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Stable solutions in potential mean field game systems

Ariela Briani * Pierre Cardaliaguet!

December 5, 2016

Abstract

We introduce the notion of stable solution in mean field game theory: they are locally
isolated solutions of the mean field game system. We prove that such solutions exist in
potential mean field games and are local attractors for learning procedures.

1 Introduction

Mean field games (MFQG) are Nash equilibrium configurations in differential games with infinitely
many infinitesimal players. If the existence of such equilibria holds in general frameworks, one
cannot expect their uniqueness without strong restrictions. However the multiplicity of equilibria
is a real issue in terms of applications: indeed, when there are several equilibria, it is not clear
how the players can coordinate in order to decide which equilibrium to play. The aim of this
work is to introduce a notion of stable solutions for the MFG system: these stable solutions are
Nash equilibria which have the property of being locally isolated as well as local attractors for
learning procedures. In this sense they are robust with respect to perturbation.

Let us recall that the terminology and main properties of Mean Field Games were introduced
by Lasry and Lions in a series of papers [11, 12, 13]. At the same period Huang, Caines and
Malhamé [9] discussed the same concept under the name of Nash certainty equivalence principle.
One way to represent an MFG equilibrium is through the following system of partial differential
equations.

—0wu — Au+ H(x, Du) = f(z,m) in T¢ x (to,T),
oym — Am — div(mD,H (z, Du)) = 0 in T¢ x (t, T) (1)
m(z,to) = mo(x), u(z,T) = g(x,m(T)) in T

(To simplify the discussion related to boundary conditions, we work here in the torus T? :=
R%/Z%). In the above system the pair (u,m) is the unknown. The map u = u(z,t) can be
interpreted as the value function of a (small) player, while m(t) = m(x,t) is understood as the
evolving probability density of the players at time ¢. Note that u satisfies a backward Hamilton-
Jacobi equation while m solves a forward Kolmogorov equation with initial condition m(tg) = my,
where my is a given probability density on T¢. The Hamiltonian H : T¢ x R¢ — R is typically
smooth and convex in the second variable. The coupling functions f,g depend on the space
variable and on the probability density.
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Existence of solution for the MFG system (1) has been established under general assumptions
by Lasry and Lions [12, 13]. Uniqueness, however, only holds under restrictive conditions: either
the horizon is small, or the couplings functions are monotone, see [13].

In this paper we are interested in MFG systems which might have several solutions. Our aim
is to introduce a particular notion, the stable MFG equilibrium. The natural idea for this is to
call stable a solution of the MFG system (1) for which the associated linearized system has only
one solution, the trivial one. We first show (Proposition 4.2) that, with this definition, stable
MFG solutions are isolated, in the sense that there is no other solution (with the same initial
condition) in a neighborhood. If this result is very natural and quite expected, it illustrates well
the notion.

The two other results are more subtle and obtained in the framework of potential MFG games.
Following [7], we say that the MFG game is potential if there exists F, G such that

g—z(m,x) = f(x,m) and E(m,nc) = g(xz,m),

om

where the derivative (with respect to the measure m) in taken in the sense of [8] (see also
subsection 2.1). Following [13], we know then that the MFG game has a “potential”. Namely,
let us define the functional (where m = m(x, t) is an evolving probability density and w = w(x;, t)
is a vector field)

J(m, w) = /tT /TdL (ac ;”1((”;?)) e, t)dedt+ | Fm(6)dt + Gm(T)

to

where L is the convex conjugate of H (see (4)) and the pair (m,w) has to fulfill the continuity
equation
oym — Am + div(w) = 0 in T x [t, T], m(te) = mo.

Then any minimizer (m,w) of J corresponds to a solution to the MFG system [13], in the sense
that there exists u = u(z,t) such that the pair (u,m) solves (1) and w = —mD,H (z, Du).

Our first main result says that, when the game is potential, there are many initial measures mg
starting from which there is a stable solution to the MFG system. Indeed, we show (Theorem
4.3) that, if (u,m) is a MFG equilibrium on the time interval [to,T"] which corresponds to a
minimizer of the potential J, then its restriction to any subinterval [t;,T] (where t1 € (to,T)) is
a stable MFG equilibrium.

Second we show (in Theorem 5.1) that, for potential MFG systems, stable equilibria are
local attractors for a learning procedure. Here we consider the learning procedure inspired by
the Fictitious Play [3] and introduced by the second author and S. Hadikhanloo in [7]. Given
pu® = (p°(t)) an initial guess of the evolving probability density of the players, we define by
induction the sequence (u™, m™, u™):

-t — Ayt + H(x, Du™) = f(a, p

")
Om™ 1 — Am" Tt — div(m™ ' D, H (z, Du™*!)) =0
u( )

m"0) =mo,  uwTHT,x)=g(x )
and i
n+1 — n n n+1 )
H n+1”'+n+1m ' 2)

The interpretation of this system is that the game is played over and over. At stage n+ 1 (the
(n + 1)—th time the game is played), all the players play as if the population density is going



to evolve according to . The map u™*t! is the value function of each small player. When the
players play optimally in this game, the population density actually evolves according to m™**.
The players then update their estimate of the evolving population density by taking the average
of the previous observations (i.e., by the rule (2)). It is proved in [7] that this simple learning
procedure converges: namely, if the game is potential, then any converging subsequence of the
relatively compact (for the uniform convergence) sequence (u™, m™) is a MFG Nash equilibrium.
Here we show that, if in addition the equilibrium (u,m) is stable and if u° is sufficiently close
to m, then the entire sequence (u™, m™) converges to (u,m). This result illustrates again the
robustness of the stable equilibria: if the players deviate from a stable equilibrium configuration,
the learning procedure pushes them back to this equilibrium.

The techniques used in the paper are inspired by finite dimensional optimal control (see,
for instance, in the monograph of Cannarsa and Sinestrari [4]). In particular the fact that the
solutions are stable when restricted to a subinterval is known in this context. The proof requires
a uniqueness result for the solution of the MFG system and its linearized version given an initial
condition for m and for Du. To show such a statement we rely on a method developed by Lions
and Malgrange for the backward uniqueness of the heat equation, and subsequently extended to
systems in Cannarsa and Tessitore [5].

The paper is organized in the following way: we first introduce the notation, assumptions and
recall standard existence and uniqueness results for the MFG system. We also prove a first new
uniqueness result for the MFG system given the initial measure and the initial vector field. Then
we discuss the notion of potential games (section 3) and illustrate the notion by expliciting an
example of multiple solutions for a MFG system. In section 4 we define the notion of stable MFG
equilibria and provide our first main result (Theorem 4.3) on the existence of such equilibria in
the potential case. We complete the paper by the analysis of the fictitious play for MFG system
(section 5). In Appendix we prove the uniqueness of a general linear forward-backward system
with given initial data: this result is used several times in the text.

