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Abstract

In this article, we consider the problem of equilibrium price formation in an incom-
plete securities market consisting of one major financial firm and a large number of minor
firms. They carry out continuous trading via the securities exchange to minimize their cost
while facing idiosyncratic and common noises as well as stochastic order flows from their
individual clients. The equilibrium price process that balances demand and supply of the
securities, including the functional form of the price impact for the major firm, is derived
endogenously both in the market of finite population size and in the corresponding mean
field limit.

Keywords : equilibrium price formation, market clearing, mean field game, major agent,
controlled-FBSDEs

1 Introduction

In the traditional setups for financial derivatives and portfolio theories, a security price process
is given exogenously as a part of model inputs. On the other hand, in the field of financial
economics, the problem of equilibrium price formation has been one of the central issues,
which seeks an appropriate price process that balances demand and supply of securities among
a large number of agents endogenously based on their preferences and rational actions. There
already exist many established results for complete markets. See, for example, Karatzas &
Shreve [39] and Kramkov [40] and references therein. On the other hand, there still remain
many issues for incomplete markets. A good summary of the problem can be found in Part 2
and 3 in the monograph written by Jarrow [38]. See, for example, [15, 16, 17, 37| for important
contributions. Let us also mention the recent works [53, 58, 60] which treat the coupled system
of quadratic backward-stochastic differential equations.

*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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The progress in the mean field game (MFG) theory in the last decade has opened a new
promising approach to study the long-standing problem of multi-agent games. Since the pub-
lication of seminal works by Lasry & Lions [44, 45, 46] and Huang, Malhame & Caines [36],
which characterizes the Nash equilibrium by a coupled system of Hamilton-Jacobi-Bellman
(HJB) and Kolmogorov equations, the mean field game has been one of the central themes
among many researchers. Carmona & Delarue [7, 8] developed a probabilistic approach to the
mean field games and mean-field type control problems based on a forward-backward stochas-
tic differential equation (FBSDE) of McKean-Vlasov type. Lacker [42, 43] initiated the weak
formulation of the mean field games by applying the relaxed-control technique. An extension
to the so-called extended mean field games was recently made by Djete [19, 20]. The mean field
games in the presence of common noise were developed by Carmona et.al. [11] in the framework
of weak solutions. Lauriere & Tangpi [49] generalized the concept of propagation of chaos for
forward and backward weakly interacting particles. Since the mean field game theory can de-
compose a complicated Nash system arising from stochastic differential games into a separate
optimization and an additional fixed point problem, it has found vast applications involving
many homogeneous agents competing through symmetric interactions. For interested readers,
there exist excellent monographs such as [3, 31, 32, 41] for analytic approach and [9, 10] for
probabilistic approach.

Since the original MFG setting assumes the homogeneous agents, one natural extension
is to allow multiple types of populations, where the cost functions as well as the coefficient
functions of the state dynamics can be different population by population. See, for example,
[2, 5, 14, 22, 57] for analytic approach and [28] for probabilistic approach. Another important
direction of research is to allow the existence of a major agent whose importance does not
diminish even in the large population limit of the minor agents. Huang [35] introduced linear-
quadratic mean field games with a major agent, which was extended by Nourian & Caines [50]
to a general nonlinear dynamical system. Bensoussan et.al. [4] and Carmona & Zhu [12] further
developed the framework to allow the major agent can influence the law of the minor agents
directly. The former considered the Stackelberg equilibrium and the latter dealt with the Nash
equilibrium. See also [25] for recent generalization in the linear-quadratic system, and [6, 47]
which studies the master equation for the mean field games with a major agent.

These developments of the MFG theory have been successfully applied to various problems
regarding in particular, the energy and financial markets which naturally involve a large number
of agents with similar preferences. A popular phenomenological approach used to fit to the
concept of Nash equilibrium is to assume that the relevant asset price is decomposed into two
parts; one is a so-called fundamental price, which is exogenously given and assumed to be
independent of the agents’ actions, and the other part representing the market friction which
is often assumed to be proportional to the average trading speed among the agents. One
can find in [1, 13, 18, 23, 26, 34, 48] interesting applications to, optimal trading, liquidation,
energy production, optimal use of smart grids, etc. In particular, we refer to Fu & Horst [27],
Evangelista & Thamsten [21] and Féron et.al.[24] who studied the optimal liquidation and
trading problems in the mean-field games with a major player.

As for the problem of equilibrium price formation, which requires the prices to balance
demand and supply of the corresponding assets, application of the MFG theory has been
surprisingly rare. The first contribution in this direction was made by Gomes & Saude [33] who
modeled the electricity price process using the analytic approach. Recently, Shrivats et.al.[51]
and Fujii & Takahashi [29] independently proposed a probabilistic model for equilibrium price



formation. In the former work, the authors studied the solar renewable energy certificate
(SREC) market and derived the equilibrium SREC price using McKean-Vlasov FBSDEs. As
in [33], they assumed that each agent is subject to an independent noise and applied the fixed-
point technique developed by [7] to obtain a deterministic process for the equilibrium price.
In the latter, we studied the price process of general financial assets using a stylized model of
the securities exchange. In contrast to [33, 51], we included a common noise which affects all
the agents. Since the existence of the common noise makes it impossible to use the fixed-point
technique, we resorted to the continuation method developed by Yong [54] and Peng & Wu [52]
to solve the conditional McKean-Vlasov FBSDEs directly under the appropriate monotone
conditions. In the accompanying work [30], we proved the strong convergence of the finite
agent equilibrium to the corresponding mean field limit given in [29]. Note that, if we only
want a short-term solution, the monotone conditions are unnecessary. In economic terms, they
prevent the price bubbles/crashes from happening so that the price process is well-posed for
an arbitrary interval. Roughly speaking, they require the demand of the securities decreases
when their prices rise.

In the current paper, we extend the setup used in our two preceding works [29, 30] by
including a major agent. As long as we know, this is the first attempt to solve the problem
of equilibrium price formation with a major agent under the market clearing condition. For a
given order flow from the major agent, a properly functioning market is expected to produce
an equilibrium price process as in [30]. Through this function of the market, the equilibrium
price process of the securities becomes dependent on the trading strategy of the major agent.
Thus, her optimization problem ends up in minimizing the cost with her own feedback effects
into account, which is given by a large system of controlled-FBSDEs in the case of the finite
population market, and by controlled-FBSDEs of conditional McKean-Vlasov type in the limit
of large population size. Although we are forced to assume a linear-quadratic setup (with
stochastic coefficients) for the minor agents in order to make the verification theorem hold,
we keep a general non-linear cost function for the major agent. The resultant system of fully-
coupled FBSDEs is solved once again by the continuation method. The equilibrium price
process that balances demand and supply of the securities, including the functional form of
the price impact for the major agent, is derived endogenously both in the market of finite
population size and in the corresponding mean field limit.

The organization of the paper is as follows: After explaining the notation in Section 2,
we solve the equilibrium price formation for the finite population market in Section 3. The
corresponding problem in the mean-field limit is solved in Section 4. In Section 5, we prove the
strong convergence of the finite population equilibrium to the corresponding mean field limit
and give the stability result for the market-clearing price between the two cases. Section 6 gives
a brief discussion on the special case in which the securities have a specified date of maturity
with exogenously determined payoffs, as in the case for Futures, Bonds and other financial
derivatives. A general verification theorem for the optimization problem with respect to the
controlled-FBSDEs is provided in Appendix.



2 Notation

We use the same notation adopted in the work [30]. We introduce (N+1) complete probability
spaces:
(ﬁo,fo,@o) and (ﬁl,fl,@z)fil ,

endowed with filtrations ' := (fi)tzg, i € {0,---,N}. Here, F is the completion of the
filtration generated by do—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 (£). We also introduce the product probability spaces

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

where (Fi,P%) is the completion of (7:0 ® ?,FO ® P') and F* is the complete and right-
continuous augmentation of (7? ® ?i)tz(]. 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 B,

Throughout the work, the symbol L and Ly denote given positive constants, the symbol C'
a general positive constant which may change line by line. For a given constant T' > 0, we use
the following notation for frequently encountered spaces:
e S" denotes the space of n x n strictly positive definite matrices.
e S" denotes the space of n x n positive semidefinite matrices.
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
| X |z :==E[ sup |X|*]2 < o0.
t€[0,T]

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

122 ;:E[(/OT|Zt|2dt)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

R )

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

Woloa ) i= inkrerty oo [ ([ 1o = slPe(do.dy))’] (21)

R xR4

where II,(y, v) denotes the set of probability measures in P,(R? x RY) with marginals y and
v. For more details, see Chapter 5 in [9].

e For any N variables (z/)Y |, we write its empirical mean as

, 1 M
m((z")) := N sz.
i=1

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

3 Equilibrium of finite population size

3.1 Problem description

In the preceding works, we have been interested in the equilibrium price formation in a financial
market among a large number of security firms. Every firm (agent) is supposed to have many
individual clients who cannot directly access to the exchange. Therefore, every agent supposed
to face the stochastic order flows from his individual clients in addition to the idiosyncratic as
well as common market shocks. Under such an environment, they carry out optimal trading via
the common exchange to minimize their cost functions. Importantly, since there exist very large
number of agents, every agent considers that his market share is negligibly small and hence
that there is no direct market impact from his trading. In other words, they behave as price
takers. The problem of equilibrium price formation is to search an appropriate price process
of securities which equalize the demand and supply based on the agents’ cost functions and
the state dynamics. In the presence of common shocks, the price process inevitably becomes
stochastic. Such a problem has been investigated in our two preceding papers [29, 30], where
the former treats the mean-field limit and the latter proves the strong convergence to the
mean-field limit from the corresponding equilibrium of finite population.

