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Abstract

In this work, we study an equilibrium-based continuous asset pricing problem which
seeks to form a price process endogenously by requiring it to balance the flow of sale-and-
purchase orders in the exchange market, where a large number of agents 1 < ¢ < N are
interacting through the market price. Adopting a mean field game (MFG) approach, we
find a special form of forward-backward stochastic differential equations of McKean-Vlasov
type with common noise whose solution provides an approximate of the market price. We
show the convergence of the net order flow to zero in the large N-limit and get the order
of convergence in N under some conditions. An extension of the model to a setup with
multiple populations, where the agents within each population share the same cost and
coefficient functions but they can be different population by population, is also discussed.

Keywords : FBSDE of McKean-Vlasov type, common noise, general equilibrium

1 Introduction

One of the most important problems in financial economics is to understand how the asset price
processes are formed through the interaction among a large number of rational competitive
agents. In this paper, using a stylized model of security exchange, we try to explicitly form an
approximate market price process which balances the flow of sale-and-purchase orders from a
large number of rational financial firms. If we directly force the price process to balance the
net order flow, the strategies of the agents become strongly coupled and the problem is hardly
solvable. In fact, it is even unclear how to make the cost functions of the agents well-defined,
since the market price results in a very complicated recursive functional of strategies of all the
agents that makes it difficult to guarantee the convexity of the cost functions. In order to
circumvent this problem, we make use of the recent developments of mean field games.

Since its inception brought by the pioneering works of Lasry & Lions [32, 33, 34] and Huang,
Malhame & Caines [29], mean field game has rapidly developed into one of the most actively
studied topics in the field of probability theory, applied mathematics, engineering, finance and
economics. The greatest strength of the mean field game approach is to render notoriously
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difficult problems of stochastic differential games among many agents tractable by transforming
it to a simpler form of stochastic control problems. There exist two approaches to the mean field
games, one is analytic approach using partial differential equations (PDEs), and the others is
probabilistic approach based on forward-backward stochastic differential equations (FBSDEs).
For details of analytic approach and its applications, the interested readers may consult the
works of Bensousssan, Frehse & Yam [9], Gomes, Nurbekyan & Pimentel [25], Achdou et.al. [1],
Gomes, Pimentel & Voskanyan [26] and also Kolokoltsov & Malafeyev [30]. On the other hand,
the probabilistic approach was developed by the series of works of Carmona & Delarue [10, 11, 12]
and the recent two volumes of monograph [13, 14] provide its full mathematical details and many
references for a wide array of applications of mean field games.

There are many macroeconomic applications of mean field games, in particular, those focus-
ing on general equilibrium models on growth, inequality and unemployment, etc. See [2, 3, 7,
24, 31] for examples. On the other hand, in the current paper, we are interested in equilibrium
price formation in the financial market i.e. the pricing of securities endogenously using a model
of rational financial firms (agents) under the market clearing condition. Interestingly, from the
perspective of equilibrium price formation, the number of applications of mean field games is
rather limited. In most of the existing literature, authors have given a response function of the
price process exogenously and searched an approximate Nash equilibrium among the agents.
See, for example, applications to optimal trading as well as liquidation of portfolio, exploitation
of exhaustible resources and related issues among many agents [17, 18, 19, 35], or applications
to electricity pricing with smart grids [4, 15]. Another approach is to assume demand or supply
function exogenously without directly solving the individual agent optimization problem. For
example, in the work [28], the authors treat explicitly the balance of demand and supply in the
oil market, but the demand is exogenously given as a function of the oil price. Although these
approaches make the setup nicely fit to the concept of Nash equilibrium, which is the standard
solution concept in the mean field games, the market clearing equilibrium cannot be investigated
anymore. In fact, the endogenous relation between the price processes and the properties of in-
dividual agent is left unknown. One notable exception is the work of Gomes & Saude [27], in
which the authors explicitly force demand and supply to balance and endogenously construct the
market clearing electricity price. They use the analytic approach and the resultant equilibrium
price process becomes deterministic due to the absence of common noise.

In the current paper, we extend the work [27] by adopting the probabilistic approach. In
order to understand the price processes, in particular those of financial assets, including systemic
signals which impact all the agents is crucially important. We find an interesting form of FBSDEs
of McKean-Vlasov type with common noise as a limit problem. Although it involves dependence
in conditional law, it only appears as a conditional expectation. This allows us to adopt the well-
known Peng-Wu’s continuation method [37] to prove the existence of a unique strong solution.
The resultant candidate of the market price process is derived completely endogenously by
the optimal trading strategies of the agents facing systemic information (including securities’
coupon stream) as well as idiosyncratic noise. Another benefit of probabilistic approach is that
it allows us to quantify the relation between the actual game with finite number of agents and
its large population limit. In a similar manner to the standard mean field games in proving
e-Nash equilibrium, we show that the solution of the mean-field limit problem actually provides
asymptotic market clearing in the large-N limit. Under additional integrability conditions,
Glivenko-Cantelli convergence theorem in the Wasserstein distance even provides a specific order
of convergence in terms of the number of agents IN. It is also possible to extend the model to
the situation with multiple populations where the agents share the same cost and coefficient



functions within each population but they can be different population by population. This will
provide an important tool to study the price formation in the presence of different type of agents
such as Buy-side and Sell-side institutions, for example.

The organization of the paper is as follows: After explaining the notations in Section 2, we
give an intuitive derivation of the limit problem from the game of finite number of agents in
Section 3, which motivates the readers to study the special form of FBSDEs of MKV-type. The
solvability of the FBSDE is studied in Section 4. Using the derived regularity of the solution,
we prove the asymptotic market clearing in Section 5. In Section 6, we discuss the extension
of the model to the setup with multiple populations. Finally, in Section 7, we give concluding
remarks. We discuss further extensions of the model and future directions of research.

2 Notations

We introduce (N+1) complete probability spaces:

@, 7 F) ad @ F P,
endowed with filtrations F' := (F,);>0, i € {0,---,N}. Here, F is the completion of the
filtration generated by d°-dimensional Brownian motion WP (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 W'-independent n-dimensional
square-integrable random variables (£%). (£9)Y, are supposed to have the same law. We also
introduce the product probability spaces

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

where (F!,P!) is the completion of (.fo ® ?,FO ® P') and F is the complete and right-
continuous augmentation of (7? ® ?Z)tzo- 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
Q" F PN,

Throughout the work, the symbol L denotes a given positive constant, the symbol C a
general positive constant which may change line by line. When we want to emphasize that C
depends only on some specific variables, say a and b, we use the symbol C(a,b). For a given
constant 7' > 0 and any measurable space (€2,G) with the filtration G := (G¢)i>0, we use the
following notations for frequently encountered spaces:

e L.2(G; R?) denotes the set of R%-valued G-measurable square integrable random variables.
o S%(G; ]Rd) is the set of R%valued G-adapted continuous processes X satisfying

1
1 X ||s2 ::IE[ s[up]|Xt|2]2 < 00 .
t

)

o H2(G;R?) is the set of Re-valued G-progressively measurable processes Z satisfying

12 g2 ;:E[(/OT|Zt|2czzsﬂé <.

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



e P(RY) is the set of probability measures on (RY, B(R?)).
e P,(RY) with p > 1 is the subset of P(R?) with finite p-th moment i.e., the set of u € P(R?)
satisfying

Myt i= ([ lolPutdn)” < 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 p,v € Pp(Rd),

1

Woloa ) i= inkrert, oo [ ([ 1o = wlPe(do.dy)) ] (21)

R xR4

where II,,(u, v) denotes the set of probability measures in P,(R% x RY) with marginals p and v.
For more details, see [13, Chapter 5]. We frequently omit the arguments such as (G, G,R%) in
the above definitions when there is no confusion from the context.

3 Intuitive Derivation of the Mean Field Problem

In this section, in order to introduce the special form of forward-backward stochastic differential
equations of McKean-Vlasov type to be studied in this paper, we give a heuristic derivation of
the mean-field limit problem from the corresponding equilibrium problem with finite number of
agents.

3.1 Description of the problem

As a motivating example, we consider the equilibrium-based pricing problem of n types of
securities labeled by k, 1 < k < n, which are continuously traded via the securities exchange in
the presence of a large number of homogeneous financial firms (agents) indexed by i, 1 <i < N.
Every agent is supposed to have many small individual clients who can trade the securities
only with the agent via the over-the-counter (OTC) market and have no direct access to the
exchange.! We denote the market price process of the n securities by an R"™-valued process
(@t)tejo,7), the detailed mathematical properties of which are to be discussed later. Here, (wp)®
denotes the market price of the kth security at time ¢. In our model, the state process (X{).e(o,7]
of each agent i, 1 < i < N, is given by the time evolution of his/her position size in the n
securities. For example, let us suppose that the kth security is an equity of a certain company.
Then (X})* denotes the number of shares of the equity possessed by the ith agent at time ¢. If
it is negative, it means that the agent is taking the short position. Each agent i, 1 < ¢ < N,
controls the trading speed of the securities (ai)te[o,T] via the exchange within some space of
admissible strategies A*. More precisely, (ai)kdt, 1 < k < n, denotes the number of shares of
the kth security bought (or sold if negative) within the time interval [¢, ¢ + dt] by the ith agent.
In addition to the trading via the exchange, the position size of each agent is affected by his/her
market making via the OTC market with individual clients. Although, in the real market, each
financial firm dynamically controls bid-offer spreads in order to earn trading fees and to affect

n fact, only credit-worthy registered financial firms are allowed to directly participate in the securities ex-
change. The individual investors and non-financial firms can trade the securities with these registered firms
playing the role of financial intermediaries. This is called the over-the-counter (OTC) market.



the order flows from his/her clients in a favorable manner to his/her profit, we treat, in this
work, the order flows via the OTC market exogenous and concentrate on the optimal trading
problem via the securities exchange for simplicity. We denote by (¢9);>0 € ]HIQ(FO;R”) with
& e L? (?%; R™) the cash flows from the securities or the market news commonly available to
all the agents, while by (ci);>0 € H?(F;R") with ¢} € L?(Fp;R") some independent factors
and news affecting only on the agent i.2 Moreover, we assume that (ci);>o have the common
law for all 1 <3 < N.

