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ABSTRACT. This paper studies the vanishing viscosity approximation to mean field games
(MFGs) in R? with a nonlocal and possibly non-separable Hamiltonian. We prove that the
value function converges at a rate of O(3), where 82 is the diffusivity constant, which matches
the classical convergence rate of vanishing viscosity for Hamilton-Jacobi (HJ) equations. The
same rate is also obtained for the approximation of the distribution of players as well as for
the gradient of the value function. The proof is a combination of probabilistic and analytical
arguments by first analyzing the forward-backward stochastic differential equation associated
with the MFG, and then applying a general stability result for HJ equations. Applications of
our result to N-player games, mean field control, and policy iteration for solving MFGs are
also presented.
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1. INTRODUCTION

Mean field games (MFGs) were simultaneously proposed by Lasry and Lions in [40], 41], [42],
and by Huang, Malhame, and Caines in [36], for the purpose of modeling a game with a large
number of players whose decisions are influenced by the distribution of the other players. Due
to the large number of players, each player is assumed to have an infinitesimal influence on
all of the other players. Moreover, by assuming that all players act rationally (meaning that
they each solve an optimization problem of some cost functional and act as though all other
players are also playing rationally), the system is said to be in a Nash equilibrium. Now
suppose that the agents are playing on the state space RY. Then one of the most common
formulations of MFGs is as a system of coupled partial differential equations (PDEs), of which
the first is a Hamilton-Jacobi (HJ) equation solved by u” : [0, T] x R? — R, and the second is
a Fokker-Planck equation solved by a flow p? of probability measures on R%:

—0puP + H(x, —Vuﬁ,pf) = %Au on [0,T] x RY,
Oupl + divo { iV H (2, =P, pf)y = L Ap  on [0,T] x RY, (1.1)
uﬁ(T,x) = g(z, p’B), pg(x) = mop(x) on RY,

where 8 > 0 is the idiosyncratic noise intensity[l, H(z,p, p) is the (non-separable) Hamiltonian,
g(z, p) is the terminal cost, and my is the initial distribution. When 8 > 0, the system is of
second order. The system obtained by sending 8 — 0 is called the vanishing viscosity limit,
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which is of first order. Refer to Section for a literature review on the well-posedness of
MFGs (1.1]).

Second-order MFGs are widely used to model complex systems in economics [I}, [15], [48] and
engineering [20, B35]. Recently, there has been a surge of interest in first-order MFG models,
where the state evolves according to deterministic dynamics. Examples include the traffic
flow of autonomous vehicles [34], and Proof-of-Stake cryptocurrency mining [53, Section 5.
As prior works have noted, such as in [34], traditional methods (e.g., Newton’s method) for
solving first-order MFGs tend to be numerically unstable. Various approaches [13| [14] [45] have
recently been proposed to address such problems in solving first-order MFGs with a separable
Hamiltonian (see below), but with no quantitative guarantees. An obvious approach,
as already suggested in [2], is to add a small second-order perturbation that corresponds to
the addition of a small idiosyncratic noise, and then to solve the resulting second-order MFG
H However, the price of gaining numerical stability from the perturbation is to introduce a
source of error depending on the noise intensity 5. Denoting v = u° for the value function of
the first-order MFG, one would expect from the classical theory of HJ equations (see e.g., [22,
Section IV]) that as 3 — 0, u” — u in some topology. But the classical theory of viscosity
solutions does not provide a convergence rate with respect to g for MFGs, on account of the
coupling with the Fokker-Planck equation.

The purpose of this paper is to provide a quantitative convergence rate of vanishing viscosity
limits of the MFG (|1.1)) with a general (non-separable) Hamiltonian. Previous work [56] studied
the convergence rate of vanishing viscosity limits of MFGs with a separable Hamiltonian on
the torus T%; see the end of Sections and Remark for discussions. Now let us briefly
describe our results: we prove under suitable conditions on the model parameters that for any
compact set K C R,

[0’ — ul| oo o,1)x 1) < CicBs

for some constant Cx growing at most linearly in the diameter of K. In other words, u”® — u
at a rate of O(f) in the topology of uniform convergence on compact sets (Theorem ,
which matches with the convergence rate from the classical viscosity theory of HJ equations.
As intermediary steps, we prove that ptﬁ and Vu? converge at the same rate of O(3) in the
1-Wasserstein and L>°([0, T] x R%) metrics, respectively (Corollary [3.3| and Theorem . Our
analysis does not specifically require the Lasry-Lions or displacement monotonicity condition;
see Remark [2.8| for a discussion. We also show how to apply our result to varied problems, such

as particle system approximations and policy iteration for solving MFGs, in Section

Here we give a quick outline of the proof, which is a combination of probabilistic and analyti-
cal arguments. From the classical stability theory of PDEs, one may suspect that the difference
between u” and u is controlled by the difference in the coefficients, i.e., H(-, -, pf) —H(-, - pp),
g(-, pg) —g(-,pr), and B. However, the dependence on the measure in the first four terms
complicates the analysis, because p? and p satisfy their own PDEs that depend on u” and wu,
respectively. We avoid this issue by instead analyzing the forward-backward stochastic differ-
ential equation (FBSDE) system (defined in ([2.3)) associated with the MFG system (L.1]). Our

analysis consists of three steps:

2This approach is also reminiscent of the Lax-Friedrichs approximation scheme to first-order equations, where

numerical viscosity is 8 = 2<if>2 with (Axz, At) as the space-time discretization (see e.g., [19] 20, (2]).
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(1) First we control the L' difference between pf and p; in terms of 3 and ||Vu® — V||«

(Lemma 3.1)).

(2) Using the FBSDE representation, we prove that |[Vu® — Vul|loo = O(8) (Theorem .
This implies the convergence of ptﬁ to p; at a rate of O(B3) in the L', and hence, Wi

metric (Corollary [3.3)).
(3) We obtain a rate of O(/3) for the convergence of H (-, -, ptﬁ) and g(-, pg) by Corollary

(and some assumptions on H and g). Finally, the convergence rate of u” follows from
a general stability result (Theorem [4.1J).

Organization of the paper: The remainder of this paper is organized as follows. Section
1.1] provides a literature review on MFGs, and compares the result in this paper with prior
work. In Section [2] we formally define the problem and collect some assumptions for our result.
Section 3| proves the convergence rate of ptﬁ and Vu?, and Section 4| proves the convergence
rate of u”. In Section |5, we give several applications of our result. Examples and numerical
experiments are presented in Section [6] Concluding remarks are summarized in Section

1.1. Literature Review. The well-posedness of MFGs has been studied extensively, par-
ticularly for the case of a separable Hamiltonian, in which the momentum and the measure
arguments are additively separated:

H(x,p,,u) :Ho(x,p)—f(ac,p,). (12)

Here H can either be a local or nonlocal function of the measure argument. In the separable,
local case and when 8 = 0, [10} [11 29] are some of the major works proving the well-posedness.
In the separable, nonlocal case and when 5 = 0, [12] ensures well-posedness of the MFG system,
provided that the Lasry-Lions monotonicity condition holds.