The new twist in the current paper is the presence of one major agent, a huge financial
firm, who knows that her trading volume has a significant market share. For a given order flow
from the major agent, a properly functioning market is expected to produce an equilibrium
price process so that it matches the net demand and supply among all the agents. Through
this function of the market, the equilibrium price process of the securities becomes dependent
on the trading strategy of the major agent. Therefore, her optimization problem ends up in
minimizing the cost with her own feedback effects into account. We then finally obtain the
market equilibrium price process by solving the major agent’s optimal strategy. In the follow-
ing, we first solve this problem in the market with finite population size. The minor agents are
allowed to be heterogeneous so that the coefficients functions for their state processes as well
as the cost functions can be different each other. The large population limit of minor agents
will be studied in later sections.



Let us now describe the setup more concretely. There are N minor agents indexed by
i =1,---,N. The major agent is always labeled by the index 0. The number of securities
traded in the market is assume to be n € N. Each minor agent ¢ € {1,--- , N} tries to solve
the cost minimization problem among the admissible strategies A® := H?(IF; R™)

inf J'(a') (3.1)

ateAl

with some functions f; and g;, which denotes the running as well as terminal costs, respectively:

T
J'(a') = IE[/ fi(t,Xt’,aé,wt,At,c?,ci)dt+gi(XZT,wT,c(%,c?r)} .
0

The dynamic constraint, which is the time evolution of the securities’ position size of the ith
agent, is given by

dX} = (ap +1li(t, ¢, &) dt + o (¢, &, )WY + o4(t, &, &) dWy, € [0,T]

with X = ¢'. Here, ¢ € L? (76; R™) denotes the size of the initial position, which is assumed
to have the common law for every 1 <i < N. (@t).ejo,1) € H?(FF; R™) denotes the market price
process of the n securities. In the end, we want to determine (@;),c|o,7) endogenously so that it

equalize the amount of demand and supply. (c?)¢>o € H? (?0; R™) with ¢, € L2 (70T; R™) denotes
the coupon payments from the securities or the market news affecting all the agents, while
(=0 € HA(F'; R") with c'iT € L2(Fp;R™) denotes some idiosyncratic shocks affecting only
the ith agent. Moreover, (c});>0 are also assumed to have the common law for all 1 < ¢ < N.
(At)iejo,r) is an Fo—adapted process related to the trading fee to be paid to the exchange. The
terms involving (I;,09,0;) denote the order flow to the ith agent from his individual clients
through the over-the-counter (OTC) market. Each minor agent controls ()seo,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 (¢%)YY,, we have do-dimensional common noise
WO and N d-dimensional idiosyncratic noises (W)Y ,. Since we impose no restriction on the
size among (n, dy,d, N), we have an incomplete securities market in general.

When the number of agents NNV is sufficiently large, it is natural to assume that each minor
agent consider himself as a price taker. Throughout the paper, we assume that this is the
case. This means that each minor agent tries to solve the optimization problem by treating
(wi)i>0 as an exogenous process. Suppose that the trading strategy of the major agent is
given by (Bt)ic[o,r], Which denotes her trading speed. For given order flow (Bt)ejo,7], the
financial market is expected to produce an equilibrium price process (@).c[o,7] Which equalize
the demand and supply among all the agents. Our first goal is to find such a price process
(@t)tefo,r) Which achieves

N .
dai+8=0 (3.2)
=1

dt®dP-a.e., where ((ai)te[O,T])i]il are the optimal trading strategies of the minor agents solving
(3.1) based on this price process (wy)¢c(o,7]-
We shall show that the resultant equilibrium price process becomes dependent on (3;).c(o,7)

i.e., we have (wt(ﬁ»te[o,ﬂ' Note that the minor agents do not directly care about (Bt):e(o,1)-



They are just destined to face, as price takers, the exogenous market price process, which
happens to depend on the major’s strategy when it clears the market. The problem of the
major agent is now to solve

. 0
Bgo J7(B) (3.3)

with the cost functional depending on féN) and g(()N):

T
1) = B[ [ 17t X0. P (8). A2, )t + 9§ (5. ).
0

with her own feedback effects taken into account. (A?)te[O’T] is an Fo—adapted process related
to the trading fee to be paid to the exchange. The state dynamics of the major agent describing
her position size is assumed to follow

dXx? = (B + 18, D)) dt + oV (e, D)dwP,  t e [0,T) (3.4)
with some initial condition X§ € R™. The superscript (V) of the coefficient functions is added
to indicate that there are (N) minor agents. It becomes useful when we take the large-N limit
in later sections. We assume that the space of admissible strategies for the major agent is given
by AY := H?(F;R") N {Br = 0}, where the constraint 37 = 0 is added in order to forbid the
last-time price manipulation.

In our framework, the price process including the feedback effects from the major’s action
is determined endogenously. This is a clear contrast to the existing literature dealing with the
optimal execution strategy, where the form of the price impact as well as the fundamental price
process are exogenously given.

Before going to the details, let us comment on the information structure for the agents.

Remark 3.1. If possible, we naturally want to restrict the space of admissible strategies for
each minor agent to A* = H?(F;R"), 1 < i < N and that for the major agent to A® =
H2(FO;R”) N{Br = 0}. In other words, we want to realize a market in which each agent only
cares about the common market shocks adapted to F and his/her own idiosyncratic shocks
adapted to F'. This would be a much plausible model for the real financial market than our setup
given above. Unfortunately, this looks impossible in the market consisting of finite number of
agents since, in general, the market-clearing price does not solely adapted to 7 but is dependent
on the idiosyncratic shocks, too.

As already observed in [29, 30], we shall see that this ideal situation is actually realized in
the large population limit. There, we can restrict the admissible strategy of the ith minor agent
to A = H2(F*; R™), and that of the major agent to A = H2(ﬁo; R™YN{Br = 0}. In fact, we can
find (@t)iepo,1) is an ﬁo—adapted process, i.e. the market-clearing price is dependent only on the
common market shocks. By the convergence analysis, we shall see that this is approximately
true when the population size is large enough.

3.2 Solving the problem for the minor agents

Let us solve the problem for each minor agent with given order flow (5t)te[0,T] € A of the
major agent. This is done in a completely parallel manner with our previous work [30]. We



first specify the details of the functions introduced in the last section. For each 1 <7 < N, we
consider the following measurable functions:

(li;02,04) : [0, T] x R" x R" 3 (t,c%, ¢")

= (it P, ), 00(t, P, ), o3 (t, &L, ) e (R?, R0 R4y,
Fi:00,T) x (R 5 (t, 2,0, ) = fi(t,z,w,&0, ) €R,
7 : (R")? 3 (z,, ¢ = gi(z, &P, &) € R,

as well as f; : [0, 7] x (R")? x 87 x (R")? — R and g; : (R")* — R defined by

) 1 _ .
filt,z,a, @, A, &, &) == (w,a) + §<a, Aa) + fi(t,z, @, L, ),
gi(z, @, &) = —6(w, x) +G;(z, L, &),

where § € [0, 1) is a given constant representing some discount factor. The first term (w, o) of
fi denotes the direct cost incurred by the sales and purchase of the securities, and the second
term (a, Aa) denotes the (rate of) fee to be paid to the exchange based on the trading spreed.

Let us also introduce the following measurable functions ( el h{ ,h) for each 1 <1i < N:

¢l 110, T) x (R")? 3 (¢, &, C)Hc{(t,co,ci)ésn,
7R3 () = (P, ) e ST

/1 10,7] x <R”>2th<tc ) eR™,

hY s (R")? = hi(,¢") e R™

9]

>

We assume the following conditions:

Assumption 3.1. (Minor-A) Uniformly in 1 < i < N, the functions satisfy the followings:
(1) (At)eepo,m) s an ﬁo—progressively measurable ST -valued process such that there exist some
positive constants 0 < A < X\ < oo satisfying /\|0|2 (0, A40) < X|O|% for every (w,t,0) €
Q x[0,7] x R".

(ii) For any (t,c°,¢') € [0,T] x (R™)2,

[1it, &, )|+ [of (8, %, )]+ loit, <, )| < L+ [+ |¢f)).
(iii) For any (t,z,w,c,¢') € [0,T] x (R™)4,
|filt,z, @, )|+ [g; (2, )| < L+ |2 + [ ]? + [ + '),
(iv) For any (t,z,w,c", c?) € [0,T] x (R™")*, f, and g; are once continuously differentiable in x
with w-independent derivatives, and the functions Oy f; and 0,g; have the following affine-form

mnx:

ax?i(t7$vwa CO) Ci) (:: az?i(t7xycoa CZ)) = le(t’ Coa Ci)$ + h{(t7coa Ci))
0:9i(z, ¢, ¢') = f (", )z + hi(c, ).



Moreover, the functions (c{,clg, h{,hf) satisfy

B (8, )] + (B9, )] < (L + "] + i),
\sz(t,CO,ciﬂ + (P, M| < L,
(0.¢[(t,",c)0) 2AT10F, (0,0 ¢0) 2 IO, W0 € R,

with some positive constants 47,49 > 0.