Let us introduce the measurable functions, [ : [0, T]x (R")? — R", oq : [0, T] x (R")? — R?*do
and o : [0,T] x (R™)? — R™*?. Using them, we now express the state dynamics of each agent 1,
1<t <N, by

dXZ = (af; + I(t, ooy, c?, Ci))dt + oo(t, oy, C?, ci)thO + o(t, wy, cg, Ci)thi

with X} = ¢ € L2 (Fo; R™). € denotes the initial position size of the ith agent and is assumed
to be independently and identically distributed (i.i.d.) among 1 < ¢ < N. In addition to
aldt representing the change due to the direct trading via the exchange, there also exist con-
tributions from the order flows via the OTC market: I(t, @, ¢}, c})dt and (oo(t, @y, ¢}, ¢j)dW}
oty c), cé)thi) denote their finite and infinite variation parts, respectively. We naturally
expect that these order flows are dependent on the price of the securities, common as well as
idiosyncratic informations. Suppose, for example, I*(t, @, ), ci) < 0. This means that the
clients of the ith agent are buying the kth security from the agent via the OTC market with the
net speed |I¥(t, @y, cY, c})| at time ¢. The two infinite variation terms represent the noise in the
order flows.

Under such an environment, each agent tries to minimize his/her cost by controlling the
trading speed. We suppose that the problem for each agent 1 <14 < N is given by

inf J(a?) (3.1)

atcAi

with some cost functional
J'(a') = E[/ f(t,XZ,ai’wzs,C?,CDdt+9(X%,WT,COT,C%)] :
0

The space of admissible strategies A* of the agent ¢ is assumed to be H?((o{ws : s < t}) V
Fi)e=0;R™) ie. the set of processes (af)¢>o satisfying

T .
E/ ol |2dt < oo
0

adapted to the filtration generated by the common and his/her idiosyncratic shocks as well as
the market price process of the securities.

Remark 3.1 (possible choices of the duration T'). Since most of the financial firms set up the
policies on profit, risk and storage level of securities for each fiscal period, a natural choice of the
duration T' of the model is (quarter of ) a year. In fact, financial firms typically reduce the size of
securities’ position significantly at the end of each fiscal year, for regulatory as well as accounting

2The dimensions of ¢® and ¢' are chosen to be n only for the notational simplicity. One can assign any fixed
dimensions for them so that they can represent any factors that affect the agents’ cost functions.



reasons, and announce new budgetary goals to the employees for the next year. If one is interested
in the price dynamics in shorter scale among high-frequency traders, an appropriate choice for
the duration T can be much shorter. For analyzing the long-term behavior of price dynamics,
infinite time horizon may become important [8]. We leave its application to equilibrium price
formation for future research.

We introduce the following cost functions; f : [0,7] x (R")® — R, g : (R")* = R, f :
[0,T] x (R")* - R and g : (R")? — R, which are measurable functions such that

ft,z, a,@,&,c) = (w,a) + %(a,Aa} + f(t,z, @, , ),

g(z, @, ) == —blw,z) +g(z,0, c) .
In the first part of the paper, we assume that these functions are common across all the agents.
In the above expression, f and g denote the running and the terminal costs, respectively. Let
us explain the economic meaning of each term. By buying (or selling if negative) with speed v,
each agent pays (or receives if negative) (ay, w;)dt amount of cash in the time interval [t, ¢ + dt].
In addition to this direct cost, we suppose that each agent has to pay the service fees to the
securities exchange (o, Aay)dt where A is an n x n positive definite matrix. These costs are
represented by the first two terms of the function f. In addition, each agent is subject to the
costs incurred by the financial risk as well as the appropriate inventory management of his/her
position. The cost function f is supposed to represent these effects, which are dependent on the
position size, cash flows, prices of the securities as well as any relevant news available to each
agent. In particular, we can make the agents more risk averse by assigning stronger penalty on
their nonzero position | X | of the securities. The first term of g denotes the mark-to-market value
at the closing time with some discount factor b < 1.3 The cost function g puts some penalty on
the position size at the terminal time T'.

If the price process (wt)te[o,T} is given exogenously (for example, by the Black-Scholes model
dS; = Si(pdt + odWy),t > 0), the problem (3.1) is just the standard optimal portfolio problem
with a stochastic inventory process. In this case, the problem can be considered independently for
each agent. Using the position size as the state process with a linear control term is quite popular
in the literature. For example, one can find similar setups in optimal liquidation problems [5, 6,
38] and also in their mean-field extensions [17, 18, 19, 35]. By interpreting the variable X as the
amount of goods or energy produced and « as the production speed, similar setups for the state
process can also be found in papers studying economic problems. See, for example, [28, 4] and
references therein. An important feature in the existing literature is that the optimal control or
a Nash equilibrium among the agents is searched in the market where the price process or its
response function to the agents’ actions is exogenously given.

In contrast, in the current paper, we want to determine the price process itself endogenously
by the fundamental condition of the market. As its name suggests, the total number of shares
of the securities being purchased by agents via the securities exchange at a given time must be
equal to the number of those being sold by the others via the exchange at the same time. This
balance between the sales and purchases orders must hold at any point in time. This is called

3We shall see that the condition b < 1 is necessary to obtain well-defined terminal condition for the limit
problem.



the market clearing condition and is expressed by
N
dai=0, dtedP-ae. (3.2)
i=1

where @' is the optimal control of the ith agent. Our problem is to find an appropriate price
process (¢ )¢>0 so that it achieves the market clearing condition (3.2) among the rational agents.
This is the problem of equilibrium price formation, which is one of the central themes in financial

economics.?

3.2 Intuitive derivation of the mean-field limit

Intuitively, by a simple economic argument, it is not hard to imagine that the market price
automatically adjusts to the higher values if the excess demand is positive and does so conversely
in the opposite case. However, understanding the problem in rigorous mathematical sense
is not at all easy even though we have already put simplistic conditions in which the cost
functions as well as the coefficient functions are the same across the agents. Due to the clearing
condition (3.2), we cannot adopt the open-loop equilibrium approach. This means, in particular,
if we assume the presence of some feedback effects, then the price process (w;)i>0 becomes a
complicated functional of the agents’ trading strategies and hence the problem for each agent
is highly recursive with respect to (ai)tzo,lgz‘g ~- It is even unclear how to guarantee the cost
function well-defined by making it convex with respect to the controls.

In order to obtain some insight, let us consider a much simpler situation. It is natural to
suppose that the impact to the market price process (Wt)te[o,T} from the trading of each agent is
negligibly small when N is sufficiently large. If an agent considers that his/her market share is
negligibly small, he/she behaves as a price taker, i.e. considers that the market price process is
not affected by his/her actions. Let us suppose that this is the case for every agent. Moreover,
(wt)te[O,T] is likely to be given by Fo-progressively measurable process since the effects from the
idiosyncratic parts from many agents are expected to be canceled out. If this is the case, the
problem for each agent ¢ reduces to the standard optimal portfolio problem with a stochastic
inventory process of the securities in a given random environment (oo, ¢}, C%)te[O,T]- Note that

if (@t)eecpo,1) is ?O—adapted, then the space of admissible strategies A’ of the agent i, 1 <i < N,
becomes H?(F*;R™). Let us first investigate this simple problem in details. We introduce the
following conditions.

Assumption 3.1.

(i) A is a positive definite n x n symmetric matriz with Al x, < A < M xn in the sense of
2nd-order form where A\ and X are some constants satisfying 0 < A < \.

(i) For any (t,z,w, ,c),

(2, o)l +[g(w, ¢, e)| < L+ |2 + |o]* + [ + [e]?) .

0

(iii) f and g are continuously differentiable in x and satisfy, for any (t,z,2',w,c°, c),

|8x?(t7 x”w? CO7C) - ax?(t7 '1‘7 w? CO’ C)’ + |az§(x/, CO7C) - 8$§(aj7 CO7 c)| S L|x/ - ZB| Y

4In the standard economic theories, the market clearing is used to define the competitive equilibrium not only
for securities but also for any goods with appropriate modifications. See, for example, [36, Chapter 10].



and [0, f(t, 2,0, ", c)| +|0:g(x, ¢, ¢)| < L(1+ |2| + |@| + |°] + |e]).

(iv) The functions f and g are convex in x in the sense that for any (t,z, 2, @, "

,€);

_ _ _ f
ft, 2w, c) - flt,z, @, c) — (& —x,0.f(t,z,w,c°,¢)) > %W —z]?,

g
g2, ¢) =gz, ¢) — (& — x,0,9(x,°, ¢)) > %]:c' -z,

with some constants v/, ~9 > 0.
(v) l,00 and o satisfy the linear growth condition:

(1,00, 0)(t, @, ", ¢)] < L(1+ [w] + [c”] + [e])

for any (t,w,c, c).
(vi) b€ [0,1) is a given constant.

Remark 3.2. If ¥ denotes a coupon stream of the securities, one may use for example,
7 0 0 =
f(t,x,w,c,c)z—( ,w)—i—f(t,x,w,c)

as a running cost with an appropriate measurable function 7. As for securities with a given
maturity T with exogenously specified payoff ®, such as bonds and futures, it is natural to
consider

g(x,co) = g(‘rvco) = —<CO,1,‘>

as the terminal cost. Since the securities cease to exist at time T after paying c°, there is no
reason to put the penalty on the terminal position size anymore.

For this problem, the (reduced) Hamiltonian is given by
H(t,z,y,a,w,,¢) = (y,a+1(t,w,E ) + f(t,z,a,w,,¢) .