Acknowledgement: The authors were partially supported by the ANR (Agence Nationale
de la Recherche) project ANR-16-CE40-0015-01.

2 Assumptions and basic results on MFG systems

2.1 Notation and assumption

Throughout the paper we work on the d—dimensional torus T? := R9/Z9: this simplifying
assumption allows us to ignore issues related to boundary conditions. We also work in a finite
horizon T > 0. We denote by P(T9) the set of Borel probability measures on T¢, endowed
with the Monge-Kantororitch distance d;. We define M(T9, R9) as the set of Borel vector
measures w with finite mass |w|. For a € [0, 1], we denote by C%([0,T], P(T¢)) the set of maps
m : [0,T] — P(T?) which are a—Holder continuous if a € (0,1), continuous if a = 0, Lipschitz
continuous if o = 1.

Next we recall the notion of derivative of a map U : P(T¢) — R as introduced in [8]. We say
that U is C* if there exists a continuous map g—gL : T4 x P(T?) — R such that

U(m') —U(m) = /0 /’]I‘d g—:l(z, (1 —t)m + tm/)(m' —m)(dx)dt Ym, m' € ’P(Td).



The derivative is normalized by the condition

g—gl(x,m)dm(x) =0  VmeP(TY.
Td

) )

We write indifferently —U(z, m)(p) and / —U(z, m)du(x) for a signed measure p with finite
om a OM

mass.

If u: T¢ x [0,7] — R is a sufficiently smooth map, we denote by Du(z,t) and Au(x,t) its
spatial gradient and spatial Laplacian and by dyu(z,t) its partial derivative with respect to the
time variable. For p = 1,2, 00, we denote by || - ||, the LP norm of a map on T¢. We denote by
C" the set of continuous maps, by C%° the set of of maps such that D?u and d;u exist and are
continuous. By abuse of notation, we set

[ullero = llulloe + 1 Duflo-

We will also use the classical Holder space. For a € (0,1), we denote by C%® the set of map
u = u € C° which are a—Holder continuous in space and «/2 in time. The set C1% is the set
of maps u € CY such that 4 and Du belong to C%®. Finally C?% consists in the maps u € C?°
such that D?u and d;u belong to C%®. Let us recall that, if v is in C%%, then u is also in C1?,

Assumptions. The following assumptions are in force throughout the paper.
e The Hamiltonian H = H(z,p) : T? x RY — R is of class C? and satisfies
C'I4< D} H(z,p) < Cly (3)
We define the convex conjugate L of H as

L(x,q) = S;lﬂgt{*pﬂ*H(z,p)}- (4)

e The coupling functions f, g : T¢ x P(T?¢) — R are globally Lipschitz continuous with space
derivatives Oy, f, Oz, 9, aiizj g : T4 xP(T9) — R also Lipschitz continuous. In the same way,

the measure derivatives %, (?_gl : T4 x P(T?4) x T¢ — R are Lipschitz continuous.

2.2 The MFG system

Let us recall that, under our standing assumptions, the MFG system (1) has at least one classical
solution: see, for instance, [13]. In general it is not expected that this solution is unique:
uniqueness in known to hold for short time horizon (or small data) or when the coupling functions
f and g are monotone [13]. We provide in the next section an example of multiple solutions.

However we prove here that there is only one solution given the initial measure and the initial
vector field. This result, which is of limited interest for the true mean field game system, will be
used several times in the sequel.

Proposition 2.1. Let (u1,m1) and (uz, ma) be two solutions of the MFG system (1) with the
same initial initial condition for the measure my(to) = ma(ty) = mo and the same initial vector
field Duy(-,tg) = Dusa(-,to) in T Then (ui,m1) = (uz,ma) on T? x [to, T].



Proof. Without loss of generality we assume that tg = 0. Let us set, for ¢ = 1,...,d, w; =
O, (ug —u1), w = (W;)i=1,...d, £ = ma —my. Then (w, u) solves the system

—Opw; — Aw; +¢g; =0in T x (0,T), i =1,...,d,
O — Ap+div(h) =01in T x (0,7)
wi(z,0) = u(x,0) =0in T4, i =1,...,d.

where

gi(z,t) = Oy, H(z, Dug) + DypH(x, Dug) - D(0y,u2)
=0y, H(xz,Du1) — DpyH (2, Duy) - D(0y,u1) + O, f(x,m2) — O, f(x,m1)

and
h(z,t) = moDpH(z, Dug(z,t)) — miDpH(x, Dui(z,1t)) .

As the u; are classical solutions and, by our assumption, 9,,f : T? x P(T¢) — R is globally
Lipschitz continuous, we have

C(|D(ug —wr)(x, 1) + [D(0r, (w2 — wa)) (2, 8)] + [lma(-,t) — ma(-,#)]l2)

lgi(@, t)] <
< Clwz, )]+ [Dw(z, t)] + [[n( D)]2) -

In the same way,

Wz, )] < C(|(ma —ma)(z, )] + [D(ug — u)(z,1)])
< Cllw(e, )] + |z, 1)) -

Moreover, as || Du; | s + || D?*willoo + [|milloo + | Dmilloc < C, we also obtain

|div(h)(z, )] < C(|w(z,t)] + [Dw(z, )] + |p(z, t)] + [Dp(z, 1)) .

Then we can conclude from Theorem 6.1 in the Appendix that g = 0 on T¢ x [0,7]. Since
my = mg and since the backward Hamilton-Jacobi equations for the u; have the same right-hand
side, their solution is the same and we conclude that u; = us. O

3 Potential MFG systems

Throughout this section we assume that the MFG system is potential, i.e., the coupling functions
f and g derive from potentials: there exists F,G : P(T¢) — R of class C' such that

oF 0G
f:_a =

om g—%.

(5)

The aim of the section is to recall that, under this condition, the MFG systems is then potential
(i.e., the equilibria are obtained through a minimization procedure). We derive from this an
example of non uniqueness of the solution of the MFG system.

3.1 Solutions of the MFG system and minimizers of the potential

Let to € [0,7] and mg € P(T?). Our aim is to define the functional .J

T(m, w) = /t T /T §: <:c Z((z ?)) (e, )dadt + /t T Flm())dt + G(m(T))



under the constraint
8tm — Am + le(w) =0in Td X [fo, T]’ m(to) = my,

for a large class of data (m,w). This classical construction is reminiscent of the Benamou and
Brenier approach of optimal transport and can be found, for instance, in [1].

