arXiv:2105.00073v1 [math.AP] 30 Apr 2021

ON NUMERICAL APPROXIMATIONS OF FRACTIONAL AND
NONLOCAL MEAN FIELD GAMES

INDRANIL CHOWDHURY, OLAV ERSLAND, AND ESPEN R. JAKOBSEN

ABSTRACT. We construct numerical approximations for Mean Field Games with
fractional or nonlocal diffusions. The schemes are based on semi-Lagrangian approx-
imations of the underlying control problems/games along with dual approximations
of the distributions of agents. The methods are monotone, stable, and consistent,
and we prove convergence along subsequences for (i) degenerate equations in one
space dimension and (ii) nondegenerate equations in arbitrary dimensions. We also
give results on full convergence and convergence to classical solutions. Numerical
tests are implemented for a range of different nonlocal diffusions and support our
analytical findings.
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1. INTRODUCTION

In this article we study numerical approximations of Mean Field Games (MFGs) with
fractional and general non-local diffusions. We consider the mean field game system

—uy — Lu+ H(x, Du) = F(x,m(t)), in (0,7) x R4,
(1) my — L*m — divimDpH (z,Du)) =0 in (0,7) x R4,
u(T,z) = G(x,m(T)), m(0) =mg in R9,
where
(2) cota) = [ B2 9@~ Ly Do) -] (2),
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is a nonlocal diffusion operator (possibly degenerate), v is a Lévy measure (see assump-
tion (v0)), and the adjoint £* is defined as (L*¢, )2 = (¢, L) for ¢, € CZ(R?).

The first equation in (1) is a backward in time Hamilton-Jacobi-Bellman (HJB) equa-
tion with terminal data GG, and the second equation is a forward in time Fokker-Planck-
Kolmogorov (FPK) equation with initial data mg. Here H is the Hamiltonian, and the
system is coupled through the cost functions F' and G. There are two different types
of couplings: (i) Local couplings where F' and G depend on point values of m, and (%)
non-local or smoothing couplings where they depend on distributional properties induced
from m through integration or convolution. Here we work with nonlocal couplings.

A mathematical theory of MFGs were introduced by Lasry—Lions [49] and Caines—
Huang-Malhame [44], and describes the limiting behavior of N-player stochastic differ-
ential games when the number of players N tends to co [18]. In recent years there
has been significant progress on MFG systems with local (or no) diffusion, includ-
ing e.g. modeling, wellposedness, numerical approximations, long time behavior, con-
vergence of Nash equilibria, and various control and game theoretic questions, see
e.g. [0, 27, 18, 13, 39, 43] and references therein. The study of MFGs with ‘non-local
diffusion’ is quite recent, and few results exist so far. Stationary problems with frac-
tional Laplacians were studied in [30], and parabolic problems including (1), in [33] and
[37]. We refer to [48] and references therein for some development using probabilistic
methods.

The difference between problem (1) and standard MFG formulations lies in the type of
noise driving the underlying controlled stochastic differential equations (SDEs). Usually
Gaussian noise is considered [19, 51, 20, 26, 5], or there is no noise (the first order case)
[17, 19]. Here the underlying SDEs are driven by pure jump Lévy processes, which
leads to nonlocal operators (2) in the MFG system. In many real world applications,
jump processes model the observed noise better than Gaussian processes [9, 50, 34,

]. Prototypical examples are symmetric o-stable processes and their generators, the
fractional Laplace operators (—A\)2. In Economy and Finance the observed noise is not
symmetric and o-stable, but rather non-symmetric and tempered. A typical example is
the one-dimensional CGMY process [34] where %(z) = |lec+y e~ Gz =M=" for O G, M >
0and Y € (0,2). Such models are covered by the results of this article. Our assumptions
on the nonlocal operators (cf. (v1)) are quite general, allowing for degenerate operators
and no restrictions on the tail of the Lévy measure v.

There has been some development on numerical approximations for MFG systems
with local operators. Finite difference schemes for nondegenerate second order equations
have been designed and analyzed e.g. by Achdou et al. [1, 2, 3, 4, 7, 8, 6] and Gueant
[40, 42, 41]. Semi-Lagrangian (SL) schemes for MFG system have been developed by
Carlini-Silva both for first order equations [23] and possibly degenerate second order
equations [24]. Other numerical schemes for MFGs include recent machine learning
methods [28, 29, 52] for high dimensional problems. We refer to the survey article [0]
for recent developments on numerical methods for MFG. We know of no prior schemes
or numerical analysis for MFGs with fractional or nonlocal diffusions.

In this paper we will focus on SL schemes. They are monotone, stable, connected
to the underlying control problem, easily handles degenerate and arbitrarily directed
diffusions, and large time steps are allowed. Although the SL schemes for HJB equations

have been studied for some time (see e.g. [38, 16, 14, 35]), there are few results for FPK
equations (but see [25]) and the coupled MFG system. For nonlocal problems we only
know of the results in [15] for HJB equations.

Our contributions.

A. Derivation. We construct fully discrete monotone numerical schemes for the
MFG system (1). These dual SL schemes are closely related to the underlying control
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formulation of the MFG. In our case it is based on the following controlled SDE:
dXt = — O dt + st,

where oy is the control and L; a pure jump Lévy process (cf. (6)). Note that L; can

be decomposed into small and large jumps, where the small jumps may have infinite

intensity. We derive our approximation in several steps:

1. (Approximate small jumps) The small jumps are approximated by Brownian motion
(see (7)) following e.g. [10, 15, 36]. This is done to avoid infinitely many jumps per
time-interval and singular integrals, and gives a better approximation compared to
simply neglecting these terms.

2. (SL scheme for HJB) We discretise the resulting SDE from step 1 in time and approx-
imate the noise by random walks and approximate compound Poisson processes in
the spirit of [15] (Section 3.1). From the corresponding discrete time optimal control
problem, dynamic programming, and interpolation we construct an SL scheme for
the HIB equation (Section 3.2).

3. (Approximate control) We define an approximate optimal feedback control for the
SL scheme in step 2 from the continuous optimal feedback control as in [23, 24]:

Qaoprox = DpH (-, Dug), where ug is a regularization of the (interpolated) solution

from step 2 (Section 3.3).

4. (Dual SL scheme for FPK) The control of step 3 and the scheme in step 2 define
a controlled approximate SDE with a corresponding discrete FPK equation for the
densities of the solutions. We explicitly derive this FPK equation in weak form, and
obtain the final dual SL scheme taking test functions to be linear interpolation basis
functions (Section 3.4).

See (18) and (24) in Section 3 for the specific form of our discretizations. These seem

to be the first numerical approximations of MFG systems with nonlocal or fractional

diffusion and the first SL approximations of nonlocal FPK equations. Our dual SL
schemes are extensions to the nonlocal case of the schemes in [23, 24, 25], but a clear
derivation of such type of schemes seems to be new. The schemes come in the form of
nonlinear coupled systems (27) that need to be resolved numerically. We prove existence

of solutions using fixed point arguments, see Proposition 3.4.

B. Analysis. We establish a range of properties for the scheme including monotonic-
ity, consistency, stability, (discrete) regularity, convergence of individual equations, and
convergence to the full MFG system.

1. (HJB approximation) For the approximation of the HJB equation we prove point-
wise consistency and uniform discrete L°°, Lipschitz, and semiconcavity bounds.
Convergence to a viscosity solution is obtained via the half relaxed limit method
[12].

2. (FKP approximation) We prove consistency in the sense of distributions, preserva-
tion of mass and positivity, L'-stability, tightness, and equi-continuity in time. In
dimension d = 1, we also prove uniform LP-estimates for all p € (1, 00]. Convergence
is obtained from compactness and stability arguments.

3. (The full MFG approximation) We prove convergence along subsequences to viscosity-
very weak solutions of the MFG system in two cases: (i) Degenerate equations in
dimension d = 1, and (ii) non-degenerate equation in R? under the assumption that
solutions of the HJB equation are C' in space. Full convergence follows for MFGs
with unique solutions, and convergence to classical solutions follows under certain
regularity and weak uniqueness conditions. Applying the results to the setting of
[37], we obtain full convergence to classical solutions in this case.

Because of the nonlocal or smoothing couplings, the HJB approximation can be anal-
ysed almost independently of the FKP approximation. The analysis of the FKP scheme
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on the other hand, strongly depends on boundedness and regularity properties of solu-
tions of the HJB scheme. Compactness in measure is enough in the nondegenerate case
when the HJB equation has C* solutions, while stronger weak (*) compactness in LP
for some p € (1,00] is needed in the degenerate case. As in [23], we are only able to
prove this latter compactness in dimension d = 1. A priori estimates and convergence
for p € (1,00) seems to be new also for local MFGs.

In this paper we study general Lévy jump processes and nonlocal operators. This
means that the underlying stochastic processes may not have first moments whatever
initial distribution we take (like e.g. o-stable processes with o < 1), and then we can no
longer work in the commonly used Wasserstein-1 space (P;,d;) for the FKP equations.
Instead we work in the space (P,dy) of probability measures under weak convergence
metrizised by the Rubinstein-Kantorovich metric dy (see Section 2). Surprisingly, a
result from [31] (Proposition 6.1) allow us to prove tightness and compactness in this
space without any moment assumptions! We refer to section 4.3 for a more detailed
discussion along with convergence results in the traditional (P;, d;) topology when first
moments are available.

This (P, dy) setting can be adapted to local problems, to give results also there without
moment assumptions. Finally, we note that our results for degenerate problems cover the
first order equations and improve [23] in the sense that more general initial distributions
myg are allowed: P N LP for some p € (1, 00] instead of P45 N L for some ¢ > 0.

C. Testing. We provide several numerical simulations. In Example 1 and 2 we
use a similar setup as in [24], comparing the effects of a range of different diffusion
operators: Fractional Laplacians of different powers, CGMY-diffusions, a degenerate
diffusion, a spectrally one-sided diffusion, as well as classical local diffusion and the case
of no diffusion. In Example 3 we solve the MFG system on a long time horizon and
observe the turnpike property in a nonlocal setting. Finally, in Example 4 we study the
convergence of the scheme.

Outline of the paper. In section 2 we list our assumptions and state mostly known
results of the MFG system (1) and its individual HJB and FKP equations. In section
3 we construct the discrete schemes for the HJB, FKP, and full MFG equations from
the underlying stochastic control problem/game. The convergence results are given in
Section 4, along with extensions and a discussion section. In sections 5 and 6 we analyze
the discretisations of the HJB and FKP equations respectively, including establishing a
priori estimates, stability, and some consistency results. Using these results, we prove
the convergence results of section 4 in section 7. In section 8 we provide and discuss
numerical simulations of various nonlocal MFG systems. Finally, there are three appen-
dices with proofs of technical results.

2. ASSUMPTIONS AND PRELIMINARIES

We start with some notation. By C, K we mean various constants which may change
from line to line. The Euclidean norm on any Rtype space is denoted by | - |. For
any subset Q C R? or Q C [0,7] x R?, and for any bounded, possibly vector valued
function on @, we will consider LP-spaces LP(Q) and spaces C,(Q) of bounded continuous
functions. Often we use the notation | - ||p as an alternative notation for the norms in
Cy or L. The space CJ*(Q) is the subset of C3(Q) with m bounded and continuous
derivatives, and for Q C [0,7] x R<, Cé’k(Q) is the subset of Cy(Q) with [ bounded and
continuous derivatives in time and & in space. By P(R?) we denote the set of probability
measure on R?. The Kantorovich-Rubinstein distance dg(u1, t12) on the space P(R?) is
defined as

do(pa, p2) == sup { flx)d(p — M2)(x)}v
felip, ;(re) ~ /R?
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where Lip; ; (R?) = {f : fis Lipschitz continuous and || f||o, [|[Df|lo < 1}. We define the

Legendre transform L of H as:

L(z,q) == sup {p-q— H(z,p)}.

pER?
We use the following assumptions for equation (1):

(v0): (Lévy condition) v is a positive Radon measure that satisfies

/ LA |2]2dv(z) < oo.
R4

(v1): (Growth near singularity) There exists constants o € (0,2) and C' > 0 such
that the density of v for |z| < 1 satisfies

dv
0< ™o Y
~ dz T |z|dte

(LO): (Continuity and local boundedness) The function L : R x R? — R is
continuous in x, ¢, and for any K > 0, there exists Cr(K) > 0 such that

up |L(z,q)| < Cr(K), z € R
<K

, for |z| < 1.

s
lal
(L1): (Convexity and growth) The function L(z,q) is convex in ¢ and satisfies
L(z,q)

im = +o00, z € R%
lal=+o0 g

(L2): (Lipschitz regularity) There exists a constant Ly > 0 independent of ¢,
such that

(L3): (Semi-concavity) There exists a constant ¢y > 0 independent of ¢, such
that

L(z +y,q) — 2L(z,q) + L(z — y,q) < cr|y[*.
(F1): (Uniform bounds) There exists constants Cg, Cc > 0 such that
F(z, )| < Cr, |G(z, )| < Ca, Vo € R, € P(RY),
(F2): (Lipschitz assumption) There exists constants Lg, Lg > 0 such that
|F(x, 1) — F(y, p2)| < L[|z — y| + do(p1, p2)],
|G(z, 1) — G(y, p2)| < La[|lz —y| + do(pa, p2)].
(F3): (Semi-concavity) There exists constants c¢p, cg > 0 such that
Fz+y,p) —2F(z,p) + F(z —y,p) < cp
Gz +y,p) = 2G(z,p) + Gz —y,p) < g
(M): (Initial condition) We assume mg € P(R?).