Since 0, H (t,x,y,a,w@,c’,c¢) =y + @ + Aa, the minimizer of the Hamiltonian is

aly,w) := —A(y + w) (3.3)

where A := A~!. The adjoint FBSDE associated with the stochastic maximal principle for each
agent 1 < i < N is thus given by,

dXZ = <a(yj, wy) + U(t, oy, c?, cf;))dt + oo(t, wy, Cg, ci)thO + o(t, wy, C?, cé)de ,
dY}Z = _aﬂﬁf(t7 XZ', W, C?, Ci)dt + Zti’OthO + szWtZ ’ (34)
with X{ = ¢ and Y7 = 0,9(X%, wr, &, ¢&).

Theorem 3.1. Under Assumption 3.1 and a given (wy)iejo ) € H? (FO; R") with wr € L2 (?%; R™),
the problem (3.1) for each agent is uniquely characterized by the FBSDE (3.4) which is strongly
solvable with a unique solution (X', Y, Z10 Z1) € S2(F';R") x S2(F';R") x H2(F';R"™ ") x
H2(Fl Rnxd)_

Proof. Since the cost functions are jointly convex with (x,«) and strictly convex in «, the



problem is the special situation investigated in [14, Section 1.4.4]. Note that, in our case, the
diffusion terms og, o are independent of (X*,a?). Hence the proof is the direct result of [14,
Theorem 1.60]. O

Using the above solution, the optimal strategy of each agent is given by
az = _K(}/tl + wt)v te [07T] :

Let us check the market clearing condition. In the current situation, (3.2) is equivalent to

1oL,
wt:_NZ;}/tZ
1=

which is of course inconsistent with the our simplifying assumption that requires (w;);>0 to be an

ﬁo—adapted process. However, in the current setup, for any t € [0, T], (Y;)XY, are exchangeable
random variables due to the construction of the probability space, common coefficient functions,
and the fact that (¢)Y; as well as (¢, t € [0,7])YY, are assumed to be i.i.d. Thus De Finetti’s
theory of exchangeable sequence of random variables tells

. 1 ; P
lim N ZYtZ = E[Yt1| ﬂ a{¥/,j > k}} a.s.
i=1 E>1
See for example [14, Theorem 2.1]. It also seems natural to expect that the tail o-field is reduced
to 7?. Therefore we can expect that, in the large-N limit, the market price of the securities
. 11==0
may be given by w; = —E[Y}'|F,].
The above observation motivates us to consider the following FBSDE:

~ -0 =0
dX, = (a(Yt,—E[Yt\]—"t]) +i(t, —E[mft],cg,ct))dt
=0 —=0
+oo(t, —E[Yi|F,], &, cr)dW + o (t, —E[Yi|F,], ¢, cr) AW,
A, = =0, f (t, Xo, —E[Vi|Fy), &, ) dt + Z0dW0 + Z,dW}

with Xp = ¢ and
b

Y:
=17

_ ——=0 _
E[axg(XTycg“ch)‘fT] + 81;9(XT70%7CT)-
To simplify the notation, we have omitted the superscript 1 from Y1, X1, ¢! and ¢'. Let us
remark on the terminal condition. Y7 = 0,9(Xr, —E[YT].T-"(:)F],C%, cr) is not yet fully specified.
Taking the conditional expectation in the both sides gives

E[Y7|Fy] = bE[Y2|Fy) + E[0,5(Xr, 3, er)[Fr]

which implies E[YT|?2‘] = L E[0,9(Xr, ¢, cr) ].7-"(%] . Substituting this expression for E[Yﬂ?%]
in 0,9, we get the above specification of the terminal condition.

This is the FBSDE we are going to study in the following. It is of McKean-Vlasov type with
common noise, and similar to the FBSDEs relevant for the extended mean field games. In the
following, we are going to prove the existence of a unique solution to the above FBSDE under



appropriate conditions and then show that (—E[YH??]) e[0T
approximation of the market clearing price process. In the large-N limit, the market clearing
condition we seek is defined by

| actually provides a reasonable

1 .
lim —> aj=0, dt®dP-ae. (3.5)

Although it is weaker than (3.2) by the factor N =1, this is the standard convention of the market
clearing condition used in the economics literature dealing with infinite number of agents. See,
for example, Follmer (1974) [16] and references therein. Note that, if (w;)scpo,7] € H2(ﬁO;R”)

with wp € L2 (7—"{%, R™) is given arbitrary, then the quantity in the left-hand side, which is the
average of the excess demand,® has a non-zero limit of L2-moment. See also the discussion in
Remark 5.1.

4 Solvability of the mean-field FBSDE
We now investigate the solvability of the FBSDE derived in the last section
~ —+=0 —=07 0
ax; = (@ (Y, ~EIGIF)) + U(t, ~ENGIF), v er) ) dt

—=0 —=0
+00(t, —E[Y}| Fy], ¢y ct)dWY + o (t, —E[Y| Fy ], ¢}, er) AW,
A, = =0, f (t, Xo, ~E[Vi|FJ), &, ) dt + Z0dW0 + Z,dW} (4.1)

with Xg = £ and

b _ —=0 _
Yr = - E[0:9(Xr, cp, er)[ Fr] + 0:5(Xr, e, o).

@ is defined as in (3.3). (¢9);>0 € HQ(FO;]Rn) and (ct)i>0 € HQ(Fl;R”) with square integrable

%, cr are given as inputs. Let us remind the notation to write ¢ = ¢! and ¢ = ¢!

4.1 Unique existence for small T

Assumption 4.1. For any (t,z,c° c) € [0,T] x (R")? and any w,=’ € R", the coefficient
functions 1, 00,0 and f satisfy, with L and another nonnegative constant L,

’(Z,UQ,J)(t,YD, CO’C) - (l70070)(t7w/>coac)| < L‘w - w/|a

0. f(t, 2,0, ¢) — 0 f(t, 2, @', P 0)| < Lo|w — | .

Due to the Lipschitz continuity and the absence of (Z°, Z) in the diffusion coefficients of the
forward SDE, we have the following short-term existence result.

Theorem 4.1. Under Assumptions 8.1and 4.1, there exists some constant T > 0 which depends
only on (L, L, A, b) such that for any T < T, there exists a unique strong solution (X,Y,Z° 7) €
S2(FL;R") x S2(F';R") x H2(F'; R"*4") x H2(F; R"*%) to the FBSDE (4.1).

5Tt is standard to define the excess demand by vazl at including the both signs.
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Proof. Although there exist terms involving E[Y}]?? |, one can adopt the standard technique for
the Lipschitz FBSDE. See, for example, the proof for [14, Theorem 1.45]. O

4.2 Unique existence for general T

In order to obtain the existence result for general T, we are going to apply the technique
developed by Peng & Wu [37]. In the case of the standard optimization problem, the joint
convexity in the state and control variables combined with strict convexity in the control variable
are enough to obtain the unique existence. Interestingly however, we need a strict convexity
also in the state variable X in our problem. As we shall see, this is because the term —E[Yt]fg]
which appears due to the clearing condition weakens the convexity.

Assumption 4.2.

(i) The functions og and o are independent of the argument .

(ii) For any t € [0,T], any random variables z,x',c", c € L?(F;R™) and any sub-o-field G C F,
the function | satisfies the monotone condition, with some positive constant 4 > 0,

E <l(t,E[33|g],CO,C) - l(tvE[$l|g]7COaC)7m - $/>} > Wll{Lw>O}E[E[$ - $,|g]2] :

iii) There exists a strictly positive constant v satisfying 0 < v < (~vf — L—% A ~v9. Moreover,
4y
or any x,2', 0, c € L2(F;R"™) and any sub-o-field G C F, the function § satisfies
Yy Y 9

b
VE[z — oY) + - E[(E[0:g(z, ,0) — 0,g(a', ", 9G], @ )] = vE[lw — /7] .
Remark 4.1. If | and 0, have separable forms such as h(x) + he(c%, c) with some functions
h and h®, then the conditions (ii) and (iii) are satisfied when the function h is monotone.
Economically speaking, the condition (ii) roughly implies that the demands from the individual
OTC clients for the securities decrease when their market prices rise.

The next theorem is the first main existence result.
Theorem 4.2. Under Assumptions 3.1, 4.1 and 4.2, there exists a unique strong solution

(X,Y, 25, 7) € S2(FY; R") x S2(FL;R™) x HA(FL; R™) x H2(FY; R"*9) to the FBSDE (4.1).

Proof. In order to simplify the notation, let us define the functionals B, F and G for any
y,z,c, c € L2(F;R") by

B(t,y,<",¢) i= (~K(y — ERIF))) + U(t, ~EIF)).,0)),

/

F(t,l’,y,CO,C) = _ax?(tvxa _]E[y|??]7co7c)v

S

Gz, ¢) := mE[ﬁxg(aj,co,cH??p] + 0,9(z, ", ¢) . (4.2)

With the convention Ay :=y — 4/, Az := x — 2/, one can easily confirms
—=0
E[<B(t’ Y, Coa C) - B(tv y/v CO’ C)v Ay>] < _’Yl]-{Lw>0}E [E[Amft]z] s
L% —0
E[<F(t7 z,Y, CO’ C) - F(t7 xla y/7 CO? C)? A.’L’>] S - (fyf - W)EHA‘IF] + ’yll{Lw>0}E[E[Ay‘ft]2] ’

E[(G(z,c" c) — G(2/, 0, ¢), Az)] > ~E[|Az|?], (4.3)

11



where the first estimate follows from Assumption 4.2(ii) and Jensen’s inequality, the second from
Assumptions 3.1(iv), 4.1 and Cauchy-Schwarz inequality. The third one is the direct consequence
of Assumption 4.2(iii).

