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Abstract

We analyze asymptotic convergence properties of Newton’s method for a class of evolutive
Mean Field Games systems with non-separable Hamiltonian arising in mean field type models
with congestion. We prove the well posedness of the Mean Field Game system with non-
separable Hamiltonian and of the linear system giving the Newton iterations. Then, by forward
induction and assuming that the initial guess is sufficiently close to the solution of problem,
we show a quadratic rate of convergence for the approximation of the Mean Field Game
system by Newton’s method. We also consider the case of a nonlocal coupling, but with
separable Hamiltonian, and we show a similar rate of convergence.

Keywords Mean field games - Non-separable Hamiltonian - Newton method - Congestion
model - Numerical methods
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1 Introduction

Mean Field Games (MFG in short) theory, introduced in [25, 27], arises in the study of
differential games with an infinite number of rational agents. The corresponding literature is
now vast and concerns both theoretical and applicative aspects, see [4, 17, 30] and references
therein. In this regard, a significant part of it is dedicated to the study of numerical methods and
algorithms for the computation of the solution to the MFG model, both in the formulation
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Dynamic Games and Applications

as a PDEs system and as an optimal control problem of a PDE. Such approaches, just to
mention a few, include finite differences, semi-Lagrangian methods and Fourier expansions
with regard to the approximation methods (see [1, 2, 6, 7, 11, 13, 14, 28, 29, 31, 33, 34]).
Many of these methods exploit the variational structure of the problem, concerns the case in
which the coupling term involving the distribution of the population is separated from the
Hamiltonian, while relatively few works have been dedicated to the so-called non-separable
case

() —oiu — Au+ H(x,m, Du) = f(m) in Q,
(ii)y  9m— Am —div(mH,(x,m, Du)) =0  in Q, (L.1)
m(x,0) = mo(x), u(x,T) = ur(x) in T¢.

(T is the unit torus and Q = T¢ x (0, T)). Moreover, the non-separable case is very important
in applications to model congestion effects, i.e., situations in which the cost of displacement
of the agents increases in those regions where the density is large. MFGs models including
congestion were introduced in [30] and a typical Hamiltonian in such cases is

_ hx)|p)?
T+ m)e’

Global in time weak solution to Eq. (1.1) has been considered in [5, 23], short time existence
and uniqueness of regular solution in [8, 19] and the stationary case in [22]. In general, MFGs
with non-separable Hamiltonian do not have a variational structure and this causes arestriction
on the choice of numerical methods. Moreover and in general, implicit schemes are preferred
as they enhance the stability and efficiency compared to explicit schemes. To design implicit
finite difference schemes, iterative methods are needed to reduce the problem to a sequence
of linear systems. Iterative methods employed in solving MFGs include Newton’s method
[6, 7,9, 28], fixed point iteration, fictitious play, policy iteration [15, 29], smoothed policy
iteration [34], etc. In particular, numerical solution of MFGs with non-separable Hamiltonian
have been discussed in, e.g., [6, 7, 23, 28, 29].

In this paper, we consider Newton’s method from a continuous standpoint, viewing it
as a linear system of partial differential equations (PDEs) which approximate the nonlinear
problem (1.1). Newton’s method (also known as the Newton Kantorovich method) is effective
for convex optimization problems ( [10]) or for solving nonlinear functional equations in
Banach spaces, cf. [18]. The novelty and main contributions of this work are theoretical.
We rigorously establish a quadratic rate of convergence of the method in a neighborhood of
the solution of Eq. (1.1). In the study of Newton’s method to Eq. (1.1), a critical point is in
establishing the well posedness of the linearized MFG system. To address this, we broaden the
theoretical framework developed in [12, 16] for analyzing master equations. This extension
is applicable to MFGs with non-separable Hamiltonians, subject to certain Hessian-type
monotonicity conditions. Recently, the convergence analysis of Newton’s method has been
considered in [9] for stationary MFGs with separable Hamiltonian.

The Newton method for system Eq. (1.1) reads as follows. Writing the MFG system as
an operator equation F(u, m) = 0 and denoting by LF ; ) the linearized F at (i, ) and
by LF (_Mlm) the inverse of LF (; ), then we get

H(x,m, p) > 0.

-1 -1 —1 —1 —1
", m") = @m0 = LF ey F@T,m T,

or equivalently

LF -t gty - (@ =" om" — ") = —F@" " m" . (1.2)

Birkhauser



Dynamic Games and Applications

The previous identity in PDE form reads as

i) =" —u"N — A" —u" + Hyx,m" Y DU D@ — uY)
+ Hy (e,m" ™ D" =" = " " —m" )
=" '+ A — HG,m" L, DU + f(m" Y in Q,

(i) dm" —m") — A" —m"™") —div((m" — m" Y H, (x, """, Du"™"))

_ diV(m”_alm (x, mn—l7 Dun—l)(mn _ mn—l)) (13)
— div(m"™ Hyp (e, "™, Du"="y (DU — Du"))
= —om" '+ Am" + div(m”_al(x, m" !, Du”_l)) in Q,
m"(x,0) = mo(x), u"(x, T) = ur(x) in T,
and, after simplification, we get the coupled linear system in the unknown (u", m™)
(i) —du" — Au" + Hy(x,m" ™', Du" " YD@" —u"")
+ Hy (e, m"™ DU (m" — m" ™)
- _ H(x7mn71’ Dunfl)+f(mnfl)+f/(mnfl)(mn _mnfl) in Q7
@) om" — Am" — div(m”H,,(x, m" 1 Du”fl)) (1.4)
= div(m”_alp(x, m"~ ', D" (Du" — Du”_])>
+ div(m”lepm(x, m" L D" YY" — m"71)> in Q,
m"(x,0) = mo(x), u"(x,T) = ur(x) in T¢.

Assuming that the Hamiltonian is regular and satisfies a classical monotonicity condition
(see [5, 30]), we obtain existence and uniqueness of a classical solution (u, m) to Eq. (1.1),
see Proposition 2.4. Then, we prove the well posedness of Eq. (1.4) at each iteration and
the quadratic rate of convergence of the Newton iteration to the solution of the MFG system
when the initial guess @®, m%) is sufficiently close to (u, m). We remark that, even though
the algorithm is presented for evolutive MFGs, the ideas extend naturally to stationary MFGs
as well.

This paper primarily focuses on analyzing the convergence of the Newton method for
the MFG system at the level of PDEs. In the MFG literature, this iterative method has been
applied to solve the nonlinear finite dimensional system which results via a finite differences
approximation of Eq. (1.1), see [4, 7]. The algorithm is usually coupled with a continua-
tion method (typically with respect to the viscosity parameter). Indeed, it is important to
have a good initial guess of the solution and, for that, it is possible to take advantage of the
continuation method by choosing the initial guess as the solution obtained with the previ-
ous value of the parameter (see [28]). Alternatively, the Newton method may be selectively
employed to tackle the Hamilton-Jacobi equation at each iteration while using a fixed point
iterations for the MFG system (as in, e.g., [23, 31]). Another approach involves employing a
nonlinear discretized system, as presented in [1, 2], followed by the application of automatic
differentiation for Newton’s iteration. Within this context, a significant challenge involves
establishing a priori estimates for the finite difference scheme, ensuring the stability of the
region of attraction of the method with respect to the discretization parameters. Our conver-
gence result can be interpreted as an intermediate step in the proof of the convergence of
the Newton method for finite dimensional approximation to the MFG system. However, it
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is important to note that the convergence analysis presented in this work does not readily
extend to the discretized system, and addressing this is left for our future works.

The paper is organized as follows. In Sect. 2, we introduce some notations and preliminary
results. In Sect. 3, we discuss the convergence of the Newton method for a non-separable
Hamiltonian and local coupling, while in Sect. 4 the case of a separable Hamiltonian and
nonlocal coupling. Finally, the Appendix A is devoted to the proof of some basic results
necessary for the rest of the paper.

