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Abstract

We study monotone numerical schemes for nonlocal Isaacs equations, the dynamic programming equations
of stochastic differential games with jump-diffusion state processes. These equations are fully-nonlinear
non-convex equations of order less than 2. In this paper they are also allowed to be degenerate and have
non-smooth solutions. The main contribution is a series of new a priori error estimates: The first results
for nonlocal Isaacs equations, the first general results for degenerate non-convex equations of order greater
than 1, and the first results in the viscosity solution setting giving the precise dependence on the fractional
order of the equation. We also observe a new phenomena, that the rates differ when the nonlocal diffusion
coeflicient depend on x and ¢, only on x, or on neither.
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1. Introduction

In this paper we obtain error estimates for monotone approximation schemes for nonlocal Isaacs-Bellman
equations originating from optimal stochastic control and differential game theory:

w, + inf sup {— FUP(t, x) + P (1, x)u(t, x) — b*P(1, x) - Vu(t, x) — T*P[u](1, x)} =0 inOQr, (1.1)
Q€A pep
u(0,x) = up(x) inRV, (1.2)

where 7% is a nonlocal operator defined by

T*Pg)(1, x) := fRM\(O] (¢(t, x+ %P1, x;2)) — (1, x) — %P (1, x;2) - V., (s, x)) v(dz) (1.3)
for smooth bounded functions ¢. Here Q7 := (0, T]x RY, A and B are metric spaces, %, c®#, b*#, n*# are
R,R,RY, and R" valued functions respectively, while the Lévy measure v is a nonnegative Radon measure
satisfying the Lévy integrability assumption (A.4) in Section 2.

The diffusion part of this equation (7%#) is purely nonlocal, and under the assumptions of Section 2,
T% is a non-positive fractional differential operator of order o € [0, 2). The fractional Laplacian —(=A)7 is
not covered, but all similar operators coming from tempered or truncated processes are. In particular almost
all non-local operators appearing in finance are included [15]. In general this equation is a fully nonlinear,
non-convex, nonlocal PDE (an integro-PDE) that may have any order o € [0, 2). In particular, it may have
order greater than one. Moreover, since we also allow the equations to be degenerate, solutions are typically
not smooth. Under Lipschitz type regularity assumptions on the coefficients and data, the problems are well-
posed in the viscosity solution sense [16] having merely Holder or Lipschitz continuous solutions. First and
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fractional derivatives need not exist. The precise assumptions and results can be found in Section 2. The
literature on viscosity solutions and nonlocal PDEs is by now very large, but the results we will need here
are mainly covered by [22, 1] and the references therein.

The study of Isaacs and Bellman equations is primarily motivated by their connection with the theory
of stochastic differential games and stochastic control. Equations of the form (1.1) appear when the state
dynamics is given by a controlled Lévy-It6 type SDE driven by a pure-jump Lévy process. By the dynamic
programming principle (DPP), the value functions of such games satisfy nonlocal PDEs of the form (1.1).
These equations are called the Isaacs or DPP equations for the differential games. We refer to [6, 18, 19]
for more on differential games and dynamic programming equations. Note that if %% = 0 or v = 0, then
there is no diffusion and (1.1) becomes the widely studied first order Isaacs equation corresponding to a
deterministic game (see e.g. [18]). If the state process is driven by a Brownian motion, then the related DPP
equation is a second order PDE (cf. [19]). This case will not be considered here.

The numerical approximations we consider here are monotone finite-difference quadrature methods in
the spirit of e.g. [8]. We refer to (3.8) in Section 3 for the precise form of these approximations. The main
contribution of this paper is a series of new and very accurate error estimates in this setting. If solutions are
Lipschitz continuous, then these estimates may take the form

Af> + Ax: if o €10, 1),
U = ull~g,) < Cr {A17 + Ax?|InAx| ifo =1, (1.4)
Ats + AxT ifoe(1,2),

where o € [0, 2) is the order of the nonlocal term, and At > 0, Ax > 0 are time and space grid parameters.
In general solutions are only Holder continuous in time, and then also the rates in time may depend on o
Surprisingly, we also discover a new phenomenon. When o € (1, 2), the convergence rates differ depending
on whether n7 depends on (x, 1), only on x, or on neither! We find in Remark 3.4 that

(At)% + (Ax)% when 7 depends on x, ¢,
U = ullgso,y < C (At)% + (Ax)% when 77 only depends on x, (1.5)
(At)% + (Ax)¥ when 77 does not depend on x, 7.

Precise statements and results are given in Section 3.