The separable case is a strong structural assumption, upon which much of the previous
literature relied. However, many applications may go beyond this assumption. In the economic
model proposed by [11 [48], despite the model of the agent being relatively simple to formulate,
such an agent corresponds to a MFG whose Hamiltonian is not separable. Another example is
provided by [53], where the Hamiltonian has a term containing the product of the price process
(which is a function of the player distribution) and the action of the player. Finally, [3] is
one of the works that models mean field games with congestion, where players are penalized
based on the density of other players at the current position; as a result of congestion penalizing
movement, the Hamiltonian some function of the momentum divided by another function of the
density. In order to make sense of the MFGs arising in these applications, the well-posedness of
MFGs with a non-separable Hamiltonian must first be established. A breakthrough was made
by [31], and later [47] for their proposal of a new condition, called displacement monotonicity,
under which well-posedness of the MFG system can be proved for all 5 > 0. To the best
of our knowledge, the work that proves well-posedness under the least restrictive regularity
assumptions on H and g is [5], whose main assumption, other than displacement monotonicity,
is the uniform boundedness of the second derivatives of H and g.

Some earlier works take a probabilistic approach to MFGs as well. [I7] considers a probabilis-
tic formulation of the MFG, where the volatility is uncontrolled. Their Remark 7.12 is similar
to our FBSDE system , though our equation of the adjoint process is for the gradient of
the value function, not for the value function itself. The later work of [38] also studies MFGs
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from a probabilistic perspective, and they prove the existence, though not its uniqueness, of
a MFG solution where the volatility is controlled. See [16] for further developments in this
direction.

Comparison to previous work: The only previous work addressing the convergence rate
of vanishing viscosity approximations to MFGs is [56]. Its main assumption is that of a sep-
arable Hamiltonian, which (along with the terminal cost function) satisfies the Lasry-Lions
monotonicity condition. In contrast, we do not assume any monotonicity condition until one
is needed for the well-posedness of the MFG system . Moreover, our result addresses the
case of a non-separable Hamiltonian which is nonlocal in the measure argument. We prove
that the convergence rate for {u’}s=¢ is O(8) in L=(K) for any compact set X C R¢, which
improves upon their rate O(3%/2) in L'(T¢). This (partially) solves Problem 4(a) in [56] for
MFGs with possibly non-separable and nonlocal Hamiltonians.

2. NOTATIONS, ASSUMPTIONS AND PROBLEM FORMULATION

2.1. Notations. For a metric space X, let C¥(X) be the space of functions mapping X to
R, which are k-times differentiable, and whose k-th order derivatives are continuous. If X =
[0,7] x R™, then for f : [0,T] x R® — R, Vf(t,z) refers to V,f(t,x) = [0;f(t,x)]],, and
V2f(t,x) refers to V2, f(t,z) = [0;; f (¢, z)]ii—1- In particular, V f and V2 £ do not include the
partial derivatives with respect to .

For p € [1, 00| and a measure space (X, B, ), LP(X, B, 11) is the space of real-valued functions
whose p-th power is integrable with respect to p, i.e., all f: X — R such that ||f||h = ||f||], =
Jx |fIPdp < co. If p = oo, then L>°(X, B, uu) is the space of functions f such that there exists
a constant C' > 0 satisfying u(|f| > C) = 0; the infimum of all such constants is denoted by
Iflloo = || fllzee. If we only write LP, then p is assumed to be the Lebesgue measure on X, and
B is the Borel sigma-field on X. We will also make use of L™ spaces of functions mapping R"
to R™, denoted by L*°(R"™;R"), consisting of functions f : R™ — R™ such that there exists
a C with |f| < C almost everywhere with respect to the Lebesgue measure on R™ (] - | is the
Euclidean norm on R™). If R™ is replaced by R™*"  the space of m by m matrices, then | - |
is replaced by the operator norm || - ||, on matrices.

Now let (X, B,P) be a probability space. For a random variable &, Law(§) is the law of £
with respect to P. For p € [1, 00|, we write P,(X) for the space of probability measures p with
finite p-th moment, i.e., [y |z[Pdu(z) < co. On Py(X), we define the p-Wasserstein distance
Wh:

1/p
Wy (p, v) = inf {/ |z — y|Pdr(z,y): m € P(X x X) has marginals y and V} .
XxX

We also introduce the Wasserstein gradient of a function U : P2(R™) — R. For a more extensive
introduction, one source is the textbook [16]. For p € P2(R™), the Wasserstein gradient of U
at p is denoted by V,U(u,-), and is an element of the closure (with respect to L*(R™, u1)) of
gradients of C>°(R™) functions. The gradient V,U is characterized by the property that for all
L? random variables ¢ and 7 in R”,

U(Law(¢ + 1)) — U(Law(€)) = E[V,,U(Law(€), £) - 1] + o(E[ln[*]'/?).
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Finally, for a,b > 0, the symbol a = O(b) means that a/b is bounded from above, as some
problem parameter tends to 0 or oo. Similarly, a < b means that a/b is bounded from below
and from above, as some problem parameter tends to 0 or oo.

2.2. Assumptions. Let H : R xR% x Py(R?) — R be the Hamiltonian, and g : R% x Py(R?) —
R be the terminal cost function. We need the following Lipschitz and regularity conditions on
H and g.

Assumption 2.1 (Lipschitz property of H). H is Lipschitz in the measure argument with
respect to Wy, and we denote the Lipschitz constant by ||V, H | so: for all ut, u% € Po(R?) and
z,p € RY,

[H (w,p, 1Y) — H(,p, 1i2)| < [V, H o Wi (", 122).
Assumption 2.2 (Regularity of H). The derivatives V3, H, Vi, H, V2 H, V2 H, and V; H
exist. Moreover, despite not specifying a measure on Pa(R?), we say that V2. H, V?cpH, and

V2 H have finite L™ norms on their respective domains in the sense that:
PP p
||V3:zH”oo ‘= sup Hv?czH('?'aU)HLC’O(RdXRd;R’iX’i) < 09,
HEP2(RY)
||v:25pH||OO ‘= sup ||v:%’pH("'7M)||L°°(Rd><Rd;]Rd><d) < o0,
nEP2(R4)
||v;2)pH||OO ‘= sup ||V;2>pH(‘, 'aM)HLOO(RdXRd;RdXd) < 0.
HEP2(RY)

Finally, V.H and V,H are Lipschitz in the measure argument with Lipschitz constants | V2 wH oo
and ||V2,Hllw: for all p', p* € P2(RY) and z,p € RY,

Vo H (2,p, 1) = Vo H (2,0, 1%)| < | V2, H lWi (s, 1%),

’va(xvpa //Jl) - va({L‘,p, :U’Q)’ S HV?J,LLHH%Wl (//Jla /"‘2)
Assumption 2.3 (Convexity of Hshou). [{7, (2.7)] H is uniformly convez in p: there exists
some cg > 0 such that Vsz = coly. Also, for each p € RY, there exists a constant C(p) such
that for all i € Po(RY), |V,H(0,p, )| < C(p).
Remark 2.4. Let us present two classes of Hamiltonians that satisfy Assumption [2.1H2.5

(1) LetT' > 0, F and v be real-valued functions, and m(u) be the mean of . Let

H(z,p, ) = Tlp[* +~v(p) F(z,m(1)). (2.1)
Then Assumption are satisfied if v,v',7", F, and VF are bounded, and " > 0
1s sufficiently large.

