{: SCISPACE

formerly Typeset

@ Open access - Journal Article « DOI:10.1007/S11537-007-0657-8
Mean Field Games — Source link [/

Jean-Michel Lasry, Pierre-Louis Lions, Pierre-Louis Lions

Institutions: Paris Dauphine University, Colleége de France

Published on: 28 Mar 2007 - Japanese Journal of Mathematics (Springer-Verlag)

Related papers:

» Large population stochastic dynamic games: closed-loop McKean-Vlasov systems and the Nash certainty
equivalence principle

» Large-Population Cost-Coupled LQG Problems With Nonuniform Agents: Individual-Mass Behavior and
Decentralized $\varepsilon$ -Nash Equilibria

+ Jeux a champ moyen. | — Le cas stationnaire
« Jeux a champ moyen. Il — Horizon fini et contréle optimal

» Mean Field Games and Applications

Share thispaper: @ ¥ M ™

View more about this paper here: https:/typeset.io/papers/mean-field-games-
59f4y0b3uq


https://typeset.io/
https://www.doi.org/10.1007/S11537-007-0657-8
https://typeset.io/papers/mean-field-games-59f4y0b3uq
https://typeset.io/authors/jean-michel-lasry-szufo87y58
https://typeset.io/authors/pierre-louis-lions-3t7zd8bik1
https://typeset.io/authors/pierre-louis-lions-3t7zd8bik1
https://typeset.io/institutions/paris-dauphine-university-2ix8ho0g
https://typeset.io/institutions/college-de-france-2aevhxtq
https://typeset.io/journals/japanese-journal-of-mathematics-1odac22y
https://typeset.io/papers/large-population-stochastic-dynamic-games-closed-loop-mckean-489pacfzaf
https://typeset.io/papers/large-population-cost-coupled-lqg-problems-with-nonuniform-1l9o1v5jbc
https://typeset.io/papers/jeux-a-champ-moyen-i-le-cas-stationnaire-4pruu27a2m
https://typeset.io/papers/jeux-a-champ-moyen-ii-horizon-fini-et-controle-optimal-1fvhty35dr
https://typeset.io/papers/mean-field-games-and-applications-3fajfcncay
https://www.facebook.com/sharer/sharer.php?u=https://typeset.io/papers/mean-field-games-59f4y0b3uq
https://twitter.com/intent/tweet?text=Mean%20Field%20Games&url=https://typeset.io/papers/mean-field-games-59f4y0b3uq
https://www.linkedin.com/sharing/share-offsite/?url=https://typeset.io/papers/mean-field-games-59f4y0b3uq
mailto:?subject=I%20wanted%20you%20to%20see%20this%20site&body=Check%20out%20this%20site%20https://typeset.io/papers/mean-field-games-59f4y0b3uq
https://typeset.io/papers/mean-field-games-59f4y0b3uq

Mean Field Games

Jean-Michel LASRY®! Pierre-Louis LIONS®)2

() work partially supported by the chair “Finance and sustainable development”

Abstract : We survey here some recent studies concerning what we call mean-field models by
analogy with Statistical Mechanics and Physics. More precisely, we present three examples of
our mean-field approach to modelling in Economics and Finance (or other related subjects. . . ).
Roughly speaking, we are concerned with situations that involve a very large number of
“rational players” with a limited information (or visibility) on the “game”. Each player chooses
his optimal strategy in view of the global (or macroscopic) informations that are available to
him and that result from the actions of all players. In the three examples we mention here, we
derive a mean-field problem which consists in nonlinear differential equations. These equations
are of a new type and our main goal here is to study them and establish their links with
various fields of Analysis. We show in particular that these nonlinear problems are essentially
well-posed problems i.e. have unique solutions. In addition, we give various limiting cases,
examples and possible extensions. And we mention many open problems.
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1 Introduction

1.1 General introduction

We present here some recent modelling issues arising in Economics and Finance which lead
to new classes of nonlinear equations that we also briefly analyse here.

In a recent series of papers (J-M. Lasry and P-L. Lions [16, 17, 18, 19, 20, 21]), we introduce
a general mathematical modelling approach to situations which involve a great number of
“agents”. Roughly speaking, we derive these models from a “continuum limit” (in other words
letting the number of agents go to infinity) which is somewhat reminiscent of the classical
mean field approaches in Statistical Mechanics and Physics (as for instance, the derivation of
Boltzmann or Vlasov equations in the kinetic theory of gases) or in Quantum Mechanics and
Quantum Chemistry (density functional models, Hartree or Hartree-Fock type models... ).
This general approach leads in various situations to new nonlinear equations which contain
as particular examples many classical problems and are linked to several research fields of
Analysis. We describe rapidly these equations in the next section. And we conclude this
introduction by a brief overview of the economical and/or financial issues that we address
through our “mean-field” approach.

We consider here three different illustrations of such an approach that are treated in sections
2-4. In section 2, we consider stochastic differential games and N players Nash points. Then,
we derive rigorously the mean field limit equations as N goes to infinity (in a stationary
setting). And we analyse mathematically the limit equations. We also consider time-dependent
problems and deterministic limits. We next give an interpretation of such systems of equations
in term of the optimal control of (some) partial differential equations. And we indicate various
directions that can be (or need to be) investigated together with several open problems.

Section 3 is devoted to the second example which leads to a new class of free boundary
problems. In the one-dimensional case, we state and solve this problem showing the existence
and uniqueness of a smooth solution. We next discuss briefly and explicitly some stationary
problems. And we mention various directions of interest.

The third example concerns the formation of volatility in financial markets. In this context,
our mean field approach leads to a nonlinear differential equation in infinite dimensions. And
we show that 1) its local solvability is induced by a striking property of solutions of parabolic
partial differential equations, ii) the model possesses remarkable invariance properties, iii)
which allow us to solve the equation globally in a semi-explicit way.

1.2 Mathematical models

We discuss here the mathematical structure of the three examples mentioned in the previous
section. We begin with the example which will be mostly detailed here namely “mean-field
differential games”. A typical example of the models we derive is given by the following
system of equations



—vAu+ H(z,Vu) + A=V (z,m)

(1) —vAm — div(%H(:v, Vu)m =0
p

m >0, [mdr =1

where v > 0, u is a scalar function, H(x,p) is a given function (or nonlinearity) which is
assumed to be convex in p, A € R is unknown, and V' (z,r) is another given function (or
nonlinearity). Precise assumptions on H and V are given in section 2 below. Various types
of boundary conditions are possible and we mention here the simplest possible case where the
equations in (1) are set in R, H(z,p), V(x,r) and the unknowns u and m are required to be
periodic in z; (of a given period T; > 0) for each 1 < i < d(z € R%), and [ m dx obviously

d
means [, m dz where Q = [](0,T;).
i=1
The above problem corresponds to stationary situations. The time-dependent analogue is
typically of the following form (where t € [0, 7))

g?; — Au+ H(z,Vu) =V (x,m),uli=o = Vo(z, m(z,0))
(2) Om + Am + div(a—H(x, Vu)m) = 0, m|i—r = my

ot dp
m>0,/mdw=1forallt€ [0, 7).

The nonlinearities H and V' are as above, my is a given “initial” condition while Vj(z,7)
is a given function (or nonlinearity).

If m were not present in the first equations of (1) and (2) (assume for instance that V' and
uo only depend on z), these equations would simply be a general class of Hamilton-Jacobi-
Bellman equations arising in stochastic control theory (see for instance W.H. Fleming and H.
M. Soner [12], M. Bardi and I. Capuzzo-Dolcetta [5] and the references therein ...). And
the equations would then be seen as the linearized problem, backward in time in the case
of (2). In general, the coupling between the first and the second equation in both systems
(with the additional feature in the case of (2) of the equation in u written forward in time
while the equation for m is backward in time) make these systems novel ones for which no
existing theory or approach seems to be applicable directly. In addition, (1) and (2) contain
several particular cases of interest such as the Hartree equations in Quantum Mechanics, or
the compressible Euler equations (in the barotropic or isentropic regime) when we let v go to
0+.