We first make the following hypothesis: there exists some constant ¢ € [0,1) such that,
for any (I?)i>o, (Itf)tzo in H3(F';R") and any n € L*(F:;R"), there exists a unique solution
(22,92, 292 20) € S2(FL; R") x S*(FL; R™) x H2(F1;R”Xdo) x H2(F!; R"*?) to the FBSDE:

d$f = (QB(ta yfv 0?7 Ct) + If) dt + 00(t7 C?, Ct)thO + U(ta Cg7 Ct)thl )
dytg = _((1 - Q)V'%? - QF(tv xfa ytga Cg; Ct) + Itf>dt + Z?’QthO + Zdetl ) (44)
with 28 = ¢ and y% = 0G (2%, ¢, cr) + (1 — o)x% + 1. Note that when ¢ = 0 we have a decoupled
set of SDE and BSDE and hence the hypothesis trivially holds. Our goal is to extend the p
up to 1 by following Peng-Wu’s continuation method [37]. Now, for an arbitrary set of inputs
(z,y,2%, 2) € S2(FL; R™)? x H2(F!; R"*4") x H2(F!; R"*4) and constant ¢ € (0,1), consider
dXt = [QB(tv Y;fa Cgv Ct) + CB(tv Y, Cgv Ct) + Itb] dt + UO(tv Ci(t)a Ct)thO + U(t? C?a Ct)thl ’
dY; = —[(1 = 0)vXs = 0F (t, X0, i, et) + C(=vae — F(t, w0, yr, ¢ ) + I} ] dt
+Z0dWP + Zaw}! | (4.5)
with Xo = € and Yr = oG(X1, % er) + (1 — 0) X1 + ((G(ar, %, cr) — z7) + 1. The existence
of the solution (X,Y, Z°, Z) € S? x S? x H? x H? is guaranteed by the previous hypothesis. We
are going to prove the map (z,y, 2%, z) — (X,Y, Z°, Z) defined above becomes strict contraction
when ¢ > 0 is chosen small enough.

For two sets of inputs (z,y, 2%, z) and (2, 3/, 2%, 2'), let us denote the corresponding solutions
to (4.5) by (X,Y,2°,Z) and (X', Y, ZY Z'), respectively. We put AX; := X; — X|, AY; :=
Y; — Y/ and similarly for the others. Applying It6’s formula to (AX, AY') and using the estimates
(4.3), we obtain

T
E[{(AXr, AYy)] < —71[«:/ |AX,|%dt
0
T
—=0 =0
+CCE [ [|AYi(1Au] + ELAw{F) + [AXel (At + | AufFY)]de
0
On the other hand, from the terminal condition on AY7, we get

E[(AXp, AYr)] > (07 + (1 - 0)E[|AXr[*] - CCE[|AXr|(|Awr| + El|Azr[F7])] |

In both cases, the constant C' is p-independent. Let us set 7. := min(1,) > 0. Then one easily
confirms 0 < 7. < oy + (1 — o) for any ¢ € [0,1). Then the above estimates yield

T
VE[|AXe? + [ 1AXPde] < CCE[|AXs|(|Aar| + Bl Aar|F5)]
0

T
+CCE [ [|AYi(Au] + ElAw[F) + |AXi](Aar| + B[l Ap 7] .
0

12



Using Young’s inequality and a new constant C, we get
T T
E[lAX7[2] +E / AXi[2dt < CCE / (IAYA[? + (|Azi[ + | Ayi[?))dt + CCE[|Axr ] . (4.6)
0 0

Treating X, X’ as inputs, the standard estimates for the Lipschitz BSDEs (see, for example, [39,
Theorem 4.2.3]) gives

T
E[ sup AYt|2+/ (1AZ]P +|AZi[)dt]
t€[0,7 0

T T
< CE“AXTP +/ \AXt\th] +<CE|:’AQZT’2 +/ (|Az | + |Ayt|2)dt} .
0 0

Combining with (4.6) and choosing ¢ > 0 small, we obtain

T T
E[ sup |Am2+/ (\AZSFHAZ,:F)dt} g(CIE[|AxT|2+/ (;Aa:tyumyt\?)dt} @)
t€[0,T1] 0 0

By the similar procedures, we also have

T
E[ sup |AXt|2} ggCE[|AxT|2+/ (|Axt|2+|Ayt\2)dt} . (4.8)
te[0,T] 0

From (4.7) and (4.8), we obtain with C = C(L,A,~., T, ()

T
E| sup |AX?+ sup |AYt|2+/ (1AZPP + |aZ )]
t€[0,T) t€[0,T] 0

T
< CCE[ sup |A:z:1t|2 + sup ]Ayt|2 +/ (|AZ?|2 + |Azt\2)dt},
t€[0,T] t€[0,T] 0

where C' is decreasing as ¢ goes to zero. Thus there exists ( > 0, being independent of the size
of o, that makes the map (z,v,2°%,2) — (X,Y,Z% Z) strict contraction. Therefore the initial
hypothesis holds true for (¢ + (), which establishes the existence. The uniqueness follows from
the next proposition. O

Proposition 4.1. Given two set of inputs (¢,c%,¢), (¢',¢Y, ), coefficients (b, A), (', \') and the
coefficient functions (I, 00,0, f,q), (l’,a(),a',?l,ﬁ’) satisfying Assumptions 3.1, 4.1 and 4.2, let
us denote the corresponding solutions to (4.1) by (X,Y, Z°, Z) and (X',Y', Z%, Z"), respectively.
We also define the functionals (B, F,G)and (B', F',G") by (4.2) with corresponding coefficients,
respectively. Then, we have the following stability result:

T
E[ sup [AX,+ sup |Am2+/ (1AZ012 + |AZ )]
t€[0,7T te[0,T 0

< CE[|Ag] + 0GP + / (BEP + )R + 16000 + |30(2)?) ] |
0
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where C' is a constant depending only on T as well as the Lipschitz constants of the system, and

5B(t) = B(t,YZ,C?,Ct) - B (t }/tﬂct 7ct)

SF(t) := F(t, X], Y/, ) ¢;) — F'(t, Xt,Yt,ct ),

(600,60)(t) := (o0(t, ¢}, ct) — og(t, e &h), a(t,cf, er) — o' (t, ¢}, ),
6G = G(Xh, & er) — G'(X, & )

and A& := ¢ — &', AX; = Xy — X| and similarly for the other variables.

pTOOf. Let us put AB(t) = B(t Y;&,Ct,Ct> B(t }/t/?Ctact) AF( ) F(t Xt,Y%,Ct,Ct)—F(t, Xt/7Y;:/:C?aCt)
and AG := G(Xr, %, er) — G(Xh5, %, er). We get by Itd’s formula to (AX, AY),

T
B[(AXr, AG+56)] = E[(A& AYD) + [ ((6F (1), AX) + (6B(1), AY)
0
(B0 (t), AZ0) + (30(t), AZ) + ((AF(t), AXy) + (AB(t), Am))dt} .
Using (4.3), we obtain
T
B[laxr?+ [ |axiPar] < E[(a6 AY) - (A%7.56)
0
T
+ / ((6F(t), AXy) + (6B(t), AY;) + (500(t), AZD) + (3o (t), AZQ)dt} . (49)
0
On the other hand, the standard estimates for Lipschitz SDEs and BSDEs give

T
B sup AV + [ (AZ07 +|6Zi )]
t€[0,T 0

T T
SCE[\5G|2+/ |5F(t)|2dt} +C’IE[|AXT]2+/ |AXt|2dt} , (4.10)
0 0

T T
IE[ sup |AXt|2} gCE[|A§!2+/ [|5B(t)\2+|5ao(t)|2+|5a(t)|2}dt} +C’IE/ IAY;dt .
te[0,T] 0 0

Combining the above inequalities (4.9) and (4.10) gives

T
E| sup JAX2+ sup \AY;|2+/ (1AZ01 +|AZ )]
t€[0,T t€[0,T 0

< CE[|A¢f + [5G + /T[|6F(t)|2 + SB[ + |800(D)? + 00 ()]t
0
+CE (A, AY)) — (AXr, 0G) + / P, X)) + (0B(), A + (do0(t), AZD) + (do(), AZ))dt] .
0

Now simple application of Young’s inequality establishes the claim. ]

Corollary 4.1. Under Assumptions 3.1, 4.1 and 4.2, the solution (X,Y,Z°, Z) to the FBSDE
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(4.1) satisfies the following estimate:

T
B[ sup (X + sup [P+ [ (Z0P +12P)dt] < CE[l6f + 10900, & er)P
t€[0,T] t€[0,T] 0

T
+ / (19:F(2,0,0, 2, ) + [1(t, 0,0, c0)? + (00, 0) (¢, o)) ]
0

where C' is a constant depending only on T,b and Lipschitz constants of the system.

Proof. By quick inspection of the proof for Proposition 4.1, one sees that we have used properties
of the coefficient functions given in Assumptions 3.1, 4.1 and 4.2 only for (I, 0¢, o, f,g). In fact, we

. .. . . T A
would have gotten the same conclusion in the proposition even if the coefficients (I, of,, o', f, ')
were chosen arbitrarily as long as (X', Y, Z% 7Z') € §? x §? x H? x H? were well-defined. In
particular, by putting & and (I, o, o, 7, ') all zero, we have a trivial solution (X', Y, 29 Z")
(0,0,0,0). The desired estimate now follows from Proposition 4.1.

Ol

4.3 Application to securities with exogenously specified payoff

If we consider the exchange markets of bonds and futures, or other financial derivatives with
maturity 7', those securities cease to exist at T after paying exogenously specified amount of
cash C(%. In this case, as we have mentioned in Remark 3.2, it is natural to consider with b = 0
and

g(z, ) =gz, ) = (O, ), (4.11)

since there is no reason to put penalty on the outstanding volume at 7. In this case, the terminal
function g in (4.11) does not have the strict convexity. Fortunately, even in this case, we can
prove the unique existence as well as the stability result of the same form.

