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MEAN FIELD GAMES: CONVERGENCE OF A FINITE
DIFFERENCE METHOD

YVES ACHDOU *, FABIO CAMILLI f, AND ITALO CAPUZZO-DOLCETTA *

Abstract. Mean field type models describing the limiting behavior of stochastic differential
games as the number of players tends to +oco, have been recently introduced by J-M. Lasry and
P-L. Lions. Numerical methods for the approximation of the stationary and evolutive versions of
such models have been proposed by the authors in previous works. Here, convergence theorems
for these methods are proved under various assumptions on the coupling operator.
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1. Introduction. Mean field type models describing the asymptotic behavior
of stochastic differential games (Nash equilibria) as the number of players tends to
~+00 have recently been introduced by J-M. Lasry and P-L. Lions [19, 20, 21], and
termed mean field games by the same authors. For brevity, the acronym MFG will
sometimes be used for mean field games. Examples of MFG models with applica-
tions in economics and social sciences are proposed in [16]. Many important aspects
of the mathematical theory developed by J-M. Lasry and P-L. Lions on MFG are
not published in journals or books, but can be found in the videos of the lectures
of P-L. Lions (in French) at College de France: see [23]. A very good introduction
is also given in the notes by P. Cardaliaguet, [8], with a special emphasis on the
deterministic case, i.e. v =0 in (1.1)-(1.2) below. Related ideas have been devel-
oped independently in the engineering literature by Huang-Caines-Malhamé, see for
example [17].

MFG may lead to systems of evolutive partial differential equations involving two
unknown scalar functions: the density of the agents in a given state € R%, namely
m = m(t,x) and the value function u = u(t,x). The present work is devoted to
finite difference schemes for the systems of partial differential equations. Although
the methods and the theoretical results obtained below can be easily generalized,
the present work focuses on the two-dimensional case for the following reasons: 1)
the one dimensional case is easier and allows too special arguments; 2) in dimension
two, the description of the discrete methods discussed below remain fairly simple.
Besides, several important applications of the mean field games theory are two-
dimensional, in particular those related to crowd motion, see [3].

In the state-periodic setting, typical MFG model comprises the following system
of partial differential equations in (0,77) x T?

%(t, x) — vAu(t,x) + H(z,Vu(t,z)) = ®[m(t,-)](z), (1.1)
%—T(t, x) + vAm(t,z) + div <m(t, )%—IZ(, Vu(t, ))) (z) =0, (1.2)

with the initial and terminal conditions
u(0,2) = ug(x), m(T,z) =mg(zx), inT? (1.3)
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given a cost function uy and a probability density m.

Here, we denote by T? = [0, 1]? the 2—dimensional unit torus, and by A, V and
div, respectively, the Laplace, the gradient and the divergence operator acting on
the state variable x. The parameter v is the diffusion coefficient. Hereafter, we
will always assume that v > 0. The system also involves the scalar Hamiltonian
H(z,p), which is assumed to be convex with respect to p and C! regular w.r.t. z
and p. The notation %—’Z(az, q) is used for the gradient of p — H(z,p) at p = q.
Finally, in the term ®[m(¢,-)](z), ® may be

e cither a local operator, i.e. ®[m(t,-)](z) = F(m(t,z)) where F is a C!
regular function defined on Ry . In this case, there are existence theorems
of either classical (see [9]) or weak solutions (see [20]), under suitable as-
sumptions on the data, H and F'

e or a non local operator which continuously maps the set of probability
measures on T? (endowed with the weak * topology) to a bounded subset of
Lip(T?), the Lipschitz functions on T?, and for example maps continuously
C*(T?) to C*+1.2(T?), for all k € N and 0 < o < 1. In this case, classical
solutions of (1.1)-(1.3) are shown to exist under natural assumptions on the
data and some technical assumptions on H, see [20, 21].

System (1.1)-(1.2) consists then of a forward Bellman equation coupled with a
backward Fokker-Planck equation. The forward-backward structure is an impor-
tant feature of this system, which makes it necessary to design new strategies for
its mathematical analysis (see [20, 21]) and for numerical approximation.

If the Hamiltonian is of the form

H(z,Vu) = sgp [ Vu— L(z,7)], (1.4)

and if u and m solve (1.1)-(1.3), then Dynamic Programming arguments, see Bardi-
Capuzzo Dolcetta [5], Fleming- Soner [12], show that u is the value function of an
optimal control problem for the controlled dynamics defined on T? by

dXs = —vsds+ V2 dWs,

( (Wy) is a Brownian motion and the time variable s is linked to the variable ¢
n (1.1)-(1.3) by the relation ¢ = T — s, i.e. t is the time to the horizon), running
cost density L(Xs,vs)+®[m(s, )](Xs) depending on the position X, the control 7
and the probability density m(s,-). The choice of a nonlocal operator ® is justified
if a given agent in the state x is not only sensitive to m(x), but also to a global
information on the density in a given neighborhood of z, for example the number
of agents in the latter. On the other hand, (1.2) is a backward Fokker-Planck equa-
tion with velocity field %—5(3:, Vu) depending on the value function itself. Since ¢ in
(1.1)-(1.3) is the remaining time to the horizon, ug corresponds to the final cost or
incitation of the optimal control problem whereas my is the density of the agents
at the beginning of the game. The only reason for us to use the variable ¢ instead
of s in the partial differential equations is to keep the formalism of the pioneering
articles [19, 20, 21].

We have chosen to focus on the case when the cost ug depends directly on x. In
some realistic situations, the final cost may depend on the density of the players, i.e.
U= = Po[my4—o)(x), where @ is an operator acting on probability densities, which
may be local or not. This case can be handled by the methods presented below with
no additional difficulty, and the same kind of convergence results as those given be-
low can be obtained with additional assumptions on ®y such as monotonicity (see
(1.5) below). Yet, we will not tackle this aspect, in order to keep the discussion as
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simple as possible.

By working on the torus T?, we avoid the discussion of the boundary conditions,
but other boundary value problems can be considered, for example

e Neumann conditions on u and m: for example, in the context of crowd
motion, see [3], such conditions are relevant if the domain where the crowd
moves is limited by walls. The results of the present paper hold when
there are homogeneous Neumann boundary conditions instead of periodic
boundary conditions

e Dirichlet conditions on u and m: in the example of crowd motion, Dirichlet
conditions are relevant if the crowd exits a room and heads toward a much
larger space: at the exit, it is sensible to assume that the density m vanishes
and that the value function is given (exit cost, which may be zero)

e In the deterministic case v = 0, other boundary conditions can be used,
for example when the state of the players is constrained to remain in the
domain. In this work, we focus on v > 0, because the analysis of the
deterministic case requires quite different arguments.

A very important feature of the mean field models above is that uniqueness and
stability may be obtained under reasonable assumptions, see [19, 20, 21], in con-
trast with the Nash system describing the individual behavior of each player, for
which uniqueness hardly occurs. To be more precise, a sufficient condition for the
uniqueness of a solution of (1.1)-(1.3) is that ® is monotone in the sense that for
all probability measures m and 7 on T2,

/(@[m](x) — ®[m)(x))(dm(x) —dm(z)) <0=m=rm. (1.5)
In fact, a weaker condition than (1.5) is sufficient for uniqueness, namely that
/(‘P[m](ﬂf) — ®[m](x))(dm(x) — din(x)) < 0 = ®[m] = ®[m], (1.6)

but we will not make this assumption to avoid additional technical details in the
proof of Theorem 4.2 below.
Remark 1. Note that in the special case when
o H is given by (1.4) and L is strictly convex
o O[m(t,")]|(z) = F(m(t,z)) and F is the derivative of a function W : Ry —
R which is C* and strictly convex

the system (1.1)-(1.3) may be obtained (at least formally) as the optimality con-
ditions of the following optimal control problem driven by a transport equation:
Minimize

J(m, b) :/OT/T2 (m(t,x)L(:r,b(t,x))+W(m(t,x)))dwdt+/m uo(@)m(z, 0))dz

subject to the constraints

{am+mm+div(mb) = 0, in(0,T)xT?

ot
m(T,z) = mr(z) in T2

For more details on this, see [21]. Note that obtaining (1.1)-(1.3) as the optimality
condition of a global optimization problem is not possible in general.

