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MEAN FIELD GAMES: NUMERICAL METHODS*

YVES ACHDOUT AND ITALO CAPUZZO-DOLCETTA#

Abstract. Mean field type models describing the limiting behavior, as the number of players
tends to +oo, of stochastic differential game problems, have been recently introduced by J.-M. Lasry
and P.-L. Lions [C. R. Math. Acad. Sci. Paris, 343 (2006), pp. 619-625; C. R. Math. Acad. Sci. Paris,
343 (2006), pp. 679-684; Jpn. J. Math., 2 (2007), pp. 229-260]. Numerical methods for the approx-
imation of the stationary and evolutive versions of such models are proposed here. In particular,
existence and uniqueness properties as well as bounds for the solutions of the discrete schemes are
investigated. Numerical experiments are carried out.
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1. Introduction. Mean field type models describing the limiting behavior of
stochastic differential game problems as the number of players tends to +oo have
recently been introduced by J.-M. Lasry and P.-L. Lions [11, 12, 13]. In the stationary
setting, a typical model of this kind comprises the following system:

(1) —vAu+ H(x,Vu) + A =V[m] in T?,
H
(2) —vAm — div (m%—p(x, Vu)) =0 inT?
(3) /uzO, m=1, m>0.
T2 T2

The unknowns are the scalar functions u, m defined on the two-dimensional torus T2
and the real number A. We consider bidimensional problems for the sake of simplicity,
but the results below hold for any space dimension. The data are a positive number
v, the Hamiltonian H : T? x R? — R, convex with respect to p and the (nonlinear)
mapping V associating to a probability density m a Lipschitz function V[m] on T?.
Typical examples for V' include nonlocal smoothing operators.

The time-dependent analogue of system (1)—(3), also considered in [11, 12, 13], is

(4) % —vAu+ H(x,Vu) =V[m] inT? x (0,7),
(5) %—T + vAm + div (m%—g(x, Vu)) =0 inT? x (0,7),
(6) m(z,t)de =1, m >0,
’]1‘2
(7) u(t=0)=WmiEt=0)], miEt=T)=me.

*Received by the editors May 11, 2009; accepted for publication (in revised form) June 8, 2010;

published electronically July 29, 2010.
http://www.siam.org/journals/sinum/48-3/75847.html

TUFR Mathématiques, Université Paris Diderot, Case 7012, 175 rue du Chevaleret, 75013 Paris,
France and UMR 7598, Laboratoire Jacques-Louis Lions, F-75005, Paris, France (achdou@math.
jussieu.fr).

IDipartimento di Matematica, Sapienza Universitd di Roma, Piazzale A. Moro 2, I-00185 Roma,
Italy (capuzzo@mat.uniromal.it).

1136



MEAN FIELD GAMES: NUMERICAL METHODS 1137

We refer to the mentioned papers of J.-M. Lasry and P.-L. Lions for analytical results
concerning system (1)—(3) as well as for its interpretation in stochastic game theory.
Let us mention here only that a very important feature of the mean field model above
is that uniqueness and stability may be obtained under reasonable assumptions (see
[11, 12, 13]), in contrast with the Nash system describing the individual behavior of
each player, for which uniqueness hardly occurs.

The aim of the present work is to propose discrete approximations by finite dif-
ference methods of the mean field model, both in the stationary case (1)—(3) or the
evolutive one (4)—(7). The numerical schemes that we use rely basically on monotone
approximations of the Hamiltonian and on a suitable weak formulation of the equation
for m.

These schemes 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, which are uniform in the grid step, can be proved under
reasonable assumptions on the data.

Let us mention in this respect that an important research activity is currently
going on about approximation procedures for mean field games. Quite recently, we
learned about a different numerical approach, based on the reformulation of the model
as an optimization problem, which is restricted, however, to the case when V[m](z) =
g(m(z)); see [10]. See also [5] for a recent work on discrete time, finite state space
mean field games.

In section 2, we present the approximation of the nonlinear operators involved
in, e.g., (1)-(3) and the main assumptions that are going to be made. The finite
difference scheme for the stationary model is discussed in section 3. Emphasis is put
on existence and uniqueness and on bounds on the solution; the main difficulty faced
there is to obtain bounds on the solution which are uniform in the discretization
parameters. An example of a convergence result is also supplied in section 3.

In section 4 we discuss an implicit in time finite difference method for the following
evolution problem comprising two forward parabolic equations:

ou

(8) 5 vAu + H(z,Vu) = V[m] in T? x (0,T),
(9) %—TZ — vAm — div (m%—lz(x, Vu)) =0 inT*x (0,7),
(10) m(z,t)de =1, m >0,

(11) u(z,0) = uo(xqi m(z,0) = mo(x).

By analogy with known results long time approximations for the cell problem in
homogenization (see [14]), we expect that there exists some A € R such that u(x, t)—\t
and m(x,t) converge, as t — +o0, to the solution (@(z),7(x),\) of the stationary
system (1)—(3). The main result in section 4 is Theorem 5 on the existence for the
discrete system. section 5 deals with a semi-implicit scheme for the evolution system
(4)-(7) and contains results on existence and uniqueness. Finally, the long time
strategy mentioned above and the numerical experiments for the stationary models
are described in section 6.

A Newton method for the evolutive problem (4)—(7) will be discussed in a forth-
coming work (see [1]).
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2. The finite difference operators.

2.1. The proposed schemes. For simplicity, we discuss the approximation of
(1)—(3). Let T2 be a uniform grid on the torus with mesh step h (assuming that 1/h
is an integer Nj,) and z;; denote a generic point in T7. The values of u and m at z; ;
will be approximated by U; ; and M; ;, respectively.

Hereafter, we will often make the following assumptions on the operator V:

(A1): V :m — V[m] maps the set of probability measures into a bounded set of
Lipschitz functions on T2.

(A2): If m,, converges weakly to m, then V[m,,] converges to V[m] uniformly on
T2.

A possible approximation of V[m](x; ;) is

(12) (Va[M])s,j = VIma](zi ),

calling my, the piecewise constant function taking the value M; ; in the square |z —
Zi jloo < h/2, and assuming that V[my] can be computed in practice.
We introduce the finite difference operators

Uit1; — Ui,
h

Uijt1 = Ui,

(13) (DY U)ij = W

and (D;_ U)i,j =
and the numerical Hamiltonian g : T2 x R* — R. The finite difference approximation
of H(x,Vu) is g(zi, (DY U )i, (DYU )i, (D3 U )i, (D3 U™ )i 1),
Classically, we choose the discrete version of (1) as

(14) —v(ApU)ig + 9(@ij, [DaUlis) + A = (Va[M]), ;

with the notations
1
(15) (AR W) 5 = —ﬁ(4Wi,j — Wit —Wisi; — Wi —Wij-1),
T
(16) [DpWi; = (DYW)i 5, (DYW)iz1j, (D3 W) 5, (D3 W);i-1) " .

We make the following assumptions on the discrete Hamiltonian ¢: (g1, g2, q3,q4) —
g (fE, 41,42, 43, (I4):
(H1): Monotonicity: ¢ is nonincreasing w.r.t. ¢; and gs and nondecreasing w.r.t.

g2 and q4.
(H2): Consistency:

(17) 9($7Q17Q1aQ27Q2) ZH(x,q) vz ETQVQZ (q17q2) ERQ'

(Hs): Differentiability: g is of class C!.

The discrete version of (2) is chosen according to the following heuristics:

e When u is fixed, (2) is a linear elliptic equation for m. Therefore, when U is
fixed, the discrete version of (2) should yield a matrix with positive diagonal entries
and nonpositive off-diagonal entries so that hopefully a discrete maximum principle
may be used.

e The argument used in [13, 11, 12] for the uniqueness of (1)—(3) and (4)—(7) should
hold in the discrete cases. For this reason, the discrete Hamiltonian g introduced above
should be used in the discrete version of (2) as well, and we will often make another
assumption on g.

