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SELECTION OF EQUILIBRIA IN A LINEAR QUADRATIC MEAN-FIELD
GAME

FRANCOIS DELARUE, RINEL FOGUEN TCHUENDOM

ABSTRACT. In this paper, we address an instance of uniquely solvable mean-field game with
a common noise whose corresponding counterpart without common noise has several equilib-
ria. We study the selection problem for this mean-field game without common noise via three
approaches.

A common approach is to select, amongst all the equilibria, those yielding the minimal cost
for the representative player. Another one is to select equilibria that are included in the support
of the zero noise limit of the mean-field game with common noise. A last one is to select equilibria
supported by the limit of the mean-field component of the corresponding N-player game as the
number of players goes to infinity. The contribution of this paper is to show that, for the class
under study, the last two approaches select the same equilibria, but the first approach selects
another one.

2010 MSC. Primary: 60F17, 60H10, 91A13, 91A15. Secondary: 35L65

Keywords: Mean-field game, Linear-quadratic control problem, Common noise, IN-player
game, Selection of equilibria, Peano phenomenon, Vanishing viscosity, Transition point, Scalar
conservation law, Burgers equation, Entropy solution.

1. INTRODUCTION

1.1. A short overview of MFGs. The theory of Mean Field Games (MFGs for short) is
concerned with the study of asymptotic Nash equilibria for stochastic differential games with
an infinite number of players subject to a mean-field interaction (i.e each player is affected by
the other players only through the empirical distribution of the system). In this regard, it is
worth recalling that a Nash equilibrium constitutes a consensus (or compromise) between all
the players from which no player has unilateral incentive to deviate.

As the number of players (which we denote by the upper case N throughout the paper) of the
stochastic differential game increases, finding Nash equilibria becomes an increasingly complex
problem as it typically involves a system of N PDEs set on a space of dimension of order N. The
motivation for studying the asymptotic regime is to reduce the underlying complexity. At least
in the case where the players are driven by independent noises, the hope is indeed to take benefit
from the theory of propagation of chaos for mean-field interacting systems (see for example [44])
in order to reduce the analysis of the whole system to the analysis of a single representative
player.

In the analysis of the limiting MFGs, the representative player aims at minimizing a cost
functional while interacting with an environment described by a flow of distributions. Finding
Nash equilibria thus consists in finding optimal states whose flow of marginal distributions
matches exactly the flow of distributions describing the environment. This is a constraint of
McKean-Vlasov type which requires to solve a fixed point problem over the set of time-dependent
paths with values in the space of probability measures.

MFGs were introduced independently and simultaneously by Lasry and Lions [36], 37, B8]
and by Caines, Huang and Malhamé [29] (who used the name of Nash Certainty Equivalence).
We refer to the notes [5] written by Cardaliaguet for a very good introduction to the subject.
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2 FRANCOIS DELARUE, RINEL FOGUEN TCHUENDOM

We also refer to the works of Carmona and Delarue, who studied MFGs with a probabilistic
approach, see for instance [7} [10] together with the recent two-volume monograph [8, [9]. Many
other authors have contributed to the rapid development of the theory, see the references in
[8, 9. Under suitable regularity conditions of the cost functional, existence of Nash equilibria
has been proved in the above works (for instance by using Schauder’s fixed point argument).
Further monotonicity conditions introduced by Lasry and Lions guarantee uniqueness of the
solution, see [38].

1.2. A specific class of MFGs. In the earlier paper [24], Foguen Tchuendom investigated
a class of Linear-Quadratic Mean Field Games (LQ-MFGs) in which the representative player
at equilibrium interacts with the mean of its distribution. Here and below, we call LQ-MFG
a mean-field game whose cost functionals are quadratic in the state and control variables and
whose dynamics is linear in the state and control variables: Still, the coefficients may depend
in a more general fashion upon the distribution of the population; this is contrast with earlier
works on mean-field games, in which the coefficients of LQ-MFGs are also required to be linear
or quadratic with respect to the mean of the population.

In [24], the N players in the finite game are also assumed to be subject to a common (or
systemic) noise in addition to independent noises. Such a modeling is motivated by practical
applications. We refer to the review of Guéant, Lasry and Lions [27] for earlier examples of
mean-field games with a common noise. We also refer to the linear-quadratic model (including
linear-quadratic coefficients with respect to the mean of the population) introduced by Carmona,
Fouque and Sun [I2] for another example involving a common noise. In comparison with mean-
field games without common noise, the major change in mean-field games with common noise
is that, due to the presence of common noise, the representative player at equilibrium feels the
mean-field interaction through the conditional distribution of its state given the common noise.
In [24], equilibria to the LQ-MFGs with common noise under study are shown to be characterized
by a one dimensional standard Forward-Backward Stochastic Differential Equation (FBSDE for
short). In this FBSDE, the forward part describes the conditional mean of the representative
player’ state given the common noise and the backward one accounts for the affine part of the
feedback control. Thanks to the common noise, this FBSDE is non-degenerate and thus satisfies
an existence and uniqueness theorem proved by Delarue in [I6]; in particular, the LQ-MFGs
with common noise addressed in [24] have a unique equilibrium. Importantly, [24] provides a
counter-example to uniqueness of Nash equilibria for a mean-field game in the same class of
LQ-MFGs but in the absence of common noise.

1.3. From restoration of uniqueness to selection of equilibria. The result obtained in
[24] is an example of restoration of uniqueness by addition of a common noise. The striking fact
in this example is that the action of the common noise onto uniqueness is limpid. Basically,
the LQ structure forces equilibria to be (one-dimensional) Gaussian processes conditional on
the realization of the common noise: Whilst the covariance structure is independent of the
realization of the common noise (and hence is deterministic), the conditional mean follows an
Ornstein-Ulhenbeck process driven by the common noise. Hence, the class of LQ-MFG’s tackled
in [24] is parametric (the parameter being one-dimensional) and the role of the common noise
is precisely to force the parameter randomly. The fact that equilibria have a one-dimensional
structure plays a crucial role in the rest of the paper. In this regard, it is worth mentioning that
Foguen Tchuendom’s result was extended by Delarue in [I7] to a larger class of nonparametric
non-LQ-MFGs but at the cost of using an infinite dimensional common noise, which makes it
much too complex for our purpose.

Foguen Tchuendom’s result prompts us to address the following question: For an instance of
LQ-MFG which is uniquely solvable under the presence of common noise but which has several
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equilibria in the absence of common noise, is there any way to select some specific equilibria to
the game without common noise? To answer this question, we propose here three methods of
selection, as described below:

(1) (minimal cost selection) Amongst all the equilibria to the LQ-MFG without common
noise, select those that minimize the cost of the representative player;

(2) (zero noise limit selection) Consider the unique stochastic equilibrium to the LQ-MFG
with common noise and find its weak limit as the intensity of the noise tends to 0. If
this limit exists, select the equilibria that are included in the support of the limit.

(3) (N-player limit selection) Solve the N-player game without common noise and find the
weak limit of the equilibrium as N — —+oo. If this limit exists, select the equilibria that
are included in the support of the limit.

Whilst the first method is directly connected with the optimization structure underpinning
the LQ-MFG, the second approach is in fact much more general. Indeed, the idea of restoring
uniqueness by means of a random forcing has been extensively studied in probability theory. It
goes back to the earlier work of Zvonkin [50] on the solvability of one-dimensional stochastic
differential equations driven by non-Lipschitz continuous drifts. Several authors also contributed
to the subject and addressed the higher dimensional framework, among which Veretennikov [49],
Krylov and Rockner [31], Davie [15]... Similar questions have been also addressed in the frame-
work of infinite dimensional stochastic differential equations, see for instance Flandoli, Gubinelli
and Priola [23] and the monograph of Flandoli [22]. Still, although restoration of uniqueness has
been investigated in various frameworks, including, as we just mentioned, infinite dimensional
ones, finding the zero-noise limit when the corresponding deterministic or ordinary equation
has multiple solutions is a challenging question, for which fewer results are known. The earlier
result in this direction is due to Bafico and Baldi, see [2]; it provides a rather complete picture
of the selection procedure for one-dimensional dynamics with isolated singularities. Examples
treated in [2] will serve us as a benchmark throughout this paper, but, in fact, we will mostly
follow another approach to these examples due to Delarue and Flandoli [18]. In [I8], the authors
not only address the zero noise limit but also make explicit the typical time at which selection
occurs; our strategy is to do the same below. We refer the reader to [48] for a third proof, to
[26] for related large deviations principles, and to [II, [19, [30] for examples of selection in higher
(possibly infinite) dimension.

As for the third method of selection, it is directly connected with the fact that mean-field
games are understood as limiting versions of games with finitely many players. In this regard, it
is a rather challenging question to show that equilibria to the finite player games do converge to
a solution of the corresponding mean-field game. In fact, the approach to this question depends
on the nature of the equilibria: In the finite player system, equilibria may be searched in an
open or closed loop form. As for open loop equilibria, as considered in [24], weak compactness
methods were first studied by Fischer [2I] and Lacker [34]. Generally speaking, the point therein
is to prove that the support of any weak limit of the laws of the empirical distributions of the
finite player game equilibria is included in the set of solutions to the limiting mean-field game.
Still, to the best of our knowledge, nothing has been said so far on the exact shape of this
support (at least when there is no uniqueness): This is the question we want to address below
in the particular example specified in the next section. As for equilibria in closed loop form,
the first main general result on the convergence of equilibria, at least when uniqueness to the
limiting mean-field game holds true, is due to Cardaliaguet, Delarue, Lasry and Lions [6] and is
based on the so-called master equation for mean-field games, which is a PDE set on the space
of probability measures: As our case is parametric, the master equation for it reduces (up to
a correction term) to a one-dimensional standard PDE. Importantly, this PDE here takes the
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form of a scalar conservation law and, although uniqueness does not hold for the mean-field
game under study and, accordingly, the master equation does not admit a classical solution,
the so-called entropy solution of this scalar conservation law is intended to be, amongst all the
possible solutions, of a special interest. And, indeed, although we deal with open loop equilibria,
we make an intense use of it throughout the text. We will go back to this point next. In fact, the
reader must be aware that, very recently, Lacker [33] succeeded to extend the weak compactness
approach initiated in [34] to closed loop equilibria in order to tackle cases when uniqueness does
not hold and henceforth when the master equation is ill-posed. Although this new result in the
literature on mean-field games is not of a special use in the sequel, it demonstrates that, similar
to the question we here address for open loop equilibria, the identification of the weak limits of
closed loop equilibria in case when uniqueness does not hold is a hot question as well. In this
regard, it is worth mentioning that, in a parallel forthcoming work to ours, Cecchin, Dai Pra,
Fisher and Pelino [13] address a similar question but for equilibria in closed loop form: Namely,
for a continuous time mean-field game on a two-state space for which uniqueness does not hold,
they investigate the equilibria that are selected by the limit of the closed-loop equilibria of the
N-player game.