The study of numerical approximation in the context of viscosity solutions began in the early eighties
with pioneering papers of Lions, Crandall and others. In some of the early papers [13, 17, 29, 30], the
authors obtained a priori error estimates for consistent monotone schemes for first order HIB equations.
These results are derived through suitable modifications of the viscosity solution uniqueness proofs for the
corresponding equations. These arguments can not be extended to 2nd order equations, and it took more than
a decade before a solution was found by N. V. Krylov. In a series of articles [24, 25, 26], Krylov introduced
the method of shaking the coefficients and was able to establish error estimates for a class of monotone
schemes for convex second order HIB equations. These results were then extended and complemented by
Barles & Jakobsen in [2, 3, 4]. In all of these papers, and the many others building upon them, convexity
and a type of Jensen’s inequality is crucial.

For non-convex equations like the Isaacs equation, there are no general results giving error estimates
for numerical methods. However, in special cases there are some results: In one space dimension [20], for
special types of non-convex equations [10, 21], and for uniformly elliptic/parabolic equations [12, 27, 31,
32]. In the two first cases the proofs rely on the special structure of the problems (one dimension and not too
non-convex) and are not suitable for general equations/dimensions, while in the last case it relies on some
type of elliptic regularity. This last direction of research was initiated by Cafferelli and Souganidis in [12]
(but see also [27]), where they obtain an (unknown) algebraic rate of convergence for equations with rather
general non-convex nonlinearities. In spite of all these results, it seems that the problem is very far from
understood in the case of general, possibly degenerate, Isaacs equations.



The story of nonlocal Bellman-Isaacs equations is a more recent one and there is already a significant
literature addressing the issues of numerical approximations and the related error analysis. Most of the
development in this direction have taken place in the last ten years, see e.g. [7, 8, 23] for general error
estimates for convex and nonlocal HJB equations. These results are extensions of the results for local
2nd order equations (Krylov-Barles-Jakobsen type theory) and convexity is again crucial. For non-convex
nonlocal problems there are no results on error estimates as far as we know.

At this point, we note that convexity is not playing any role in the proof of the error estimates for
first order equations. But, as we have already mentioned, these techniques do not work for 2nd order
problems. However, for a different class of equations and weak solution concept (nonlinear convection-
diffusion equations and entropy solutions), it was noticed in [14] that first order error estimation techniques
surprisingly could work also for nonlocal/fractional problems of any order less than 2. At least for certain
natural numerical approximations. Is it possible to do similar things also for the nonlocal Isaacs equations
(1.1) and in a viscosity solution setting? The goal of this paper is to investigate if, and to what extent, we
can extend first order error estimation techniques to nonlocal Isaacs equations (1.1) of any order less than
two.

Because of the nonlocal term, the analysis necessarily becomes much more involved than in the first
order case, and it leads (as usual) to 3 different cases: (i) The supercritical case where o € [0, 1) and
drift/convection dominates, (ii) the critical case oo = 1 where drift and diffusion is in balance, and (iii) the
subcritical case where o € (1,2) and diffusion dominates. In this paper we give precise and rigorous error
estimates in all cases, cf. e.g. (1.4) and (1.5). In case (i) we get the same (and hence the optimal) rate as
for first order equations [13, 17, 30]. In case (ii) we get a rate with a logarithm, and in case (iii) we find a
rate depending on 0. Under certain conditions these rates are consistent with the rates in [14]. Note that the
rates go to 0 when o — 2. This behaviour is correct and is an artifact of the numerical method. Under our
low regularity assumptions, these results are the best possible results for this method. In case (iii) (cf. (1.5))
we also observe that the rates differ according to whether n depend on x and #, only on x, or on neither of
them. This is a new phenomenon that is not present for local equations. To summarize, the main novelties
of this paper are:

1. The first error estimates for numerical schemes for nonlocal Isaacs equations.
2. The first error bounds for general degenerate non-convex equations of order greater than 1.

3. The first error bounds for a numerical scheme in the viscosity solution setting giving the precise
dependence of the order o of the nonlocal term.

4. The first error bounds where the rates depend on whether the jump term 7 depend on (x, f), only on x,
or on neither.

As a part of our effort to get precise estimates correctly reflecting the fractional order o~ of the nonlocal term,
we also prove a new and refined time regularity result for viscosity solutions.

The rest of the paper is organised as follows. In Section 2, we list the assumptions and state the well-
posedness result and a priori estimates for (1.1)—(1.2), including the new and more accurate time regularity
result. In Section 3, we introduce the schemes, establish properties such as wellposedness, consistency,
monotonicity and stability, and state our main results, the error estimates. The proof of the these estimates
are given in Section 4. In Section 5, the last section of the paper, we explain how our techniques can be used
to obtain error estimates for a larger class of monotone approximations of (1.1). But this extension comes at
a price, the rates for more accurate schemes will be suboptimal.