2 Preliminaries

In this section, we introduce the assumptions on the Hamiltonian, prove the well posedness of
(1.1) and some preliminary results necessary for the estimate of the rate in the next section.
Throughout the paper, we work in the d—dimensional torus T¢ (i.e., periodic boundary
conditions). We consider the set P(T%) of Borel probability measures on T¢ is endowed
with the Monge Kantorovich (Wasserstein) distance: for m, m’ € P(T?), di(m,m') =
supg de ¢ (x)d(m—m")(x) where the supremum is taken over all Lipschitz maps ¢ : T > R
with a Lipschitz constant bounded by 1. In particular, we have that dy(m, m’) < ||m —
m'||cocpay if m,m’ € P(T4) N CO(T?). Given amap f : T x P(T?) — R, we will
use the notation Sf for the derivative of f w.r.t m, as introduced in [16, Section 2. 2]
d » P(T4) x T¢ — R is a continuous map such that

fIm'1(x) = flml(x) = //f[(l—S)vasm](x)(y)d(m—m)(y)ds

The above relation defined the map m only up to a constant. We always use the normalization

f

o 3m [m](x)(y)dm(y) = 0.

Higher-order derivatives are defined similarly.
The set C:0(Q) with the norm

lullcrocoy = lulleogy + 1Dullco(g:ray

is the space of continuous functions on Q with continuous derivatives in the x —variable, up

to the parabolic boundary. We also recall the definition of parabolic Holder spaces on the

torus (we refer to [26] for a more comprehensive discussion). For 0 < « < 1, we denote
lu(xi, 1) —u(xz, n)|

[t] o = sup - 2.1
D ) e (X1, x2)? + |1 — 1)) 2

where d(x, y) stands for the geodesic distance from x to y in T¢. The parabolic Holder space
C*2(Q) is the space of functions u € L*>°(Q) for which [u]CO"%(Q) < oo. It is endowed
with the norm:

lull e = llullcocgy + [u]

cfo’ %)

The space C17 N (Q) and >+ 1+%/2(() are endowed with the norms
d

e o) 0 = lulleoo) + D ol e

loell 14 15
i=1

Birkhauser



Dynamic Games and Applications

JH) — 1
" sup lu(xy, t1) — u(xz, ©2)|

o (22
(x1,11),(x2,2)€Q [ty — | 2

. u ou
||M||C2+oul+a/2(Q) = ”MHCO(Q) + Z ”Tx’.”CH_aYl:Eg(Q) + ||E||Ca,a/2(Q).
i=1

(2.3)

We now introduce some useful anisotropic Sobolev spaces to handle time-dependent prob-
lems. First, given a Banach space X, L? (0, T'; X) denotes the usual vector-valued Lebesgue
space for p € [1, oo]. For any r > 1, we denote by W,.z’1 (Q) the space of functions u such
that 8,‘S Dfu e L"(Q) for all multi-indices o and § such that [o'| 428 < 2, endowed with the
norm

1
leell 21y = (/ > |afD;ju|fdxdt)’.
Q jo|+28<2
We recall that, by classical results in interpolation theory, the sharp space of initial (or

_2
terminal) trace of W,Z’I(Q) is given by the fractional Sobolev class W,2 " (T%). We define
W,.I’O(Q) as the space of functions on Q such that the norm

d
ou
leell 10,y = ltllLroy + Zl I35 1@
1=
is finite and we denote with H}(Q) the space of functions u € er ’O(Q) with o,u €
(W:,’O(Q))’ , equipped with the natural norm

From [32, Theorem A.3 (iii)] and [21, Proposition 2.1 (iii)], for r > d + 2 the space Hrl Q)
is continuously embedded in C*/2%(Q), for some a € (0, 1).

We consider the following set of assumptions for the non-separable case with local cou-
pling, while specific assumptions in the case of a nonlocal coupling will be discussed in
Sect. 4. The notation | - | both refers to the modulus of a vector and to the norm of a matrix
in the appropriate space.

(A1) mg € P(T4) N C**(T?) and mo(x) = ¥ > 0, ug € C*T(T%). )
(A2) H € C*(T¢ x Rt x R%) and for all x € T¢, m € R, p € R? and some C > 0:

|pr(x»m, P = é(|P| + 1), [Hyx(x,m, p)| + |Hyxm(x, m, p)| < C_'(|P|2 + 1),
| Hyp (x, m, p)| < Clpl, |Hym(x, m, p)| < Clpl?,

_ 2.4)
|pr(x, m, p)| + |prm(X, m, p)| < C,
|Hppp (x, m, p)| + [Hpppm (x, m, p)| < C.
m
—Hyy(x,m, p) —Hpp(x,m, p)T
m 2 >0, Vm>O0.
EHpm(x,m, p) mHy,,(x,m, p)
2.5)

(A3) f(), f'() and f”(-) are uniformly bounded mappings from R* to R. Moreover,
f'¢)=0.
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Some remarks about these assumptions are in order.

Remark 2.1 Equation (2.5), first proposed by P. L. Lions in [30] and then exploited in [5, 6], is
a uniqueness condition for the MFG systems with non-separable Hamiltonian. In particular,
it implies that H is convex with respect to p and nonincreasing with respect to m and, when
H has a separate form H = H(x, p) — f (m), it reduces to H,, > 0 and ?/ > (. Besides
for uniqueness, we use this condition to prove the estimate in Lemma 2.6, which is crucial
for the rate of convergence.

Remark 2.2 A typical example of Hamiltonian which satisfies (A2) is

_ h)|pl?

H()C,m, P) - m7

(2.6)
where 0 < & < 2, h(x) € C2(T9) and h(x) > O for all x € T¢. Existence and uniqueness
of a weak solutions to MFGs with such Hamiltonians, under some additional assumptions,
can be obtained from results in [5, 24]. In Proposition 2.4, under the stronger assumptions
(A1)—(A3), we prove existence and uniqueness of a classical solution to Eq. (1.1).

Remark 2.3 An example of f which satisfies (A3) is the sigmoid function

—m"

1
S = e

In fact, the uniformly boundedness of f is included in (A3) only to obtain a relatively
simple proof of existence of a solution in the non-separable case, see Proposition 2.4, but
one can obtain small time existence and uniqueness results with less restrictions on H and
f, see [19]. If we assume a priori that Eq. (1.1) has a classical solution, independently of
assuming (A1)—(A3), the key assumption for proving the convergence of Newton method is
the uniform boundedness of f”(-), see also Remark 3.3. In this case, we can also include
examples such as

e f(m)=m.
e fm)=(14+m*0<a<?2.

Therefore, in some practical applications, we can apply the Newton method without requiring
all the assumptions in this paper to be satisfied. In any case, restrictions on the uniform
boundedness of Hp,(x, m, p) and f”(m) are very typical for Newton iterations, c.f. S.
Boyd [10, Section 9.5.3]. Some possible generalizations to the coupling f(m) = m*, o« > 2,
will be discussed later in the paper, see Remark 3.4. It is also possible to include, under
appropriate assumptions, a dependence of f on ¢, but for simplicity we omit it.

We will consider classical solutions to the MFG system. Recall that a classical solution
of (1.1) is a couple (u, m) such that u and m belong to C%2(Q) for some a € (0, 1) and
satisfies the problem in pointwise sense. For the proof of the next result, see the Appendix.

Proposition 2.4 Under assumptions (Al), (A2) and (A3), the system (1.1) has a unique
classical solution.

The next two lemmas are devoted to prove an estimate for a perturbation of the linearized

MFG system. This result is the main ingredient in our analysis of the convergence of the
Newton algorithm.
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Lemma 2.5 Assume (Al), (A2) and (A3) and let (u, m) be the solution of Eq. (1.1). Then, the
unique weak solution (v, p) of the system

(i) —%v—Av+ Hy(x,m, Du)Dv + Hy(x,m, Du)p = f'(m)p in Q,
(ii)  0p— Ap — div(pHp(x, m, Du)) — div(mpHpm(x, m, Du))
= diV(mep(x, m, Du)Dv) in Q,
p(x,0)=0, v(x,T) =0 in 9
2.7

is the trivial solution (v, p) = (0, 0).