1.4. Summary of the results and organization of the paper. Generally speaking, we focus
below on a specific example of the aforementioned parametric LQ-MFG class, which admits
three equilibria. As made clear in the text, these three equilibria are parametrized by the three
following values of the parameter: —1, 0 and 1. In this framework, we prove that the zero noise
limit and N-player limit selection methods select with probability 1/2 the two equilibria —1 and
1 whilst the minimal cost selection selects the equilibrium 0. So, the first striking fact of this
paper is to show that the minimal cost selection does not yield the same result as the other
two approaches! The second one is to show that, here, taking the vanishing viscosity limit and
taking the limit over the number of players give the same result: Intuitively, the idiosyncratic
noises in the N-payer game here aggregate into a common noise of intensity of order 1/v/N,
which explains why the two approaches yield the same result. The last important point is that
this example shows that several equilibria may be physically selected in this way; even more,
it makes clear the fact that randomized equilibria may naturally appear for mean-field games
without common noise: Using the same terminology as in [33] (see also [0, 11} [34]), the limit
that picks up the two equilibria —1 and 1 with probability 1/2 should be regarded as a weak
mean-field equilibrium; also, the randomness that carries the choice between —1 and 1 should
be regarded as an endogenous common noise in a game without exogenous common noise!

Our result should be compared with [I3] and [33]. First, it is worth mentioning that our
work has some similarities with [I3]: As in [13], we show that the master equation for the LQ-
MFG without uniqueness can be addressed by using the theory of entropy solutions to scalar
conservation laws; as we already mentioned, there is a (one-dimensional) nonlinear hyperbolic
equation underpinning the master equation and its entropy solution permits to identify the
optimal feedback that is selected by both the zero noise and N-player limits. For sure, this
general fact certainly goes beyond the two examples tackled here and in [13]. Certainly, it should
be addressed in a more systematic way in the future, at least in one-dimensional parametric
models. Indeed, the key point in both papers is that equilibria are driven by a one-dimensional
parameter: Here, the parameter is the mean of the one-dimensional state variable and, in [13], it
is the probability weight of one of the two elements of the state space. Although it sounds to be a
very exciting question, selection in higher (but finite) dimensional parametric model is probably
much more challenging: The master equation is then expected to reduce to a more complicated
non-conservative hyperbolic system. The latter fact is made clear in [3, Section 2] for mean-field
games with a finite state space of any arbitrary cardinality. Similarly, the model we address
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below can be also written out in higher dimension d > 2, but, then, the aforementioned one-
dimensional PDE underpinning the master equation turns into a non-conservative hyperbolic
system as well.

Another interesting remark about [13] is that, in the example addressed therein, the N-player
limit selects one equilibrium only while it selects two equilibria in our example: The difference
comes from the fact that we here choose an initial condition that exactly seats at the singularity
of the entropy solution of the conservation law. As explained below, in our framework, our
method can be adapted to handle initial conditions that are away from the singularity, in which
case one equilibrium only is selected by the zero-noise and N-player limits.

Lastly, it must be stressed that a related question to ours is studied in [33, Subsection 7.2]:
For a pretty similar LQ-MFG, it is proven in [33] that, given the weak mean-field equilibrium that
charges, with symmetric weights, the two equilibria —1 and 1 of the game without uniqueness,
it is possible to construct a sequence of approximate Nash equilibria that converges to it in the
weak sense.

The paper is organized as follows. We implement the first method, which we call minimal
cost selection, in Section [2l In Section [4, we make clear what is the notion of master equation
in our setting. It plays a key role in the subsequent analysis of the zero-noise limit and of the
convergence of the N-player equilibria. Section [5]is dedicated to the analysis of the zero-noise
limit, whilst we focus on the limit of the N-player equilibria in Section [5] Further computations,
that are used in the text, are detailed in Appendix.

2. NOTATIONS AND STATEMENTS

2.1. Description of the mean-field game and related selection of equilibria. For the
sake of clarity, we recall the class of LQ-MFGs addressed in [24] and the corresponding charac-
terization of equilibria through FBSDESs.

We are given two independent (one-dimensional) Brownian motions B = (Bj):c(o,r) and
W = (Wt)ejo,r) defined on a complete filtered probability space (2, F, (Ft)e(o,], P) satisfying
the usual conditions. The representative player’s initial state is given in the form of a random
variable ¢ € £.2F0, .CQfO standing for the collection of square integrable Fp-measurable random
variables. We suppose (mostly for convenience) that the filtration (F¢);c[o,) corresponds to the
natural filtration generated by &, W, B augmented with P-null sets. Also, we let (F/ )telo,r) be
the filtration generated by B only and augmented with P-null sets.

Throughout the paper, we consider controls a := (a).ejo,7] € H?, where H? is the space of
(]—"t)te[O,T]—progressively measurable processes satisfying

E[/OT|at]2dt} < +o0.

Finally, we consider three constants Kk € R,0 > 0,09 > 0 and three bounded and Lipschitz
continuous functions f,b, g : R — R. The MFG problem considered in [24] reads:

Scheme 1. (MFG-problem)

(1) (Mean field Input) If oy > 0, consider a continuous (thB)te[O,T] -adapted process (it):e(o,1]
taking values in R. If oo = 0, take (pit)icpo,1] as a deterministic (continuous real-valued)
curve.

(2) (Cost Minimization) Find o* € H?, satisfying

J(o") = min J(a) = 'E/Tl 2 (Fue) + X0)PJdt+ S (Xp + glur))?
«o —o{relgl? a.—ofrel%g ; 2[at+ we) + Xi)7] +2 7+ g(pr
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under the stochastic dynamics

{dXt = [k X, + o + b(pw)|dt + odW, + ood By, Vit € [0,T),
Xp=¢&.

(3) (McKean-Viasov constraint) If oo > 0, find ()i, such that:
Vi e [OvTL Bt = E[X?*‘]:JE]

If 0 = 0, find (p1t)ejo,r) such that the above holds true without conditional expectation.

(2.1)

We recall from [24] that one can characterize the solutions of this MFG-problem through
FBSDEs as in the following proposition.

Proposition 2. Given the above data with oo > 0, there exists an MFG-solution (o, pit)sejo,1) of
and only if there exists an (FP )i, adapted solution (,ué 70 h5 70 Zg ")iepo, to the FBSDE:

vt € [0,T7,

dp57 = [—w;2hy ™ 4w b(wes 7°) | dt + w; ood By,
dhé 70 — [ wy f(w ,ut 70) — wtntb(wt,uf UO)]dt + Zf °dBy, (2:2)
and 5™ = E[¢Jwy ", h57 = g(u5™),

where

T
Wy := exp (/ (—k + ns)ds>, vt € (0,77,
t

. dne
Codt
When FBSDE is solvable, (au, pit)icio,r) and (uf’ao,hf’ao)te[oT are connected by the fol-
lowing relationships:

Mt = wtu§7o—o7 vt € [07 T]7

ar = —m Xy — hyy,  where hy = w, 1h§ 70 Yt e [0,T],

(Xt)telo,m) being implicitly defined as the solution of the forward equation .

The result remains true when oo = 0 except that Z&°° in ([2.2)) is null, that is to say (2.2)
1s a deterministic system.

We know from [24] that

(1) In the presence of common noise (i.e op > 0), FBSDE is uniquely solvable, in which
case there is a unique equilibrium to the LQ-MFG;

(2) In the absence of common noise (i.e o9 = 0), FBSDE is solvable, but it may admit
several solutions. In that case, which we call degenerate, there may be several equilibria.

n = (Nt)ieo,r) s the unique solution to the Riccati ODE =n? —2km — 1, nr =1

2.2. A particular case. Throughout the paper, we consider the particular case when f =06 =
¢=0and g: R — R given by

x .
g(l‘) = _751|:c|§7"5 - Slgn(x)1|z\>r57 (23)

where for a fixed time ¢ € (0,7, rs := féT w;2ds > 0.
Proposition [2] states that, in order to find an equilibrium to this particular LQ-MFG, it
is sufficient (and in fact necessary as well) to find a continuous, (F7)icjo7) adapted, solution

(’ug,oo’ h?’go, Z?’Uo)te[O,T} to the FBSDE
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dpd = —w; 2h70dt 4+ w; togd By, Yt € [0, T,
dh)0 = Z2°°dB,, Vit € [0,T), (2.4)
1o =0, h” = g(ug™) .

In the presence of common noise (i.e og > 0), the FBSDE (2.4)) has a unique solution. Thus
there exists a unique equilibrium (w0 = —n Xy — w; 'hy ?*)4efo,r) Whose randomness
depends only on the common noise B.

In absence of common noise (i.e ogp = 0), the system becomes

dpd® = —w2h)0dt, vt € [0,T),
dhd® =0, vt e[0,T], (2.5)
Ho =0, by = g(ug") .
Our analysis is based upon the following observation that has multiple solutions:
Proposition 3. There exist three solutions to , which are

¢
(M?707 h?’ov Z?’O)tE[O,T] = ( - A/ ws_st, A, O> for Ae {_17 0, 1} (2.6)
0 t€[0,T)

Proof. The first point is to check that the functions given in the statement are indeed solutions
to the equation. In fact, the only difficult point is to check the boundary condition. When
A = 0, there is no difficulty. When A = 1, we observe that |ME}’O| > rs. Hence, g(,u%o) =1,

which is indeed equal to 1. The case A = —1 is treated in the same way.
It then remains to check that there are no other solutions. In fact, whatever the solution,
the process (hg’o)te[o,T] must be constant, hence it must be equal to some A € R. Then,

u%o =-A fOT w; 2dt.

If |A fOT w; %dt| < 75, then the terminal boundary condition writes A = —A fOT w; 2dt /s,
which yields A = 0. If |A fOT wy; 2dt| > 75, the boundary condition is in {—1,1} and we get
Ae{-1,1}.

U

2.3. Main statement. Referring to the three approaches detailed in Subsection [1.3] our main
statement has the following form:

Theorem 4. As for the ezample introduced in Subsection[2.3, the minimal cost selection selects,
in the regime oy = 0, the equilibrium corresponding to A = 0, whilst the zero-noise limit and the
N-player game (under the additional assumption that o > 0) approaches select a randomized
equilibrium, as given by the equilibrium A = 1 with probability 1/2 and by the equilibrium A = —1
with probability 1/2.