(M’): The dimension d = 1, and my € P(R) N LP(R) for some p € (1, c0].

By (L1), the Legendre transform H = L* is welldefined and the optimal ¢ is ¢* =
D,H(x,p). To study the convergence of the numerical schemes we further assume local
uniform bounds on the derivatives of Hamiltonian:

(H1): The function D, H € C(R? x RY), and for every R > 0, there is a constant
Cr > 0 such that for every z € R? and p € Bg we have |D,H(z,p)| < Cg.
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(H2): The function D,H € C*(R%xR?). For every R > 0 there exists a constant
Cr > 0 such that for every z € R? and p € Br we have

|DppH (2, )| + |Dpe H (2, p)| < Ch.

Remark 2.1. We impose most of the conditions on L, and not on H, as L appears in
optimal control problem, which would be the basis of our semi-Lagrangian approxima-
tion. Assumptions (L1) and (L2) (but, not (L3)!) would immediately carry forward to
the corresponding Hamiltonian H from the definition of Legendre transform. Whereas,
we require to assume (H1)—(H2) on H, in contrary to the other assumptions, as it does
not follow from the condition on L in general. However, when the Lagrangian L behaves
like | -|" in ¢ variable for large ¢ and r > 1, the growth of the corresponding Hamiltonian
H would be | - |77 in p variable for large p (cf. [32, Proposition 2.1]). The growth of
the derivatives of H for large p can be computed similarly, which would correspond to
similar condition as in (H1)—(H2).

In most of this paper solutions of the HJB equation in (1) are interpreted in the
viscosity sense, we refer to [46] and references therein for general definition and well-
posedness results, while solutions of FPK equation in (1) are considered in the very weak
sense defined as follows:

Definition 2.2. (a) If u € C"'((0,T) x R?), a measure m € C([0, T, P(RY)) is a very
weak solution of the FPK equation in (1), if for every ¢ € C°(R%) and t € [0,T]

¢(x) dm(t)(z) — | d(z)dmo(x)
(3) “ “
= [ [ (£1@) = Dyt Du) - D) dm(s) )i
0 JR4
(b) If u € L0, T;Wh*(R%)) and p € [1,00|, a function m € C([0,T], P(R%)) N
h

LP([0,T] x RY), is a very weak solution of the FPK equation in (1), if (3) holds for
every ¢ € C2(RY) and t € [0,T).

Remark 2.3. Inequality (3) holding for every ¢ € C2°(R?) and t € [0, 7] is equivalent to

Aﬁﬂmmm@mm— 6(0, 2) dimo (x)

R

T
= o1(s,x) + L[P](s,z) — DpH(z, Du) - DP(s, x) |dm(s)(z)ds,
L )

holding for every ¢ € Cp%([0,T] x RY) (cf. [31, Lemma 6.1]).

Definition 2.4. A pair (u,m) is a viscosity-very weak solution of the MFG system (1),
if u is a viscosity solution of the HJB equation, and m is a very weak solution of the
FPK equation (see, Definition 2.2).

Proposition 2.5. Fiz, u € C([0,T], P(RY)). Let (v0), (L2) and (F1) hold.

(a) (Comparison principle) If u is a viscosity subsolution and v is a viscosity superso-
lution of the HIB equation in (1) with uw(T,-) < v(T,-), then u < v.

(b) There exists a unique bounded viscosity solution u € Cy([0,T] x RY) of the HJB
equation in (1), and for any t € [0,T] we have ||u(t)|lo < CrT + Cq.

(¢) If (L2) and (F2) hold, then the viscosity solution u is Lipschitz continuous in space
variable and for every t € [0,T] and z,y € R? we have

u(t, ) —u(t,z +y)| < (T(Le + Lr) + Le) yl.
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In addition, if (L3) and (F3) hold, then u is semiconcave in space variable and for every
t €[0,T) and z,y € R? we have

u(t,z +y) +ult,x —y) — 2u(t,2) < (Tl +cr) +ca) lyl*.

Proof. These results are by now standard: (a) follows by a similar argument as for
[46, Theorem 3.1], (b) follows by e.g. Perron’s method, and (¢) by adapting the com-
parison arguments of [46] in a standard way. We omit the details. Under some extra
assumptions, (b) and (¢) also follows from Theorem 5.4 and Lemma 5.3 below. O

Proposition 2.6. Assume (v0), (v1), (H1), and (M).

(a) If u € C([0,T]; CL(RY)), then there exists a very weak solution m € C([0,T]; P(R%))
of the FPK equation in (1).

(b) If d =1, u € C([0,T); WH(R)), u semi-concave, and (M’) holds, then there exists
a very weak solution m € C([0,T]; P(R)) N L?([0,T] x R) of the FPK equation in (1).
Moreover, |[m(t)||rr) < €“Tllmo|| Lo (r) for some constant C > 0 and t € [0,T).

Proof. The results follow from the convergence of the discrete scheme in this article.
The proof of (a) follows the proof of Theorem 4.3, setting Du,; = Du. The proof of

(b) follows the proof of Theorem 4.1 and Theorem 6.7, setting Du, , = Du. Note that
semi-concavity of u is crucial for the the LP-bound of Theorem 6.7. O

Existence and uniqueness results are given in [37] for classical solutions of MFGs with
nonlocal diffusions under additional assumptions:

(v2): (Growth near singularity) There exists constants o € (1,2) and ¢ > 0 such
that the density of v for |z| < 1 satisfies

c dv

WSE, for ‘Z|<].

(F4): There exists constants Cp,Cg > 0, such that [[F(-,m)|[cz < Cp and
|G (- m)|lcp < Cg for all m,m € P(RY).

(F5): F and G satisfy monotonicity conditions:

/]Rd (F(x,mq) — F (xz,m2))d(m1 —ms) (x) >0 Vmy,my € P(RY),
/Rd (G (z,m1) — G (x,mz))d(my —ma) () >0  Ymy,my € P(RY).

(H3): The Hamiltonian H € C3(R¢ x R?), and for every R > 0 there is Cg > 0
such that for z € R%, p € Bg, a € N, |a| < 3, then |D*H (z,p)| < Ck.

(H4): For every R > 0 there is Cr > 0 such that for z,y € R*, u € [-R,R],p €
R%: |H (x,u,p) — H (y,u,p) | < Cr (|p| +1) |z —y.

(H5): (Uniform convexity) There exists a constant C' > 0 such that 5I; <
Dng (z,p) < Cly.

(M”): The probability measure mg has a density (also denoted by mg) mg € CZ.

Theorem 2.7. Assume (v0), (v1), (v2), (F2), (F4), (H3),(H4), and (M”).

(a) There exists a classical solution (u,m) of (1) such that u € C,*((0,T) x R?) and
m e Cr2((0,T) x RY) N C(0,T; P(RY)).

(b) If in addition (F5) and (H5) hold, then the classical solution is unique.
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This is a consequence of [37, Theorem 2.5 and Theorem 2.6]. We refer to [37] for
more general results, where in particular assumptions (v1) and (v2) can be relaxed to
allow for a much larger class of nonlocal operators £. In the nondegenerate case, for the
individual equations in (1) we also have uniqueness of viscosity-very weak solutions and
existence of classical solutions. Uniqueness for HJB equations and existence for HJB
and FPK equations follows by Theorem 5.3, Theorem 5.5, and Proposition 6.8 in [37].
We prove uniqueness for very weak solutions of FPK equations here.

Proposition 2.8 (Uniqueness for the FPK equation). Assume (v0), (v1), (v2), and
D,H(z,Du(t)) € C,?’Q((O, T) x RY). Then there is at most one very weak solution of the
FPK equation in (1).

Proof. Let m1,mo be two very weak solutions, define m := mj; — my and take any
¢ € O (RY). For any 7 € (0,T), the terminal value problem

Oi¢+ L —Dp-DpyH(z,Du) =0 in R?x (0,7) and o(z,7)=(z) in RY

has a unique classical solution ¢ € Cp*((0,7) x R?) essentially by [37, Theorem 5.5]
(the result follows from Proposition 5.8 with & = 2 and the observation that the proof
of Theorem 5.5 also holds for k = 2). Using the definition of very weak solution (see
Remark 2.3) we get

/ W(z) din(r)(z) = / / (0h6 + L& — Do - DpH (x, Du)) din(t)(z) dt = 0,
Rd 0 R4

for any 7 € [0,T]. Since ¢ was arbitrary, it follows that /m(7) = 0 in P(RY) for every
7 € [0, 7], and uniqueness follows. O

3. DISCRETISATION OF THE MFG SYSTEM

To discretise the MFG system (1), we first follow [15] and derive a Semi-Lagrange
approximation of the HJB equation in (1). Using this approximation and the optimal
control of the original problem, we derive an approximation of the FPK equation in (1)
which is in (approximate) duality with the approximation of the HJB-equation.

This derivation is based on the following control interpretation of the HJB equation.
For a fixed given density m = pu, the solution u of the HJB equation in (1) is the value
function of the optimal stochastic control problem:

(4) u(t, ) = inf J(z,t, ),
where oy is an admissible control, J is the total cost to be minimized,
T ~ ~ ~
(5) J(z,t,0) = E[/ (L(XS7 as) + F(Xs, ,us)ds + G(Xr, uT)} )
t
and X, = X®! solves the controlled stochastic differential equation (SDE)
©) { dX, = —ods + i1 2N(dz,ds) + [ 5, 2N(dz, ds), s >t,
Xt =,

where N a Poisson random measure with intensity/Lévy measure v(dz)ds, and N =
N(dz,ds) — v(dz)ds is the compensated Poisson measure.!

3.1. Approximation of the underlying controlled SDE.

IThe N-integral is just a (difficult way of writing a) compound Poisson jump-process, while the
N-integral is a centered jump process with an infinite number of (small) jumps per time interval a.s.

[9).
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A. Approzimate small jumps by Brownian motion. First we approximate small jumps
in (6) by (vanishing) Brownian motion® (cf. [10]): For r € (0,1), let Xy = X% solve

) dXs = b(ag)ds + o, dW, —|—f‘ > 2N(dz,ds), s>t
Xt =,
where W is a standard Brownian motion, b(a,) = — a, — b7, and

(8) by = /<| - zv(dz),

) - (; /|z<r zzTV(dz)> "

The last integral in (7) is a compound Poisson process (cf. e.g. [9]): For any ¢ > 0,

(10) /Ot /|z|>r AN (dz, dt) = ijj

where the number of jumps up to time ¢ is N; ~ Poisson(tA;), the jumps {J;}; are iid
rv's in R? with distribution v, and Jy = 0, and for r € (0, 1],

(11) Vp = V155, and Ap = / vp(dz).
R4

The infinitesimal generators £* and £ of the SDEs (6) and (7) are (cf. [9])
LY(x) = —ar - Vo + L1o(x) + L1¢(x),
L£¢(w) = blay) - V() +tr (o7 - D*¢(x) - 07) + L7[¢](x)
for ¢ € C (Rd) where
Lo(x )+ ng( )

The operator £ is an approximation of £.

Lemma 3.1 ([17]). If (v1) holds and ¢ € C3(R?), then for L, and o, defined in (12)
and (9) respectively, we have

|L,p(x) — tr(of -D?*¢(z) - or)| < Cr37||D?¢|o.
If in addition, ¢ € C}(R?) and the Lévy measure v is symmetric, then

1Lr¢(x) = tr(o) - D*¢(z) - 0,)| < Cri=(|D ¢ ]fo.