Proof Multiply by p on both sides of (i), integrate on Q and exploit (ii) to get
/ f'm)|pl*dxdt

0

= / H,(x,m, Du)|p|2dxdt + f vdiv(mep(x, m, Du)Dv)dxdt
0 0

+ / vdiv(m,oHpm(x, m, Du)p)dxdt
9]

= / H,(x,m, Du)|p|2dxdt — / mHp,(x,m, Du)Dv - Dvdxdt

(0] o

—/ mHpy (x,m, Du)pDv.
0]

It follows from (A1) and parabolic maximum principle (c.f. [34]) that m > 0. Hence with
(A3), we obtain f'(m) > 0 and

/ f'(m)|p*dxdt > 0.
(0]

Hence, from Eq. (2.5), we get that

( DU) —H,,(x,m, Du) mem(x» m, Du)/2 P -0
L mHpy (x,m, Du)/2 mHp,(x, m, Du) Dv) 7

otherwise we obtain a contradiction. Therefore (p, Dv) = (0, 0). From v(x, T) = 0, it also
follows that v = 0. m]

The estimate in the next lemma is similar to [12, Lemma 5.2], with the key differences that
we consider non-separable Hamiltonian and local couplings.

Lemma 2.6 Assume (Al), (A2) and (A3) and let (u, m) be the classical solution of Eq. (1.1).
Givena € CO(Q) and a vector field b € CO(Q; RY), let (v, p) be a classical solution of the
perturbed linear system

(i) —8,1)—Av+H],(x,m,Du)Dv+Hm(x,m,Du)p:f’(m)p—‘,—a(x,t) in Q,
(i)  9p— Ap—div(oHp(x, m, Du)) — div(mp Hpym (x, m, Du)) 28)
= div(mH,,,,(x, m, Du)Dv) + div(b(x, 1)) inQ,
p(x,0)=0, v(x,T)=0 in T¢.
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Then, there exists a constant C > 0, depending only on the coefficients of the problem, such
that

lollero + lplleo < C(llalleo + lbllco ). 2.9)

Proof First observe that since the system (2.8) is linear, then (v, p)/(llallco + [|6]|c0) is the
solution of the problem corresponding to the perturbation (a, b)/(||allco + ||b]|c0). Hence,
(2.9) is equivalent to show that, for [lallco + [|bllco < 1, then [[v]lc10 + [lpllco < C for

some C > 0. We argue by contradiction and suppose that the estimate is not true. Hence, we
assume that there exists a¥, b¥ and (vk, ,ok ) with

la*llco + 16" co < 1, 6% := [[v*[lcro + [ 0"lleo = k. (2.10)
Set
~k ._ LA o ot
By definition, [|¥||z1.0 + [|5¥[lco = 1 for all k and the pair (3¥, 5¥) solves:
. o =k ~k ~k ~k ). .
(i) — 00" — AV" + Hp(x,m, Du)Dv" + Hy, (x, m, Du)p" = f'(m)p" + ok in Q,
(i) 8p* — APF — div(pF Hp(x, m, Du)) — div(mp* Hpm (x, m, Du))
k
= div(mHpp (x, m, Du)Dﬁk) + div(b (9);’ t)) in Q,
p(x,0)=0, v(x,T)=0 in T9.

@2.11)

Observe that ¥ is a solution of a linear parabolic equation with bounded coefficients. Hence,
7% and D3 are bounded in C*%/2 for some « € (0, 1). Similarly, ﬁk , solution of a linear equa-
tion in divergence form, is bounded in C##/2 for some B € (0, 1). By taking subsequences
we obtain a cluster point (v, p) of (o*, ,5]‘) such that

Ivllero + llollco = lim ([T [lgro + 155 co) = 1. (2.12)
k—+o00

By Eq. (2.10), we know a* (x, 1) /6% and div(b¥(x, r)/6%) actually vanish for k — oo and
therefore (v, p) is a solution of (2.7). Hence by Lemma 2.5, we have (v, p) = (0,0), a
contradiction to Eq. (2.12). O

3 The Newton Method for the Mean Field Games System with
Non-separable Hamiltonian and Local Coupling

In this section, we give an estimate for the rate of convergence of the Newton method to the
MEFG system in the case of a non-separable Hamiltonian and local coupling. We first prove
the well posedness of the system (1.4) for each n.

Proposition 3.1 For any n € N, there exists a unique solution (u"*, m") € crrelte/2(g) x
T 1+e/2(0) 1o the system (1.4).

Proof Assume to have proved the statement at step n — 1. Hence, given (u"~!, m"~!) €
crtelte/2( gy x 2Fe1+e/2() Eq. (1.4) is a strongly coupled linear system for (1", m").
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We first prove existence of a weak solution (u", m") € W,Z‘I(Q) X H}(Q), r>d+
2 by means of a fixed point argument. Define X := {o € CO(Q) 0 > 0,0x,0) =
mo(x),fw o(x,t)dx = 1} and consider the compact mapping 9 = T(o) : C°(Q) —
C%%/2(Q) defined by solving in sequence

() —&it — Al + Hy(x,m"™Y, D"V Dii + Hyy (x, m"~L, Du" "N (0 — m"™)
— Hp(x,mn—l, Dun—l)Dun—l _ H(x,m”_l, Dun—l) +f(}nn—l) +f/(mn—l)(g 7mn—l) in Q,
u(x,T) =ur(x) in T¢,
(i) 86— Ab —div(oH,(x, Du"")) — div(m" ™' Hpp (x, m"~", Du" "))
=div(m" " Hpp (x, m"", Du""NY (Dt — Du"h)) — div((m" )2 Hpp (x, m" ", Du"™1) in 0,
0(x,0) = mo(x) in T9.
3.1
We rewrite equation (i) in Eq. (3.1) as
—3ift — Al + Hy(x,m"™", Du"""YDi = f
with
fi=Hy(x, m" ', D YDu" — Hx, ", DU + f(m" 3.2)

+ f/m" e —m"Yy — Hy(x,m"™", Du" "N (0 —m""") € L®(Q).

By Proposition A.2, we obtain the existence of it € W,z’ ! (Q) solving (i) in (3.1). By Sobolev
embedding Dii € Cce/2(Q; RY). Next we rewrite equation (ii) in Eq. (3.1) as

9,0 — Ap — div(F) =0
with
F:=0H,(x, Du" 1 + m”_]HPm(x, m" Du”_l)
+m" " Hyp (e, m" ™ Du" Y (Dl — D"ty — (m" Y Hip (x, m" Y, DU,

From Dii € C*%/2(Q;R?) and the assumptions on (u"~!, m"~1), F € L*®(Q; R?) and,
by Proposition A.3, we obtain there exists a solution ¢ € H}(Q) to (i) in (3.1), thus ¢ €
C"""‘/z(Q).

Set §¢ = 01 — 02, 814 = i} — iip. Then

() — 880 — ASh + Hy(x,m"~ 1, Du""1YD8i + m" " Hpp (x, m" =1, Du" 180
= f'm""se in Q.
(i) 380 — A8 — div(8oH, (x, m"™, Du"™ 1)) — div(m" =" Hpp (x, m"~", Du""")50) (3.3)
= div(m"~" Hpp(x, "™, Du"~"YDs1r) in Q,
86(x,0) =0, 8ia(x,T) =0 in T.