An important research activity is currently going on about approximation proce-
dures of different types of mean field games models, see [18] for a numerical method
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based on the reformulation of the model as the optimal control problem discussed
in Remark 1, with an application in economics and [13] for a work on discrete time,
finite state space mean field games. We also refer to [14, 15] for a specific construc-
tive approach for quadratic Hamiltonians. Finally, a semi-discrete approximation
for a first order mean field games problem has been studied in [7].

In [2], the authors have proposed and studied finite difference methods basically
relying on monotone approximations of the Hamiltonian and on a suitable weak
formulation of the Fokker-Planck equation, both for infinite and finite horizon mean
field games. These schemes were shown to have several important features:

e existence and uniqueness for the discretized problems can be obtained by
similar arguments as those used in the continuous case,

e they are robust when v — 0 (the deterministic limit of the models),

e bounds on the solutions (especially on the Lipschitz norm of u(¢,-)), which
are uniform in the grid step, may be proved under reasonable assumptions
on the data.

In [1], the previously mentioned finite difference method has been extended to plan-
ning problems with MFG. This article contains results on existence and uniqueness
for the systems of nonlinear equations and on the convergence of a penalty method.
Fast algorithms for solving the discrete nonlinear systems arising in [2] have been
proposed in [4].

In the present paper, we discuss the convergence of the schemes proposed in [2] in
the reference case when H (z,p) is of the form

H(z,p) = H(x) + p|”, (1.7)

where 8 > 1 is a real number and H is a periodic continuous function, under
suitable monotonicity assumptions on the operator ®. All these assumptions lead
to uniqueness for the continuous and discrete systems, and also to a priori and
stability estimates under further assumptions.
We have chosen to focus on the Hamiltonians in (1.7) because
e their fairly simple form (i.e. separate dependency on z and p and isotropy
w.r.t. p) will ease the algebra in the proofs of convergence
e the corresponding discrete Hamiltonians remain simple, see (2.3)-(2.4) be-
low
e even if the Hamiltonians are simple, they lead to various situations de-
pending on 3: we will see below that the analysis of the numerical scheme
requires different arguments for 1 < 8 < 2 and § > 2. This is not surprising
since in the literature related to Hamilton-Jacobi-Bellman equations, the
distinction between subquadratic and superquadratic Hamiltonians is often
made because the techniques of analysis differ.
Note that the Hamiltonians in (1.7) are of the form (1.4) with L(x,~v) = —H(z) +
c|y|?" for ' = B/(f—1) and a suitable constant ¢ > 0, in which there is separate de-
pendency on z and v and isotropy w.r.t. . Subquadratic Hamiltonians correspond
to superquadratic Lagrangians and vice-versa.

This work is organized as follows: in Section 2, we recall the finite difference
schemes proposed in [2]. Section 3 is devoted to basic facts concerning the discrete
Hamiltonians and to the fundamental identity which leads to uniqueness and sta-
bility. When @ is a local operator, a consequence of this key identity is the a priori
estimates on the solutions of the discrete MFG system that is presented in Section
5.1. Convergence theorems in the case when & is a nonlocal smoothing operator
are discussed in Section 4. Finally, Section 5 contains convergence theorems in the
case when @ is a local operator.



2. Finite difference schemes. In the present paragraph, we discuss the finite
difference method originally proposed in [2]. Before that, we stress the fact it has
been obtained directly from the boundary value problem (1.1)-(1.3), and that it
is not restricted to the case described in Remark 1. Yet, in the latter case, the
discrete Bellman and Fokker-Planck equations discussed below can also be found
as the optimality conditions of a global discrete optimization problem, as shown in
[1] in the context of a planning problem with MFG.

Let Np be a positive integer and At = T/Nyp, ¢, = nAt, n = 0,...,Np. Let
']T%L be a uniform grid on the torus with mesh step h, (assuming that 1/h is an
integer Nj), and x;; denote a generic point in ']T,Ql. The values of u and m at
(x;,5,tn) are respectively approximated by w?, and m .. Let u™ (resp. m") be

2, 1,7
the vector containing the values u;; (resp. nflfj), for 6 < 4,7 < Np indexed in
the lexicographic order. Hereafter, such vectors will be termed grid functions on
’]I‘i or simply grid functions. For all grid function z, all ¢ and j, we agree that
%45 = % mod Ny),(j mod Ny)*

Elementary finite difference operators. Let us introduce the elementary finite
difference operators

(Dfu)i; = w and  (Dfu);, = w, (2.1)
and define [Dpul; ; as the collection of the four possible one sided finite differences
at T 5:

[Dpulij = ((Dfu)m" (DY u)i—1,j, (D3 )iz, (Diu)z‘,j—l) eR% (2.2)

We will also need the standard five point discrete Laplace operator

1
(Anw)ij = =73 (g = Uir1j = Ui-1j = Uij41 = Uij-1)-

Numerical Hamiltonian. In order to approximate the term H(z, Vu) in (1.1)
or (5.5), we consider a numerical Hamiltonian g : T? x R* — R, (z,q1, ¢2, 3, q4) —
9(x,q1,42, 93, q4). Hereafter we will often assume that the following conditions hold:

(g1) monotonicity: g is nonincreasing with respect to ¢; and g3 and nondecreasing

with respect to g2 and qq.

(g2) consistency: g(z,q1,q1,92,92) = H(z,q), Yo e T?VYq=(q1,¢2) € R*.

(gs) differentiability: g is of class C1.

(84) converity : (q1,q2,93,94) = 9 (T, q1, 42, g3, q4) is convex.
We will approximate H (-, Vu)(x; ;) by g(xi ;, [Druli ;).
Standard examples of numerical Hamiltonians fulfilling these requirements are pro-
vided by Lax-Friedrichs or upwind schemes, see [2]. In this work, we focus on
Hamiltonians of the form H(z,p) = H(x) + |p|?, 8 € (1, 00), for which we choose

g(w,q) = H(z) + Glar . a2 - a5 . i ) (2:3)
where, for a real number r, ™ = max(r,0) and r~ = max(—r,0) and where G :
(Ry)* — Ry is given by

8
G(p) = Ip|” = (p} + p3 +p3 +13)". (2.4)

Discrete version of the cost term ®[m(t,-)](z). We introduce the compact and
convex set

Kn = {(mijo<ijen, :h* Y mi; =1; mi; >0} (2.5)
(2]
which can be viewed as the set of the discrete probability measures.
We make the following assumptions, ®; being local or not:
5



(®p1) Py, is continuous on Kp.
(®12) The numerical cost @}, is monotone in the following sense:

(®n[m] — Bp[im],m — 1)y < 0= Spm] = By @], (2.6)

where (u,v)s = 3 o<, i, Ui,jVi,;- This assumption and (g4) will be a
sufficient condition for the discrete MFG system to have at most a solution,
@}, being local or not.
If @ is a local operator, i.e. ®[m](z) = F(m(x)), F being a continuous function from
R* to R, then the discrete version of ® is naturally given by (®,[m]); ; = F(m; ;).
In this case, the operator ®;, is continuous on the set of nonnegative grid functions.
If ® is a nonlocal operator, then we assume that the discrete operator ®;, has the
following additional properties:
(®p3) There exists a constant C' independent of h such that for all grid function
m € Kp,

[@n[m]]lc < C (2.7)
and

[(@n[m])i; — (Pr[m])re| < Cdr(zij,zr0) (2.8)

where dp(z,y) is the distance between the two points = and y in the torus
T2,

(®r4) Define K as the set of probability densities, i.e. nonnegative integrable
functions m on T2 such that fTQ m(x)dx = 1. For a grid function my, € Ky,
let Jnmy be the piecewise bilinear interpolation of my at the grid nodes:
it is clear that J,mj € K. There exists a continuous and bounded function
w : Ry — Ry such that w(0) = 0 and for all m € K, for all sequences
(mn)n, mp € K,

| @[m] — @n[mn] | oo (pz) < w (Ilm = Tnmnlprcre)) - (2.9)
Let Z,m be the grid function whose value at x; ; is

=]
— m(z)dx.
h? |[T—2; j|oo <h/2

It is clear that if m € K then Zpm € K, and that (2.9) implies that

}llirr}) sup || ®[m] — @y [Zm)| ||L°°(11‘§) =0. (2.10)
—Ymek '
For example, if ®[m] is defined as the solution w of the equation A%w +w = m in
T?, (A? being the bilaplacian), then one can define ®,[my] as the solution wy, of
AZwp, + wp, = my, in T2. It is possible to check that all the above properties are
true. Another example is the following: if ¢ is a nonnegative regularizing kernel,
®[m] = ¢(x({*m) (* stands for the convolution) and ®p[mp] = (x(*xJpmy, (assuming
that the convolution can be computed exactly). The monotonicity assumptions on
® and P;, are natural even for non local operators, in situations where a given agent
has access to some global and partial information on the density around and has
aversion to large densities.