2. Preliminaries

In this section we state our main assumptions, define the relevant concept of solutions — viscosity solu-
tions, and state and partially prove a wellposedness result for (1.1)-(1.2). We start with some notation. By



C, K we mean various constants which may change from line to line. The Euclidean norm on any R“-type
space is denoted by | - |. For any subset @ ¢ R x R" and for any bounded, possibly vector valued, function
on Q, we define the following norms,

[wllo := sup |w(z, %),
(t.x)eQ
lw(t, x) — w(s, y)|
Wl :=lwllp + sup ——————

(orsy) =S+ 1x =y

Note that if w is independent of ¢, then ||w|; is the Lipschitz (or W"*) norm of w. We use C,(Q) to denote
the space of bounded continuous real valued functions on Q. We use the notation % to denote the vector
(At, Ax) involving the mesh parameters, and any dependence on At, Ax will be denoted by subscript 4. The
grid is denoted by G, and is a subset of Qr which need not be uniform or even discrete in general. We also
setgg =G n{t=0land G} = Gy N {t > 0}.

We now list the working assumptions of this paper. These are sufficient for the wellposedness and
regularity results for (1.1)—(1.2).

(A.1) The sets A, B are separable metric spaces, c*#(t, x) > 0, and c*(t, x), f*B(t, x), b*#(t, x) and
n“*ﬁ(t, X; z) are continuous in @, 3, f, x and z.

(A.2) There exists a constant K > 0 such that for every «,f ,

lluolly + 1“1l + el + 161 < K.

(A.3) Forx,y e RN, @ € A, B € Band z € RY, there is a function p(z) > 0 such that

n™P(t, x;2) =P (s, ;)| < p@) (x =yl + |t —s]) and  [n™P(t, x;2)] < p(2)

and
@I < K|zl for |zl <1 and 1 <p(z) <p(z)* for [z > 1.

(A.4) The Lévy measure v is a nonnegative Radon measure on (RY, B(RM)) satisfying

f l2>v(dz) + f p(2)*v(dz) < 0.
lzl<1 lz]>1

(A.5) Thereis a o € (0,2), a constant C > 0, and density k(z) of v(dz) for |z| < 1 satisfying

C
0<k(z)< e for lz| < 1.

Remark 2.1. (a) Typical examples are n = 77(x)z and n = 7j(x)(e* — 1), and for v,

coe Kl gz crdz

and V(dZ) = 1\Z|<1—

v(dz) = 7|+

|Z|N+a'
for o € (0,2), i.e. tempered or truncated o-stable Lévy measures. Near z = 0 these Lévy measures behave
as the Lévy measure associated to the fractional Laplacian (—A)?/2, and their (pseudo-differential) orders is
o as it is for (=A)7/%. We will see that we get different estimates when o < 1,0 = 1, or o > 1.

(b) Assumptions (A.3), (A.4), and (A.5) are quite general and encompass most models from finance [15],
and under (A.3) and (A.4) there is a standard viscosity solution theory for (1.1). Note that assumption (A.5)
only requires an upper bound on the density. This bound is needed to get an explicit convergence rate.



(c) All assumptions can be relaxed in such a way that our techniques and results would still apply: (A.3) and
(A.5) can be replaced by more general integral conditions like f [n(t, x; 2)—n(s, y; 2)IPv(dz) < L(|lx—=y|+|t—s]),
flz s [n(t, x; 2)|*v(dz) < Kr*=7, etc., and (A.4) can be relaxed when it comes to the integrability at infinity and
absolute continuity. This is somehow straight forward, but we omit it since it would obscure the message
and make the paper much longer and more technical.

We now give the definition of viscosity solution for (1.1)-(1.2). To this end, we define

L1l x) = f (¢t x + 01, x:20) = 62, x) = (1, x,2) - V.d(1,0)) ¥(d2)

B(0.6)

TOPX[u; p)(t, x) = f (uCt, x + (1, x:2)) = u(t, x) = n™P(t,x:2) - p) W(d2) (2.1)
RM\B(0,x)

for (@, 8) € Ax B, k € (0, 1), ¢ € C?, and bounded semicontinuous functions u. By (A.3)—(A.4), T%<[u; p]
and 7 ,‘f‘ﬁ [¢] are well-defined, in the first case since flz ok v(dz) < oo and in the second case since

” 1
1P [81(x, 1)) < 5||D2¢(-,t>||m<x,@) f K*p(2)*v(dz) < oo.