Assumption 4.3.
The same conditions as in Assumption 4.2 except (iii), which is replaced by

(iii)" v ==~/ — i—% is strictly positive and the terminal function g is given by (4.11) with b = 0.

Proposition 4.2. Under Assumptions 3.1, 4.1 and 4.3, there exists a unique strong solution
(X,Y,2°, 7) € S2(F;R") x S2(FY;R") x H2(F:; R™¥4") x H2(F';R"*%) to the FBSDE (4.1).
Moreover, the same form of stability and IL? estimates given in Proposition 4.1 and Corollary 4.1
hold.

Proof. Note that, in this case, the terminal condition for the BSDE is independent of X7. Thus,
as in [37, Theorem 2.3], we put y% = Yy = —c¥}. in (4.4) and (4.5), respectively. Using the fact
that (AX7, AYr) = 0, one can follow the same arguments to get the desired result. The proof
of the stability result can also be done in almost exactly the same way. ]

Before closing the section, let us give a simple example of n bonds which have coupon
streams represented by n-dimensional process (cg)te[oj) as well as the unit principal payment at
the maturity 7. We introduce two measurable functions p : [0,7] — R™ and ¢ : [0,T] x R” — R"
satisfying

Pt < C, gt e)] < C(1+ ) (4.12)

with some constant C' > 0 for any (t,¢) € [0,T] x R™.
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Corollary 4.2. Suppose that og,o are constant matrices with appropriate dimensions, c% =

(1,---,1)T the n-dimensional vector, the functions p and q as above, and that the terminal cost
is given by (4.11). Moreover, the functions of running cost f : [0,T] x (R™)?> — R as well as the
OTC order flows 1 :[0,T] x R" — R are given by

2

)

F(t, 2,0 c) = — (", 2) + g\x —qlt,c)
I(t, @) = ((w — p(t)),

respectively, where o, ( are positive constants. Then, there exists a unique solution to the FBSDE
(4.1) with corresponding coefficients.

In the above example, except the noise terms, the OTC clients of each agent tend to sell the
ith bond (and hence increase the storage level of the agents) when w! > pi(t). The function
q(t,c) denotes some target level of the storage depending on the idiosyncratic information c.

5 Asymptotic Market Clearing

We are now ready to investigate if our FBSDE (4.1) actually provides an approximate of the
market price and if so, how accurate it is. By Theorem 3.1, if we use (—E[Ytl.fg] Jtelo,1) as the
input (@¢)iepo,7], where (Y1),c[0,7] is the unique solution to the FBSDE (4.1) with the convention
€ = ¢! and ¢ = ¢!, the optimal strategy of the individual agent is given by

~i s —=0 — eri —0

e (t) == a(Yy, —E[Vi| Fy]) = =AY — E[Y:|F;]) (5.1)

where (Y});c0,7] is the solution to (3.4) with (w; = —E [Y}\f?] )tefo,r]- The next theorem shows
that the market clearing condition in the large-N limit (3.5) holds.

Theorem 5.1. If the conditions for Theorem 4.1, Theorem 4.2 or Proposition 4.2 are satisfied
then we have

1
Moreover if there exists some constant I' such that sup,c(o 1 E[[v;]7] @

then there exists some constant C' independent of N such that

<TI' < oo for some q > 4,

o1 M 2 )
IE/O )N;amf(t)’ dt < CT2%ey, (5.2)

where ey = N2/ max(n4) (14 1log(N)1p—gy)-

Proof. Let us consider the following set of FBSDEs with 1 < i < NN on the filtered probability
space (9, F,P;F) constructed in Section 2.

i INa% i) 0 i1 0 i
ax; = (~A(Y - BT + Ut BT, o, cf) )t
i 70 i iy 70 i i
+oo(t, B4 F,], &, ) dWy + o(t, —E[Y{|F,], ¢}, ¢} dWY,
AYi = —0.f(t,Xi,~E[YiF)),c),cdt + Z,"aW? + Zidwy,
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with X} = ¢* and
i b —(yi 0 iyT —(yi 0 i
Yr= T_bE[aIg(XTv cp, ep)|Frl + 0:9(X7, ep, cp).

Thanks to the existence of unique strong solution, Yamada-Watanabe Theorem for FBSDEs (see,
[14, Theorem 1.33]), there exists some measurable function ® such that for every 1 <i < N,

(XL, Y )iejor) = ‘I)<(C?)te[o,ﬂ, W) iepm1- €5 () eepo.ms (Wti)tE[O,TO :

Hence, conditionally on .TO, the set of proceses (X i,Z};)tE[O,T} with 1 <4 < N are independently
and identically distributed. In particular, we have P-a.s.

E[Y{|F:) =ENIF), viel0,T],
—/vi i \ =0 _ =0
E[0.(XT, cr, ¢p)| Fr) = El0.5(Xr, e, 1) | Frl - (5:3)
Note that, under the convention ¢! = ¢ and ¢! = ¢, we actually have (X', Y!) = (X,Y). From

(5.3), we conclude that (X},Y{, 2", Z)epr = (X0 Y4, Zy°, Z1)iepor) in SA(FY) x SH(FY) x
H?(F?) x H?(F?). Therefore,

1, N
Nzainf(t) ( § : Yt|Ft]) . (5.4)
i=1 =1

We can easily check that
E[Ws( Zdyz wHED) 7] s*ZE ([Y3PI77) + 2BV} 217 = 4B [y} 7] -
=1

Since (Zﬁ)lgig N are .T?—conditionally independently and identically distributed and also Y €
S?, the same arguments leading to (2.14) in [14] imply that the pointwise convergence holds:

lim E[W2< Zayz W HF) ) ] ~0. (5.5)

N—oo
We are now going to show that the set of functions, (fn)nyen defined by
_ 2
[O’T] St fN(t) = ]E[WQ(:U'tnut) ] eR

with 1z, := + Zf\il dyi and py = L(Xﬂf?) are precompact in the set C([0,7];R) endowed with
the topology of uniform convergence. In fact, uniformly in N,

sup [fn(t)] <4 sup E[[Y}!] <C < oo (5.6)
t€[0,T] te[0,T]

where C' is given by the estimate in Corollary 4.1. Moreover, for any 0 < ¢,s < T, Cauchy-
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Schwarz, (5.6) and the triangular inequalities give

[SIE
M

B[ (Wali, m) ~ ol )|

1

< CE[(Watfi ) ~ W) ] < CE[Wai )+ Watgu, 1]

0 0 (a0 + )’

(ST

N
< CE[ L S Y- YiP + v} - ¥iP]
< CE[lv} - YIP]?

uniformly in N, where we have used the fact that (Y*);>; are conditionally i.i.d at the last
inequality. Since (X%)te[O,T] is a continuous process, the above estimate tells that (fn)nen
is equicontinuous, which is also uniformly equicontinuous since we are working on the finite
interval. Now, Arzela-Ascoli theorem implies the desired precompactness.

Combining with the pointwise convergence (5.5), we thus conclude

. 1 & —0,\2
Jim tes[lé%]E[Wg(N ;5Y§,E(Yt1|}"t)) } ~0. (5.7)

Next, we claim that the following inequality holds:
1N . N .
|~ SV EIYHF| < Wi (5 D oy £OAIFD)
i=1 i=1
The estimate can be proved as follows. For any u,v € P;(R"™), Jensen’s inequality implies

)/nxﬂ(dl’) - /Rn yv(dy)‘ = ‘/R"XR"(SU — y)ﬂ(dx,dy)‘ < /Rann |z — y|w(dz, dy)

for any coupling 7 € II; (u, v) with marginals p and v. Taking infimum over 7 € II; (u, v), the
definition of Wasserstein distance in (2.1) gives

‘/nfﬂﬂ(dﬂf) —/Rn yl/(dy)‘ < Wi(p,v).

Substituting 3 PR dyi and Ly} \??) into p and v in the above relation, we obtain the desired
inequality. Eq. (5.4) and the obvious relation Wy (u,v) < Wa(p,v) for p,v € Po(R™) give

IETlNAitht<C' EW1N5_£Y1?02 -
/O‘N;amf()) =" o { Q(N; vis L] t))}- (5.8)

The first conclusion now follows from (5.7). The latter claims directly follows from the expression
(5.8) and the (Fourth Step) in the proof of [14, Theorem 2.12]. O

Theorem 5.1 justifies our intuitive understanding and a special type of FBSDEs (4.1) derived
in Section 3 as a reasonable model to approximate the market clearing price. When there exists
higher integrability, Glivenko-Cantelli convergence theorem in the Wasserstein distance even
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provides a specific order ey of convergence in terms of the number of agents N (Eq. (5.2)). See
the discussions in [13, Theorem 5.8, Remark 5.9] for more details.

Remark 5.1. In [22], we have shown that it is indeed possible to construct the price pro-

cess (WEN))te[O,T] satisfying the market clearing condition (3.2) even when N is finite, once
we impose appropriate monotone conditions and also relax the information structure so that
every agent i has the perfect knowledge including idiosyncratic shocks to the other agents,
jeA{l,--- N}, j # i. We also need to assume thal every agents behave as a price taker.

Interestingly, we showed that (wEN))tE[O,T] strongly converges to the process (_E[Yﬂﬁg])te[oﬂ
studied in the current paper in the large-N limit. Moreover, the idiosyncratic information to
the other agents becomes irrelevant in the same limit, since the market price becomes adapted
to representing the common information. This observation further supports our claim that
(—E[lﬂf?])te[oﬂ gives a reasonable approximation of the market price when the number of
agents N is large enough. These contents are closely related to the backward propagation of
chaos. See, in particular, [22, Remark 4.3] and references therein.

