cost functions are jointly
convex with (z, ) and strictly convex in «, the problem is the special situation investigated in
Section 1.4.4 in [5]. It can be proved in a similar way as Theorem 1.60 in the same reference.

One can also prove via Peng-Wu’s method [41]. In fact, the method will be applied to a much
more complex situation below. ]

3.2 Market clearing equilibrium among N agents

From Theorem 3.1, the optimal trading strategy of the agent i for a given (wy)e(o,7) is
ai =AY + ), telo,T].

Since the market clearing requires Zf\i 1@ = 0, the market price needs to satisfy

N
1 7
wt:—N;Yt, te0,T). (3.4)

2Since 02, 0; are independent of the control o and also the state z¢, it suffices to use the reduced Hamiltonian
for the adjoint equation.



This means that the market clearing equilibrium is realized if the following 1 < i < N coupled
system of FBSDEs have a solution;

. o1 M 1M .

dXZ = {a(}/tz’ _N Z Y?) + ll (tu _N Z }/;‘/]7 Cga Cfﬁ) }dt
=1 j=1
+0(t, e, c)dW + oi(t, e}, cb)dWy,

. _ R L A . A N

aY; = =0, F; (8. X0 =< SoVE ) de+ 2w + >z awd, (3.5)
j=1 j=1
for ¢ € [0,T] with
X=¢,

N
;81
YT = mﬁ Z a’pg] (X CT7 C%“) + axgl(XT’ CT’ CT) (36)
j=1

Let us mention about the terminal condition. Since we have (3.4), YA must satisfy

=

A 1 , o .
Yi=b E_jl Yy + 0u5; (X, ., ).

Summing over 1 < ¢ < N, we obtain the expression % Z;Vﬂ YTZ. Substituting the result into
the above terminal condition, we get the desired result.

Theorem 3.2. If there exists a solution to the N-coupled system of FBSDEs (3.5) with (3.6),
then the price process defined by (3.4) achieves market clearing equilibrium among the N agents
who consider themselves as price takers.

Proof. Suppose that the N-coupled system of FBSDEs (3.5) with (3.6) has in fact a solution.
Let us set a market price process as (3.4) by using the solution of the system of FBSDEs,
(YHX . Due to the uniqueness result in Theorem 3.1, the solution to the associated adjoint
equation (3.3) for the individual optimization problem is in fact given by the same Y, 1 <4 <
N. This means that (3.4) actually provides a market clearing price of the n securities among
the N agents. O

We now introduce a new set of assumptions to prove the existence of the solution to (3.5).
Assumption 3.2. (i) For any (t,z,w, @, c) € [0,T] x (R")?,
0uf(t, 2, 0,60 ¢) — Oufi(t, 0, 0, )| + |lit, @, 0, ¢) — Li(t, @, P, ¢)| € Loyl — '],

for every 1 <i < N.
(i3) For any (t,c”) € [0,T] x R™ and (2%, 27, ¢') € (R")3,1 < i < N, the functions (1;)X_, satisfy
with some ' > 0

N 1 N 1 N 1 N
Z(li <t, N ij,co, ci> —1; (t, N ij’, &, ci),mi - xi'> > N”yl’ﬁ Z(x’ — ")
=1 J=1 j=1 i=1

2




(iii) There exists a strictly positive constant vy satisfying

L2
0<’Y§(’Yf—ﬂ>/\7

Moreover, the functions (g;)x., satisfy for any &® € R™ and (2%,27,c') € (R")3,1 <i < N,

al N
%_52< Za’fg] (a7, &) —*Zaxgj (27,0, ), 2t — ¥ 2(7—79)Z’mi_$2'2
=1 i—1

j=1 j=1

Remark 3.3. In economic terms, the monotone condition (ii) can be interpreted in a very
natural way. It basically tells that the demand for the securities from the OTC clients of
the agents decreases when the market price rises. Let us provide the simplest example of the
functions (1;); that satisfy (ii); assume that l; has a separable form l;i(t,z,c°, c') = h(t,z) +
hi(t,c°, c') and also that the common function h is strictly monotone in x. Then, one can
easily check that (i) is satisfied. The third condition can be clearly satisfied when (059;): have
a stmilar structure.