For these novel systems, we prove general existence results together with uniqueness results
at least when V' (and Vj) are nondecreasing in r (for all ). We also investigate the limit as v
goes to 04 (deterministic limit) and show the links with optimal control problems (in which
case u — or m— may be interpreted as the primal state while m —or u— is then the dual state).

The second example concerns the formation of prices. Again, we indicate here a typical
example of the models we derive namely



e = 2Lt 05— plt) + @) — 5w~ pl1) ~ )

(3) Fla,t) > 0if 2 < p(t),t > 0: f(z,t) < 0if 2 > p(t),t > 0;

fli=o = fo on R, p(0) = po

where o > 0, fj is a given smooth function with fast decay at infinity, py € R and the following
compatibility condition holds

(4) fo(z) > 0if x < pg, fo(x) < 0if = > py.

Finally, a > 0 is given and ¢ is a “delta-like” function i.e. a smooth non negative function
compactly supported in (—a, +a) such that [ § = 1. The problem (3) is clearly a free boundary
problem (note that f(p(¢),t) = 0 for all ¢ > 0) which appears to be new. Our main results
state the existence and uniqueness of a smooth solution (u,p) (with fast decay at infinity).

The final example we consider concerns the formation of volatility in financial markets.
Postulating a simple linear elastic law for the impact of trading on stock prices, our mean field
approach leads to the following nonlinear differential equation in an infinite dimensional space
(which can be taken to be, for example, C’E “*(R) i.e. the space of bounded C? functions with
bounded, Hélder continuous of exponent « € (0, 1), first and second derivatives) : we look for
a mapping o from C;**(R) into Cp"*(R. x [0,T]) —the space of bounded, Hélder continuous
of exponent a € (0, 1), functions on R x [0, T], where T > 0 is fixed— which satisfies

(5) o'(®) = ko(®) . T for all ® € C;*(R)

where k > 0, T is the operator defined on Cg by IV = % and u solves the following parabolic
equation (written backward in time).

2 92
(6) 2+2$=00nRx(0,T},u|t_T:@.

Of course, o in (6) stands for the function of z and ¢ given by o(®). And in (5) “o(P).”
simply corresponds to the multiplication operator.

Such nonlinear differential equations as (5) cannot be solved in general unless some very
specific compatibility condition (related to the symmetry of second differentials) is satisfied.
And we show that this “symmetry” condition is indeed satisfied in our model thanks to a
remarkable property of solutions of parabolic equations. This insures the fact that (5) is
locally well-posed (in a maximal neighborhood of any ®,, provided we specify o(®y)). We
also show a general invariance property which allows us to prove that (5) is globally well-
posed and to construct its solutions in a semi-explicit way (via the solution of some nonlinear
parabolic equation...).

1.3 The economical and financial context

In many economical and financial situations, it is natural to consider a very large number
of rational agents which have limited information. Here, the word rational is taken from
the theory of rational anticipations and, roughly speaking, means that each agent tries to



maximize his strategy (utility maximization). In section 4 below, we consider a model for
the formation of volatility in financial markets in an attempt to reconcile the classical Black-
Scholes theory (see [8] and R. Merton [24]) with financial practice where the (implicit) volatility
used for option pricing and hedging differs from the historical volatility (of, say, a stock for
example). We do so by postulating (as in [15], [3]) an impact of trading on the price dynamics
and considering, in a self-consistent (or mean-field) way, an infinite (continuum) number of
traders.

Section 3 is devoted to a toy model for price formation in an idealized situation where two
populations of, respectively, vendors and buyers of a single good typically agree to a certain
price at which some transactions take place. Once more, we do not consider a single vendor
or buyer but continua of them through their densities and the price is then determined by a
dynamic equilibrium.

Finally, in section 2, we consider a general class of stochastic differential games for a large
number N of players. The limit behavior, as N goes to infinity, is intimately connected to
the modelling of economical equilibrium with rational anticipations. One indeed postulates
in such a context that each agent is rational (and assumes the other agents to be rational as
well ...) but also has a “tiny” (infinitesimal) influence on the equilibrium. A fundamental
contribution to this issue has been given by R. Aumann [1], and, since then, many works
have investigated it (see the recent work by G. Carmona [9] and the references therein).
We propose a different approach based upon stochastic control. Roughly speaking, each
player maximizes the expectation of a criterion by choosing a strategy on the parameters of
a stochastic evolution. This criterion depends on one hand on individual parameters as is
customary in stochastic control and on the other hand on the (spatial) density of the other
players. The consistency of this equilibrium, that we call a “mean field equilibrium”, in the
sense of rational anticipations is insured by the fact that the dynamics of the density of players
results from the individual optimal strategies. Let us mention that the stochastic set-up we
use for this dynamical equilibrium allows us to circumvent the use of approximations proposed
in the abstract static set-up of the works mentioned above. We also emphasize the fact that
the deduction of these mean-field equilibria is justified rigorously from the limit, as N goes to
infinity, of Nash equilibria. And, as it is to be expected, we observe a significant simplification
of the complexity of such N players equilibria thanks to that limit.

The proposed terminology of mean-field games is an explicit reference to statistical Me-
chanics and Physics and to the study of systems composed of a very large number of particles
(where the dynamics of each particle is determined by a mean field created by the density of
particles) and we shall see later on that this is more than a simple analogy although the main
difference certainly lies in the possibility for each “player/particle” to choose its best strategy
in our case. One could as well talk of a “micro-macro” approach of equilibrium, in which each
(“microscopic”) player behaves rationally with respect to his preferences and to global data
or informations (of a “macroscopic” nature).



2 Mean Field Games

2.1 Stationary problems : Nash points or N players

We consider here the simplest possible case and we shall mention later on variants and
extensions. We consider N players (N > 1) whose dynamics are given respectively by

(7) dX! = o'dW] — o'dt, X =" ¢ R4, 1 <i <N

where d > 1,0° > 0 for all i, (W}, ..., W}) are N independent Brownian motions in R% and
o' corresponds to the strategy (or the control) of player i that we take to be a bounded process
for ¢ > 0 and adapted to W/. We discuss below this assumption which is natural when dealing
with a large number of players but is rather restrictive from a game theoretical viewpoint.

In order to simplify the presentation, we assume that X! € T¢ (identified to Q = [0, 1]¢ with
periodicity) and that all the functions given below are periodic in 2%(1 <i < N,1 < j < d) of

period 1 (for instance). And we introduce a cost function for each X = (z!,... 2V) € QV
i1 N S T iy e N
(8) Ji@l,... )ZI%*TF@ETEUO Li(XE, al) + Fi(X!, ..., XNt

where, for each 4, F* is Lipschitz on Q, L* is Lipschitz in ' € Q uniformly in o bounded
and

9) inf L'(z", ') /|a’| — 40 if |a'| — +o0.

We then recall the definition of a Nash point for X € QV fixed : (a',...,a") is a Nash
point if

(10) Ji@at,...,a ot at o al) > Jiat, .. aN), val, .
Finally, we denote by H'(x,p) = sup (p.a — Li(z,a)) for x € Q,p € R? and /! =
acRd

5(0")?(V1 < i < d). And we shall assume, for the sake of simplicity, that H* is of class
C'in p (for all i,z).

The existence of Nash points (or Nash equilibria) may be shown under very general con-
ditions on the data. We refer the reader to A. Bensoussan and J. Frehse [6, 7] for the general
connections existing between Nash points and partial differential equations. We only present

one sample of possible existence results where we assume that the Hamiltonians H* satisfy
(for all 1 <i < N)

OH" 0 ;. i
p p+ pid (H") ) > 0 for |p| large.