(Hy): Convexity: the function (q1,¢2,43,94) — g (x,¢1, 92, g3, qa) is convex.
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The main idea is to consider the weak form of (2). It involves the term
H H
—/ div (ma—(x, Vu)) w= ma—(x,Vu) -Vuw
T2 3p T2 3p
which will be approximated by
h2 Zmi7jvqg(a:i7j, [DhU]i)j) . [DhW]i)j.
0,J

This yields the following discrete version of (9):

—Z/(AhM)i7j
5] 15)
Mi,j_g(xi,ja [DrUJi5) — Miij_g(fifl,ja [DrUJi-1,5)
1 oq 5 o 5
g g
(18) M+ Mi+1,ja—q2($i+1,j7 [DnUliv1,5) — Mi,ja—qz(%’z i» [PnUlij) =0
5] 15)
M j o2 (@i g, [DRUlig) — M1 (25,41, [DaUlij—1)
1 g3 5 J0q3 5
g g
P\ M= (2541, [DRUTi ) — My g (215, [DaUi5)
0q4 0q4
We will also use the more compact but less explicit notation
B; ;i (U, M)
0 0
Mi,ja—i(ﬂfim [DrUli5) — Mz—l,ja—qgl(xz—l i» [DrUli-1,5)
0 dg
+ Mz+1,ja_($i+l7ja [DrUliy1,5) — Mm‘a—(ffm‘, [DrU]; )
(19) _ 1 42 42
~h P P ’
g g
Mi,ja_q?)($i,j, [DrUli5) — Mu—la—qa(ﬂfi,j—la [DrUlij-1)
+ b b
g g
+ M jy15—(Tijv1, [DaUli j+1) — Mi j=—(xi 5, [DaUJi ;)
0q4 0qy4

which makes it possible to write (18) in a shorter way:
(20) —Z/(AhM)i)j —Bi’j(U, M) =0.

Remark 1. It is important to realize that the operator M — —v(ApM);; —
B; ; (U, M) is the adjoint of the linearized version of the operator U — —v(ALU); ; +
9(xi g, [DrU]i ;).

(Hs): A further consistency assumption: One has to assume that the discrete
operator in (20) is a consistent approximation of the differential operator in (2), i.e.,
that there exists a positive integer ¢, a real number Jg, dg € (0,1), and some positive
real number 7 such that for every v,m € C%%(T?), there is a constant K depending
on the norms of v and m in the previously mentioned Schauder spaces such that for all
h < 1, calling V and M the grid functions defined by V; ; = (1/h? vdx

—— )‘]}I—miyj\oo<h/2
and Mi)j = (1/h2)f‘

o—wi e <h/2 mdx, we have for all i, j

(21) B; ;(V, M) — div (m%—fj(:ﬁ, vw) (z:;)| < KR

This assumption is clearly fulfilled if g satisfies (17) and if g and H are smooth enough.
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2.2. Summary. Finally, the finite difference approximation of (1)—(3) is to look
for two grid functions U, M on T% and for a scalar A such that

(22) —v(ARU)ij + g(wij, [DrUig) + X = (Va[M]); ; Vi, j: 0<14,j < N,

4,
(23) —I/(AhM)Lj—Bi’j(U,M):O VZ,] 0§i,j<Nh,
(24) > Ui =0,
i,j
(25) R?Y Mij=1 and M;;>0for0<i,j<N,
4,

with (Vj,[M]); ; defined in (12), B; ;(U, M) defined in (19), and the numerical Hamil-
tonian g : T? x R* — R satisfying at least (H;)—(H3) above.

The same strategy will be used to approximate the evolutive problems (4)—(7) and
(8)—(11) with an implicit scheme; see, respectively, (75)—(79) and (61)—(62) below.
For two grid functions W and Z, we define the inner product (W, Z)2 = 3, ; Wi ;Zi ;.

2.3. A useful lemma. We recall a useful lemma, which can be found in, e.g.,
[4]. We give its proof for completeness.

LEMMA 1. Let V be a grid function on T? and p be a positive parameter. Assume
that g satisfies (Hy)—(Hs). There exists a unique grid function U such that

(26) pUij + g(xij, [DaUlij) — v(ARU )iy = Vi

Proof. Existence for (26) is proved by using the Leray—Schauder fixed point
theorem. Indeed, we consider the mapping F : RVi s RV,

(FU))i, = % (W(BWD)i s — glai g, [DaUis) + Vi)

and the real number r = max; ;) |H (x;;,0) — V; j| /p. From the continuity of g, F is
continuous from B, = {U € RV : |U]|o <7} to RV

Assuming that U € 0B, there must exist at least one pair of indices (ig, jo) such
that Uy, ,j, = £r. Assuming that Uj, j, = r, we have

0,50
V(AhU)i(),jo - g(xioajov [DhU]iO,jo) < _H(xio,jo ) 0)
from the monotonicity and the consistency of g. Hence,

1
(]:(U))io,jo < ; (_H(xio,jov 0) + Vio,jo) <
and (F(U))io,jo # AUio,jo whenever A > 1. Similarly, if U;, j, = —r, then (F(U))i,j0 >
—r which implies that (F(U))i.jo # AUi,jo- Therefore, F(U) # AU for all A > 1
and U € 0B,. The Leray—Schauder fixed point theorem can be used; there exists a
solution of (26) in B,.. Uniqueness for (26) stems from the monotonicity of g. O

3. Numerical analysis of the stationary problem (22)—(25). Existence
results for (22)—(25) can be proved under additional assumptions on g and V3. The
strategy will be to apply the Brouwer theorem to a map x defined on the compact
and convex set

(27) K =4 (M;j)ocijen, h*Y Mij=1,M;; >0
i

which can be viewed as the set of the discrete probability measures.
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We will see below that existence can be proved without bounds on U uniform
with respect to h since the problem is finite dimensional. However, when possible, we
will insist much on obtaining such bounds, for example, equicontinuity with respect
to h, because they are important for passing to the limit when h — 0.

We first define a map ® : M € K — U, where (U, A) is the unique solution of (22)
subject to the constraint in (24). The map M — x (M) is then obtained by solving a
perturbation of (23) with U = ®(M), subject to the constraints in (25).

The discrete function U = ®(M) will be obtained by passing to the limit in the
following Hamilton—Jacobi-Bellman equation (hereafter the HJB equation)

(28) pUL) + (i g, [DRU P 5) = v(ARUP)); 5 = (Vi[M)),

when the positive parameter p tends to 0. Such a strategy is reminiscent of those
used for solving the cell problems in the homogenization of HJB equations; see, e.g.,
[14, 2, 3]. We first need to study (28) and obtain some bounds on U” uniform w.r.t.
p and M (and possibly uniform w.r.t. h); these will yield bounds on U uniform w.r.t.
M (and possibly uniform w.r.t. h).

3.1. Preliminary results. Concerning the continuous problem, one of the as-
sumptions made in [13, 11] was that there exists 6 € (0,1) such that for |p| large,

: 0 o
(29) wlél'ﬂg <V1H-p—|— EH ) > 0.

It was useful in order to apply Bernstein’s method to (1) and get a bound on || V|-
With assumption (29), we were not able to extend the method of Bernstein to the
discrete level. Several other assumptions on H and g can be made. Assumption 1
below will make it possible to use the results of Kuo and Trudinger [9] and [8] on
Holder estimates for the solution of (28). The slightly stronger Assumption 2 will
make it possible to apply the recent results of Krylov [7].

We will use the following notation:

(DiU)i; = Uzﬂ%hUHj = % (DY V)i + (D U)i1)
(D3U)i,; = % = % ((DFV)ij + (DS U)ij-1)
(D) = P ESL 20 L (DFU) - (DFUiny).
(D), = S L (DFU),; ~ (D U)ion).

Assumption 1. (a) The Hamiltonian H is of the form

(30) H(x,p) = max (p-a—Lz,a),

where A is a compact subset of R? and L is a C° function on T? x A. The function
H is continuous with respect to 2 and of class C! with respect to p.