For notational convenience for later analysis, let us introduce the following functions: B; :
[0,7] x R* x P(R") x (R*)? = R", F; : [0,T] x R* x P(R") x (R")?2 — R" and G, : P(R") x
(R")3 - R", 1 <i< N by

Bi(t’ €T, [, Coa C) = a(gj, _m('u)) + ll(tv _m(:u)a CO7 C)a
Fi(t,z, p, Cov ¢) = *a"li?i(ta z, —m(p), CO’ <),

Gi(ua'xv 007 C) = %m(/ﬁ) + axgz(xa CO,C)? (37)

for any (¢,z,pu, % c) € [0,T] x R x P(R") x (R")2.

Theorem 3.3. Let Assumptions 3.1 and 3.2 be in force. Then the N-coupled system of
FBSDEs (3.5) with (3.6) has a unique strong solution (X', Y Z%0, (Zi’j);v:l) € S*(F;R") x
S?(F; R") x H2(F; R™*%) x (H2(F;R™*4))N, 1 <i < N.

Proof. We can prove the claim by a simple modification of Theorem 6.2 in [19]. First, we make

the following hypothesis: there exists some constant o € [0,1) such that for any il e

H2(F; R™) and for anyn' € L2(Fr; R™), there exists a unique strong solution (x%°, yt, 2040, (z@’i’j);v:l) €
S? x §2 x H? x (H?)N, 1 <i < N to the N-coupled system of FBSDEs:

dwt7 = (QB (t yt 7:U’t C?’ Cé) + Ifﬂ)dt + U?(t7 0?7 Ci)thO + Ui(t7 Cga czl‘:)thi7

N
dyf' = —((1 = o)yaf’ — oFi(t, xf”, pf™ & o) + I} ") dt + 20 0dWP + > 2 AW,
j=1

fort € [0,T] with xé”i = ¢ and y:%i = gGi(ug’N, x%’i, )+ (1— g)m%’i +n'. Here,

N N
igégi N&N::igéi 00 i i
N < 1 Yo g N < - 0:9; (x5 ,clpycl)
1= 1=



denote the empirical measures. Notice that the system reduces to the N decoupled FBSDEs
when ¢ = 0. Hence, the hypothesis trivially holds for ¢ = 0.
Now, for some constant ¢ € (0,1), we define a map

(8? x 82 x B2 x (H)N)Y 5 (2,4, 20, () N)) |

= (XY, 200, (209)N )Y e (SP x §? x B2 x (H3)V)Y (3.8)

dXZ = [QBl(t7 Y;fia MlJSV7 C?v 071:,) + CBZ(tv y}fa Vt]va Cgv c7tl) + Iiim] dt
+0d(t, 2, HdWP + oy (t, &), c)dw],
4¥; = == o0y — oFit, Xbo ) 4 ¢ (e — Fi ¥, ) + 1)

N
+ 200w + >z dw?,
j=1

with X{ = ¢ and Y} = QGi(H;V’X%,C%,C%W)_‘_(l 0) X% +¢(Gi(v v, N al, &, ) —ak) +n'. Here,
the measure arguments are defined by

1Y [N
:N25Yti, vy ::NZ;(S%-,
i=
N
Z 029, (X5 ,c%c) : Z 02 (xkn, 2 ch)

Thanks for the hypothesis, there exists a unique solution (X iyt z0 (74 )évzl)fil and hence
the map (3.8) is well-defined.