B. Time discretization of the approzimate SDE. Fix a time step h = L € (0,1) for some
N € N and discrete times ¢, = kh for k € {0,1,...,N}. Following [15], we propose
the following Euler-Maruyama discretization of the SDE (7): Let X!1* =~ Xtti ¥ where
X, = X!Tsolves

Xl—.’E
(13) & X, = Xp_1 + hb(an_1 +fza moon=1+Ni+1,..., 0+ Ny —1

m=1

Xl+Ni+1 = Xl+Ni+1_1 + Ji.

2To avoid singular integrals and infinite number of jumps per time interval.
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Here the control o, is constant on each time interval, o, is the mth-column of o,, and
& = (€L,...,¢d) is a random walk in R? with

1

S 2d’

The processes Ji and Ny defines an approximation of the compound Poisson part of (7)
through equation (10) where Ny is replaced by an approximation

P (g, = +1)

N; = max{k : ATy + ATy + --- + ATy, < t},

where exponentially distributed waiting times (time between jumps) are replaced by
approximations {ATy}xen® ATy, = hANy = h(Ny — Nj_1) where Ny : Q — NU {0},
Ny =0, and AN iid with approximate hA,.-exponential distribution given by

P[AN, > jl=e "7 for j=0,1,2,....

Then for p; := P[ANy = j], po = 0 and p; = P[AN, > j — 1] — P[AN, > j] =
e /A (ehr — 1) for j > 0. We find that 3372 p; = 1 and E(AN,) = 3222 e " =
% Note that in each time interval, approximation (13) either diffuses (the second
equation) or jumps (the third equation), and that we have ignored the unlikely event of
more than one jump per time interval. For the scheme to converge, we will see that we
need to send both h — 0 and hA, — 0. In this case E(ANj) — oo and the jumps become
less and less frequent and the random walk dominates the evolution of X} (which is to
be expected).

3.2. Semi-Lagrangian approximation of the HJB equation.

A. Control approximation of the HJB equation. We approximate the control problem
(4) — (6) by a discrete time control problem: Define the value function

(14) ap(t, ) = {iilf} In(z, 6, {an}),

where the controls {a,, } are piecewise constant in time, the cost function J, is given by

N-1

15) ot fond) =E| X (0Knwan) 4 F ot )+ G e

n=l

and the controlled discrete time process X,, = X!* is the solution of (13). By the
(discrete time) Dynamic Programming principle it follows that

l+p
(b1, ) = gﬁE[Z (L8 @) + FOXE, (b)) )+ ah<n+p+1,X§f¢Zﬂ>} :

n=lI
for I+ p+1 < N. Taking p = 0 and computing the expectation using conditional
probabilities (the probability to jump in a time interval is p; = 1 — e~"), we find a
(discrete time) HJB equation

—h\, d B
ap(t, ) = ira1f {hF(x,,u(tl)) + hLl(z,a)+ [6 54 (@n(ti + h,x + hb(e) + Vhdo™)
m=1
1— €_h)‘7'

(16)  + an(t; + h,x + hb(a) — MUT)) R — / N ap(ti + h, x4+ z)z/(dz)} }

3n the new model, Ny still gives the number of jumps up to time t.
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B. Interpolation and the fully discrete scheme. For p > 0 we fix a grid G, = {ip:i € 7}
and a linear/multilinear G,-interpolation I. For functions f : G, — R,

(17) I[fl(x) = > f@)Bi(x), xR,

€24

where the 3;’s are piecewise linear/multilinear basis functions satisfying

20, Bi(w) =64, Y Bil@)=1 and [I[¢] - ¢lo=[D*¢llop”
j

for any ¢ € C2(R?). A fully discrete scheme is then obtained from (16) as follows:

(18) il = Spelpl( g, i R), K< N, and [l = Glai pltn),
where
1 — e hAr
Spelil(v,1.) = int § B (i, lte)) + W) + = [ Tel(as + 2)lde)
@ r |z|>7
—RA,

e
2d

d
(190 + > (I[U] (@i + hb(a) + Vhdo™) + Iv](x; + hb(a) — mo;n)) }

Finally, we extend the solution of the discrete scheme ; 1 [u] to the whole R? x [0, T
by linear interpolation in x and piecewise constant interpolation in ¢:

(20) ity nlpl(t, ) = T (i oypl) (2) = Y Bil) ity g)[n] for any (t,2) € [0,T) x R™.
i€z

3.3. Approximate optimal feedback control.

For the HIB equation in (1), satisfied by the value function (4), it easily follows that
the optimal feedback control is

a(t,xz) = DpH(z, Dulu|(t, z)).

Based on this feedback law, we define an approximate feedback control for the discrete
time optimal control problem (13)—(15) in the following way: For h,p,e > 0 and (¢, x) €
R? x (0,71,

(21) onum (8, @) 1= Dy H (2, Dﬂ;h[u](t, z)),
where @, (1] is given by (20),
(22) ﬂ';,h[/‘] (t,x) = ﬂp’h[ﬂ} (t,-) * pe(),

and the mollifier p(z) = 4p(£) for 0 < p € C2°(R?) with [, p(z)dz = 1. We state a
standard result on mollification.

Lemma 3.2. Ifu € WH°(R%), € >0, and u = u* p.. Then u¢ € C°(RY), and there
exists a constant c, > 0, such that for all € > 0,

|lu® — ullo < ||Dullo € and | DPuf|lo < ¢,||Dullo € ™7 for any p € N.

By construction, we expect anum to be an approximation of the optimal feedback
control for the approximate control problem with value function (14) when h, p, € are
small and f‘;,h is close to u.

3.4. Dual SL discretization of the FPK equation.
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A. Dual approzimation of the FPK equation. First note that if X, = XE’Z‘) solves
(6) with t = 0 and Xy = Zy, a rv with distribution myg, then the FPK equation for

m = Law(X,) is
{ﬁh—ﬁm—&wm@:a

Setting & = apum, this equation becomes an approximation of the FPK equation in (1).
With this choice of a, we further approximate m by the density my := Law(X}), of the
approximate process Xy = X,S’ZO solving (13) with [ =0 and X, = Zp.

We now derive a FPK equation for 7 which in discretised form will serve as our
approximation of the FPK equation in (1). To simplify we consider dimension d = 1.
By definition of my,

E[p(Xis1)] = / 8(z) difgpa (),

for ¢ € Cp(R?) and k € NU {0}. Let Ay be the event of at least one jump in [ty tx11),
ie. Ay = {w : Npi1(w) — Ni(w) > 1} where Ny, is the random jump time defined in
Section 3.1 B. Then by the definition of X in (13), the fact that Ny, Ji, and & are
i.i.d. and hence independent of X, and conditional expectations, we find that

/R 6() diivg 1 () = E[p(Xe 1)
= B[6(Xp1) | AZ] P(AS) + E[b(Xi)| Ax] P(Ar)

= e "M E(3(Xk + hb(amum) + Vo &) + (1 — e ") E(¢( X + J3))
e—hAr

_ /R ($(z + Wb(cmm) + VEor) + 3@ + hb(@mum) — Vo) )i (dz)

2
— e M x4z ”(dz)m T
+ =) [ oa ) U ).

Let E; := (l‘l — L r + g), mj g = ij my(dz). We approximate the above expression
by a midpoint (quadrature) approximation, i.e. ij flx)mi(dx) = f(x;)m; i, then by
choosing ¢(x) = B;(z) (linear interpolant) for j € Z and using B;(z;) = 6, we get a
fully discrete approximation

—hA, ~ ~
gin 2 Y k| S (B + hblamum) + Vo) + B (@i + hb{awum) — Vho))
€L
1—e P

+ 7/ Bj(z: + z)v(dz)}
A
|z|>r
In arbitrary dimension d, we denote

(23) O =5 — h (Hy(w, Dl [pl (tr, ;) + BY ) = Vhdo?.

for j€Z% k=0,...,N,p=1,...,d. Redefining F; := z; + £(-1, 1)? and reasoning
as for d = 1 above, we get the following discrete FPK equation

Wikl =Y 1kl By [Hy(-, DS, (1)) (i, 4, k),
(24) jens
mi,O = dmo(l’),

E;
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where

—)\rh d
By [y Dig i) o= | S5 S (5:031,) + 6:(057,))

25 p=l
( ) 1— €_>\7'h

+ 7/ Bi(z; + 2)v(dz)|.
Ar |z|>r
The solution is a probability distribution on G, x hNj, where N, :={0,...,N}:

Lemma 3.3. Let (7, ;) be the solution of (24). If mg € P(RY), then (i) € P(Z%),
i.e. My >0, €Z% and > jeza Mk =1 for all k € N.

Proof. First note that m;, > 0 follows directly from the definition of the scheme and
mi > 0. Changing the order of summation and as > 3, B, . »[Hy (-, DS, [u]](7, 4, k) = 1,
we find that

Zmi7k+1 ZZmJ kBonr [ Hp(-, D, (1,5, k Zm]k
i

The result follows by iteration since , mjo = 1. O

We extend (11, x[1]) to R? by piecewise constant interpolation in x and then to [0, 7]
by linear interpolation in ¢: For ¢ € [tx, tg11] and k € N,

e t—tr .. g1 — ¢ _
(26) mmh[u}(tvx) = mp,h[:u](thrlvx) + %mp,h[u](tkvx)’

where, m, j,[1](tr, ) = p% > ieza Mik[p] Lg, (). Note that mg , [u] € C([0,T), P(R%))
and the duality with the linear in «/constant in ¢ interpolation used for @,  in (20).

3.5. Discretisation of the coupled MFG system.

The discretisation of the MFG system is obtained by coupling the two discretisations
above by setting 1 = ms, , [u]. With this choice and u = @[u] and m = m[u] we get the
following discretisation of (1):

Uj fg = Sp,h,r [m;’h](u‘,k-i-h iy k")a
ui, N = G(xi,ms , (tN)),
Mik+1 = ZjeZd mj k Bp,hﬂ‘[HP(" Du;,h)](ivjv k)v

mio = fEl dmo(m)a

(27)

where Spyh,r,prhm,u;h,m;)h are defined above.

The individual discretisations are explicit, but due to the forward-backward nature
of the coupling, the total discretisation is not explicit. It yields a nonlinear system
that must be solved by some method like e.g. a fixed point iteration or a Newton type
method.

The approximation scheme (27) has a least one solution:

Proposition 3.4. (Existence for the discrete MFG system) Assume (v0), (v1), (L1)-
(L2), (F1)-(F2), (H1), and (M). Then there exist a pair (upn, ms, ;) solving (27).

The proof of this result is non-constructive and given in Appendix A.

4. CONVERGENCE TO THE MFG SYSTEM

In this section we give the main theoretical results of this paper, various convergence
results as h, p,e,7 — 0 under CFL-conditions. The proofs will be given in Section 7 and
require results for the individual schemes given in Sections 5 and 6.
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4.1. Convergence to viscosity-very weak solutions. We consider degenerate and
non-degenerate cases separately. For the degenerate case, the convergence holds only in
dimension d = 1.

Theorem 4.1 (Degenerate case, d = 1). Assume (v0), (v1), (L1)-(L3), (F1)-(F3),
(H1)~(H2), (M’), {(up,nsm5 1)} phe0 are solutions of the discrete MFG system (27).

If pny b, €ny 1 — 0 under the CFL conditions Z—i hy Vhn o(1), then:

(i) {wpn,hy}n is precompact in Cy([0,T] X K) for every compact set K C R.
(ii) {mg? j, }n is sequentially precompact in C([0,T], P(R)), and (a) in L' weak if
p € (1,00) in (M’), or (b) in L™ weak * if p = o0 in (M’).
(iti) If (u,m) is a limit point of {(up, h,. m3" }, )}n, then (u,m) is a viscosity-very
weak solution of the MFG system (1).

Note that {m,,} is precompact in C([0,T], P(R%)), just by assuming (M) for the
initial distribution. But in the degenerate case this is not enough for convergence of
the MFG system, due to lower regularity of the solutions of the HIB equation (no
longer C1). Therefore we need assumption (M’) and the stronger compactness given by
Theorem 4.1(ii) part (a) or (b). This latter result we are only able to show in d = 1.

In arbitrary dimensions we assume more regularity on solutions of the HJB equation
in (1):

(U): Let u[m] be a viscosity solution of the HJB equation in (1). For any m €
C([0,T), P(RY)) and t € (0,7), ulm|(t) € C*(R?).

Remark 4.2. Assumption (U) holds in non-degenerate cases, e.g. under assumption
(v2), see Theorem 2.7 and the discussion below.