We obtain by Proposition A.2 that
18l 2.1 ) < ClIsQlL=(0). 1Dl g;mey < CliSQNLx(0),
then by Proposition A.3

I8¢llcaarr = C(lI8eliL>(0) + 1DSit]| Lo g.rey) < CliSellL>(0)-
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It then follows that T is a continuous map. We conclude, by Schauder fixed point theorem,
the existence of a solution to (1.4). It follows that (i, 9) € Wrz’1 (Q) x C*%/2(Q) is a fixed
point defined by Eq. (3.1), with f replaced by

fi= Hp(x, m" ', D YDu" — Hx, m", DU + f(m"
+ f/(mn—l)(é _ mn—]) _ Hm(x, Wln—]7 Dun—l)(@ _ mn—])'

Sincef € C*%/2(Q), from Proposition A.1 it follows that &i € C2T®17%/2(Q). By assumption
(AZ), ie C2+ot,1+a/2(Q) and (un—l’ mn—l) e C2+a,1+a/2(Q) x CZ+a,1+a/2(Q)’ we obtain
div(F) € C%*/2(Q). Using Proposition A.1 again, we obtain p € C>**1+%/2((Q). We now
prove uniqueness. Assume that there are two solutions (i1, o) and (i1, 02) to Eq. (3.1) and
setdu = ii] — lp, 80 = g1 — 0». Clearly (812, §p) solves

(i) =880 — Asi+ Hy(x, "', Du"""YD8i +m" " Hyy (x, m"~', Du""18p
= f'm""sp in 0,
(i) 8,80 — N85 — div(8pH,(x, m" ", Du"™1)) — div(m" ™ Hpp (x, m" =", Du""1)55) 3.4)
= div(m" " Hp, (x, "™, Du""")Dé8#) in Q,
§0(x,0)=0, 8ii(x,T) =0 in T¢.

Testing the equation (i) with p, equation (i) with  and subtracting the resulting identities,
an easy computation gives

/ fl(m" |50 dxdt
0
= [QHm(x,m"—‘,Du"—1)|5@|2dxdt—me”—‘H,,p(x,m"—l,Du"—l)Daﬁ.Dsﬁdxdt
—/ m" "V Hp (x, m"™1, Du""186Dsi < 0.
0

By (A2), Eq. (2.5), and (A3) we get (80, DSu) = (0, 0). From 8u(x, T) = 0, it also follows
that 8i = 0. O

Proposition 3.1 is concerned with the invertibility of the linear operator LF at each step n, as
defined in Eq. (1.2). Hence, it is not surprising that one needs some Hessian-type condition.
The constant C in Proposition 3.1 may depend on the previous step (u"~!, m"~1). In the
discretized setting, invertibility of a linearized system similar to Eq. (3.4) has been discussed
in [3, Section 4.1] for solving a mean field planning problem with separable Hamiltonian.
We believe the ideas in [3, Section 4.1] can be extended also to MFGs with non-separable
Hamiltonian. However, solvability at each iteration is not enough for the convergence of the
Newton method since it is necessary to prove some a priori estimates independent of iteration
index n. In the next result, we obtain the local quadratic rate of convergence result.

Theorem 3.2 Let (u, m) be the solution of system (1.1) and (u”", m™) is the sequence generated
by Newton’s algorithm (1.4). Set v'* = u" —u, p" = m" — m. There exists a constant 1 > 0
such that if ||U0||cl,0 + ||,00||C0 < n then |[v"*]|c10 + [|p"|lco — O with a quadratic rate of
convergence.

Proof We emphasize that from here and for the rest of the proof, C denotes some generic
constant which may increase from line to line. This constant may depend on data of the
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problem and the solution (u, m), but it is always independent of n. We observe that v" solves
the equation

—9,v" — Av" + H,(x, m, Du) - DV"
= fm" Y = fm)+ f'm" " Hm" —m"") + H(x,m, Du) — H(x,m"~", Du"™")
_ Hp(x,mn_l, Dun—l)D(u}’l _ un—l) _ Hm(.x,mn_l, Du}’l—l)(mn _ mn—l),
which can be rewritten as
—0,v" — Av" + Hy(x, m, Du) - DV" + Hp (x, m, Du)p" = f'(m)p" +a,
where
a = Hy(x,m, Du)(Du" — Du) + Hy (x,m, Du)(m" —m) + H(x, m, Du)
— HG,m"™ ', Du™™ 1
_ HP(X, mn—ly Du”_l)D(u” _ un—l) _ Hm(x, mn—l} Dun—l)(mn _ mn—l)

— flm)(m"™ —m) + fm"™"y — fm) + £ m" " —m" .

(3.5)

In order to apply Lemma 2.6, we need to estimate ||a||c0. We rewrite the terms involving H
in Eq. (3.5) as

H,(x,m, Du)(Du" — Du) + Hy(x, m, Du)(m" —m) + H(x, m, Du)

_ H(X’mn—l, Dun—l)

_ Hp(x, mn—l’ Dun—l)D(un _ un—l) — Hy(x, mn—l’ Dun—l)(mn _ mn—l)
= H(x,m, Du) — H(x,m"™', Du"~") — H,(x,m"~", Du" YD — u""") 36
= Hy e, m" ™ D" o = m"™) + (Hy e, m, D)
— Hp(x, m" 1, Du"_l))(Du” — Du)
+ <Hm(x, m, Du) — Hy (x, m" ™, Du”fl))(m” —m).

We now estimate the terms on the right hand side of the previous identity. It is clear from
(A2) that for any t € (0, 1),

sup| Hym (x, m + t(m" =" —m), Du + t(Du"~" — Du))|
T

< C|Du+ t(Du""" — Du)|* < C(IDu| + |Du"~" = Dul)’ (3.7
< C(2|Du|* + 2|Du"~" — Dul?).
Likewise,
sup |Hmp(x, m4t(m"' —m), Du + t(Du"" — Du))| < C|Du+ t(Du""" = Du)|
c
< C(IDul + |Du"" — Du(|3)',8)

and

sup |Hpp (x, m + t(m""' —m), Du+t(Du""' — Du))| < C.
T
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Moreover, by the mean value theorem, we have

H(x,m, Du) — H(G,m"™ ', Du"™ 1) — Hp(x, m" ' Du""HYDw — u*

— Hyy(x,m"™", Du"y(m — m"™)
1
= / (Hp(x, m" ' tm —m"™ Y, DU + T (Du — Du”_]))
0

— Hy(x.m", Du"—l))(Du — Du" Nydr 3.9)

1
+/ (Hm(x, m" ' rm—m" Y, DU + 1 (Du — Du"il))
0
— Hp(x, m" 1 Du"_l)) (m —m" Ndr.

By using mean value theorem again, we estimate the integrand in Eq. (3.9) by

Hy(x,m" ™' +(m —m"™ "), Du"~" + ©(Du — Du"™ "))

— Hy(x,m"™', Du"")
1
- / (H,,,,(x, m"™ 4 (1= )ym —m" Yy, Du""!
0
+ (1 = )t (Du — Du"))r(Du"~! — Du)de’'
1
+/ (H,,m (x.m" P+ (1= )rm—m"Y), Du" + (1 — 7)1 (Du — Du" "))
0
— Hp(x, m" 1 Dl/t"_l))t(m"_1 —m)dt
and therefore, as 0 < (1 — /)t < 1,0 < 7 < 1, we get
sup IHp(x, m" 't rm—m" Y, DU + 1 (Du — Du"fl)) — Hp(x, m" ', Du" )
T
< sup|Hpp(x,m"™" +7(m —m"™"), Du"' + v(Du — Du"")||Du — Du""|
T
+ sup |Hpm(x, m" '+ tm —m" Y, DU + t(Du — DU Im — m"
T

< C|Du — DU '| + C(|Du| + |Du — Du"~ ') |jm — m" 1|,

1
/ (Hp(x, m" '+t —m" Y, DU + 1 (Du — Du"_l))
0

—Hp (&, m" ™!, Du"h) ) (Du — Du"~d
1
< (/ rdt) (C|Du — D" |+C(|Dul + |Du—Du"*1|)|m—m"*‘|)|Du — Du"N).
0
In a similar way, we obtain

1
/ (Hm(x, m" '+t —m" Y, Du"' + T (Du — Du"_l))
0

—Hy (x, m" L, Du"_1)>(m —m" Hdr
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1
< (/ rdr)(C(l + |Du — Du" ") m — m" |+ C(1 + |Du — Du""'|)|Du
0
—Du"*1||)|m .
Therefore, replacing in Eq. (3.9), we have

|H(x,m, Du) — H(x,m"™", Du"™") — H,(x,m"~", Du" YD — u"™")
—Hy(x,m"™ D"y (m — m" |
< C(UDV" ')+ CA+ DV PIDV T "+ C(1 + DV !