(11) 36 < (0, 1),11%f(

Theorem 2.1 : Under the above conditions
i) There exist A\1,..., Ay € R,vy,...,ox5 € C*Q),mq,...,my € WHP(Q) (for all 1 <p <
o0) such that (V1 <7 < N)



(12) —v'Av; + H' (2, V) + \; = / Fi(z', . oo™ 2Ny [ my () da,

N-1 o
J#i

(13) / vidr = O,/ midr = 1,m; > 0 on Q,
Q Q
, OH'
(14) —v'Am; — div (——(x, Vu;)m;) = 0.
Op
ii) For any solution (Ai,...,An), (vi,...,vn), (my,...,my) of the preceding system, a' =

68—15(1', Vv;) defines a feedback which is a Nash point for all X € Q" and, in addition, we have

for each X € QN

. 1
1 =J'(a",...,a") = limn —F
(15) No=J(a,...,ah) Al

™ . _. . . _
| L e ) + PR X

where X/ is the solution of (7) corresponding to the feedback &'.
O

We do not detail the proof of this result here. Let us only indicate that the existence
follows from a priori estimates on \; namely

(16) il < sup [F*| + sup |H' (2, 0)]

(

v' ...), and more importantly on Vv;. The latter estimate is obtained by Bernstein’s method
i.

e. deducing a bound on |Vv'(z)]? using the maximum principle in the equation satisfied by
it.

an easy consequence of the maximum principle, choosing maximum and minimum points of

The part ii) of the above result is shown by a simple verification using It6’s formula and
observing that the ergodicity of X} insures that we have for each X

T — _ . —_ —
limg o HEV Fi(th,...,Xf‘l,Xg,XZH,...,Xtth}L
0
T . . . . . .
—E[/ dt | Fz(:rl,...,ﬂ1,X§,a:”1,...,xN)Hmj(gﬂ)dzj]}: 0.
0 Jer i

Remarks : i) The above result carries over (with appropriate assumptions on data ...) to the
more complex case where the cost LI( X}, ai)+F! (X}, ..., X}N)isreplaced by Li(X}, ..., XN a)

(oreven L{( X}, ..., XN al,... o) if we restrict ourselves to feedback strategies . ..) in which
case H' in (14) and H' — [on-1 F'@QQdm/ is replaced by
J#i
H' = sup (p.a — / Li(z', .. 27 e 2™ 2N a) Hmj(xj)dxj).
aeR4 QN-1 oy

ii) The periodicity set-up is the simplest one in which we can discuss ergodic (a long-term)
control problems. We could as well consider situations with reflecting boundary conditions on
a domain in R, or control problems with constraints (in which the processes X; are required



to stay inside some domain), or even problems set in RY with cost functions going to infinity
at infinity ...

iii) The condition (11) is not needed when d = 1. Indeed, one obtains a bound on
d2v;
dz?

dv;
dx

is bounded from below and has zero mean on (0, 1) (hence is bounded in

noticing that
LY.

iv) Another possible extension consists in replacing o*dW; in (7) by ¢*(X;)dW; (or even
o' (X}, ai)dW}) and —a'dt by b'(X}, al)dt, provided one assumes (in order to avoid considerable
technical difficulties) that ¢* is non degenerate i.e. o(c%)T is positive definite ( o* maybe a
d x m; matrix in which case W} is a m;-dimensional Brownian motion).

v) If we assume that the data are smooth, then one can check easily that the solutions are
smooth.

vi) A much more delicate situation concerns the case when we allow o} to be adapted to
all Brownian motions in which case the partial differential equations (or system of equations)
which yields a Nash point is now given by (V1 <i < N)

N :
= VIAv; + OH’ 27,V 50;).Vpiv; + Hi(2', Vi,
jz_:l‘ ];Tp ( 3)-Vaiv; ( )
= Fl(l'l,...,l'N) —)\Z in QN,IQN’UZ‘ :O

(17)

The system (12)-(14) is then recovered upon integrating (17) with respect to the measure
® m;(z’) and assuming that each v; only depends on the variable z’. Once again, it is
;);f)ssible to prove existence results in such a general context. _

vii) Example : In the very particular case where Li(z,a) = £|af? with x4 > 0 (Vi), one
may check, denoting by ¢; = e_”i/(Q”i“i)(fQ e~/ 1) d3) 12 that we have m; = 2, Jowidr =1
and the system (12)-(14) then reduce to

18) — QW)U ) A + (Jon Fi(xt, . 2w ot 2N ) [T 3 (07)da? )
= \ipi, i > 0.

In particular, if v = 1, 4" =1 and F' = 33, V(z; — ;) + Vo(;), (18) is the so-called
Hartree equation (or system) in Quantum Mechanics

1 1
(19) —=Ap; + =

9 9 Z(V“P?)%’ + Vows = Aiws, i > 0.

J#i
And, as is well-known, the uniqueness of solutions of such systems is in general false.

viii) The previous example also shows that even in a totally symmetric situation corre-
sponding to undistinguishable players, there is non-uniqueness of Nash equilibria.

O

In a totally symmetric situation, one can find symmetrical solutions as shown in
Theorem 2.2 : If we assume in addition that v* = v, H* = H for all 1 < 7 < N and
Fi(zl, .. . 2N) = Fi(at, . ot ol o o a9 2t it aN) forall 1 <4< j < N,
then there exists a solution of the system (12)-(14) satisfying A\ = ... = Ay, v = ... =



UN, 1 = ... =MNN\N.

Remark : Even such symmetrical Nash equilibria are not unique. A simple example is given
by the one introduced in Remark vii) above (assuming that the 2-body potential V' is even,
as is natural from a Physics viewpoint) which yields the Hartree equation

1
(20) —2A¢+(W*¢2)¢+%¢=As@,/c?s02=1,w>0

(with W = 2-1V). And, in general, there is no uniqueness of solutions of (20). O
In order to simplify the presentation, we shall call, in the sections below, a Nash equilibrium
any solution (A1, ..., Ay), (v1,...,vN), (M1, ..., my) of the system (12)-(14).

2.2 Stationary problems : N — 400

We now let N go to +0o assuming that all players are identical and thus v* = v, H' = H
for all 1 <4 < N. In addition, we assume that the criterion F* only depends on 2% and on the
empirical density of the other players namely ﬁZéﬂ (we might as well use %Z(ij ...). The
latter dependence is expressed through an operatjczér V from the space of probab]ility measures
on @ into a bounded set of Lipschitz functions on @ ie. Fi(z!,... o) = V[z=5> du](zf).

J#i
A typical example is given by V[m|(x) = F(K *m(z),z) where K is a Lipschitz function on
R x Q, K «m(z) = [, K(x,y)m(y)dy and F is locally Lipschitz on R x Q. Let us observe
also that we may sum and multiply such operators (V; @ V3)[m](z) = Vi[m](x)Va[m](x) thus
forming an algebra ...

We shall need in our proof the following continuity assumption on the operator V.

(21) V[my] converges uniformly on @ to V[m] if m,, converges weakly to m.

Observe that V[m,] is by construction always relatively compact in C'(Q) and thus (21) is
a somewhat natural assumption which is obviously satisfied for the specific class of operators
mentioned above.