We have the following convergence result in arbitrary dimensions.

Theorem 4.3 (Non-degenerate case). Assume (v0), (v1), (L1)-(L3), (F1)-(F3), (H1)-
(H2), (U), (M), {(up,n,m$, 1) }p,n,e>0 are solutions of the discrete MFG system (27). If

Py By €ny T — 0 under the CFL conditions o by o(1), then:

hn? 127 €n
(1) {up, h,tn is precompact in Cy([0,T] x K) for every compact set K C R
il) {m" n is precompact in C([0,T], P(R?)).
Pnshn
(it) If (u,m) is a limit point of {(up, h,. m3" }, V}n, then (u,m) is a viscosity-very
weak solution of the MFG system (1).

These results give compactness of the approximations and convergence along subse-
quences. To be precise, by part (i) and (ii) there are convergent subsequences, and by
part (iii) the corresponding limits are solutions of the MFG system (1).

We immediately have existence for (1).

Corollary 4.4 (Existence of solutions of (1)). Under the assumptions of either Theorem
4.1 or 4.3, there exists a viscosity-very weak solution (u,m) of the MFG system (1).

If in addition we have uniqueness for the MFG system (1), then we have full conver-
gence of the sequence of approximations.

Corollary 4.5. Under the assumption of either Theorem 4.1 or Theorem 4.3, if the
MFG system (1) has at most one viscosity-very weak solution, then the whole sequence
{(wppnp s M5 1, ) bn converges to a limit (u,m) which is the (unique) viscosity-very weak
solution of the MFG system (1).

4.2. Convergence to classical solutions. In the case the individual equations are

regularising, we can get convergence to classical solutions of the MFG system. To be
precise we need:
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1. (“Weak” uniqueness of individual PDEs) The HIB equation have unique vis-
cosity solutions, and the FPK equation have unique very weak solutions.

2. (Smoothness of individual PDEs) Both equations have classical solutions.

This means that viscosity-very weak solutions of the MFG system automatically (by
uniqueness for individual equations) are classical solutions. If in addition

3. (Classical uniqueness for MFG) classical solutions of the MFG system are
unique,
we get full convergence of the approximate solutions to the solution of the MFG system.

We now give a precise result in the setting of [37], see Theorem 2.7 in Section 2 for
existence and uniqueness of classical solutions of (1).

Corollary 4.6. Assume (v0)-(v2), (L1)-(L3), (F1)-(F4), (H3)-(H4), and (M”). Let
(up’h,m;,h) be solutions of the discrete MEFG system (27). If pn,hn,€n,mn — 0 under

the CFL conditions ?», ta VPu — o(1), then:

hn? T2 €n
(a) {(up, b my? 1, )n has a convergent subsequence in the space Cpoc([0, T] X R%) x
C([0,T), P(RY)), and any limit point is a classical-classical solution of (1).

(b) If in addition (F5) and (H5) hold, then the whole sequence in (a) converges to the
unique classical-classical solution (u, m) of (1).

Proof. 1. Assumption (U) holds by Theorem 2.7, and then by Theorem 4.3, there is
a convergent subsequence {(u,,n,,m;" ; )}n such that (u,, p,,my" , ) — (u,m) and
(u,m) is a viscosity-very weak solution of (1).

2. Since m € C([0,T], P(R%)), the viscosity solution u is unique by Proposition 2.5
(b) (see also [37, Theorem 5.3]). Hence it coincides with the classical Cp*((0,T)) x R%)
solution given by [37, Theorem 5.5].

3. Now D, H (z, Du(t)) € CZ(R?) by part 2 and (H3), and then by Proposition 2.8 there
is at most one very weak solution of the FPK equation. Hence it coincides with the
classical Cbl’z((O, T) x R?) solution given by [37, Proposition 6.8].

4. In addition if (F5) and (H5) hold, there is a most one classical solution (u,m) by
Theorem 2.7 (b).

5. This shows (compactness, smoothness, and uniqueness) that all convergent sub-
sequences of {(u,,,n,,m;" j, )}n have the same limit, and thus the whole sequence
converges to (u, m), the unique classical solution of (1). ([

4.3. Extension and discussion.

Extension to more general Lévy operators. The results of Theorem 4.1 and 4.3
hold under much more general assumptions on the Lévy operator £. In [37] they use
(v0) together with the assumptions,

(v1): r72+g/ \z|2d1/—|—r71+”/ \z|du+rg/ dv <¢, re€(0,1).
|z|<r r<|z|<1 r<|z|<1

(v2'): There are o € (1,2) and K > 0 such that the heat kernels K, and K} of
L and L* satisfy for K = Ko, K} : K >0, ||K(t,)||11(ray = 1, and
DK (8, )| ey < Kot~ (BH0=D) oy ¢ & (0,7)
and any p € [1,00) and multi-index 8 € N¢ U {0}.

where the heat kernel of the operator £ is defined as the fundamental solution of the heat
equation dyu—Lu = 0. These assumptions cover lots of new cases compared to (v0), (v1),
and (v2). New cases include (i) sums of operators satisfying (1) on subspaces spanning
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R?, having possibly different orders, (ii) more general non-absolutely continuous Lévy
measures, and (iii) Lévy measures supported on positive cones. An example of (i) (cf.

[37]) is
£:_< 62>01/2_..._< 82)”/2, o1,...,04 € (1,2),

g )
which satisfies (v1’) with ¢ = min; o; and dv(z) = Z?:l ‘zﬁ%aiﬂj#éo(dzj). This
is a sum of one-dimensional fractional Laplacians of different orders. An example of
(iii) is given by the spectrally positive “fractional Laplacian” in one space dimension:
Lu=co [} (u(x+ 2) —u(z) — Du(x) - 21c1y)2 " 7dz.

We have the following generalization of the wellposedness result for classical solutions
given in Theorem 2.7.

Theorem 4.7 ([37]). Theorem 2.7 holds when you replace (v1) — (v2) by (v1') — (v2).

It follows that (U) holds whenever Theorem 4.7 holds. Since (v1) implies (v1’) and
the integrals in (v1’) are what appear in the different proofs, it is easy to check that
all estimates in this paper are true for Lévy measures satisfying (v1’) instead of (v1).
This means that under assumption (v1’) and (v2') we have the following extensions of
Theorems 4.1 and 4.3 and Corollary 4.6.

Theorem 4.8. Theorem 4.1 holds when you replace (v1) with (v1').
Theorem 4.9. Theorem 4.3 holds when you replace (v1) — (v2) by (v1') - (v2).
Corollary 4.10. Corollary 4.6 holds when you replace (v1) — (v2) by (v1') - (v2).

The Wasserstein metric d; versus our metric dy. The typical setting for the
FPK equations in the MFG literature seems to be the metric space (P (R%),d;), that
is the 1—Wasserstein space W of probability measures with finite first moment. This
is also the case in [25] where convergence results are given for SL schemes for local
nondegenerate MFGs in R?. In this paper we can not assume finite first moments if
we want to cover general non-local operators. An example is the fractional Laplacian
—(=A)% for o < 1, where the underlying o-stable process only has finite moments of
order less than o. Instead we consider the weaker metric space (P(R?),dy), which is
just a metrization of the weak (weak-* in Cj) convergence of probability measures. In
this topology we can consider processes, probability measures and solutions of the FPK
equations that do not have any finite moments or any restrictions on the tail behaviour
of the corresponding Lévy measures.

Of course, under additional assumptions convergence in dy implies convergence in d; .

Lemma 4.11. If m, converges to m in (P(R%),dy) and m, and m has uniformly
bounded (1 + &)-moments for § > 0, then m,, — m in (P(R%),d;).

Convergence in P (R?) [53, Definition 6.8] is by definition equivalent to weak conver-
gence plus convergence of first moments, and the result follows from e.g. Proposition
1.1 and Lemma 1.5 in [5].

We then have the following version of Theorem 4.1 and Theorem 4.3.

Corollary 4.12. Assume mg € P11s5(R), fRd\Bl |2|*°dv(z) < oo for some § > 0, and

the assumptions of Theorem 4.1 and Theorem 4.53. Then the statements of Theorem /.1
and Theorem 4.3 hold if we replace (P,dy) by (Py,dy) in part (ii).

Note that the number of moments of m is determined by the number of moments of
11zj>1v (and my), see e.g. the discussion in section 2.3 in [37]. Moreover, if 1,517 has
at most « finite moments, then Lu is well-defined only if u has at most order o growth
at infinity. Hence in the nonlocal case there is ”duality” between the moments of m and
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the growth of u. Note that um will always be integrable which is natural since then e.g.
Fu(Xy,t) = [u(z,t)m(dz,t) is finite.
In our case we assume no moments and have to work with bounded solutions u.

On moments and weak compactness in L? in the degenerate case. Previous
results for Semi-Lagrangian schemes in the first order and the degenerate second order
case [23, 24] cover the case mg € P;(R) N L*°(R), which means that mg has finite first-
moments. Our results assume mg € P(R)NLP(R), for p € (1, 00], and hence no moment
bounds and possibly unbounded mg. When p < oo we have weak compactness in L!
instead of weak-* compactness in L°°.

Since our results in the degenerate case allows for £ = 0, they immediately give an
extension to this P N LP setting for the convergence results for first order problems of
[23]. Moreover, the same conditions, arguments, and results easily also holds in the local
diffusive case considered in [24].

5. ON THE SL SCHEME FOR THE HJB EQUATION

We prove results for the numerical approximation of the HJB equation, including
monotonicity, consistency, and different uniform a priori stability and regularity esti-
mates. Using the “half-relaxed” limit method [12], we then show convergence in the
form of v, p, [tin](tn, Tn) — v[p](t, x), where v[u] is the (viscosity) solution of the con-
tinuous HJB equation. Let B(G,) be the set of all bounded functions defined on G,,.

Theorem 5.1. Assume (v0), (L1), p,h,r >0, p € C([0,T], P(RY)), and let S, p (1]
denote the scheme defined in (18).

(i) (Bounded control) If ¢ € Lip(R?), S, p.-[u)(¢,i, k) has a minimal control and
|a] < K where K only depends on ||Dy¢llo and the growth of L as |z| — oo.

(ii) (Monotonicity) For all v,w € B(G,) with v < w we have,
Spnrlt](v,i, k) < Spprlp(w,i,k) foralli e G,, k=0,...,N —1.
(i) (Commutation by constant) For every ¢ € R and w € B(G,),
Spnrltl(w+c i k) = Sy nrlpl(w,i, k) + ¢ forallie G,, k=0,...,N —1.
Assume also (v1) and (F2).
(iv) (Consistency) Let pp,hp,rn —— 0 under CFL conditions %,%‘ = o(1),

grid points (ty,,x:,) — (t,x), and p,,p € C([0,T); P(RY)) such that pu, — p.
Then, for every ¢ € C(R? x [0,T)),

o1 )
llm hi [¢(tk7z+l’ mi?L)_Sp1L7h7L;Tn [/’(‘n]((b',kn"l‘l’ Un, kn)]

:7at¢(t’z)7aié1ﬂ£d [L(LE,O[)*DQ/) ] £¢( ) (‘T .u“( ))
Proof. (i) Since
—hAT d

Z 1(zi + hb(a) + Vha!™) + 1[¢)(z; + hb(a) — Vho™)

m=1

h(o

is Lipschitz in o (maximum linear growth at infinity), while L(z,«) is coercive (more
than linear growth at infinity) by (L1), there exists a ball Bg, where R depends on the
Lipschitz constant of I[¢] and the growth of L, such that the minimizing control & of

Sp.hrl] (6,4, k) belongs to Bg.
(ii) and (iii) Follows directly from the definition of the scheme.
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(iv) For ease of notation, we write p, h,r, p instead of py,, hp,Tp, fin. A 4th order Taylor
expansion of ¢ gives

o(x + hb(@)EVhdo™) = ¢(z) + Do(z) - (hb(e) = Vhdo™)
hd 5 h?