< C(len—l |2 + |pn—] |2 + |Dvn—l|4 + |pn—] |4).

2 (.10)

For the other terms in Eq. (3.6), we first observe that by (A2) and Eq. (3.8) we get
|Hy(x,m, Du) — Hy(x,m"~", Du""")| < sup |Hpm(x, m + t(m"~" —m), Du
T

+(Du" " — Du))|lp" |
+sup |Hpp(x, m + t(m" ' —m), Du+ t(Du""" — Du)||v* 7|
T

< C(IDul + DV DIp" !+ CIDV" ],
and, by Egs. (3.7) and (3.8),
|Hm(x, m, Du) — Hy (x, m" ™, Du"il)f < sup |Hpm(x, m+tm" ' —m), Du
T

+t(Du"~" = D))"
+SUp | Hyu (%, m + ("~ —m), Du+t(Du"~" = Dw)[1p" |
T

< C(IDul + |Dv" ' DIDV* | + C(IDul* + | Dv* P p" .
We then obtain
((H,,(x, m, Du) — Hy (e, m" =", Du"™") ) (Du" — Duy + (Hy (x, m, Du)
—Hy(x,m" ™, Du"_l))(m" - m)‘

<|H,(x,m, Du) — Hp(x, m"~!, Du""Y)||Du" — Du|
+ |Hy (x, m, Du) — Hy (x, m"~ L, Du"~Y||m" — m|
< (ca+1pv"pipm| G40
+CIDV" ) IDV" + (€1 + 1D Pl + €L+ (Do DID" ) ")
= C(1IDv 4+ 1DV R 4+ 1D "+ 1D P 4 10" ) (D" + o™
= C(1IDv 4+ 1DV R 4 1DV 1" 1o ) (1D + 10",
To estimate the terms containing f in Eq. (3.5), we observe that
— f{m)m" —m) + fm"™") = fm) + f'm"Hm" —m"h
= fm" N = fm) = fm)m" " —m) + (f'm") = fm)(m" —m" .
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Exploiting that f’(-) is globally Lipschitz, see (A3), we have
£ = f@m) = f/m)(m" " = m)| < Clm" " —m|?, (3.12)
and
(7o = £ om) " = m )|
<If/ "N = flm)lim® —m] 4+ 1 f ") = fm)llm —m"~' (3.13)
= (I o™ "1+ 10" ).
Finally, by Egs. (3.10), (3.11), (3.12) and (3.13), we get

lallco < C(||v”—‘ 1210 + 110" %0 + 10" g0 + 110" i
+ (10" Miero + 10" 200 + 10" o + 10" o (3.14)
+ 10" 120 ) (0" o + 16" o) ).
Now we consider the equation satisfied by p". We have
9 p" — Ap" —div(p" Hp(x, m, Du)) — div(mp" Hpp (x, m, Du))
= div(mHpp(x, m, Du) Dv")div(b),
with
b:= —p"H,(x,m, Du) —mp" Hyp(x, m, Du)
— mHp,(x, m, Du)Dv"
+m”_1Hp(x, m" ! pu" 1 — mH,(x, m, Du)
+ " —m" YHy(x,m"™", Du"")
+ m”_alm(x, m" ', DU (m" — m")
—|—m"_1pr(x, m" ', Du""YY(Du" — Du"").
To estimate ||b|| 0, we start observing that
b= m"_al(x, m"1, Du" 1
—mH,(x,m, Du) —m" " H,,(x, "', Du" ) (Du"~' — Du)
—m" = m)H,(x, m" ' D" — m"_alm(x, m" L D" Y —m)
+ 0" (Hp e, m" ™", DU = Hy(x,m, Du)) (3.15)
+p" (m"_alm(x, m" ', Du" 1y — mHpm (x, m, Du))
+ Dv"(m"ialp(x, m" ' Du"h — mHpp,(x,m, Du)).
Denoting ®(x, m, p) = mH,(x, m, p), then by elementary calculation

0, ®(x,m, p) =mHpp(x,m, p), 0,p®(x,m, p) =mHp,,(x, m, p),
0m®(x,m, p) = Hy(x,m, p) + mHpp (x, m, p), OnmP(x, m, p)
= 2Hpm(xa m, p) +mHmmp(x» m, p).
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It is clear from (A2) that
sup }(m +rm" ! = m))Hpm,(x, m+t(m" ™' —m), Du
T
+T(Du""" = Dwy)| < C(Iml + ")
From Eq. (3.8) and
sup ‘Hmmp(x, m+tm" ' —m), Du
T
+7(Du""" — Du))| < C(1Du| + |Du"~" — Dul), (3.16)
we obtain
sup |2Hpm(x, m+tm" ' —m), Du+ t(Du""! — Du))|
T
+ sup |(m +rm* ! — m))H,,mm(x, m+tm" ' —m), Du+t(Du""! — Du))‘
T
< C(1+ DV + 1" + [Dv" ] p" ).
In addition, we have

sup [ Hyp (v, m + w(n"~" = m), Du+w(Du"~" = Du))
T

+ (m +rm = m))H,,,,m(x, m+tm ' —m), Du+t(Du""' — Du))‘
<ca+1p"").
Collecting these estimates, we obtain
‘m"ial(x, m"~', Du"1y — mHp,(x,m, Du) — m"ialp(x, m" ', D"~ (Du" — Du)
_ (mn—l _ m)Hp(x, n,ln—l7 Dun—l) _ mn—alm(x’ mn—]’ Dun—l)(mn—] —m)
< CL+1p" NPV TP+ C(1+ "+ 1
+ 1DV 1" )"+ C 1+ 1" DDV "
< C(IDVIP + 10" P+ 1"
+ |Dvn—1||pn—l| + |Dvn—l|2|pl’l—l| + |Dvl’l—l||pn—l |2 + |Dvn—l||pn—l|3)
< C(|Dvn—l |2 + |pn—1|2 + |Dvn—l|4 + |pn—l |4 + |pn—l|3 + |pn—l|6).

(3.17)

Moreover, from Eq. (2.4), it follows that
}Hp(x, m" ' Du"h — Hp(x,m, Du)| <C (|Dv”_1|
+(1+ DV Pl H) (3.18)
and, from Egs. (2.4) and (3.16),
|m”_]Hpm(x, m" ! Du" 1 — mHpy (x, m, Du)|
= CA+ 1" DIV 4+ C (141" 4+ (4 " DA+ 10" 10" (3.19)
< C(|Dvn71| F 1" 4 DV 4 R |pn71|4),
|m" " Hpp e, m™ ™, Du"™Y) — mH,p(x, m, Du)| < C(1+ " ')|Dv" !
+Cl" N+ CA+ 1" DI, (320
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Replacing estimates Egs. (3.17)—(3.20) in Eq. (3.15), we get

Ibllco < C(uv"*lném 10 o + 10" E0 + 10" 120 + o™ g + 110" 1o

+ (10" Mero + 110" Meo + 10"z 10 (3:21)

+ 10" %0 + 10" o) (1" llero + 110" llco) )-

C C
Finally, from Lemma 2.6 and estimates Egs. (3.14) and (3.21), we have
" llero + 110" llco < C(llallco + l1blleo)
< K107 310 + 107 g + 10" W0 + 10" 0 + 10" e + 10" IS

- _ _ _ _ (3.22)
+ (" Mlero + 10" Meo + 10" 200 + 10" Mo + 10" 120
+ 10" ) (1" lero + 112" o) |

where K is a constant which depends only on the data of the problem. Without loss of
generality, we assume that K > 1. Assume that initial guess ®, mY) of the Newton method
satisfies