This is a special situation studied in Section 3.1 of [30]. In fact, the conditions in Assumption
(Minor-A) are significantly more stringent than those used in [30]. We do this in order to
avoid introducing many sets of assumptions incrementally in later sections. In particular, the
affine-form condition in (iv) is to be used when we verify the optimality condition for the
major agent based on Theorem A.1. The associated (reduced) Hamiltonian for the ith agent
H; :[0,T] x (R")* x 87 x (R")? — R is given by

Hi(tvxayaa7w7A7 Coaci) = <y,04 + lz(ta Co7ci)> + fi(t,l',Ct,w,A,CO,Ci)7

which is jointly convex in (x,y,«) and strictly so in (z,a). The unique minimizer o of H; is
given by

a(y, @) == —A(y + @),

with A := A=, Therefore, the adjoint equation associated with the problem (3.1) for the ith
agent arising from the stochastic maximum principle is given by, for ¢ € [0, 7],

(3.5)

AX} = (=R (Y] + @1) + Li(t, &, ) dt + 00(t, &, ) dW? + ai(t, &, ) AW,
dY;fl = _am?i(ta tha C?: Cé)dt + ZtidetO + Zjvzl ZZJthJ’

with X§ = ¢ and Y} = —dwr + 0,5;( X%, &, ).

Theorem 3.1. Let Assumption (Minor-A) be in force. Then, for any (w;)sep.r) € H?(F; R™)
satisfying wr € L2(Fr; R™), the problem (3.1) for each agent 1 <i < N is uniquely character-
ized by the FBSDE (3.5) which is strongly solvable with a unique solution (X*,Y* Z%0, (Zi’j)év:l) €
S?(F; R™) x S?(F; R™) x H2(F; R"*%) x (H?(F; R"*4))V.

Proof. This is the direct result of Theorem 3.1 in [30]. One can easily check Assumption 3.1 in
[30] is satisfied under (Minor-A). Although (A¢)ieo,7) is now stochastic, it does not introduce
any additional difficulty. The existence of the unique solution to the FBSDE (3.5) can also be

proved by the direct application of Theorem 2.6 in [52] (with 81, 41 > 0), which is repeatedly
used in the following sections. O

3.3 Deriving the equilibrium price process for a given (;):cjo,1]

From Theorem 3.1, we find that the optimal trading speed of each minor agent 1 < i < N is
given by

&i = —Kt(}[ti + Wt), t e [O,T],



for any exogenous input (w;)¢c[o,77- Since the market clearing condition requires Zf\i LA+ B =
0, dt ® dP-a.e. the market price process needs to satisfy

o= —m((¥))) + At%, te0,1]. (3.6)

This relation suggests a large system of fully-coupled FBSDESs given below: for 1 <1¢ < N,

dXti = {—Kt (YtZ — m((Ytj))) — % + 1;(¢, cg, cf;)}dt + ag(t, c?, ci)thO + ai(t,c?, cﬁ)de,

. _ o . o (3.7)
dYi = =0, f,(t, X}, ¢, chydt + 2 0dWP + N 27 AW,

with

Xi — gi’
{ 0 . (3.8)

Vi = 12sm (e ) XF + () ) + () X+ hE ()

The terminal condition for Y is implied from
YTZ" = —dwr + 8m§z(X%, C%, C%Z“)
and the fact that cor = —m((Y7)) (note that 87 = 0). We have the following result.

Theorem 3.2. (Theorem 3.2 [30])

Under Assumption (Minor-A), the market is cleared if and only if the market price process
(@t)eo,m s given by (3.6) with the solutions (YHN, to the N-coupled system of FBSDEs
(3.7) with (3.8).

Proof. From Theorem 3.1, the necessity is obvious. On the other hand, suppose that there
exists a solution ((Y;,i)te[O,T])iiltO (3.7) with (3.8) and that (w¢).c[o,7 is given by (3.6) using
its solution. Then, with this @ as inputs, the solution (Yt)tefo,r) to (3.5), which corresponds to
the problem for each agent, actually satisfies y* = Y* due to the uniqueness of the solution to
(3.5). Therefore, the market clearing condition is satisfied. O

Assumption 3.2. (Minor-B)
There exists some Fr-measurable S™-valued random variable ¢ such that
1)

a:= 176|‘C—C§(Cg~,c%ﬂ)|‘oo <49, 1<i<N.

Theorem 3.3. Let Assumptions (Minor-A, B) be in force. Then, for any given (Bt):c(o,1) € A,
the N -coupled system of FBSDEs (3.7) with (3.8) has a unique strong solution (X*, Y, Z49, (Zi’j)j-vzl) €
S?(F; R") x S%(F; R™) x H2(F; R™>%) x (H2(F; R™*4)N, 1 <i < N.

Proof. Let x*,4" € R™ be arbitrary constants. For notational simplicity, we write x = (xz)fil

10



and y = (y)N,. Put

aniftfa") (1) = Ky — () — 2+t ),
drift[yi](t>$) = _aiﬂfi(tﬁxia C(t)7ci)7
terminally)(z) = > m((e(ch, )T + bk ) + € cat + B (el ch).

For two inputs (z,%) and (2/,y'), with the conventions Ax® := ¢ — 2, Ay’ := y* — ¥,

Adrift[z?](t) := drift[z](t, y) — drift[z](t,y),
Adrift[y’](t) := drift[y’] (¢, z) — drift[y](t, J,‘/),‘
Aterminal[y'] := terminal[y’](z) — terminal[y‘](z'),

we have
N . . N - . . .
Z(Adrift[x%](t), Ayt = — Z@Aya Ay') + N{Am((Ay")), m((Ay"))) <0,
Z<Adrift[yl](t), Az'y = —<c{(t,c?,c§)Axl,Axl> < —7 Z |Azt|?,
i=1 =1
N
Z<Aterm1nal[ 9, A:U>
i=1
- 15iv5< ((cf(cT,cT)Aas Aac >+Z CT,CT A:zc Aaz>
N . , N N .
> T (e m((Az")), m((Ax"))) + (77 - Q) Az > (0 —a) ) |A2'P (3.9)
i=1 i=1

Thus we can apply Theorem 2.6 in [52] with (81, 1) = (v/,79 — a) and G = I. See also the
proof for Theorem 3.3 in [30], which can be applied in essentially the same way for the current
problem. O

3.4 Optimization problem for the major agent

We now investigate the optimization problem for the major agent. From Theorems 3.2 and
3.3, her problem is given by infge 0 JO(B) with

Bi

79(3) ;:EUOTféM(t,X?,@,_ (07 ))+AtN

A? C?) dt + g5 (X9, )]

11



subject to the dynamic constraints with 1 <¢ < N:

dx? = (B + 15N (t, D))t + oSN (t, §)aw?,
dXtZ = {—At(Yt - m((Y;tj))) - % + 1;(¢, Ct,ct)}dt + Ug(t, c?,ci)thO + ai(t,cg,cé)de, (3.10)

dYi = =0, f(t. X}, &, chydt + 2 °dWP + YN, Z77dwy, te[0,T)
with
Xg=Nx" x"eR",

X5 =¢, (3.11)
Vi = 1255m((c(ch, ) XF + hI(ch, b)) ) + (), ) Xi + B (5, k)
T = 1™\ \¢\Cp, Cp) A Crs G \Cp, Cp)Ap i \Cps C)-

As we can see, the problem for the major agent turns out to be an optimization with respect
to the system of controlled-FBSDEs instead of controlled-SDEs. See, for relevant information,
Appendix A and the references therein.

Remark 3.2. At first glance, it may seem to be a linear price impact model popular in the
literature dealing with the optimal execution problem. However, notice that the term —m((Y}))
s also dependent on the major agent’s strategy in a complicated fashion.

Since we want to study the large population limit N — oo in later sections, it is convenient
to define the normalized measurable functions:

(In,50) : [0,T] x R™ 3 (£, ) = (Ip(t, ), s0(t, °)) € (R™, R™*%0),
?0 : [OaT] X (Rn)Z 2 (t,x,co) = ¥0(t7$7co) S Rv
go: (Rn)Q > (:C,CO) = 90(:1:7 CO) € Ra

and §o : [0,7] x (R")? x S® x R® — R by
1 _
fo(t, 2, 8,, A% %) 1= (8, ) + S (B, A°8) +Folt, 7, ).
We then define the unnormalized functions by

l(N)(t ) == Nly(t, ),

( 0y := Nso(t, &),
(t z,B,w, A%, ) = Nfo(t, /N, B/N,w, A°, 0) (3.12)
(t, &) = Nfo(t,x/N,c),

(N)(x, 0) := Ngo(z/N, ).

Note that, we have
1, AY —(N
574,28, 0%, ") = (B,@) + 5(8,58) + o (2. ).
Let us introduce the following assumptions.

12



Assumption 3.3. (Major)

(i) (A?)te[QT] is an ?O-progressz’vely measurable S™-valued process such that there exist some
positive constants 0 < X < X < oo satisfying A < (0, (A) + 2A4)0) < X6|? for every (w,t,0) €
[0,T] x 2 x R™.

(ii) For any (t,c%) € [0,T] x R™, [lo(t, )| + |s0(t, )] < Lo(1 + |Y]).