+ 2 o) D2(a)o £ VAREN@) D2o(@)07 + 2 b() D2 ()i 0)
+ I{; Dﬂg(x) (hb(r) = Vhd ™) l; Dﬁqb gi (a) + Vhdo™)?,

for some &4 € RY. Using that b(a) = —a—
O(rt=9), we get that

(28) d(x 4 hb(e) + Vhdo™) + ¢(z + hb(er) — Vhdo™) — 2¢(z)
= —2hD¢(z) - o — 2h/ D¢(x) - zv(dz) + hd(o]")" - D*¢(x) - o + O(h*r*~%7).

r<|z|<1

zv(dz), and by (V1) [, . <, 2v(d2) =

r<lzl<1

We used that %26(OA)TD2¢($)B(04) is of order O(h?r2=29), the 3rd order terms are of or-
der O(R3r3739 4 h2r1=9), and the 4th order terms are of order (v hdo,)* = O(h?r=29).
Then the error of the Taylor expansion is O(h?r?~27). Using Lemma 3.1,

$(w5) = Sy 1] (0,3 K)

—hA,

2d

d
= 6 — it [P pltra)) + hrs0) + S 3 (200) - D6 0

+ hd(0™)T D¢ (z;) 0™ 2h/< Kqub(aci)-zz/(dz))

1— e hAr

i A /Z|>T oz + 2)v(dz) + O(p*) + O(hQTQ_QU)]

(29) hF (2, p(trs1)) — ilgf [hL(mi7a) — he " De(x;) - a] + (1 — e ") p(2)

o hAr ([; B(x;) + (7’37”)) + he*h”/ D(x;) - zv(dz)

r<|z|<1
/ d(x; + 2)v(dz) + O(p* 4+ h*r?=2).
|z|>r

|z|?v(dz) < Kr?=7 (by (v1)), for the small jump operator £, (defined

1 — e har
Ar
Usmg that ||

|z|<r
n (12)) we have

(30) |L,(x5) — e Log(x)] < hA.17277|| D?¢)jo.

Again, as fr<|z|<1 |z|v(dz) < Kr'=9 and fl v(dz) < K, for the long jump operator

|
L" (defined in (12)) we have that o
1— efh)\,,.
L (x; i Do(z;) - zv(dz) — —~—— i — ¢(z;))v(d
oz +e [ Do) awde) — i [ (@l ) — awpwias)
o —hAr
< K(1 = )P Dl + K (1= 250 ) (7 1D6o + 16lo)

(B1) < K(hAr Dol + kIl ).
Recalling that Lo(x;) = Lrd(x;) + L7P(x;), combining (29) with (30) and (31), we find

60 = Sy 101, ) = hF(as ) = hinf | E(si,) = Do) -] = io(z)
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+ O(R*Ar + hr® ™7 + B2Ar' 77 + p* + W2 727).
As |Ar| < Cr—?, we have

i) — s xi) 1 .
d)(tkax ) h¢(tk+1 €T ) + E(qs(tk-‘rla'ri) _ Sp,h[ﬂ](¢~,k+1a2ak)>

= —0ip(tr, vi) — LO(tryr, xi) + F(xi, p(tps)) — ilgf [L(%ﬂ) — Do(tpyr, i) -«

2
+O(h+ e 177 4 72 4 L 220,

Hence the result follows by taking the limit n — oo with Zi , 2 =o(1). O

Theorem 5.2. (Comparison) Assume i, pa € C([0,T], P(R?)), (v0), and (L1). Let
Up,nlp1] and up, plpo] be defined by the scheme (20) for p = p, po, respectively. Then,

[wp,nlpn] = upnlpalllo < TIFC, pa) = F (s pa)llo + GG pn(T)) = G pa(T))fo-
Proof. Let ¢ () := hb(a) + vhdo™, and note that

(32)  Tu g lpa))(@) = Tu g [l (@) = Y Bp(@) (up ks (1] = wp ki1 [p2)-
pEZ

By (18) and the definition of inf, for any € > 0, there is @, € R? such that

wigeluz) > WF (i, pa(ty)) + hL(xs, a0) + 54 Z [ u. g [p2]] (i + o (ae)

_e—hA
(33) 4+ Iu. gpy1[pe]](z: + c;(ae))} + 1T /I - Tu. g [pe]](ws + 2)v(dz) —

We then find, using (18), (32), (33),
i ] = wig[pe] < B(F (i, pa(ty)) = F(xi, pa(tr)) + h(L(zi, ae) = L(wi, o))
e~ @
+ > [ s O (Bl (@) + Byl (@) ) (upsipalpan] = tpies [12])

pEZ?

_ p—hX
+ 1+ / . B;D(Z) (up+i,k+1[/i1] — upﬂ,kﬂ[ug])y(dz)} te

< h|[F(s ) = F (-, p2)llo + esup w41 — Gips1] +e,

m=1

where since } 8, =1,

Y (el )+ Ayl (o) + T [ 3 e =1

m=1 pe7d FIZT pezd

CcC =

Since |u; n[u1] — win(pe]l < |G, ua(tn)) — G(, p2(tn))llo, & symmetry and iteration
argument shows that

|uiglp] = wiplpz]] < (N = KRIF () = FCop2)llo + IGC pa(tn) = GC,pa(tn)llo.
The result then follows from interpolation and T = Nh. (I

The SL scheme is very stable in the sense that we have uniform in h, p, u boundedness,
Lipschitz continuity, and semi-concavity of the solutions wu; j.

Lemma 5.3. Let p € C([0,T], P(RY)) and u; [u] be defined by the scheme (18).
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(a) (Lipschitz continuity) Assume (v0), (L2) and (F2). Then

|uik — Uik
lz; — 2]

(b) (Semi-concavity) Assume (v0) , (L3) and (F3). Then
Uigj ke — 2Ui g + Ui—jk
|z
(¢) (Uniformly bounded) Assume (v0), (LO)-(L2), (F1), and (F2). Then
lui k| < (Cp + CL(K))T —ty) + Cq, i,j€2Z% ke{0,1,...N},
where K is defined in Theorem 5.1 (i).
Proof. (a) Note that since S,,(z; + ) = Bm—;(2),

(34)  Iwpra)(zy + @) = Twpa) (@i +2) =Y Bp(@) (Upsjhs1 — Uppiht1)-
peZL

<(Lp+ L )(T—ty)+ La, i,j€Z% ke{0,1,...N}.

<(ep+c )T —ty) +cq, i,7€2% ke{0,1,...N}.

Then, by (L2), (F2), and similar computations as in Theorem 5.2, we find that

i — ik < WLy + Lp)|w; — x| 4 sup [uj g1 — Ujpt1| + 6,
J

Since [ui, N1 = N+1] = |G(@i, m(tn41)) — Gz, m(tn41))| < Lelw; — ;] by (F2), the
result follows by iteration.

(b) Similar to (34) we see
Iu. o1 (@it + @) = 2 pa (@i + @) + I jga ] (i + @)
= > Bp(@i+ @) (Upijht1 — 2up i1+ Up—jrin).
peZ4

Then, by (L3), (F3), and similar computations as in Theorem 5.2, we find that

Wity — 2ui g+ wimjn < (e + cp)hlzi* + SUP(Uitj k1 — 2Ui k41 + Ui jfot1)-
1

Since wiyj N — 2ui N + ui—jn < cglz;|? by (F3), the result follows by iteration.
(c) By part (a) and Theorem 5.1 (i), |a| < K, and then a direct calculation shows that

— sup_ (R(F|+|LD) +sup ujpia]) < wih < sup (B(IF|+ L)) + supujpsa ).
la| <K J la|<K J

The result follows from (L1) and (F1). O

Theorem 5.4. (Convergence of the HIB scheme) Assume (v0), (v1), (F1), (F2), (L2),
2
P> hny T ——25 0 under CFL conditions ﬁ—: by — o(1), pn — p in C([0,T], P(RY)),

and up, n, [pn] is the solution of the scheme (18) defined by (20). Then there is a
continuous bounded function ulu] such that u,, p, [1n] — ulp] locally uniformly in R x

[0,T], and u[p] is the viscosity solution of the HJB equation in (1) for m = p.

Proof. The result follows from the Barles-Perthame-Souganidis relaxed limit method
[12], using the monotonicity, consistency, and L>-stability properties of the scheme (cf.
Theorem 5.1 (ii), (iii), and Lemma 5.3 (c)), and the strong comparison principle for the
HJB equation in Proposition 2.5 (a). We refer to the proof of [23, Theorem 3.3] for a
standard but more detailed proof in a similar case. O

We recall that the continuous extensions u, [p(t, z) and uj, ,[u](t, z) are defined in
(20) and (22), respectively. The results of Lemma 5.3 transfers to uf, , [u](t, ).

Lemma 5.5. Let € C([0,T], P(RY)) and us, (1] be given by (22).
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(a) (Lipschitz continuity) Assume (v0), (L2) and (F2). Then
|up n 1t 2) = ug 1)t y)| < (Lr + Lp)T + La)|a — yl.
(b) (Approximate semiconcavity) Assume (v0), (L2),(L3), (F2), and (F3). Then
there exist a constant c; > 0, independent of p, h,e and p, such that
2
p

s [pl(t @+ y) = 2uS [l () + us (1]t x —y) < er(lyl® + p* + ), and

2
(Duf (1) (ty) = Dug il (t,2),y — ) < 1 (o =y + 55).

(c) Assume d = 1, (v0), (L3), and (F3). Then there exists a constant cz > 0,
independent of p, h,e and p, such that for each i,j € Z% and k € N},
(Dus [l (b, ) — Dl (1] (b, @), 25 — 3) < calay — .

Proof. (a) Since wu; j satisfies the discrete Lipschitz bound of Lemma 5.3 (a), w, p[p] is
Lipschitz with same Lipschitz constant as u; ; by properties of linear interpolation, and
ug, ,[p] is Lipschitz with same constant as u, p[u] by properties of mollifiers (Lemma
3.2).
(b) For i,j € Z? we have by Lemma 5.3 (b), u;1; + u;—; — 2u; < c|a;|?. Multiplying
both sides by ;(x), and summing over Z?, we get

Up, (2 + 25) + tp (2 — 25) = 2up () < claj .
Letting @ — « — z, multiplying by a positive mollifier p.(z) and integrating, we get

up (@ + ) +up (2 — 25) = 2up () < clayl”.
We multiply both sides with 3;(y), and sum over Z¢,

I[up p) (@ +y) + Iup ) (2 = y) = 20[up, ) (2) < eIl PI(y) < e(lyl® + p%)-

By Lemma 3.2 and part (a), we have that [I[u¢ ,](€) —uS, , (€)| < K[|D?uS, ,, [lop* < Kp;,
where the Lipschitz bound K depends on the constants in (L2) and (F2). Thus,

2
up (2 +y) +up (@ —y) = 2up , (2) < ey +p* + %).

The second part of (b) then follows as in [3, Remark 6].
(c) The proof is given in [23, Lemma 3.6]. O

Under our assumptions, the continuous HJB equation has a (viscosity) solution u(t) €
Whoe(RY), that is, the derivative exists almost everywhere [37, Theorem 4.3]. We have
the following result for Dus, , [u].

Theorem 5.6. Assume (v0), (v1), (L1)~(L2), (F1)~(F2), pn,hn,Tn,€n ——> 0 under

CFL conditions Z—i,ﬁ—: = o(1), and p, — p in C([0,T], P(RY)). Let ug” g, [pn] be
defined by (22) and ulp] the viscosity solution of the HJB equation in (1) for m = p.

Then
(1) wy p, [n] = ulp] locally uniformly,
(i) Assume also (L3), (F3) and 2> = o(1). Then Du" }, [un](t,x) — Dulp](t, z)
whenever Du(t, z) exists, that is, the convergence is almost everywhere.
(iii) Assume also (L3), (F3), £~ = o(1), and (U). Then Duy® ; [pn] — Duly]
locally uniformly.

Proof. (1) This follows from the convergence result Theorem 5.4 and Lemma 3.2.
(ii) and (iii). We refer to [23, Theorem 3.5] and [25, Proposition 5.1]. Estimates from
Lemma 5.5 are needed. For completeness we give the proof in Appendix B. O
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6. ON THE DUAL SL SCHEME FOR THE FPK EQUATION

In this section we establish more properties of the discrete FPK equation (24), in-
cluding tightness, equicontinuity in time, L'-stability of solutions with respect to y, and
LP-bounds in dimension d = 1. To prove tightness we will use a result from [31].

Proposition 6.1. Assume (v0) and (M). Then there exists a function 0 < ¥ € C?(R?)
with | DY||o, |D?*¥|lo < oo, and lim ¥(z) = oo, such that

|z] =00

(35) sup /||>1 (V(z+2) — \Il(z))u(dz)‘ <oo and /Rd U(x) mo(dz) < oo.

r€R4

Proof. We use [31, Lemma 4.9] on the family of measures {vy,mq}, where v is defined
n (11), to get a function ¥(z) = Vy(y/1 4+ |z|?) such that Vj : [0,00) — [0,00) is a
non-decreasing sub-additive function, |Vj|lo, [|V§'llo < o0, lim Vh(x) = oo, and

xr—r o0

/]Rd U(z) p(dr) < oo for w € {v1,mo}.