We denote by E£(ty) the set of pairs time dependent Borel measures (m(t), w(t)) € P(T¢) x
M(T?, R?) such that t — m(t) is continuous,

T
/ |w(t)|dt < oo,
0

and equation
oym — Am + div(w) = 0 in T¢ x [to, T], m(te) = mo

holds in the sense of distribution. We also denote by E;(to) the subset of (m(t),w(t)) € E(to)
such that w(t) is absolutely continuous with respect to m(t) with a density 22

LI

Then we defined J on £(tg) by

am (D) satisfying

2
m(dz, t)dt < co.

dw(t)
am(@) &)

/T L (‘” 3:@((?) @)) m(da. )t + | " F(m(t)dt + GOm(T)

J(m,w) : N if (m,w) € Ex(to)

+00 otherwise

When it will be important to stress the dependence on the initial data we will write J(¢g, mg, -, -)-

The following result states that minimizers of the functional J correspond to solution of the
MFG system. This remark was first pointed out in [13] and used repetitively since then in
different contexts.

Proposition 3.1. Under our standing assumptions:
(i) For any to € [0,T] and mo € P(T?) there exists a minimum (m,w) € E of J(to, mo, -, ).

(i1) Let (m,w) be minimum of J(to, mo,-, ). Then there exists u such that (u,m) is a classical
solution to the MFG system

—0wu — Au + H(x, Du) = f(z,m) in T¢ x (to,T),
oym — Am — div(mD,H (z, Du)) = 0 in T x (to,T) (6)
m((E, tO) = mO(‘rE)a U(,CE, T) = g(x,m(T)) in Td

and w(z,t) = —m(z,t)DyH(x, Du). In particular, any minimizer is a classical solution of
the above system, i.e., u,m € C>%.

The proof is standard and is closely related to techniques used in optimal transport theory.
However, as it has never been explicitly checked in this specific framework where the potentials
are non convex, we provide the main argument for the sake of completeness.



Proof. To prove (i) let us consider a minimizing sequence (m,,w,) € &. By construction
J(mp,wy) < C, thus the coercivity assumption (3) on H implies the following uniform bound:

/1.

We can then argue as in [6, Lemma 3.1] to conclude that the sequence (my,) is uniformly bounded
in C'/2([0,T], P(T%)). In particular,

/|wn Jldt < //
to to Td

So, up to a subsequence, w,, — w in M((O, T) x T4, R%) and (m,,) converges in C°([0, T, P(T4)).
By standard argument the pair (m,w) belongs to &. To conclude that the couple (m,w) is a
minimum of the functional J we remark that the functional J is lower semicontinuous on £.

In order to prove (ii) we define on &

w) = /: /Td L (w %) m(dz, t)dt  if (m,w) € &

2

Donll) | (e, )t < C . (7)

dm,,(t)

dwy, (t

1/2 T 1/2
n(dz,t)dt) ( /t Wmn(dz,t)dt) <c.

0

dmn

400 otherwise
and
T
U(m) := F(m(t))dt + G(m(T)).
to
Note that J(m,w) = ®(m,w) + ¥(m). Let (m,w) be a minimum of J. Recall that m €

CY2([0,T], P(T%)). We first claim that, for any (m,w) € £, we have

= [ e mnmtaen i) - [ atemon(as. ) - mid. )
Te Td (8)
< P(m,w) — ®(m,w) .
Indeed, setting my := (1 — A)m + Am, wy := (1 — A\)@ + Aw , A € (0,1) we have by minimality

of (m,w):
D(my, wy) — P(m, @) > V(M) — T(my).

Thus, by the regularity assumptions on F' and G and the convexity of ®, we obtain
A(@(m, w) — ®(m, w))
T
2A(= [ [ sema)n - m)dnt) [ glem@T)m - m)dzs, 1)) + o)
to Td Td

Then (8) follows dividing by A and letting A tends to 0.
By (8), the pair (/m, @) is a minimizer of the following (local and convex) functional on &:

J(m,w) = ®(m, w) / f(z ))m(dz,t)dtJr/ g(z,m(T))m(dx,T).
Te Td
We can then follow the standard arguments for convex functionals (see for instance [6]): the
problem of minimizing J on £ is the dual problem (in the sense of the Fenchel-Rockafellar
duality theorem) of the problem

incfw2 {f mo(x)u(z,0)dr : —0wu—Au+H(x, Du) < f(r,m(t)) and u(z,T) < g(x,m(z,T))}.
ue Td



By comparison, there is an obvious minimum to this problem which is the solution # to
—Oyi — Ati + H(z, D) = f(x,m(t)) in T¢ x (0,T)
uw(z,T) = g(x,m(z,T)) in T¢ .

This solution is C2* because m € C'/2([0,T), P(T?)). By the Fenchel-Rockafellar duality theo-
rem, see also [6, Lemma 3.2], we have that

This means that
0= /tT /T <L <z dw(t)) +f(z,m(t))> m(dx,t)dtJr/ng(x,m(T))m(d:c,T) = | mo@yatz, 0)dz

_ /tT /T (L (x ZZ%) b (—0— AT+ H(x,Dﬁ))) m(da, t)dt +/ g(e,m(T))ym(dz, T)

Td

— [ mo(x)u(z,0)dx
']I‘li

T _
dw(t) - dw(t) |\ _
= L — H(x,D Du - (—= dz,t)dt
L (5 (55 ) + 1600+ e (G Y
where we used the equation for @ in the second equality and the equation for (1, @) in the last
one. Recalling that L is the convex conjugate of H which is uniformly convex, we find
dw(t)

—— =-D,H(x,Du T — a.e.
() »H (z, D) m— a.e

This means that m solves the Kolmogorov equation
ovm — Am — div(mD,H(z, Du)) = 0, m(-, tg) = mo,

which has a regular drift: thus m is of class C*® by Schauder theory. Therefore w is also smooth
and the proof of (ii) is complete. O

We now explain that, if (m,w) is a minimizers of J(tg,mo,,-), then, for any later time
t1 > to, (m,w) is the unique minimizer for J(t1,m(t1),-, ). The argument borrows ideas in finite
dimensional control theory [4].

Proposition 3.2. Let (m,w) be minimum of J(tg, mo, -, ) for a given initial condition mq at time
tg. Then, for any t1 € (to,T), J(t1,m(t1),-,:) has a unique minimum, which is the restriction
to [t1,T] of (m,w).