(2) LetT' >0, v,G:RT* 5 R, and F : R - R, ¢ € CL (R4 R) (i.e., ¢ and Vi are bounded
and are compactly supported), and n > 0. Let

v(p)
I+ F((¢* p)(z))]

This example is motivated by non-separable Hamiltonians from MFGs modeling conges-
tion [3]. The idea behind the convolution of p with ¢ is to transform the Hamiltonian
that is usually encountered in MFGs with congestion from a local one into a nonlocal
one. From a modeling perspective, it should be interpreted as agents not only taking into

H(z,p,p) =T|p]* +

+ G(x). (2.2)
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account the density of agents at their current position, but also the density of agents in
some compact set around the agent’s position. Then Assumption are satisfied
if v,79',7" are bounded, F is Lipschitz and nonnegative, G has a bounded Hessian, and
I' > 0 is sufficiently large.

Assumption 2.5 (Lipschitz property of g). g is Lipschitz in the measure argument with respect
to W1, and we denote the Lipschitz constant by ||V ,glleo: for all u*, p? € P2(R?) and x € RY,

lg9(z, 1) — g2, 1*)] < Vgl Wi (', 1?).

Assumption 2.6 (Regularity of g). The derivatives V2,9 and Vfwg exist. Moreover, despite
not specifying a measure on Pa(R?), we say that V2.9 has finite L norm in the sense that:

2 2
||va:acg||00 ‘= sup ||vac:cg('7:u)HL°°(Rd;RdXd) < 0.
HEP2(RY)
Finally, Vg is Lipschitz in the measure argument with respect to W1, and we denote its
Lipschitz constant by ||Viug||oo: for all pt, u® € Pr(RY) and = € RY,

Vag(@, 1') = Vag(z, 1?)| < |V ,9lle Wi (p', 1)

The above assumptions largely agree with those in [5] (namely, Assumptions 2.6(1) and 2.7(1)
therein). To reiterate, [5] is, to the best of our knowledge, the work with the least restrictive
regularity assumptions that guarantee well-posedness of the master equation. However, there
is a notable exception: when applying the PDE stability result to MFGs in Corollary
we found it quite convenient to assume the boundedness of V,H and Vg, which [5] did not
assume.

Assumption 2.7. For all 3 > 0, the MFG (1.1 is well-posed with solution (u®, p?) in the
sense of Definition [2.9 This assumption will be in force for the rest of the paper, even when
we do not say so explicitly.

As discussed in [47), Section 3], Assumption can be satisfied by MFGs that do not nec-
essarily possess displacement monotone H or g. Indeed, we allow H and g that satisfy any
conditions (that do not contradict Assumptions [2.1H2.6|) sufficient to guarantee well-posedness.
See e.g., [32, 49] for more sufficient conditions for well-posedness that are beyond the Lasry-
Lions and displacement monotonicity conditions.

Remark 2.8 (Comparison with [56]). We compare our assumptions to those of [56] in greater
detail. In terms of reqularity, their condition (H1’) on the C? norm of the coupling says that the
coupling must have bounded first and second derivatives, which is slightly stronger than ours (we
allow for V,H to be unbounded). Their condition (H2’), that the second-order derivatives of H
are locally bounded, is of course not as strong as uniform boundedness. Their condition (H3’)
is stronger than ours, which requires that the C*> norm of the terminal cost is bounded, while
we only require that g be Lipschitz in the measure argument with respect to Wy. Finally, (H4’)
and (H}”) do not seem to be directly comparable to the reqularity of Wasserstein derivatives.
However, observe that if the condition of €'/2 (in H4’ and H4”) were replaced with e, then they
would have achieved the same convergence rate as we did.

Moreover, we did not find necessary to assume the monotonicity conditions that [56] imposed
on their Hamiltonian and coupling. For instance, we could impose any of the four conditions
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in [32] that guarantee well-posedness of the MFG system, while [56] did require the Lasry-
Lions monotonicity condition for their pmofE|. Most importantly, [56] relied on the separable
Hamiltonian structure, and their proof technique seems difficult to adapt to the non-separable
case due to the dual equation technique [{4)].

2.3. Problem Formulation. Let (9, F,{F;}]_,,P) be a filtered probability space for some
time horizon T > 0, where the filtration is generated by a standard d-dimensional Brownian
motion {B;}L . A representative agent takes a path {Xg' A }T_, through R, which satisfies the
SDE:

dX8P = 0 (X&P pP)ds + BdB,  for s € (t,T),
X0 =g
t - )

for some initial position z € R?, initial time ¢ € [0, T], and adapted stochastic process {as}7_,
(referred to as the control). Its goal is to minimize the following cost functional .J:

T
J(t,x; ) ZE[/ L(XP, g, p2)ds + g(X37, o)
t

Xta"B:a:},

over all adapted processes a. Here the Lagrangian L is a running cost function that is the
Legendre transform of H in the second variable, g is a terminal cost function, pg is the distri-
bution of players at time s, and 8 > 0 is the idiosyncratic noise intensity faced by each player.
Let u?(t,x) = inf, J(t,z;a). From classical optimal control, if all players play optimally in
the sense of a Nash equilibrium, then at time s and position x, each player chooses the action
a:[0,T] x R? x P(R?), defined by

as(z, p) = VPH('Tv —VUB(S, ), p).

Since « is already determined for each agent, we drop a from the superscripts, and we use X?

to refer to the stochastic process representing the path of the agent, and we use pg to refer

to the law of X7. Moreover, the pair (u?, p?) solves the coupled PDEs (I.1)) in the following
sense:

Definition 2.9 (Definition 3.2 in [47]). We say that (u®, pP) is a solution pair to the MFG
system [1.1] if

(i) the Lipschitz constant of u® restricted to any compact set is finite, u® solves the HJB
equation in the viscosity sense, and V2,uP € L>®(]0,T] x RY; R¥*4).

(i) o [0,T] = (P1(RY), W) is continuous, and p° solves the Fokker-Planck equation
in the distributional sense: for all test functions o € C([0,T] x RY), the following
equation holds:

T 2 T
Iy [—atw<w,va<x,—wﬁ@,x),pf)ﬂdpf(z)dt=5 | [ avdsl @t
0 JRrd 2 Jo Jra

and

/Rd ©(0, z)dmp(x) :/ ‘P(Q@dpg(a:).

Rd

3The Lasry-Lions monotonicity condition is needed in their equations (6.10) and (6.11).
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It is worth noting that from [47, Lemma 3.4], there is a semi-concavity estimate for u® which
is uniform in 3, i.e., K := supg- ||V2xuﬁ||Loo([0’T}XRd;Rdxd) < 00. According to [47, Theorem
4.1], under Assumption the MFG (1.1) has an FBSDE representation:

dX] = V,H(X] Y], p})dt + pdB,
Ay = =V H(X], Y], pl)dt + BZ] dB,, (2.3)
Xg ~ my, Y’]? = —ng(Xgaﬂg)y

which has a strong solution. The first SDE describes the state dynamics of an agent playing

in a Nash equilibrium. The key to our analysis is the fact that Vu? : [0,7] x R? — R? is a
decoupling field for the FBSDE ([2.3)) in the sense that:

Y = —viP(t, X]) for almost every ¢ € [0, 7).