Consider the two set of inputs (z*,y", 2"° (z”)é\f 1)N and (2, y", 24", (z”’)éV 1)5\]1, and

then denote the corresponding solution to the previous FBSDEs by (XZ VEARN A )] l)iv 1
and (X", YV, Z%Y, (Zw/)jzl)i]\;p respectively. Put AX? := X’ — XY AY? := Y’ —Y¥ et
Since AX} = 0, a simple application of It6-formula yields

iE[(AX%,AY{Q)} =—(1-o 'y]E/ Z|AXZ| dt

i=1
+QE/ Bi(t,Y{, ' el ) — Bi(t, Y, ™ e, cf), AYZ>d
—l—gE/ Fi(t, Xt,,uiv,cg,ci) Fi(t, Xt ,MQN,cg,ct AXZ>dt
+<E/0 Z<B (t, yt?”t Ctact) Bi(t, vt ’VéN C?,Ct) AY?>dt
+CIE/ Z@Amt + Ei(t,xh,m, &), c}) — Fi(t,z ,vN ., &), ), AX])dt .

10



Using the convexity as well as the monotone conditions in Assumptions 3.1 and 3.2, and also
the inequality

N N _ '
=Y (A(avi - 5 X av).av) <o,
=1 7j=1
we obtain, with some constant C' independent of (o, V), that

N
> E[AX], AYH)] < ny/ Z\AX%\ dt
=1
veem [ Z 8]+ 185 )|AY] + (|Aad] + A7) A X ]t

where Ay, = + Zf\il Ayt. On the other hand, we get from the terminal condition,
Z E [<AX%7 AYTZ“H = QE Z<Gl(#;v> X’}“v C%, CZT) - G (:ug ) XT? CTv CT) A‘XVT>
i=1 i=1
+(1-o EZ<AXTa AXT + CEZ Vg axTaC%7CT) Gi (V;NaZCTaCTaCT) AXT>

i=1 =1
N

> (ov+(1-0)) [Z AXE] - CCE[Y (1aah] + [Awr])|AXE],

=1

where [Azr| = & Zfil |Azd|. With v, := min(1,v), we have 0 < 7. < gy+(1— ), and hence
the above two estimates give

N
7 S E[lAXG + / AKX Pai] < chE[ [Aar] + |Adh]) A X
=1 =1

veem [ Z (1A3i] + AT DAY+ (|1Aai] + | Ag]) | AXj]| e

Using Young’s inequality, we obtain

N T
ZE[[AX}PJF/ yAXZdet} <CCZE[1A:¢T12 /0 (UA:cf;|2+|Ay§\2] +\AY;\2)dt] (3.9)
=1

=1

Let us now treat (X%, X¥)X, as the exogenous inputs. Then the standard stability result

11



for the Lipschitz BSDEs (see, for example, Theorem 4.2.3 in [44]) implies

N
S el vt [ 1az0nae Y [zt
j=1

_ t€[0,T]

SCEEUAXH” /0 |AX§!2dt}+<c;E[rAmW+ /O (1a2)? + | Agil)dt]

Using (3.9) and small ¢, we obtain

N T N .7
ZE[ sup |AY;|2+/ |AZZ’0]2dt+Z/ \AZf’j|2dt]
i1 t€[0,T] 0 =170
N t
gchE{\mzﬂufo (\Axg\umyg‘y?)dt] (3.10)
=1

Similarly, by treating (Y%, Y ) ; as the exogenous inputs, the standard stability result for the
Lipschitz SDEs gives

N T
ZE[ sup [AX] <CC’ZIE/ Ayg|2dt+cZE/ AY 2dt. (3.11)
t€[0,7] i—1 0
Therefore, from (3.10) and (3.11), we obtain
ZE[ sup |AX?? + Sup IAY;? + / \AZZ’0|2dt+Z/ \AZZ’7|2dt]
i—1  t€[0,T] tel0,T — Jo
N
<CCZE[ sup |Azi? + sup |Ayll ]
=1 t€[0,T] t€[0,T)]

Thus for small ¢ > 0, which can be taken independently from g, the map (3.8) becomes a strict
contraction. Hence the Banach fixed point theorem implies that the initial hypothesis holds
for (04 (). Repeating the procedures, we see the hypothesis holds with o = 1. This establishes
the existence of a solution. The uniqueness is a direct result of the next stability estimate. [