(iii) For any (t,2°,c%) € [0,T] x (R™)2,

[fo(t,2°, ) + lgo(a®, ) < Lo(1 + [2°% + | ).
(iv) fo and go are once continuously differentiable in x and satisfy

|0uFo(t, 2%, )| + [8z80(2°, )| < Lo(1 + [a°] + |]),
[9aTo(t 2™, %) = Dufo(t, 2°, )| + |0sg0 (2", ") — Dugo(2®, )| < Lo|z” — 2°|,

for any (t,2°, 2%, %) € [0,T] x (R™)3.
(v) fo and go are strictly convex in the sense that there exist some positive constants ’yg, % >0
and

_ _ f
fO(ta 1‘0/, CO) - fO(ta :L,O’ CO) - <$O/ - :L‘Oa ame(ta:EOa CO)> > 7?0|:E0/ - :‘CO|2’
g
go(2”, ") = go(a®, ) = (2 —a°, Dugo(a”, ) > L[a® — O,

hold for any (t,z°, 2%, c%) € [0,7] x (R™)3.

For later use, let us put
f
fN) . 70
LR v

Remark 3.3. With the above definition, we have

™ _ %
=%

_ o -
axf((]N)(t7m’CO) = N%fQ(tvx/NaCO)

= Nwaxfo(t,x/N, CO) = 81}0(157‘73/]\[’ CO)'

and similar relation for Oygo.

Remark 3.4. For the analysis with a fited N, such a scaling is arbitrary and irrelevant.
However, it plays an important role when we study the large population limit N — oco. In
particular, the market share of the major agent must grow proportionally to the population size
N. For example, if the cost functions contains <B,AOB> instead of <ﬁ, Awoﬁ>, the market share
of the major agent becomes negligible in the large population limit. In this case, we obtains the
same market price as in [29, 30].

Following the analysis done in Appendix A, let us introduce the adjoint variables (p°, (pi)i]il, (r’)fil)

for (z0, (z9)N,, (v )X,), respectively. The (reduced) Hamiltonian

H:[0,T) x R" x (RN x (RMN x R x (R")Y x (RN x R" x 8" x S x R" x (R")Y - R
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of the system is defined by

%(ta xO’ ($i)£\;1, (yi)ij\ilﬁp()’ (pi)i]\ila (Ti)g\ilv ﬁv AO’ A7 CO? (Cz)fil)

N
= (88 ) + Y (0 R - m() - &+ )
N . J— . Z:1.
+ Z<Tlu _8xf7,(t7 J"l> CO: cl)>
i=1
0
H{B—m((w) + A+ 2 (8, 58) + T8V (20, (313)

For a given set of p°, (p")I¥,, (r')¥, (and also (A, A, %, (¢)X,)), it is straightforward to check
that H is jointly convex in (29, ('), (y"),, 8) and strictly convex in (2%, 3). Here, recall
that 0, f; is affine in 2’ by Assumption (Minor-A, (iv)). For given inputs, the minimizer of the

Hamiltonian f := argmin? (/) is given by
B =NV (=" +m((y)) + m((p)) (3.14)

where V' := (A° +2A)~ L.
The adjoint equations for (p°, (p*)¥,, (r)}¥,) can be found from (A.2): for 1 <i < N,

=1
dPY = 0,75 (6, X0, &)dt + QW + Y, Q)Fawj,
AP} = cl(t, &), c)Ridt + Qy°dW + YN | Q) dwy (3.15)
i A (pi j B
ary = {Re(P} — m((B)) + G .

with
P'ZQ = 8:vg(()N) (X5)“7 C%)’
Ph = =c{ (e i) (Br + t55m((BS)), (3.16)
h=0.

Theorem 3.4. Let Assumptions (Minior-A, B) and (Magjor) be in force. Suppose that the
system of FBSDEs (3.10) and (3.15) with boundary conditions (3.11) and (3.16) has a so-
lution X°,Y* PO, P! R ¢ S*)(F;R"), 240, Q%0 Q"0 ¢ H2(F;R™ %), and Z"7,Q%, Q" ¢
H2(F; R"*4), 1 <i,§ < N, with the control process 3; = Bt,t €[0,7) i.e.,

Be= NV (=PY + m((Y) +m((F})), V== (AY +24,)7".

Then, (Bt)te[O,T) (with BT = 0) is the unique optimal control for the major agent.

Proof. This is the direct result of Theorem A.1. Note that Assumption (Minor-A) (iv) plays a
crucial role to guarantee the joint convexity of H and the affine property of ® required in the
theorem. ]
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3.5 Existence of the optimal solution for the major agent
From Theorem 3.4, the crucial target of our analysis is the following coupled system of FBSDEs:

(ax? = (B, +1Vt, ct))dt+a(N)(t 9)dW?,

X} = {—Kt(Yti — m((Yt’))) - % + 1;(t, ct,ct)}dt +02(t, e, Haw? + oy(t, &, ) dWy,

dR;‘ = {Kt(p;‘_m((Pg‘))) Bt}dt (3.17)
aPY = —0, 75" (t, X0, )t + QP aw? + TN, QP awy,
dY) = -0, fz(t Xi & chydt + 2 dwP + N 27 dw,

dPt = c{ (t,c), chRidt + Qy dWP + YN, Q1Y d Wy,
with
X§=Nx" Xi=¢, RE=0
Py = 6195 (X2, c7)s
( (CT7 CJ )Xj =+ hg(CT7 C‘%))) + C?(ng, CZT)X% + h?(ch CZT):
T>(RZT + 1 Z5m((R)) )

\_/

(3.18)

/N

i 5
Yp=15m

PL = —cJ(cY,

»qo

for 1 <i < N. Here, (Bt)te[O,T) is defined by
2 370 i i
B = NV (=P + m((Y))) + m((F}))), t € [0, 7).
The main result of this section is the next theorem.

Theorem 3.5. Under Assumptions (Minor-A, B) and (Major), there exists a unique strong
solution X°,Y? P°, P! R' € S*(F;R"), Z'0,Q%0, Q"0 ¢ H2(F;R"*%), and Z*,Q%, Q" ¢
H2(F;R™*%), 1 < i,5 < N to the coupled system of FBSDEs (3.17) with (3.18).

Proof. We shall show that the monotone conditions used in Theorem 2.6 in [52] are actually
satisfied. Let 20,p° and 2%, ¢%, p’,7%,1 < i < N be arbitrary constants in R™. We put = =
(;Toz)i]il’y = (y )z 1,]9 = (p )z]\il’r = (rz)i]il’ and u = (l’O,JZ,T,pO,y,p). We write /B(t’u) =
Vi (=" + m((y)) + m((p))). As in Theorem 3.3, we introduce the quantities:

-~

drift[z°](t, u) = B(t,u) + IV (¢, D),
B(t,u)

drift[2?](t, u) := —Ay (yZ - m((y))) N

B(t, u)
N Y

+ li(tv Cg, Ci),

drift[rf] (¢, u) == At (p' — m((p))) +

drift[p°)(t,u) :== —0, fo (t 20, ),
drift[y’](t,u) == —0, f;(t, %, e}, ch),
drift[p?)(t, u) == ¢! (t, &, c)r?,
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and

terminal[p°](u) := xg(()N)(l’O’C%)v

terminally)(u) = ——m(((ch, )T + hY(h, ) + (b )t + b ch),
- i 5
terminal[p®](u) := —cg(cg},cT)(r +m((r ))).

With two inputs (u, ), we define Au :=u — o/,

Adrift[z%](t) := drift[z%](t,u) — drift[z"](t, ),
Aterminal[p®] := terminal[p°](u) — temrinal[p°](u),
and similarly for the others. From Remark 3.3, we have
(Adrift[p®](t), Az®) = —(9:fo(t,2°/N,c)) — dufo(t, 2" /N, ¢f), Ax)
< —Nyf|A® /N = —{ ™| A2,

It is then straightforward to get

N
(Adrife[p°](t), Az®) + > (Adrift[y'] A:c>+z I)Adrift[p'] (t), Ar)
=1
N) al ; ;
< = MAa®? =7 Do (1a + |Ar),
=1

where I = I« is the identity matrix. Next, with AB\t = B(t, u) — B(t, u’), we have

~

N A X, AB, .
> (adritf)e), Av') = ;<—At<Ay’ —m((Ay)) - S Ay

N
S ;<AtAyi7 Ay'y + N(Am((Ay)), m((Ay))) — N<%,m((Ay))> < —N<Tvm((Ay))>‘

By similar calculation, we get

N N
(Adrift[z°](t), Ap”) + Z<Adrift[wi](t), Ay'y + Z((—I)Adrif‘c [r'](), Ap®)
=1 =1
< —Nﬁft AR+ m((Ay)) + m((Ap))) = —N<Mt (A +20) 52 <o,
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Therefore, from the drift contribution, we eventually have

N N
(Adrift[p°](t), Az®) + > (Adrifty’](), Ax') + > ((—I) Adrift[p’](¢), Ar')
=1 i=1
N N
+(Adrift[2°](), Ap®) + Y “(Adrift[2’](t), Ay’) + > ((—1)Adrift[r’](¢), Ap’)
=1 =1
N
< = VIAa = o 37180 + ArPR). (3.19)
=1

For the terminal conditions, by the similar calculation done in (3.9), we obtain

N N
{ Aterminal[p’], Az®) + Z<Aterminal[yi], Az’ + Z<(—I)Aterminal[pi], Ar')
i=1 i=1
N . .
> 1 M|AR + (79— a) Y (|azt? + |Aar?). (3.20)
i=1

Using (3.19) and (3.20), we can now apply Theorem 2.6 in [52] with

Lnxn 0 0 0 0 0 drift[p°]
0 (Inxn)V 0 0 0 0 drift[y]
1 0 0 (—Lixn)V 0 0 0 drift[p]
Altbu) =1 0 0 Iixn O 0 drife[z] | ()
0 0 0 0 (Inxn)V 0 drift[x]
0 0 0 0 0 (—Lysn)N drift|r]
and
Ian O 0
G=| 0 (Inxn)V 0
0 0 (—ILnxn) ™

In particular, we have (31 := min('yg(N),'yf) >0, up = min('yg(N),vg —a) > 0. Note that the

coefficients of the Brownian motions (o; etc.) are irrelevant since they are uncontrolled and
state-independent. In fact, one can repeat the proof for Theorem 3.3 in [30] in essentially the
same way by simply replacing the analysis for d<Ayt, Amt> with that for

Apy Az}
d < Ayt ) G A:Ut >
Apt ATt
using the above estimates. O

Thanks to Theorem 3.5, we now find the market-clearing price process is given by

@ = —m((Y) + AV (=P m((Y) + m(F))., ¢ € [0.7) (3:21)
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using the solutions to the coupled system of FBSDEs (3.17) with (3.18). However, it is not
easy to grasp its properties since the system is too large. In the next section, we study the
mean-field limit of the corresponding problem under the assumption that the minor agents are
homogeneous.