Remark 5.2. Consider the situation treated in Proposition 4.2, for example, a market model
of a Futures contract. If the contract pays unit amount of the underlying asset per contract
whose value is exogenously given by C%, our mean-field limit model (4.1) gives Yp = —cE}. This

means that the modeled Futures price satisfies wr = —]E[YT\fOT] = ¢, which guarantees the
convergence of the modeled price to the value of the underlying asset at the maturity T'. This is
a crucially important feature that any market model of this type of securities must satisfy.

6 Extension to Multiple Populations

The main limitation of the last model is that there exists only one type of agents who share the
common cost functions as well as the coefficient functions for their state dynamics. Interest-
ingly, it is rather straightforward to extend the model to the situation with multiple populations,
where the agents in each population share the same cost and coefficient functions but they can
be different population by population. From the perspective of the practical applications, this
is a big advantage since we can analyze, for example, the interactions between the Sell-side and
Buy-side institutions for financial applications, or consumers and producers for economic appli-
cations. For general issues of mean field games as well as mean field type control problems in the
presence of multiple populations without common noise, see Fujii [20]. Although there exists a
common noise in the current model, the conditional law only enters as a form of expectation.
Therefore, as long as the system of FBSDEs is Lipschitz continuous, there exists a unique strong
solution at least for small T'. For general T, although it is rather difficult to find an appropriate
set of assumptions, it is still possible for some simple cases. In this section, our main task is to
find an appropriate limit model that extends (4.1) for multiple populations and the sufficient
conditions that make appropriate monotone conditions hold, which guarantees the existence of
unique solution.

In the following, we shall treat m populations indexed by p € {1,---,m}. For each
p, Np > 1 agents are assumed to belong to the population. We denote by (p,i) the ith
agent in the population p. First, let us enlarge the probability space constructed in Sec-
tion 2. In addition to (ﬁo,fo,@o;ﬁo), we introduce (7, F P";P") with 1 < i < N,
and 1 < p < m, each of which is generated by (£, WP*) with d-dimensional Brownian motion
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WP and a WP -independent R"-valued square integrable random variable £7¢. For each p,
(gpvi)jﬁ’l are assumed to have the common law. We define (i, FPi PPt FP) as the product of
(ﬁ] ?O @0 ﬁo) and (ﬁpl ?pl @pl P ) Finally (Q, F,P;F) is defined as a product of all the
spaces (Q, F°, P’; FO) and @, fp” PP ™), 1< i < Ny 1< p < m, and (2, F P F) as a
product of (Q }" IF’ ) and (sz .sz WZ,FP’ ) with 1 < p < m. Every probability space is
assumed to be complete and every filtration is assumed to be complete and right-continuously
augmented to satisfy the usual conditions.

As we have done in Section 3, we first assume that the market price of n securities is given
exogenously by w; € HQ(FO;R”) with @y € L2 (?(%;R"). Under this setup, we consider the
control problem for each (p,i) agent defined by

inf  JP'(aP) (6.1)

aP e APt

with
Jpl(ap, _]E / fp Xf’ 7at awtvct7cp )dt+gp(X§“’i7wTacg“vc§ii) 9

subject to the dynamic constraint:

de7i = (af’i—i-lp(t,wt,cg,cp ))dt—i—apo(t wt,ct,cp )th + op(t, wt,ct,cp )de’

with Xg’i = &P". As before we assume (¢f)>0 € H2(ﬁ0; R™) with ¢, € L2(Fy; R") and ()0 €
H? (Fp’z; R™) with cz%z elL? (?T’Z; R™). In addition, within each population p, the random sources
(cf ’i)tzo are assumed to have a common law 1 < i < NN,. Admissible strategies AP is the
space H?(FP*;R™). The measurable functions f, : [0,7] x (R")® = R, g, : (R")* = R, f,
[0,7] x (R")* = R and g, : (R")* — R are given by

1 _
folt,x,a, @, ¢) i= (w,a) + §<a,Apa> + fp(t,x,w,co,c) ,
gp(2,m,0,¢) := —b{w, x) +§p($,co,c) )

Assumption 6.1. We assume the following conditions uniformly in p € il, e, m}
1) A, is a positive definite n x n symmetric matriz with AMx, < A, < A, xn in the sense o
P p y p
2nd-order form where A and \ are some constants satisfying 0 < A < \.
(ii) For any (t,r,w,c°,¢c),
otz )| + [, (2, 0)] < L+ |2 + [ ]” + [ + [ef?) -
iii) f, and g, are continuously differentiable in x and satisfy, for any (t,z,2', @, ,¢),
p p Y Yy Y

|0, f,(t, 2", P,¢) -0 o fp(t, 2, @, & ,0)| + 10.7, (2, &, e) - ngp(a:,co,c)] < Llz' — 2|,

and |0y f,(t, z, w0, ", )| + 0.9, (x, ", )| < L(1 4 || + || + 2] + |]).
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(iv) The functions fp and g, are conver in x in the sense that for any (t,z,2' @, c),

_ _ _ f

Ip(t, ' w,dc) — fp(t,x,w,co,c) — (2’ — x,@xfp(t,x,w,co,c» > %L’El —z]?,
g

§p(m’,co,c) — §p(x,co,c) — (2’ — x,&zgp(x,co,c)) > %‘J}/ —z,

with some constants v/, v9 > 0.
(V) lp,0p0,0p are the measurable functions defined on [0,T] x (R™)3 and are R, R™*4 gnd
R"™¥4_yalued, respectively. Moreover they satisfy the linear growth condition:

|(lp, p.0,0p) (t, @, ¢, €)| < L(1 + |w] + |c°] + |e])

for any (t,w,, c).
(vi) b€ [0,1) is a given constant.
Under Assumption 6.1, Theorem 3.1 guarantees that the control problem (6.1) for each agent
(p, ) is uniquely characterized by
dxP' = (ap(yfﬁi,wt) +lp(t, @1, &, o ))dt+apo(t @1, ¢, )WY + o (t, vy, AW,
AYP' = =0, f,(t, XD oy, &, D Ydt + 2P0 dw) + ZP aw, (6.2)
with X2 = eP and Y2 = —bwT—Faxgp(X%i, ., ). We have defined @, (y, @) := —A,(y+w)
and A, := (A,)~" as before. There exists a unique strong solution (X", Y, z"°, Z{ )iepo,r) €

S?(FP4; R™) x S?(FP4 R™) x H2(FP; R”Xdo) x H2(FP#; R™*%), and the optimal trading strategy
for the agent (p,i) is given by

&y = a,(YP, @) Ve € [0,T).

Let us check the market clearing condition under this setup. In order to balance the demand
and supply of the securities at the exchange, we need to have 3" | vaf’l a(YP' @) = 0. This
requires the market price to satisfy

m o om N,
- (z; anp) 1 Z; nphyp <]\1[p Zp: Ytp’l> )
p= p= =1

where N = Z;n:1 N, and n, := Np/N. At the moment, this is inconsistent to the initial

assumption that requires (w¢)i>o to be ?O—adapted. However, since for each 1 < p < m,

(P l)ivpl are ?O—COHditionally independently and identically distributed, we may follow the same
arguments used in Section 3. If we take N — oo while keeping the relative size of populations
n, constant, we can expect to obtain

= Z E[YP )] (6.3)
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in the large population limit where

Ay = npA,,

(11>

~(5a)"

p=1
Remark 6.1. When A, = A for every population p, one can easily check that (6.3) becomes
m 1 =0
_Z”pE[Y;t | Fi]
p=1
Since Y of the adjoint equation represents the marginal cost i.e., the first order derivative of
the value function with respect to the state variable x, the above expression of w implies that
the market price may be given by the population-weighted average of the marginal benefit (-cost)
across the entire populations.
6.1 Limit problem with multiple populations
By the observation we have just made, we are motivated to study the following limit problem
with 1 <p <m:
p ~ (v =0 =0 0
axp = (@(v; m(E[thm+zp(t,w@[mft]),ct,cf))dt
dyP = —a.f,(t Xf,w(E[m]-“t]) ct,cf)dtJerOth +Zdep’ (6.4)

with X} = ¢P and

[I]>

S —0 _

Z Igp T?C(7)“7c§‘)"FT] +8mgp(X§,C%,C%) .

We put as before P := ¢P! and P := ¢”! to lighten the notation. Here,
SENIF) = -2 AEVF. auy ) = ~Hyly + @)

p=1

and hence (6.4) is actually an m-coupled system of FBSDEs of McKean-Vlasov type. One can
derive the terminal condition from

YE = —bw(E[Y7|Fq]) + 0,5,(XE, 3, ) (6.5)

by summing over 1 < p < m after taking conditional expectation given 7OT. In the following,
we use the notation

(X0 ¥e, 20, Ziector) = (XD O s (2P (ZD051) o (6.6)
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6.2 Solvability for small T

For small T, Lipschitz continuity suffices to guarantee the existence of a unique solution.

Assumption 6.2. Uniformly in p € {1,--- ,m}, for any (t,z,c" c) € [0,T] x (R™)> and any
w,w’ € R", the coefficient functions l,,, opo,0p and fp satisfy, with L and another nonnegative
constant L,

|(lpaop7ovap)(t’w’ Coac) - (lp70-p7070p)(t7w,7coac)| < Llw— w,’a

|6$7p(t7 €T, w, CO’ C) - aﬂv?p(t? €L, w,7 CO? C)| S L‘W|w - w/| :
The next theorem follows exactly in the same way as Theorem 4.1.

Theorem 6.1. Under Assumptions 6.1 and 6.2, there exists some constant T > 0 which de-
pends only on (L, Lg,b,ny, Ay) such that for any T < 7, there exists a unique strong solution
(X,Y,2° 2) € S2(F'; (RM)™) x S2(F; (RM)™) x H2(F; (R™¥)™) x H2(F'; (R™H™) to the
FBSDFE (6.4).