We refer to Subsection [6.1] for a clear meaning of what we call N-player game in the frame-
work under study.

Although the rule of selection based upon minimal cost is sometimes met in the literature,
this result shows that it leads in fact to contradictory results with the other rules of selection
addressed in the paper. In fact, this should not come as a surprise. Indeed, it is worth mentioning
that, in Scheme [I| we can add any function of pr to the terminal cost entering the definition of
J. Obviously, this should not change the minimizers of J since the value of ur is kept frozen
in the optimization procedure. Still, this may certainly modify the output of the minimal cost
selection method. This strongly suggests that the minimal cost selection method is of a limited
scope.
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Regarding the two other selection rules, we draw reader’s attention to the following two
points. First, the randomized equilibrium given by A = +1 with probability 1/2 should be
regarded as an equilibrium on its own. It requires a modicum of care to write out the match-
ing condition in item (3) of Scheme [I} but it can be done at the price of conditioning on the
value of A: Given the fact that A = %1 is selected, the conditional mean of the state variable
is (—A fg w; 2ds)epo,r); see ([2.7). In other words, the randomized equilibrium carries an en-
dogenous systemic noise. Actually, this property is pretty similar to the one encountered for
weak solutions to stochastic differential equations, see [43], which carry an extra randomness in
addition to the exogeneous noise driving the equation. By analogy, the randomized equilibrium
could be called a weak mean-field equilibrium, see for instance [9] 11l 33], 34] for more details.
In this regard, it is worth mentioning that endogenous noises also appear in the analysis of the
Peano phenomenon by vanishing viscosity method, see [2].

In fact, and this is the second point we want to stress, the zero-noise limit and N-player
game approaches here select two equilibria (and not one equilibrium) because of the choice we
made for the initial condition £. As we show below, £ = 0 is indeed the discontinuity point of
the entropy solution of a certain scalar conservation law that underpins the game, see . In
this regard, it is the worst (meaning the most unstable) initial point that we can guess. In fact,
we could have chosen an initial condition £ # 0. In this framework, we have an extension of
Proposition [3f Whenever || < f06 w; 2ds, the FBSDE (2.5) with p = ¢ as initial condition has
three solutions, which are

for Ae {—1,55_%,1}. (2.7)

t
(1 Pes Zi)tejor) = <§ - A/ w;ds, A, 0>

0 te[0,7] 0 Ws
In this framework, the methodology we develop for addressing the case & = 0 also applies
to the case [£| < f05 w;2ds, € # 0: The key tool is Proposition It shows the following:
When initiating the mean field game with a common noise of intensity og > 0 from £ # 0, the
conditional mean of the representative player stays away from 0 with probability asymptotically
equal to 1 as gg tends to 0; similarly, when initiating the N-player game from a common point
& #£ 0, the empirical mean of the N players stays away from 0 with probability asymptotically
equal to 1 as NV tends to co. In that case, both approaches should select only one equilibrium
among the above three ones: When £ > 0, they should select A = —1 as it is the only one for
which (p1¢)se(0,7) in remains positive; similarly, when £ < 0, they should select A = 1. For
sure, the case £ = 0 is more difficult as the first step is precisely to show that the conditional
mean of the representative player in the mean-field game with common noise or the empirical
mean of the players in the N-player game go sufficiently far away from 0 before they stay either
in the positive or negative half-plane: This is the so-called notion of transition point introduced
in Subsection that makes this fact clear.

3. MINIMAL COST SELECTION

Keep in mind the particular LQ-MFG (2.4)) and focus more specifically on the case without
common noise (i.e og = 0), see . As stated in Proposition one can construct three distinct
equilibria to the LQ-MFG. A way to choose an equilibrium among the three available ones is
to find which one(s) yield the minimal cost. This is what we call below the cost minimization
approach.

In our specific framework, we have the following result:
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Proposition 5. With the notations of Proposition[3, the cost minimization approach selects the
equilibrium corresponding to A =0, i.e

t
(,Ut =0,0¢ = _ntXt)tE[O 7] where X; = wt/ aws_ldWs, vt € [0,T].
’ 0

Proof. Given, A € {—1,0,1}, the dynamics of the representative player, (Xt)teo,7), and the
controls, (ai)iefo,7], at equilibrium are given by

XO = 07
dXy = [(k —m) X — Aw; '] dt + odWy, Vt € [0,T)
ap = —m Xy — Aw; V€ [0,T).

We recall that the cost functional is given by

J(a)=E

Tl 2 2 1 2 2
/ 5[0% + (X1) ]dt+§(XT+9(NT)) ], ae€H.
0

By replacing the control at equilibrium in the cost functional, we get (with an obvious notation
for J4)

T
1 1
Ji=E / Sl=m X w; L A)? + (Xp)Pdt + 5 X1+ A?|, Ae{-1,0,1}.
0

In order to expand J4, we recall that
t
E[X:] = e = —Awt/ wy 2ds,
0
t
VX =E[(X: - Aét)Q] = wt202/ wy 2ds, Vvt € [0,T).
0

We then expand J4 as follows

T _ 1
Ji=E / Sl — w0 A 4 (X))t + 5 (X + )2
0
T
- %E / <(1 + A X2 + 240wt Xy + A2w;2>dt + %E[(XT + A)?
0

2
and then

A2 T t 2 t
Ja = 5 [/ ((1 + ntQ)th</ ws_2d5> - 27}t</ ws_2d8> + wt2>dt}
0 0 0
A2 T 2 1 T 1 T t
+— <1 — wT/ ws_2d5> + w%/ otw; 2dt + - / (14 17,52)02w152</ ws_2d5> dt,
2 0 2 " Jo 2Jo 0

where we used the fact that

E[(Xr+ A)%] = (A+ pr)” + E[(Xr — pr)?]

T 2 T
= A? <1 — wT/ ws_2ds> + w%/ o?w;dt, Vte[0,T).
0 0

17 1
=5 / ((1 BNy — o))+ (L4 0+ 2An0w; e + APwy, 2>dt + SE[(Xr + A4)7],
0
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In order to conclude, it remains to take into account the fact that

t 2 t
(Hn?)w?( / w;st) —2m< / w;2ds>+wt :
0 0
t 2 t 2
=w3</ w;2ds) + <ntwt/ w;2ds—wt1> >0, Vtelo,T].
0 0

One concludes that Jyu, for A € {—1,0,1}, is minimal when A = 0, and J1; > Jy, which
completes the proof. O

4. MASTER EQUATION AND RELATED PDE ESTIMATES

In this section, we consider the case oy € (0,1) in the LQ-MFG under study. By [24], we
know that there is a unique equilibrium to the LQ-MFG, which is described by FBSDE ([2.4)).

Since is uniquely solvable, we can use Ma-Protter-Yong’s four-step-scheme [41] to rep-
resent the solution, see also [42]. The four-step-scheme provides a so-called decoupling field that
decouples the two forward and backward equations of the FBSDE, meaning that it permits to
represent the backward component of the solution in terms of the forward one. Due to the
diffusive effect of the Brownian motion (B;).c(o,77, such a decoupling field is smooth. Through
the Cole-Hopf transformation (which we make clear below), it can be represented explicitly and
then inserted into the FBSDE ([2.4): This allows to read the forward component of as a
standard a SDE.

4.1. Master equation. The first step is to make the connection between the aforementioned
decoupling field and the notion of master equation.

The concept of master equation was introduced by Lions [40] in his lectures on mean-field
games at Collége de France. Generally speaking, the master equation is an equation for the value
of the mean-field game. It is regarded as a function of the initial conditions of the game, which
include: Initial time, initial state of the representative player and initial state of the population.
To ensure that the value function indeed makes sense, equilibria must be unique.

In our case, op € (0,1) and the LQ-MFG has a unique equilibrium. Still, we prefer to write
down an equation for the (optimal) feedback function of the LQ-MFG instead of an equation for
the value function. In fact, both are related with one another through a standard minimization
argument of the Hamiltonian and, in our framework, the (optimal) feedback function is given
by the opposite of the derivative of the value function, the derivative being taken with respect
to the private state of the representative player. We refer to [8, Chapters 3 and 4] for details.

Actually, we know from Proposition [2] that the equilibrium strategy of the LQ-MFG must
be of the form

ar = —m Xy — w;lhf’oo, Vit € [0, T],
where h$ solves the backward equation in (with a general initial condition ¢ instead of
0 for the forward process).

Now, as we recalled right above, it is a standard fact from FBSDE theory, see for instance

[16, [41], that the backward process can be put in the form

B0 = 670 (t i ™), VE € [0, 7.
Here, 0°° is called the decoupling field of the FBSDE (2.4]). At the end of the day, the function
[0, 7] x R x Py(R) 3 (t,2,m) — —mx — w; 10°°(t, x, 1),

is the right candidate for solving the master equation (for the feedback function). Here P;(R)
is the space of probability measures on R with a finite first moment and m stands for the mean
of m when m € Pi(R). In fact, instead of writing down the full master equation (which is a
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difficult object, see [0, 14, 25] and [9, Chapter 5]), we just write down the equation for §7°,
which is enough for our own purpose. To do so, notice from [I6], [20], see also the book [35], that
690 belongs to C12([0,T) x R;R) N C([0,T] x R;R) and is a classical solution to the following
quasilinear parabolic PDE with terminal condition :

V(t,xz) € [0,T) x R,
070 (t, ) — wy 2070 (¢, 2)9,0°° (t, ) + So3w; 292,07°(t,z) = 0, (4.1)
0°°(T,z) = g(z), Vx € R.

This PDE is well-known in the literature: it is a Burgers type PDE. For theoretical and numerical

entry points on the analysis of Burgers type PDEs, we refer to the textbooks [28] [39], and to the
article [4]. It is uniquely solvable and a representation of its solution is obtained through the

Cole-Hopf transformation. For every t € [0,7T), we write r; = ftT w; 2ds. This representation
reads as follows:

— —92 _2)\2
S5 explog *(= J§ gv)dv — E520))dy
= - — )

Jeexp(og (= [ a(v)dv — C305))dy
Observe from an obvious change of variable that we can easily reduce (4.1f) (respectively (4.2))) to
the classical forward viscous Burgers equation (respectively to the classical Cole-Hopf formula).
It thus suffices to consider the function (¢,z) € [0,70] + 670 (™1, ), where [0,7¢) 3 t +— 77! is
the converse of [0,7] 5 ¢ + r;. This is extremely useful in order to invoke known results from
the literature on standard inviscid and viscous Burgers equations.