4 Mean-field Equilibrium

Let us work on the probability space with N = 1 in Section 2, i.e. (Q, F,P,F) = (Q!, F!,PL, F1).
In the following, we use the notation:

EY[]:=E[ [7/].

Let us first introduce the following assumptions.

Assumption 4.1. (MFG) _
(i) (1,0°, 0, f,g, ¢!, c9, hf, h9) satisfy the same conditions corresponding to those for (1;, o, 0i, fisGis
c{, o, h{, hY) in Assumption (Minor-A).

(ii) There exists some 70T-measumble S"-valued random variable ¢ such that

)
a = = lle = (e, ch)lloe <17,

(iii) For the other variables and functions, we assume the same conditions as those in Assump-
tions (Minor-A) and (Magor).

For the space of admissible strategies A?nfg = H? (FO; R™) N {pr = 0}, we suppose that the
major agent tries to solve

inf  Jo(8) (4.1)

where
T
j()(,@) = E |:/ fO <t7 33'?, 6t7 _E?[ytl] + At/Bta Aga C?) dt + 90(x%7 Cg’)
0

subject to the following dynamic constraints:

dx) = (B + lo(t, &) dt + so(t, ¢f)dWY,
d.%'% - {_Kt (ytl - E? [ytl]) - Bt + l(t7 C?v Ctl)}dt T Uo(t> Cga C%)dwto + U(t7 C?’ C%)thl’ (42)
dytl = _81?(t7 J}%, Cg) C%)dt + Ztl’OthO + ztl’lth17

with

oo

=x",
5

“1-%

X

4.3
B [9(ch, ch)oh + BO(, ch)] + e9(h chah + B9(ch, b 4

N

Y

Here, the problem for the major agent is the optimization with respect to the controlled-
FBSDE of conditional McKean-Vlasov type. One can naturally expect the above formulation
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of the problem in the mean-field limit from the McKean-Vlasov FBSDEs given in [29] and the
expression in (3.6)

Remark 4.1. Notice that, the above problem is well posed in the semse that for a given

IS Aronfg7 there exists a unique strong solution to (4.2) and the corresponding cost Jo(3)

is finite. In particular, the unique existence for (x',y') can be proved by a simple modification
of Theorem 4.2 in [29].

Implied from (3.13), we consider the Hamiltonian

H:[0,T] x (R")? x 8" x ST x (R")? = R

H(t7x07x17y17y17p07p17ﬁ177‘17/67 AO7A7 60761)
= (", B+ lo(t, ) + (o, —Aly' —7") +1(t, ¢, ")) + (B, -5)
_ 1 _
+<T17 _azf(tvxla CO? Cl)> + <57 _yl + A/B> + §<B7A05> + fO(twaO) CO)' (44)
It is important to observe that the map
(x07x17y17y1)ﬂ) — H(t7$07xl)y17ylap07p17ﬁ17rlaﬂ7A07A7CO)Cl)
is jointly convex and strictly convex in 8 (and ). It is easy to find
~ =0 1, -
B=V (-p"+7" +p'),

with V7 = (A + 2A)~! gives the minimizer of H with respect to 3.
The relevant set of adjoint equations can be inferred from Appendix A combined with
Chapter 6 in [9], or from (3.17) and (3.18).

drf = {8 (v} — E9[p}]) + b,
dpg = _az¥0 (t7 J}?, Cg)dt + ngthov (45)
dpt = ¢! (t, &0, clyridt + g P dWP + g dw,

with
ré =0,
Py = 0zgo(2, c}), (4.6)
ph = —e9(ch, o) (rh + 75 ES ).

Although the results in Appendix A and Chapter 6 in [9] seem to provide most of the necessary
ingredients, we left the general analysis on the controlled-FBSDEs of (conditional) McKean-
Vlasov type for the future research. For our current purpose, it suffices to prove the next
verification theorem:

Theorem 4.1. Let Assumption (MFG) be in force. Suppose that there exists a solution
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(@°, 721,71, 9%, 01, ) to ((4.2),(4.3)) and ((4.5),(4.6)) with the control process (3 satisfying
I~ 0 ~ ~
Be = Vi (=5} + E{[5] + E/[1])
dt @ dP-a.e., then (B\t)te o,7) (with Br = 0) is the unique optimal control for the problem (4.1).

Proof. For a given 3 € A” . we denote the associated solution to (4.2) by (2%, 2%, y'). We

shall study the difference:

mfg>

To(8) = Fo(B) = E|go . ) — g0(3%, )
T
+/ (fO(t)x?7ﬁtu_Eg[ytl] +Atﬁt7A?)C?) f (t mtaﬂtv Eo[yt] +Atﬁt7Atact)>dti|
0
First, observe that

ERPTJCT UCT>+<7”T7ZJT 37’}}

= B[ (B, (& ch) @k — 5) + (P B (¢ o) ek — 7))

Thus, from the convexity of gg, we have
E[s0(ef,F) — 80(@%, )| = B[ (5,29 - 24) + (B, 2} — 31) + (7, b — 1) ] (4.7)

Let us use O, := (20,21, 9", B[t Y. bt B9 [Pi], 71, b, = (pt,pt,IEO pi],7t) and omit the

common arguments (A, Ay, ¢, ¢}) in the Hamiltonian. Since A, ﬁ are F° -adapted, we have

E[(R(p} — EYBL) + Beo i — 0]

[<Atpt7yt >] +E[< AtEt ]+5tayt gtl>]

[<Atpt7yt >] +E[< At +5t,E0[yt] E?[@l]ﬂ

[—(8, H(t,84, ), y¢ — T¢) — <851H(t7@tagt)yEg[ytl] - E{[m:])]-

/\

+(p
E
E
E

With these results and (4.7), a simple application of It6-formula yields

Jo(B) — Jo(B)

T ~ ~ o~
Z]E [H(tax?axivytlv]Eg[ytl]vetaﬁt) *H(ta@hﬁt)
0
— (D,0H(t, 04, B), x —a:‘?> — (0 H(t, 64, By), o} — 7})
<8ylH t (")t, ,Bt) — yt > <8§1H(t7 eta /Bt)? t [yt] - E? [/y\tl]>i| dt
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2 E/OT [H(tafﬂg»w%,y},E?[yi]’@,ﬁt) — H(t,6,,5,)
— (D0 H(t,04, By), a0 — 30) — (9, H(t, 0y, By), ) — 7}
- <8y1H(t, @t,gt)v yi - §t1> - <8§1H(t, (:)t,Bt),Eg[ytl] — E?[ZED
— (0sH (¢, 64, Br), B — Btﬂdt

>0

)

where the second inequality follows from the fact that Bt = argmingH (t, @t, B). The equality
holds only when 8 = B\ due to the strict convexity. O

From Theorem 4.1, it is clear that the relevant set of equations is given by

;

dad = (B + lo(t, ¢ )dt—l—so(t N dwy?,

dr; = { K( tl IEO yt]) ,Bt—l—l(t ct,ct)}dt+a (t, D, cHdW? + a(t, ), ch)dW},

dr} = {K (pt — ED[pt]) +Bt}dt (4.8)
ap) = —9 %(t )dt +q Othﬁ,

dyl = -0, f(t, xg,ct,ct)dt + 2 Oth + 2 tdw},

dpt = o (t,¢), ct)rldt + g, Oth +q 1th )

with
g =x", wy=¢&, r5=0,
(7)“ =0y O(CU(I]WC(’%)v
4.
yh = B [, bk + h(ch, b)) + ey, ch)k + B (e ), (4.9)
o
ph = —e(ch, ) (rh + 5B ),

where Bt, t € [0,7T) is defined by
S =0
By =V (=p + Eflyt] + E{[py)).

The next theorem guarantee the existence of the solution to the above FBSDE and hence the
optimal control for the major agent in the mean-field limit.

Theorem 4.2. Under the Assumption (MFG), there exists a unique strong solution x°,p° €
SQ(IE‘ R™), zt, rl gyl pt € S2(FL;R?), ¢*0 ¢ HQ(FO;R”XdO), 210 g0 ¢ H2(FL, R ) and

bl g L1 € HZ(FI,R””) to the system of FBSDEFEs of conditional McKean-Vlasov type (4.8)
with (4.9).