(b) The discrete Hamiltonian g : T? x R* — R, (z,q) — g(x,q), is continuous
with respect to = uniformly in h. For all h < hy, it satisfies (H7), (H2), and (Hs).
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(c) Defining the function F : T? x R* — R, (z,q1,q2, 51, 52) — F(2,q1, G2, 51, 52)
by
(31)
—v(ApU)ij + 9(i g, [DaUli ) = F(wij, (DTU )i 5, (DSU )i 5, (DIU)i 5, (D3U)5.5),

we assume that there exist positive constants ag, a1, and by such that for h = 1/N;, <
h07

< bo.

(32) ag < —8f <a; and }8]-' <

3

(d) There exists a function g> : R* — R such that
® ¢ (z,0) =0,
o for all ¢ € R*, limc_,0 sup,cr= leg(z, 2) — g (q)| = 0,
e ¢°° is nonincreasing with respect to ¢; and ¢s and nondecreasing with respect to
q2 and g4.
Example 1. Let H be given by (30) with A = {a € R?,|a| < 1} and L(z,a) =
L(«) = |a|7 /vy with v > 1. It can be seen that
Tl i<,
H(z,p) = H(p) = 1
lp| - o lpl > 1

and that with the Godunov scheme

9(x,q1,q2,q3,q4) = H <\/(Q1)2 + (g3 )2+ (g3)* + (QI)Q) ;

Assumption 1 holds with ¢*°(z,q1,¢2,93,q1) = \/(qf)2 +(g3)2+ (g3)2 + (¢f)? in
point (d).

Assumption 2. (a) The Hamiltonian H is of the form (30), where A is a compact
subset of R? and L is a C° function on T2 x A. The function H is Lipschitz continuous
with respect to x uniformly in p and of class C! with respect to p.

(b) The discrete Hamiltonian ¢ satisfies point (b) in Assumption 1.

(¢) The discrete Hamiltonian g is of the form

1
(33) 9(x,q1, 492,43, 9a) = sup <Z(—aé(fv,ﬂ)sé + be(@, B)ae) — (=, ﬁ)) ;

BeB =1

where

e 3 is a compact set,

o 51 =52=(q1 —q2)/h, 53 =54 = (q3 — qu)/h,

ea; =as >0and ag =ay4 > 0,

e the functions ay, by : T2 x B — R are continuous w.r.t. 8 (uniformly w.r.t. h), and
by and /% + a¢ are Lipschitz continuous w.r.t. z (uniformly w.r.t. h),

e the function f : T? x B — R is continuous w.r.t. 3 and Lipschitz continuous w.r.t.

x?
o for all h < ho, (z, ) € T? x B,

hbi (2, B) — ay(x, B), hby (x, B) — as(x, B), ) <0
hb;'(x,ﬁ) —as(x, B), hby (x, B8) — aa(x, B) -

(d) The discrete Hamiltonian ¢ satisfies point (d) in Assumption 1.

IIlELX(
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Ezxample 2. We take H as in Example 1. The Lax—Friedrichs scheme with a
large enough artificial viscosity parameter 6 satisfies Assumption 1. It also satisfies
Assumption 2 because

+aq g3tq
g(x,q17q27q3,q4)=H<x,< 12 2,374)>—9(ql—q2+q3—q4)
+ +
= sup <a1q12q2+a2q32q4—9(q1—Q2+q3—q4)—L(a))-
acA

Ezxample 3. We give a simple example where H depends only on p;. Let H be
given by (30) with A = {(c, 0),|a| <1} and L(z, (o, 0)) = |a|? /0 with § > 1. Tt can be
seen that H(x,p) = H(p1) with H(p1) = %Uﬂﬁil if [p1] <1 and H(p1) = p1| — 3
if |p1| > 1. Consider the discrete Hamiltonian

1 1
_ 4 + Lo 1y
9(7,q1,q2,3,q4) ‘Bllérllﬁ%(ﬂgl < Br a1+ B3 q2 9|51| 0|52| > .

Assumption 2 holds. In particular, ¢°*°(z, ¢1, g2, g3, q14) = max(q2, —q1, g2 — ¢1,0).
PRrROPOSITION 1. Assume that H and g satisfy Assumptions 1 or 2. Let V be a
grid function on T3 (we agree to write V instead of Vi) and p be a nonnegative real
number.
For h < hg, let the grid function U on T% be the solution of

(34) pUi; + g(xij, [DrUli ;) — v(ARU )i j = Vi

see Lemma 1.

If Assumption 1 holds and if |V is bounded uniformly w.r.t. h < hg by a
constant co, then there exist two constants §, 6 € (0,1) and C, C > 0, both depending
on ag, a1, by, co and on ||U]|eo but not on h and p such that for allh < hg, 0 < p <1,

(35) UE©) -UE)<ClE-¢° V€ eT;.
If Assumption 2 holds and if
(36) Voo + |1 DRV |loo is bounded uniformly w.r.t. h < hg by a constant cy,

there exists a constant C depending on |U||s but not on h and p such that for all
h < h07 0< P < 17

(37) U -UE)<CleE-¢] Ve eTs.

Proof. In the first case, the result is a consequence of a theorem due to Kuo and
Trudinger; see formula (3.10) in [9] and also [8] (which makes use of (32)).

In the second case, (37) is a particular case of a discrete Lipschitz estimate recently
proved by Krylov with a very clever discrete Bernstein method (see [7], Theorem 2.5
and Remark 4.5). O

Remark 2. To cast the discrete quasi-linear operator into the setting of Theo-
rem 2.5 in [7], one needs to consider the grid function W; ; = —U, ;.

In Proposition 1 the constants C' depend on ||U?| . It is possible to improve this
result by realizing that the constants actually depend on ||[U? —U{ ||~ and by showing
that this quantity is bounded uniformly w.r.t. p and h. The following proposition is
due to Camilli and Marchi; see [3]. We give its proof for completeness.
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ProposiTION 2.

1. If Assumption 1 holds and if ||V is bounded uniformly w.r.t. h < hg by
a constant cq, then there exist two constants 0, § € (0,1) and C > 0, both
independent of h < hg and p such that for all p, 1 > p > 0, the solution of
(34) satisfies

U0 (€) — U (@)
ST P

2. If Assumption 2 and (36) hold, then there exists a constant C independent of
h < hg and p such that for all p, 1 > p > 0, the solution of (34) satisfies

(38)

U@ (&) —UW (&)
5;?%%1 1€ — ¢ -

(39)

Proof. We give the proof in only the first case since the second case is done
similarly.

Lemma 1 yields existence for (34). We also easily obtain a bound on ||pU® ||,
namely, that

(40) 1pU ) < max (|H (2,3, 0)] +|Vi;1)

so there exists a positive constant Cy independent of h and p such that || pU )|, < Cy.
Let us have p tend to 0. We set W) = U — Uéfo). Fixing h, assume that there

exists a sequence pg such that limg o ||VV(pk)||00 = 4+00. We use the notation €, =
1/||W®r)|| . The grid function Z*) = ¢, W (#¥) satisfies

k
(41) z8 =0, z2®|. =1,

Jo
(42) —kzl-(? ——(AZW)ii+g <9Cu

o [DhZ(k)]z‘,j> + peUSly) = Vi

v 1
€k €k
But (42) is equivalent to

1
(43) oz = (A Z®); + e <9Cu ;[DhZ(k)]i,j) + peerUsly) = eV
Note that

1
—v(ARZM)i 5 + erg (xi,j, —[DhZ(k)]nj)
€k
= G(@i5,(D{2)i 4, (D52)i3, (DI 2)ij, (D3 2)i ),
where G(z, q1, 2, $1, 82) = €F(x,q1/€, q2/€, S1/€, s2/€), so G also satisfies estimate (32).
From this and (40), we can apply estimate (35) to Z(*); we get that the grid func-
tions Z®) are equibounded and equicontinuous. Up to a subsequence, Z¥) converges
to Z as k tends to infinity and Z satisfies

ZO,O =0 and — V(AhZ)i)j + goo(ﬂji,j, [DhZ]i)j) =0 VZ,]