We immediately get the result except for the first part of (35). But this estimate follows
from sub-additivity and v;-integrability of Vg, see [31, Lemma 4.13 (ii)]. O
Remark 6.2. (a) If d" ‘ ‘Hal for |z| > 1 and f]Rd |72 mo(dz) < oo for 01,09 > 0,

then ¥(z) = log(4/1 + |z|2) is a possible explicit choice for the function in Proposition
6.1.

(b) Since ¥ € C2%(R?), the first part of (35) is equivalent to ||[L¥]|o < oo (see [31, Lemma
4.13 (if)).

Lemma 6.3. Assume {jiq}aca C P(R?) and there exists a function 0 < ¢ € C(R?)
such that lim,_, o h(x) = 00 and sup,, [pa (2)pa(dz) < C. Then {pa}a is tight.

This result is classical and can be proved in a similar way as the Chebychev inequality.

Theorem 6 4 (Tightness). Assume (v0), (v1), (L1)-(L2), (F2), (H1), (M), the CFL

condition p  hrt=20 = 0(1), p € C([0,T], P(RY)), and ms, (1] is defined by (26). Take
U as in Pmposmon 6.1. Then there exists C' > 0, independent of p,h,e and p, such
that

/]Rd (x)dms, ,[u](t) < C for any te[0,T].

Proof. Essentially we start by multiplying the scheme (24) by ¥ and integrating in
space. By the definition of m , =m ,[u] in (26) and (24), we find that

/Rd U(2)dmS, p, (trr1) = i Zml kﬂ/ (z)dx

EZd
o Z / dxzm]kBpﬁh‘T[HP("Du;,h)]<iajak)'
EZd

By the definition of B, in (25) and 1nterchang1ng the order of summation and inte-
gration, we have

/]Rd \Il(x)dm;h(tkﬂ) = Z mjdlc [ 2 Z Z / /81 (I)e)k p) +Bl(q);’k p))dx

JEZ P p=1iczd

1—e Mh
r—_ /|

Z/ U(x)Bi(x; + z)dzv(dz)|.

I>7 jezad Bi
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Since ¥ € C?%(R%), by properties of midpoint approximation and linear/multilinear
interpolation we have ’p% S, V(@)de — V(x| + |W(2) = 3,00 Bil)¥(z)| < O(?).
Therefore

Mk d
(36) /Rd U(z)dms, ,(tryr) < D myk {ezd Do (w(@5,) + U (25,)
JEZS p=1
1—e Mh

We estimate the terms on the right hand side. Let @;’fp =ux; £ afj where

(37) ai]— =h (DPH(xj,Du;’h(tk,xj)) + B;’) + Vho?.
By the fundamental theorem of Calculus,
(38) U(zj —ay ;) +V(z; —ay ;) = 29(x;) — (a ; +ay ;) - DU(a;) + B

where a;’j +a, ; =2h (DpH (x5, Du;’h(tk,xj)) + B?) and

1
B = _/ (o, - (D(a; — ta ) — DU(;)) +ay ;- (DV(a; — tay, ) — DY(xy)) ] di.
0
By Lemma 5.5 (a) and (H1), we find that ||D,H(-, Dug ;)0 < Cr with R = (L +
Lp)T 4 Lg + 1, and then that
|Er| < ID*Tllo(lay ;* + lay, ;°) < 4 D*W[lo(R*(CR + |BY[?) + hlok]?).

To estimate the nonlocal term, we write

/|Z|>T\Il($j+2)u(dz)—/ s + 2)ld2)

|z|>1

- /r<z<1 {\D(xj) +2 D¥(z;) + /01 z: {D‘I’(%‘ +tz) — D\If(xj)]dt} v(dz)
< ‘ /|z|>1 (W(z)+2) - \I/(a;j))z/(dz)‘ + A U(z;) + BY - DU(x;)

+ D2y / |2[20(d2)
r<|z|<1
S )\T\I/((EJ)'FB;Z ‘D\I/($j)+E2,

where E is finite and independent of p, h, € by Proposition 6.1 and f‘z |2|?v(dz) < oo.

<1
Going back to (36) and using the above estimates then leads to

R
Rd
e~ 2
<3 mya [Qd > (29(e;) = 20 [DyH (w5, Dty (b, 27)) + BY] - DV () + | 1)
JEZD p=1
1— e_ATh
e (Arxp(xj) + BY - DU(x;) + EQ)} +Cp?
7.
< 3 myn Wlwy) + C (WA BT |+ W2BI 2 + b+ 7))
jEezZ

where we used | —he " + %| < 3\,h?% and % < h to get the last inequality.
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With Agq = fRd W(m)dm;,h(tkﬂ), the above estimate becomes Ay < Ax + E
where E = C(A\.h%|BZ|+ h?|BZ|2 + h+ p?). By iteration, |BZ|?> < \.|BZ| < Cr1=27 (by
(v0), (¥1)), and k < N < &, we find that

2

(39) A1 < Ao+ (k+1)E < Ag + C’(hrkz" F14 %)

By assumption %z,hrl’% = O(1), and by Proposition 6.1, Ay = [z ¥(x)dmg < oo.
Therefore

/quj(z)dm;ah(tk) <C for k=0,1,...,N,

for some constant C' > 0 independent of p, h, €, u, and hence by (26) the result follows
for t € [0,T]. O

Theorem 6.5 (Equicontinuity in time). Assume (v0), (v1), (L1)-(L2), (F2), (H1),
(M), u € C([0,T], P(RY)), and ms, 1] is defined by (26). Let %,T% = 0Q) if
o€ (0,1), or %,hrl_% = O(1) if 0 € (1,2). Then there exists a constant Cy > 0,
independent of p, h,e and u, such that for any t1,t2 € [0,T],

do(m, p[u](t1), my, 5 [0l (t2)) < Cov/[t1 — tal.

Proof. We start by the case o > 1. For § > 0, let ¢5 := ¢ * ps for ps defined just before
Lemma 3.2. With m¢, , =m , [u] we first note that

do(m, 5 (t1), my, ,(t2)) = sup (z)(my, ,(t1) — my, 5 (t2))dx
¢eLip, , /R?

- [ 0= 0 miatr) =i (e + [ s mi 1) = (1)

(40)
< 26||D¢llo +  sup b5 (my, 5 (t1) — my, (t2))d,
¢eLip, , /R?
where Lemma 3.2 was used to estimate the ¢ — ¢5 term and f m;’hdx = 1. Since my

and [p, ¢s(x)ms, , (t, x)dz are affine on each interval [ty,ty11], [pa @s(z) mS (- 2)dz €
W20, T and

d €
HE i s (@) mp,h('7x)d$HO < sup |1

where Iy, = [ ¢s(x) Mo (Tt D)= (6,2 g0 14 follows that

h
(a1) [ 08 (i ltr,2) =m0 < [t = to] sup 4l
R

Let us estimate Ij,. By (26), (24), (25), the midpoint quadrature approximation error
bound, and the linear/multi-linear interpolation error bound, we have

1 1
Iy, =7 zZ: Pl /E7 G5 (@) dx[mi 1 — mi ]
: o
=it S ([ ontoe) [ By o D )~ e
Jyi ’

1
= Dm0 s B [Hy D)) K) = d(y) + LD 6s]l0p”)
J 2
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—Ah

:%me [ (Z‘% )+ Os(®5,) — 200(25))

1-— e’Arh

e / (8s(a+ 2) — B3 1)) v(dz) + C1D*s]lop?
r |z|>r

Since <I>; ki p=;+ af v by (37), a 2nd order Taylor’s expansion gives us

[Ie] <+ ijk{ ( —hDyH (x5, Dus, ,[p](tr, ;) — hBy) - Ds(x;)

D?¢ el -
i 5”02 (laf 2 + i 12) + ———— (B? - Dos(a)
2 2 2 2
+1D%s]o / v + 2ol [ o(d) + CID6lor?)
r<|z|<1 |z|>1

J\H

< & [ (WD Dl + 1201521 D5l + canlol
e (WD Du P+ B 4 0o, 41+ ) D205l | S
J

The above inequality follows since (% — he=Mr) < B2\, (used for the BZ - Dgs-
terms), and fr<|z|<1 |2|*v(dz) + le\>1 v(dz) < C independently of r by (v0) and (v1).
By Lemma 5.5 (a) and (H1), |DpH (-, Du, p,)|lo < Cr with R= (L + Lp)T + Lg + 1.

Since Yomjx = 1, ¢ € Lipy 1, [D?¢sllo < 12210, and [B7|* < A/|B7| < Kr'=27 (by
(v0), (v1)), we get that

2
1
I SC(1+hr'™27)+ C(1+h+hr' 27 + %)5

To conclude the proof in the case o > 1, we go back to (40) and (41). In view of the
above estimate on [;;, and the assumption that %, hrl1=2¢ = O(1), we find that

1
do(m  (t1), 5 (12)) < 26+ Clts — o] (1+ ).

Finally taking 0=/ |t1 — t2| we get do(m;’h(tl) p nh t2 < Cy/ |t1 — tg
When o < 1, we find that |[BZ| < C and hence that

2
k| <CA+hr )+ C(L+h+hr— 7+ %)

SO

By assumption hr—7 + p—; = O(1), so again we find that
1
domy (1), (12)) < 20+ Clta — o] (1+ 5.

and can conclude as before. (]
We also need a L!-stability result for my, nl1] with respect to variations in p.

Lemma 6.6 (L'-stability). Assume (v0), (H1), and ms, (1] is defined by (26). Then
fOT M1, U2 S C([OaT]aP(Rd))7
sup |lmg, p [ ](t, <) — mp plual (¢, )l L1 e
t€[0,T]

cKT
< ——e

(-, Dus, ,[11]) — DpH (-, Dus, ,[2]) |-
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Proof. Let a = DpH (-, Dus, 1, [111]), & = Dy H (-, Du§ j, [p2]), myj k. = myklpa], and mjp, =
m;.i[p2]. By (25) and Lemma 3.3, B, ;, »[a](4, 7, k) > 0 and m;, > 0, so that

Z | k1 — g1 | = Z | Z(mj,k B, hr ] (i, 4, k) — ik Bpn e [d] (i, 4, )|
< ZZ <m37k|BphT (1,5, k) = Bp,nr[6](i, j, k | + |mjk _mak‘BphT[ (4, J,k))-

Since ), Bp,h »[@](7,7,k) =1 (follows from ). 3; =1 and (25)),
ZZ|m]k mjk|Bphr 7]7 )*Z|mj7k7mj,k’~
J
Moreover, since only a finite number Ky of ;’s are non-zero at any given point, (; is
Lipschitz with constant £, and >_;mjk =1by Lemma 3.3, by the definitions of B, p,

(25) and ®7,  (23),
sz]k|Bphr Z R ) Bphr[ ](z j,k)}

_ng, 24 ZZ‘/& Jkp/“ - Bi(® jkP[Mz])

p=1 1
_ _ che Ar ~
+ Bi(®5 , plin]) — Bi(®5, [ne])| < Ka o = alfo.
An iteration then shows that
CKdT —h)\
Z’mszrl T kg | <Z‘m10_m10|+ ) "lla = élo.
Since m; o = M0 = f . Mo dr, the result follows by interpolation. O

We end this section by a uniform LP-bound on mj, , in dimension d = 1.

Theorem 6.7 (L? bounds). Assume d =1, (v0), (v1), (L1), (L3), (F3), (H2), (M’),
w € C([0,T], P(RY)), and ms, 1] be defined by (26). Then m$, ,[u] € LP(R) and there
exist a constant K > 0 independent of €, h, p and p such that

lm, 1] G ) e ry < 6KT||mOHLP(R)~

To prove the theorem we need few technical lemmas.