Discrete Bellman equation. The discrete version of the Bellman equation is
obtained by applying a semi-implicit Euler scheme to (1.1),

n+1 n
ui’ LT — uL . " . .
jTJ — I/(Ahu +1)i,j +g(xi,j, [Dhu +1]i,j) = ((I)h[m ])@j’ (211)

for all points in ']I‘%L and all n, 0 < n < Nr, where all the discrete operators have
been introduced above. Given (m"™)p=o,. Ny—1, (2.11) and the initial condition

uf ; = uo(w; ;) for all (4, j) completely characterizes (u™)o<n< Ny -
6



Discrete Fokker-Planck equation. In order to approximate equation (1.2), it is
convenient to consider its weak formulation which involves in particular the term

/W div (m%fm w)) (z)w(z) dz.

By periodicity,

i oH = — mxa—H:v u(z)) - Vw(z) dx
[ v (m% .0 @) do == [ m() 5 0. Vate) - Vula)a

holds for any test function w. The right hand side in the identity above will be
approximated by

—h? Zmi,jvqg(xi,jy [Dnulij) - [Dhwli; = h* ZZJ(%m)wi,j,

1,5 )
where the transport operator 7 is defined as follows:
T;,j(u,m) =
99 9g
Mi,jo— (@i, [Dnulig) — mio1j o (@15, [Dhuli-1,5)
Iq1 I 5
g g
FMig1,5 5 (Tig1,5, [ Dnuliga,;) — maj=— (T 5, [Dnulij
1 +]aq2( +J[ ]+ ]) Jan( J[ ]]) (2.12)
—| +
h dg
mi o= (i, [Dhuli ) —mij—15—(%i -1, [Dnulij-1)
Jgs 9q3 5
g g
+mi,j+1a—q4(xi,j+1, [Dnui 1) = mi,j%(mi,jy [Dhuli,j)
The discrete version of equation (1.2) is chosen as follows:
m’?'f‘l —mmr.
&I AL Y + Z/(Ahm”)i,j + 7;7j (Un+1, m") =0. (2.13)

This scheme is implicit w.r.t. to m and explicit w.r.t. u because the considered
Fokker-Planck equation is backward. Given u this is a system of linear equations
for m. It is easy to see that if m™ satisfies (2.13) for 0 < n < Np and if mN7 € K,
then m™ € K, for all n, 0 < n < Nr.

Remark 2. An important property of T is that the operator m +— (—V(Ahm)m—
7 5 (u, m))m is the adjoint of the linearized version of the operator u — (—V(Ahu)m-—}—
9(@ij, [Drulig)), .-
This property implies that the structure of (1.1)-(1.2) is preserved in the discrete
version (2.11)-(2.13). In particular, it implies the fundamental identity given in
§ 3.3 and then the uniqueness result stated in Theorem 2.2 below.

Summary. The fully discrete scheme for system (1.1),(1.2),(1.3) is therefore the
following: for all 0 < 4,5 < Nj and 0 < n < Np

u?'*.'lfu:"-
{ —iae (B g gl e i) = (@amMig g gy
Tt 2 p(Apm™) s + T (W mn) =0,
with the initial and terminal conditions
0 — wo(zs Np_ L d 0<ij<Np (215
u’LJ uo(xzd)’ 7,7 mT(IE) :17? — Z7] < h- ( . )

2
h2 Jio—i lee<h/2
7



The following theorem was proved in [2] (using essentially a Brouwer fixed point
argument and estimates on the solutions of the discrete Bellman equation):
THEOREM 2.1. Assume that (g1)—(g3) and (®p1) hold, that ug is a continuous

function on T? and that mr € K: then (2.14)-(2.15) has a solution such that
m"™ e Ky, Vn.
If furthermore

o (Dy3) holds

o there exists a constant C' such that

%(% (q1,42: 43, q1))| < C(1+|q1|+|ga|+|as|+|aa]) Vo € T?, Va1,42,q5, 4
e ug is Lipschitz continuous

then maxo<n<ny ([[u"]|oc + | Dru"||oc) < ¢ for a constant c independent of h and

At.

Remark 3. Theorem 2.1 states in particular that m™ € Ky, for all n: this means
that the finite method preserves the positivity and the total mass of the density m.
This is of course an essential feature of the discrete scheme.

Remark 4. Note that the technical condition on % is automatically true if g
is given by (2.3)-(2.4) and H is C*.

Remark 5. A priori estimates in the case when ® is a local operator will be
given in § 5.1. Since (2.14)-(2.15) has exactly the same structure as the continuous
problem (1.1)-(1.3), uniqueness has been obtained in [2] with the same arguments
as in [20]:

THEOREM 2.2. Assume that (g1)-(g94) and (Pp1)-(Pp2) hold, then (2.14)-
(2.15) has a unique solution.

Remark 6. Efficient algorithms for solving system (2.14)-(2.15) require special
efforts, essentially because of the forward-backward structure already discussed in
§1. We refer to [2] and [4] for the description of possible algorithms and numerical
results.

3. Basic facts for numerical Hamiltonians of the form (2.3)-(2.4). We
focus on numerical Hamiltonians in the form (2.3)-(2.4) but obviously, what follows
holds for g(x,q) = H(z) + ¢G(q5 45, q5 , a7 ), where G is given by (2.4) and c is a
positive constant.

We use the following notations: for ¢ € R*, || is the Euclidean norm given by

lg| = \/2?21 ¢?, and |g|s is the max norm, |¢|e = max;—1,_ 4|q]-

For a sufficiently regular function ¢ : R* — R, p — 9(p), ¥p(p) € R* (resp.
Ypp(p) € R**%) stands for the gradient of 1 (resp. the Hessian of v). For a
sufficiently regular function ¢ : T? x R* — R, (z,p) — (z,p) € R, ¢,(x,p) € R*
is the gradient of p — ¥(z,p) and ¥, (x, p) € R*** is the Hessian of p — v (z,p).
Let us define the map © : R* — Ri by

D1 :(I£7
p=0(q) Zj, ;gz_ (3.1)
D4 :qu-

3.1. Basic lemmas. The following lemmas about ¢ and G will be useful.
Their proofs are given in Appendix A.
LEmMmA 3.1.

1. (a) For allp € (Ry)*, G,(p) = Blp|P~2p and

Gop(p) = BIp|P 21 + B(B = 2)Ip|**p @ p. (3.2)
8



(b) If B > 2, then Gy, (p) — B|p|’ 214 is a positive semi-definite matriz,
which may be written

Gpp(p) = Blp|" 1. (3.3)
(c) If 1 < B <2, then
Gpp(p) = B(B = 1)|p|° L. (3.4)
2. For all q,G € R4,
9(x,q) — g(x,9) — g4(x,9) - (71— q) > G(p) — G(p) — Gp(p) - (P —p), (3.5)

where p = O(q), p = O(4) and © is defined in (3.1).
LEMMA 3.2.
1. (a) If B3 > 2, then for all q,§ € R*,

9(x,§) — g(z,q) — gz, q) - (—q) > ﬁ max(|p|” =2, [p|~?)|p - B (3.6)

_ 5|8
o _lp—7l 7
~2872(B 1)

where p = O(q), p = O(4) and © is defined in (3.1).

(3.7)

1. (b) If 1 < B8 <2, then for all q,G € R* such that ©(q) + ©(q) # 0,
(%) = 9(2,4) = gq(x,0) - (G —q) = 2°7°B(6 — 1) min(|p|5>, 5% *)lp - 5I*, (3.8)
where p = ©(q), p = O(q).

2. If B > 2, there exists a positive constant ¢ such that for all q¢,G,r € R*,
for alln >0,

|(9g(,d) — gq(x,q)) - | < max(|p|*~2, [p|*~2) (;'p B>+ 77|7“|2> . (3.9

where p = O(q), 7 = O(d).