Theorem 2.3 : Under the above conditions, any Nash equilibria (AY, ..., AY), (o), ... o¥),
(mY, ..., m¥) satisfy the following properties

i) (AM); n is bounded in R, (v}¥); v is relatively compact in C?(Q), (m}
compact in WP(Q) (for any 1 < p < o0),
i) sup(|AY — AY| + [0 — v oo + Imf¥ = m[lc) — 0 as N — o0,

17]
iii) Any converging subsequence (AN, o', mN' )y in Rx C? x WP(V1 < p < 00) converges

to (A, v,m) which satisfies

)i is relatively

(22) —vAv + H(z,Vv)+ A =V|m]
(23) /de:czo,/dele,m>0

10



(24) —vAm — div (%H(x, Vu)m) = 0.
D

Remarks : i) All the remarks made after Theorem 2.2 may be adapted to the preceding
result.

ii) It is also possible to consider situations where the data (in the dynamics and in the cost
functions) depend on ﬁZéﬂ and even on ﬁZ&ﬂ- thus introducing operators on measures

1 {2

over the feedbacks. T his,]:t least formally and jr?gorously under appropriate conditions then
leads to systems like (22)-(24) which are, however, much more coupled and nonlinear. They
may contain nonlinear terms such as the ones to be found in Vlasov type equations for kinetic
models .. .!

iii) By a simple regularization procedure (replacing m by m x p. where p. is a regularizing
kernel in the operator V' and letting £ go to 0, ), we may consider systems (22)-(24) contains
as “particular cases” (i.e. after the limit procedure indicated above) systems where

(25) Vim](z) = F(m(z), z)
and F' is a function on R x ). We may even consider functions of m and its derivatives like
Vim| = —yAm + F(m) (and v > 0) ...

iv) As we shall see later on, one may consider several large groups of identical players and
recover systems involving several (v, m).

v) We shall present below an interpretation of such systems in term of optimal control
of partial differential equations (which by the way allows us to have a notion of Pareto’s
optimality for such equilibria).

vi) If we look again at the particular case when H(z,p) = 3|p|> — Fy(z), the system
(22)-(24) reduces to the following generalized Hartree equation

(26) ~Dp+ (B +VIge = do.p > 0, [ e =1

vii) Uniqueness of solutions of (22)-(24) is not true in general. Indeed, take Fy = 0, V|[p?] =
—cp? with ¢ > 0 in the example leading to (26). Then, we need to solve

(27) —Ap = p+cp?, 0 >0, /Q O?dr = 1.

A particular solution is given by ¢ = 1, A = —c¢. On the other hand, another solution may
be found if d =1 for ¢ large enough by solving
. 1 "2 ¢ / 4,
fuin 5 ()" =5 | ¥

Indeed, if we let ¢ = (1 + ev)(1 + % [ v?)~Y/2 where [v = 0, we obtain

Ly e e o e e P R

as soon as ¢ > 37 if we choose v = cos(2mz).
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On the other hand, we shall prove in the following section that uniqueness of solutions of
(22)-(24) holds in general situations.

viii) The above result and the general uniqueness result presented in the following section
(while non-uniqueness always holds for a finite number of players ...) illustrate clearly the
claim we made in the Introduction namely the simplification which occurs as N goes to
infinity since all equilibria become asymptotically symmetric and uniqueness holds in general
situations.

ix) Another advantage of dealing with a continuum of players is the possibility of modelling
easily the “birth and death” of players (in which case the total number of players may vary . ..)
through “source” terms in the equation form. These extra source terms may also involve
diffusion terms or may be localized in some regions . ..

x) We conjecture that the above convergence result is still valid if we consider N players
with full information. As we saw in the previous section, we then need to consider the system
(17). If we denote by (v)¥)i<;<y a solution of that system and if we introduce the global
invariant measure m” on QY i.e. the solution of

al al OH
(28) —v Y AmN =Y divxi(a—p(az, Vv )ym™) =0
i=1 i=1

with m» > 0 on QV and Jon mNdr = 1, we expect at least formally that each v) will
behave asymptotically as a function v(z?) (note that at least formally Vv should be of

N
order 1/N for j # i). Then, m" should behave asymptotically like [[m(z") and m,v satisfy
i=1
(23)-(24). Finally, in order to recover (22), we integrate (17) with respect to the measure
Hm(a:j ) recalling that v)¥ ~ v(z%). We have been able to carry out such a program in very
J#
particular cases and we emphasize the fact that the formal considerations we just made are,
even in such particular cases, a caricature of the delicate rigorous arguments that need to be

made. O

2.3 Stationary problems : mathematical analysis

We have in fact already proven in the preceding section by the limit N going to infinity,
a general existence result at least when V' satisfies the conditions introduced in that section.
This is why we begin an analysis with a general uniqueness that we state, for the sake of
simplicity, for smooth solutions of (22)-(24). It is easy from the argument made below to
adapt it to situations with a limited regularity information.

Theorem 2.4 : Let us assume that either V' is monotone in L2 i.e.

(29) (V) = Vima])(m — ma)de > 0.¥my. m,
and H is strictly convex namely for all (z,p)) € Q x R?

0OH
(30) H(LPHJ)—H(x,p)—afp(rc,p)-qz()éq:(),

12



or that V' is strictly monotone i.e.
(29" / (Vmq] — Vma])(my — ma)dz < 0 = my = ms.
Q
Then, the uniqueness of solutions of (22)-(24) holds.

Remarks : In fact, it is possible to replace (30) by a weaker condition namely

OH OH OH
' H —H = g=0= == —
(307) (z,p+q) (z,p) o (z,p).q=0 o (z,p+q) o (z,p)

(a condition which is satisfied by H = |p| while (30) does not hold in that example).

Proof : Let (A,v1,mq), (A, v2,ma) be two solutions of (22)-(24). We multiply (22) by
(my —mgy) and (24) by (v — v2), subtract the resulting identities, use (23) and find finally

an /Q(V[ml] — V[ma])(my — mgy)dzx + /le(H(x, Vuy) — H(z,Vvy) — %—g(:ﬂ, V).
31
V(vy — vy)dx + /ng(H(x, Vi) — H(x,Vuy) — %;I(x, V).V (vy — ve)dz = 0.

Then, we observe that in both cases covered by the above result V' is at least monotone
and H is at least convex. Therefore, each of the three terms in (31) is non-negative and thus
must vanish. Then, if H is strictly convex, we deduce that Vv, = Vv, and thus vy = vy in
view of (23). We then conclude easily that m; = my because of (24). On the other hand, if V'
is strictly monotone then V[m,] = V[ms]. In that case, we use the classical uniqueness results
for ergodic Hamilton-Jacobi-Bellman equations to deduce that v; = v,. And we conclude
easily. O

It is also possible to revisit the existence issue in particular if we wish to allow for more gen-
eral operators V[m]. Several types of existence results (weak solutions, smooth solutions ... )
are possible depending upon the type of conditions one is willing to make upon H and V. In or-
der to be more specific, let us mention the simple example where H(x,p) = u|p|*(a > 1, > 0)
and V[m] = cmP + f(x)(c € R, 3 > 0). Then, the type of existence results we know depends
upon «, # and the sign of ¢. In order to restrict the length of this article which only aims at
a survey of the problems, we shall not pursue here the discussion in such a technical direction
which however is very interesting from a purely mathematical stand-point. Let us however
mention that in strong anti-monotone situations, i.e. ¢ < 0, large in the above example,
existence may not hold for arbitrary data. This reflects the fact that solutions may blow up
in the asymptotic regularization limit mentioned in the previous section (V[m x p.] going to
Vim] ...).

2.4 Dynamical problems : mathematical analysis

We now present the analogue of the mean-field games equations in the context of finite
horizon control problems. We keep the same notation as before and still work in the periodic
case for the sake of simplicity although we could set up the models in the whole space (with

13



minor restrictions on the growth of data and solutions at infinity) or in a domain with arbitrary
boundary conditions (Dirichlet, Neumann, state constraints ...). With these conventions, we
consider some fixed horizon T" > 0 and introduce the following mean-field system of equations

(32) g;) —vAv+ H(z,Vv)=V[m] in @ x (0,T)
(33) ('3077; +vAm + div (aa[;(m, Vu)m) =0 in @ x (0,7)

with the time boundary conditions

(34) v == Vo[m(0)] on Q,m |=r=m" on Q.