lzl<k

Definition 2.1. (i) A function u € USCy(Qr) is a viscosity subsolution of (1.1) if for any k € (0, 1),
¢ € C*(Qr), and global maximum point (, x) € Q7 of u — ¢,

¢(1, x) + inf sup{ — B, x) + (¢, X)u(t, x) — bYP(t, x).Vp(t, x)
¢ B

= IP11(t x) = TPHu, V.9t 0))(2, %)} < 0.
(i) A function v € LS C,(Qr) is a viscosity supersolution of (1.1) if for any k € (0, 1), ¢ € C*(Qr), global

minimum point (¢, x) € Q7 of v — ¢,

wi(t, x) + inf sup{ — Y1, %) + (1, x)v(t, x) — bR, x). V1, x)
“ B

- IR ) = TP, Ve, )18, x)) 2 0.
(i) A function w € Cp(Q7) is a viscosity solution of (1.1) if it is both a sub and supersolution.

We then have the following wellposedness and Lipschitz/Holder regularity results for (1.1).
Theorem 2.1. Assume (A.1)—(A.4) hold.

(a) If u and v are respectively viscosity sub and supersolutions of (1.1) with u(0,-) < v(0,-), then u < v.
(b) There exists a unique bounded viscosity solution u of the initial value problem (1.1)—(1.2).
(c) There is a constant K > 0 such that the solution u from (b) satisfies for all x,y € RV, t, s € [0, T},

|7 ifo€l0,1),
lu(x, 1) — u(y, s)| < K(lx -y + a(t - s)) where o) :=<rl(L+|Inr]) ifo=1, (2.2)
r|7 ifo e (1,2).

(d) Assume in addition
K(up) := sug) ”‘[aﬁ[uO]“Lm([O,T]X]RN) < oo
Then there is C > 0 depending only on the data (A.1)—(A.5) such that the solution u from (b) satisfies for all

X,y € RN 1,5 €[0,T],
Ju(x, 1) = u(y, )| < C(lx =yl + (1 + K(uo))lt = s1).



The wellposedness and x-regularity results are quite standard, but the time regularity results are new and
more precise than earlier results. These time regularity results are somewhat parallel to the results in Lemma
5.4 in [14], but the equation, norm and solution concepts are different.

Remark 2.2. Under assumptions (A.3) and (A.4), either (i) v € W2*(R"), or (ii) v € WH*(R") and (A.5)
holds with o < 1, are sufficient conditions for K(v) < co. See Lemma 2.2 below.

In the proof of Theorem 2.1 we will need the following lemma.

Lemma 2.2. Assume (A.3)—(A.5). Then there is a constant C > 0 such that for all ¢ € CZ(RN) ande € (0,1),

C(e71D¢lly + (1 + €=)Dgllo), if o€ (1,2),
K(®) < {C(ellD?llo + (1 +[IneDliDglo),  if o =1,
ClIDgllo, ifoe[0,1).
Proof. When o < 1, then |[7%%¢(x)| < C|ID¢lly [ InP(t, x,2)|v(dz). Since [7*#v(dz) < [ p(2)v(dz) < oo by

(A.3) and (A.4), the bound on K(¢) follows by taking the supremum over x, @, 3. For o > 1, we split the
integral in three parts and use Taylor’s theorem:

1) = f (6x + ) = 6(x) = V() W(d2)

1 1
= f f (1 = " D2p(x + myn div(dz) + ( f - f ) f (Vo(x + 1) = Vo) ) dt v(d2).
|zl<e JO e<|z]<1 [z[>1 0

By assumption (A.3) — (A.5), it follows that

dz

dz
af 2 2 D -
I*P[¢] < CIID ¢||0f |zl B +Cl ¢|Io( j;<|z<l Izl e + flz>1p(z)v(dz)).

lzl<e

By (A.3) and (A.4), the last integral is finite, and the result then follows from computing the two first integrals
in polar coordinates and taking the supremum over x, @, 8. O

Proof of Theorem 2.1. We refer to Theorem 3.1 of the article [22] for a proof of part (a) and x-regularity
part of (c) and (d). Part (b) then follows e.g. from Perron’s method [9]. Time regularity in part (c) and (d) is
new. We start by proving (d) and then use this result to prove (c).

(d) First we show Lipschitz in time at t = 0 by using the comparison principle and the fact that w*(z, x) =
up(x) = Ct are super- and subsolutions of (1.1) if C is large enough. To see this, insert w* into the equation
and use the regularity of u( to conclude. Here the assumption K(u) < oo is crucial and minimal. To get
Lipschitz regularity for all times, we use a continuous dependence result and the 7-Lipschitz regularity of the
coeflicients. See Theorem 5.1 and Theorem 5.3 of [22] for the details, and note that there is no growth in x
of the estimates here since the coefficients and solutions are bounded.