0°°(t, x)

(4.2)

4.2. A priori bounds. We here collect several key estimates for #7°. The first one is
Lemma 6. The function |0°°| is bounded by 1, for any oy > 0.

Proof. The proof follows from the fact that |g| is bounded by 1 and that #7° is obtained by
transporting g along the forward component of (2.4)). O

Things are much worse for the first-order derivative (and in fact this is the reason why the
analysis of the case oy = 0 is so difficult). In fact, by standard results in the theory of nonlinear
parabolic equations, see for instance the monograph [35], see also [16] 20], 41] for a probabilistic
point of view, 699 is Lipschtiz continuous in space, uniformly in time, but the Lipschitz constant
depends on og! Still, we have the following bound that gives a bound on the rate of explosion
as og tends to 0.

Lemma 7. There exists a constant C such that
007 0) < S, Vit,x) € 0.T) x K.
90
Proof. We perform the change of variable:
~ T
07°(t, x) = 0°°(ogt,00z), V(t,z) € [0,—) x R.
Then,
0070 (t, ) — wy 2070 (t,2)8,07°(t, 2) + 2w, 292,070 (t,x) =0, V(t,x)€ [0, %) xR,
9"0(%,30) =g(o3z), Vz €R.
0

Now, the result follows from standard PDE estimates for uniformly parabolic equations, see the
same references as before: [35] for PDE arguments and [16], 20, 41] for the probabilistic point of
view. ]
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Although the gradient may blow up, we have in fact an upper bound for it.
Lemma 8. For any og € (0,1), the function 6°° is non-increasing in x.

Proof. As 670 is the decoupling field of (2.4]), we have:

07°(t, x) = E[g(utT’x’UO)],
where
dub™o0 = —w ;2070 (s, ui’gc’ao)ds + oow; 'dBs, s € [t,T], (4.3)

Using standard results for one-dimensional SDEs driven by Lipschitz coefficients, we know that
x < y implies py"7° < pz¥? with probability 1. Since g is non-increasing, we complete the

proof. O

4.3. Zero-noise limit of the decoupling field. It is a well-known fact that, as oy tends to
0, 679 converges (in a sense that is made clear below) to the so-called entropy solution of the
inviscid version of (4.1). Again, we refer to [28, 39]. The limit is given by the field 6, whose
definition is as follows. For all (t,z) € ([0, 7] x R), we let:

—sign(x) it t<9, xeR,
O(t,x) = { —sign(x) it t>0, |x|>rs—ry, (4.4)
_’r‘(;f?“t it ¢> 57 |l‘| <Trs5 — T,

where we recall the definition of 75 in ([2.3)).

Most of our analysis for the zero-noise limit of the LQ-MFG with common noise as og tends
to 0 is based upon sharp estimates of the difference between the fields #7° and 8. In this regard,
we have the following bound on the difference 670 (¢, x) — 0(t, x), for op € (0,1) and for some
(t,z) € [0,T) x R.

Proposition 9. Let U(t,x,00) := 67°(t,x) — 0(t,x), for (t,x,00) € [0,T) x R x (0,1). Then,
for any non-negative non-decreasing curve ¢ € C([0,T];R), which is strictly above the curve
[0,T] 5 t — (rs — 1)+ on a left-open interval containing [0,T], and for any function L from
(0, 4+00) into itself such that limy,—o L(0g) = 400,

lim sup | W (t, z,00)| = 0.
7070 (¢ 2)€[0,T), 2| >3 L(00) +4

Proof. Following [45], [46], we know that, for any n > 0,

lim sup |V (¢, z,00)| = 0. (4.5)
7070 4€(0,T] | >n by

The proof of is in fact rather straightforward in our setting and we give it for completeness:
The first point is to observe that, when ¢ € (0, T], the system initiated at time ¢ from any
x € R is well-posed and that the value of the backward process at time t then coincides with
0(t,x). This is a well-known fact in the theory of hyperbolic equations, which also follows from
the small time analysis performed in [16] for FBSDEs with Lipschitz continuous coefficients. So,
for t € [0 + ¢, T for some € € (0,7 — ¢), we can make the difference between the two systems
and with (¢, x) instead of (0,0) as initial condition. Following [16], we can prove that

lim sup | W (t, z,00)| = 0.
00=0 (¢ 2)e[5+e,T]xR
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Now, we can choose e small enough such that r5—rs.. < n/2. Then, for t < §+e€ and x > n+1by,

[U(t,2,00)] = [07(t,2) + 1] = [B[0°0 (6 + € uf7) + 1]
< swp (W(sgo)| + 4P(u < 7).
(s,y)E[0+e,TIxR 2

where we used the same notation as in (4.3)). Using the fact that 70 is non-positive in [0, T| xR,
which suffices to get (4.5]).

we have
S
/ w, 'dB,| > 17>,
‘ 2
As a consequence, it suffices to prove that for any 7 € (0, 9),

lim sup |V (t,z,00)| =0, (4.6)
7079 te[0n)al 203 L(o0)

IP( L0 o 9) < IP’( inf  plb®o0 < 9) < IP’<U su
Hove = 2/ sE[t,0+¢€] Ha -2/~ Ose[t,cg-e]

which is done in appendix, see Section O

Remark 4.1. Obviously, the proof of Proposition [J] provides a stronger result than what the
statement claims, but the statement will suffice for our purpose. In fact, we feel better to state
in a minimal way the conditions that we need to establish Theorem [d] Moreover, we stress the
fact that the choice of the terminal condition here plays a crucial role in the proof of , see
again the appendix. In this regard, it is worth mentioning that there are numerous references
on the convergence of viscous solutions to entropy solutions of scalar conservation laws, see for
instance [32], 45], 146, 47]: In comparison, is a fine estimate and a careful inspection would
be needed to determine to the precise class of functions g for which our methodology could be
applied.

4.4. L' stability. In the analysis, we shall make use of the following lemma, which is a key
property of scalar conservation laws, see for instance [28] 39].

Lemma 10. Consider a Lipschitz continuous bounded function g € C(R;R) such that g > g,
and, for og € (0,1), call 07°(t, z) the classical solution to

vVt €[0,T) x R,
0070 (t, ) — wy 2070 (t,2)0,0° (¢, x) + 03w, 292,07°(t, ) = 0, (4.7)
00 (T, z) = §(x), Yz € R.
Then, the difference 870 — 070 is preserved, that is
(6°° — 9°)(t,x) >0, V(t,x) € [0,T] x R.

Moreover, if g and g coincide outside a compact subset of R, then the space integral of \900 — 670
s also preserved, i.e

+oo +oo
/ |(870 — 67°) (¢, z)|dx < / (G — 9)(z)|dz, forall Ve [0,T].
—0o —0o0
In fact, the last inequality is an equality (because 670 — §90 has a constant sign), but we
won’t use this fact in the sequel.

Proof. First step. The fact that (4.7) is well-posed is a standard fact in the theory of nonlinear
parabolic equations, see for instance [35], see also [16} 20, 4] for the probabilistic interpretation.
Importantly, since g is Lipschitz continuous, #°° is also Lipschtiz continuous in space, uniformly
in time.
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We then observe that the difference #99 — §9° is the solution of
_ _ _ 1 _ _
(070 = 07°) — w0700, (670 — 07°) + Sogw, *0g, (07 — 07°) — w; 20,07 (07 = 6°°) =0

which can be regarded as a linear equation in 670 — 970, Since g > g, we deduce from the
maximum principle that 870 > 690,

Second step. The second part of the proof is a direct consequence of Theorem 3.3.1 in
[28]. O

5. ZERO NOISE LIMIT SELECTION

The zero noise limit problem described in Section [2] requires to find the limit of the unique
equilibrium (when op > 0) as o9 — 0 (i.e as the common noise B influence on the players
vanishes). Through Proposition 2} it is equivalent to study the limit of the unique solution of
FBSDE as o9 — 0. In this regard, the previous section allows us to reduce the problem to
the analysis of the zero-noise limit of the forward SDE

dX;, = —w; 207°(t, X;)dt + oow; 'dBy, (5.1)

which we derived from the four-step-scheme. This prompts us to use the asymptotic form of the
decoupling field as o tends to 0, as discussed in Proposition [J} in order to study the asymptotic
behaviour of . The difficulty to do so comes from the fact that the limit of the decoupling
field is discontinuous at « = 0 and for ¢ close to 0. In particular, similar to the famous Peano
example for differential equations (the situation is even worse since the limiting drift is in fact
non-continuous whilst Peano example is for an ODE with a continuous drift), the zero-noise
limit of the forward SDE is not uniquely solvable. Taking benefit of the fact that this SDE is set
in dimension 1, we manage to adapt the techniques from [I§] to determine the solutions of the
asymptotic forward SDE that are selected in the limit. Precisely, we show that this approach
selects the extremal equilibria (i.e A € {1,—1}) in Proposition [3| Using the same terminology
as in [18], we also exhibit a transition space-time point, the precise definition of which is given
in the next subsection.