Proof. By dynamic programming principle, the restriction to [t1,T] of (m,w) is a minimum of
J(t1,m(t1),-,-). Let (m,w) be another minimum of J(t1,m(t1),-,). Then the following map

SN { (m,w) onT% x [tg,t1)
(m,w) on T x [t;,T]

is also a minimum of J(to, mo, -, -). Thus, by Proposition 3.1, there exist u, @ such that (u, m) and
(@, m) are both classical solutions to the MFG system (6), with w = —mD,H(-, Du) and @ =
—mD,H (-, DG). On T? x (to,t1), we have m = 1 > 0 and —mD,H (-, Dd) = —mD,H (-, Du), so
that, by uniform convexity of H, we obtain the equality Du = D1 on T¢ x (¢, t1). By continuity
we infer that Du(-,t1) = Du(-,t1). Then Proposition 2.1 implies that (&, m) = (@, m) = (u, m)
on TdX [tl,T]. O



3.2 An example of multiple solutions

As an application of Proposition 3.1, we provide here a simple example of multiple solutions
for the MFG system. Such examples in the time dependent setting are scarce: we are only
aware of a recent result by Bardi and Fischer [2]. The idea is relatively elementary: we suppose
that the MFG system is symmetric with respect to the z; variable, but that the potential
favors asymmetric solutions. Then the MFG system enjoys a symmetric solution as well as an
asymmetric one.

To build the example, let 7(z1, T2, ...,74) = (=21, T2, ..., 24) (Viewed as a map on R? as well
as on T¢) and let us denote by P,(T?) the subset of measures m € P(T¢) such that 7#m = m.
We suppose, in addition to our general conditions on H, f and g, that:

(1) The function F' is nonnegative and symmetric with respect to the x; variable: F(rfm) =
F(m), ¥m € P(T?). Note that this implies that f(7(z),m) = f(z,m) for any m € P,(T?).
(2) There exists a measure p € P(T9) such that inf( " F(m) > F(u).
mePs(T

(3) The Hamiltonian H is symmetric with respect to the zy variable: H(7(x),7(p)) = H(z,p)
for any (x,p) € T? x R%. Moreover L is nonnegative.

Given a parameter § > 0, we consider the MFG system

—Ou — Au+ H(x, Du) = 0 f(z,m) in T x (0,T),
oym — Am — div(mD,H (z, Du)) = 0 in T¢ x (0,7) 9)
m(z,0) = mo(x), u(z,T) = 0in T

Proposition 3.3. Under our assumptions, for any symmetric initial condition mg € P,(T?)
with a smooth density, there exist T > 0 and 0 > 0 large enough such that the MFG system (9)
has at least two different solutions.

Proof. Let us first explain that the MFG system has a symmetric solution. For this we build, in
a standard way, a fixed point mapping ® on C%([0, 7], Ps(T?)) (for some fixed o € (0,1/2)): see
for instance [13]. To m € C*([0,T], Ps(T%)) we first associate the solution to

—Opu — Au+ H(z, Du) = 0 f(x,m) in T x (0,7),
u(z,T) = 0in T

Because of our assumptions, the above equation has a unique classical solution w, which is
therefore symmetric with respect to x;. Moreover, thanks to the uniform convexity of H, Du is
bounded independently of m. Next we consider the solution m to the Kolmogorov equation

Oy — A — div(m Dy H (z, Du)) = 0in T¢ x (0,7)
m(z,0) = mo(x) in T

Here again there exists a classical solution m, which is symmetric with respect to x;. Moreover,
as Du is bounded, 7 is bounded in C'/2([0,T],Ps(T¢)) independently of m. Finally we set
®(m) :=m. It is easy to check that ® has a fixed point, which leads to a symmetric solution to
the MFG system. We denote by (#,77) this symmetric solution and set w := —hmD,H (z, Da).

Next we show that the symmetric solution cannot minimize the functional J for suitable
choice of T and 6. Let us denote by M the minimum value of the functional F' over P,(T9).
Recalling that there exists u such that F(u) < M. We fix €,1 > 0 such that

M >e+ max F(m).
di(m,p)<n



We then construct (e.g. by convolution) a measure m € P(T¢) which is absolutely continuous
and such that (for some constant C' > 0)

m e C®(T?), di(m,p) <n, = <mx)<C.

1
c

Setting w = Dm, we have —Am — div(w) = 0. Then we choose 6 > 1 large enough to have

5—29 > /TdL (:c :1((?)) m(z)da.

Next we define the pair (m,w) which connects mg and /m in time 1 and is equal to (7, @) after
time 1:

(m(z,t),w(z,t)) := ((1 — t)mo(x) + tm(x), —Do(x) + (1 — t)Dmy(x) + tDm(x)) for t € [0,1],
(where ¢ is a solution to —A¢ = mg — m in T¢) and
(m(z,t),w(x,t)) = (Mm(z), (x)) fort € [1,T].

Then one easily checks that the pair (m, w) belongs to £. Finally we choose T large enough to

have
0T
sup F(m / m(z,t) ( w(z, ))ddt<5—
m!€P(T4) Td m(z,t) 2
As L > 0, we have
J(m,w) > 0T M > 0Te+0T max F(m').
di(m’,pu)<n
On the other hand,
/ (/ x—mdm—i—F( ()))dt—i— —1) ( L(z, = )mdz + F(m ))
’]1‘d m
< efT/2+ (T — 1)59/2 +(T—1) max F(m') < J(m,w).

di(m/ u)<77

This proves that (72, ) is not a minimizer of J. As, by Proposition 3.1, J has a minimum which
is associated with a solution of the MFG system (9), there exists a solution to the MFG system
(9) different from (4, ). O

4 Stable solution to the MFG system

4.1 Definition and basic property

We say that a solution of the MFG system (1) is stable if the unique solution to linearized system
is the trivial one.

with initial condition (tg, mg) €

Definition 4.1. Let (u,m) be a solution to the MFG system (1)
v, 1) = (0,0) is the unique solution

[0,T] x P(T?). We say that the solution (u,m) is stable if (
to the linearized system
—0ww — Av+ DpH(z,Du) - Dv = %(z, m)(u) in T¢ x (to,T),
Opp — Ap — div(uDyH (z, Du)) — div(mDZ, H (x, Du)Dv) = 0 in T% x (to, T)
ulz,to) = 0, v(w, T) = 52 (z,m(T))(u(T)) in T

10



Before proving that stable solutions do exist, we show that they are isolated.

Proposition 4.2. Let (u,m) be a stable solution starting from an initial position (to, mg) €
[0, 7] x P(T4). Then there is n > 0 such that, for any m$ € P(T9) with [|m§ — m(to)||co < n,
there exists at most one solution (ui,my) of the MFG system

—Opuy — Auy + H(z, Duy) = f(z,mq) in T? x (to,T),
oymy — Amy — div(my Dy H (2, Dup)) = 0 in T¢ x (¢, T)
mi(z,to) = my(x), ui(z,T) = g(x,my(T)) in T

such that
H(uam) - (ulaml)HClvOXCo <.