The assumptions on v and H are the same as before. The operators V' [m] and V[m(0)] (V,
only acts on the value at t = 0 of m(z,t)) are, exactly as in the previous section, quite arbitrary.
Typical examples include nonlinear non-local smoothing operators (see the preceding section)
or local ones given by

(35) Vm| = F(m(x,t),z,t), Vo[m] = Fo(m(x),x)

where F, Fjy are functions on R x Q x [0,T],R x Q respectively. Finally, m° is a given, say,
smooth and positive function on ) such that [, mPdx = 1.

Exactly as in the stationary case, the above system can be deduced, at least formally, from
Nash equilibria for N players in which case we have to solve at the level of a finite number N
of players the following system of equations

o)

N
o vy Aol + 3 %—[g(az, Vv ). Vo) + H(x, Viv)Y)

j=1

(36) _ V[Nl—l 20| (@) I QN x (0,7)

and UZN |t:0: ‘/0 |:N11 Z];él 5xJ:| (1") on Q

Of, course, there is no simple connection between (32)-(34) and (36) since m® does not even
appear in (36). The interpretation of m° is the probability distribution of each player in @ at
t = 0 : more precisely, we consider N players whose initial positions are random, independent
with the same probability distribution m®. Then, if each player follows its optimal (in the
sense of Nash equilibria) strategy, the density of players m”™ (on Q%) obeys the following
Fokker-Planck equation on Q" x (0,7T)

N . .
(37) Ta”% + SN AmN 3N dlvxi(%(x , VoM )m) =0
with m" |—p=[IY, m°(z®) on QV.

(Note that we reversed time so that m” () stands for the density of players at time T — t).

We next explain formally how to deduce (32)-(34) from the behavior of m» and of each v}
(that could be interpreted as a random process on QY equipped with the probability measure
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N
Hmo (x%), in which case the behavior of v described below is naturally interpreted in proba-
=1

bility —instead of everywhere— with respect to that probability). We first expect v}V to have
very little dependence upon 27 (for j # i) and to become asymptotically symmetric in view

of the righthand sides. More precisely we expect Vv to be of order % for 7 # 1. We then
N
should deduce that m” is asymptotically factorized i.e. m" ~ [[m(a*,¢) (the so-called prop-

i=1
agation of chaos in Statistical Mechanics and Physics which essentially means that all players
become independent ... ). Then, we consider 7, (27, 1) = fon—1 v (2!, ..., ™ t)[[m(a?, t)da?
i
which by symmetry should be essentially (asymptotically) independent of 7. And we recover
(32)-(34) upon integrating (36) with respect to [[m(a?,¢) once we notice that, as N goes to
J#
400, we have

Lo V] 00| @ 0 Tt e — Vim0
J# J#
by the law of large numbers.

This is obviously a rough sketch of what could be a rigorous derivation of (32)-(34). We
have been able to make this type of arguments rigorous only in very particular situations.
And it is obviously an outstanding open problem (a conjecture) to make it rigorous with
some generality at least. Let us finally mention that, if we look at steady states of (32)-(34),
we indeed recover the stationary problems introduced, rigorously justified and studied in the
previous section.

Exactly as in the case of stationary problems, the variety of operators V' and V{, precludes
the possibility of very general existence results. And, in some cases, existence should not be
correct if the operators are too singular (and anti-monotone) as we shall explain later on.
Similarly, uniqueness cannot be true without conditions. This is only we shall first present a
very general uniqueness result and then give some samples of existence results of various types
(smooth or weak solutions). We thus begin with the following uniqueness result in which we
assume all solutions to be smooth in order to simplify the presentation.

Theorem 2.5 : We assume that either V' and V{ are monotone (respectively in L*(Q x
(0,7)), L*(Q)) and H is strictly convex (i.e. satisfies (30), or V and Vj are strictly monotone
(i.e. satisfy (297) in @ x (0,T"), @ respectively). Then, the uniqueness of solutions of (32)-(34)
holds.

The proof of this result is a trivial adaptation of the one we made in the previous section.
Indeed, it suffices to multiply the equations for v; by (m; — mgy) and for m; by (v; — vy)
(i = 1,2) where (v1,m1), (va,m2) are two solutions of (32-34), to subtract the identities and
to integrate over @ x (0,7 ...

Remarks : i) It is possible to give examples of non uniqueness with V' = 0,V is a local
operator Fy(m(x)) and Fy is decreasing.
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ii) It is also possible to show some uniqueness results in the “small” like for instance
uniqueness results when 7" is “small” enough ...

We now turn to existence results. As we said above, there are many possible directions in
which one may obtain some existence results and we shall only mention two that correspond
to very natural choices of the operators V' and Vj. The first one concerns the case of operators
V and V, which are “regularizing operators”. And we assume (for instance) that V, Vj satisfy

V (resp.Vy) maps the subset X of C([0,T]; L'(Q)) (resp. L'(Q))defined by
(38)
m > 0, Jomdr = 1 into a bounded set of L>(0,T; Wh>(Q)) (resp. WH(Q))

(39) V is continuous from X into C(Q x [0,T7)
(40) V, Vy are bounded maps from C** into C**1*(Vk > 0,Va € (0,1)).
We also assume that H is smooth on Q x R? and satisfies for some C' > 0 either

oOH

(41) 5y < CO+ o). Vi) € Q x R

or
OH

(42) 1S < C(1+ Ip)), Vi p) € @ x RY

Theorem 2.6 : Under the above conditions, there exists at least a smooth solution of (32)-
(34).

Another natural case concerns local operators V' and Vj i.e. operators given by (35). For
such operators, once again many results are possible depending upon the growths of F' and
Fy leading to smooth solutions or weak ones. Since the above result states the existence of a
smooth solution, we pick now a sample of existence results of weak solutions. We assume that
F, Fy, H are continuous and satisfy for all their arguments the following conditions for some
contentsa > 1,0>1,g>1,0>0,C >0

(43) F(x,, A > §|F(x,\)]* - C,
(44) Fo(z,, M)A > §|Fo(z, \)|° — C,
dlp|* = C < H(z,p) < Clp|*+ C

(45)
OH (1. p)p > gt — C, |9 (2, p)] < Clpls~ + C.

Theorem 2.7 : Under the above conditions, there exists a solution of (32)-(34) such that v €
L0, T;Wh(Q)), v is bounded from below, m|Vv|? € L'(0,T; LY(Q)),v € C([0,T); L"(Q))
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where 7 = min(b ifa<l+dr=>bifa>1+%andme C([0,T];LY(Q)).

T3
Remarks : i) All the remarks made in the previous section on stationary can be adapted to
(32)-(34). Let us also point out that some extensions are explicitly mentioned in section 2.7
below.

ii) We saw above that uniqueness holds if F' and F, are non-decreasing functions. In the
above existence result, we see that the assumptions made upon F' and F{ imply that F' and
Fy cannot be “too decreasing”. A further indication that existence and/or uniqueness are lost
when we consider general F' and Fj is given by the following linearization argument. Let us
take for instance Vy = 0 and F'(\) = —cA with ¢ > 0 so that F' is strictly decreasing. We also
choose H = 1|p|*>. Then, m = 1,v = —ct is an explicit solution of (32)-(34) corresponding to
m® = 1. And the linearized system around that solution takes the following form

ou 0
(46) i vAu = —cf, 67{ +VvAf+Au=0,u|4=0= 0, f |i=7= fo

And one easily checks by a straightforward computation using Fourier series that this sys-
tem is well-posed if and only if 7" is small enough (7" < %).

iii) A further evidence of the role of monotonicity is given in the following section on the
deterministic limit (v — 0,). O

2.5 Deterministic limits

We now let v go to 0,. This amounts to let the “noise” disappear from the player’s
dynamics. And we begin with the stationary problem. We only consider one example of
the possible issues to be studied (and the richness of the theme ...). We then assume that
Vim] = F(m) + fo(x) where fy is Lipschitz over @), F' is locally Lipschitz on R and ilflifess

F" > 0 and that H satisfies : H(z,p) > H(x,0) = 0,Vp € R4 Vr € Q. As we saw in the

previous sections, we know that, for v > 0, there exists a unique solution (\,,v,, m,) of (22)-
(24). And we have the

Theorem 2.8 : As v goes to 04, (\,,m,) converges in R x L*(Q) towards (), m) which is
determined by

(47) m(z) = (F'(A = fo())); on Q, /Q mdz = 1.