3.2. A nonlinear functional G(M,U,U). Let us define the nonlinear func-
tional G by

G(M,U,U) szn 'Ry, (3.10)

n=1 1,j

where M = (mn)OSRSNTv U= (u”)OSnSNT, U= (an)OSnSNT7 and ’I”I’Ln7 u™ and u”
are grid functions, i.e. for example m™ = (m7';)o<i j<n,, and where R}, is defined
by

Ry = g(xij, [Du"]i ;) — g(wij, [Du"]i ;) — gq(wij, [Du"]ij) - ([Du"]; ; — [Duz?])iijl)j
Under Assumption (g4), it is clear that if M > 0 (meaning that m™ is a nonnegative
grid function for all n, 0 < n < Ny), then G(M, U, U) > 0. If g is of the form (2.3)-
(2.4), we have a more precise estimate:

LemMA 3.3. If M > 0 in the sense defined above and if g is of the form
(2.3)-(2.4) with 8 > 2, then

G(M,U,0) 2 ,1sz ma(lpi 1= 15717l — 7

n=1 4,j

25 2 _1 sz |piJ pz,j|ﬁ

nl’L]

(3.12)

9



where pi'; and p;'; are the four dimensional vectors

piy = ((DFu)is) ™ (DF)im) L (DF i)™ (DFum)igm) ),
Piy = ((Df@")i,j)f (D aM)im5) " (D M) ((Dja’L)i,j,1)+).

Furthermore, if M s bounded from below by m, which means that mi'; > m for all
n,t,j, then

(3.13)

(3.14)

g(MUU)_225 5 ZZ‘Du pul,,|’

nll]

Proof. We deduce (3.12) from (3.6) and (3.7). If M is bounded from below by
m > 0, we deduce that

~ m
G(M,U,0) 2 55— ZZIpM Pl

nlzg

26 2 ZZZ|pZ7J plj) |ﬁ

nlz,gkl

Since for each 0 < 4,5 < Np, each 1 < k < 4, the quantity ‘([Dﬂ"}m)k —

B
([Du");;)k| appears at least once in the sum above, we deduce that

N ;zg o~ (0w |
n 1,7 k=1
B
> T Z;Z‘Du a

where the second inequality comes from the fact that for four positive numbers

4 4
(ak)kzl,...A Zk:l flg > 45/1271 (Zk:1 az)ﬂﬂ' o
Remark 7. The same kind of argument shows that if 1 < 8 <2, and mj; > m,
then

G(M,0,U) > 2°7B( ZZ\pWV’ 2lpp;|? > 2°73B(B - 1) mZZmJ

n=1 4,j n=1 4,j

Nt 4
> 2297566~ Dm Y Y > kel

n=1 i,j k=1

N~ 4
> 2207088 —1)m Y > Y |([Duig)kl?

n=1 4,7 k=1
> 29998 - ) 3" S I(Dwl P,
n=1 4,5

where p;t; is given by (3.13).

3.3. A fundamental identity . In this paragraph, we discuss a key identity
which leads to the stability of the finite difference scheme under additional assump-
tions.

10



Since the arguments below are similar to those used for studying the system of
partial differential equations (1.1)-(1.2), let us first sketch them in the continu-
ous context: consider a solution (u,m) of (1.1)-(1.2), and a solution (@,m) of the
perturbed system in (0,7") x T2

%(t’ x) —vAu(t,x) + H(z, Va(t, x)) = ®[m(t,-)](z) + alt, z), (3.15)
om oH

S (L) + vAm(t, @) + div (m(t, Vg, G Vit -))) (z) =b(t,z), (3.16)

where a and b are L*° functions. By
1. subtracting (3.15) to (1.1), multiplying the result by (m — m), and inte-
grating on (0,7) x T?
2. subtracting (3.16) to (1.2), multiplying the result by (u—), and integrating
on (0,7) x T?
3. subtracting the two identities obtained in the first two steps and performing
suitable integrations by parts taking advantage of the periodicity,
one gets the following important identity:

/OT . m(t, z)R(t, x) —|—/0 o m(t, z)R(t, x)

| [ @bml = almpmt.a) — e,

]Z(U(Q x) — (0,2))(m(0,x) — m(0,z))

— ] (u(T,z) —a(T,x))(m(T,x) — m(T, z))
P T

_ / / a(t, 2)(m(t,z) — m(t, z)) + / b(t, 2) (u(t, z) — alt, ).
0 T2 0 T2

+

+

where
. oH _
R(t,z) = H(x,Vu(t,z)) — H(z, Vi(t,x)) — a—p(m, Vu(t,z)) - V(u(t,x) — alt, x)),

: o

R(t,z) = H(x,Vu(t,z)) — H(z, Vu(t,x)) — a (z,Va(t,x)) - V(u(t,z) — u(t,x)).

The same arguments can be used at the discrete level: consider a perturbed system:

artt—ar. . ~ ~
it = v(Ap@ ) 4 g(@i g, [Dpa™ i) = (Ra[m™))ij + afy,
~n+1 ~n ’ (3.17)

%tm” —l—V(Ahmn)i,j _i_f];’j(ﬂn-‘rl’mn) = b?,]

Multiplying the first equations in (3.17) and (2.14) by mj'; —m}',; and subtracting,

then summing the results for all n =0,..., Ny — 1 and all (z,j), we obtain
Nr—1 1
Z 7((un+1 _ an+1) _ (un _ ﬂ”), (mn _ ﬁln))g
— At
Np—1
_ Z V(Ah(u"+1 ~n+1) m" ﬁln)g
n=0
o (3.18)
+ )0 (g, [Dru"ig) = gl@i g, [Da@™ ) 7)) (myy — )
n=0 14,5
Nr—1 Nr—1
= Z (Pp[m"] — @p[m"],m"™ —m™), — Z (@™, m" —m")a,
n=0 n=0



where (X,Y)2 =}, ; X; ;Y; ;. Similarly, subtracting the second equation in (3.17)

from the second equation in (2.13), multiplying the result by u?jl — ﬁfjl and
summing for all n =0,..., Ny — 1 and all (¢,7) leads to
Nz—1
z 7((mn+1 - mn) o (anrl _ ’ﬁln), (un+1 - ,anJrl))Q
— At
+v((m™ —m™), Ap(u" T — a"th)),
Np—1
_ Z Zm?:] [Dh(unle _ ﬁn+1)]i,j - g (xi,j7 [Dhun+1}i7j)
n=0 14,7
Npr—1 Nr
+ Z Zm?] [Dp(u*! — ﬂn+1)]m g4 (l'i,j, [Dhﬁn+1]i,j) — Z(bnfl’un — ).
n=0 i, n=1
(3.19)
Adding (3.18) and (3.19) leads to the fundamental identity
1 1
_ E(mNT _ ,,,’;,LNT7UNT _ ﬂNT)2 + Kt(mo o ’ﬁ’LO,UO o 110)2
+G(M,UU) +G(M,U,U) + > (®p[m"] — Op[m"],m" —m"), (3.20)
n=0
Np—1 Nrp
= Z (a”,m"™ —m")s + Z(b"il,u" u"™)g
n=0 n=1

where M = (m")o<n<ng, M = (M")o<n<ng, U = (W )o<n<ng, U = (@")o<n< Ny
Note that under assumptions (g4) and (®p2), the second line of (3.20) is made
of three nonnegative terms. This is the key observation leading to uniqueness for
(2.14)-(2.15), but it may also lead to a priori estimates or stability estimates under
additional assumptions including for example the assumptions of Lemma 3.3.

4. Study of the convergence in the case when @ is a nonlocal smooth-
ing operator. Hereafter the Hamiltonian is of the form (1.7). In all the following
convergence results, we assume that system (1.1)-(1.3) has a unique classical solu-
tion. This is always the case if ® is monotone in the sense of (1.5) and continuously
maps the set of probability measures on T? (endowed with the weak * topology) to
a bounded subset of Lip(T?), the Lipschitz functions on T2, and for example maps
continuously C**(T?2) to C*+1(T?), for all k € Nand 0 < a < 1.

We summarize the assumptions made in § 4 as follows:

Standing assumptions (in Section 4).

e The Hamiltonian is of the form (1.7) and the function x — H(z) is C! on
T2

e The functions ug and my are smooth, and mr € K is bounded from below
by a positive number

e The operator ® is monotone in the sense of (1.5), nonlocal and smoothing,
so that there is a unique classical solution (u,m) of (1.1)-(1.3) such that
m >0

e The numerical Hamiltonian given by (2.3)-(2.4) and (®p1), (Pr2), (Pr3),
and (®p4) hold for the numerical cost function ®@y,.