Lemma 6.8. Assume d =1, (v0), (v1), (L1), (L3), (F3), and (H2). There exists a
constant cg > 0 independent of p, h, €, i such that

(DPH(xiju;,h(tkvxj)) - DPH(xiaDu;,h(tkaxi))>(xj — ;) < colry — il
Proof. By (L1) and (H2) for R = ((Lr + L1)T + Lg) + 1 we have
(DpH(xj, Dug, p, (tr, x;)) — DpH (x5, Dus, j, (tr, xz))) (xj — ;)
b d
= (x; _g;i)/o = (DoH (.t Dy (b ,) + (1= ) Dy (b1, 1)) )
+ (z; — ) (DpH(xj, Du;h(tk, :cl)) - DpH(xi, Du;h(tk, :Ul)))
1
= (z; — xi)/o DppH(xj,tDu;)h(tk,xj)

+(1- t)Du;’h(tbxi)) (Du;h(tk,xj) — Du;’h(tk,xi))dt
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+ (z; — x) (DpH(xj, Du;h(tk, :cl)) - DpH(xi, Du;h(tk, :UJ))
< Crealr; — ol + Crlzj — @i,
where the last inequality follows from convexity of H (since L is convex by (L1)), semi-

concavity of uf, ;, in Lemma 5.5 (c), and regularity of H in (H2). O

Lemma 6.9. Assume d =1, (v0), (v1), (L1), (L3), (F3), (H2), n € C([0,T], P(R%)),
and let @;ki[u] be defined in (23). There exist a constant Ko > 0 independent of €, p, h, 1,
such that for alli € Z and k = Ny,

max{Z@(<1>;+ LS Bi@sy } <1+ Koh.
JEZ JEZ

The proof of this result is similar to the proof of [23, Lemma 3.8] — a slightly expanded
proof is given in Appendix C. A similar result holds for the integral-term:

Lemma 6.10. Assume d = 1. Then we have
1
T2 [ Bilas+awids) =
T ez |z|>7
Proof. By (11) and properties of the basis functions 5; we have
1 1
/\—Z Bi(z; + 2)v(dz) = I />7~Zﬁl j )\ />Tu(dz):1. |

|z|>r

Proof of Theorem 6.7. By definition of m$ , in (26) and the scheme (24),

/R( my, (T, te1)) pd%—/( Zmszrl]].E ) dx
= i) = =g 3 (S mis By i)
i J

1€EZL

where By, - = By p [Hp (-, Du, 1, [1])] is defined in (25). By Jensen'’s inequality we have

Z (Z Mk Bﬂﬁ,r(i’j’ k))p < Z (Z B/Lh,T(iapv k))pil ( Z (mjvk)p BP,hJ‘(i’j> k))v

i€Z J i€Z peL J

and by Lemma 6.9 and 6.10,

> Bon(i,p, k) < 1+ Koh,
pEZ

where K is independent of i, p, h,e and p. Since >, B, 5. (i,p, k) = 1 (follows from
>, Bi = 1), we find that

Z(mZ k+1)? < (1+ Koh)P™ IZ m]k ZBPJ” (1,7, k)

€L
gw*w%mhwmwu+mM*

KoT(1- ||m0||Lp, and

By iteration and [|mg, ;,(+,t0)||r = |[mol[ze, [Imf ,(Ext1, e < e
the result follows for p € [1, 00).
The proof of p = co is simpler, and in view of Lemma 6.9 and 6.10, the proof follows

as in [24] for 2nd order case. O
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7. PROOF OF CONVERGENCE — THEOREM 4.1 AND 4.3

The main structure of the proofs are similar, so we present the proofs together. We
proceed by several steps.

Step 1. (Compactness of m;’;,hn) In view of Theorem 6.4 and 6.5, mj, , is precompact
in C([0,T], P(R?)) by the Prokhorov and Arzela-Ascoli Theorem. Hence there exist a

subsequence {m" , } and m in C([0,T7, P(R%)) such that

m;:‘“h"—>m in C([O,T],P(Rd)).

This proves Theorem 4.3 (a) (ii) and the first part of Theorem 4.1 (a) (ii).

If (M) holds with p = oo, then Theorem 6.7 and Helly’s weak * compactness theorem
imply that {m¢ ,} is weak * precompact in LOO([O, T] x R) and there is a subsequence

{mgr .} and function m such that m7" ;- Somoin L([0, T] x R). If (M’) holds with
p € (1, oo), then {m ,} is equuntegrable in [0,7] x R by Theorem 6.4 and 6.7 and de
la Vallée Poussin’s theorem. By Dunford-Pettis’ theorem, it is then weakly precompact
in L'([0,7] x R) and there exists a subsequence {m;" ;. } and function m such that

my g, —min LY([0,T] x R). The second part of Theorem 4.1 (a) (ii) follows.

Step 2. (Compactness and limit points for u,, n,) Part (i) and limit points u as
viscosity solutions in part (iii) of both Theorem 4.1 and 4.3 follow from step 1 and
Theorem 5.6 (i).

Step 3. (Consistency for m;" , ) Let (u,m) be a limit point of {(u}" , ,mi" , J}tn.
Then by step 2, u is a viscosity solution of the HJB equation in (1). We now show that
m is a very weak solution of the FPK equation in (1) with w as the input data, i.e.
m satisfies (3) for t € [0,7] and ¢ € C°(R?). In the rest of the proof we use p,h,r, e

€n €n

w=u" [ﬁz], and take

instead of py, hy,Tn, €, to simplify. We also let m = m o o

tn, = [hi] h,,. Then we note that

n—1

p(z)dm(ty)(x) = 0)dmo(z Z d[m(trs1) — m(te)];
Rd
o to prove (3), we must estimate the sum on the right.

By the midpoint approximation and (26), the scheme (24), and (25) combined with
linear /multilinear interpolation, and finally midpoint approximation again, we find that

¢( )dm tk+1 d Z m; k+1/ Qb d.’E = Zmz k+1¢S + O( )
R4

€L

e—Arh d 1— e—Mh

—sz meBpm »(s Dw)](i, j, k) + O(p?)
S l6@5k,) + @)+ [ o+ 2la) +00?)

- Zm% ( >

s e—Arh 4
:Z pjd’k E( 5d D (@) (@) + (25, ()]

1—e Mh

T /| |>T¢(x + Z)I/(dz))dx +0(p?) + Ep + E,,

where ’ kp is defined in (23), @ei( ) = = — h(Hy(z, Dw(ty,z)) + B?) + Vhdo?,
and Fg + E, is the error of the last midpoint approximation. Since ¢ is smooth, u, p
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uniformly Lipschitz (Lemma 5.5 (a)), ||D?wl|op < M

sty - [ oo

D h||D
g” ¢||0/ |z — x;|dz + ”pf”o/ |DpH (xj, Dw(ty, ;) — DypH (x, Dw(ty, x))|dx
E;

, and by assumption (H2),

d
P E;

h
< Kp(1+ h([| Hypllo[|D*wllo + | Hpallo)) < Kp(1+ ~IDupnllo),

and hence Ep = (’)(%). Similarly, E, = O(hp?\,) = O(};—:)
From the above estimates, we find that

N N e—Mh @
[ @it — ) @) = [ (S 6@ + o(8i;)(@) - 20(a)

p=1

1-— e_/\rh . hp hp2
e /|Z>T (p(z+2) — qS(x))u(dz))dm(tk)(m) O + i 77)

By a similar argument as in (28) and using Lemma 3.1,
O(P)1)(@) + 62, ) (@) = 26(x) = — 2h(Dé(x) - Dy H (w, Du(ty, ) + B - Do(x))
+ 2hL,[p)(x) + O(h*r? 727 + hr37).
Hence using (30) and (31) we have

| @ d(@(tn) = m(te) (@)

=h | [—Dé(x) DpH (x, Dwl(ty, ) + L,[6)(x) + L7[6](x)] din(te) (x)

Rd
2 .—o 2, 1-20 2, 2-20 o hp | hp? 2 2-20 3—0o
+ O r=7 + h'r +h5r=727) + O(p +?+T—g+hr + hr°77).
Summing from k£ =0 to k = n — 1 and approximating sums by integrals, we obtain

| s@inien) @)~ [ o)

_ hZ/ D, H(x, Dw(ty, ©)) + L[8](x)]dity) ()
(42) +n0(p* + % + }%2 + B2 + hr®79)
- / d / " [ Do) - DyH(w, Du(s, 2)) + L16) (@) dF(s)(x) ds
+0( +p+p2+h+r3*") + E,
where E is Riemann sum approximation error. Let Ii(z) := —D(x)- Dy H (x, Dw(tr, 7))

+L[¢](z) and use time-continuity m in the do-metric (Theorem 6.5), that w(-,z) is
constant on [tg,tr41), (H1), (H2) and ||D?*wl|p < M, to conclude that for s €
ks trtr)

/ - /Rd Li(z)d(m(ty) — m(s))(x)ds < h(|Txllo + |DIll0)Co  sup /s — iy

s€[tr,trt1)

< Kh(l + || Dwlo + ||D2w||0)\/ﬁ < Kh(l + %)\/ﬁ
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tr
Since m converges to m in C([0,T], P(R?)) and ¢ € C°(R?) implies L[¢] € Cy(RY),
we have

(43) [, [ cowanem == [ [ @)

It now remains to show convergence of the D,H-term and pass to the limit in (42) to
get that m is a very weak solution satisfying (3).

Step 4 (Proof of Theorem 4.1 (a) (i7i)). Now d = 1 and part (ii) of Theorem 4.1 (a)
implies that m - m in L>([0,t] x R) if mg € L*®(R), or m — m in LY([0,#] x R) if
mo € LP(R) for p € (1,00). We also have Dw(t,z) = Dus, ,,(t,x) — Du(t,z) almost
everywhere in [0,7] x R by Theorem 5.6 (ii). Since D¢ € C*(R) and D,H(-, Dw)
uniformly bounded, by the triangle inequality and the dominated convergence Theorem
we find that

/ " Dé(x)-D,yH(w, Dw(s, ) din(s)(z)
R JO

Summing over k, we have E = | Y}2) Pt Jga [k(x)d(ﬁl(tk) - ﬁl(s))(o:)ds| = (9(@)

_ /R /O Dé(x) - DyH(z, Du(s, ) dm(s)(x).

Then by passing to the limit in (42) using the above limit, (43), and the CFL conditions
2

g2 b Vho— o(1) (note that p? < h for large n), we see that (3) holds and m is a very

h'ro? ¢

weak solution of the FPK equation. This completes the proof of Theorem 4.1 (a) (iii).
Step 5(Proof of Theorem 4.3(iii)). ~ Now (U) holds and Dw = Dug;, — Du lo-

cally uniformly by Theorem 5.6 (iii). Since D¢ € C°(R%) and [, dﬁl(s)(x) =1, by
continuity and uniform boundedness of D, H (-, Dw), it follows that

[ [ o) Dyt Duts, ) aiis) o

(44) - /R d /O " Do) - Dy H(z, Du(s,)) () )|
< TD6lolI Dy H o D0 = Dl =y [ di(s) (@) — 0.

Since 7 — m in C([0,T], P(RY)) and Dé - D, H(-, Du)(t) € Cy(R%) by (U), we get
[, [ potarp,(e, Duts, 2 a0

— /R d /O Dé(x) - DyH(x, Du(s, ) dm(s)(x).

Then by passing to the limit in (42) using the above limit, (44), (43), and the CFL

conditions p—;, L @ = 0(1), we see that (3) holds and m is a very weak solution of the

FPK equation. This completes the proof of Theorem 4.3(iii).

8. NUMERICAL EXAMPLES

For numerical experiments we look at

—up — 0 Lu+ S|ug|? = f(t,x) + K ¢5 xm(t, x) in (0,T) X [a,b],
(45) my — o2 L*m — div(mug) = 0 in (0,T) x [a,b],
u(T,x) = G(z,m(T)), m(x,0) = mo(x) in [a, b],
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22
where a < b are real numbers, £ is a diffusion operator, ¢s = 6\/1ﬁefﬁ, K some real

number, and f is some bounded smooth function. We will specify these quantities in
the examples below.

Artificial boundary conditions. Our schemes (18) and (24) for approximating (45)
are posed in all of R. To work in a bounded domain we impose (artificial) exterior
conditions:

(U1) w=luollo + T - [[fllLee((0,1)x (a,p)) in (R [a,0]) x [0, 77,
(M1) m=0in (R\ [a,b]) x [0,T], and my is compactly supported in [a, b].

Condition (U1) penalize being in [a, b]® ensuring that optimal controls « in (18) are such
that z; — ha &= Vho, € [a,b]. Moreover, the contributions to non-local operators of u
from [a, b]° will be small away from the boundary. Condition (M1) ensures that the mass
of m is essentially contained in [a,b] up to some finite time (but some mass will leak
out due to nonlocal effects), and there is no contribution from [a,b]® when we compute
non-local operators of m. We will present numerical results from a region of interest
that is far away from the boundary of [a,b], and where the influence of the (artificial)
exterior data is expected to be negligible.