Remark : If we recall that a local operator F(m) is deduced by a limit, as € goes to 0,
of F(m % p.) where p. is a smoothing kernel, one sees that the solution determined in the
above result corresponds to the successive limits N — +o00, then € goes to 0, and finally v
goes to 0,. In general, those limits do not commute. Indeed, let us consider, for example,

the case when H'(z,p) = %|p|2,l/i = v, one first observes that, if we first let v go to 0.,
any Nash point (',...,ZV) of (F?,..., FY) leads to a Nash equilibrium with m; = dz, \; =
zirel(gFi(i*l, a3 2N and v; solves in @ (in the sense of viscosity solutions)
(48) §|VU’\2 =izt . 2, 2N = N\, [ vda = 0.

Q
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Next, if Fi(z!,...,a") = F(55Y _pe(x' — a7)) + fo(a') with F(0) = 0 (F as above ...),
J#i

fo >0, fo #0, meas {fo =0} > 0,p, = ﬁp(;),p € C(RY), [ga pdz =1, Supp p C By, then,
for all N > 1, one may find, for ¢ > 0 small enough, points z* inside the set {fy = 0} such
that |7° — 27| > ¢ if i # j. Then, (z',...,7") is clearly a Nash point which yields : \; = 0(V4).
And we conclude that not only the “limit” value A\, as N goes to +o00, vanishes but also the
measures m; may not converge as N goes to +00. in particular, the limit v — 0, then ¢ — 0,
and finally N — 400 yields A = 0 while A\ determined from (47) is clearly positive in that
case, proving thus our claim about the absence of commutativity of the limits. O

We now discuss briefly the case of time-dependent problems. First of all, we argue formally
and let v go to 04 in the system (32)-(34). We then recover the following system of equations

(49) g: + H(z,Vv)=V]m|] in Q x (0,7T),

0 OH
(50) S+ div <(9p($’ Vv)m) — 0 in Qx (0,T),
(51) v |i=o= Vo[m] on Q,m |,=p=m" on Q.

And we first consider the case of operators V,Vj that are smoothing operators namely
map non-negative L' functions such that Jomdz =1 into the set of Lipschitz functions in
x such that D?*v(z) < CI; for some fixed C' > 0 (semi-concave functions). And we assume
that H satisfies (42) (for example). In that case, one can prove the existence of a solution
(which is unique under the conditions of Theorem 2.5) (v,m) such that v is Lipschitz in
(z,t), D*>v(x,t) < CI;on Q x (0,T),m € L=®(Q x (0,T)) and (49) holds in viscosity sense
while (50) holds in the sense of distributions. In addition, we can justify the above formal
limit as v goes to 0.

Next, we discuss the case when V' and Vj are given by local operators (see (35)) with F, Fy
smooth in (z,\). And we first choose H(z,p) = 3|p|*, F(z,\) = F(X), Fo(x,\) = Fy()). In
that case, if we denote by U = Vv, we find

9 + Uj%U = 2 F(m)

om + div (Um) = 0.

ot
or
IM | div (Um) =0
ot
(52)
d(mU)

o~ T div (mU®U)+Vr(m)=0
where 7'(A) = —F'(A) .
In other words, we recover the classical compressible Euler equations of Fluid Mechanics

in the so-called barotropic and potential regime (see P-L. Lions [23] for more details ...). In
this interpretation, 7 is the pressure law. And one knows that 7 should be non-decreasing (as

18



a consequence of the second law of thermodynamics) which corresponds precisely to requiring
that F' is non-increasing (i.e. the “bad” case for the systems we are studying). This is
consistent with the results obtained in the preceding section since, if 7 is increasing, we know
that (52) is a nonlinear hyperbolic system and solutions of (52) develop discontinuities in finite
time and there is thus almost no hope to solve (51) in that case ...! On the other hand, if
7 is decreasing i.e. F' increasing, the system (49)-(50) is formally a nonlinear elliptic system.
Indeed, if we write, using (49), m = G(2% + H(z, Vv)) where G = F~! is increasing, then (50)
becomes

0%v  OH ov 0*H OH ov
"(F -+ = V,— .D? "(F V. (—+H =
G (F(m)) (5 + = V””at)+map2 2y + G'(F(m)) % Valg, + H(Vav) =0
1.e.
2V OH _ v OH OH m  &?H
53 9y, L% p2, S D2 =0
(53) oz 2oy Voo T ap P ey T aEmy) o Pt =0

which is clearly an elliptic equation ! In addition, the boundary conditions at t =0 and t =T
may be written as

(54) g;) + H(Vx/l)) |t:T: G(mo) on Q,

which is a nonlinear Neumann boundary condition, and denoting by hg = Fy o G~*

(55) v—ho( 5+ HV.0)) lieo=0 on Q.

another nonlinear boundary condition which requires hy (i.e. Fy) to be increasing in order to
insure the maximum principle.

Once more, we see that the conditions on the monotonicity of F' and F|, are natural ones.
And, at least if d = 1, these observations can be used in order to solve this system of equations.
It turns out that when d = 1 a particular case of such systems has been studied by A. Guionnet
[13] and A. Guionnet and O. Zeitouni [14] in the context of large deviations theory (and their
applications to Physics).

2.6 Links with optimal control

We now explain in this section how the system (32)-(34) is connected to optimal control
problems at least in the particular case where we assume that the operators V and Vj are
gradient operators in L*(Q x (0,7T)) (resp. L*(Q)) of some functionals ® and ¥ respectively.

The first interpretation in term of optimal control corresponds to the optimal control of
the following (backward) Fokker-Planck equation

(56) a(;? +vAm +div(aem) =0 in Q x (0,T),m |—p=m"in Q

where a = a(z,t) is a (distributed) control. Then, we introduce the following optimal control
problem
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(57) 1gf{<1>(m) +/0T dt/deL(x,oz)m—l—\Il(m(O))}.

If o is an optimal control i.e. minimizes over all possible a the preceding expression and
m denotes the corresponding state i.e. solution of (5), then we build the dual state v which
is determined by ay = %—Ig(a:, Vv) (assuming that H is strictly convex ...). And we deduce
from the usual necessary conditions for optimality that (v, m) solves (32)-(34) with V = &’
and V, = W',

And it is important to observe that (57) is a convex optimization problem as soon as L is
convex in «,® and ¥ are convex. And the latter condition is precisely equivalent to the fact
that V' and Vj are monotone operators ! Furthermore, if it is the case, the dual problem has

an interpretation as a control problem for Hamilton-Jacobi-Bellman equations namely

(58) gj —vAv+ H(z,Vv) =Fin Q x (0,7),v ;o= in Q.

And one looks at the following minimization problem
(59) inf{@"(9) + ¥ (9) — [ mou(r)},
By Q
where ®*, U* denote respectively the dual convex functions of ®, W.
We also wish to mention, without any further explanation, that, in the convex case, these

optimal control interpretations allow to give a notion of Pareto’s optimality to the mean-field
equilibria we introduced and studied.

Example : In the case when H(z,p) = 3|p|> — fo(x), if we set (as we did many times
above)g= e~"/(?) (59) is an optimal control problem for

09 :

5p VAo +(fo+Ble=0nQx[0,T]

where the potential 3 is the control.