Remark 8. The assumption on the monotonicity of ® will be made in all the
convergence theorems that follow. Without such an assumption, one may only expect
the convergence of subsequences; the techniques of proofs would differ much from
the ones proposed below, the main difficulty being to prove compactness in order to
pass to the limit in the nonlinearities.
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4.1. The case when (§ > 2.

THEOREM 4.1. With the standing assumptions stated above, we choose 8 > 2.
Let uy, (resp. my) be the piecewise trilinear function in C([0,T] x T?) obtained by
interpolating the values u;'; (resp mg ;) at the nodes of the space-time grid. The
functions uy, converge uniformly and in LP(0,T; W5(T?)) to u as h and At tend
to 0. The functions my, converge to m in C°([0,T]; L2(T?)) N L%(0,T; H'(T?)) as
h and At tend to 0.

Proof. Note that my(t,-) € K for any ¢ € [0, T7.

Hereafter, we use the following notations:

1 " = (ar

i';) is the grid function defined by 4}'; = u(tn, i ), where u is
defined by (1.1)-(1.3)

2. U= (a")o<n<nys

3. m" = I (m(ty,-)) with the notation introduced in § 2 and m defined by

1.3). This means that m;'; = f\zfm' | <h/2 m(tn,z)dx

(

4. M = (m")o<n<ng

U = (u")o<n<ngy and M = (m")o<p<n, where (u™,m"),, is the solution
of (2.14)-(2.15)
The grid functions 4" and m™ satisfy (3.17) where af'; and b'; are consistency
errors. From (2.10), the consistency of the discrete scheme and since (u,m) is a
classical solution of (1.1)-(1.3), we know that maxo<n<ng ([|a”(| Lo (r2)+[[0"[| oo (12))
goes to zero as h and At go to zero.

Remark 9. In order to give more precise information on the rate of conver-
gence of a™ to 0, we would need to make further assumptions on ®,. In any case,
the convergence to 0 of maxo<n<ng ([|a”([Loo(r2) + [[0" [ Loc(12)) is not better than
linear, because the discrete scheme for H(xz,Vu) is first order.

Strategy. The proof is done in three steps:
1. in the first step, we prove the convergence to zero of a discrete semi-norm of

the error on u, more precisely that limp A0 h2At 2221 i [Dpa™]i; —

B
[Dhu"]m-‘ = 0. For that, we essentially use the fundamental identity (3.20)

and the fact that the function m in (1.1)-(1.3) is bounded from below by a
positive constant.

2. The second step consists proving the convergence of my to m by working
only on the discrete Fokker-Planck equations and taking advantage of the
results obtained in the first step.

3. The third step consists of focusing on the discrete Bellman equation and
deducing the convergence of u, to u from the results of the second step.

Step 1: convergence to zero of a discrete semi-norm of the error on u. As a
consequence of the previous observations, the fundamental identity (3.20) holds,
and from (2.15), can be written as follows:

NT—l
W AtG(M, M, U) + WP AtG(M,U,U) + B2At Y (u[m"] — ®p[m"], m"™ — ")
n=0
Npr—1 Nt
=h*At Y (a",m" ="y + hEALY (b um — i),
n=0 n=1

(4.1)

The a priori estimate on the discrete Lipschitz norm of u™ given at the end of
Theorem 2.1 implies that limp, a¢—0 h? max,, [(0" 71, u™ — @™)3| = 0. From the fact
that m™ € Ky, we also get that limp a¢—o h? max, [(a”,m" —m")s| = 0. We can

13



then use (3.12) to deduce that

Nr—1
Ath? Z Zm smax (P72 RO I = = (D),

NT 1 (42)
At h? Z Zm max |p"+1|ﬂ_2 |]§Z;H|ﬂ_2) |p"+1 p‘f;"1|2 = o(l),

where p;'; and p;’; are given by (3.13). Here and in all the remaining part of the
paper, o(1) stands for a quantity that tends to zero as the parameters h and At tend
to zero, see Remark 9. Since m;'; is bounded from below by a positive constant, we
also deduce from (3.14) that

h2AtZZ‘Dhu i — [Dnumiy| = o0(1). (4.3)

n=1 4,j

Step 2: convergence of my, to m. We define the grid function e’ by e = m® —

m’. Subtracting the second equation in (3.17) from the second equation in (2.14),
multiplying the result by e ; and summing forall =0,...,n—1 and all (4, ) leads
to

n—1 n—1
h? Z(eé—s-l — e el)y + At h? Z v(Anpet, e,
=0 =0
— Ath? Z Z [Dheg]i,j ’ (mf,qu(mi,jv [Dh“Hl]i,j) ggq(mz j» [Dnt Hl}f—;l))
=0 ij
n—1
=—h*AtY (¥
£=0
This implies that
2 et et 0 ‘ ‘ 241
Ath*y " (7€ )2 T v(Anese )o— Y€t [Dnel; ;- gq(wi g, [Dhu'™]; 5)
,J
n—1
= —h*At» (b
=0
n—1
— AR YNl [Dne’], - (90(@ig [DhE i) = g, [Dau'*iy)).
=0 ij
(4.4)
It is clear that
1
n—1 n—1 2
WAL (b, e)2| = o(1) <h2At > |ef||§>
=0 £=0

From (3.9), we know that there exists an absolute constant ¢ such that for all > 0,
‘mﬁj [Dne’); ;- (9a(@i g, [Dna™ i) = gq(i g, [Dnu™ i )
< ml max(|p€+1|ﬁ 2 |~Z+1|ﬂ 2) ( |pé+1 pf;r1|2 + 77|[Dh€£]i7j|2)
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where pfjl,ﬁffgl € (R,)* are given by (3.13). Using the L> bound on [Dju‘*?]
uniform w.r.t. £, h and At given in Theorem 2.1, we obtain that there exists a
constant ¢ such that for all n > 0,

‘mfj[Dheé]i,j (gq(@i g, [Dha™ i 5) — gq(i 5, [Dhu“l]i,j)‘

<ig (; e -5 ¢ "7|[Dhe€]i,j2> (4.5)
ity (£ Dwat* = (Dn | 4 al[Dae’] ).

We shall also use the standard estimate:

[Dael]|f; < ~ClAne’ s, (4.6)

for a positive constant C' independent of h. Finally, from (4.4), a very classical
argument making use of (4.5), (4.6) and (4.3), the L> bound on [Dju‘*!] uniform
w.r.t. £, h and At, and the fact that hl|e7 |y = o(1), leads to the estimate:

NT—I
201 €112 2 012 _
Jmax b le‘]|3 + At h ;_% [[(Dref]|); = o(1). (4.7)

We easily deduce from (4.7) the claim on the convergence of my to m.
Step 3: convergence of uy to u. We have found that maxo<,<n, h?|m* —
Tn(m(te,))||3 = o(1). From (®p4), this implies that

n+1 I )
ui,j u

— YA )+ (@, [P ) = (@[mltasa, )] (i) + o(1).
The uniform convergence of the piecewise linear functions wy, (defined by interpo-
lating the values u;’]) to u is obtained from classical results on the approximation
of Bellman equations by consistent and monotone schemes: one may proceed by
induction on n and at each step use comparison arguments for v"t! and a"*!,
thanks to the monotonicity of g, see for example [2], proof of Theorem 8. No rela-
tion between h and At is needed because the scheme is implicit w.r.t. «. From this
and (4.3), we also deduce the convergence of uy, to u in L?(0,T; W1#(T?2)). O

Remark 10. In the present case, additional assumptions on the order of the
discrete scheme should lead to error estimates. We will not discuss this matter.

4.2. The case when 1 < 3 < 2.

THEOREM 4.2. With the standing assumptions stated at the beginning of § 4,
we choose 3 such that 1 < 3 < 2.
Let uy, (resp. my) be the piecewise trilinear function in C([0,T] x T?) obtained by
interpolating the values u;'; (resp m; ;) at the nodes of the space-time grid. The
functions uy, converge uniformly and in L*(0,T; WY2(T?)) to u as h and At tend
to 0. The functions my, converge to m in L*((0,T) x T?) as h and At tend to 0.
Proof.
Strategy. The proof is organized in three steps
1. The first step consists of proving the convergence to zero of a discrete semi-
norm of the error on u thanks to the fundamental identity (4.1)
2. In the present case, it is no longer possible to use (3.9); hence, the conver-
gence of my, to m will not be obtained by subtracting the discrete Fokker-
Planck equations in (2.14) and in (3.17) from each other. Instead, Step 2
is devoted to a priori estimates on my,
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3. The third step consists of showing the convergence of mj; to m by using
compactness properties stemming from the above mentioned a priori esti-
mates and again the fundamental identity (4.1). The convergence of wuy,
follows.