Proposition 3.1. Given two set of z'nputs (€0, AN, (€7, N and the coefficients

functions (1;, 09, 0y, fz,gz)Z L (oY ol £l gl) satisfying Assumptions 3.1 and 3.2, let us denote
the corresponding solutions to (3.5) with (3.6) by (X’ Yy, zi0, (ZW) DN and (X¥, YV, Z00 (ZW’) NN,
respectively. Then, for AX?:= X' — XV AY':=Y! - YV AZW .= 70 — 7' 1<4i,j <N,
we have
N
ZE[ sup |AXF? + Sup |AY? + / (|AZZ0 —i—Z\AZ | )dt}
=1 t€[o,7] t€(0,T j=1

T
< CZE[\AW + Gl + /0 (T2 + [Bi()2 + 520 + [i(t) ),

=1

12



with some constant C depending only on the Lipschitz constants, 0, A and ~y. Here,

Bi(t) := Bi(t, ', i s ¢ ¢f) = Bi(t, Y, el ef),
F (t) ( t 7:“’:‘,N7 C?, Ct) F/(t lev M;Nﬂ Cglﬂ Ct )
a =G (Mg 7XZ/7CT7CT) G/(:ug/ aXZ/7CT7CT)

S \

( )( ) = ((Uzovo'i)(tvchczl;) (U?,vaz)(tv Ct ,Ct )),

fort €[0,T] and 1 <i < N. Here B, F’ and G’ are defined as (3.7) with primed variables.

The measure arguments are defined by N = N Z 5Yti/, ugN = % Zfil 00,3, (XA, 9, k)
N

and “ng/V = % > im0 (X’frlv ).

Proof. One can prove the claim exactly the same way as in Proposition 4.1 in [19]. O

Corollary 3.1. Let Assumptions 3.1 and 3.2 be in force. Then the solution (X*,Y*, Z%0, (Zi’j)évzl)fil
to the system of FBSDEs (3.5) with (3.6) satisfies

ZE[ sup ]X’\2+ Sup D”|2 / (]ZZO\Z—FZ\ZW dt}
tel0,T

te[0,T7] Jj=1
< O B[JEF +10.5.0. P
=1

T
[ 0:7:0.0,0, 4, + (1.0, + (o)t b cDP)at]
0

where C' is some constant depending only on the Lipschitz constants, d, A and 7.

Proof. This is the immediate consequence of Proposition 3.1. See Corollary 4.1 in [19]. O

4 Strong Convergence to the Mean-Field Limit

Convergence among the homogeneous agents

Let us introduce a new set of coefficients (6, A, 1,0, 0, f,g) satisfying the following conditions.

Assumption 4.1. (i) (§,A,1,0°, 0, f,q) satisfies Assumptions 3.1 and 3.2. Here, the condi-
tions (ii) and (iii) in Assumption 3.2 are replaced by the N copies of | and 0,3.

(ii) For any t € [0,T), any random variables z,z’',c°, c € L2(F;R™) and any sub-o field G C F,
the function | satisfies

E[<l(t,E[:c\g], &, ¢) = 1(t,E['|G], 2, ¢), z — x/ﬂ > ~E [E[J: — x’\g]ﬂ.

(iii) For any random variables x,z', 0, c € L2(F;R"™) and any sub-o field G C F, the function
g satisfies

%ERE [&@(:E, &, ¢) — 0,9, &, c)|g] , T — a:'>} > 7E[|az - x'|2].

Remark 4.1. Note that the conditions (ii) and (iii) are natural generalization of those of
Assumption 3.2 where they are given in terms of the empirical mean.

13



Using these coefficient functions, consider the following conditional McKean-Vlasov FBS-
DEs:

ax; = (a(V}, ~E[LIF + 1t ~EFiI7) c?,ci))dt+o°<t,c?,cf;>th°+o(t,c2,ci>dWZ,
AV, = 0.1 (t, X;, —E[Y | 7)), &, é)dt + Z,°aw? + Z,"aw, (4.1)

for t € [0,T] with

Xo=¢,
v 0 (%t 0 iy [FD 0 g
YT = m]E[aq;g(XT,CT,CT)’fT] =+ 8xg(XT7cT,cT) . (42)

We know the following result.