5.1. Main result. Thanks to the four-step-scheme, the solution to FBSDE ([2.4) can now be
identified with the solution of (5.1]) with 0 as initial condition at time 0. More precisely, thanks
to Proposition EI, we can write (ug® := u?’ao)te[&T] as the solution of the SDE:

{u?° = — Jfw;2000 (s, 1ug0)ds + [ w; ood B,

5.2
= — fg’ w;? (a(s,ugO) + U(s, pu2o, 00))ds + fg w; logdBs, Yt €[0,T). (5:2)

As explained before, our objective is to find a transition point for the process (;Lfo)te[o,ﬂ. A
transition point in this setting is a pair of two space-time points (+eg, t9), which get closer and
closer to (0,0) as og tends to 0 with the following two properties:

(1) The probability that the process (117°)c[o,r) reaches +ep in a time of the same scale as
to tends to 1 as og — 0.
(2) Given the fact that the process (15°)sc(o,7] hits o in a time of order ¢g, the probability
that it escapes away from 0 after the hitting time tends to 1 as gg — 0.
For the latter item, we will compare the trajectories of (u7°)icjo, ) With the curves

(£ fot wy 2ds)o<i<T, for any arbitrary v € (0,1). We will show that, with probability
asymptotically equal to 1, (uf O)te[o,T} escapes from 0 at a faster rate than any of these
curves.
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Of course, as o0y — 0, the effect of the common noise vanishes and outside a null event, the
trajectories of (117°)sec(o,r) Will concentrate on the equilibria A € {—1,1} in Proposition |3} For
symmetry reasons, the two equilibria will be charged with the same probability. To make it
clear, here is the main result of this section:

Theorem 11. Consider (ki := fg w;st)te[O 7 € C([0,T];R). Then, the sequence of laws
(Po (M?O)aglth)aoe(O,l) converges, as oy — 0, to
1
2
5.2. A more general framework. We shall prove Theorem [L1] as a particular case of a more
general framework. Assume indeed that, for any oo € (0,1), there exists a continuous mapping
670 from [0,7T] x R into [—1,1] with the following three features:

(A1) There exists a function L from (0, +00) into itself satisfying

1
kt)eefo,m) + 55(_kt)tE[O,T] :

lim L(ap) = lim_L(ap)|1 A
Jim (00) = +00 and Jim (00)|In(o9)| 0,

such that, for any non-negative non-decreasing curve ¢ € C([0,7T]; R), which is strictly
above the curve ¢t — (rs — r4)4 on a left-open interval containing [4, T,
lim sup 1(67° — 0)(t,z)| = 0.
7070 (t )0, |2 > 03 L(00)+x
(A2) For any o¢ > 0, there exist three real-valued continuous adapted processes (fif O)te[o,T},

(f@ao)te[oﬂ, and (Atao)tE[O,T]v the process (Ytao)te[oﬂ taking values in [—1, 1], such that

t t
/jgo = —/ ws_QY;UOdS + J()/ ’ws_lsta t€[0,T7,
0 0

with ~ ~
Y70 =07t af°) — A7°, te[0,T],
and sup¢jo 71 |A7°| tends to 0 in probability as oo tends to 0.
(A3) For any og > 0, the law of 1?0 on C([0,T];R) is the same as the law of — .
In this framework, we prove below the following statement:

Theorem 12. Under assumptions (Al), (A2) and (A3), the sequence (P o ([L;TO);Q[O T])UOE(OJ)
converges, as og tends to 0, to
1
=0
9

It is well checked that Theorem (11| follows from Theorem (A1) is Proposition [9] (A2)
is Lemma @Oand (A3) is a consequence of uniqueness (in law) to (2.4), noticing that the triple

(—p 0 —ho, Zf’ao)te[oﬂ is a solution of the system (2.4)) driven by (—Bi)ejo 17-

kt)iefo,r (=kt)tefo, 1

1
|+ 50

5.3. Reaching the transition point. Throughout the subsection, we assume that (A1), (A2)
and (A3) hold true. We define our transition point as

(607 t()) = (G(%L2(0-0)7 UO)> (53)
where L is as in (Al).
We will regard € and ¢y as functions of gg. We call them infinitesimal functions of og in the
sense that they tend to 0 with oy.
With the transition point, we associate the following hitting time: For all ¢ € C([0,T];R),
consider

Teo () := inf{t € [0, T7] : |¢he| > €0}, (5.4)
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with the convention that 7,()) := T when the set in the right-hand side is empty.
Proposition 13. (Transition point). Consider ty, a positive infinitesimal function of oy,
such that lim to/tg = +oo. Then,
0'0—)0
P(7e (27°) > 1) =0 as 09— 0.

5.3.1. A technical lemma. The proof of Proposition is based upon the following general
lemma:

Lemma 14. For a positive continuous (deterministic) path (¢)iejor), let (Xt)te[QT] be a one-
dimensional Ité process of the form

dX; = —w; 2Yidt +w; 'dBy, t € (0,7,
where (Bt)te[o,T} is a Brownian motion with respect to some filtration (J‘Et)te[o,T} and (Yt)te[o,T]
is a [—1,1]-valued adapted process. For a real a > 1 and some stopping time o with respect to
the filtration (Fi)scjo,m, let
ri=inf{t > 0:|X;| > a}.
Then, on the event {|X,| < a}, we have
- 1 v v ca’®
P(r <T|F,) > Eexp(—c(kT —kp))exp | — —— |,
where c is a strictly positive universal constant and

t
/%tz/ wy 2ds, te0,T).
0

Proof. Without any loss of generality, we can assume that ¢ = 0. We then let Q be the
probability measure defined by

T 1 [T
aQ = exp / Y, 'dB, — / Y, |20 2ds ).

t
WtZBt—/w;lysta t€[0,T],
0

Under Q, the process

is a Brownian motion with respect to the filtration (ft)te[o,Ty Moreover,
¢
X; — Xo :/ wy ' dW,, t€0,T).
0
We then obtain

o sup (%~ X0) 2a| 70) =@ sup [ ["ai] >0 7)

te[0,T) te[0,T]

t
(g [ 2)
tefo,7] LJo

@( sup (X; — Xo) > a}fo) > @(/OTw;ldWs > a)

te[0,7)

Then, by Gaussian estimates, we obtain

1 /a+1 ( 12 )d 1 ( )
> = € ——)ax Z — € — .
B 27T/€T a P 2ij vV 27T/€T P kT



SELECTION OF EQUILIBRIA IN A LINEAR QUADRATIC MEAN-FIELD GAME 17

Now,

¢, X . p[dQ
@(tes[l(l)%} (Xt B XO) 2 ¢ ‘ fo) =k [ﬁl{supte[o,T](Xt—Xo)Za}

7ol
dQN\2, . 71/2 . . L\ 1/2

<EF|(== P X, — Xo) > :

<=((G) 15] (s (K= %0 = a| 7))

It is completely standard to prove that

EPKC;%Y ‘ .7:"0} < exp(QI%T).

So, we end up with
1 . 2a*
— exp(—kr) exp(— - ),
vV 27T]€T kT
which completes the proof on the event Xy > 0. Changing (Xt)te[o,T} into (_Xt)tE[O,T]v we easily
tackle the case when Xy < 0. O

y . _N1/2
]P’( sup (X; — Xo) > alf()) >
t€[0,T]

5.3.2. Proof of Proposition[13
Proof. Recall by assumption (A2) that

di° = —w; 2Y0dt + ogw; tdBy, Yt €[0,T].
By using the change of variables,

v . ~—2~00 7 . V00
Xy = 0g %8, Vi=,

M- o . —1 92
O'gt, wt = wo.(Q)t, Bt = UO BO’%t’ Vt S [07 O’O T],

it is well checked that

dX; = —w; 2Vidt +w; 'dBy, Xo =0, t€l0,05°T). (5.5)
Obviously (Bt)te[o,a
rescaled filtration (F;)

27y is a Brownian motion and (X&), 02T is an Ito process for a common
Q 20

te|
tE[O,oSQT]' We also let
7:(00) = inf{t >0: |Xt| > L2(0'0)} = 062760 (ﬂUO)’ inf(]) _ 062T.

We claim that for the same constant ¢ > 0 as in the statement of Lemma [I4] it holds, for
any integer i € {0,---, N — 1}, with N := |05 2],
T

N 7(o0) > NU%)

IP(%(UO) > No? T
1
<1- p exp (—ch*Q (kﬁ(iJﬁj\})T — k%)) exp (

g9 CO'(Q)L4(O'(]) > (5.6)

kayyr — kir
N N

The proof works as follows. We consider the process (X;) ) and we apply Lemma

. i T
tG[T(Uo)/\—NU% 2

With 0= "7(0p) A ]\’52 and a = L%(0g). On the event {#(og) > ]\Z[—;}, we get
0 0

IN

C 40‘
P<7:(UO) ( Lo0) )>,

1 . .
v | > —exp(—c(kurnyr — k i ))exp <
" “(2)) c ( ( (z;;gT Nog )) (kasyr — k_ir_
Nag NU%

with
t t, )
. o, _ .
kt—/o w, ds-/o wggst—Uo kozy,
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from which we get ([5.6)). Using the fact that, for o € (0,1), 1/N is between 03 and 202, we can
change the value of the constant ¢ (allowing ¢ to depend on 7" and k) so that

P(%(UO) > %\;;(%)T ' o) > @) <1- %exp(_cﬁ(ao)). (5.7)

By iterating (5.7)), we deduce that
) i 1 A i
]P(T(O’o) > NJ(Q)T> < <1 - Eexp(—cL (00))> .
Recall that In(1 —u) < —u for u € [0,1). Thus,

Nich> < exp(z‘ ln(l - %exp(—dfl(‘m)))) (5.8)

< eXp(—3 exp(—cL4(Jo))).
c
Choose i = |0, ' /(2T)] in (5.8) and deduce that, for oo small enough,

P(Teo (ﬂ”o) > 00) = IP)(%(UO) > O'al> < exp [—c/aal exp(—cL4(ag))],

]P’(i'(ao) >

for a new constant ¢’. Since limy, 0 L*(00)|In(0g)|~'/2 = 0, the right-hand side tends to 0 with

09, which completes the proof.
O

5.4. Restarting from the transition point. As before, we assume that (A1), (A2) and (A3)
are in force. In order to investigate what happens after 7.,(7°), we prove first the following
lemma:

0

t
(1-) /5 wi?ds > (15— 1), + 2 (raja —ring), 1€ [9,T].

Lemma 15. There exists a positive constant cs € (0,1), such that, for all v € (0, cs),
1
2 2

/2
Proof. Define c; as

and then, for ¢ € [§,T],

t t 1 é t 1
(1- 7)/ wy 2ds > / w; 2ds — / w, 2dr > / w, 2dr + ~(rsj2 —1s).
5/2 5/2 2 /52 5 2

This completes the proof when ¢ € [0, T]. Using the fact that ¢s < 1/2, the result is obviously
true when ¢ € [6/2,T1. O

The above lemma prompts us to introduce (for the same function L as in (5.3)))

t
7',;’(00) = inf{t € [1e (27°),T] : 57° < 02L(og) + (1 — 'y)/ ws_zds}, (5.9)
7—50(;]"0)



SELECTION OF EQUILIBRIA IN A LINEAR QUADRATIC MEAN-FIELD GAME 19

with the convention that 7" (o¢) := T if the set is empty. Similarly, we let

t
7, (00) = inf{t € [1e (27°),T] : 57° > —02L(0g) — (1 — 'y)/ ws_zds}. (5.10)
7'50(/100)
Proposition 16. For any v € (0, ¢s), it holds that
P(rj(ao) <T A oy = 60> 0, as og—0,
and
IP(T,Y_(O'()) < T ooy = —60> 50, as op—0.

Proof. Consider oy € (0,1) and call £y an infinitesimal function as in the statement of Proposition
By Proposition by assumption (A2) in Subsection and by symmetry, it suffices to
prove that

P(T+(UO) < Ta Teq (IELJO) S tbaﬁ:fo(ﬂao) = €0, Sup ‘A?0| S %) — 07 as ao — 0.