Remark 6.2. Note that the above system of FBSDEs becomes a linear-quadratic form by choos-
mng (lp,opyo,ap,?p,gp) appropriately. In this case, the problem reduces to solving ordinary dif-
ferential equations of Riccati type. Therefore, the existence of a solution for a given T can be
tested, at least numerically, by checking the absence of a “blow up” in its solution.

6.3 Solvability for general T

We now move on to the existence result of a unique solution for general T'. It is very difficult to
find general existence criteria for fully-coupled multi-dimensional FBSDEs. At the moment, in
order to apply well-known Peng-Wu’s method, let us put the following simplifying assumptions.

Assumption 6.3.

(i) For every 1 < p < m, the functions o, and o, are independent of the argument w.

(ii) Ap=A and n, = 1/m for every p.

(iii) For any t € [0,T], any random variables zP, 2P, 0 c? € L2(F;R"™) and any sub-o-field
G C F, the functions (lp)?:1 satisfy the monotone condition, with some positive constant v* > 0,

m

S [l (4 E@IG), ) — 1 (4B O, ), af — a”)| = ma' 10 E[Ef - 7|61

p=1
where T := % 221:1 xP and similarly for T'.
2
(iv) There exists a strictly positive constant 7y satisfying 0 < v < (vf — i—fﬁ) A~9. Moreover,
the functions (g, ), satisfy for any P, ¥, A, c? € L2(F;R"™) and any sub-o-field G C F,

mmflE{ ZE (029, (2", &, cP) — DGy (', &, P |Q,§: P — P }
p=1

+77 ZE[W’ — %] > VZEH»”UP — a7 .
p=1 p=1
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Remark 6.3. The conditions (iii) and (iv) in the above assumption are rather restrictive. The
condition (iii) is satisfied, for evample, if I, has a separable form l, = h(z)+hy(c?, ) with some
function h, which is common to every population and strictly monotone. (iv) is also satisfied by
requiring similar structure. Or, since 0.g, is Lipschitz continuous in x, the absolute value of
the first term is bounded by 12 max((Lp)pty) > ey EloP — zP'|?, where the L, is the Lipschitz
constant for 0:g,. Thus the condition (iv) is satisfied if bmax((Lyp)yL,) is sufficiently small.

The next result is the counterpart of Theorem 4.2.

Theorem 6.2. Under Assumptions 6.1, 6.2 and 6.3, there exists a unique strong solution
(X,Y,2° Z) € S2(F'; (RM)™) x S2(F; (R")™) x H2(F; (R™¥)™) x H2(F'; (R™H™) to the
FBSDE (6.4). Moreover, the same form of stability and 1% estimates given in Proposition /.1

and Corollary 4.1 hold.

Proof. Under Assumption 6.3, (6.4) can be written as

axy = {-&(v7 - ;iﬁmﬂf?}) £t —;iEmp\f?Lc?,cf) b

+Up7o(t7 C?, cft))thO + Up(ta C?? cft))thp,l?

_ 1 & _
dY;fp = _a’rfp (ta ti7 _E ZE[Y?LF?]’ C?, Cf)dt + Zf’OthO + Zdetp’l’
p=1

with X} = &P and

b 1 & _ —0 _
VP = T > E[0:9,(X5, ¢4 BN Fr] + 029, (X5 &, )

p=1

For each p, let us define the functionals B, F}, and G), for any 3, 2P, A P € L(F;R") with

y = (yP)ply, = (2P); and c:= (¢P);L, by

m

Bylty, ) = K (s — S EWFEN) + (6 S WD &)

p=1 p=1
_ 1 & —0
Fy(t,a”,y, &) i= 0, F (.2, —— Z;E[ypft],co,cp),
p:

1 & B 0 B
Y E[0,5, (7, " ) Fy] + .G, 0, )
p=1

Gp(z, 0, c) ==

and set B(tayac()?C) = (Bp<t7y7coacp))gl:17 F(t7xayyco7c) e (Fp(tvxpvyacoacp))m

24

p=1

and G(z,c°, c) :=



(Gp(z,° ,0))ply- With Ay ==y — ¢ and Az := 2 — 2/, we have from Assumption 6.3(iii),

m

E[(B(t,y, &, c) — B(t,y’,co, c), Ay>} = ZE{(Bp(t,y, &, c) — By(t, v, 0, c), Aypﬂ

p=1
m

IN

p=1 p=1

< -my'1y_ 0 E [(% f: E[Ayplfg]ﬂ :
p=1

There exists a orthogonal matrix P such that PT AP becomes diagonal. Then working on the
new basis 4P = PTAyP, 1 < p < m, the last inequality of (6.7) can be checked component by
component 1 < i < n by the fact (370, 47)* <m > 7" [§F?. Second, from Assumptions 6.1(iv),
6.2 and Cauchy-Schwarz inequality,

E|:<F(t7x7yucovc) - F(t’x/ayluco70)a A:’U>i| = iE[(Fp(t,ﬂf7y7co,C) - Fp(t7ﬂ3/,y/,0070)a A$P>
p=1
<= (of = G2 Bl + s (1 S s )| ©5)
47 {L<>0} m gt tivt : :

Finally, from Assumptions 6.1 and 6.3(iv), we immediately get
E[(G(m, &c) -G, e), Ax>} ::ZE{(Gp(x,co,c) — Gy, e), Axpﬂ > qE[|Az|?] .

Now we have established the monotone conditions corresponding to (4.3) for the current model.
We can now repeat the same procedures in the proof of Theorem 4.2 and Proposition 4.1. [

Let us give the results for the securities of maturity 7" with exogenously specified payoff.

Assumption 6.4.
The same conditions as in Assumption 6.3 except (iv), which is replaced by

2
(iv) v :=~f - 4%7 is strictly positive. Moreover, b =0 and the terminal function g, is given by

gp(a:,co) :gp(x7 CO) = _<Covx> (69)
for every 1 < p < m.
Proposition 6.1. Under Assumptions 6.1, 6.2 and 6.4, there exists a unique strong solution
(X,Y,2° Z) € S2(F'; (RM)™) x S2(F; (RM)™) x H2(F; (R™¥)™) x H2(F'; (R™H™) to the
FBSDE (6.4). Moreover, the same form of the stability and IL? estimates given in Proposition /4.1
and Corollary 4.1 holds.

Proof. Using the inequalities (6.7) and (6.8) with Y 3* | (AX7, AYF) = 0, we can follow the

same arguments in the proof of Proposition 4.2. O

25

—> E[Ay”, AAyP)] + %E [(i E[Ayp\??]ﬂi Aypﬂ - mvll{Lw>0}E[(% f:E Ay | ) ) }
p=1 p=1
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6.4 Asymptotic market clearing for multi-population model

At the last part of this section, we investigate the asymptotic market clearing in the presence of
multiple populations. As in Section 5, we define (w¢)ic[o,7] using the solution to the system of
the mean-field FBSDEs:

@ = w(E[Y,|F)) —éZ E[YP(F}]

where (V)7L is the solution of (6.4). In order to test the accuracy of the above (w;)sco,r] as a
market clearmg price, we solve the individual agent problem (6.1) with this w as an input. The
corresponding individual problem (6.1) for the agent (p, ) is given by the unique strong solution
(XPi ypi zpi0 7ZPi) of (6.2). The optimal strategy for the agent (p,i) is then given by

m

AP (t) = — (va éz Yq|]-'t),Vte[O,T].

Theorem 6.3. If the conditions for Theorem 6.1, Theorem 6.2 or Proposition 6.1 are satisfied
then we have

m Np

lim E/ ‘*ZZAP’ ) dt =0,

N—oo
p=11=1

where N := 7" | Ny and the limit is taken while keeping (ny, := Ny /N)1<p<m constant. More-

1
over if there exists some constant I' such that sup,¢(o 7 IE[|Yt|q] 1 <T < oo for some q > 4, then
there exists some constant C independent of N such that

/’N ZA’L ‘dt<CF26N,

p=1i=1
where ey := N2/ max(n4) (14 1log(N)1p_gy)-

Proof. By the definition of &fr’é, we have

m Np ' m Npi o
LSS - e SSE (v 23 A EE)
p=1 i=1 p=1i=1 q=1
m_ 1 Nyp A L
= _ZAP<MZW’Z—E[WW]>. (6.10)
p=1 i=1

On the other hand, we have for each 1 <p <m, 1 < ¢ < N,

axpt = (G (P = EYIFLD) + by (1 w(EIGIF), o, ) )dt
+0p0(t, w(EYIF)), &, &AW + o, (¢, @ (E[V;|F]), &2, &) dWP,
ayP' = —0,f,(t, X}, w(E V(). &, &N dt + ZPaw + 2P awp
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with X2 = ¢pi,
VP = — b (B[Y7|F7)) + 0,9, (X5 %, &Y .