The assumptions made above on ¢g° and the discrete maximum principle yield that
Z = 0, which contradicts (41). We have proved that |[U) — Ué,po)”oo < C for a
constant C' independent of p, and (38) is a consequence of Proposition 1.
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It can be shown by a similar contradiction argument using the Ascoli-Arzela
theorem that the constant C' in the bound ||U®) — Uéf)o)Hoo < C does not depend on

h because the unique viscosity solution of —vAz 4 sup,c 4 .Vz = 0 with 2(0) = 0 is
0. O

3.2. Existence for the discrete problem.

THEOREM 1. If Assumption 1 is satisfied and if the operator V. maps the proba-
bility measures to a bounded set of continuous functions on T? and satisfies (Az), then
the discrete problem (22)—(25) has at least a solution and there exist two constants ¢,
9 €(0,1) and C > 0 such that (s.t.) for all h =1/Ny < hyg,

U(e) — U(e)]
S, e—ep . =@

Proof. Step 1. We consider a mapping ¢ : M € K — U, where U is part of the
solution of the problem. Find a grid function U and a scalar A such that

(44) 1Ulloo +

(45) —V(ApU)ij + 9(@ij, [DnUlis) + A = (Va[M]), ;
with >3, ;Ui; = 0. Indeed, it can be proved that if g satisfies the assumptions
mentioned above, then there exist a unique A € R and a unique grid function U
satisfying (45). To do it, we pass to the limit in (28) as p — 0. Existence and
uniqueness for (28) stem from Lemma 1. We may apply Proposition 2 since V3 [M]
is bounded uniformly w.r.t. h and M. Proposition 2 implies that there exist two
constants C' > 0 and 6 € (0,1) independent of h, M, and p such that (38) holds.
Thus, there exists a constant c(h) ~ h°~! independent of M and p such that

(46) IDRUP|oo < e(h).

Up to the extraction of a subsequence, we may say that as p tends to 0, U —
h*3 Ui()’;) converges to a grid function U such that 3, ; U; ; = 0 and that ph?® 37, ;

Ui(f;-) converges to A € R. It is an easy matter to check that (U, \) satisfies (45) and
that the bounds (38) and (46) hold for U.

Uniqueness for A stems from the following comparison principle: If U is a sub-
solution of (45) with A = Ay and W is a supersolution of (45) with A = Ay, then
A2 < A1. Uniqueness for U is obtained by repeatedly applying the discrete maximum
principle from the monotonicity of g. We have defined the map & : M € K — U,
where (U, A) solve (45) and }, ; U; ; = 0.

Step 2: continuity of ®. Consider a sequence of grid functions M) in K which
tends to M € K as k tends to infinity. From the assumptions on V and Vj,, V;,[M¥)]
converges to Vj,[M]. Consider A and U a solution of (45), and call A(®), U®*) 4
solution of (45) with M = M®*). From the estimates above, the sequences (A*); and
(JJU™||s0)s are bounded. One can extract a subsequence k' such that A(*) tends to

X and U*) tends to U and such that
—I/(Ahﬁ)id‘ +g(a:i7j,[Dh[7]i,j)—|—X: (Vh[M])i)j Vi,j, and Zﬁi’j =0.
4,7

Uniqueness for (45) implies that A = A and U = U. The whole sequences (A®)),
(U™, therefore tend to \, U.
We have proved that the map ® is continuous.
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Step 3. For M € K and U = ®(M), consider the following linear problem. Find
M such that

(47) UM ; — v(ARM); ; — Bij(U, M) = pM; ;,

where p is a sufficiently large positive number which will be chosen later. This linear
problem may be written

(48) pM + AM = pb,

where A is a linear operator depending on U.

The assumptions of the monotonicity of ¢ imply that g—q’; <0, g_qu >0, g—qgs <0,

and aa_qi > 0. This yields that the matrix corresponding to A has positive diagonal
entries and nonpositive off-diagonal entries. Furthermore, since g is C!, (46) implies
that there exists a constant C independent of M (but possibly on &) such that for all
1,7,0<4,57 < Np, and for all £ =1,2,3,4,
(49) g—g(xi,ja[DhU]m) <C.
de

From this, we see that for p large enough depending possibly on A but not on M,
the matrix corresponding to pfd + A is an M-matrix and is therefore invertible. The
system of linear equations (47) has a unique solution M, and M is nonnegative since
M is nonnegative. .

We are left with proving that h?(M, 1) = h?(M, 1)z = 1. For two grid functions
W and Z, let us compute (AW, Z),. Discrete integrations by part lead to

(AW, Z)y = vy ((DfW)i ;(Df 2); ; + (DS W), ;(DF Z)5.5)
i,
+ Y WilDnZl,,; - Vag (xi,j, [DhU]m.) .
i
It is easy to check that for all grid functions W, (AW,1)y = 0. Therefore, taking
the inner product of (48) with the function Z = 1, we obtain that h2(M,1)s =
h2(M,1); = 1,50 M € K.

We call x : K — K the mapping defined by x : M — M.

Step 4: existence of a fized point of x. From the boundedness and continuity of
the mapping ®, and from the fact that ¢ is C! in the variable ¢ , we obtain that x is
continuous. Therefore, we can apply Brouwer’s fixed point theorem and obtain that
x has a fixed point. d

We obtain a better result under Assumption 2 and stronger assumptions on V.

THEOREM 2. If Assumption 2 holds and if V satisfies (A1) and (As), then the

discrete problem (22)—(25) has at least a solution and there exists a constant C' such
that for all h =1/Nj, < hyg,

(50)

!
(51) lU]|co + max w <C.
greemy €= ¢

Proof. The proof is similar to that of Theorem 1, using now the second part of
Proposition 2. d

Since the discrete problem is finite dimensional, existence for (22)—(25) can be
proved without a bound on U uniform with respect to h. Different assumptions on
the structure of g can be made; for example, see the following theorem.
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THEOREM 3. Assume that

e g satisfies (Hy), (Hz2) and (Hs),

o there exist two positive constants o > 0 and v > 1 and a nonnegative constant
C such that

(52) g(%QlaQ%QB;QéL) 2 a((ql_)2 + (q;_)2 + (q?)_)2 + ((II)2)7/2 - C V$ S T27

o V maps the probability measures to a bounded set of continuous functions on
T? and satisfies (Az).
The discrete problem (22)—(25) has at least a solution.

Proof. The proof follows the same steps as that of Theorem 1. Only the first step
of the proof is modified as follows.

Existence and uniqueness for (28) follow from Lemma 1. We also easily obtain a
bound on ||pU #)||»,, namely, that

(53) U | < max |H (x;;,0) + (Va[M]), ;|
]

so there exists a positive constant C} independent of M and p such that ||pU )|, <
C1. From this, we deduce that there exists a positive constant Cs independent of M
and p such that

(54) (@i, [DRUW]; ) = (AU, 5 < Co Vi j
Using (52), we see that

9(@ij, [DaW]ij) — v(ARW)i
o ((DFW);)% + <<D+W>l LR (DEW))2 4 (DEW),_)2) " - ¢

- E ((DTW)Z (D+W)z 1 ] (D;_W)z (D+W)Zj 1)

Calling P, = || DU || o = max; ; max(|(DF U®), |, [(DFUP); ;|), we deduce from
/2 J 1 J 2 J

(54) and the previous estimate that there exists a constant C's independent of M and

p such that

aP) — 4%13,) < s

This yields (46) for a constant ¢(h) independent of M and p. Up to the extraction
of a subsequence, we may say that as p tends to 0, U®) —h?}7, U(p ) converges to

a grid function U such that Z U; j = 0 and that ph? Z U(p) converges to A € R.
The limits U and X satisfy (45) Uniqueness for (45) is proved as above, so ® is well
defined. O

Remark 3. In Theorem 3, we were not able to obtain an estimate on U uniform
w.r.t. h.