Proof. As we have done in the proof for Theorem 3.5, we introduce u := (2, z!, r!, p% y!, p!)
as arbitrary square integrable random variables with appropriate dimensions satisfying that
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70 .
(29, p°) are F,-measurable, and the others are F,-measurable. For these inputs, we define

drift[z®] (¢, u) == B(t,u) + lo(t, D),

drift[z')(t, u) == —Ay(y* — EVy']) — B(t,u) + 1(t, &2, ),
drift[r] (¢, u) := A(p' — EV[p']) + B(t, u),

drift[po] (t,u) := —0xfo(t, Y Cg)

drift[y!](t, u) == =0y f(t, 2", 2, c}),

drift[p](t, u) := of (£, 2, D),

where B(t, u) = ﬁ](—po + EY[y!] + E? [pl]) For two different inputs u, v/, we set Au :=u —/,
Adrift[z9](¢) := drift[z°] (¢, u) — drift[z°](¢, u’) and similarly for the other quantltles too. Slnce
0 . =0
V; and p° are F,-measurable, we see
E? [(Adrift[z°](t), Ap”) + (Adrift[z'] (), Ay') + (1) Adrift[r'](t), Ap')]
= —E) [<V?(—Ap0 +EY[Ay" + Ap')), —Ap” + Ay' + Ap')]
= —(V/(—p° + EY[Ay' + Ap'], —Ap® + EY[Ay" + Ap']) < 0.
Now, it is easy to obtain
E[(Adrift[p®](t), Az®) + (Adrift[y'] (), Az') + ((—I)Adrift[p'](t), Ar')
+({Adrift[2"](2), Ap®) + (Adrift[z'](t), Ay ) + (=) Adrift[r'](t), Ap")]
< —{E|AZ%? - 4f (E|AZ!? + E|ArY?). (4.10)

Now we set v := (2, 2%, r!) as arbitrary square integrable random variables with appropri-

ate dimensions satisfying that 20 are 7%-measurable, and the others are F}—measurable. For
these inputs, let us define

terminal[p°](v) := 9.g0(z, %),
)
1-6

terminal[p'](v) := —¢9(c%, cb) (7“1 1 f 5 T[r1]>?

terminaly'] () i= ——E} [/(c, ch)a’ + h9(ch, cb)] + 9 (ch, ch)a! + h(c ch),

and with two different input v, v’, we denote by Av :=v — v/,

Aterminal[p®] := terminal[p°](v) — terminal[p®](v')
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and similarly for the other quantities. Observe that
ES. [<Aterminal[y1], Aa:lﬂ

= IE% [<76 ]E%[cg(coT, clT)Axl] + cg(c%, clT)Axl, Amlﬂ
1—-6
1)

> B AP + (AT, EH[AL]) + (B ((ch, ch) — )Aa), B [Aat))

1-96
> (19 — a)EG|Ax! 2.

Similar calculation yields

EKAterminal[pO], Ax0> + <Aterminal[y1], Am1> + <(—I)Aterminal[p1], Ar1>]

411
275E|Ax0\2+(’yg—a)]EUAml\Q—i-\Arl\ ] ( )

Using the estimates (4.10) and (4.11), we can now repeat the proof for Theorem 4.2 in [29]
by simply replacing the analysis for d<Ayt, Aazt> with that for

Ap? Az
d < Ayt | ,G | Az} >
Ap} Ar
Inxn 0 0
with G = 0 (Inxn) 0 . O
0 0 (—Inxn)

5 Convergence to the mean-field limit

From Theorem 4.2, the market-clearing price in the mean-field limit is naturally expected to
be
i 0
@ = —Elly] + AV (0! +Elly] + Elpg]), € [0,7). (5.1)

In this section, we shall show that this is indeed the case for the homogeneous minor agents.
Lastly, we also provide the estimate on the difference of the equilibrium price between the two
markets; one is the homogeneous mean-field limit and the other is the heterogeneous market
of finite population.

5.1 Large population limit of the minor agents

We now go back to the original setup of probability space given in Section 2. We first assume
that the minor agents are homogeneous.

Assumption 5.1. (Minor-Homogeneous) The conditions in Assumption (MFG) hold true.
Moreover, every minor agents 1 < i < N 1is subject to the common coefficient functions
(1,6% 0, f,G, ¢!, c9, bl h9) given there.

For each 1 < < N, let us construct F-adapted processes, corresponding to those given by
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(4.8) and (4.9):

da = {V (=p) + EDlyi) + ED[pi)) + lo(t. ) fdt + so(t, f)dWy,
i N ()i i b i i i
da} = { ~Ke(yi — E9[yi)) — Vi () + E9lyi] + E°[pi]) + U(t, ., c})
+00(t, &, caw + o(t, &, ch)dWi,

i A (i i 0 i ;
dry = {At(pt —E[pi]) + V, (—p? + EQ[yi] + Eg[pt])}dt, (5.2)
dp? = —0ufo(t,2f, cf)dt + g *dIvy,
dyi = =0, f(t, 2}, o, c)dt + 2 "dWP + 2" AW,

dpt = Cf(tv Ct> Ct) dt + q; Oth + qz Zth ’
with

1'8 = X07 :C%] = §i7 Té = 07
p% = a$§0(x%7 C%)?
Y = T3 T (ch, p)al + B (T, &p)] + O (SF, )ty + h9 (e, &),

P = =9, ) (rh + £5 B ).

By construction of the probability space and the fact that (¢, £, W) are independently and

identically distributed (ii. d. ) F adapted processes (xt, 7%, yt, p') are ?—conditionally iid. In
particular, for any ¢° = z¢, 7%, 3%, p’, we have E{[¢!] = E?[p}] and also

ET[ 9I(}, dp)alp + hI(c) + CT)] =Ef [09(0%7 cr)or + h9(cy + CIT)]-

Therefore, (z°, p?) defined in (5.2) and (5.3) is indeed indistinguishable for every copy.
N N N

We are going to compare (2,p", (@), ()Y, ()X, (p)Y,) given above with the dy-
namics (X°/N, P (X)X, (ROX,, (YH,, (P)X,) given by (3.17) and (3.18) with homoge-
neous coefficients. Using the scaling rule in (3.12) and Remark 3.3, we have for 1 <i < N,
a5 {v (=P +m((Y})) +m((P}))) + lo(t, CO)}st (t, Q)awy?

N t t t t 0 o\%, Gt to

i j P
ax; = { =R (¥ = m((¥7))) = Vi (= P2 + m((¥?)) + m((P) + I(t, ), f) }at
+00(t7 Cg, sz;)thO + U(ta Cg? cé)thi7
i _ [N (pi j 0 i i 5.4

aR; = {Ry(P = m((P)))) + Vi (PP + m((¥})) + m((P))) b, (54)
dPtD = _aifO(ta XtO/Nv Cg)dt + Q?vOthO + Z;V:1 Qg’detj’
dYtZ = _ax?(ta XZ? Cg, Ci)dt + Z?OthO + Z;V:I ZZ’]thjv
AP} = c! (t, &, c}) Ridt + Q;°dW? + I, Qi awy,
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with
Xp=Ny", Xj=¢, Ry=0,
PY = 0,90(X2/N, %),
Yr = mm((cg(c%, ) X4 + h9(cY, crzp))) + (Y, &) X+ hI(F, ),
Ph = —c(cy. ) (Rp + 25m((R}))).

(5.5)

Thanks to the symmetry, (X% R’ Y® P%) have the same distribution for every 1 < i < N,
although they are not independent due to their interactions. Let us introduce the notation:

Azl = 2 Azli= X —al, Ari:=Rl -1l

0
et 2
N

0._ po 0 i v i i._ pi i
Ap; =P —p;, Ay =Y, —y, Ap;:=F —p,

0,0 ,._ 0,0 0,0 0,0 ._ 0.7
Aqt =W =4, Aqt = Qt s

i,0 . i,0 i,0 ij o g i
Az7 =207 — 20, Az =207 — 652",

i0 40 Q0 i i i

Aqt =Gy —q Aqt = Qt - 51‘7th )

where ¢; ; stands for Kronecker delta. We also define

=N § : =N § : =N § ' . =9N E ' o ,
,Ut — N 6,,,%, ,ut = N 5yz, /,Lt = N 5[7;7 /j,g = N 609(0(%70%)x%+hg(007”651),
i—1 i=1 i=1 =1

. =0 = =0
i = L0 |Fy), = LWF), uf = L@l Fy), = L((cp, ep)ap + b9, ep) | Fr).

Here, i"", %N, >N and 19" denote the empirical measures, and the others conditional
distributions. When the filtration defined on the product space is completed, there appears
some subtle issue on the conditional distribution about its measurability. However, we can
always construct a measurable version by modifying it only on the null sets. We always suppose
that (u", u¥, uP, u9) are measurable versions constructed in such a way. See Section 2.1.3 in

[10] for details. Since (ri, Y, pt, e9(ch, )b+ hI(cY, cgﬂ)), 1<i< N are 7 conditionally i.i.d.
and also (r*,y",p") are continuous processes, we have the following convergence properties.

Lemma 5.1. Let Assumption (Minor-Homogeneous) be in force. Then we have

. N N A
J\}lm sup E[Wﬂﬂ:’ 7#?)2 + WQ(M%’ ’“f)Q + WQ(M? ’Mg)ﬂ =0,
_>°°te[O,T]

lim E[Ws(uoN. u9)?] = 0.
Jim B[Wa(u, 1)’

Moreover, if there exist some positive constants I' and 'y such that supcjo 1y (E[\rtl\k]% +

1
E[|ytl|k]% +E[|pg|k]%) < T and E[|cg(cgp,c¢1p)x% + hg(c?p,c%p)|k]z < Ty for some k > 4, then

25



there exists some constant C independent of N such that

up B o™ )2 + Wal™ ) + Wai™ 1)?] < CT%ey,
te|0,

E[Ws (@, u?)?] < CTiew,
with ey 1= N~2/m2x(04) (1 4 log(N)1n—y).