The meaning of Vu? to the FBSDE is that the SDE for Y7 is solved by the gradient of the
value function evaluated along the trajectory of a typical agent playing in a Nash equilibrium.
Instead of relying on PDE methods such as the dual equation as [56] did, we use a probabilistic
approach that hinges on stability properties of the FBSDE to derive our main result.

3. CONVERGENCE OF p” AND Vu/

The difficulty of analyzing MFGs with a non-separable Hamiltonian is that without the
assumption of separability , we can no longer analyze each equation separately. However,
as discussed previously, we can use the convenient property of the FBSDE (2.3)) having —V* as
a decoupling field in the sense of Equation . By substituting Equatio into the SDE

for X#, we can analyze it separately from the SDE for Y2, Furthermore, because pf = Law(XtB )
for all t € [0,T], we can get a convergence rate for p? to pin L', and hence, in W;.

Before we state the results, consider the following FBSDE system for tg < T and z € R%:
X} =V, H(X], Y/, pl)dt + BdB,
Y} =~V H(X], Y], p))dt + 57/ dB;, (3.1)

Other than the initial condition, its only difference compared to (2.3) is that the initial time
to is not necessarily 0. To lighten notation, when 8 = 0, we denote by X; = X} the solution to

the FBSDE ([2.3) or (3.1)).

Lemma 3.1. For 8 >0, 0 < tg < T, and £ € L*(Q,F,,P), consider the uncoupled state
variable dynamics:

{dXtﬂ = VPH(Xtﬁa —VU’B(t, Xtﬁ)v ptﬁ)dt + ﬁdBta (3 2)

X) ~ ¢
Under Assumptions and there exists a constant C' = C(H,g,T), where the

dependence on H and g are only through the L> norms of their second-order derivatives, such
that for all T' € [to, T,

-
sup E[| X/ - X/ <C {/ VUl (s, ) — Vu(s, -)||sods + 5} . (3.3)

tefto,T] to
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Proof. Note that the equation (3.2)) is the SDE satisfied by a solution to the X component of the
FBSDE (3.1)), the existence of which is guaranteed by [47, Theorem 4.1]. Using Assumptions
and we have that for all s € [tg, T"]:
B[V H (X, =V (s, X7), p]) = VpH(Xs, =Vu(s, Xy), ps)]]
< E[|V3Hlloo| XY = Xs| + Vi H oo (V0" (5, XT) = Va5, X))
+ [V (s, ) = Vuls, )loo)] + [V H oW1 (07, ps)
< (IV2pHlloo + IV Hlloo) EIIXY = Xo|] + V5, Hlloo (KE[| XY — X]
+[IVu(s,-) = Vuls, ) [loo)-

As a result, there exists some (explicitly computable) constant C' depending only on 7" and the
Lipschitz constants of the gradients of H and g, such that for all 7" < T

E[| X7 — Xp]

T/
<CE {/ ‘VPH(Xsﬁ’ _vuﬁ(s’ Xsﬂ)’ pf) - VPH(Xsa —V’LL(S, Xs)a p3)|d8 + ﬁ|BT’|}

to

.
<c { / E|IX2 — X,[] + [VuP(s, ) — Vu(s, ) |ods +ﬁE[|BT/|]} -

to

By Gronwall’s inequality, there exists another constant C such that

-
E|X{, - Xp|) < C { / IVa(s,-) = Vuls, ) |sods + manTfu} .

Using the fact that the right-hand side is non-decreasing in 7", absorbing E[|Byv|] into C, and
then taking the supremum on both sides over t € [to, T”] yields the conclusion. g

The previous result hints that in order to quantify the convergence of pf to p¢, it suffices to
control the convergence of {Vu?(t,-)}s=0 to Vu(t,-) in L>(R?). In the following theorem, we
obtain a convergence rate of O(f) for Vu? to Vu by exploiting the decoupling field Vu?.

Theorem 3.2. Let u” and u be (possibly non-unique) value function solutions to the MFG

system (L.1)) with 5 > 0 and 8 = 0, respectively. Suppose that Assumptions and
hold. Then there ezists a constant C = C(H,g,T), where the dependence on H and g is

only through the L bounds on the second-order derivatives of H and g, such that
IVu? — V| poo (jo,71xre) < CB.

Proof. Denote by (X8, Y?, Z8) and (X,Y, Z) the solutions to the FBSDE (3.1)) with the ini-
tial condition X,’f) = Xy =z, top € (0,7), and § > 0 and f = 0 respectively. We have
Y/ = —ViP(t,X]) and Y; = —Vu(t, X,) for almost every t. By [47, (4.13)], and using the
uniform convexity of H in p from Assumption we have that for 3 > 0, —Vu’(ty,z) =
E[V.g ft [V.H (X, p Y ) P 5))dt. By the triangle inequality, we get:

IVU (to, @) = Vu(to, )| < E[[Veg(X7, pip) = Vag(Xr, pr)|

+/T HV H( t ,*VU (t X/B) pt) \ H(Xt7 vuﬁ(t7Xt)vpt)|]dt' (3‘4)

to
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Using Lemma and Assumption we can bound the first term in (3.4)) by

E[|Vog(Xg p7) — Vag(X1, pr)|| < V200 E[ X5 — Xr[] + [V2,9]l 0 Wi (05 o)

< (IV2,9lls + [[V2,9]lsc) E[| X5 — X
< (IVze9lloe + Va9l E[| X7 — Xr|] (3.5)

I
<C {/ IVu?(s,-) — Vu(s, )| sods + ﬁ} .

to

By Assumption we can bound the second term in (3.4)):

T
/ E[VLH (X, ~Vu (£, XP), o) — VoH(Xe, ~Vul (t, X,), po) |t
to

T
< / V2, HoBIXE — Xol] 4+ V2, H oW1 (o 1)
0
V2, H BV (1, XF) — Vub (8, X0)| + [Vab(t, Xo) — Valt, X2 Jde

T
< [ CE[IX] — Xy[] + V2, H oo (| V20” | E[| X] — Xef] + |V (2, ) — Vu(t, )| dt.

to
(3.6)
By applying Lemma and K := sup5>0{||vf2wu5||oo} < 0o, we can continue from the last

line in (3.6]) to get:

T
/ E(|V.H(X], —Vul(t, XP), o) = V. H(X,, -V’ (t, X1), pe)|]dt

to

T
S/ (C+ K[| V2, Hllo)ENX] = Xil] + IV2, Hlloo Ve’ (£, ) = Vult, -)||ocdt

to

SC{(T—to) sup B/ - X+ [ "IV ) - v, ->uoodt} (3.7)

te(to,T) to

<C {/T VUl (s, ) — Vu(s,-)||cods + B + /T IVuP(t, ) — Vul(t, -)Hoodt}

75(211 to
<c { [ 1966, = Futs, s + 5} .
to

In the above computations, the value of C' may change from line to line but only depends on
T and the Lipschitz constants of the relevant gradients of H and g. Therefore, after taking the
supremum over all z € R? and combining (3.5) and (3.7)), the equation (3.4)) is bounded by

T
IV (to, -) = Vulto, )| oo (rey < C { / V6 (s,) = Vs, )| Lo (reyds + 5} :
0

Then we apply Gronwall’s inequality to find that for a possibly different C' still only depending
on H, g, and T,

[V (t0,-) = Vulto, | (re) < CB.