1
||U llcro + ||,0 llco < 12K’
where K as in Eq. (3.22). Since K > 1, we have

0,4 0 0,6 0
v o0 = IV llero, o™ llgo = Np lIcos
0 0 0,2 0,4 02 0,4 0
v llcro + 1107 llco + 10 llgo + 107 lero + 107 110 + 107 lo < 30" ll10
+1p%c0) < !
0
pllco) = 0

1
= 1K’
1020200 + 100100 + 1°050 + 10%120 + 110°120 + 112°1%0 < 4101310

1001310 + 12°120 < 2(10°lero + 16%c0)* <

1
052
1 130) < 1o (3.23)

Replacing the previous estimates in Eq. (3.22) for n = 1, we get

[v! llcio + o llco < + - (||U ||c10+||,0 llco)-

~ 18K
Hence, by absorbing the term %(Hv llcro + lo! llco) on the right hand side, we get

1
v + —. 3.24
I llero + 1ot leo < 7K < DK (3.24)
Arguing iteratively, we have that, if [v°[| 1.0 + [|0°c0 < 19z then
" llcro + 10" llco < D for anyn € N.
Repeating an estimate similar to Eq. (3.23) for n — 1, we have
_ _ _ _ _ _ 1
10" Hlero + 10" Heo + 10"~ g0 + 10" igao + 10" 2o + 10" igo < -
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From Egq. (3.22), we obtain

_ _ 2 1
0"t + 10" lleo = K [8(1" lero + 19" o) + 7 (1" e + 110" )|

hence we get the estimate
32K _ _ 2
10" lero + 11" leo = == (10" Hlero + 19" o)™

Multiplying both the side of the previous estimate for 327’(, we have

32K 32K _ _ 2
= (" llero + 12" eo) = (S5 (10" levo + 10" leo) )
Hence, as we have assumed (|| V1o + ||,00||co) < ﬁ, we obtain by induction that

3 8 2”
10" llero + 6" o < 552(5) -

W

m}

Remark 3.3 We can extend our main convergence rate result to MFG system with
superquadratic Hamiltonians, if we assume the system admits a classical solution. In this
case, for the rate of convergence in Theorem 3.2, it is sufficient to assume that H is smooth,
without the uniform bounds on the derivatives in Eq. (2.4). Indeed, a careful inspection of
the previous proof shows that the constant K in Eq. (3.22) depends on (u, m), the data of the
problem and, in particular, on the derivative of the Hamiltonian computed in Dy 1 p”_l.
If we assume that ||v0||C1,o + ||/OO||C0 < 1/12K, then, arguing as in the proof, we have that
v ]lc10 + [[p"llco < 1/12K for any n € N. Hence, the constant K in Eq. (3.22), which
depends on v ! lgro + ot llco, does not change with the iterations. The restriction of
quadratic H in Theorem 3.2 is made to prove existence and uniqueness of a classical solution
to the MFG system.

Remark 3.4 Assumption (A3) requires the uniform Lipschitz continuity of f’ and therefore
it excludes some interesting cases such as f(m) = m*, o # 1. We show that we can at least
consider the case o > 2. The main difference from using (A3) is in the estimate Eq. (3.13).
We replace the argument in the proof with

|F/m"™Y = f(m)| < (@ — D(Im®* 2| + [(m"~H* 2"
< (@ — DQIM* 2+ ("~ H* 21"
and therefore
[(F/on™=)) = £/ om) " —m )|
< (@ = DM+ 1" 2P 4 (@ = DRIM T+ 10" ) D" 1"

Then one can proceed similarly as in Theorem 3.2. So far we do not have a corresponding
result for 0 < o < 2, o # 1. For global (in time) solutions to MFGs with separable
Hamiltonians and f (m) = m®, « > 0 we refer to the paper of Cirant and Goffi [20, Theorem
1.4].

Birkhduser



Dynamic Games and Applications

4 The Newton Method for the Mean Field Games System with
Saparable Hamiltonian and Nonlocal Coupling

In this section, we consider the MFG system with Hamiltonian independent of m and nonlocal
coupling
() — oiu — Au+ H(x, Du) = f[m](x) in Q,
(ii)  dm — Am —div(mHp,(x, Du)) =0 in Q, .1
m(x,0) =mo(x), u(x,T) = g[m(T)](x) in T,

We assume that my is as in (A1), the Hamiltonian H satisfies (A2), while the assumption on
ur in (A1) and (A3) are replaced by

(A3") f.g:T? x P(T?) — R. f, g and their space derivatives 0y, f, dx, g, dxx, & are all

globally Lipschitz continuous. The measure derivatives % and g—j, : T x P(T¢) x

T4 — R are also Lipschitz continuous. For any m, m’ € P(Td),

/d (f[m](x) - f[m’](x)) dim —m")(x) > 0,
T (4.2)

/W (glm1(x) — glm1(x)) d(m —m")(x) = 0.

Remark 4.1 Equation (4.2) implies that W and W satisfy the following monotonicity
property (explained for f):

/T d / —[m 0P p()dxdy = 0 43)

for any centered measure p, c.f. [16, p. 36].

Remark 4.2 From assumption (A3’), there exists a constant C > 0,

sup | fIm'](x) — flm]l(x)| + sup I—m 1) (y) — f pm UL 10| < Cdym, m'),

xeTd x,yeTd
“4.4)
1)
sup | fIm'1(x) — flm](x) — f 1 L)) () m’ m)(y)| < Cdi(m, m’),
xeTd Td 6m
4.5)
1)
sup |glm'1(x) — glm](x) — / 2 m1)(dm’ —m)(»)] < Cdm, m').
xeTd T4 dm
4.6)

Remark 4.3 For the simplicity, we will be using the shortened notation, c.f. [16, p. 60]
)
[, sZimeooan' o) = e
T4

for the duality bracket between % [m] and m’ at x.

The next two lemmas are proved in Cardaliaguet Briani [12, Lemma 5.2]. A similar result
with different functional spaces is discussed in Cardaliaguet, Delarue, Lasry and Lions [16,
Lemma 3.3.1].
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Lemma 4.4 Under assumptions (Al), (A2) and (A3’), let (u, m) be a classical solution to the
system (4.1). Then, the unique weak solution of the system

(i) —3v—Av+ Hy(x, Du)Dv = %[m(t)]p in 0,
(i)  3p— Ap—div(oH,(x, Du)) = div(mHp,(x, Du)Dv) in Q, (4.7)
p(x,0) =0, v(x,T) = (f—i[m(T)]p(T) in T
is the trivial solution (v, p) = (0, 0).

Lemma4.5 Given a € CO(Q), b e CO(Q; RY). Let (u, m) be a classical solution to the
system (4.1) and (v, p) be a classical solution of the perturbed linear system

(i) —0,v— Av+ Hy(x, Du)Dv = %[m(t)](x)p+a(x,t) in Q,
(i)  p— Ap—div(pHy(x, Du)) = div(mHpy(x, Du)Dv) + div(b(x, 1)) in Q,
px,0)=0, v(x,T) = ;%[m(T)](X)p(T) +c(x) in T¢.

4.8)

Then, there exists a constant C > 0 depending on the coefficients of the problem, such that
lvlicro + llplico < € (llallgo + l1blico + llclico) -

Existence and uniqueness result for a classical solution to Eq. (4.1) under rather general
assumptions which, in particular, include (A1), (A2) and (A3’), can be found in [27]. The
Newton system for solving Eq. (4.1), analogous to Eq. (1.4), can be written as

(i) —du" — Au" 4 Hp(x, Du""HyD@" — u""")
= — H@x, Du" ') + flm" ' (O](x) + gi[m"‘l(n](x)(m" —m"h in 0,
mn 4.9)
(i) Bm" — Am" — div(m" H,(x, Du"™")) = div(m" ™' H,p(x, Du"~")(Du" — Du"""))  in Q,
B
m"(x,0) = mo(x), u"(x,T) = glm" " (T)] + ﬁ[m"’l(T)](x)(m”(T) —m"NT))  inTY.