Evaluating the integrals. To implement the scheme, we need to evaluate the integral

/ |l i) = 3 Sl
z|>r jez

where
wimiw= [ Bi(amaz),
|z|=r

see (17). In addition, we need to compute the values of o,,b,, and A, (see (9), (8), and
(11)). To compute the weights w;_; , we use two different methods. For the fractional
Laplacians, we use the explicit weights of [15], while for CGMY diffusions we calculate
the weights numerically using the inbuilt integral function in MATLAB. When tested on
the fractional Laplacian, the MATLAB integrator produced an error of less than 10~1%.
Below the quantities o, b,, A,. are computed explicitly, except in the CGMY case where
we use numerical integration.

Solving the coupled system. We use a fixed point iteration scheme: (i) Let u = my,
and solve for u, , in (18)-(20). (ii) With approximate optimal control Dus, ;, as in (21),
we solve for my, , in (24). (iii) Let pinew = (mj,;, + p)/2, and repeat the process with
I = pnew. We continue until we have converged to a fixed point to within machine
accuracy.

Remark 8.1. Instead ppew = m;h, we take fpew = (m;h + u)/2. Le. we use a fixed

point iteration with some memory. This gives much faster convergence in our examples.

Example 1. Problem (45) with [0,7T] x [a,b] = [0,2] x [0,1], G = 0, f(t,z) = 5(x —
2

0.5(1 —sin(27t)))?, mo(z) = Ce™ “oE , where C'is such that f; mo = 1. Furthermore,

in accordance with the CFL-conditions of Theorem 4.1, we let h = p = 0.005, r = ths,
e=vh~0.0707, 0 =0.09, 6 =04, K = 1.

For the diffusions, we consider £ = (=A)2 for s = 0.5,1.5,1.9, L = A, and £ = 0.
In figure 1 we plot the different solutions at time ¢t = 0.5 and ¢ = 1.5.

In figure 2 we plot the solution with s = 1.5 on the time interval [0, 2].

Example 2. Problem (45) with the same cost functions as in Example 1, but different
diffusions with parameter s = 1.5:
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t=1.50
12 25
No diffusion o diffusion
i 505 3=05
s=15 a=15
s=19 2 ﬂ a=19
. — Laplacian | | — Laplacian
" I
[ | |
10 |! |
4 | \ ’
|
. j \ 5 A
|
// ' \\
, . / . : | )
0 02 04 08 08 1 0 0z 04 08 1
(A)t=05 (B)t=15

FiGURE 1. The solutions m in Example 1.

(A) m(t, z) (B) u(t, )

FI1GURE 2. Solution m and u in Example 1 with diffusion parameter
s=1.5

s

(1) £=o?(-A)", d
(it) L =0%Cas [plu(z+y) —u(x) — Du(z) - y1yj<1] Ljo,+o0) 7‘?!‘1115,
(iii) L= 020d s fR[U r+y) —u(z) — Du(z) - y]l\y\<1] Ii—0.5,0.5) 7‘;@3 )
(iv) L=02Cyys [plu(@+y) —u(z) — Du(z) -yl <1] e~ 10y —y" ﬁ,

where Cy ¢ is the normalizing constant for the fractional Laplacian (see [45]). Case (i)
is the reference solution, a symmetric and uniformly elliptic operator. Case (ii) is non-
symmetric and non-degenerate, case (iii) is symmetric and degenerate, and case (iv) is
a CGMY-diffusion (see e.g. [31]). We have plotted m at ¢t = 0.5 and ¢t = 1.5 in Figure 3.

Example 3. (Long time behaviour). Under certain conditions (see e.g. [22, 21]), the
solution of time dependent MFG systems will quickly converge to the solution of the
corresponding stationary ergodic MFG system, as the time horizon 7" increases. We
check numerically that this is also the case for nonlocal diffusions. In (45), we take
L= (—A)%, with s = 1.5, [0, 7] x [a,b] = [0,10] x [-1,2], G(z) = (v —2)2, f(t,z) = 22,
and mo(z) = 1 (x). We expect (from the cost functions f and G) that the solution
m will approach the line x = 0 quite fast, and then travel along this line, until it goes
towards the point x = 2 in the very end. Our numerical simulations shows that this
is the case also for nonlocal diffusions. Here we have considered the cases K = 0 (no
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t=150
15 40
Fractional Laplacian — Fractional Lapiacian
——— Non-symmetric as | ——— Non-aymmatric
Cagenerate Degenarate
——— CGMY 30} b— 1L

25

20

06 08 1 0 02 04 06 08 1

Fi1cURE 3. The solutions m in Example 2

coupling in the u equation) and K = 0.4 (some coupling). The parameters used in the
simulations are h = p = 0.01, e = v/h, r = h'/?_and the results are shown in Figure 4.

(a) f (B) f+ 0.4¢;

FIGURE 4. The solutions m in Example 3

The players want to avoid each other in the case of K = 0.4, so the solution is more
spread out in space direction than in the case of K = 0.

Example 4. We compute the convergence rate when f, G, mg are as in Example 1,
s=1.5,v=0.2,§ = 0.4, and the domain [0,T] x [a,b] = [0,0.5] x [0,1]. We take p = h,
r= hi, and for simplicity € = 0.25.

We calculate solutions for different values of h, and compare with a reference solution
computed at h = 271°. We calculate L™ and L' relative errors restricted to the a-

interval [%, 2] (to avoid boundary effects), and ¢ = 0 for u and t = T for m:
ERR, := ||U’P’h(07 ) - uref(oﬁ )”LO"(%,%) ERR,, := ||m;,h(T7 ) - mref<T7 )”Ll(%,%)
im0 e 2 @ ey
The results are given in the table below.
h |22 27% 274 275 276 277 278  97f

ERR, | 0.3155 0.1951 0.0920 0.0446 0.0218 0.0097 0.0035 0.0013
ERR,, | 0.8055 0.4583 0.2886 0.1869 0.1023 0.0596 0.0300 0.0186

We see that when we halve h, the error is halved, i.e we observe an error of order O(h).
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APPENDIX A. PROOF OF PROPOSITION 3.4

The proof is an adaptation of the Schauder fixed point argument used to prove exis-
tence for MFGs. We will use a direct consequence of Theorem 6.4 and 6.5:

Corollary A.1. Assume (v0),(v1), (L1)-(L2), (H1), (F2), (M), ¥ is given by Propo-
sition 6.1, and m¢, ,[p] is defined by (26). Then there is Cppe > 0, such that for any
p € C([0,T], P(RY)) and t,s € [0, T,

do(ms, ,[1(t),m, 1, [1](s))

[ vy o) + o < Cpne

The point is that p, h, € are fixed in this result. Let
C:= {M € C(0,T; P(RY) : u(0) = my,
do(p(t), p(s))
sup z)du(t,r) + —F——="| < Cphe >
t,s€[0,T] [ R4 ( ) ( ) vV |t - 5| } . }

where C,, j, . is defined in Corollary A.1. For p € C, let u, p[p] be solution of (18) and
ug, p, 1] defined by (22). Then mg , = S(u) is defined to the corresponding solution of
(24). Note that a fixed point of S will give a solution (u,m) of the scheme (27). We
now conclude the proof by applying Schauder’s fixed point theorem since:

1. (C is a convex, closed, compact set). It is a convex and closed by standard arguments
and compact by the Prokhorov and Arzela-Ascoli theorems.

2. (S is a self-map on C). The map S maps C into itself by Corollary A.1 (tightness and
equicontinuity), and Lemma 3.3 (positivity and mass preservation).

3. (S is continuous). Let u,, — g in C. By Theorem 5.2 (comparison) and (F2),

[tp,nltin] = wpn[n]llo
< Tstuf |F(‘T7,un(t)) - F(%M(tm + Sgp |G(LL', :uTL(T)) - G(x,,u(T))|

< T 5updo(jun (0): 1) + L do(jan (1), (1)) = 0.

Wi k[pn]=wij klpn] _ tiklp]—wi—jk

; [u] | = 0 uniformly for |i—j| = 1, || Du§, , [tn] -

Then sup; 5
Dug , [plllo — 0, and finally by Lemma 6.6,

cKT

sup |[mg p ] (8 -) = mp g 1] (¢ )| o may < ™" || Du 1] = D, [1illlo — 0-

te[0,T]

Hence S is continuous.

APPENDIX B. PROOF OF LEMMA 5.6 (1I) AND (III)

Fix (¢t,z) € [0,T] x R? and consider a sequence (ty,zy) — (t,7). For any y € R, a
Taylor expansion shows that

ug® g e (ks we +y) —ul? o [pn] (b, 2k) — Dug? g [pn] (e 2n) -y
1

1
= / (Du;’;hn [1n)(tes Tk + 8Yy) — Dus [1n)(te, 1)) - y ds = / I(s)-yds.
0 0

Using first Lemma 5.5 (a) and then part two of Lemma 5.5 (b), we find that

(46)

#’ﬁy‘ n n
[ 106) yas < 2Du o < 2(Le+ LT + L)
0 n

n

1 1 y P2 9 1 1 p?
n _ n
/m I(s)-ydséq/pn ;(|Sy\ +:2)d3—01|y| /M (5 +;|y|262)d5

7
n
enlyl enlyl
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1
1
<aly [ (545 ds <l

enlyl

By Lemma 5.5 (a), the sequence D“;Z,hn [4n](tr, x) is precompact. Now take any
convergent subsequence as n,k — oo and 2= = o(1). If p is the limit, then by passing
to the limit in (46) along this subsequence we have

ulp(z +y) —ulp)(z) —p-y < cily* for every ye R,

and p € DVulu](t, x), the superdifferential of u[u](t,z). At points (z,t) where u[u] is
differentiable, DV ulu|(t,z) = {Du[u](t,x)} and p = Du[u](t,z), and then since the
subsequence was arbitrary in the above argument and all limit points p coincide,
lim sup Dug® 1, [pn] (e, 2x)
(t,xr)—(t,z),n—o00

(47) = lim inf Dug 5, [pn](te, zx)

(tk,x)—(t,2),n—00

= Du(t,x).

We conclude that Duj" , [un] — Dulp] at (t,x). Part (ii) now follows since u[u] is
Lipschitz in space by Proposition 2.5 (c) and then a-differentiable for a.e. z and every
t.

To prove part (iii), we note that u is C* by (U), so now (47) holds for every (¢,x).
Then in view of the uniform Lipschitz estimate from Lemma 5.5 (a), local uniform
convergence follows from [11, Chapter V, Lemma 1.9]. The proof is complete.

APPENDIX C. PROOF OF LEMMA 6.9

We first show strong separation between any two characteristics ®©*: By Lemma
6.8,

|<I>;’2_: — @:7;: 2 _ ’zj —x; + Vho, F Vho, — h(DpH(xj, Du;h(tk,xj)) + B?

2
~ DyH (s, Dy (b, 7)) — B )

> |zj —xi* — 2h(DpH(xj,Du;7h(tk,xj)) — Dy H (i, Duzyh(tk,xi)» (xj — )
> (1 - coh)|z; — x>

Hence, we have
(48) min{|<1>§ji — o] o5, — <I>§;,;|} > /1= cohlj —ilp > p\/T = coh.

The result now holds following the proof of [23, Lemma 3.8]. We give the proof for
completeness.

Since the diameter of the support of a (hat) basis functions f; is 2p, by (48) there can
be at most 3 characteristics inside the supp(f;) for small enough h. The result is trivial
if there is only one in characteristic supp(S;). When supp(5;) contains 2 characteristics,
say <I>;1+k and @< we see by (48) (check the different orderings of z, ®1 , &)

that J2,k’ Ji,k? T2,k
a
€,+ €,+
Ti— jl;k‘ Ti— jz,k‘
Bi(@SH) + Bi(@s ) =1 - LTy R
€,+ €,+
ik~ ‘I’jz,k‘
<2— 11— 1 <2—4/1—-coh < 1+ Kyh.

p
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Finally, assume support(3;) contains 3 characteristics (I);fm @;;k and @;;rk By (48)

that all three characteristics can not be on one side (left or right) of x;. Without loss
of generality we assume <I>;’l+k <xp < <I>;’2+k < ®%7, . and find

Js. k>
L HET &+ . [
Bi((l)e"+ ) + &((I)eﬂr ) + Bi(q)e_Hr ) -1— Li (I)jl,k +1— (I)jz,k Li +1— (I>j3,k: Ti
J1.k J2,k Jask p P p
€+ €+ €+ €,+
P A W Wl

p

P
< 3-2/1-coh <1+2(1—+/1-coh) <1+ Koh.

Co

mbining all three cases we get

> Bi(®SF) <14 Koh for anyi € Z.
JEL

The estimate of 3, B:(®5) is similar. This completes the proof.
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