7 t€[0,T]
First step. Throughout the step, we work on the event {7;7r (00) < T, Te, ([LUO) < to, [LZEOO (@0) =
€0, SuPyefo, 1) |A7°] < 7v/4}. So, for og small enough such that ¢y < 6/2 and L(op) > 2, we deduce
from Lemma (15 that, for all ¢ € [re, (A7), 7 (00)],

t
~0 _ 1
[0 > odL(oo) + (1 — V) le>s/2 // wy ?ds > ofL(0g) + (rs — Tt)+ + 5(7“5/2 - TtA§)+-
6/2

We deduce the following two things. First,

0(t, 47°) = —sign(af®) = -1, Vte [7‘60(/100),7',;’—(00)]. (5.11)

Moreover, for all t € [r,(fi7°), 7 (d0)], the point fif° lies in the domain of application of as-
sumption (A1) in Subsection which yields

|\I~/(t, /11?07 UO)‘ < 7/47 te [Teo (/100)7 Tj(UO)L (5'12)

whenever oy > 0 is sufficiently small (uniformly in ¢), and where we let U(t, 2, 00) = 670 (t, x) —
0(t, ).

Hence, for sufficiently small o9 > 0 such that claims (5.11]) and (5.12]) both hold, we observe
from (A2) that, for all ¢ € [7., (i), 7" (d0)],

t

~00 ~ ~00 _

Ky ZNTEO(,:LU()) /r([m)
€0

2t/ [

0

t
w2 (9(5, [0) + (s, g%, 00) — A‘;O)ds + ao/ w; 'dB
Teg (ﬂgo)
¢
wy 2ds + ao/ wy 'dBs.
(0) Teo (A70)
Second step. We work on the same event as in the first step. To simplify notation, let us

write 7 = 7.f (00) and observe that (recall that we assumed 7 < T')

.
i = adLion) + (1) [ witds
Teg (z°0)
By the conclusion of the previous step, we deduce that there exists r € [7,(i1°°),T] such that

o8 L(o0) + (1 —7) /T wy%ds > o + (1 — 7/2)/

) (/JUO) Teg (ﬁao)

T T

w3 2ds + oy / wy 'dBs.
Teg (/100)
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Therefore, on the same event as in the first step, there exists r € [7¢,(27°), T] such that

T

oyt / wy tdB, + 00_2(7/2)/ wy 2ds < L(o0)(1 — L(ov)) =: v(00).
Teg (@0 ) Teg (@m0 )
We deduce that the event {7 (00) < T, Teo (17°) < to, i2° (7o) = €05 SUDse(o,7] |AT0| < v/4} is
50 ’
included in the event

T 1 '
{ sup exp (—7001 / w;dBs — 00272/ ws_2d5> > exp(—'yv(ao)) }
r€[reg (71%0),T] Teo (i%0) 2 Teo (i70)

0

Third step. It remains to prove that

T 1 T
IP’( sup exp<'yo'01 / _ldB — 06272 /
r€[Tey (fi70),T] Teo (F70) T

€0

ws_2ds> > exp(vv(ao))) — 0,
(ao0)

as o¢ tends to 0. This is a simple consequence of Doob’s maximal inequality for the martingale

tVTeq (170) 1 Ve, (70)
<exp<—'yao_1/ 71dB — 500 'y / ws2ds>> ,
Teq (£170) Teq (f1°0) te[0,T]

and of the fact that v(og) — —oc. O

5.5. Conclusion of the proof of Theorem

Proof. First step. 1t is easily checked that the sequence (Po(ﬂ?o);el[o T])Uo>0 is tight on C([0, T]; R).
Also, by (A2), we deduce that, for any limiting point P°°, the canonical process (1t)e[o,r) on

C([0, T]; R) satisfies |¢;| < k; for all t € [0,T], with probability 1 under P*°.

Second step. In order to proceed further, we need new notation. For ¢t € [0,6/2], we let
F(t) := {¢ € C([0,T;R) : ¥s > ks — k¢, s € [t,T]} and, for any € > 0, F(t) := {¢ €
C([0,T|;R) : ¢ps > ks — kit — ¢, s € [t,T]}. Obviously, F(t) and F<(t) are closed subsets of
C([0, T R).

We claim that for any limit point P> of the sequence (P o (ﬂgo)s_el[O,T})

IP’OO({¢ €C([0,T;;R) : ¢ € F(0)} U{v € C([0,T;R) : = € F(o)}) =1.

Below, we merely write F'(0) U (—F(0)) for {¢p € C([0,T];R) : ¢p € F(0)} U {y € C([0,T];R) :

— € F(0)}.
We apply Proposition For a given v > 0, it says that

lim P({T (00) = T’ 17 0y = €0} U {7y (00) = T, 7)) (g = —fo}) =1L

oo—0

Take t € (0,6/2) and fix € > 0. On the event {7, (47°) <t} N {7 (09) =T, ﬂ;‘fo(ﬁao) =€}, we

00>0, it holds

have
A > (1= (ks — k), seltT),
and, for v small enough,
a0 > ks — ke — e, s € [t,T],
Therefore, on the event {7, (i) <t} N {7 (09) =T, /ZCT’EO( 700y = = eo}, (fig°)sefo,r) € F<(2)-
Then, Proposition (13| says that

lim P((75°)scior) € F(HU (—F<(1)) = 1.

oo—0
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Since F<(t) U (—F¢(t)) is closed, we get, by the portmanteau theorem, that, for all ¢ € [0,d/2]
and € > 0,
P (F<(t) U (~F¥(1))) = 1,
Intersecting over all the positive and rational reals €, we get:
P> (F(t) U (=F(t)) = 1.
Intersecting over all the rational reals t € [0,9/2], we deduce the announced claim.

Conclusion. By the first and second steps, the canonical process (¢t).ejo,r) on C([0,T];R)
must satisfy

P({ve =k, te0,T}U{v=—k, tel0,T]})=1
By (A3), ¥ and —¢ have the same law under P>°. We deduce that

1
]P)OO (wt = kt’ te [O’T]) = ]P)OO (wt = _kt7 te [O7T]) = 57
which completes the proof. 0

6. N-PLAYER LIMIT SELECTION

We now come to the last method of selection. As shown in Subsection [6.1] we can indeed
associate with our particular LQ-MFG a game with a finite number of players and then address
the asymptotic form of the equilibria (if any) as the number of players tends to co. In fact, the
connection between mean-field games and games with finitely many players is a major question
in the theory of mean-field games, see for instance the references [40), [5, 8 9, 2T, 34} 33].

Below, we prove that, for a finite number N of players, Nash equilibria (if any) solve a
forward-backward stochastic particle system. The goal is thus to address the asymptotic form,
under the limit N — oo, of the solution to this particle system and to see which equilibria of
the LQ-MFG are charged by the weak limits (if any).

Basically, the main result that we show in this section is that the equilibria that are selected
in this way are the same as those obtained in the previous section.

6.1. The associated N-players games. In this paragraph, we formulate the version with
finitely many players of the mean-field game we have been considering so far. As already
explained in introduction, the fact that the mean-field game has a counterpart in the form of a
stochastic differential game with a finite number of players is not a big surprise: This connection
is pretty standard and, in fact, it is the basis of the whole theory of mean-field games, see the
aforementioned references.

The striking fact in the game with finitely many players we address below is that each player
is driven by its own Brownian motion. In other words, noises are independent; they are said to
be idiosyncratic.

So, for the description of the game, we consider an integer N € N* | which stands for
the number of players in the game. Then, for the same time horizon as before, we call
(W¢ si=1,..,N )te[o,T} a collection of NV independent one dimensional Brownian motions de-
fined on a (common) complete filtered probability space (€2, F,P). We call (ﬁt)te[O,T} the usual
augmentation of the filtration generated by ((Wg)te[O,T] ;i=1,...,N).

Also 0 > 0 and k € R are the same constants as in the system , and g : R — R is
the Lipschitz continuous and bounded function we defined earlier. Importantly, o¢ is O in this
paragraph: There is no common noise; but somehow, we show below that there is an intrinsic
common noise of variance oy = o N~1/2 in the system. We will insist repeatedly on this fact
which will serve us as a guideline.
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Formulation of the game. For all i = 1,..., N, the evolution of ith player’s state during the game
is described by the real-valued process (X,})te[o,T]. Noticeably, player ¢ sees the other players
through an aggregate quantity, which is here given by the average of the states of all these other

players, namely
N

. 1 .
LN J
,LLt _ﬁZXt7 VtE[O,T]
J#i
Of course, the fact that interactions are designed in such a way is the cornerstone for explaining
the mean-field structure we addressed in Scheme [

Remark 17. In some of the articles on the subject, authors include in the definition of the
empirical measure the own state of player i, in which case ,ui’N becomes independent of i and

writes
1
N _ J
M =N ZXt‘
7j=1
As explained in [9, Chapter 6|, the limiting game should be the same. Still, we here work with
the first form of the empirical measure as it is more convenient for our own purposes.
Player ¢ has the following dynamics:
dX} = [k X} + ai]dt + odW}, Vt € [0,T], (6.1)
X4 =0, '

where (ai)te[o,T] is a control process belonging to the space H2 of (]:"t)te[O’T}—progressively mea-
surable processes ()i, 7] satisfying

T
E[/ |at|2dt] < 0.
0

Given the tuple of controls (af,--- ,af )telo,r], We associate with player i the following cost
functional:

:]i(alj... ot ’O[N) =

1 i )2 1 i i,N ?
|| o?|as y(xr i) | 02
We then recall the following standard definition:

Definition 18. We call (af, -, )icjor) @ Nash equilibrium if, for any i € {1,--- ,N} and
any other process (Bt):ejo,1);

Jial,-- o Bait o) > Jiad, el o ot ).

In other words, a Nash equilibrium is a consensus between the players: None of them can
be better off by deviating unilaterally from the consensus.

It must be emphasized that the definition given above is restricted to so-called equilib-
ria over controls in open-loop form: When player i changes her/his own strategy, the others
keep playing the same realizations of ((af )teo,r) 3J # 1) This is contrast with equilibria over
controls in Markovian closed loop form, which are addressed in the PDE literature: Equilib-
ria over controls in Markovian closed loop form are in the form (a7 (¢, X}, -, X}V ))eefo,1)> for
j =1,---,N, for functions a7 : [0,7] x RV — R; whenever player i deviates, she/he chooses
another feedback function 3 : [0, 7] x RV — R instead of &' while the others keep using a’; still,
as the values of the state process (Xg')te[oﬂ change, the realizations of the control processes

(&7 (t, X}, - ,XtN))te[QT] ;7 # 1) change as well. We refer to [8, Chapter 2] for a review.
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We shall not address the case of equilibria over controls in Markovian closed loop form in
the text, but this could make sense as well.