Since C' does not depend on t, we conclude that ||Vu® — V| poo jo,11xre) < CB. O
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Corollary 3.3. Suppose that Assumptions and [2.77 hold. Then, there exists a
constant C = C(H, g,T), again only depending on the second derivatives of H and g, such that

for any t € [0,T], we have:
Wil pr) < E[IX] — X < CB. (3.8)

Proof. Note that

t

B - Xl £ C{ [ 19060 - Vus wds + 5} < €18 +.5) < O
to

where we use Lemma for the first inequality, and Theorem for the second inequality.

This proves the result. O

Remark 3.4. The same convergence rate can be proved in Wo. The proof would first use
stability properties of the SDE and Gronwall’s inequality to obtain for all B > v > 0 and
t € [0,T],

Wz(p?,pty) <C|B—v| fora constant C =C(H,g,T).

Then, for some sequence {vp}o2, such that v, — 0, we would like to take the limit on both
sides as n — oo to argue that

Wapf, pi) = lim Walpf,pi") < CB.

However, the first equality is not immediately clear. In order to prove it, we leave as an exercise
to the reader to prove that { X} },c (0, i tight. By Prokhorov’s theorem, there erists a sequence

{vn 132 such that X;jn’“ — Xy in distribution, as k — oo. We would also expect that X}
has uniformly integrable second moments, uniform in both v € (0,0] and t € [0,T]. By [{
Proposition 7.1.5], these two facts are equivalent to the convergence of p:"k to ps in Wa. Thus,
taking the limit as k — oo yields the desired equality.

4. CONVERGENCE OF uf

We first present a general stability result concerning HJ equations with respect to the supre-
mum norm on compact sets. Similar results exist in the literature but are not directly applicable
in our scenario El To informally describe our theorem: if two HJ PDEs are well-posed with
solutions u' and u?, Hamiltonians H' and H?, terminal cost functions g' and ¢?, and viscosity
parameters v and 2, then the maximum difference between u' and u? on any compact set in
R? is bounded by the difference in the coefficients (H?, g, %), on that compact set. Our proof
is inspired by that of [56, Lemma 6.3], but we apply their ideas to derive stability results for
the Hamiltonian and the terminal cost function, not just for the viscosity parameter.

4Closely related results are [51, Propositions 1.4 and 2.1]. However, the former proposition assumed that
the solution to their HJ equation was bounded and that it lacked a second-order term, and the latter assumed
that the Hamiltonian was bounded in space and time. Another potentially applicable result was [56, Lemma
6.3]. But on account of their formulation not permitting for non-separable Hamiltonians, we also cannot directly
apply this lemma.
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Theorem 4.1. Let i = 1,2, T > 0, and v',v> > 0. Let H : R x R x [0,T] — R and
g : R — R be continuous. Suppose that H is uniformly convex in the p variable, in the sense
of Assumption[2.3. If the HJ equation

{Btui + Hi(z, —Vui t) = V' Au’

Wi(T,2) = g'(2) (1)

is well-posed with solution u® : [0,T] x R? — R, then for any compact set K C R?, there exists
a constant Cxc = C(K, H', H? g, g?, T) such that

et = w2l o) < Cic {IH" = 2| o icmangorry + g = 0%l iy + ! = 212},
(4.2)
and Cx grows at most linearly in diam(K) := sup{|z —y|: =,y € K}.

Proof. Before anything else, we note that the uniform convexity of H implies that the Hamilton-
Jacobi equation is satisfied in the classical sense, so the differentiation of u in the rest of the

proof is well-defined.

1 =12, Fix a compact set K C R, and define:

3o = sup  {u'(t,z) —uP(t,2)}.
(t,x)€[0,T|xIC

Step 1: First, assume v = v

Since K is compact, this difference is finite and is achieved at some (to,xo) € [0,7] x K.
Step 2: Define the quadratic penalty
p(t,x) = 5 (|t + |z,
and the penalized difference ®,, : [0, T]? x K2 — R for some a > 0:
2T —s—t
T
Since @, € C(0,T]? x K2), there exists (ta, Sa; Ta, Yo) such that

ot ,s,y) = u'(t2) — u(s,y) — 0 —ap(t—s,3 - ).

(I)oz(ton Say Loy ya) = Inax (I)a(taxv s,y).

787x7
Step 3: Suppose that to, s € [0,7), i.e., the maximum of the penalized difference is not
achieved at the terminal condition. Define the test function ¢ : [0,7] x K — R by
t
w(ta .T) = _O_T + OégO(t — Sa, ¥ — ya)7

so that by definition of (¢4, Sa; Ta, ¥a ), the function (¢,z) + ul(t, z) — (¢, z) is maximized at
(ta;®q). So by the definition of a viscosity solution, we have that

(2
T - OéatSD(ta —Say Loy — ya) + Hl(xou _vxw(ton xa)a ta)

= _atl/](tom wa) + Hl (xa7 _avxﬁp(ta — Say Lo — yoz)) toz)
< VAzlp(tonxa) - Van(P(ta — Say Lo — yoc)'

Define another test function ¢ : [0,7] x L — R by

S
¢(S7y) = Uf - acp(ta —85,%Ta — y)7
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so that the function (s,y) — u?(s,y) — ¢(s,y) is minimized at (54, ¥s). Again, by the definition
of a viscosity solution,

o
T + @0sp(ta — Say Ta — Ya) + Hg(yom _avy@(ta — S0y Ta — Ya), Sa)

= — s¢(5aa ya) + H2(ya, _vyd)(saa ya)7 Sa)
> VAyﬁb(Sa»ya) = VO‘AySO(ta — Sa, Ta — Ya)-

Combining the two inequalities and using the facts that d;¢ = Orp, Vo = Vyp, and Ayp =
Ay, and writing 0y = 0yp(ta — Sa, Ta — Ya) (and similarly for Vo), we obtain:

T
o S 2{H1<wa7 _QV(Pata) - Hz(yon —Oév% Sa)} + Taat@(ta — Say Lo — ya)-

Using the triangle inequality, we have:
T 1 1
o< 5 ‘H (l‘a, —OéV(p,ta) —-H (yav —Oév%ta)|
+ ‘Hl(yaa_aVQData) _Hl(yaa_avwvsaﬂ (4 3)
+ ‘Hl(yav *O‘V@a Sa) - Hz(ya’ *OéV(p, SO!)|}

+ Talty — sal.

Sending o — 0o, using Proposition 3.7 in [21] (with O = K, ®(¢, s,z,y) = ul(t,z) — u?(s,y),
U(t,s,z,y) = |t —s|+ |z —yl|), and using the uniform continuity of H! and H? when restricted
to I, we conclude that the first, second, and fourth terms in converge to zero. The third
term can be simplified to:

’Hl(yav —aVy, Sa) - H2(ya> —aV, 5a)| = |H1(yaa _O‘|5L'a - ya|a Sa) - H2(ya7 _O“xa - ya|a 5a)|
<N H" = H?|| oo (e xR x 0,77

We therefore conclude that o < Z|[H* — H2||Loo(,CX]RdX[O7TD.