Proof. See Lemma 4.1 in [30] and the proof for Theorem 5.1 in [29]. More details on the
Glivenko-Cantelli convergence in the Wasserstein distance are available from Section 5.1 in [9]
and references therein. O

The next property of the Wasserstein distance is important for our purpose. For any
w, v € Po(R™), it is easy to check

)/nx#(dzn) - /Rn yv(dy)‘ = ‘/nxn(a: - y)w(dx,dy)‘ < /an |z — y|7(dx, dy)

for any coupling 7 € TIa(p, v) with marginals x4 and v. Taking infimum over = € Iy (u, v), we
get

‘/n p(dr) = /Rn y”(d?/)’ < Wip,v) < Wa(p, v). (5.6)

We are now ready to prove the main result of this section.

Theorem 5.1. Let Assumption (Minor-Homogeneous) be in force. Then, for every 1 <i < N,
there exists an N-independent constant C such that

E| sup (Acf+1Aaif + A" + |Ap0 + A" + | Apif)
te[0,T

N T , - -
+30 [ (AGP + 1857 + 1807 ) e
=00
N 2 N 2 r N 2 N 2
< CE[Wa(uo™, w2 + Wa (", i) + /0 (W™, i) + W™, i)? ) .
Proof. Let us define v > 0 by

v = min{~{,~, 73,79 — a}.

First step: We want to apply Ito-formula to

N N
(arb. ) 45 Do )+ 3 Dol (D) (5.7

=1
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With this in mind, we check the following estimates. It is easy to see, with obvious notation
1 & 1 &
. 0 0 ~ i i . i i
(drift[Ap}], Azy) + N Z<dr1ft[Ayt], Azy) + N Z<dr1ft[Apt], (—=I)Arp)
=1 =1 (5,8)

1 ) )
— Az = (18 + [AriP)
=1

Using (5.6), we get
(drift[Aaf], Ap)) = (V7 (—Ap + m((Y)) — EX[yt] + m((P)) — E9[pi]), Ap)
— (V] (—Ap) + m((Ay)) + m((Ap))). Ap))
+ (V) (m(()) — ED[i] + m((p))) — E2[p}]), Ap?)
< <Vt( Apt +m((Ayt))+m APt ))’APt>
+C(W2(Mt ug) + Wo(m €)|Apt

Similar calculation yields
N

) 1 . i i 1 : i i
(drift[Axy], Ap}) + + Z<dr1ft[A:L‘t}, Ay) + N Z<dr1ft[Art], (—=I)Ap})

i=1 i=1
< (VP (=AR +m((Ag)) +m((Ap)), —ApY + m((Ag))) +m((Aph)))
(Wa(m™, i) + Wa@ ™, 1)) (1271 + [m((Ay)| + [m((Ap)))])
N o) (1ADY] + m((JAg )]+ m((|Ap))).

=

(5.9)

< C(Wo(m™, pt) + Waliy:
Now, let us check the terminal parts. Similar analysis used in (3.9) yields

N N
1 . . 1 ) .

=1 =1

N (5.10)

1 i i
> 9182 + (10— ) 5 D (1A7h [ + [Arp )
i=1
— CWa(EN, p9)m((|Az7]) — CWa (™, php)m((JAE])).
Using (5.8), (5.9) and (5.10), a simple application of Itd’s lemma to (5.7) gives
1 & . A T 1 & . .
TE (|84 + T (1805 + |Ark?) + /O (18022 + < - (1aa)? + | Ari) ) dt]
i=1 i=1
< CE [Wz(ﬁg’N,ug)m((lﬁﬂTl)) + W, i) m((|ArY])
T
o [ O )+ W ) (A0 + (18500 + (A1)

By Young’s inequality and the symmetry of the distribution, we find that the following in-
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equality holds for every 1 <i < N:
E||Az}? + [Azp|? + |Ark +/ (1A + |Azi? + |Arf[?) dt]
0
< CE[Wa (o™, 1) + Waliiy™, 1) (5.11)

T
[ )+ W ) 18981+ (1 8) + (1A ]

Second step
From the standard estimate of the BSDEs, see Section 4.4 in [59] for example, it is easy to find

T N 4
E[ sup [ApfP +/ (1860012 + 3" 1ag?7 ) at]
te[0,7) 0 =1
T
< CEB[|An? + [ 0ot X/N,cf) = Tot.af, D)l

T
gC’IE[|Aa;OT|2+/ \Axg’\?dt]
0

Carrying out the similar analysis for (Ay’, Ap®) and using the symmetry among 1 < i < N, we
obtain for any 1 <i < N,

+185717 + |Ag”

B[ sup (18502 + 180 +1890) + 3 [ (146
t€[0,T] im0 Jo

2)dﬂ
T
g0E[|Ax%|2+|MT|2+|MT\2+/ (1A + [Aai]? + | Ar{?)dt]
0
+ CE|[Wy(ao™, )2 + Wi i5)?]
< CE|Wa(@™, u9)? + Wa(iip", i)?
T
[l )+ Wl ) 18981+ m((18i1) + (1A ]

where we have used (5.11) in the second inequality.
From (5.11), (5.12) and the symmetry among 1 < i < N, Young’s inequality yields

T
E[|Aw%|2 + A + |Ark +/0 (lAzf? + |Az* + yArgP)dt}
t€[0,T]

+E[ sup (AP + Ay + |Api[?) + Z/ (186771 + 820 + |Agy ) dt |
=070

T
< CE[Wy (o™, u)? + Wa (" i) + / (Wl ™, ) + Wal ™ i)? ) ]
Now the desired estimate follows from a simple application of Burkholder-Davis-Gundy (BDG)
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inequality to the forward variables (Az°, Az?, Ar?). O

5.2 Some stability results

For understanding the implications of Lemma 5.1 and Theorem 5.1, let us denote the market-
clearing price for the N homogeneous minor agents by

@ N = —m((V)) + V) (=P + m((Y) + m((F), t€[0.T) (5:12)

using the solution to (5.4) with (5.5). By comparing it with ™ in (5.1), we get the following
result.

Theorem 5.2. Under Assumption (Minor-Homogeneous), the following inequality holds:
T 2
E/ |w?O’N —w?fg‘ dt
0
N 4 N N
< CE[W(oN, u)? + Wa(g, i) + / (Wamp™, ) + Walap™, uf)? ) de,
0

where C' is some positive constant independent of N.

Proof. Using the symmetry, we have
Ho,N 1 —y,N _p,N
Efjw " — =] < CE||ApP + Ay + |Apt 2+ Wa (™, uf)? + o™, uf)?].
Hence Theorem 5.1 gives the desired estimate. O

From Lemma 5.1, we observe that (w?O’N)tE[OVT] converges to (winfg)te[oj] in the large
population limit of homogeneous minor agents. In this limit, the optimization problem for each
ith minor agent given in (3.5) is solved within (€2, %, P"; F?) since the market price process
o™ is now ﬁo—adapted i.e. dependent only on the common market information. One can
observe that the natural information structure mentioned in Remark 3.1 is actually achieved
in the mean-field limit.

Before closing the paper, let us briefly discuss about the stability relation between the
heterogeneous and the homogeneous market. Let (X9, (X)X, (R)X, PO (P ) denote the
unique solution to (3.17) with (3.18) given by Theorem 3.5 in the market with heterogeneous
minor agents, and (X, (XN, (RHN,,P° (P")Y,) the unique solution to (5.4) with (5.5)
corresponding to the homogeneous minor agents. Let us introduce the following notation: for
1<i<N,

SLi(t) == Li(t, &, ch) — 1(t, 2, ¢,

6ad(t) == od(t, 2, cl) — aO(t, 2, cl), doy(t) := ai(t, 2, ) — o(t, 2, cl),
00, fi(t) := 0ufi(t, X4, 7, i) — Ouf (8, X} ¢f, ),

ocl(t) := ] (¢, ) — (1, c)),

0h{ = hi(cr,cr) — h¥(cp, ).
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Denoting the market-clearing price (3.21) in the market with N heterogeneous agents by

(wf[e N )telo,1)> We have the next stability result.

Corollary 5.1. Let Assumptions (Minor-A, B) and (MFG) be in force. Then the following
inequality holds:

E/OT‘theW _ ™2y
< CE [WQ@%N, u)? + Wa(i i)? + /0 (Wt ) + W™ )]
+Co% ZE / (197 + 10e] (ORI + [81:(0)* + |02 (D) + [do(0) )
+ C% ZE [ycschf +0hd|? + )5(:? (7} + %m((ﬁ%))) m
1=1

Proof. Let us put AX? := X? — X?, AY; = Y} — Y, and similarly for the others. Thanks to
the stability of fully-coupled FBSDEs, see for example Proposition 3.1 in [30] or more generally
Proposition 3.4 in [56], we have

al AX?
Z [ sup (‘ t‘ +IAX] + AR + AP +|AY; [ + |AP]?)
i—1 te[OT

+|1AQ7 )t

o3 [ 1aq 18z
§=0

(5.13)
1 ’ T2 2 2 2
<Oy SB[ (180T 0F + 5/ ORIP + 180 + oo + |5oi(0) s
=1
1 & 2
_ g 9|2 ) )
+0N; [|5CX + 6hY| (5c( (R )))H
Since
2 1 o 2 2
He, N Ho,N 02 7 7
Elw}'" — = *"|* < CE[ AP + (A + AR )]
the estimate (5.13) and Theorem 5.2 give the desired inequality. O

6 Securities with maturity T

Let us briefly discuss the special case where the securities have exogenously specified payoff

& € ]IAQ(?%;R”) at the date of maturity 7". This is the situation arising in Futures, Bonds
and many other financial derivatives. In this case, there is no reason to put a penalty on the

30



terminal stock. It is then natural to consider
gi(z, ) = —<co,z>, 1<i<N
N
g(() )(.’L', CO) = QO(CE, CO) = _<00,x>7

(ie. ¢/(-) = 0) for the terminal condition for the minor and the major agents, respectively.