Remark 4. Note that the assumption (Az) can be relaxed in the discrete case.
Indeed, Theorem 1 holds if we replace (Az) with the assumption that V4, is a continu-
ous map from K defined in (27) to grid functions bounded by a constant independent
of h. Theorem 3 holds if V}, is a continuous map from K to grid functions.

These observations lead to existence results when V}; is a local operator; see
section 3.4.
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3.3. Uniqueness.
PROPOSITION 3. If g satisfies (H1)—(Ha4) and if the operator Vy, is strictly mono-
tone, i.e.,

(Vh[M] —Vh[M],M—M)2 <0= M=M,

then (22)-(25) has at most a solution.

Proof. Let (U, M, \) and U, M, X be two solutions of (22)—(25). We have
(55)
—V(An(U=U))i;+9(@ij, [DaUli;) — 9(@ij, [DaUli ;) + A=A = (Vh[M] - Vh[M])

%,

Take a grid function such that ZZ j Z;; = 0. Multiplying by Z; ; and summing over
all 4, j yields

(56) = v(An(U =), 2)2 + 3 (91, [DAUig) = 9(wis, [DhT)i3)) Zi

= (ValM] - Va[M), 2) .
On the other hand, multiplying (23) by —W; ; and summing over all 4, j leads to

(57) v(M, A W)y = " M; j[DyW], ;- Vg (3 5, [DaUTi ) = 0.
2%
From this and the similar equation satisfied by M , we obtain
0= v((M = M), AsW)2 = >~ My [DaW], ; - Vg (i3, [DaUli;)
(]

+ 3 My [DyW, ;- Vg (ﬂfu [Dhﬁ]i,j) :

i,J

(58)

Taking Z = M — M in (56) and W = U —U in (58) and adding the resulting equations
leads to

0= ZM, , ( 9 (xi,jv [Dhﬁ]m‘) — g (i, [DnUli ) )

= i d B

4g —Dp(U = U), ;- Vg (2ij, [DrUli ;)

" ZM _ 9 (i, [DhU]i,j) -9 ($i7ja [Dhﬁ]i,j)
g N —Dp(U =), ;- Vg (xi,ja [DhU]i7j)

+ (VA[M] = Vi [M1), M — 1\7)2.

From the convexity of g and the monotonicity of F', the three terms in the left-hand
side must vanish. The strong monotonicity of V}, implies that M = M. A comparison
argument similar to that used in the first step of the proof of Theorem 1 yields that
A= X and that U = U. d

3.4. The case when V is a local operator. We now aim at relaxing the
assumptions on V. We assume that V is a local operator, i.e., V[m](z) = F(m(z), z),
where F is a bounded and C° function defined on R x T?.
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3.4.1. Existence. From Remark 4, we have the analogues of Theorems 1 and 3
in the following proposition.

PROPOSITION 4. Take V as above. If Assumption 1 holds, then the discrete
problem (22)—(25) has at least a solution and there exist two constants 6, 6 € (0,1)
and C > 0 such that (44) is satisfied for all h = 1/Np, < hyg.

PROPOSITION 5. If g satisfies the same assumptions as in Theorem 3 and if
Vim|(z) = F(m(x),x) with F is a C° function defined on R x T?, then the problem
(22)—(25) has at least a solution.

Remark 5. In Proposition 5, there is no bound on U uniform w.r.t. h.

3.4.2. Uniqueness. We have the following corollary of Proposition 3.
COROLLARY 1. If g satisfies assumptions (H1)—(Hy) and if F is strictly mono-
tone, i.e.,
(F(m,z) — F(m,z))(m —m) <0=m=nm,
then (22)—(25) has at most a solution.
3.5. A convergence result. It is possible to prove several convergence results.
We give the simplest one as an example.

THEOREM 4. We make the same assumptions as in Theorem 1, and we suppose
furthermore that (Ha)—(Hs) hold and that there exist real numbers ¢, s, ¢ >0, s > 0,

such that for all h < 1 for all grid functions M and ]T/f,
(59) B (Va[M) = Va[M), M = M) > c||Va[M] = Va[M]

I3
[o o

Assume that (1)—(3) has a unique solution such that u and m belong to C%%(T?) N
C%(T?); see (21). Calling (U, M, \p,) the solution of the discrete problem (22)—(25), we
have

%%Slujp lu(z; ;) — Ui j| =0 and ilzli% A= An| = 0.

Proof. We call U and M the grid functions s.t. [71-)]- = hfzfl
and M, ; = h2 |

=2 jloo<h/2 U(CE)

s 3o <h/2 m(x). From the consistency assumptions, we have that

_V(Ahﬁ)i,j +g(wij, [Dhﬁ]i,j) +A= (Vh[M])

~v(ApM)i; — B (U, M) = o(1),
M;; >0,

hzzm)j = 1, and Zﬁi’j = 0,
¥ )

where o(1) means a grid function whose maximum norm tends to 0 as h tends to 0.
On the other hand, from Theorem 1, ||Ul|« is bounded by a constant. Therefore,
with the same argument as the one used for uniqueness in section 3.3, we obtain that

A+ o(1),

2

(60)

o(h™2) = (VA[M] — Va[M], M - 1\7)2
+ ZM ) < g (ﬂii,j, [thj]i,j) —g($i7j, [DhU]m') )
7 T\ -Du(0 - U); ;- Vag (@i, [DrUJi )
9 (i j, [DaUlij) — g (xi,j7 [Dhﬁ]m)
—Dh(U — [7)1-)]- . ng (CEi7j, [Dhﬁ]i)j)

+ Z ]/\\4/1]
4,
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From this, the convexity of g, and (59), we obtain that limp_,q || Vi [M]—Vi[M]|lcc = 0.
Thus,

{—V(Ahﬁ)i,j + (15, [DrUig) + X = (Va[M]), ; + o(1),

|
=
>
>
S
&
+
=2
&8
<
=]
=
=
Z

A comparison argument at the maximum of U — U yields that A—\, < o(1). The same
argument at the maximum of U-U yields A\, — A < o(1). Therefore, limy,_o |A—Ap| =
0.

We know that the family of grid functions uj is equibounded and equicontinu-
ous. There exists a function v’ and a subsequence uy, = (Ui(,?))n € N such that
limy, o sup; ; [u'(zi5) — Ui(3)| = 0. The function v’ is a viscosity solution of (1) and
is such that [}, u'dz = 0. This implies that v = u’. Therefore, the whole sequence
up, converges to u. a

4. Approximation of the evolution system (8)—(11). Let Nz be a positive
integer and At = T/Np, t, = nAt, and n = 0,..., Np. The values of u and m
at (i ;,tn) are approximated by Uj'; and M, respectively. Given M 0 ¢ K (the
compact set K is defined in (27)) and UY, the discrete problem is to look for (U™, M™),
n=1,...,Np, s.t.

urtl _yr.
— L ——— (AU + g(@ig, [DRU™ i ) = (Va M),

At i,
(61) M pn
¥ . vy V(Ath+l)i7j _ Bi,j(Un+17 Mn+1) — 0,

+1
M5 20,

for all n,4,5 : 0 < n < Np, 0 <1i,j < N, with the notations introduced above (in
particular, B; ; is defined in (19)) and

(62) W2y Mt =1 forn=0,...Nr—1.
,J

4.1. The main theorem on existence.
THEOREM 5. Assume that
o g satisfies (H1)—(Hs) and there exists a constant C such that

(63)
< C(l + |q1| + |q2| + |q3| + |q4|) Vo € T2 V(ha 42,493,494,

9y
‘%(xa (q17 q2,43, CI4)

o V satisfies (A1) and (As).
If MY € K, then (61)—(62) has a solution. If there exists a constant C' independent of
h such that | DpU°|| o < C, then for alln, | DU ||oo < ¢ for a constant ¢ independent
of h and ot.

Proof. The strategy of the proof is similar to that used for Theorem 1. We are
going to construct a continuous mapping x : K¥7 — KN and use Brouwer’s fixed
point theorem. We proceed in several steps.