Proof. We argue by contradiction, assuming that there exists two distinct solutions (u™!, m™?)
and (u™2%,m™?) of the MFG system with m™!(-,ty) = m™2(-, ) and converging to (u,m) as
n — +oo in CH0 x CO.

We set

W) = ()7 (@) — @)
where
pn = H(un,Q’an) _ (’U/n’l,mn’l)Hcl,OXcO-

We note that the pair (v™, u™) solves

—0w — Aw + g™ = 01in T? x (to, T),
Ou — Ap + div(h™) = 0 in T¢ x (to, T),

where
g"(@,t) = (p") " (H(w, Du™?(,t)) — H(x, Du™ (2,1)) — f(a,m™*(t)) + f(z,m™ (1))
and
R (z,t) = (p") ' (—=m*"(x,t)DpH (z, Du™?*(z,t)) + m""(x,t)DpH (z, Du™ (z,t))) .

Note that [|g"]|c and ||h"||« are bounded by definition of p™. Thus, by standard arguments
in uniform parabolic equations (see for instance, Theorem 9.1 and Theorem 10.1 in [10]), there
exists a € (0,1) such that (v") is bounded in C'+*(1+2)/2 while (4") is bounded in C**/=.
Thus, up to a subsequence denoted in the same way, (v™, u™) converges in C1% x C° to some
(v, ). Note that

[(v, W)llcroxco =1
and that (v, u) is a (a priori weak) solution to the linearized problem
—0w — Av+ DyH(x, Du) - Dv = £ S
Ot — Ap — div(pDp H(:L' Du)) — di
M('T’tl) =0, U(xaT) 5 ( ( )

Lz, m) (1 ) in T x (to, T),
V(m H(z, Du)Dv) = 0in T? x (to,T)
(u(T )) in T

By parabolic regularity, (v, i) is actually a classical solution to the above equation. As (u,m) is
a stable solution, one must have (v, u) = (0,0). This leads to a contradiction with the fact that

(v, wllgroxeco = 1. O
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4.2 Existence of stable solutions for potential MFG systems

The next result states that, if (u,m) is a solution to a potential MFG system on the time interval
[to, T'] which corresponds to a minimizer of J, then the restriction of (u,m) to any subinterval
[t1,T] (where t1 € (tog,T)) is a stable solution of the MFG system.

Theorem 4.3. Let us assume that the game is potential, i.e, satisfies (5) for some C' maps
F,G : P(T%) — R. Let (m,w) be minimum of J(to,mo,-,-) for a given initial condition mg €
P(T?) at time to € [0,T]. Let u be such that (u,m) is a solution to the MFG system (1). Then,
for any t1 € (to,T), the restriction of (u,m) to the time interval [t1,T] is a stable solution to the
MFG system.

Note that the Theorem implies that there are many stable solutions to the MFG system. In
particular, the set of initial conditions (tg,mg) for which there is a stable solution is dense.

We now start the proof of Theorem 4.3. We have to show that, for any ¢1 € (t9,T), (v, p) :=
(0,0) is the unique classical solution to the linearized system

—0w — Av+ D,H(x,Du) - Dv = ;—f(a:, m)(p) in T x (t1,T),
m
O — Ap — div(pDpH(z, Du)) — div(ngpH(z, Du)Dv) = 0in T x (t;,T) (10)
)
plat) = 0, v(@,T) = 22 (e, m(T))(w(T) in T,

The proof requires several steps.
We begin by computing the directional derivative of the map J. For this, let us fix an
admissible direction (p, z). We assume for a while that (i, z) is smooth and satisfies

O — Ap 4 div(z) = 0in T x (to,T),  w(to) = 0. (11)

We also assume that 4 = 0 and z = 0 on the time interval [tg,to + €] for some € > 0. We then
consider the map h — J((m,w) + h(u, z)) for |h| small. As m > 0 on (tp,7] and ¢ = 0 on
[to, to + €], we have m + hu > 0 for |h| small enough. Then, by optimality of (m,w) for J, we
have:

%M:OJ((m, w) + b, 2)) =0, %lh:oj((m, w) + h(p, z)) > 0,
where
) = [ [ ane L) empn (s 2) (£ - 1)
+/t0 - fla,m(t)p + /Td g(z, m(T))u(T)
and
%M:OJ((TI’L,U}) + h('u’z))
= [ [ i ) G = b (o ) (2 2t
’ 2 w z pw z LW
+/th [ mDiL (x E) (2 -2 (2 -1
5f 59
+/to /W Td%(x,m(t),y)u(x,t)u(y,t)+/W /W%(x,m(T),y)M(x,T)u(%T)_
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Recalling that w = —mD,H (z, Du), we can rearrange the expressions:

)+ = [ /TdﬂL )+ Dol (2. 20) - (:-+ D, H(, Du)
+/t0 Tdf z,m(t))u+Adg(z,m(T))u(T)
and
@ b
Wu ) ((m,w) + h(p, z))
/ /Td m~'Dg,L 73) (z + pDpH (x, Du)) - (z + pDpH (z, Du))

O (o (), ), Dy ) + 29 (o (T, ), Ty, T).
/ /er Ta 0 /ﬂ-d /ﬂ-d om

We denote by J (to, m,u; i, z) the right-hand side of the above expression:
j thm U ,U/,
/ / m~'D? L ) (z 4+ uDpH(z, Du)) - (z + pDpH(z, Du))
vﬂ-d

og
+/to /W /Td po x,m(t),y)u(x,t)u(y,t)jL/w . = (., m(T). y)u(a, Dy, T).

Note that J(to,m,u;u, z) is defined for u,z € L%(T¢ x (0,T)). By regularization, one has
therefore:

j(to,m,u;u,z) >0
for any p, z € L2(T¢ x (t9,T)) such that (11) holds in the sense of distribution. Let us also recall
[8] that the map (z,y) — %(x, m,y) is not symmetric, but satisfies the relation:

1) 1)
#(xvmvy) = #(y,m,z) +f(:c,m) - f(yvm)

So, for any p, ¢’ such that / w= / u' =0, we have
Td Td

Jf oy of
L, L smuau e = [ [ Eamappmu) (12)
Lemma 4.4. Let t; € [tg,T). For any (u,z) € L*(T¢ x (t1,T)) such that
Oept — Ap+ div(z) = 0 in T? x (¢, T), w(ty) =0, (13)

equality J (t1,u,m; u, z) = 0 holds if and only if there exists v € C°(T? x (t1,T)) such that the
pair (v, 1) is a solution to the linearized problem (10) and

z = —pDyH(z, Du) — mD; H(x, Du)Dv.