First order condition. Similar to (for mean-field games), we can write down a first order
condition for the Nash equilibria of the game — in the form of a system of forward-
backward stochastic differential equations. This is the cornerstone of our selection result. Again,
we refer to [8, Chapter 2| for details on the derivation of this forward-backward system.

The first order condition writes as follows. Any Nash equilibrium to the associated N-player
game f is in the set of solutions of the following system of forward-backward SDEs:

dX} = [ng — Y,f]dt +odW¢, Vte[0,T], X;=0.
dY) = [~ X} — kYi]dt + S, ZPFdWE, Yt e [0,T], Yi= X+ g(ph), (6.3)
ie{l,2,..,N}.
In other words, the state processes of any Nash equilibrium must coincide with the forward
paths of some solution to the above system.

Below, we do not discuss whether (6.3)) is a sufficient condition or not. Usually, it is known
to be sufficient in the case when the coefficients of the cost functional (6.2)) are convex, but the
latter is not true here. o

Following our strategy for solving the system ([2.4)) ; we search for a solution (X}, Y}, Zy ok i,k =
1727---7N)te[0,T] to the FBSDE 1) in the form Y} = n X} + V! for all ¢ = 1,2,..., N and
t € [0,T], where

N
Vi = xjdt + Yz AW, Vi= g(ug”).
k=1
In fact, we can show that there is a solution (X}, Y}, Zf’k i,k =1,2,..., N)iepo,r] to FBSDE
1) if and only if we can construct a solution (X}, V{, zf’k s,k =1,2, .., N)te[O,T] to FBSDE
(6.4) below:

dX; = [(k—m)X] — V}]dt + cdW}, Vte[0,T], X§=0.
d‘/tz = _(K’ - Ut)‘/;ezdt + chvzl Z?detk’ vt € [07 T]’ V’} = g(:U’ZjLN)a
i€{1,2,..,N},
% =n? -2k —1, Vte[0,T], nr=1
The connection between (6.3)) to (6.4)) is given by the change of variable (Y} = n, X} + V} ;i =

L, ...; N)iejo,r- In fact, by a new (straightforward) change of variable in the forward component,
we can even remove the X dependence in the drift of the forward equation. By [16], we deduce
that is uniquely solvable. Hence, is uniquely solvable as well as. Although this does
not show the existence of a Nash equilibrium to the N-player game, this shows that the first order
condition is always uniquely satisfied, which suffices for our purposes: Below, we investigate the
asymptotic behavior of the solution to as N tends to 4o0.

Recall now that w; = exp(— ftT(/{ — 1s)ds) and define the rescaled average players’ states
(over all the players):

(6.4)

-1 N N
~N _ W i N _ Wt i
i! _N,ElXt’ v; _N'Eth, for all ¢t € [0,T].
1= 1=

Therefore, when there exists a Nash equilibrium to the associated N-player game, the process
(A, ’Ut{V)te[QT] is a solution to (use the fact that wy' = 1)
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vt € (0,77,
A = —w; o dt + & SN w AW, @ =0, (6.5)
(v )iy is a continuous martingale, vy = 3 SN gk,

where

N w ! Zx‘
lLLt’ = — “t]‘
N —1 4
J#i

Main statement. Here is now our main statement:

Theorem 19. Consider (k; := f(f wy?ds)
converges, as N — 0o, to

teo1] € C([0,T];R). The sequence (PO(ﬂiV>5§th)N21

1 1
9 (kt)eefo, T + 55(*’%)156[01]'

Of course, it says that the equilibria that are selected in Proposition [3| are the same as those
selected in Theorem [11]

6.2. Approximate decoupling field. The problem with is that the terminal condition
is not in the form of a function of ujj\f . Still, what we expect is that the solution to should
get closer and closer (as N tends to co) to the solution of the same system but with the terminal
boundary condition

N
1 - -
of = > 9(ir) = 9(iy),
i=1
namely (we put a hat on the symbols to distinguish from (6.5)))

vt € (0,77,
iy = —w oM dt + § S w AW, ) =0, (6.6)
(0N )teo,r] is a continuous martingale, oY = g(ay).

Letting
N
1 .
By = — E Wi, te|0,T], (6.7)
VN i

we then recover (2.4) and (By)ic[o,7), which is a Brownian motion with respect to (ﬁt)te[O,T}’

plays the role of a common noise with intensity oy = o N~1/2! (This explains why we require
o > 0 in this section.)

However, this does not work so easily since and do not coincide. So, we pay some
price below to estimate the distance between the solutions of the two systems.

Comparison argument. The main difficulty to compare and is the fact that, as N
tends to oo, the system becomes ill-posed. So, we cannot expect for robust stability
properties, uniformly in the parameter N, to estimate the difference between the solutions of
the two equations.

The strategy we use below is based upon a comparison principle. As shown by Lemma
a form of comparison should be indeed in force independently of the value of V.
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In order to put things in order, we recall that rs = f w; 2ds and we consider a sequence of
positive real numbers (yny)n>1 C (0,7“5/2) such that vy — 0 as N — 400. We then define the
Lipschitz continuous non-increasing function

g(.’IZ’), lf $ST§_2’}/N,
N () = g(rs —2yn) if r5—2yv <z <rs—N, (6.8)
9(x —N) if rs—nv <z <rs+qN,
g(z) = g(rs) if x>rs+ynN.
We then have the following lemma:

Lemma 20. The functions g and § satisfy
+o0 ,.)/2
P zg ad [ (@ - gade =27,
oo TS

Proof. The inequality gV > ¢ is a consequence of the fact that ¢ is non-increasing. As for the
second part of the statement, we have

+00 rs+IN
/ @ — g)(x)de = / @ — g)(x)da

—00 §— 27N
T§—IN rs Ts+YN
T —7rs+ 2N N rs — T+ YN
- / TZTOTEN g IN g 4 LT g
r6—2YN rs rs—yn T8 s s
2
- 2771\7
s

0

Following (4.1]), we can associate with g and §V the functions 6~ and 6V in C*2([0,T); R) N
C([0,T] x R;R), classical solutions to

2

20N —w; 20N 9,0V + f(%) 72920V =0, Vte|0,T), VzeR,
80Y — w20V 90N + (T yw;292,0N =0,  Vte[0,T), VR, (6.9)
ON(T, ) = g™ (z), ON(T,z) = g(z), vV € R.
Then, thanks to Lemma we have % > 6V and
TN N N 294
0< / (0 —07)(t,x)dx < / (7" —g)(t,z)de = —=, forall te][0,T]. (6.10)

—00 —00 rs

Comparison between vV and V. Recall the process (ke = f(f w;st)te[mT]. Here is our main
comparison result:

Lemma 21. Choose (yn)nN>1 in such that
'7N\/N—>—|—oo as N — +oo.
Then, with probability 1,
—ol¥ > 0N,y + AN, for all te€0,T),

where

lim E[ sup ‘AN‘ }
N—+o0 te[0,T]
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Proof. First step. For all i = 1,2,..., N, we can quantify the distance between ﬂ¥ and [L?N as
follows: )

~ ~i,N Gi ~i,N

i = i | = 1 Xr = iz,
where (X} == w; ' X}, V} = WV )sepo,r] solves

dX} = —w;2Vidt 4+ ow; dW].

Therefore,

a(Xi - i) = —ur (Vi - 7N1_ ] ; VYt + o (wtaw) - 7]\71— ] %; wtawy).
Obviously, (f/;i)te[gﬂ is a martingale with a terminal boundary condition that belongs to [—1, 1].
Therefore,

. 1] T 4 1 U T ,
iy — g < N 2/€T+U<‘/O wy AW} +N—1§ /0 wy tdW] )]
L J#i

IA
=]

T
kr+o0 ma wtdW?
r 016{1,..?,(1\7} ’/0 5 5

Second step. By a straightforward application of It6’s formula, we obtain
d(vy = 0N (t, 1)) = w; 20,0 (¢, 1)) (o) — ON (¢, 1)) dt + d My,
where (My)icpo,) is a square integrable martingale. Therefore,
T
o — 8V i) = E[exp (- [ wrodethas) o - 3% )|
t

Now, following Lemma [7, we know that there exists a positive constant C, independent of N,
such that

Fi| forall tel0,T].

0,0V (s,iN)| < CN forall se[0,T).
Therefore, by letting Ay := {max;eq1 . ny | fOT w;tdWi| < CV/N}, we get

o > 0Nt ) + AY

T
e (= [ w200 e, ) [V ) - o
t

]:-t]
T . A

/ wy L dW! .7-}).
0

By standard Gaussian estimates, we notice that, for a constant ¢ depending on k7, but inde-

pendent of C|
T .
/ wy L dW!
0

+E Fi

] (6.11)

for all t € [0, 77, with

(AN < E|exp(CN)[vf — g™ (77)[1 4¢,

< 2exp(CN)]P’< max > CVN

ie{l,...,N}

2
> C’\/N> < %exp(—CCN),

max P(
ie{1,...,.N}
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and then
T .
wy LW

> CW) < Eexp(—CQN).

Cc C

- cuw) <« Yew (en(- ©))

Choosing C' large enough, we deduce from Doob’s inequality that

lim E| sup AN
N—+o0 |:t€[0 T]’ ‘ ]

IP’< max
ie{1,...,.N}

Hence, for any p > 1

exp(CpN) IP’( max wy LW

ie{1,...,N}

Third step. From inequality (6.11)) above, it is sufficient to show that g (/JQJY ) — UZTV >0 on
the event Ap.

We thus return to the conclusion of the first step and we notice that, on the event Ay, for
alli =1,2,..., N,

2
~N ~zN

_ < =
i | N

T
kr +0 max ’/ wy tdW?
e{1,...,N} | Jo

< cC
= \/Na
for a new value of the constant c.
Recall now from that vy € (0,75/2).
Case a. Suppose that ¥ < rs — \?—% Then, [LéﬁN < rs (for all ¢ € {1,--- ,N}) and by
concavity of g for values less than or equal to 75, we obtain

T NZQ MT) NN(@%)-

Case b. Suppose that i > rs + &—CN Then, [ﬁfN > 1y (for all ¢ € {1,--- ,N}), and we
obtain

1 ~3,IN ~ ~ ~
of = < ) = 1= (@) < 3V ().