Step 1: a mapping M — U. Given (U;)o<ij<n,, consider the map
O (M) 1<n<ng € KNT — (U™)1<n<ny, a solution of the first equation in (61),
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ie.,
urtt _yn.
(64) =i - V(ARU™ )i g + g(wig, [DRU™ig) = (Va[M™H),
forn =0,...,Npr —1and 0 < 4,j < Nj,. The existence and uniqueness of U"*1,
n =20,...,Np — 1 are obtained by induction. At each step, we use Lemma 1 with

p=1/At and Vy; = U /At + (Va[M"H1]), .
Step 2: boundedness and continuity of ®. Looking at the proof of Lemma 1, we
see that

07 o < max At (H(@i,0) = (M), ) - U7

)

which implies, from the uniform boundedness assumption on V' and of H(-,0), that
there exists a constant C' depending on ||U°|| but independent of (M™) such that
[U"|se < C(1 +T). Therefore, ® maps KT to a bounded subset of (RVi)NT.
Moreover, by using the assumption on the continuity of V' and well-known results on
continuous dependence on the data for monotone schemes (see, e.g., [4]), we see that
the mapping ® is continuous from KNT to (RN#)NT,

Step 3: discrete Lipschitz continuity estimates on ®((M"™)n=1,... Ny ). The solution
of (64) is noted

Un+1 — \I/(Un,Mn+l).
Standard arguments on monotone schemes yield that for all M € K, U, W € RV 5,

(65) (WU, M) = T(W, M) oo < [(U = W) ||,
(66) W (U, M) = ¥ (W, M)|[oc < |U = Wl

For (¢,m) € Z?, call 74,,,U the discrete function defined by
(Te,mU)i; = Usgi,mes-

It is a simple matter to check that

(Te,mU)P T = (re,mU)? . n
; At L — V(AR (TemU™ )i + 9(@i g, [Dr(remU™ )i 5)

= (Vh [Mn+1])i,j + (Vh [Mn+l])i+é7j+m - (Vh[MnH])@j
— (@it jym, [Drn(memU )i ) + 9(@i g, [Dr(memU™ )i g)

and therefore
Tem U™ = (7, U™ + ALtE, M™1),

R (M)
—9(@igt,j4m> [Dr(Te,mU™ )i 5) + 9(@i g, [Da(1emU™ )i 5)

From the assumptions on V' and on g (in particular, (63)), there exists a constant C
(independent of n, (M™), h, and At) such that

|Eoc < C (L4 [|[DpU ! |oo) R/ €2+ m2.
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We conclude from (66) that

(67) 1Te,mU™ M —U" oo < 17emU" =U™||oo+ChAEV 2 + m? (1 + | DU ) -

Thanks to (67),
(1 — CA)|| DU | oo < | DRU™|| 00 + CAL.

A discrete version of Gronwall’s lemma yields that there exists a constant L which
depends only on C, T and the initial condition || D,U° ||« such that for all n, 1 < n <
NT7

(68) [DRU™ Moo < L

which is a discrete Lipschitz continuity estimate, uniform with respect to (M™)1<n<ny-

Step 4: a fived point problem for (M™)i<n<ns. For (M™)i<n<ny € KNT and
(U™ 1<n<ng = ((M™)1<n<n,) and a positive real number i, consider the following
linear problem. Find (]Tj ")1<n<nNyp such that

Frn+1 n
(69) 4] — Mzd + #Mﬁfl - V(Ah]/qn—i_l)i,j _ Bi)j(Un-i_l, Mn+1) luMnJrl
with the initial condition M = M° with A2 Z MO =1 and M° > 0.

We are going to prove first that for p large enough (69) has a unique solution
(M )i<n<nNy € KNT and then that the mapping (M™)1<p<ng — (Mn)lénSNT has
a fixed point. Existence for (61)—(62) will then be proved.

Step 5: existence for (69). Clearly (69) is a discrete version of a linear parabolic
initial value problem. It can be written as

(70) MnJrl _'_At(luj\\jnJrl +An+1Mn+1) _ Mn +#AtMn+l,

where A"*! is a linear operator depending on U"+!.

As in the proof of Theorem 1, the assumptions on the monotonicity of g imply
that the matrix corresponding to Id + AtA™t! has positive diagonal entries and
nonpositive off-diagonal entries. Furthermore, since g is C!, (68) implies that there
exists a constant C' depending only on || D,U°| (in particular, independent of (M™))
such that for all n, 1 <n < Np, for all 4,5, 0 <4,5 < N, and for all £ =1,2,3,4,

99

(71) 9ar

== (21,5, [DpU"]i 5)| < C.
From this, we see that for p large enough but independent of (M™), the matrix
corresponding to I'd+ At(uld+ A™+1) is an M-matrix and is therefore invertible. The
system of linear equations (70) has a unique solution.

Moreover, since M? > 0 for all n = 0,..., Ny and since Id + At(uld + A™*1) is
an M-matrix for all n, 1 <n < Nrp, M >0foralln=0,...,Nr.

We are left with proving that h? Z” MZ”j =1foralln, 1 <n< Np. As in the
proof of Theorem 1, we see that for two grid functions W and Z, we have

(A WZ I/ZD]_ 7,] D+ZZ]+I/ZD2 l](D;Z)i;j

5,J

+ Z Wi, [DhZ]i,j Vg (%J‘a [DhUn]i,j) :

.3

(72)
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From (72) and (70), it can be proved by induction that if h?(M°, 1)y = 1, then the
condition h2(M™, 1)y = 1 holds for all n, 1 < n < Ny.

Step 6: existence of a fized point of x. From the boundedness and continuity
of the mapping ® and from the fact that g is C', we obtain that y is continuous.
Therefore, we can apply Brouwer’s fixed point theorem and obtain that y has a fixed
point.

Conclusion. Assuming that M° is such that M° > 0 and h?2(M° 1), = 1, we
have proved that the mapping x has a fixed point that we call (M™)1<p<n,. Calling
(U")icnen, = ®((M")1<n<n,), (M")n=1..,ny and (U")n=1.. N, satisfy (61) and
(62). O

Remark 6. Existence for problem (61)—(62) can also be obtained without (63)
and when V is a local operator (see section 3.4).

Remark 7. The second equation in (61) can be written in the form

(73) MM AtATH M = M

where A" is a linear operator depending on U™*!. From the monotonicity of g and
Remark 1, we know that (I + AtA"*1)T is an M-matrix. Therefore, it is invertible
and so is I + AtA™ 1. This implies that (73) has a unique solution.

Remark 8. From Remark 7, keeping the strategy of the latter proof unchanged
up to Step 3, it is tempting to take p = 0 in (69), so Step 4 consists of solving the
sequence of linear problems

~’I’L+1 ~n
M — M

At — V(Ahﬂn-i_l)i’j — Bi7j(Un+l, Mﬂ+l) =0.

(74)

We must then check that if M € K, then M" € K for n =1,...,Np. This can be
achieved via a fixed point argument for the map M € K — M € K, where

M ; — Mj; - - a1 p
T—’_uMi’j —I/(AhM)i)j —Bi7j(U ,M) :/J,Mi)j
and p > 0 is large enough so the matrix of the problem is an M-matrix.

Remark 9. Note also that under a mild restriction on the time step, it is possible
to prove a discrete Garding’s inequality from the uniform Lipschitz bound (68) on
U™. There exists a nonnegative constant o depending only on || DU s.t. for all
grid functions W,

(AnWa W)Q >

v .
> SIWIE =l W5 with  [[[WII[2 =3 ((DFW)E; + (DEW)Z;).

0,J
Remark 10. Using the discrete Garding’s inequality above and assuming that V'
is a Lipschitz map from L' (T?) to C%(T?), it is possible to prove that if 20 At < 1, then

there exists a constant C' such that max,, (h||M" Tt —M"||o+||U T —U"||») < CVAY,
i.e., Holder in time estimates for the solution of (61)—(62).