Step 1: convergence to zero of a discrete semi-norm of the error on u. We start
from (4.1) where a and b are the same consistency errors (with the same bounds)
as in the previous paragraph; using (3.8), this implies that

Nr—1
2 (4113—2 |0+1(8—2) |, b+]1  ~0+1]2
Ath Z Zm” (ot oy min (1035 A2 PR ISt = s I = o(1),

(4.8)

where pf?l,pftl € (R;)* are given by (3.13). From the a priori estimates on
Duf*Y|| _ and ||[Di’*!]|| o, the inequalities 1 < 3 < 2 and the bound from below
o0

on m, there exists a positive constant ¢ such that

~ L

m mln (‘p£+1|,8—2 |~Z+1|B—2)

pijle”) z e

Hence
Np—1

Ath? Z Z|pfj1 Pi P = o(1). (4.9)
4,7

It is easy to see from the periodicity that (4.9) implies

Nr—1

At h? Z ZHDthJﬂ , [Dh~e+17,j’2:0(1). (4.10)

Step 2: a priori estimates on my,. Multiplying the second equation in (2.14) by
m;';, summing with respect to the indices i and j, and using the identity z2(z—y) =
1(22 = y* + (2 — y)?), we obtain that

1

5 (™[5 = Im™ 5 + [lm™ = m"™H[3) + vAH|Vam™ |3

=— Aty mp (i, [Draig) - [Drm™i.
.
Using the continuity of g, and the a priori bound on || DhunH”Lw(TfL) loads to the

existence of a positive constant ¢ (which depends on v and on the uniform bound
on [[Dpu"*H| e (g2)) such that

I [I3 + v AH[Vm™ |3 < [m" 3 + cAt]m™ 3.

A discrete Gronwall estimate then leads to the existence of a positive constant C'
such that
Np—1
max [[m” |3 + At > Drm™|; < Cllm™NT 3. (4.11)
n=0

Similarly, from (2.14), we see that for all grid function (r; ;) on Tp,

Npr—1 n+1 n
m
§ § 7” ’J
n=0 14,7
NT 1 NT 1
=V E , E :Vh )i - (Var™)ij + E , E nggq i 5, [Dpu” ] ) [Dar"]i g
n=0 14,5 n=0 4,j

(4.12)
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From the a priori bound on HDhu”“HLm(T%) and (4.11), we infer that

mrtl_mn

N 1 i i,7
SN Sy Ty

sup <C.

n N 1 n -
(7 )n \/Z T Zj [Dh’/' ]7]|2

Step 8: convergence of my and up. From (4.11), we see that the family of
functions (my,) is bounded in L?(0,T; H'(T?)). Moreover, from (4.12) and the
a priori bound on ||Dhu"+1||Loo(T%), we can use the same arguments as in e.g.
[10] pages 855-858 and prove that the family of functions (my) has the following
property: there exists a constant C' such that

NT—l
Hmh('—T,‘)—mh(‘,‘)||%2((r,T)x1r2) < CTh*At Z Z| Dpm”] u\ + Z
n=0 ,J

(4.13)
for all 7 € (0,T). Since the right hand side is bounded by C7h%|m™¥7|]3, Kol-
mogorov’s theorem (see e.g. [6], [11], [10] page 833) implies that the family of
functions (my,) is relatively compact in L2((0,7) x T?): we can extract a subse-
quence of parameters h and At tending to 0 such that my converges to m strongly
in L2((0,T) x T?), and (4.13) holds for .

Therefore, from (®py),

Nt
lim ALY [ @[t )] = @ [m"]]| e g2y = 0-
}L,AI?LO t;} | ®[m(ts, -)] nlm ]HLOO(T%) 0

On the other hand, from (4.1), we see that

Nr—1

AR 37 (@pm™] — "], m" — "), = o(1).

Then, using (2.10), we deduce from the previous two formulas that

lim At Z /TF (@) = B[(tn, )](2)) (m(tn, &) — Wltn, 2))dz = 0,

At—0
n=0

which implies that

| [ @)@ = b)) (it ) = t.a))dode =

The monotonicity of @, see (1.5), then implies that m = m. From the uniqueness of
the limit m, we have proven that the whole family mj, converges to m in L2((0,T) x
T?) as h and At go to zero.

We conclude as in Step 3 of the proof of Theorem 4.1 for the convergence of uy to
win C°[0,T] x T?) and in L?(0,T; W12(T?)). O

5. Study of the convergence in the case when @ is a local operator.

5.1. A priori estimates for (2.14)-(2.15) with local operators ®;,. We
have a result similar to Theorem 2.7 in [21]:
LEMMA 5.1. Assume that 0 < myp(z) < mp and that ug is a continuous
function. If g is given by (2.8)-(2.4), (®n[m])i; = F(m; ;), where
(F1) F is a C° function defined on [0, 00)
17



(F>) there exist three constants § > 0 and v > 1 and Cy > 0 such that
mF(m) > §|F(m)|” — C1, ¥Ym >0,

then there exists two constants ¢ and C > 0 such that

e ul; >c, foralln, i andj
[ ]
Nr—1
h2AtZZ‘ Duunly| + h2at Z > |FOm, (5.1)
n=1 4,j 1,7
[ ]
2 no <
o nax, b Z ;| < C (5.2)
17-7
e Finally, let us call Z™ the sum 2™ = h? Do ZLJ- and zy, the piecewise linear

function obtained by interpolating the values 2™ at the points (t,): the family
of functions (zp) is bounded in W1(0,T) by a constant independent of h
and At.
Proof. From the two assumptions on F', we deduce that F = inf,,,cp, F(m) is a
real number and that £ = min,,>o F'(m). Note that F = F(0) if F is nondecreasing.
A standard comparison argument shows that

uflj 2 min uo(z) + (F— 1;16%5571(33)) tn 2 miy up(z) — T (F— %;gﬁ(fv)) :

so u;'; is bounded from below by a constant independent of h and At.

Consider ap; = nAtF(mr) and m}; = mr for all i,j,n. We have

= A1
mnT

~n—+1 ~n
{ % —v(ARa™ ) 5 + g(ai g, [Dra™ ;) = F(mr) + H(w,j),
7” L+ p(Apm™) i + T (@t mn) =0.

Identity (3.20) becomes

Np—1
WAL G(M,U,U) + G(M,U,U) + > > (F( F(mr))(m},; — inr)
n=0 14,5
NT 1
=hPAL Y > Hw ) (my; —my)
n=0 14,j

+ h2(mNT — g, uNT — T F(mr))a — h%(m° — mp, u®),.

Note that

G(M,U,U) =G(M,U,0) and G(M,U,U)=G(M,0,U),

because u;'; does not depend on i, j. On the other hand,
1. Since the function H is bounded, and m™ is a discrete probability density,
there exists a constant C' such that

Np—1

h2At Z ZH 25,5)(my; —ml,)| < C.
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2. Since mNT — fmp is nonpositive with a bounded mass, and since u™ is

bounded from below by a constant, there exists a constant C' such that
hQ(mNT — ’ﬁlT,’U,NT —TF(mr)) <C.

3. Since ug is continuous on T? and my is a discrete probability density, there
exists a constant C' such that

—h2(m°® —mp,u’)y < C.
4. Finally, we know that

(F(mg;) — F(mr))(mj; —mr)
>§|F(m};|" — C1 — mrF(m];) — m};F(mr) + mpF(mr).
Moreover, since v > 1, there exists two constants ¢ = % and C such that
4] |F(mf])|7 —mrF(mi;) > c|F(m§fj)|7 — C. Since m"™ € Kj,, summing
yields that for a possibly different constant C,

W (F(m};) — F(mr))(my; —mr) > ch® > |F(m})|" - C.

2 1,7

In the case 8 > 2, we get (5.1) from (5.3), from (3.14) and from the four points
above. In the case 1 < § < 2, we get (5.1) from (5.3), from Remark 7 and from the
four points above.