Theorem 4.1. (Theorem 4.2 [19]) Let Assumption 4. 1 be in force. Then, for each 1 <
i < N, there exists a unique strong solution (X' ,Y" Z 27" € S*(FR") x S*(FHR™) x
H?(F#; R™*d0) x H2(F;R™*9) to the FBSDE of condztzonal McKean-Vlasov type (4.1) with
(4.2).

Note that FBSDE (4.1) is decoupled for each 1 < ¢ < N and that its solution has the

—t 51,0 =i,

same distribution. In particular, for given .TO the solutions (X',Y",Z"",Z""),1 < i < N

are 1ndependently and 1dentlcally dlstrlbuted Because of this property, the quantities such as
[Yt|]-"t} and E[0,5(X 7, ¢%, cT)|]-"T] are independent of the index i.

The FBSDE (4.1) has been the major object of the analysis in the accompanying work [19],

in which we have found that the ﬁo—progressively measurable process
= E[V}[F]= -E[V,/F],  teoT]

provides a good approximate of the equilibrium market price if the agents have the common
coefficients as in Assumption 4.1. In particular, we have proved in Theorem 5.1 [19] that the
process w™MFG achieves the market clearing in the large N limit. The goal of this section is to
prove the strong convergence of the N-agent equilibrium given by Theorem 3.2 and 3.3 to the
above mean-field limit when the agents are homogeneous. Once this is done, we can study the
stability relation of the market price for the heterogeneous agents relative to the mean-field
limit w™¥S with the help of Proposition 3.1.

The market equilibrium among homogeneous agents is specified by N-coupled FBSDEs

(3.5) with common coefficient functions:
A o1 M 1N ,
axj = {@ (Vi — 3oV ) +i(t - Do VElch) at
j=1 j=1
—|—O'0(t, Cgv Ci)thO + U(t Cg’ C;)thZa

avi — —&J(t,XZ,— ZYtJ,ct,ct>dt+ZZ Oawy +ZZMW£, (4.3)
j=1

14



with

_fi

N
. o 1
T 1-0N Z 9(XDs 7. ) + 0G(XE, A, ). (44)

The existence of a unique solution (4.3) and (4.4) is guaranteed by Theorem 3.3.

With the help of next Lemma, we establish the strong convergence of the finite-agent
equilibrium among the homogeneous agents to the MFG limit given in [19]. Let us introduce
the following measure arguments based on the solution to (4.1) with (4.2);

N
- 1 - 1,50
N .= NZ%@» LUY,) = L(Y}|F,), telo,T],
=1

— _ 0._ =%t 0 iy FE
g ‘T N ;6amg(X;,C%,C§w)7 Eg = E(axg(XT, CT7CT)"FT)' (45)

Lemma 4.1. Let Assumption 4.1 be in force. Then we have
lim sup E[Wa(al, £9(V,)*| =0,
N—=00 ¢e(0,7]

: =N p0\2| _
i E|Wa e 2] =0

Moreover, if there exist some positive constants I' and Ty such that supepo 1 [|Yt| ]q <T and

. , 1
E[|8x§(XZT, cOT, c’T)|q] e <T'y for some q > 4, then there exists some constant C' independent of
N such that

sup E[Wg(ﬁgv ,ﬁ?(?t))ﬂ < CT%ey,
te[0,T

E|Wa(iy', £5)2] < CT2ey,
where ey := N2/ max(n4) (1 + log(N)lN:4).

— i .\ NV
Proof. The claim for Wa (Y, £9(Y;)) was proved in Theorem 5.1 in [19]. Since <8x§(TT, ., C’T)> '

are 70T-00nditionally i.i.d. square integrable random variables, the claim for the Wg(ug ,£0)
is established in the same way. Since the time T is fixed, the continuity property used for
Wa (i, £9(Y;)) is unnecessary. The non-asymptotic estimate on the convergence order in N
is the direct consequence of Remark 5.9 in reference [4]. O

The next theorem is the main result of the paper.