Step 4: Suppose that one of ty, s = T (without loss of generality, let t, = T'). Then we have
the following lower bound for ®:

D (ta, Sas Ta, Ya) = Palto, to, zo, o)

= u'(to, 7o) — u*(to, x0) — %(QT — 2tp) — ap(0,0)

=30 — 20+ 20(ty/T) > o.
It follows that
0 < Dy(tas Sas Tas Yo

o
T
= u' (T, 2a) — u' (T, ya) + u' (T, ya) — UQ(Ta Yo) + u2(T, Ya) — uz(sa: Ya) (4.4)
< ’gl(‘ra) - gl(ya)‘ + ’gl(xa) - 92(:‘/01)‘ + ‘QQ(ya) - UQ(Sa;ya)‘
< lg'(za) = 9" W)l + 19" — %l o) + 197 (Wa) — v (50, ya)| — lg" — ¢% [l oo (x0);

— ul(tmxa) — u2(sa,ya) — —=(2T — 54 — to) — ap(ta — Say Ta — Ya)
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where the limit is taken as o — oo, and follows from the uniform continuity of d;u? and g' on
the compact set . Combining the results from Step 3 and 4 yields

o< %HHI — H?|| oo (rexrax o)) + 19" — 9l oo (r0)-
Step 5: Now, we allow v' # 2. Define for i = 1,2:
{—(%vi + H?(z, - V', t) = V' A,
(T, z) = g*(2).
By modifying the proof of [56, Lemma 6.3], and by taking 2 = K and using the linear-in-x

growth of Vu, Vu®, and dyu (see, for example, [47, Lemma 3.4]), we find that there exists a
constant C' = C(H, g, T) such that for any compact set X C R?,

o' = v?| Lo, 11xk0) < C(1 + diam(K))/[v! — v2].

Step 6: For i = 1,2, suppose that @' and @2 satisfy (4.1) with data (H?, ¢!, 1), @1 and w2
satisfy (4.1) with data (H?,g',v'), and ©' and 92 satisfy (4.1 with data (H?, g%, ). Because
u!' = at, u? =92, @® = @', and w? = ¥', by the triangle inequality we get:

[ = u?|| oo o,ryx0) < @' = @2 || Looqo,ryxic) + 10" — @[ Lo (po,ryx ) + 18 = 2| oo 0,77 K0)
< O(1+ diam(K){[|1H' — H?|| po oxrexiory) + 197 = 9%l zoo oy + /! — 2]},
which proves the desired result. O

Now we combine the results in Section 3 with Theorem 4.1l The first-derivative bounds in
Assumptions and were crucial, since they allowed the use of W (pf , pt) being O(p).

Theorem 4.2. Under Assumptions there exists a constant C = C(H,g,T) such that
for any compact set K C R?:

[u” = ul| oo o,71xx0) < C(1 + diam(K)) 8. (4.5)

Proof. First, we apply Theorem u with a constant Cx growing at most linearly in diam(K),

H'(2,p,t) = H(x,p,p]), H*(x,p,t) = H(z,p,p1), g'(x) = g(,0}), ¢*(x) = g(x,pr), v' =
32/2, and v? = 0. Abbreviating the difference for H on L>(K x R? x [0, T) and the difference
for g on L>°(K), we have:

[u” = wl oo oK) < Ck {IIH(-, S = H( o p)lloo + 9 G p)) = (5 p7)lloo + \%}

< Ck {(HVMH”OO +Vuglioe) sup Wipf, pe) + %}
te[0,7]
< (Cx + (IVuH [0 + IV uglloc)C + 5)8,
where we use the assumption that ||V, H||« and ||V ,g|« are finite (from Assumptions [2.1{and

, and Corollary ([l

5. APPLICATIONS

This section provides three applications of our result concerning N-player games, mean field
control and policy iteration.
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5.1. N-player games. MFGs arise as the limit of N-player games, as the number of players
N increases to infinity. Although it is known in various circumstances [27, [30L 39] that the limit
is the MFG equilibrium, finding the convergence rate is a separate and difficult problem. The
twin papers [24, 25] comprise the most recent progress on determining the convergence rate.
However, their results cannot be directly applied to the N-player convergence rate problem
if the agents follow deterministic dynamics, because one of their assumptions, namely A.2 in
both papers, is that the volatility coefficient ¥ is non-degenerate H Here we apply Corollary
-3 to approximate the probability flow p; of the first-order MFG by the empirical measures of
an N-player system with non-degenerate volatility.

To simplify our discussion, we only consider the linear drift b(¢,z,a) = a. So by [25, (2.6)],
the value functions of all N players, {v™V? : [0,T] x (RY)N — R}, satisfy the N-player system
of PDEs:

Bpo™ (b, i)+ H (i, Voo™ (8, 37), ZTr ETV?%%’UNJ(L zj))

-§:<vpﬂnq,vxﬁ;v(ax0,nz) Vi, vV (t, ) = 0,
‘ JFi
VAT, x) = g(x;, mY),

where ml := & Zfil 8, is the empirical measure of z = (z!,...,2") € (R)N. Specializing
to the case of b(t, z,a) = a, the i-th player’s dynamics is:
dX; = ajdt + 0dB} = V,H (X}, -Vu(t,X}),mY~)dt + SdB;, (5.1)

where {B*}Y, are independent d- dlmenswnal Brownian motions, and m)]\(f is the (random)
empirical measure of the N-player system (5.1]) at time ¢ € [0, T7:

my = Z Oy (5.2)

Corollary 5.1. Let p; satisfy the Fokker-Planck equation in the MFG with 8 = 0. Let
> = BI, and denote by mg the empirical measure in corresponding to ¥ = BI. Under
the assumptions in Corollary (3.5 . there exist C1 = C1(H,g,T) and Cy = Co(B,H,g,T) such
that for all t € [0,T],

1
Wi(pe,my”) < C18 + CoN~ s, (5.3)
Proof. Let pf satisfy the Fokker-Planck equation in the MFG with 8 > 0. We have:
N,
Wi(pemy,) < Wilps, ) + Wa(p ,me» (5.4)
By [25, Theorem 3.1], there is a constant Cy = C2(3, H, g,T) such that
sup Wl(pf,mﬁgﬁ) < Cngﬁ. (5.5)
t€[0,T]
Combining the equations (5.4), (5.5) with Corollary yields the desired bound. O

SWhen we say that the volatility % is non-degenerate, we mean that its minimum eigenvalue is positive.
Moreover, if the minimum eigenvalue of ¥ is allowed to vanish, then their upper bounds for the distance between
the probability distribution of the finite player system and that of the MFG limit become infinite.
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As a result of Corollary we obtain the population level to approximate the probability
flow p; of the first-order MFG via large player system. Assume that an accuracy of ¢ > 0 is
needed, i.e., Wl(pt,mﬁﬁ) < &. Then we set:

Cio=<e and Cg(o)Nfd%S < e. (5.6)

Here we assume that (H,g,T) are given, so Cy only depends on o. A close scrutiny of the
proofs (in particular, Equations 4.16 and 4.17) in [25] indicates that Ca(/3) blows up (in a rather
—(d+8)

. That

is, it requires N (60{ 1(8))_(d+8) > ¢~ (@48) players to approximate the probability flow of the
first-order MFG with accuracy e.

complicated way), as 8 — 0. So we first take o < ¢, and then take N =< (502_1(5))

5.2. Mean field control. Next we consider a mean field control problem [23, Example 2],

where a central planner seeks to control N particles by selecting a progressively measurable

process a = (al,...,aV) € (RY)N. The dynamics of the i-th particle evolve as:

dX} = al(X})dt + BdB; for t € [ty, T},
Xfo = xf),

where {B’ fvzl are independent d-dimensional Brownian motions. Denote the average state of

the particles by Yiv = % Zf\il X}, which is governed by

{deV = ¥ X, ajdt + FdB; for t € [to, T, 51)

N _ 1N g
Xto = sz‘:1 Lo,

N pi
% is d-dimensional Brownian motion. The objective of the central planner is

to solve the optimization problem:

where B; =

(t0.00) = E | [ 5 D" Llai(X]) + PRt + G| Xy =0, (59

to i=1

where F,G : R? — R are assumed to be Lipschitz, and L € C?(R%) with %I < V2L < CT for
some C' > 1. An easy argument from [23] shows that the optimality in (5.8) is achieved by
deterministic control, and VN (t,2) = vV (t,mY ), where v" solves the HJ equation:

—0uN (t,x) + H(=VoN (t,2)) — F(z) = 2 A0V (¢, 2), (5.9
vN(T,2) = G(x), '
where H(—p) is the Legendre transform of L. By classical viscosity theory, vV converges to v,

which is the solution to the first-order equation:

—ow(t,x) + H(=Vou(t,x)) — F(z) =0,
(T, z) = G(x).

1

Furthermore, supy 71xge [0" — v[ = O(N™2).

(5.10)

Let plY := LaW(YiV ) be the probability density of the average state Yiv The following result
specifies the limit of pf¥, as N — oo.
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Corollary 5.2. Let the aforementioned assumptions and those in Corollary hold. Let
{Xé}i]il be independent and identically distributed according to mqg with bounded support EI,
and covariance matriz ¥. Then for all t € [0,T], ulN converges to py in Wy, where py is the
solution to the equation:

{atut + dive {uVpH(=Vo(t,z))} = 0, (5.11)

Ho ~ 5f xmo(x)dz*
Moreover, there exists a constant C > 0 (independent of N ) such that
1 Vdlog N TrX
pYEOET 22 (5.12)
VN N N

In particular, if ¥ = I then the bound (5.12) specializes to O(\/d/N), as N,d — oc.

Wi, ) < C <

Proof. First observe that (v, ") solves the (degenerate) MFG:

—9oN (t,x) + H(=VoN (t,2)) — F(z) = AN (¢, ),
Al + div, {pN VH (VN (t,2))} = T AuY, (5.13)
oN(T,2) = G(z), ) = Law(Xy),
where the HJ component does not involve the probability flow u¥. Let (5%, il¥) be a solution
to the MFG:
—0y 0N (t,x) + H(—ViN (¢, 7)) — F(z) = 0,
Oufiy’ + dive{a) VH(=VoN (t,x))} =0,
N(T,2) = Glz), i = Law(X,).
As a consequence of Corollary [3.3] we obtain:
Wi (pd, @) < \/CN for some C' > 0 (independent of N). (5.14)
By classical viscosity theory, we know that |Vv| is bounded (see e.g., [59, Theorem 1.9]).
Combining with the fact that V,H is continuous implies (¢,z) — V,H(—Vuv(t,x)) is bounded.
Further applying Gronwall’s inequality, we get the stability estimate:

~ N
WAl 1) < CWi (Law(Xg ), 0 song(ayis ) (5.15)

for some C' > 0 (independent of N). Without loss of generality, assume that X} has mean 0,
Le., [xmo(z)dz = 0. We have:

_ _ 5 5
Wi (Law(XéV),60> < Wy <Law(XéV),/\/ (0, N)) LW <N <0, N) ,50)
< Cv/dlog N n [Try
= N N M

6For d = 1, the assumption of bounded support can be removed, and Wi (ud, pe) < C/v/N for some C > 0
(independent of N). This is because the first term in the last inequality of (5.16) is bounded by C/v/N, see the
discussion after [54, Theorem 3.4], or [50].

(5.16)
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where the first term in the last inequality follows from [28, Theorem 1] El, and the second term
is by the Wy distance of two Gaussian vectors. Combining the equatlons , and
- 5.16)) yields the desired bound.

5.3. Policy iteration. As mentioned in the Introduction, there has been growing interest in
first-order MFG models, but solving first-order MFGs numerically poses challenges.

Policy iteration (PI) is a class of approximate dynamic programming algorithms that have
been used to solve stochastic control problems with provable guarantees [33, 37, 46] 60, 58]. In
a series of papers [0, 8, 9], PI was proposed to solve second-order MFGs with separable Hamil-
tonians. An extension to second-order MFGs with non-separable Hamiltonians was considered
n [43]. However, PI is not directly applicable to the first-order problems due to ill-posedness
[55]. So a reasonable idea is to approximate first-order MFGs by second-order MFGs EL and a
convergence rate of second-order MFGs to the vanishing viscosity limit gives the approximation
€rror.

Now, let us specify the PI for solving the MFG (1.1)) with § > 0. For simplicity, we assume
that the terminal data g(z,p) = g(x) depend only on z. There are three steps: given R > 0
and a measurable function ¢° : [0, 7] x R? — R? with ||¢°||e < R, we iterate for n > 0,

(i) Solve

n . n n B2 n n
Onp” = divlp gy = AP, gy = mo. (5.17)
(ii) Solve
52
—ou™P + ¢"VuP — L(x, B v , Py B) Au"’ﬁ, u”’B(T, x) = g(x), (5.18)
where L(z,p,q,p) = p-q— H(z,p,p).

(iii) Update the policy

¢ (¢, @) i= argmaxiyie (- Vur I (t @) - £(z,q,007)) (5.19)

where L(z, ¢, p) := max, L(z,p, q, p).

In all of the aforementioned works [0, 8, 9, 43], the convergence (rate) of PI f
for MFGs was proved on the torus R?/Z? rather than the whole space R? to avoid boundary
effects. Nevertheless, a review of the methods in these papers allow to prove the convergence
of PI for solving MFGs on R?%. The extension is technical, and goes beyond the scope of this
paper. The claim below, extending [43], summarizes the “expected” convergence results of PI
for solving second-order MFGs on R?. We plan to prove it rigorously in the future.