Existence and uniqueness of a classical solution to Eq. (4.9) can be proved as in
Proposition 3.1.

Theorem 4.6 Let (u, m) be the solution of system (4.1) and (u”™, m™) is the sequence generated
by Newton’s algorithm (4.9). Set v* = u" —u, p" = m" — m. There exists a constant ) > 0
such that if V0] cro + [10°)lco < 1 then V" ||c10 + [0 ]lco — O with a quadratic rate of
convergence.

Proof We first observe that v"" = u" — u, p" = m" — m satisfy

$
—9v" — Av" + H,(x, Du) - DV" = é[m](x)(,o") +a,

dp" — Ap" —div(p" Hy(x, Du)) = div(mHpp (x, Du)DU”) + div(b),

8
p"(x,0)=0,v"(x,T) = ﬁ[m(T)](X)(p") +c(x),
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where

a = Hp(x, Du)(Du" — Du) + H(x, Du) — H (x, Du" 1 — Hp(x, Du" YD —u* 1

Sf n n—1 8f n—1 n n—1 (410)
~m [m](x)(m" —m) + f(m" ™) — f(m) + —[m" " ](x)(m" —m" "),
m Sm
b:= — p"H,(x, Du) — mHp,(x, Du) Dv" +m"_1Hp(x, Du" ! — mH,(x, Du)

+ (m" — m”_])Hp(x, Du"™ 1 +m"_1pr(x, Du"~Y(Du" — Du"™Y,

)
¢ = glm" " (D)1(x) — glm(T)](x) — ﬁ[m(T)](X)(p")

)
+—8“” [ (T))(x) (m"(T) — m"~(T)).
m

We first consider the nonlocal coupling terms as they constitute the main differences with
respect to the Proof of Theorem 3.2. Rewrite the terms containing f in Eq. (4.10) as

8f §f

= 5 Il —m) + F™™Y — fm) + =[m" ") m" —m"h
m Sm
) ) I}
= 1o = o — L1 4 (i - o ).
m Sm Sm

By Lipschitz continuity of 8L i.e., Egs. (4.4) and (4.5), we get

sm?
) )
I - ,rf[m](-xm" —m)+ F Yy = fmy + oL
m om
< CUP" %0 + 1" ol o™ llco)-

Similarly, rewriting

") " —m" )l o

)
¢ = glm" "N (T)1(x) — glm(T)1(x) — ﬁ[m"“(n](x)(p"—‘(n)

8g n—1 8g n
H(E 1 - S e,

we obtain
—1,2 —1
lelleo < € (11" 120 + 10" licoll o™ llco) -
C

By a straightforward adaptation of the Proof of Theorem 3.2, we estimate the other terms in
a and b. Indeed, we have

|H,(x, Du)(Du" — Du) + H(x, Du) — H(x, Du"™") — H,(x, Du" " Y D" — u"™")]
< C(DV"'|* 4 [Dv" | D)),
hence
lallco < € (10" 1310 + 10" Mlerollv llero + 10" IZo + 10" ol lleo) -
Moreover, by
b= p"(Hy(x, Du) — Hy(x, Du"~")) + p" "' H,, (x, Du) Dv"
+m"VH,(x, Du"™") — mH, (x, Du)
— "' —m)H,(x, Du"™") —m" " H,, (x, Du"")(Du""! — Du),
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we obtain

51l co
—1
< C (" erollp™lieo
n n—1 n—1p2 n—1 n—1 1 n—1 n—1p2
+l" llerolle"Hico + 10" Higo + 10" Hierollo™ o + (1 4+ 10" o) V" iGro) -

Collecting the estimate of a, b and ¢, by Lemma 4.5 we obtain

—1)2 —14 —1)2 -1
" llgro + 10" llco < € (10" g0 + 10" o + 110" igo + (0" Hlgro

1" o) UV lero + 19 l1co)) -

We omit the rest of the proof as it is very similar to Theorem 3.2. O

Remark 4.7 The monotonicity conditions Eq. (4.2) guarantee uniqueness of the solution to
the MFG system with nonlocal coupling. If we do not assume Eq. (4.2), the result and proof
methodology in this section can be adapted to prove local convergence to a stable solution
of a potential MFG. Recall that, for a potential MFG, a solution (u, m) is said to be stable if
the only solution to the linearized MFG system at (u, m) is the trivial one (see [12]). In other
words, instead of proving that (v, p) = 0 as in Lemma 4.4, we use it as part of the definition
of the stable solution. We plan to study this problem in the future.

Remark 4.8 In this paper, we separated the discussions on MFGs with local or nonlocal
couplings for simplicity. One can easily replace in Eq. (1.1) one or both of the terms f and
g by nonlocal couplings and obtain similar results as Proposition 2.4 and Theorem 3.2. One
can also consider the non-separable Hamiltonians with nonlocal congestions, e.g., replacing
m in H(x, m, p) by a convolution with some kernels, as in [6]. However, even though the
existence of solution to such type of MFGs has been demonstrated in [6], it is not clear how
one can apply the Hessian condition Eq. (2.5) to show the uniqueness of a global (in time)
classical solution and the stability property (Lemma 2.6) in the nonlocal congestion case. We
leave further developments in this direction for the future.
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A Appendix: Some Classical Parabolic Estimates Results

Consider the linear parabolic equation:

{ — 0 — Au—+b(x,t)-Vu+c(x,Hu = f(x,1) in Q,
(A.1)

u(x,T) =ur(x) in T?.

The following two results are very classical for equations on cylinders with boundary condi-
tions (see [26, Theorem 5.1, p. 320 ] and [26, Theorem 9.1 pp. 341-342]). A complete proof
of them in the flat torus case can be found in [19, Appendix pp. 17-18].

Proposition A.1 Let b € C*%/2(Q; R?), ¢ and f belong to C**/*(Q) and ur € C**(T9).
Then, the problem (A.1) admits a unique solution u € CHe149/2( 0y and it holds

||M||C2+a,l+a/2(Q) < () (”f”ca,a/Z(Q) + ”uT”Cz"'”('JI‘d)) ’
where C depends on the C*%/% norms of b, ¢ and remains bounded for bounded values of T .

PropositionA.2 Letr > d +2, b € L®(Q:R?), ¢ € L®(Q), f € L' (Q) and ur €
_2
Wr2 " (T4). Then, the problem (A.1) admits a unique solution u € er’z(Q) and it holds

lull 219y < C (nfuy(@ + ||uT||W3,;(W)> ,

where C depends on the norms of b, ¢ and remains bounded for bounded values of T.
Moreover, the following embedding holds:

r 2r

Il o2 a2 = Cllully2i ) (A2)
(see [26, Corollary pp. 342—343])

Next we introduce some results for the parabolic equations in divergence form, for the proof
we refer to [34, Proposition A.3]. We use the notation ¢ := {1, 2}.

Proposition A3 Letr > d+2, mg € W,1 (T9), q. € L*®(Q; R?) and consider the parabolic
equation in divergence form

{ am, — Am, — div(m,q,) = 0 in Q, A3)

m, (0, x) = mo(x) in T?.

Then, there exists a unique solution m, in ’H}(Q) to (A.3). Then, there exists a constant C
depending onlyonr,T,d, R, ||m0||Wr1 rdy and |q.|| g (. ray such that

||mt||H}(Q) <C.
Moreover, denote by m = m| — my and 8q = q1 — q2. Then,
I8mll41 o) < Clldqllpoo(g:ra)
with C as above.