5. Approximation of the evolution system (4)—(7).

5.1. Description of the scheme. Although an implicit scheme for (4)—(7) is
quite possible, we rather describe a semi-implicit scheme because uniqueness is easier
to prove.
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Given MNT | we consider the semi-implicit scheme

%J U" n+1 n+1 n
(75) T V(ARU™ )i + g(wi 5, [DRU" )i 5) = (Va[M™]), 5
My
(76) — Ry (AR M)i + B; (U™, M™) =0,
(77) My, >0,
forn=0,...,Np—1and 0 <1¢,j < Nj with
(78) W2y M, =1 forn=0,...,Np—1
and
(79) Ui?j = (%,h(MO))i,j = %[mg](xhj)ﬂ

where mj) is the piecewise constant function taking the value M}, in the square
|z — i jloc < h/2. We have the analogue of Theorem 5.

THEOREM 6. We make the same assumptions as in Theorem 5, and we also
assume that Vy satisfies (A1) and (Az). If MNT >0 and Y, irj MNT =1, then (75)—
(79) has a solution. There exists a constant C independent of h and At such that
| DRU™||0o < C for all n.

Proof. The proof is similar to that of Theorem 5. d

2. Uniqueness.
THEOREM 7. We make the same assumptions as in Theorem 6. We assume
furthermore that g is convex w.r.t. to (q1,42,493,q4), t.e., (Ha), and that the operators
Vi and Vi1, are strictly monotone, i.e.,

(Vala] = Va[M], M fw’) < 0= Vi[M] = Vi[M],

(Vo [M] = Vou[M], M = 31) <0 = Vou[M] = Vou[M].

Problem (75)—(79) has a unique solution.

Proof. Let (U™, M™)p=o,... Ny and (U” Nn)nzg,___)NT be two solutions of (75)—
(79). Multiplying (75) satisfied by (UZ"J7 " Dngig by MY — M”, doing the same
thing with (75) satisfied by (U";, M[";)n,i,j and subtracting, then summing the results

foralln=0,..., Ny — 1 and all (4, ), we obtain

(50)
Nr—1 ((Un+1 - ﬁn+1) _ (Un _ ﬁn% M™ — ]Tjn)z
2 At
Np—1 ~ oF
+ > > (@i [DRU i g) = gl [DRU™ig)) (M7 = M)
n=0 14,5

Np—1
(AU - T, M - M)y = Y (Vh[M”] —V[M", M~ M")

n=0 2
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Similarly, subtracting (76) satisfied by (U Yo M ' )n,i,j from the same equation satisfied

by (U}, M;)n,i,; and multiplying the result by Ui’f;rl - ﬁl”j“, summing for all n =

0,...,Npr—1and all (4,7) leads to
Z ((Mn+1 _ Mn) _ (Mn+l _ Mn)’ (Un+1 _ Un+1))2
n=0
V((M™ = M"™), Ay (U™ = T"H1)),
(81) R n rrn n
= > MY DRUT = UMY, Vag (g, [DRU™ i)

n=0 14,7
Nr—1

i Z Z WU ﬁn+l)]i)j Va9 (xi’j, [thjn—i-l]i)j) —0.

n=0 14,5

L
At

Adding (80) and (81) leads to

NTzle ( {Ez,j’[DhU i) =g (i, [DRU™ i 5) )

(Un+1 UnJrl)]. . ng (gji7j, [DhUn+1]i7j)

n=0 14,5 ]

Npr—1 ~
9(i 5, [DRU™ i ) — g(@i g, [DRU i)
My e i, NE )
* Z Z ( (DU =TV, - Vag(wi g, [DRU™ Y 5)

n=0 14,5 3
Np—1
+ Z;J (Vh[M"]—Vh[M"],M”—J’\Z“) +A—(V0h[ ]—VOh[zTJO],MO—MO)2

from (79) and because M and M satisfy the same terminal conditions.

The four terms in the sum above being nonnegative, they must be zero. The strict
monotonicity of Vj, and Vp ), implies that Vj,[M"] = V},[M"] for alln = 0,..., Ny and
Vo.n[M°) = Vou[M°]. This implies that U° = U° and then that U™ = U™ for all
n = 0,..., Ny since the scheme for U™ is monotone. Finally, uniqueness for (76)
(given (U™),) yields that M™ = M" for all n =0,...,Ny. O

5.3. A convergence result. A convergence result similar to Theorem 4 for the
infinite horizon problem can be obtained. For brevity, we state it for smooth solutions
of (4)—(7) which indeed exist with our assumptions; see [12, 13].

THEOREM 8. We make the same assumptions as in Theorem 6, and we suppose
furthermore that (H4)—(Hs) hold and that there exist real numbers ¢, s, ¢ >0, s > 0,
such that for all h < 1 for all grid functions M and M, (59) holds.

Assume that (4)—(7) has a unique solution u and m in C>®(T? x [0,T]). Calling
(U™, M™) the solution of the discrete problem (75)—(79), we have

1 U’.|=0.
p o 2P (i ) = U

Proof. Since the proof is rather similar to that of Theorem 4, we just sketch it.

We call U™ and M™ the grid functions such that U" =h2 Jioa, o<y U@, nAt)dx
and Mf] =h? f‘%gamlmd/2 m(z,nAt)dz. Note that MO = MP.

The scheme (75)—(79) is satisfied by U™ and M™ up to a consistency error, which
tends to zero in maximum norm as h and At tend to zero.
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On the other hand, from Theorem 6, ||U" ||~ is bounded by a constant independent of
n. This makes it possible to carry out a similar argument as the one used for proving
uniqueness. We obtain that

Nr—1

: 2 ny _ o n_ arn _
Jim b ; At(Vh[M] Vi[M™], M™ — M )2 0

and from (59), limp At—o Zgigl At||Va[M™] — Vu[M"]||5, = 0. From assumption
(Ay), this implies that limp a¢ 0 Y Zg " AL VA[M™] = Vi [M™][|s = 0.

Then, using the consistency of Vj ;, and applying inductively a maximum principle
(using the monotonicity of g), we get that limp a¢—omaxy, |[U™ — ﬁ"”oo = 0. The
conclusion follows easily. |

5.4. Solution procedure for (75)—(79). The system (75)—(79) can be seen as
a forward discrete HJB equation for U with a Cauchy condition at ¢t = 0 (possibly
involving M) coupled with a backward discrete Fokker—Planck equation for M with a
Cauchy condition at final time. This structure prohibits the use of a straightforward
time-marching solution procedure. In [1], in the context of planning problems, we
discuss a strategy which consists of solving the whole coupled system (whose number
of unknowns is large, of the order of 2Ny N?) by means of a Newton method; the
systems of linear equations which arise are solved by means of an iterative method
(for example, BiCGStab). Numerical experiments are presented, too.

6. Numerical simulations.

6.1. Long time approximation of the stationary problem. As mentioned
in the introduction, we consider a solution (u,m) of (8)—(11) with the Cauchy data
mo and g defined on T2, mg being a probability measure. We expect that there exist
a C? function u on T?, a function m in W1P(T?), and a scalar A such that

tllg.lo U(t, 33) — At = U(ZII), tli>Igo m(ta 33) = m(m)a

and [, u = 0. If so, then (u,m, \) is a solution of (1)-(3).

Such long time approximations have been justified for the cell problem in the ho-
mogenization of Hamilton—Jacobi or HJB equations; see, for example, [14, 2, 3]. This
approach is close to the so-called eductive strategy in economy. In [6], Guéant studies
the eductive stability on some examples where V' has not the monotony property used
in Proposition 3 and justifies the approach.

The same long time approximation method may be used at the discrete level.

In the results presented here, the discrete version of (8)—(11) is the implicit scheme
(61)—(62). Each time step consists of solving a coupled system of nonlinear equations
for (U1, M"*1) (by means of a Newton method). The time step can be progressively
increased; when the asymptotic regime is reached, very long time steps (At ~ 1000)
can been used.