Since the terminal costs are linear in x, we now have 78 = 79 = 0. Moreover, we remove the
hard constraint S = 0 from the major agent’s admissible strategies. It does not play any role
since there is no w dependence in the terminal cost functions for all the players. This means
A® = H2(F;R") and A%, = H*(F';R").

Although we loose strict convexity in the terminal functions, we can actually obtain the
same conclusions also for this case. As we have already mentioned in [29], what we have to do is
to apply Theorem 2.3 instead of Theorem 2.6 in [52]. Every theorem concerning the existence
of the unique solution holds with the new terminal condition for the backward variables:

0_ 0
Pp = —cp,
i _ 0
Y =—cp,
P
Pi = 0.

for the model with finite number of agents, and

0 _ 0

Pr = —Cp,
1 _ 0

yT - _CT7
1 _

pT - 07

for the model in the mean-field limit. Note that the verification theorem such as Theorems 4.1
and A.l remain true since they do not require strict convexity in the terminal functions. In
particular, (4.7) holds true with equality.

One can easily check that the market clearing price satisfies wr = COT in the both cases.
The estimate in Theorem 5.1 is now given by, for every 1 <i < N,

E| sup (|Aafl? + [Acj? + |Ari2 + AP + [ Ayi[> + |Api )

te[0,7
N T )
+>° [ (g
j=0"0

< B[ [ (Wale,? + W )]

24 AP+ g )]

One can prove it in the same way by using the new terminal condition; Ap% = Ayé} = Ap% =0.

A Sufficient maximum conditions for controlled-FBSDEs
Our optimization problem for the major agent requires the maximum principle for a system of

controlled-FBSDEs. The general issues of controlled-FBSDEs have been studied, in particular,
by Yong [55, 56], where the second-order necessary conditions are given for non-convex con-
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trol domain. In the current paper, we actually need the sufficient conditions (i.e. verification
theorem) rather than the necessary conditions. On the other hand, we only need the convex
control domain. Since we cannot find a useful summary in the existing literature, we provide
the relevant theorem in this appendix. For the readers’ convenience, we provide the theorem
under the setup more general than what is actually needed for our purpose.

We let (2, F,P,F) be a complete filtered probability space satisfying the usual conditions.
It supports a d-dimensional Brownian motion W and Fy may be non-trivial. Let the control
domain A C R* be closed and convex and the space of admissible controls is denoted by
A =H?(F; A). For a given T > 0, we introduce the following measurable functions:

b:Qx[0,T] x R" x R™ x R™*?4 x A - R",
o:Qx[0,T] x R* x R™ x R™*? x A — R4,
F:Qx[0,T] xR" x R™ x R™*4 x A — R™,

7 OXRT SR, QxR R”, ¢: QxR - R™.

With these coefficient functions, we consider the following controlled system of FBSDEs:
d.%'t - b(ta Tty Yty 2ty Ut)dt + U(tv Tty Yt 2ty ut)th7
dyr = f(t, Tt yt, 2t, ug)dt + 2edWr,

o = ’Y(yO) + Ea
yr = ®(x7) + (o),

(A1)

where ¢ € L?(Fo;R") is given. See [55, 56] for various motivations to include the mixed
initial-terminal conditions.
We study an optimization problem, inf,cs J(u), with

T
J(u) = IE[/O F(t,xe, yp, 2¢, ur)dt + G(zr) 4+ g(y0) |,

under the dynamic constraints (A.1). Here,

F:Qx[0,T] x R" x R™ x R™4 x 4 - R,
G:OxR" >R, ¢g:QxR™ =R

are measurable functions representing the cost for the agent. The Hamiltonian H : Q x [0, T x
R” x R™ x R™*4 x R x R"*% x R™ x A — R is defined by

H(ta x,Y,z,p:4,T, u) = <p7 b(ta L, Y, %, u)> + <Qa U(ta r,Y,z, U)> + <T7 f(tv x,Y,z, u)>
+F(ta x, 3/7 Z, U),
where the brackets in the second term in the right-hand side denotes a trace operation.

Assumption A.1. (i) For any (z,y, z,u) € R"xR™xR™*4x A, (b, 0, f, F) are F-progressively
measurable, (v, g) are Fo-measurable and ®, ¢, G are Fp-measurable.
(ii) For any (ut)ier) € A, there exists a unique strong solution (¢, yi, 2t )teor) € S*(F; R™) x
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S?(F; R™) x H2(F; R™*%) to the controlled FBSDE (A.1) 1.

(iii) (b, 0, f,7v, P, @) are one-time continuously differentiable in (z,y, z,u) with bounded deriva-
tives.

(iv) (F,G,g) are one-time continuously differentiable in (x,y,z,u) with uniformly Lipschitz
continuous derivatives. Moreover, for any given (x,y,z,u), these derivatives are square inte-
grable.

(v) For any (ut)ico,r) € A, J(u) is finite.
(vi) (G, g) are convex and (v, ®, p) are affine functions in (x,y).

Remark A.1. For a scalar-valued function f(z) € R, we use the convention fy(x) = (0, f(z))P, €
R™. For a vector-valued function f(x) € R™, we use fy(z) € R™™ with (fz(x))i; = (04 f()).

The adjoint equations are given as follows:

dry = —Hy(t, 21, Yt, 2t, Pt, G, Tty we)dt — Ho(t, T4, Yt, 26, Dty G, T, ue)dWe,
dpt = —Hy(t, 04, Y, 2, Dt Ge> Tt g )dt + qedW,

ro = E[¢y(yo) "rrlFo] — vy (¥0) "po — g4(v0),

pr = =@ (z7) rr + Ga(zr).

(A.2)

Theorem A.1. Let Assumption A.1 be in force. Suppose that (Tt,Yt, 2t)ieo,r] € S? x §? x H?
is a unique solution to the FBSDE (A.1) with some admissible control process (uUt)icjo,r) €
A. Assume that there erists a solution (P, Qi,7t)icio,m) € S? x H? x S? to (A.2) with inputs
(Tt, Yt 21, Ut )iefo,1], and that the map

R™ x R™ x R™*4 x A 5 (z,y, z,u) — H(t,z,y, 2,01, G, s, u) € R

is jointly convez in (z,y,z,u) and strictly convezr in u, dt ® dP-a.e. Moreover, the equality

AN A AN A A A~ AN A AN A A

holds dt @ dP-a.e. Then, (ut).cjo,r) i a unique optimal solution.

Proof. Let us denote by (¢, Y, 2t)cjo,r] the unique solution to (A.1) with a given control
process (ut);ejo,r] € A. For notational convenience, let us introduce

O := (e, 96, 20),  Or:= (X, e, 21), 0t := (Dt, @t Tt)s

Oy := (Tt, Tt» 2, Pt G5 T1), € [0, 7).
Since (7, ®, ¢) are affine, we have
E|(Ga(@r), a1 = Br) + (9,(H0), 40 — o)
=E [@T + @, (27) "Pr, 2 — Tr) + (70 + Eléy(%o) | Fo] — vy (To) T Po, o — @0>]

= E[@T,SUT —2r) — (8,20 — Zo) + (Fr.yr — Yr) — {Fo. yo — Z70>],

LFor the existence of unique solutions to fully-coupled FBSDEs, see [62, 56]. In particular, the latter deals
with the mixed initial-terminal conditions.
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where we have used the relation, for example, ®,(Z7)(xr — z7) = ®(x7) — ®(Z7).

Now, Ito-formula gives
E[@T, ar — o) — (P, 20 — Zo) + (Fr.yr — Gr) — {Fo, yo — §0>}

T ~ ~ o~
- E/ |:<Z/)\ta b(ta 0t7ut) - b(ta et)at)> - <Hx(t7 @taat)vxt - ‘%\t> + <(/]\t70'(t, atvut) - U(tv 915; at)>
0

(7o S (8 Opa) = (B0, T)) = (Hy (O, )y — ) = (HL(t, O, ), 20 — 22 a.

It is easy to check that the stochastic integration part becomes a true martingale. Using the
convexity of G and g, we have

J(u) - J(u)
= E[<Ga:(55T)7a:T — 1) + (9y(%0): Yo — Yo) + /OT [F(t,0;,u) — F(t, gt,at)]dt]
- E/OT [H(t, O, 0y ur) — H(t, Oy, 10r) — (Hy(t, Oy, r), 20 — T )
—(H,y(t, O, @), ye — Tr) — (H(t, O, ), 2 — gtﬂ dt
> E/OT {H(,; O, 0, ur) — H(t, Oy, 10p) — (Hy(t, Oy, p), 20 — T )

—(Hy(t, O, Tit), Yt — Uy — (H.(t, Oy, Tiy), 2t — Zi) — (Hult, Oy, Tir), ur — at>}dt
>0,

where the equality hods if and only if (v = u) due to the strict convexity. O
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