We show the well posedness of the MFG system with non-separable Hamiltonian by
means of an argument similar to [5, Lemma 4.1].
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Proof of Proposition 2.4 Define X := {m e CY%Q) :m > 0, m(x,0) = my(x), de m(x,t)
dx = 1}. Consider the compact mapping /i = T(m) : X — C*%/2(Q) ,

(i) —oiu — Au+ H(x,m, Du) = f(m) in Q,
(ii)y  0m — Am —div(mHy(x,m, Du)) =0  in Q, (A4)
m(x,0) = mo(x), u(x,T) = ur(x) in T¢.

£() : X = R is uniformly bounded. By (A2), H(x, m, p) < C(|p|> + 1). It follows from
the standard result of quasilinear parabolic equation (see Theorem 6.3 in Chapter 5 of [26])
that Eq. (A.4) (i) has a unique solution u € L*°(0, T; Wolo(’]l“d)) and ||u||Lm(O’T;W010(Td))
is bounded independently of m in X. From the boundedness of ||Dul|;~(g) and (A2),
H,,(x, m, p) is bounded independently of m in X. Under the additional assumption that
f'(m) is bounded independently of m in X, it is easy to see that the map m +—> u
from X to L*°(0, T; Wolo(Td)) is continuous. Equation (A.4) (ii) has a unique solution
m e X NC¥2(Q), which is bounded in C*%/2(Q) uniformly with respect to m in X,
see, e.g., [26], Chapter 3, Theorem 10.1. From Proposition A.3 and the continuous embed-
ding of H,l (Q) onto C*%/2(Q), the map H,(x,m, Du) — m is continuous from L*(Q) to
C**/2(Q). From (A2), H,(x, m, Du) is continuous with respect to both m and Du, inde-
pendently of m in X. As we have shown, the map m +— u from X to L*°(0, T’; Wolo (T?)) is
continuous; hence, the map m — m is continuous from X to X N coef 2(Q). We can obtain
by Schauder fixed point theorem that the map T has at least one fixed point. Regularity of
the solution follows from assumptions (A1), (A2), (A3) and previously cited results in [26].
Uniqueness follows from (A2) ((2.5) in particular) and (A3). We refer to [4, Ch.1, Theorem
13] for details. ]

References

1. Achdou Y, Capuzzo Dolcetta I (2010) Mean field games: numerical methods. SIAM J Numer Anal
48(3):1136-1162
2. Achdou Y, Camilli F, Capuzzo Dolcetta I (2013) Mean field games: convergence of a finite difference
method. SIAM J Numer Anal 51(5):2585-2612
3. Achdou Y, Camilli F, Capuzzo-Dolcetta I (2012) Mean field games: Numerical methods for the planning
problem. STAM J Control Optim 50(1):77-109
4. Achdou Y, Cardaliaguet P, Delarue F, Porretta A, Santambrogio F (2020) Mean Field Games: Cetraro,
Italy 2019, vol 2281. Springer Nature, Berlin
5. Achdou Y, Porretta A (2018) Mean field games with congestion. Ann Inst Henri Poincare (C) Anal Non
Lineaire 35:443—480
6. Achdou Y, Lauriere M (2015) On the system of partial differential equations arising in mean field type
control. Discret Contin Dyn Syst 35(9):38-79
7. Achdou Y, Perez V (2012) Iterative strategies for solving linearized discrete mean field games systems.
Networks Heterog Media 7(2):197-217
8. Ambrose D, Mészdros A (2023) Well-posedness of mean field games master equations involving non-
separable local hamiltonians. Trans Am Math Soc 376:2481-2523
9. Berry J, Ley O, Silva FJ (2024) Approximation and perturbations of stable solutions to a stationary mean
field game system, arXiv preprint arXiv:2402.16377,
10. Boyd SP, Vandenberghe L (2004) Convex optimization. Cambridge University Press, Cambridge
11. Bonnans FJ, Liu K, Pfeiffer L (2023) Error estimates of a theta-scheme for second-order mean field
games. ESAIM Math Model Numer Anal 57(4):2493-2528
12. Briani A, Cardaliaguet P (2018) Stable solutions in potential mean field game systems. Nonlinear Differ
Equ Appl 25:1-26
13. Cacace S, Camilli F, Goffi A (2021) A policy iteration method for mean field games. ESAIM Control
Optim Calc Var 27:85

Birkhduser


http://arxiv.org/abs/2402.16377

Dynamic Games and Applications

20.

21.

22.

23.

24.

25.

26.

27.
28.

29.
30.
31.
32.
33.

34.

Carlini E, Silva FJ (2018) On the discretization of some nonlinear Fokker—Planck—Kolmogorov equations
and applications STAM. J Numer Anal 56(4):2148-2177

. Camilli F, Tang Q (2022) Rates of convergence for the policy iteration method for mean field games

systems. J Math Anal Appl 512:126-138
Cardaliaguet P, Delarue F, Lasry J-M, Lions P-L (2019) The master equation and the convergence problem
in mean field games. Princeton University Press, New Jersey

. Carmona R, Delarue F (2018) Probabilistic theory of mean field games with applications 1. Springer,

Berlin

Ciarlet PG, Mardare C (2012) On the Newton—Kantorovich theorem. Anal Appl 10:249-269

Cirant M, Gianni R, Mannucci P (2020) Short-time existence for a general backward-forward parabolic
system arising from mean-field games. Dyn Games Appl 10:100-119

Cirant M, Goffi A (2021) Maximal L9-regularity for parabolic Hamilton-Jacobi equations and
applications to mean field games. Ann PDE 7:19

Cirant M, Tonon D (2019) Time-dependent focusing mean-field games: the sub-critical case. ] Dyn Differ
Equ 31:49-79

Evangelista D, Gomes DA (2018) On the existence of solutions for stationary mean-field games with
congestion. J Dyn Differ Equ 30(4):1365-1388

Ghattassi M, Masmoudi N. Non-separable mean field games for pedestrian flow: Generalized hughes
model, arXiv:2310.04702

Graber PJ (2015) Weak solutions for mean field games with congestion. arXiv preprint arXiv:1503.04733,
Huang M, Caines PE, Malhame RP (2007) Large-population cost-coupled LQG problems with non uni-
form agents: Individual-mass behaviour and decentralized e-Nash equilibria. IEEE Trans Autom Control
52:1560-1571

Ladyzenskaja OA, Solonnikov VA, Ural’ceva NN (1968) Linear and quasilinear equations of parabolic
type, vol 23. Translations of Mathematical Monographs. American Mathematical Society, Providence
Lasry JM, Lions PL (2007) Mean field games. Jpn J Math 2:229-260

Lauriere M (2021) Numerical methods for mean field games and mean field type control, preprint arXiv:
2106.06231,

Lauriere M, Song J, Tang Q (2023) Policy iteration method for time-dependent mean field games systems
with non-separable Hamiltonians. Appl Math Optim 87:17

Lions PL. Cours au College de France. www.college-de-france.fr

LiH, FanY, Ying L (2021) A simple multiscale method for mean field games. J Comput Phys 439:110385
Metafune G, Pallara D, Rhandi A (2009) Global properties of transition probabilities of singular diffusions.
Teor Veroyatn Primen 54:116-148

Nurbekyan L, Sadde J (2018) Fourier approximation methods for first-order nonlocal mean-field games.
Port Math 75:367-396

Tang Q, Song J (2024) Learning optimal policies in potential mean field games: Smoothed policy iteration
algorithms. SIAM J Control Optim 62(1):351-375

Publisher’s Note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Birkhauser


http://arxiv.org/abs/2310.04702
http://arxiv.org/abs/1503.04733
http://arxiv.org/abs/2106.06231
www.college-de-france.fr

	On the Quadratic Convergence of Newton's Method for Mean Field Games with Non-separable Hamiltonian
	Abstract
	1 Introduction
	2 Preliminaries
	3 The Newton Method for the Mean Field Games System with Non-separable Hamiltonian and Local Coupling
	4 The Newton Method for the Mean Field Games System with Saparable Hamiltonian and Nonlocal Coupling
	A Appendix: Some Classical Parabolic Estimates Results
	References