Claim 5.3. Under suitable conditions on H(x,p, p), mo(x) and g(x) (e.g., H and its derivatives
are Lipschitz and H is strictly convex in p, and mg, g have some Sobolev regularity), for any

compact set K C RY, there exists T = T (K, 3) > 0 and C = C(K, ) such that

[Ju™? — UBHer’Q([O,T}XIC) + 1o = pBHW}’Q([o,T]xic) <Ce™, forr>d+2, (5-20)

A slightly looser bound O(v/dlog N/N) (up to a log N factor) was proved in [62, Theorem 1.1].
8This idea was also proposed in [55] to solve deterministic control problems by PI.
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where W,}’Q(Q) denotes the space of functions f such that 909 f € L™(Q) for all multi-indices
(0,8") with 20 + ' < 2, and

Si=

1l = /Q S |oper gl dtda

2644/ <2
The constants T(KC, 5),C(KC, ) > 0 depend on IC,5 in a complicated way. Given K and as
C

B — 0, C(K,B) is typically of order e for some C > 0, and T'(K, B) is typically of order 3~
for some k > 0.

With Claim in place, we derive the (time-weighted) convergence rate of u*" to u by
simply applying the triangle inequality.

Corollary 5.4. Let K € RY be a compact set. Under the assumptions in Theorem @ and
Claim[5.3, there exist T =T(8) > 0, C1 = C1(K) and Cy = Co(B) such that

1 —-n
THun”B —ullr(o1xk) < C1B8 + Ca2(B)e forr>d+2. (5.21)

As a consequence of Corollary we get the complexity of PI for solving the first-order
MFGs. Assume that an accuracy of € > 0 is required, i.e., 7||u™’ — ul[r(o,11xk) < € Then

we set:
B=xe and Cy(f)e " xc¢, (5.22)

C
so n < log(C(e)/e). The discussion at the end of Claim |5.3|suggests that Ca(e) be of order e=2
for some C > 0, as ¢ — 0. Therefore, we have n < €72, i.e., it takes the order of £~2 steps for
PI to approximate v with accuracy e.

6. EXAMPLES AND NUMERICAL RESULTS

6.1. A closed-form example. As mentioned in the Introduction, the convergence rate of the
vanishing viscosity approximation to MFGs matches the optimal rate of that to HJ equations,
so it is hard to expect a better rate in the general setting. Nevertheless, this does not rule
out some MFGs with special structures, which may have sharper rates for vanishing viscosity
approximations.

Consider the following example from [7, [14]:

>
—opuP + VP2 — 4 (a: — fypf(y)dy) =5 Au  on[0,T] xR,

Bypl — div,{p!VuP} = %Apf on [0,7] x R4, (6.1)
uP (T, z) =0, pg(:n) ~ N (m, o) on RY.
That is, the MFG (6.1) has a nonlocal and separable Hamiltonian
1 1 2
H(z,p,p) = 5pl* = 5 <:v - /yu(y)dy> (6.2)
y

with g(x, 1) = 0 and mg(x) being Gaussian with mean m and covariance matrix o2I. Interest-
ingly, this MFG has a closed-form solution:

2T—t .t 2 T
3 e —e 5 B4 2e
u’(t,x) = —2(62T—t ey |z —m|” — T In AT i) (6.3)
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2T—t |t 2 27—t N2 2t
Pl () ~ N (m, <02 (%) + 5 (;(ezT :_13()62(; + 621))> I) . (6.4)

As a consequence,

and

[0 — ullo < CB* and  Wi(p/,p) < CB?, (6.5)
for some C' > 0 (independent of 3). The same rate O(/3?) for vanishing viscosity can also been
extended to a class of displacement monotone MFGs by using the arguments in [I§].

6.2. Numerical examples. We have proved in Theoremthat u? of MFGs with a nonlocal
Hamiltonian converges at a rate of O(f). Here we compare the rate to that of MFGs with a
local coupling.

We consider the following example on [0, 0.25] x T! (i.e., T = 0.25) with:

H(x,p,p(x)) =0.01 {\p|2 — u(x)* — cos(4mz) — 0.1 cos(2mz) — 0.1sin (2% (a: — %)2> } ,
(6.6)
and g(z) = 0, and mg being Gaussian center at 0 with variance 0.01 truncated to have Dirichlet
boundary conditions. Figure [1| plots the solutions to this local and separable MFG, with
B € {0.1,0.3,0.5,1.0}, and Figure [2] illustrates how |[u® — u||s varies against 3 (for § €
{0.1,0.2,...,0.9,1}). Observe that the dependence |[u® — u||oc on B is much less, as (3 gets
larger.

Evolution of u Evolution of u Evolution of u Evolution of u

0.00 00 0.00 00 000 00

Evolution of 0 Evolution of P Evolution of p

FIGURE 1. Plot of (u?, p?) for B € {0.1,0.3,0.5,1.0} (left to right).

In [56], it was proved that u” converges at a rate of O (B%) in some weighted L? norm. Now by
regressing log |[u® — u||s over log 3, we find that the slope is 1.050 using all 5 € {0.1,...,1.0},
while the slope is 1.162 using the first half 5 € {0.1,...,0.5}. It is natural to expect that

[P — ulloe < B0 as B — 0, (6.7)
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max |u_beta - u|
o o o
= = =
N & 4

o
=]
=

0.00 -

T T T T T T T T T T
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
beta

FIGURE 2. Plot of |[u” — u||» again j.

for some 0 < 6 < 1. The rate is better than the proved O(ﬁi)—ra‘ce for MFGs with a local
Hamiltonian, and is between the O(f)-rate for MFGs with a general nonlocal Hamiltonian
and the O(B?)-rate for the example in Section An interesting question is to find suitable
conditions on model data to achieve the rate in (6.7) (with an explicit d), hence improving the
bounds in [56].

7. CONCLUSION

This paper studies the convergence rate of the vanishing viscosity approximation to MFGs
with a nonlocal, and possibly non-separable Hamiltonian. With 32 as the diffusivity constant,
we prove that u? and p? converge a rate of O(5) in the topology of uniform convergence
on compact sets and the Wi metric, respectively. Our approach exploits both probabilistic
and analytical arguments, where an FBSDE representation of the MFG is used to derive the
convergence rate of p%, and the rate of u? follows by a stability property of the HJ equation.
We also apply our result to N-player games, mean field control, and policy iteration for MFGs.

There are several directions to extend this work:

(1) First, our result is proved for MFGs with a nonlocal and possibly non-separable Hamil-
tonian. It would be interesting to establish the convergence result for MFGs with a
local Hamiltonian, underpinning the numerical results in Section [6.2}

(2) Second, we prove in this work the convergence rate of vanishing viscosity for MFGs in
RY; while [54] considered the case in T?. The main difference between these two papers is
that our work uses an FBSDE representation of the MFG together with a PDE stability
result, while [54] relies exclusively on PDE arguments. A natural question is whether
the FBSDE approach can be extended to other domains, so that the convergence can
be established for MFGs on domains other than T¢ and R

(3) Finally, the vanishing viscosity approximation to MFGs can be regarded as a “pertur-
bation” of MFGs, where the perturbation is to add the operator %QA. We expect that
the tools in this paper can also be used to analyze other types of perturbation, e.g.,
perturbation on the Hamiltonian. A notable example is the entropy-regularized relaxed
control [61] in the context of reinforcement learning, where the HJ equation is replaced
with the exploratory equation under entropy regularization [57].
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