Finally, summing the first equation in (2.14) for all 4, j, 0 < £ < n one gets that

h2zu”+h2mzzgx”, [Dpu'™;5) —h2AtZZF +h2Zu”

(=0 i,j £=0 1,j

Using (5.1), we get that there exists a constant C' such that
Wty uiy <
4,9

and since u;'; is bounded from below by a constant, we get (5.2).
Finally, let us estimate 2™ = h?*}", j Ui ;3 summing the first equations in (2.14) for
all 4, j, we obtain that

n+1l _ Zn 9 ntl
T:_h Z( (i, [Dpu™" i 5) + F(m ,]))

i,
The a priori estimate (5.1) implies that At ZNT ! |L| is bounded by a con-
stant. This implies that the piecewise linear function z; obtained by interpolating
the values 2" at the points (t,) is bounded in W11(0,T) by a constant independent
of h and At. O

5.2. A convergence theorem. The case when ® is a local operator, i.e.

®[m](xz) = F(m(x)) brings additional difficulties, because there is no a priori Lip-
schitz estimates on uy: such estimates were used several times in the proofs of
Theorems 4.1 and 4.2.
For simplicity, we are going to make the assumption that the continuous problem
has a classical solution: existence of a classical solution can be true for local op-
erators ®@: for example, it has been proved in [9] that if 3 = 2, and F is C! and
bounded from below, and if the functions ug and mg are C? then there is a classical
solution.
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Standing assumptions (in § 5.2 and § 5.3).

e The Hamiltonian is of the form (1.7) and the function x — H(z) is C! on
r]r2

e The functions ug and mr are smooth, and mr € K is bounded from below
by a positive number

e (Fy) and (F3) hold and there exist three positive constants g, 11 > 0 and
0 < m2 < 1 such that F’(m) > d min(m™,m~"2)

e The numerical Hamiltonian is given by (2.3)-(2.4)

THEOREM 5.2. We make the standing assumptions stated above and we assume
furthermore that there is a unique classical solution (u,m) of (1.1)-(1.3) such that
m > 0.

Let uy, (resp. mp) be the piecewise trilinear function in C([0,T] x T?) obtained by
interpolating the values uj (resp m; ) at the nodes of the space-time grid. The
functions uy converge in L'G(O T; Wl*ﬁ('JI‘Q)) to u as h and At tend to 0. The
functions my, converge to m in L2_7’2((0,T) x T?) as h and At go to 0.
Proof. Call m = maxm(t,z) and 0 < m = minm(t, z).
Strategy. The proof is organized in three steps
1. The first step consists of proving (4.3). This will more tricky if 1 < 8 < 2.
2. The second step consists of proving the convergence of my to m by taking
advantage on the assumptions on F and F”.
3. The third step consists of proving the convergence of w, to u, by passing
to the limit in the Bellman equation: in particular, Vitali’s theorem will be
used for passing to the limit in the nonlinear term F'(m).

Step 1: convergence to zero of a discrete semi-norm of the error on u. We start
from (4.1) where a and b are the same consistency errors (with the same bounds)
as in § 4. From Lemma 5.1, the a priori bound (5.2) holds. This implies that
limp, Az—o h? max, |(b" 71, u™ — @"),| = 0. From the fact that m™ € K, we also get
that limp az—o h? max, (@, m"™ — m™)s| = 0.

Therefore, if 8 > 2, we obtain (4.2) and (4.3).
If 1 < 8 < 2, we are going to prove that (4.3) also holds: we have

Np—1
. 04118—2 | ~l4+1(5—2) |.b ¢
AR Y Y il e e o min (I A2 B 1S2) i — 5P = o(1),
=0 i

where pf';l,pf';l € (Ry)* are given by (3.13). Let us define for brevity

¢ - / ~04+118-2Y | ¢ 0
‘/;7;_1 — 98 36(8—1)1 Pt L0 min (|p +1|ﬁ 2 | +1‘ﬁ 2) |p +1 p231|2,
~(+1
Assume that p;’" # 0. We have
VO > 207088 — 1) min(lpy P2 1B P2 I — B
o If |p1+1| < \;5“1| then
¢ —: ) 2. ¢ ¢
Vi > 207088 = Vp PR e — B
o If [pi 1] < [piF!] and [pitt — Bt < |piH!(/2, then
VIt > 207338 = V)p P2 i — P
> 20736(8 — )3l ;' 1/2)7 2 piht — By
32
2

~{ A ~{
(8= D)Ip 2 it — B
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o If |p 7 < |pi'| and [pi%' — 55 > |50 5/2, then

Vit 22070808 = Il el - py P

> QB—Sﬁ(ﬁ )(lpZJrl szjrll + |p2+1|)5 2|p2+1 ﬁfjl|2
> 207883 — )3l — i) RS — B
672 ¢ ~
= 5 BB=Dlpi;" - 551
If 55" = 0 and pi %' # 0, then V7' > 20733(8 — 1)|p{ 1.

From the observation above, and since fnf . >m,

B—2) 0+1 _ S0+1)2
N1 Lo 5 172055 — 5
9 B—2) 041 _ 04112
Ath Z Z Flpeezpe et - pf+;\<\~f+1\/2}lpz 'l !p Dis |
=+1|3
i.j _ _ 1 _ .
Lt 2 Lt g s ey [P0 — B

= o(1).

Furthermore, looking at the definition of p; ;" in (3.13), we see that |pl+1\ is smaller
than an absolute constant times the C! norm of u (recall that (u, m) is the classical
solution of (1.1)-(1.3)). Hence, since 1 < 3 < 2, |ﬁfjl|ﬁ_2 is bounded from below

by a constant independent of h, At, i, j,£.

S0+1 s

Thus
0+ ~(+12
N1 st <oy Pig — 2|
0+ ~0+1|2
Ath? 33| Al sy L g <y 025 =B P | = o(1),
(=0 i,j ~£+1‘ﬁ.

as
Lt 2t Lt -t 21 2 P
Using a Holder inequality, we deduce that

Nt
RAEY N

=1 1,5

(+1 ~(+1

pz_] pz,] *0(1)’

and finally (4.3).
Step 2: convergence of myp, to m. We also obtain from (4.1) that

Np—1

WAL Y S (F(mpy) — Fmg,)(my; —mi;) = o(1). (5.4)
We split the sum w.r.t. (4,7) in the left hand side of (5.4) into
Sp = Z((mi / F'(m} 4 t(m}; —ml';))dt,
,J

Sy = ((m}; - / F'(iml; +t(m}; —ml';))dt.
,J
Call m = maxm(t,x) and m = minm(t,x) > 0; there exists a positive number ¢
depending on m and m but independent of h and At, and (¢, j,n) such that

1
St 2 e Xy =) ) [ e tn, iy
2

— ¢ n S\ ~ M +1 n +1
TS Z((ng —mg ;) ) ()™ = (mi )™
i,j
c n ~n \— ~n
R TS Z((mi,j - mi,j) )2(77%‘,]‘)”1-
i,



The latter inequality comes from the nondecreasing character of the function y :
+1 1

[0,y] — R, x(2) = % Thus, x(z) > x(0) = y™. Hence, there exists a

constant ¢ depending on the bounds on the density m solution of (1.1)-(1.3) but

not on h and At, and (7, j,n) such that

St = e ((miy; —mi;)7)%
iy

On the other hand

i
c bt -T2 bt -T2
i > ((myy = mg ) ) ((my)' " = ()t ")
0
> e ((myy —mp)*) (my) ™
0

But there exists a constant ¢ such that for all y € [m,m]: if 2 >y +1

— 72
B RN EUAR S il
(=)™ 2 (z—y)™™ inf —

2 C(Z - y)2in2a
andify<z<y+1,
(z —y)%2™ > ce(z — y)*.
Therefore there exists a constant ¢ such that
ST + 5%
~ 2 ~ 2
Ze | D mily = i) Ly <, 41y + D (M = )T L 1)
1,7 4,7

Then (5.4) implies that

n ~n \2
Nr—1 E :(mz,j mz,j) 1{mf)g§m?1]+1}

lim hAt Y [ =0.
~ 92—
h,At—0 n=0 + Z(mzld o mZJ) " 1{mTJ >mi +1}

2]

Then, a Holder inequality leads to
Np—1

i 2 no_pn |27 —
WAL 3 D iy = =0,

n= (2¥]

Step 3: convergence of up, to u. From the previous two steps, up to an extraction
of a sequence, my, — m in L27"2((0,T) x T?) and almost everywhere in (0, T') x T2,
Vuy, converges to Vu strongly in LA((0,T) x T?). Moreover, from the last point
in Lemma 5.1, the sequence of piecewise linear functions (z5,) on [0, 7] obtained by
interpolating the values 2™ = h* 37, S uf'; at the points (t,) is bounded in W*'(0, T),
so up to a further extraction of a subsequence, it converges to some function z in
LP(0,T). As aresult, there exists a function v of the variable ¢ such that uj, — u-+1v
in LP(0,T; W4#(T?)). We want to prove that 1 = 0.