It is also possible to adapt the optimal control problems above to the stationary mean-
field equations. And in the example mentioned above, the optimal control problem takes the
following form

nf{®(5) — A}

whee A is the first eigenvalue of the Schrodinger operator —vA + (fy + ().

2.7 Variants and extensions

We already mentioned in the previous sections many possible variants and extensions
corresponding to more general dynamics, more complex interactions between the players and
more complex criteria to minimize for each player. We also mentioned the possibility of
incorporating in the equations source terms or even additional differential operators that may
correspond to the “death and birth” of players, or to drift-diffusion phenomena for the density
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of players. One can also consider situations where the equation for v is an obstacle problem
in which case, at least formally, the equation for m is naturally set on the zone where the
solution does not coincide with the obstacle.

Even in the cases we mentioned and studied, much remains to be done as far as existence,
uniqueness and regularity are concerned. And there are fundamental open problems in the
derivation of these mean-field equations (i.e. the rigorous treatment of the limit as N goes to
+00). It is even possible to consider the issue of an asymptotic expansion in N of the solutions
(at least in the stationary case for symmetric Nash equilibria ... ).

One general class of problems we thus introduced (although most of the extensions men-
tioned above are not even contained in that class) is given by

v

(60) 5 F(z,t,v, Dyv, D?v;m) = 0in Q x (0,7),v |,—o= Vo[m],
om oF oF

1 —— + D*(=— D, .(— =0i T _=mY

(61) o + x(ﬁAm)+ x(apm) Oin @ x (0,7),m |j=r=m",

where F' = F(xz,t,\, p, A) is non decreasing in A for the partial ordering of symmetric matrices
(an ellipticity condition) and the dependence upon m is a functional one.

Finally, an important direction for future work corresponds to the case of several popu-
lations , each of which consists of a large number of identical players but the characteristics
of the players vary from one population to the other. For instance, if we only consider two
populations, the mean-field equilibria are then characterized by the solutions of (i = 1,2)

(62) ETa VAU + H' (2, V') = V' [my,mal,v" |i—o= Vy[m1, ma]
(63) agz + v Am' 4+ div (aap(x, Vo'ym') = 0,m; |i=r= mj

(at least in the most elementary case of our general approach ...).

3 Price formation and dynamic equilibria

3.1 The model

We introduce a simple mean-field model for the dynamical formation of a price. We
consider an idealized population of players (which however somehow reflects the nature or
microstructure of financial markets) consisting of two groups namely one group of buyers of
a certain good and one group of vendors of the same good. Postulating some exogenous
randomness in price preferences, we describe this population by two densities fg, fy i.e. non-
negative functions of (x,t) where ¢ stands for time and x stands for a possible value of the
price (roughly speaking fgz(x,t) represents the number of potential buyers at a price x at time
t). We denote by p(t) the price resulting from a dynamical equilibrium and we assume that
there is some friction measured by a positive parameter a (one could think of 2a to be the
bid-ask spread). And we obtain the following system of mean-field equations
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Ofs o> Pfp _ \5(p .
(64) gt — 7 gy = M@ —pt) +a), it x <p(t),t >0

f >0, fp(x,t) =0if 2 > p(t),t >0,

(65) { %—%%{—V:—/\é(x—p(t)—ka), if > p(t),t >0
fv >0, fy(z,t) =0if x < p(t),t >0,
2 ) 2 o
(66) A= —% a{f(p(t),ﬂ = +% aj;v(p(t),t)-

The multiplier A\ measures the number of transactions at time ¢ (i.e. the flux of buyers
which must be equal to the flux of vendors). The parameter o > 0 measures the randomness.
And § denotes either the usual delta function dy, or a smoothed version if it (when we wish to
ignore some technicalities ...) that is a smooth non-negative function with compact support
in (—a,+a) and such that [0 = 1. In the next section, we use a smooth § while in the last
section we use the usual one in order to simplify the presentation as much as possible. Of
course, (64)-(66) is to be completed by an initial condition

(67) fB |t:O: f%a fv |t:(): f\g

where (to make matters as simple as possible) we assume that

3(x) > 0if @ < py, fY(x) = 0if = > po

fo(x) > 0if 2 > po, f(x) = 0if = < po
for some pg € R.

A very natural invariance property of the above system is given by the invariance in ¢ of
the total number of goods and of the total number of players. Indeed, if we consider

d L d o R CE
EAfB(x,t)dx— %/_OO fB(m,t)dx—/_oo W(m,t)dw

since fp vanishes at p(t). Thus, we have

p(t) 2 52
%/RfB(x,t)dx :/ a9 agfdx—i-/\(t)

Similarly, we have

oz de A(t)
= % v (p(t).0) - M) =0



In the next two sections, we shall review some known results on the system (64)-(66). Let
us mention that there are again many possible (and relevant) directions of research concerning
the derivation of this model from Nash points and utility maximization, extensions to more
general dynamics, to situations with several possible goods or where transactions may involve
more than a unit quantity of the good ... Although we have some very preliminary results in
those directions, it is quite clear that much remains to be done both from a modelling and
from a mathematical standpoint.

3.2 Main results

We first perform a reduction of the system (64)-(66) which is not really necessary for our
argument but allows to simplify the presentation. We introduce

f(z,t) = fp(x,t) if © < p(t) = —fv(z,t)if z > p(t)
and we observe that (64)-(66) simply reduces to

% — %2 ?;Qx]; = —%2 %(p(t),t){é(x —p(t)+a) —d(x — p(t) — a)} on R x (0,00)
B3] flz,t)>0if z < p(t),t > 0; f(z,t) < O0if 2> p(t),t >0,

[ li=o= fo on R, p(0) = po.

And we assume that f; is a smooth function on R with fast decay at infinity (in all that
follows, fast decay means that, for example, on can bound the function by ﬁ for some
positive constant C'). Furthermore, we assume that (4) holds. Let us point out that these
reduction and assumption require py to be an equilibrium price at ¢t = 0 i.e. f'(po,) = f'(po_)
or (f3) (o) = —(f2) (o).

This is not strictly necessary for our analysis but if we do not make this assumption, f°
cannot be smooth at p° and quite a few technicalities that we wish to avoid in this survey
have to be incorporated.

Then, our main result is the following

Theorem 3.1 : Under the above conditions, there exists a unique smooth solution (f,p) of
(3) such that f has fast decay for all ¢ > 0.

Both from a theoretical viewpoint and from a numerical approximation viewpoint, we also
investigate the time-implicit discretization of (3) which takes the following form

2
Nf =Tk =g L) 0 bp1a)

flx) >0if x < p, f(z) <0if z > p,

(68)

2
o2 At

where A > 0 (in a discretization, \? = where At is the time step ...).

Here, we take the classical Dirac mass ¢ to make the explicit computations below as simple
as possible. And g is a given smooth function (with fast decay) such that we have for some p
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(69) g>0if 2 < py,g <0if x> pg.