Proof. Let us first assume that (v, i) is a solution to the linearized system (10) and let us set
z = —puDypH (x, Du) — mD2 H(x, Du)Dv. Then (u, z) satisfies (13) and

j(tl,u,m;,u,z)
T
:/ mD? L( )D2 H(z, Du)Dv - D2, H(x, Du)Dv
t

/t /w 14 5m (w,mt), y)u( ’t)”(y’t)Jf/W » g—i(fﬁam(T),y)u(%T)u(y,T)-
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As H is uniformly convex in the gradient variable and w = —mD,H (x, Du), we have
2 w 2
DL (2, =) D2, H(x, Du) = L (14)
so that

T (t,u,m; p, 2)
T
_ 2
/ mD, H(x, Du)Dv - Dv

ST
f o9
L] st mo e ou 0+ [ [ 2w pute 1) = o

where the last equality is obtained by integrating the first equation in (10) multiplied by p and
adding it to the second one multiplied by v.

Conversely let us assume that J(t1,u, m; u, z) = 0 holds for some (u, z) satisfying (13). Let
v be the (continuous) solution to

of

—0w — Av+ D,H(x,Du) - Dv = %(a:, m)(p) in T x (t1,T),
o, T) = 22 m(T)) (u(T) i T

We first claim that (u, ) is a minimum point of 7 (¢1, u, m; -, ) under the constraint (13). Indeed,
by dynamic programming, (m,w) is optimal for J(t1,m(t1);-,-). So J(t1,u,m;u’,z’) > 0 =
J(t1,u,m; p, z) for any (y/, 2') € L? such that (13) holds, which proves the claim.

Next we prove that (v, u) is a solution to the linearized system (10). As (u, z) is a minimum
point of the quadratic map J(t1,u, m;-,-) under the constraint (13), we have by first order
necessary condition and for any (u/, z’) such that (13) holds,

T
_ w
/t » m~'D?, L (:I:, E) (z + uDyH(z, Du)) - (2" + W' D, H(z, Du))

[ L @ e wn + [ e m(@) e D 1) = 0
[ L s [ ]

(we used (12) in the above equality). Computing as usual % de vy’ and integrating in time we
find:

dg T of
[ o @5 @m@) @) = [ [ wDuH D0 Do S mm) + - Do
Td om t, JTd om
Recalling (12), this implies that
T w
/ m~'D},L (x, —) (z+ uDyH(z, Du)) - (2" + W' D, H (z, Du))
t1 Td m
T
+/ / (2 + W Dy,H(z,Du)) - Dv = 0.
t, J1d

Let us note that, for any o € L?, there exists a unique solution p’ € L? to

Oy’ — Ay — div(y DpH (z, Du)) + div(a) = 0 in T¢ x (t1,T), w(t) = 0.
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Then the pair (¢, 2’), with 2’ := —p/D,H(x, Du) + «, satisfies (13), so that we have

[ (7 (5 2) (e 2y (o D) 4 D) = 0

for any o € L2. Therefore
_ w
m 1DiqL (x, E) (z 4+ uDypH(x, Du)) + Dv =0,
that, thanks to (14), can be rewritten as
_ 2
z = —pDpH(z, Du) — mDy,H(x, Du)Dv.

This shows that the pair (v, ) is a solution to the linearized system (10).
O

Proof of Theorem 4.3. Let (v,u) be a solution of the linearized system (10). From Lemma
4.4, one has J(t1,u,m;p,z) = 0, where z = —uD,H(z, Du) — szpH(z,Du)Dv. Let us
extend (p, z) to T¢ x [tg,T] by setting (u,z) = 0 on T? x [tg,t;]. Then (u,z) satisfies (11)
and J (to, u, m; u, z) = 0. Using again Lemma 4.4, we know that there exists ¢ such that (9, u)
is a solution to the linearized system (10) on T? x (to,T) with initial condition u(tg) = 0 and
z = —pDyH (x, Du)—mD?, H(x, Du)Do. By parabolic regularity, as (0, 1) solves (10), it satisfies
€ Ctand pu e C°. Thus z(tl) =0 = —pu(t1)DpH(x, Du(t1)) — m(t1) D2, H (x, Du(t1))Do(t1).
Now recalling that u(t1) = 0, m(t1) > 0 and D2 H > 0, this implies that Dv(tl) =
So the pair (D9, i) is a classical solution to

(¢
0.

—0¢(0p,0) — A0y, 0) + gi =0in T4 x (t;,T), i =1,...,d,
Oup — Ap + div(h) = 0in T¢ x (t;,T)
w(z,t1) =0, Do(x,t;) = 0 in T

where 5
and
h(z,t) = —uDpH (x, Du) — mD} H(x, Du) Dd.
Note that .
> lgi(z. ) < C(IDo]? + D% + ||u(t)l[3-)
i=1
while
|h(z, t)* < C (ln(z, 1) + |Do(z, 1)[?)
and

[div(h)(z,t)|* < C (IDO* + [D*6* + (@, )|* + [Dp(a, )?) -

Then Theorem 6.1 in the Appendix states that Do = 0 and p = 0. As (v, u) solves (10), this
also implies that v = 0. |
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5 Application to a learning procedure

In order to illustrate the notion of stable solution in potential games, we consider a learning
procedure and show that this procedure converges if one starts from a neighborhood of a stable
MFG equilibrium.

In [7] the following algorithm (inspired by the Fictitious Play [3]) was introduced: let u° €
C°([0,T),P(T9)) and define by induction (u™,m™) the solution to

— 0wt — Ayt 4 H(x, Dumtt) = f(z, u™))
atanrl _ Aanrl _ diV(anrleH(:L', DunJrl)) =0 (15)
m"(0) =mo,  u"tHT,z) = g(x, p(T))

and

n+1 n n 1 n+1

H :n—l—lﬂ +n+1m

Following ideas of Monderer and Shapley [15], it was proved in [7] that the family (u™, m™)
is compact in C1? x C° and that any converging subsequence is a solution of the MFG system.

Our main result is the convergence of (u",m™) to a stable solution (u,m) as soon as p°
is sufficiently close to m. This can be understood as a robustness property of the equilibrium
(u, m).