From the a priori estimate (5.1), the sequence (F'(my,)) is bounded in L7((0,7T) x T?)
for some v > 1, which implies that it is uniformly integrable on (0,7') x T2?. On the
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other hand, F(my,) converges almost everywhere to F'(m). Therefore, from Vitali’s
theorem, see e.g. [24] , F(my) converges to F(m) in L*((0,T) x T?), (in fact, it
is also possible to show that F(mj) converges to F(m) in L((0,T) x T?) for all
q € [1,7)).
It is then possible to pass to the limit in the discrete Bellman equation, which yields
that %—f = 0 in the sense of distributions in (0,7"). Hence v is a constant.
We are left with proving that v is indeed 0. For that, we split % into the sum
[h + Mp, where

° Mh|te(tn,tn+1] is constant w.r.t. t and piecewise linear w.r.t. x, and takes

the value v(Apu"tt); ; at the node &; ;
e 7, is the remainder, see (2.11). This term is constructed by interpolating
the values F(m}';) — g(w; j, [Dnu']; ;) at the grid nodes.

From the observations above, (n;,) converges in L'((0,T) x T?), (because of the
strong convergence of Vuy, and of F(my,)). On the other hand, from (4.3), it is not
difficult to see that (u) is a Cauchy sequence in L7 (0, T; (W*#/(8=1)(T2))) for s
large enough, (here (W*#/(8=1)(T?2))" is the topological dual of W*A/(8=1)(T?2)),
Hence, (%Lth) converges in L(0,T; (W=#/(8=1(T?2))"). Therefore, uj, converges in
CO([0, T]; (W#B/(B=1)(T2))"); since (up(t = 0)) converges to ug, we see that 1) = 0.
This implies that the extracted sequence u;, converges to u in L?(0,T; WA (T?)).
Since the limit is unique, the whole family (us) converges to u in L?(0, T; W18(T?))
as h and At go to 0. O

5.3. The stationary case. The following steady state version of (1.1)-(1.3)
arises when mean field games with infinite horizon are considered (ergodic problem):

—vAu(z) + H(x, Vu(z)) + X = ®[m()](z), in T?, (5.5)
—vAm(z) — div (maalg(~, Vu)) () =0, in T2 (5.6)
m=1 and m>0 inT? (5.7)

T2

The unknowns in (5.5)-(5.7) are the density m, the function w and the scalar .
The scalar \ is the limit of the ergodic costs of infinite horizon Nash equilibria with
N agents when N tends to oo, see [19, 21]. Clearly, if (u, m, ) solves (5.5)-(5.7),
then for all real number ¢ # 0, (u+ ¢, m, A) is another solution. Hence, it is possible
to impose an additional normalization on w, for example sz u = 0.

It can be proved that, if (F3) holds with v > 2 (2 is the space dimension) and F' is
nondecreasing, then (5.5- (5.7)) has a classical solution for any 8 > 1, by using the
weak Bernstein method studied in [22].

We give the counterpart of Theorem 5.2 in the stationary case. We omit the proof
because it is quite similar to that of Theorem 5.2.

THEOREM 5.3. Let us make the standing assumptions stated at the beginning
of § 5.2 and the further assumption that there is unique classical solution (u,m,\)
of (5.5)-(5.7) such that m >0 and [, u(z)dx = 0.

Let uy, (resp. mp) be the piecewise bilinear function in C(T?) obtained by interpo-
lating the values u; j (resp m; ;) at the nodes of T7, where ((u; ;), (mi ), A\n) is the
unique solution of the following system:

for all 0 <i,5 < Np, m;; >0,

—v(Apu)ij + g(xij, [Druliz) + A = F(mg ),
—v(Apm); ; — T j(u, m) =0, (5.8)
h2 Zi,j Us,5 = 07 h2 Zi,j m; j =1.

As h goes to 0, the functions uj, converge in WYP(T2) to u, the functions my,
converge to m in L>~"2(T?), and A\, tends to \.
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Appendix A. Proofs of some technical lemmas.

Proof of Lemma 3.1 . We focus on point 2, since point 1 is obtained by straight-
forward calculus.
For all » € R*, we have

gg(x,q) - = Gp(p)- (=1 <om1, Llgs>072, —Llgs<073, 1gy>074)
= BIp|°2 (=p171 + para — p3r3 + para)

Hence,
—94(%,q) - (G —q)
= —Gpp) | —1g<o(@r — q1); 1g50(G2 — q2), —1g3<0(G3 — 43), 1g>0(da — Q4)>
= —Bp|° 2 (-p1(@ — ¢1) + p2(Go — g2) — P3(ds — g3) + pa(Gs — Q4)>.
But
—p1(G1 — @) =p1(P1 — p1) — 1@y < p1(Pr — 1),
p2(G2 — q2) = p2(P2 — p2) — p2dy < p2(P2 — p2),
—p3(Gs — q3) = p3(P3 — p3) — p3ds < p3(Ps — p3),
Pa(Gs — q1) = pa(Pa — pa) — pady < pa(Pa — pa)
Therefore

—gq(z,q) - (@—a) = —BIp|”?p- (5 —p) = —Gp(») - (5 —p), (A1)

and (3.5) follows immediately.

Proof of Lemma 3.2.
1.(a) If 8 > 2, then

g(x,q) —g(z, Q) (z,q)-(G—q)
> G(lﬁ)—G(p) () (p—p)
_ / (1 - 8)Gyp(sp+ (1 —8)p)(p—p) - (F— p)ds
> Blp— / (1 - 8)|sp+ (1 — 5)p|°~2ds,
0

where the first (resp. second) inequality comes from from point 2 (resp. point 1) in
Lemma 3.1. Hence,
1

9(x.q) — g(z,q) — gg(x.q) - (G—q) > Blp|”?lp— 15|2/O (1—5)7"'ds

" ~2lp — 51
On the other hand,
1
9(2,9) = 9(2,9) = gq(w,9) - (G—q) > ﬂ|ﬁ|“|p — / (1—s5)s"ds
0
= ﬂ P17 =Bl
The last two estimates yield (3.6) because 1 > ﬂ’ then (3.7).

1.(b) If1<f<2andp+p+#0, then
g(:? q) —g9(x,q) — gq(x,q) - (7 — q)
| =G+ (1= )= 1) (5= s

1
B3~ p — 2 / (1— 8)[sp + (1 s)p|*~2ds,
24
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where the first (resp. second) inequality comes from point 2 (resp. point 1) in
Lemma 3.1. But |sp + (1 — s)p| < 2max(|p|eo, [P|oo) and since 8 < 2, |sp+ (1 —
s)p|? 7% = 207 min(|p| 32, [pI5?). Hence,

1
9(2,d) — 9(z,q) — gg(x.q) - (G —q) > 2°723(8 — 1) min(|p|5 2, [5%2) /0 (1—s)ds,
which yields (3.8).

2. We have that

(94(1'7(1) - QQ(xa Q)) T
=B (15”2 (—=Prr1 + Para — Psrs + Para) — [pI° > (—p1r1 + para — pars + para)) -

Call ¢ the function defined on (R;)?* by
Up) = Blp|"?p - Er,

where = = Diag(—1, 1, —1, 1) stands for the diagonal matrix in
is (=1,1,-1,1). We have

R*** whose diagonal

(9¢(%,q) — gq(x,q)) -7 = £(p) — é(p)Z/O lp(sp+ (1 —s)p)- (p—p)ds if p # —p,
(94(%,q) — gq(z,9)) -7 =0 if p= —p.

6o(p) = BB =2) /" (p-Er)p+ Blp|"*Er, Vp#0.
Hence, if p+p # 0,

(gq(fﬂaQ)*f{q(x,Q))'r
= 36-2) [ s (=9 (55 (1= ) =0) (G55 (1= ) (5= )

+ | s+ (1= sl (- p) - 20}

(A.2)
Call T (respectively IT) the first (respectively second) integral in (A.2). It is clear
that

1
11| < |p—pllr| / |sp+ (1= s)p|”~2ds < max(|p|” =2, |p|”~?)Ip — BlIr|-
0
We also have

11| < max(|p|”~2, [5]° %) p - plIrl,

and (3.9) follows from the last two estimates.
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