We now use the fact that ie"\‘”" is the Green’s function of the operator \? — %Qd% and
we can thus recast (68) as
1 df
70 _a_ Y { ~Na—ptal _ —Az—p—a}
where G = %e"\‘ﬂ x g. Hence, f(p) = G(p). Therefore, p will be determined provided we

show that G has a unique zero. Furthermore, in order to determine %(p), we observe that, if

we differentiate (69) and choose x = p, we deduce from (70)

d e d
T =CmremLe),

And we only have to prove that G “crosses zero” at a single point. In order to do so, we
find observe that without loss of generality, we may assume that py = 0 (making a translation
if necessary ...). And we write

0 +o0
20G(z) = / e N lg(y)dy = / e Mg (y)dy — / e A dlg_(y)dy
—00 0
x 0 +oo
e’\x{eQ’\x/_ooe)‘yg+(y)dy —l—/x e Mg, (y)dy — /0 e’\yg_(y)dy} for z > 0,

0 T +o0
L [ Mgetydy — ["vg )y — e [ g gy forz > 0.
— 00 0 T

We next observe that S_(z) = e 2 [*_ g, (y)eNdy + [Se Mg, (y)dy — [ e Mg _(y)dy
is decreasing for z < 0 since S = —2X\e~2 [* g (y)eMdy, while S, (z) = [° Mg, (y)dy —
J5eMg_(y)dy—e* [ e Mg (y)dy is also decreasing for z > 0 since S}, = —2X\e?® [ =W
g-(y)dy. In addition, S_(0) = [°__ g, (y)dy — [°. 9—(y)dy = S, (0). Therefore, G vanishes at
most at one point and it does so if and only if mErrlooé"_(:zc) >0 > xgrfoo&r(x). And this last

condition is easily seen to be equivalent to

+0o0

) [ gy = [ Mgy >0 [ Mgy — [ Mg )y,

—00 0
This allows to prove the

Proposition 3.2 : There exists a solution (f,p) of (68) if and only if (71) holds. If it is the
case, the solution is unique.

3.3 Stationary problems

We consider in this section an example of the stationary version of (3). We do so in the
simplest possible case where explicit solutions can be easily determined. In a fixed interval
(0, A) (with A > 2a), we consider the following stationary problem
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— 5 =25 =-5% - (p)(0p—0a — Opra) in (0, A
(12) 2 dr ) dx(p)( ) ( )

Boy=d(A)=0,f>0ife<p f<0ifr>pa<p<A-a
Where we prescribe the total number of agents and the total number of goods or equivalently

= J¥ fdz (the number of buyers) and Ny = f (—f)dx (the number of vendors). Observing
that we have

g—f:()ifx<p—aorifx>p+a
gf df()1fp—a<x<p+a
we deduce easily the following algebraic equations for p and © = —%(p) >0

a’ a’

= Oap — @E,NQ =0Oa(A—p) — @—

Ni—N; _ 2p—A . .
hence NN = —= and a solution exists if and only i
corresponds to the restriction p € (a, A —a) ...Let us also observe that p is an increasing
function of the ratio %, which is a very natural property from an economical viewpoint :

indeed, if the (relative) number of buyers grows, one should indeed expect the price to go up !

f |N1 NQ

4 Formation of volatility

4.1 The model

For a detailed presentation of the financial background, we refer the reader to J-M. Lasry
and P-L. Lions [17, 18]. Let us only mention here that if one postulates that an agent impacts
on the dynamics of an asset price by trading (either investing or hedging options), and that
this impact is given by a simple linear (elastic) law as originally proposed by A.S. Kyle [15]
(see also [3, 4, 2, 12, 11, 22] ...), one can show using stochastic control theory (and an
extension of it that we developed in [16] because of this problem) that the volatility of the
asset is modified by the gamma of the option (i.e. the second derivative of the option price).
Next, if one assumes that the volatility in fact depends upon a “macroscopic” pay-off (some
kind of cumulative pay-off), and that there exist a large number of players which all have
a small impact on the volatility as soon as they trade an option, one is led to a mean field
nonlinear differential equation for the volatility seen as a functional on a space of pay-offs.
More precisely, let us consider for example pay-off functions in X = C;**(R) for some a € (0, 1)
fixed (where C;"* means the space of bounded C** functions with bounded first and second
derivatives). We look, as described in rough terms above, for a volatility mapping ¢ from X
into C"*(R % [0,7]) =Y (bounded C%* functions). Then, as shown in [18], one obtains the
following mean-field or self-consistent equation

(5) o' (®) = ko(®).I' on X
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where k£ > 0,0(®) denotes the multiplication operator by the function o(®) and T" is the
operator defined on C;® (at least as long as o(®) or o(®) is bounded from below on (0, c0))
by 'V = % and u solves the following parabolic equation (written backward in time)
2 52

(6) g;%“zg;;:o on R x (0,7),u |,—r= ¥ on R.

In (6),0 stands for the function of x and t given by o(®).

In fact, the equation (5) is not complete since we should add the restriction that o(®) lies
in the open set O defined by {0 € Y/ irﬁfa > 0}. One can also formulate an equivalent problem

2

in term of @ = ¢° in which case (5) becomes

(73) a' (@) = 2ka(P).I' on X,a(P) € O.

And we wish to solve locally or globally (73) given an “initial” condition

(74) a(®g) = ag

where @ is given arbitrarily in X and ag is given arbitrarily in O.

4.2 Local well-posedness

In order to make sure that (73), (74) is possibly a well-posed problem locally near any
point @y in X, a compatibility condition is required. This condition is easily explained as a
consequence of the symmetry of the second derivative operator. Indeed, if we apply (73) to a
test function ¥, € X and differentiate the resulting identity with respect to ® in the direction
of another test function ¥y € X, one obtains formally

a" (@) (T, Uy) = 2k(a’ (D). W,)(T'W;) + 2ka(®).
(OE @(@).w,).w))

= 4K2a(@)(TT)(TT)) + 4k%a(@).(IE, alWy). w)).

And thus we have to check the symmetry in (¥, Uy) of the quantity

ar
= (—,al'Vy). ¥
The fact that @ is indeed symmetric in (W, Uy) is far from being obvious a priori and is
shown as follows. We first observe that
0% ou
= —{(—,al'V
@ Ox? <8a’a 20}
where v is the solution of (6) with ¥ replaced by ¥; and we look at it as a functional of a.
Next, we remark that v = (%, ay) solves
ov  ad*v ayd*u

(75) 5_1_5@4-7@:0 on Rx(0,7),v |4=r=0
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And if we insert in (75) x = I'Uy and we recall that % = 'V, we realize that u =

(%Z, al'Uy) is nothing but the solution of
ov ad*v a
ot + 2052 + i(F\Ifg)(F\Ill) =0 on Rx(0,7),v |=r=0.

And the symmetry of v and thus of Q) follows.

Once we have checked this fundamental symmetry property, it is possible (using various
known facts on parabolic equations) to prove that (73)-(74) can be solved uniquely on a maxi-
mal path-connected open set I of X containing & with the following additional information :
if ® €9l and @, € I,P,, > & in X | then either ||a(P,)|y - +o0 or i%fa((I)n) 0.

4.3 Global solution

We now show in this section how to solve globally (73)-(74) (in other words I = X) and
to construct “almost” explicitly the solution.
This is a consequence of remarkable invariance property enjoyed by solutions of (73) namely

1 2
(76) ;(10g a) + 2882(60 is independent of ¢
x

if a solves (73). Indeed, we have
(loga) (®) = 2kT
hence

0 : 0 92 AU
(5;(10ga))'(®) = 2k =T = 2k (=)

where U is the operator defining by UV = u solution of (6).

Therefore, we deduce

2 2 2
(Fr1oga))(®) = 2k:L5(§-050) = kL (al)
2
= 325 (®))

Next, if a solves (73), (74), we deduce from (76) that a(®P) as a function of (x,t) satisfies
for any & € X

(77) g(l )+ 1372( )=D R x (0,7)
5;108a) + 55 5(a) =D on :

where D = 2 (log ag) + %%(CLQ).
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And the construction of a will be complete using the nonlinear parabolic equation (77)
provided we can identify a or loga at ¢ = T. This is indeed possible since UV |,—r is, by
definition, ¥ hence TV |,_p= 45 (¥). Therefore, (73) implies that we have

da?
, d?
(log a) (@) ‘t:T: 2]{)@
and we conclude
d2
(78) (log a(®) — log ag) |i=r= 2k@(q> — ®p) on R.

Or, a(®) |i=r= (ao |i=r) exp(2k-L; (® — By)).

This allow us to identify completely a(®) thanks to (77) and (78).
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