Theorem 5.1. Assume that the game is potential, i.e., satisfies (5) for some C' maps F,G :
P(T?) — R. Let (u,m) be a solution to the MFG system (1) starting from (0,mg) with
mo € P(T?) and assume that the solution is stable. Then there exists § > 0 such that, if

sup di(m(t), u°(t)) < 8, the sequence (u™, m™) defined above converges to (u,m) as n — +oo
t€[0,7]
in C10 x €O,

In other worlds, stable equilibria are local attractors for the learning procedure. Note also
that, in contrast to [7], we show here that the full sequence (u™, m™) converges, although the
MFG system may have several solutions.

We now start the proof of Theorem 5.1. Let us recall that, by the stability assumption of the
MFG equilibrium (u,m), the linearized system

—0w — Av+ D,H(xz,Du) - Dv = %(z, m)(p) in T¢ x (0,7,

dp — Ap — div(pDyH (z, Du)) — div(mD?, H(x, Du)Dv) = 0 in T¢ x (0,T) (16)
(2,0) = 0, v(a,T) = £ (@, m(T)(p(T)) in ™.

has the pair (v, p) = (0,0) as unique solution. As a consequence, we have:

Lemma 5.2. There is a constant C > 0 such that, for any a,b € C°(T¢ x [0,T]), ¢ € CO(T?)
and (v, p) solution to
—0w — Av+ D,H(xz,Du) - Dv = %(z, m)(p) + a(x,t) in T¢ x (0,T),
dp — Ap — div(pDpH (z, Du)) — div(mD2, H(x, Du)Dv) = div(b(z,t)) in T¢ x (0,T) (17)
p(x,0) =0, v(z,T) = 3% (x,m(T))(p(T)) + ¢ in T?,

om

one has
[vlcro + llpllco < C ([lallco + [|bllco + ([eflco) -
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Proof. We argue by contradiction. Since the system is affine, this means that there exists
a™, b", ™ and (v™, p") solution to (17) with

la™[co +1[0"[[co + [Ic"[[co <1 and 0" := [[v"[|cro + [|p"||co > n.
Let us set
V" P
~ ~ o

The pair (0", p") solves

—0,8" — A#" + DpH(x, Du) - Do" = 2L (2, m)(5") + a™(x,)/6™ in T x (0,T),

O p™ — Ap™ — div(p" Dy H (x, Du)) — div(mDZ, H (z, Du)Do™) = div (b"(x,t)/0™) in T x (0,T)
p(x,0) = 0, 0" (z,T) = 2L (x,m(T))(5(T)) + ¢ /6" in T?.

The 9, satisfy a linear parabolic equation with bounded coefficients. Therefore (see for instance,
Theorem 9.1 and Theorem 10.1 in [10]), the sequences (,) and (D@,) are bounded in C®®/?
for some « € (0,1). In the same way, the p" satisfy a linear parabolic equation in divergence
form with bounded coefficients, so that the sequence (p™) is bounded in C*/2_ Thus, up to a
subsequence (9,,) and (D%,,) converge uniformly to some v and Dv while (™) converges to some
p. Note that, by definition of 8™ and (0, pr), we have

[ollcro + llpllco = Tim ([[2"[[cro +[p"(lco) = 1.
n—+oo

On the other hand, the pair (v, p) is a weak solution to the linearized system (16), so that, by
our assumption on this system, (v, p) must actually vanish. So there is a contradiction. |

Lemma 5.3. There exists n > 0 and C' > 0 such that, if
D" = w)llco + [[m" T —m|lco <,

then

[u" ! = ullgro + [[m™ = mllco < Cllm" ™ — p"|lco.

Proof. We rewrite system (15) as (17) with v = u"*! —u, p = m"*1 —m,
a := H(x,Du""") — H(z,Du) — D,H(x,Du) - D(u"' — u)

(1) — £em(B) — L (@) m™ 1) — m(e),
b := m""'D,H(z, Du"*') — mD,H(z, Du) — (m" ™' —m)D,H (z, Du)
mef)pH(:c, Du)D(u™t — )
and 5
e(a) = gl " (1)) = g, m(T)) = <= (m(£)) (m™*(T) = m(T)).
Then, by Lemma 5.2, we get

HunJrl 1

—uflcro + lm" T —ml|co

< C(|lallco + [Ibllco + [lellco)

< C(ID@™ —u)[[Zo + |5 — mlEo + [m™ 1 — ™ |lco + [m™ ' —m||Eo)
< C (1D —w)|Zo + [m™ ™ —ml|Zo + [m" T — ]| co)

where the constant C' in the last inequality depends only on the data. Thus, if n > 0 is small
enough and || D(u™t — u)| co + ||m™™! — m||co is not larger than 7, one can absorb the square
terms of the right-hand side into the left-hand side to get the conclusion. |
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Proof of Theorem 5.1. Following [7], the difference (m"*! — u™) converges to 0 in C°: so we can
find N > 0 large enough so that

[m™* ! — @0 <0/(2C)  ¥n >N, (18)

where n and C are given by Lemma 5.3.

Next we note that the u™ are uniformly Lipschitz continuous. So the m"™ solve a parabolic
equation in divergence form with bounded coefficient and therefore are bounded in C*®/2. Thus
so are the p™. Moreover, by definition of u™, we have that

n+1

s1Q

1
[0 = p™lco = EHmnH = 1o <
As u™2 and u™*! solve the same equation with right-hand side given respectively by f(z,u™)
and f(z,u"*!) and terminal condition given by g(z, u™(T)) and g(z, u"+1(T)) respectively, we
conclude that

C
[ = w o < C(ILFC ") = FCp™ Dllero + g6, n™(T)) = g 1™ HT)) o) < —.
(19)
Plugging this estimate into the equation satisfied by m™*! — m™*2 also gives
C
[m" =m0 < = (20)
n

From now on we assume that N is so large that the right-hand sides C'/n in (19) and (20) are
less than 7/4 for any n > N.

Next we note that, if u° is sufficiently close to m, then u! is close to u (in C*?) and m! is
close to m (in C°). This in turn shows that u! is close to m (in C°). By induction, we obtain
that, for any fixed n, one can choose u® sufficiently close to m so that u™*! is close to u (in
C19) and m"™*! is close to m (in C°). Applying this argument to the integer N defined above,
we obtain that one can choose u so close to m that

”uNJrl N+1

—ulcro + [|m —m|lco <.