By the unique strong solvability, Yamada-Watanabe theorem implies that there exists some
function ®,, for each 1 < p < m such that for every 1 <i < Np,

(VP Vepom = ‘I’p(CO,(WtO)te[O,T} (EIVA1F Defor)1zazms €7 ( repo 1y, (W )te[O’T])'

Hence (Y ’i)te[o,T],lgig n, are independently and identically distributed conditionally on 7. I
particular, we have E[Y}p’i\?g] [Yp’ll}"t]

We now compare (XP!, vy, zP10 zpl )tejo,r] with (X7, Y7, zP0 7P )eelo,r) by treating w(E E[Y,|F,])
as external inputs. Note that the terminal condition of the latter satlsﬁes the relation (6.5).
Then the standard stability result of the Lipschitz FBSDEs implies (Y} ’1)te[0,T] = (Y )ieo,r) in

S?(FP1; R™). As a result we have obtained IE[Ytp|7g] = IE[Ytp’H?S]. Using the expression (6.10),
we obtain

m Np
oy 7‘ 71 —0
VIR - - Sh(y Y- R).
p=1i=1 =1
We can now repeat the last part of the proof for Theorem 5.1. O

7 Extensions and Concluding Remarks

In this work, we have studied endogenous formation of market clearing price using a stylized
model of the securities exchange. We have derived a special type of FBSDE of McKean-Vlasov
type with common noise whose solution provides an approximate of the equilibrium price. In
addition to the existence of strong unique solution to the FBSDE, we have proved that the
modeled price asymptotically clear the market in the large N-limit. We also gave the order of
convergence €y when the solution of the FBSDE possesses higher order of integrability. In the
following, let us list up of a further extension of our technique and some interesting topics for
future projects:

e Dependence on the conditional law of the state: For applications to energy and com-
modity markets, or economic models with producers and consumers, one may want to study
the cost functions (f,g) depending on the empirical distribution of the state X of the agents

such as 7(t, X}, % Z;VZI O is Wt Y, ci) Under the setup with conditional independence, the
t

cost function for the limit problem is naturally given by T(t, Xy, ﬁ(Xt]]T"g), wy, &Y, ct). Even in

this case, the resultant FBSDE (4.1) is solvable, at least for small T, if (0, f,0.g) are Lipschitz
continuous in the measure argument with respect to Ws-distance. Under the stronger assump-
tion guaranteeing the monotone conditions (4.3), one can even achieve the existence of unique
solution in general T. As long as the common noise is solely from the filtration 7 generated
by WP, we can avoid subtleties regarding the admissibility (so-called H-hypothesis). See [14,
Remark 2.10] as a useful summary for this issue.
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e Explicit solution: If we chose f,§ as quadratic functions and [,0¢,c as affine functions,
we obtain a linear-quadratic mean field game with common noise. In this case, an explicit so-
lution may be available where the coefficients functions are given as the solutions to differential
equations of Riccati type.

e Property of market price process: It seems interesting to study the properties of the
market clearing price theoretically and numerically. For example, if n = d° the equivalent mar-
tingale measure (EMM) can be uniquely determined. Based on the payoff distribution ¢ and
the cost functions of the agents (f,g), one may study how the market price process under the
EMM behaves, for example, the relation between the skew of its implied volatility and the risk-
averseness of the agents.

e Market clearing equilibrium with a major agent: The problem of equilibrium price
formation in the presence of a major agent is an important problem. In our recent work Fujii &
Takahashi (2021) [23], we provide the extension of the current model in the presence of a major
financial firm who has a non-negligible market share even in the large-population limit of the
minor financial firms.

Acknowledgments.

We thank two anonymous referees for valuable comments and feedbacks.

References

[1] Achdou, Y., J.Buera, F., Lasry, J., Lions, P. and Moll, B., 2014, Partial differential equation models
in macroeconomics, Philosophical Transaction of The Royal Society, A 372:20130397.

[2] Achdou, Y., Han, J., Lasry, J., Lions, P. and Moll, B., 2020, Income and wealth distributions in
macroeconomics: A continuous-time approach, preprint, available at https://benjaminmoll.com/wp-
content/uploads/2019/07/HACT.pdf.

[3] Aiyagari, S.R., 1994, Uninsured idiosyncratic risk and aggregate savings, The Quarterly Journal of
Economics, 109:659-684.

[4] Alasseur, C., Ben Taher, 1., Matoussi, A., 2020, An extended mean field games for storage in smart
grids, Journal of Optimization Theory and Applications, 184: 644-670.

[5] Almgren, R. and Chriss, N., 2001, Optimal execution of portfolio transactions, J. Risk, Vol. 3, pp.
5-39.

[6] Ankirchner, S., Jeanblanc, M. and Kruse, T., 2014, BSDEs with singular terminal condition and
control problems with constraints, STAM J. Control Optim. Vol. 52, pp. 893-913.

[7] Bayraktar, E., Mitra, I., and Zhang, J., 2021, Countercyclical unemployment benefits: General equi-
librium analysis on transition dynamics, Available at SSRN: https://ssrn.com/abstract=3925579.

[8] Bayraktar, E. and Zhang, X., 2021, Solvability of infinite horizon McKean-Vlasov FBSDEs in mean
field control problems and games, preprint, available at arXiv:2102.09619.

[9] Bensoussan, A., Frehse, J. and Yam, P., 2013, Mean field games and mean field type control theory,
SpringerBriefs in Mathematics, NY.

28



[10]

[11]

[12]

[13]

[14]

[15]

Carmona. R. and Delarue, F., 2013, Mean field forward-backward stochastic differential equations,
Electron. Commun. Probab., Vol. 18, No. 68, pp. 1-15.

Carmona, R. and Delarue, F., 2013, Probabilistic analysis of mean-field games, STAM J. Control.
Optim., Vol. 51, No. 4, pp. 2705-2734.

Carmona, R. and Delarue, F., 2015, Forward-backward stochastic differential equations and controlled
McKean-Viasov dynamics, The Annals of Probability, Vol. 43, No. 5, pp. 2647-2700.

Carmona, R. and Delarue, F., 2018, Probabilistic Theory of Mean Field Games with Applications
I, Springer International Publishing, Switzerland.

Carmona, R. and Delarue, F., 2018, Probabilistic Theory of Mean Field Games with Applications
11, Springer International Publishing, Switzerland.

Djehiche, B., Barreiro-Gomez, J. and Tembine, H., 2018, Electricity price dynamics in the smart
grid: a mean-field-type game perspective, 23rd International Symposium on Mathematical Theory
of Networks and Systems Hong Kong University of Science and Technology, Hong Kong, July 16-20,
2018.

Follmer, H., 1974, Random economies with many interacting agents, Journal of Mathematical Eco-
nomics, Vol. 1, pp. 51-62.

Fu, G., Graewe, P., Horst, U. and Popier, A., 2021, A mean field game of optimal portfolio liquida-
tion, Mathematics of Operations Research, Published Online in Articles in Advance.

Fu, G., Horst, U., 2020, Mean-Field Leader-Follower Games with terminal state constraint, SIAM
J. Control. Optim. Vol. 58, No. 4, pp 2078-2113.

Fu, G., 2019, FExtended mean field games with singular controls, available at
https://arxiv.org/pdf/1909.04154.pdf.

Fujii, M., 2019, Probabilistic approach to mean field games and mean field type control problems
with multiple populations, forthcoming in Minimax Theory and its Applications, available from
https://arxiv.org/pdf/1911.11501.pdf.

Fujii, M. and Takahashi, A., 2020, A Mean Field Game Approach to Equilibrium Pricing with Market
Clearing Condition, preprint version is available at arXiv:2003.03035.

Fujii, M. and Takahashi, A., 2020, Strong Convergence to the Mean-Field Limit of A Finite Agent
Equilibrium, preprint, available at arXiv:2010.09186. The paper was originally titled as “A Finite
Agent Equilibrium in an Incomplete Market and its Strong Convergence to the Mean-Field Limit”.

Fujii, M. and Takahashi, A., 2021, Equilibrium Price Formation with a Major Player and its Mean
Field Limit, submitted to ESAIM: Control, Optimisation and Calculus of Variations.

Gabaix, X, Lasry, J.M. , Lions, P.LL.. and Moll, B., 2016, The dynamics of inequality, Econometrica,
Vol. 84, No. 6, 2071-2111.

Gomes, D.A., Nurbekyan, L. and Pimentel, E.A., 2015, Economic models and mean-field games
theory, Publicaoes Matematicas, IMPA, Rio, Brazil.

Gomes, D.A., Pimental, E.A. and Voskanyan, V., 2016, Regularity Theory for Mean-field game
systems, SpringerBriefs in Mathematicsm.

Gomes, D.A. and Saude, J., 2020, A mean-field game approach to price formation, Dyn Games Appl
(2020). https://doi.org/10.1007/s13235-020-00348-x.

29



[28]

[29]

[30]

Gueant, O., Lasry, J., Lions, P., 2010, Mean field games and QOil production, Economica. The
Economics of Sustainable Development.

Hunag, M., Malhame and R., Caines, P.E., 2006, Large population stochastic dynamic games: closed-
loop McKean-Viasov systems and the Nash certainty equivalence principle, Commun. Inf. Syst., Vol.
6, No. 3, pp. 221-252.

Kolokoltsov, V.N. and Malafeyev, O.A., 2019, Many agent games in socio-economic systems: corrup-
tion, inspection, coalition building, network growth, security, Springer Series in Operations Research
and Financial Engineering.

Krusell, P. and Smith, A.; 1998, Income and wealth heterogeneity in the macroeconmy, Journal of
Political Economy, 106:867-896.

Lasry, J. M. and Lions, P.L., 2006, Jeux a champ moyen I. Le cas stationnaire, C. R. Sci. Math.
Acad. Paris, 343 pp. 619-625.

Lasry, J. M. and Lions, P.L., 2006, Jeuz a champ moyen II. Horizon fini et controle optimal, C. R.
Sci. Math. Acad. Paris, 343, pp. 679-684.

Lasry, J.M. and Lions, P.L., 2007, Mean field games, Jpn. J. Math., Vol. 2, pp. 229-260.

Lehalle, C.A. and Mouzouni, C., 2019, A mean field game of portfolio trading and its consequences
on perceived correlations, available at https://arxiv.org/pdf/1902.09606.pdf.

Mas-colell, A., Whinston, M. and Green, J., 1995, Microeconomic Theory, Oxford University Press,
NY.

Peng, S. and Wu, Z., 1999, Fully coupled forward-backward stochastic differential equations and
applications to optimal control. SIAM J. Control Optim. 37, pp. 825-843.

Schied, A. and Zhang, T., 2017, A state-constrained differential game arising in optimal portfolio
liquidation, Mathematical Finance, Vol. 27, No. 3, pp. 779-802.

Zhang, J., 2017, Backward Stochastic Differential Equations, Springer, NY.

30



	F-SERIES 表紙参照(2 psns, textbox).pdf
	MFG-Equilibrium-SICON-fullv.pdf