Theorem 4.2. Under Assumption 4.1, let (X*,Y*, Z%0 (ZW) DN and (X Y Z Z )
denote the unique strong solution to the N -coupled system of FBSDES (4.3) with (4 4) and N-
decoupled FBSDEs of conditional McKean-Viasov type (4.1) with (4.2), respectively. Then,
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there exists some N-independent constant C' such that

B sup [AXIP+ sup AV + [ (AZP+ Y |82 Pl
te[0,7] te[0,7] 0 =
T
< CE[Wa 37 + [ Wl £0(V)at] (46)
0

)

where AX? := Xt — yi, AY': =Y — 72’, AZW0 .= 710 _ 7 0 and AZV = 747 — 5i,j7i7i'

Proof. Using the notation (3.7), we have for each 1 <i < N,
4AX] = (B@Y, i) = BV}, £(V0)) )dt,
N
AAY; = (F(t, X, ) = P4 X, £0(V0) )b+ AZaw? + 3 Az awy,  (47)
j=1

for t € [0, T] where pY := % Zivz 1 5Yti is the empirical measure. To lighten the expression, we

omit the arguments (¥, c!), which does not play an important role for the stability analysis
below.
First Step: It is important to notice the inequality

N
1 i i =0 _ -
|~ DV - EVF)| < wa (@, £0(7).
i=1
This is understood as follows; for an arbitrary pair u, v € Py(R™), we have

[ outdn) = [ vty | /R (e yrldedy)| < /R el dp) 49

for any coupling 7 € IIy(p, v) with marginals x4 and v. Taking the infimum over 7 € Ila(u, v),
we get

[m(p) = m@)| < Wi(p,v) < Wa(p,v),

by the definition of the Wasserstein distance (2.1). From Assumption 3.2 (i) and the above
observation, one can see that B and F' are both Lipschitz continuous in their measure argument
with respect to the Ws-distance.

We have
S B Y, u) — B(t, Y, LY(Y4)), AYY)
=1
= Z<B(t7 Vi ut) = B(t, Y, iy ), AYY) + Z<B(t, Y, 0 ) — B(t,Y,, L£)(Y})), AY)
=1 =1

N N
1 i|? — v i
< —N | DAY+ Y Wl L)(V))|AY],
i=1 =1
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where we have used Assumption 3.2 (ii). Similar analysis with Assumption 3.1 (iv) and As-
sumption 3.2 (i) yields

N
D AF X ) = F(t, X, L)(Ye)), AXY)
=1

+ CZWQ fiy L1 (Y ) AXG].

O ST

Since AXé = 0 for every 4, by simple application of Ito-formula and the above estimates, we
obtain

3 : ; ;L% - g i|2
;EKAXT?AYTH < _<’Y _W);E/o |AXG|“dt

N T
Y E /0 WY, L)V ) (|AX]] + |AY[)dt . (4.9)

On the other hand, with /Lg =5 Zz 1 0:9(XE, &%, ¢h), we have from the terminal condition

N
S (G, Xh) — G(L), X, AXG)

i=1
N N
—N 3 i 0 3t i
Z ,ug ?XT G(,ug 7XT)7 A‘XVT> + Z<G(Mg aXT) G(ﬁga XT)v AAXVT>7
i=1 i=1

where we have omitted (c,c%) to lighten the notation. Using Assumption 3.1 (iv) and As-
sumption 3.2 (iii), we have

N N
Y E [<AYT,AXT>}>VZE|AXT\ Z Wa(m, £5)AxE|. (410
=1 =1 i=1

Combining the two estimates (4.9) and (4.10) gives

N T N T
> E[|AX] +/ AX]Pat] < OZE/ Walmy', £2 (Y1) [|AXG] + [AY]dt
i=1 0 ' 0
—N 0 i
+ CE [WQ(MQ ,cg)yAXT\]
Using Young’s inequality and the fact that the random variables such as AX? AY*? have the

same distribution for every 1 < ¢ < N due to the common coefficient functions, the assumptions
on &' and ¢’ and the structure of probability space, we obtain

T T
B[AXIE+ [ 1aXiPd] < CE [ (W 270 + Wala, X7 ) AY; [

+ CE[WQ(ﬁgV,ﬁg)?}, (4.11)
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for every 1 <i < N.