We claim that this inequality propagate to any n 4+ 1 > N 4 1. Indeed, let us assume that it
holds for some n + 1. Then, by Lemma 5.3, we have

[u"™ = ullero + [|m" ™ = mllgo < Cllm™ ™ — u™ o < /2
thanks to (18). So, by (19) and (20) and the choice of N, we also have

[u" 2 = ul|cro + |m" T2 — m| co

<l = ulloro + [|m" T —mllco + [u" T — w" v + [Im" T =m0 <,

which proves the claim.
In particular, we can apply Lemma 5.3 to any n > N to get
[u"*t = ullcro + [m" Tt —mlloo < Cm" ™ — @™ co,

where the right-hand side tends to 0 as n — 400 by Theorem 2.1 in [7]. This proves the
convergence of (u™) and (m™) to u and m respectively. O
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6 Appendix
Let (u, ) = ((w;)i=1,....d, 1) be a classical solutions to the forward-backward system

*atui —Auergl(x,t) = Oin’]Td X (0,T>, 1= 1,...,d,
Orp — Ap + div(h(z,t)) = 0in T x (0,7T)

We suppose that
ui(2,0) = u(z,0) =0in T, i=1,...,d,

d
Z lgi(z, O < Co (IluC )13 + [ulz, 1) + | Du(a, t)[*) ,
[h(x, t)* < Co (lu(z, O + lulz,))
[div(h)(z, )] < Co (Ju(z, t)|* + [Dp(z, t)* + |u(z, t)|* + | Du(z, t)?) .

Theorem 6.1. Under the above assumptions, one has u(z,t) = 0 and pu(z,t) = 0 on T x [0, T).

The argument is standard and goes back to J.L. Lions and B. Malgrange in [14] (see also
Cannarsa-Tessitore [5] for a forward-backward system).

Proof. 1t is enough to argue for T" > 0 sufficiently small and prove that 4 = 0 and v = 0 on
[0,7/2]. Let 6 : [0,T] — [0,1] be a smooth, non increasing function with 6(¢) = 1 in [0,7/2],
0(t) =01in [27/3,T] and ||0’(t)||cc < C/T. For k > 1 we set
iz, t) = D2, t), e t) = D200t p(x, 1),
Then (@, 2) = ((@;), &) satisfies
(1) =ity — Aty + k(t — T)ity + e*=D" /20"y, + en=T)"/2gg, = 0,
(i1) O — Afi— K(t — T)ji — ex(=T)*/2¢/ 4 7 (t=T)*/20div () = 0, (21)
(#31)  u;(x,0) = p(z,0) = @;(x, T) = @z, T) = 0.

Multiplying (21)-(ii) by 0:ii and integrating in time-space, we obtain, after integration by
parts the second term:

T
- 1 - K - - w(t—T)2 K(t—T)2 .
/ /Td(atM)Q + §5t|D,U|2 - 5(75 —T)8y(1)* = Oufa (6 =1 /29/,“ —ert= D /29d1V(h)) = 0.
0

We integrate the second term in time and integrate by parts in time the third one: taking into

account the fact that a(-,0) = a(-,T) = 0, we get:

T
/ / (Oef)® + g(m? — Oufi (eW*TW?o’M - e“(t’T)z/QHdiv(h)) =0.
0 Td

By Young’s inequality we obtain
g Lo, Koo ’ rk(t=T)2 (N2, 2 k(t=T)2 2| 7: 2
] g g <o [ ] (e e RaiviP) . (22)
We argue in the same way for u;: we multiply (21)-(i) by O:4; and integrate in space-time:

T
1
/ / —(@0)? + 50D + S(t — T)Ou(:)? + iy (T 20wy + < 20g,) =0,
0 Td
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This yields to

T 1 K T 2 2
/ / _(atﬁi>2 + _(ﬁi>2 < C/ / (eﬁ(t—T) (9/>2u12 + efi(t—T) 9291_2) ) (23)
0 Td 2 2 0 Td

Next we multiply (21)-(ii) by f» and integrate in time-space: using as usual that f(-,0) =
ia(-,T) = 0, we obtain

T
/ IDj|* = k(t = T)()* + (=™~ /20' ) — Dji- ("= /26h) = 0.
o Jrd
Hence, by Young’s inequality,

T ra T 2 2
/ / §|Dﬂ|2 S/ / 24 C (en(th) (9/)2M2 4 en(t=T) 92h2). (24)
0 JTd 0 JTd

In the same way, we multiply (21)-(i) by u; and integrate in time-space:
T 2 2
/ \Dia|? + w(t — T)(@)? + @ (e““*T) 120/ u; + e (t=T) /299i) = 0.
0 JTd
Then, for ¢ € (0,1) to be chosen later,

T T
/ /d |D’ELZ|2 < / /d (KT+ 6'_1)(’&1')2 + Ce (en(t—T)2 (9/)2’(,&12 + efi(t—TPQQgiQ) ) (25)
0 T 0 T

We now take into account the assumptions on the g;, h and div(h): (22) becomes

k [T 9
5 [ s

T
< C/O (6““4) @) n®13 + e 7762 (Ju@)lI3 + 1Du(l3 + )3 + IIDu(t)Hﬁ))-

Rearranging we obtain

T T
o [l <c [ (T @POR + a0 +E0E). e
Note that we used the notation ||[v(t)||%: = [[v(t)||3 + || Dv(t)||3. The same argument for (23)
yields to
T T )
H/O la:(t)I3 < C/O DG ()13 + 1) 3+ AD 7, (27)

while (24) and (25) become respectively:

/IIDﬂ(t)H%SC/ e IO @3 + a3 + a3, (28)
0 0

and

[ IDwI < [ 1+ el + C= (0 O a0l + ) s + I )
0 0 (20)
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Summing (29) over i yields, for € small enough (depending only on the constant C' in (29)),

T T 5
/ [Da(t)]3 < C/ (KT + D)|a(®)]3 + e D702 u)13 + A0 17
0 0

Plugging (28) into the above inequality gives:

/OI\Dﬁ(t)|\§SC/0 (KT + D@3 + 1EO13 + e 7@ (@) 3+ lu@)13). (30)

Collecting (26), (27) (summing on i = 1,...,d), (28) and (30) yields to

IN

C/O e T2 ()13 + @) 13) + a1 + 1507

. / WAOI2 + a1
< ¢ / e (@2 (Lu(@)13 + u®)|2) + (T + DIfa(e)]3 + |02

We can now fix T' > 0 small enough, so that, for any x large enough,

K

T T

~ ~ K (t—T)2
5/0 IA@)IE + a3 < C/O eI ()13 + llut)]13)-
By the choice of 6 (namely § =1 on [0,7/2] and ||¢/||cc < C/T), this implies that

K

/2 2 c (" 2
o [ e @+ @I < 3 [ T ol + (ol
2 0 T T/2

Hence

K k(T/2)? e 2 2 c w(T/2)? T 2 2
€ (@12 + llu@)3) < e @z + [lu@®)13)-
0 T/2

Dividing by ¢"(7/2” and letting x — 400 yields to ;= 0 and u = 0 on [0,T/2].
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