Case c. Suppose that rs — T < ,uT <rs+ = \F Then, /JJJY \/% < ,u,ZTN < /1¥ + % (for
all i € {1,--- ,N}), since g is non-increasing, we obtain, if vy > 2¢C/V/N,
2cC
0=aN(aVy — (@ — < NNy _ <~N_ >
9" (ap) —9(ip —n) < g (i) — 9| iy N
| N
~ ~ ~1.N ~ ~
<gN(Er) — 5 Doty ) =g (iy) — vy
The proof is complete. O

Comparison between 6N and 6V . Similar to Lemma [8] the first point is to notice that 6N s
non-increasing and that 6V is also non-increasing.

Lemma 22. For any fited N > 1, the functions 8~ and 6N are non-increasing in the space
argument.

We make use of the non-increasing property to get the following crucial estimate:



28 FRANCOIS DELARUE, RINEL FOGUEN TCHUENDOM

Lemma 23. We can choose (YyN)N>1 in such that
v =0, AvVN = 400, as N — oo,
and then find a sequence ({x)n>1 such that
In — +00, Iy|In(N)|"V8=0 as N — +oo,

and so that, for any non-negative non-decreasing curve ¥ € C([0,T];R), which is strictly above
the curve t — (rs — r¢)4+ on a left-open interval containing [0, T], it holds that
lim sup (6N —0)(t,z)| = 0.
N=F00 (1,0)€[0,T], || >n /N -+

Proof. Take 1 as in the statement. then, it is worth noticing that, for the prescribed values of
(t,z) in the supremum, 6(¢,x) = —sign(z).

Without any loss of generality, we can reduce the supremum to positive z’s. Hence, it suffices
to prove that

lim sup 114 6N(t,z)| =0.
N=+00 (t.a)e(0.1] a2y [N+

For a sequence (¢x)n>1 such that
Iy = +00, Iy|In(N)|7V/8=0 as N — +oo,
choose (yn = 6%4]\7_1/2)]\/21 in . By 1} we know that, for any ¢ € [0, T,

INNT iy ENNT opL/2
—/ ON (t, z)dx > —/ ON (t, z)dx — =N
14

V2N =144, 2N, rsN

Hence, by Lemma for any ¢t € [0,T] and any x > {y N1 + 1y,

; ; 201/°
— 0N (t,x) > =0V (1, 6N T 4 ay) > —0N (6 0N ) — — (6.12)
rs(bn —lN")
We now recall Proposition [9 from which we deduce
lim sup |1+ 6V t,ﬁl/szl + )| =0.
plim _sup | (t. tn )|
This completes the proof. O

6.3. Proof of Theorem [19.

Proof. Tt suffices to invoke Theorem [12| (indexing the sequence of measures by N instead of oy).
(A1) is a consequence of Lemma (A2) follows from the system and Lemma (A3) is
a consequence of uniqueness (in law) to (6.4)), noticing that ((—X7, -V, Zi’k)te[O,T])i,k:17--~7N is
a solution of the system driven by (=W}, --- | _WtN)tE[O,T]' O

7. APPENDIX: PROOF OF PROPOSITION [0

Consider g € (0,1) and (¢t,z) € [0,0) x R with |x| < r, — r5. It is easily checked (using a
change of variable) that #7° is odd in x and, thus, that ¥ is also odd in x. Therefore, we can
just focus on ¥(t,x,0¢) for x > 0.

To simplify notation, we write A := o 2e (1, 400), so that obtaining asymptotic expressions
as 09 — 0 is equivalent to obtaining asymptotic expressions as A — 4o0o. We also use the

definitions:

Y . Y (z —y)?
g(y) = _?51|y\§r5 - Slgn(y)1|y|>7“57 h(y) = —/0 g(v)dv — 277’1:

)
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and

erf(y) := \/27? /Oy exp(—vz)dv,

for (t,y) € [0,T) x R.
Lastly, throughout the proof, we use the generic notation Q(y) for a polynomial function of
y of degree less than or equal to 1. Possibly, @ may depend on (t,x).

—xrs
r¢—Ts’
ys = x+7¢. It holds that y is a global maximum of h on (—oo, —y) and 3 is a global maximum
of h on (y,+00). Indeed,

Preliminary computation: For every (t,z) as above, we define § := Yyl = x — 1y,

*

W) =-1+2"95 12279 _ o forall ye (—oco,yb),
Tt Tt
h’(y):—l—i—x_y <_1+x—y1 =0, forall y € (y],—rs),
Tt Tt
H(y) =y<”_”> +2 <17<” _”) + 2 =0, forall ye (—rs9),
TtTrs Tt rtrs Tt
1 (y) :y<”_”> +Z >y(”—’"‘5) + 07T o) for all y e (3, 74),
s Tt rrs Tt
Wy) =1+ 2 >1427% 0 forall ye (rs,43),
Tt Tt
h,(y):1+33—y <1+ % =0, for all y € (y5,+00).
Tt Tt

Now, for a polynomial function of order less than or equal to 1, we compute

/_ Q) exp(Mh(y))dy

—rs +o0

= [ QuyespOh@)dy + [ Q) expMhm)dy+ [ Qy) exp(h(y))dy

—Ts s

- /_m_y1 Q(u+ y}) exp(Ah(u + y7))du + : Q(y) exp(Ah(y))dy

—0o0 —rs

“+o0o
+/ Q(u + y3) exp(Ah(u + y3))du.

5—Y3

We have
Y1 yT — 2z 2
Vu € (~o0, =5 =y, hlu+y7) ~ hlyi) = - [ PR
utyr Tt Tt
* * * utys y* —Zz 2
Vu € (rs — Y3, +00), h(u+y2)—h(y2):/ d :_27<()
Y3 Tt T
Now, letting
By = R R R A A A B B A

27”t vV 27"t VvV 27“15 -
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we have

—rs—y;
/ Qu + ) exp(Ah(u + y))du

- —rs—y] u?
— (D) [ (@) + Qi) exp(~ )
B
—vare (M) [ (@) + VIR (1)) exp(-As)ds
= Vo) (@i T2 - gy X exp(- A
- exp(Ah(yT))Q(yi*)\/?M\/B;)H — exp(Mh(y1) Q' (47) . exp(~ABY).
Similarly, letting letting
Ts—Ys T§—Tt—XT  Tt—Ts+T
b= = A T e "
we have
+oo
| QU ) exp(h(u+ y3)du
rs—Ys
= oxp(i3) Q) TV o () 05) F exp(-AB3)
Therefore,
0o . ex . N m (erf(\/XBl) + 1)
/OO Q(y) exp(An(y))dy = exp(Ah(y1))Q(y1)y /= 1 ﬁf . -
+expO() Q) 2 U % 2 4 Rt 0,
with

exp(—AB?)
A

exp(—\B2 s
+exp((3) Qw3 PP ™ () exp(Ah(y) .

—rs

R(t,,A) = —exp(Ah(y1)) Q' (y7)re

Using Cole-Hopf formula: Define now ¢(y) = “-¥ + sign(x), and recall that

72 q(y) exp(Mh(y))dy
,x,00) = 0°°(t,z) — O(t,x) = .
Vb o0) =07 2) =006 0) = e )y

Recall that 0 < z < 1y — 5. Then, ¢(y) = =% + 1, and then ¢(y;) = 2 and ¢(y3) = 0.

Tt

Therefore, by (7.1)) with Q(y) = ¢(y) and with Q(y) = 1, we obtain

2/ exp(Ah(y7)) (”“ﬁ“) + V2IR(t,z, )|

‘\I/(t,x,do)‘ S A = ,
VT exp(Ah(y7)) (”“ﬁ) + /AT exp(Ah(y3)) (W)

the remainder R being computed with () = ¢q. Therefore,
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2, /77 exp(Ah(y})) <1+“\/§Bl>>

VA exp(Mh(y3)) (1“"&?3’)

1 + erf(v/AB))
1-— erf(\/XBg)

+ V2L (t, 2, A) + V2o (t, x, \)

|W(t,z,00) <

= 2exp (A[h(y]) — h(y3)]) ( ) V2T (t 2, \) + V2o (t, 2, ),

where
w1y exp(—AB? 41 exp(—AB2
Ty, 3) — CPORED) T + exp(Ah(ys) PR
Y * —erf(VAB ’
o)
rs ’
_la(y)| exp(Ah(y))dy
To(t.z.3) = J25, la(y)| exp(Ah(y)) |
Ve (35)) (T )
Notice now the following key facts:
—rs rs Yy a2 k2
R e L e
H —rs 10 s 2r
"2 r?
= (rs+yi) +0+ (y5 —5) 5 = 21, (7.3)
t
2
x+rt—r5) z? (7"t_7"6)
B B3 = ( >
2<07 2 27“75 max< ’I“t’ 2’/“75 )
In particular,
1 + erf(v/AB; )
2exp (A[h(y7) — h(ys < dexp(—2\z),
p () ~ ) (1o A ) < des(-24e)
and
Tyt 2, )] < 2
7'1;7 — *
! VAT

Handling Ty: To handle Zy(t,z, \), we notice that |¢(y)] < 1 for y € (—rs,75). Also, for
Yy e (gv 7"5)
re —Ts Tt —T§

o) =) = [ W= [ () = 2

y y TS 2rrs

Hence,

rs rs e — 1) (rs — 9
/y Q(?J)\GXP()\h(y))dySexp()\h(r(;))/y exp(_A( ngri y) )dy

2mrirs

< exp(Ah(rs)) N —12)"

By the same argument, for y € (—rs,7),

h(y) — h(—rs) = /y h’(z)dz = /y (z — 3]) T 7nédz < —%(m + y)z,

— —rs
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and using in addition the fact that h is decreasing on (y7,7),

27rers
Ay —rs)

27rers

[ lawlesp(ah)ds < exp(n(-ro) [ 5o

—rs

< exp(M(y}))
Now,

i) = h(u3) — 22, hirs) =h(u) + [ Ede = hiys) - 5 (s - 3)? = h(u3) - B3
Ya

Hence,

27rers

/ 5 ’C.I(y)|eXp(>\h(y))dy < m

—rs

Therefore, by (7.2),

exp(Ah(y3)) (exp(—2)\az) + exp(—AB%)).

2rs

Tt z,\)| < | —2—
Lot 22| <\ s

(exp(—2)\x) + exp(—)\Bg)).
Conclusion: Collecting the various terms, we obtain, for > 0,

2
ﬁ) exp(—2Az) + \/2% 2/ ?m) exp (_A(”_”))

By symmetry, we get the same result for x < 0.

W (t, 2, 00)| < (4+2
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