Second Step: A simple application of Ité-formula to |AY}|? gives, for any ¢ € [0, T],

E[lAv ]+ / (\AZ”HZ!AZW!)M]

j=1
T , .
—B[jaViP —2 [ (Fs. Xid) - P, X LAV)) AVs] . (412)
t
Note that, from Assumption 3.1 (iii) and the estimate (4.8),

AYE < |G(ud, Xp) — G, Xp)| + |G, X7) — G(L£), X7)|

N
1 j 7 —N p0
< G(sz_jlmxzpwmxzpwwg(ug,cg>).

Using this estimate and the exchangeability of variables, we obtain from (4.12) that

E[|AY{? + / (1azZi0p? +Z|AZW|)ds]

7j=1
T
§CE{\AXZT|2+W2(M;V,LS)2}+CE/ AX] + Wa(u, £2(V)] | AY:|ds
t
T T
< CE[|AX? + Wa(m), £3)?] +CE/ (yAX;F+W2(Mgv,cg(ys))2)ds+cxa/ AY2ds.
0 t

Here, we have used the triangle inequality and the fact that
E[Wa(ul 7] < B[+ Z ¥J Y]] = ElAY. (4.13)
By applying the backward Gronwall’s inequality and the estimate (4.11), we get

T . N . .
sup B[JAYP] +E [ (AZF + 3" [aZ9P)de
0

t€[0,T) j=1
T
< CE[Wz(ﬁi,V,cg)? +/0 (Walmy, £2(Y1))? +Wz(ﬁiv,£?(Yt)>\M?\)dt]-

Using Young’s inequality, we obtain
sup E[|AYP] + E/ (1AZ02 + 3 |AZi12)dt

t€[0,T) =1

< CE[Wa(a), £3)? / Wo(@ LV i), (414)
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from which and (4.11), we also have

T
B[laxpP+ [ |axiPae] < CE[Wa). £ / Wo@! L)V)dl].  (415)
0
The inequality (4.6) now easily follows from (4.14), (4.15) and the standard application of the
Burkholder-Davis-Gundy inequality. 0

Under the conditions used in Theorem 4.2, the market clearing price for the homogeneous
agents is given by

1oL,
Ho = _Nznz7 te [07T]7
i=1

where (Y?)X, is the solution to the N-coupled system of FBSDEs (4.3) with (4.4). On the
other hand, the price process in the mean-field limit is given by

MG —E[?i\??], te0,7], (4.16)

which is proven to clear the market asymptotically in the large population limit [19].

Corollary 4.1. Let Assumption 4.1 be in force. With the above notations, we have

sup E[\w?o — w}:v[FG\Q] + E[ sup |E[w%{°\?g] — w}tWFG}z}
t€[0,T] t€[0,T]

(g 2lramt ] sl ).

where C' is some N -independent constant.

Proof. Using (4.8), we have

[wi’® = @ TP = fm) = m(£) (V)|
< Walp', L2(YV0))* < 2Wa(pr i )* + 2Wa(mi, £7(Y 1))
The desired estimate for the first term now follows from (4.13). For the second term,
Ho |70 MFG |2 vi=07]? 1 ¢ i 32
ELES[%%]'E [ Fe] = ] LeS%pT *ZE -V |7] ) ] N; [tes[l(lJ% Y} =Yy ]

and hence the desired estimate immediately follows. O

Stability of the market price for the heterogeneous agents

Suppose that the N agents have the common discount parameter § and the common rate of
the trading fee A to be paid to the securities exchange. Instead of the homogeneous agents, we
now consider the case where the agents have different cost functions and different order-flow
from their clients; (I;, a?, oi, fi,9:),1 < i < N. It is interesting to study the condition under
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which the heterogeneous market converges to the MFG limit. From a practical perspective, it
is also important to know how accurately we can approximate the market price by @wMFG.