Remark 11. Alternatively it is possible to solve the coupled system of nonlinear
equations for (U™+1, M™+1) only approximatively by performing only one step of the
Newton method. Indeed, we have observed that generally one Newton step is enough
to reduce the residual by a factor smaller that 10~%. Here, too, the time step can be
progressively increased. On the other hand, if the condition m”*! > 0 is violated,
then it is possible to start back from (u™, m™) and to decrease the time step §¢™. This
method gives similar resuts as the fully implicit scheme, which will not be reported
here.
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TABLE 1
The real number v, the Hamiltonian H, and the operator V.

| Test | v | H(z,p) | Vm](z)
L[ 1 [ A@ b (@)
2 0.01 H(z) + |p|? m2(z)
5| 01 | H@+ w2 (z)
a=153,6,9
0.1 H(z) + |p|? — log(m(z))

5 0.1 | H(z)+|p[*? | 200((1 = A)"'1—A)"'m) ()
0.001 | H(z)+[p*? | 200 ((1 = A)~"1(1 - A)"lm) ()

In Tests 1, 2, and 4, the Hamiltonian is of the form H(x,p) = |p|?> + g(x). In such
cases, as observed in [13], the system (1)—(3) is equivalent to a generalized Hartree
equation. Indeed, introducing ¢(z) = ¢g exp (—u(x)/v) and taking m = ¢2, (1)~(3)
becomes

(82) ~1?A¢ — gb+¢V[¢*] = A6 inT? and ¢* =1,
T2

and the constant ¢y is fixed by the equation [, log(¢/do) = 0. As a consequence, m
can be written as a function of wu.

6.2. Results. In all the problems considered below, the Hamiltonian is of the
form H(z,p) = 9¥(x,|p|), and the discrete Hamiltonian is obtained via a Godunov
scheme, i.e,

st antnsanan) =0 (o 4 )+ @+ 2.

Table 1 contains the data of the problems simulated below, i.e., the real number v,
the Hamiltonian H, and the operator V. Hereafter, we note H the potential

(83) H(z) = sin(2mxs) + sin(27x;) + cos(4mzy).

The contours of the potential H are displayed in Figure 1.

6.2.1. Test 1. See Table 1 for the data of the problem. We first check that
the long time approximation yields the expected asymptotic behavior. In the left
side of Figure 2, we plot the graph of (h?/T) Y=, ;U; j(t = T') when the mesh step is
h = 1/50; as T tends to infinity, this quantity tends to a constant Ap, as expected.
Here we find that A\, >~ 0.9784.

Here V[m|(z) = F(m(z)), where F(y) = y? is a nondecreasing function. Such
a function is used to model repulsive cases when the players do not like to share
their position with others. If v is not too small, then the players’ positions should be
well distributed, i.e., the density m should not be strongly localized. In Figure 3, we
plot the contours of up and mpy; we see, indeed, that my is supported in the whole
domain T?. We have seen above that m is a smooth decreasing function of u since
the Hamiltonian is quadratic. This explains why the contour plots of u; and mj, have
the same aspect.

In order to estimate the rate of convergence as h tends to 0, we compare the
solutions with that computed by solving the Hartree equation (82) with a fourth
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contours of the potential

FiG. 1. The contours of the potential H used in Tests 1-6.

<m>/t vs. t <m>/t vs. t
0.98 1.2
0.96 (f 011; [
- 0.94 |- - 0.6 I
R092 X 04}
= 0.9 - g 0.2
\" \Y 0k
0.88 |- 02 |
0.86 oo 0.4
o84 L i i i iiii o LT
246 8101214161820 2 4 6 8101214161820
t/10 t/10

FIG. 2. Ny = 50. Graph of (h?/T) 2255 Uij(t =T). Left: Test 1. Right: Test 2.

contours of u contours of m

x2
[—]

04 -02 0 0.2 04 04 02 0 02 04
x1 x1

Fi1G. 3. Test 1: the contours of up (left) and my, (right) with Ny = 200.

order scheme on a 400 x 400 grid. (A Newton solver is used for solving the system of
nonlinear equations.) We consider the sum of the relative errors in the max norm

(84) Err — ||U - Uhartree”oo ||M - Mhartree”oo

||Uhartree||oo ||Mhartree - ]-Hoo '
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Err vs.h
0.014 —r r 1T T T T
. 0.012 H H H H H H H H
2 001
S 0.008
Z  0.006
S 0.004 [
= 0.002 [-----:
0

051152253354455
100 * h

F1a. 4. Test 1: relative error (see (84)) w.r.t. the solution of (82) computed with a fourth order
scheme on a 400 x 400 grid as a function of h.

contours of u contours of m

F1G. 5. Test 2: the contours of up (left) and my, (right) with Ny = 200.

The graphs of the error are shown in Figure 4. The convergence looks linear (for h
small enough).

6.2.2. Test 2. See Table 1 for the data of the problem. Here the value of v = 0.01
is small, so the case is close to the deterministic limit.

As in Test 1, the solution of the discrete evolution problem has the expected
behavior for large times. In the right side of Figure 2, we plot the graph of (h?/T) Do
U; j(t = T) when the mesh step is h = 1/50; as T tends to infinity, this quantity tends
to a constant A, as expected. Here we find that A\, ~ 1.187.

In Figure 5, we plot the contours of u; and my. Note that the supports of Vuy,
and of my, tend to be disjoint for such a small value of v. This is coherent with the
results concerning the deterministic limit in [13]. This test shows that the method is
robust for small values of v.
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F1G. 6. Test 3: contours of my: comparison for o = 1.5 (top left), « = 3 (bottom left), a = 6
(top right), and o =9 (bottom right).

contours of u contours of m
0.4 \ 0.4
0.2 0.2
IS 0 = 0
0.2 @ 0.2
0.4 s ﬁ 0.4

-04 -0.2 0 0.2 04 -04 -0.2 0 0.2 04
x1 x1

Fi1G. 7. Test 4: the contours of up (left) and my, (right) with Ny = 100.

6.2.3. Test 3. In Figure 6, we compare my, for different values of « (see Table 1).
We see that the variations of mj become stiffer as a grows.

6.2.4. Test 4. See Table 1 for the data of the problem. Here V[m](z) = F(m(z))
with F(y) = —log(y). By contrast with Tests 1 and 2, F is a decreasing function.
Such a function F is used to describe situations when the agents are gregarious, i.e.,
they like to all be in the same position. Guéant proved results concerning the eductive
stability in close cases; see [6]. Indeed, we observe that the solution of the discrete
evolution problem has the expected behavior for large times.

In Figure 7, we plot the contours of u;, and mj,. Note that the measure my, con-
centrates near the minimum of wuy,, i.e., the players take positions close to each other.
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contours of u contours of m
0.4 0.4
0.2 0.2
N 0 N’ 0
-0.2 -0.2
-0.4 -0.4
& N LT~
04 -02 0 0.2 04 04 -02 0 0.2 04
x1 x1

F1G. 8. Test 5: the contours of uy (left) and my, (right) with Ny = 100.

graph of u graph of m

20
%

'\
S50558)
20 0®’

%
%

o
%
KRR
QAL
R
%

55
%
2
25
22
%
2%

%

%
%
25
%

&

120%,
&2
oo

2

2
%2
ol
8
2%
o,

&5

&

F1G. 9. Test 6: the graphs of up, (top) and my, (bottom).

6.2.5. Test 5. See Table 1 for the data of the problem. By contrast with the
previous cases, the operator V' is nonlocal. This example has been chosen because V'
satisfies the assumptions (A1) and (Az). At the discrete level, applying V is done
by solving a system of linear equations. Alternatively a method based on fast Fourier
transform could be used. In Figure 8, we plot the contours of u, and my,.

6.2.6. Test 6. See Table 1 for the data of the problem. Compared to Test 5,
everything is kept unchanged except that v = 0.001. In Figure 9, we plot the graphs
of up and my. We see that uj, is not better than Lipschitz continuous and that my,
is close to a sum of two Dirac masses located at the minima of uj, which does not
contradict the theoretical results in section 3. Since V is a smoothing operator, it is
not surprising that singular measures m arise in the deterministic limit.

Acknowledgment. It is a pleasure to thank F. Camilli for a very helpful dis-
cussion and for letting us read his work in preparation.
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