Proposition 4.1. Assume that the coefficients (5,A) and (I;, 0%, 0:, f;,9:)X, satisfy the con-
ditions in Assumptions 3.1 and 3.2, and that (1,0°, 0, f,q) satisfy the conditions in Assump-
tion 4.1. In addition to the notations used in this section, let us denote the solution to (3.5)
with (3.6) by (X', Y?, 240 (Z”) DN Then there exists some N independent constant C
such that

N
ZE[ sup |AX]|* + sup |AY? + / (|AZZO )dt}
= e[0T te[0,T j=1

< CNIE[WQ(% L L9)? / Wa(ri', £ (Y+)) dt}

N
+COY E[G + /0 (F:OF + B + [0 + (0]

~i

where AX" := X' — X', AY":= Y —72', AZW0 .= 740 —Zi’o, AZbI = 70 — 5i,j7i7i and

Bi(t) := (li —1) (t,ﬁi,wHo,cg,ci), Fi(t) = (6 fi— f) (t X!, w c?,cf;),
s & . . . ,
= 75 ﬂsgj X’?[‘? Cg"u CJT) + (893§7, - 8$§)(X%7C%7 C%“)
J=1

Proof. This is the direct consequence of Proposition 3.1 and Theorem 4.2. ]

From Theorem 3.2 and Theorem 3.3, we know that the market clearing price among the N
heterogeneous agents is given by

| N
=y Z 71
The next corollary gives the stability result of the market price around the mean-field limit.

Theorem 4.3. Under the assumptions used in Proposition 4.1, there exists some N indepen-
dent constant C' such that

sup E[|wt — wy FG\ ] —I—E[ sup {IE 6\7-"?] —wi\/IFG}Q}
t€[0,T] +€[0,7)
< C(tSE&pT}E[WQ(MéV’Eg(Yt)) ] +E[W2(ﬁév7£2)2])

+0 iE[IGiP + /T(lF@-(t)l2 B2+ 7002 + |a-(t)|2)dt} .
i i=1 0 ’
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Proof. The desired estimate follows from Proposition 4.1. It is easy to check

N

1 e —i |2
it~ T2 < 2| =SV =T[4 2dm(E) - PR
=1
N
< 2 N |AVR + 2, £O(V))?
>~ N t 2\ 5 )

i=1

which gives the estimate for the first term. The estimate for the second term is the immediate
consequence of the inequality

N
He |0 MFG |2 1 i 2
e Bl = =] < 5 2] g -]

O]

Remark 4.2. Theorem 4.3 implies that the market clearing price converges to the mean-field
limit wM¥C if the difference of coefficients functions (Gy, Fy, Bi,G0,5;)i>1 converges to zero in
L2(Fr;R) and H2(F;R) in the large population limit N — co. It is clear that any deviation
from the limit coefficient functions (g, f,1,0°,0) among the finite number of agents does not
affect this convergence.

5 Conclusions and Discussions

In this work, we prove the existence of a unique market clearing equilibrium among the hetero-
geneous agents of finite population size under the assumption that they are the price takers.
We show the strong convergence to the corresponding mean-field limit given in [19] under
appropriate conditions. In particular, we provide the stability relation between the market
clearing price for the heterogeneous agents and that for the homogeneous mean-field limit. An
extension to multiple populations [17] as studied in Section 6 of [19] looks straightforward. One
of the important topics of the future research is to allow the presence of a major player in the
securities market. If we adopt the concept of the Stackelberg equilibrium with a leader (major
agent) and followers (minor agents), careful investigation of the coupled system of FBSDEs
with appropriate convexity and monotone assumptions may prove the existence of the market
clearing equilibrium. It may be also possible to analyze the mean field limit of the minor agents
in the presence of one major agent.
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