(c) Let 0 < € < 1 and regularize (by mollification) the initial data to get u € CZ"(RN ) satisfying IIDkuf)IIo <
Ce'* and |Jug — ugllo < € (since ug is Lipschitz). Then let u® be the corresponding solution of (1.1)—(1.2).
By (a) again [u — u®| < [lug — uollo < Ce¢, and by the estimates on Dkug and Lemma 2.2 with ¢ = ug,

1 if o € [0, 1),
K(ug) <Cq(1+|lnel) ifo=1, (2.3)
e if o€ (1,2).



By part (d) we have that [u(z, x) — u§(x)| < C(1 + K(u))t, and by the triangle inequality
u(t, x) — up(x)| < C(€ + K(ug)t + €).

Wheno < 1,0 =1,ando > 1,wetakee =0,e =t,and € = tr respectively. This proves the result for s = 0,
t € [0, 1] (and x = y). The result trivially holds for s = 0,7 > 1, since then e.g. |u(x, ) — u(x,0)| < 2||u||0t(ir.
The general result then follows from the 7-Lipschitz regularity of the coefficients and the same continuous
dependence result as in part (d). O

3. The main results: Error estimates for a monotone scheme

In this section, we introduce a natural monotone difference-quadrature scheme for (1.1). The time dis-
cretizations include explicit, implicit and explicit-implicit schemes. For these schemes we prove wellposed-
ness, L*-stability, and the main results, several estimates on their rates of convergence in L™.

For simplicity we consider a uniform grid in space and time. For M > 0, let Ax > 0 and At := % be the
discretization parameters/mesh size in the time and space and i = (At, Ax). The corresponding mesh is

QhN = {(ty, xm) : t, = nAL, Xy = MAx; m € ZN.n=0, 1., M}
To obtain a full discretization of (1.1), we follow [8] and perform the following steps:

Step 1. Approximate singular diffusion by bounded diffusion. For § > Ax we approximate 7%#[¢] by
replacing v(dz) by the truncated non-singular measure vs(dz) := 1;55(2) v(dz) in (1.3):

I9P0[g)(t,x) = (@1, x + 17P(1, %;,2)) = $(t, %) = P (1, x:2) - V.9h(1, X)) W(d)

|z|>6

= T P10 x) = b0, ) V.0, 0),

where

TBp]1(t, x) = (B(t, x + 11781, x;2)) — P(1, ) W(d2),  bTF(1,x) = f nP(t, x; 2) v(dz).

lz[>6 |z[>6
This is a non-singular, nonnegative, consistent approximation of 7%#, and a standard argument using Taylor’s
theorem gives the truncation error

|7B1¢] — 17P9¢]| < 1Dy sup f Pt x; )" v(dz) < K6*ID*plly ~ for ¢ € CHRY),
|z|<d

1
2 x,a.8
3.1)

where the last inequality follows by (A.3)—(A.5). Let Bg’ﬁ (t, x) := bYP(t,x) - bg‘ﬁ (¢, x). We approximate (1.1)
by replacing 7% by 7789 = Jobs — p2F .y,

ul + injfi sup {— TP ) + B (e, ul (2, x) = B (8, %)Vl (1, x) — TP L1t x)} =0 inQr. (3.2
e BeB

Step 2. Discretize the local drift. We discretize l;g’ﬁ - Vu by simple upwind finite differences:
N

@B . Fapt u(t, x + e;Ax) —u(t, x)  qp- u(t, x — e;Ax) — u(t, x)
D)1, x) = Z B35 (1, x) o~ + B35 (1,%) ~ ]

i=1



= > A0, [, x + x5) - u(t, )

§#0

*"*(t,

where {e;}; ¢ RY is the standard basis of RV, b* = max(+b, 0), d"“(; x) = >0 and d”“(t x) =

otherwise. Hence the discretization is positive/monotone, and it is consistent smce

|54 1, %) - Vo(x) = D #1911, )| < AxZ!b 21, )ID*¢llo < KAXT (0, §)IID*@lly for ¢ € CLRY),
(3.3)
where
ol when o> 1
I[(0,0) =5 —logo when o =1,
1 when o < 1.

The last inequality follows by the definition of Bg’ﬁ since f|Z b6 [nA(t, x; 2)| (dz) < CT(0, &) by (A.3)~(A.5).

Step 3. Discretize the nonlocal diffusion. We discretize J%# by a quadrature formula obtained by
replacing the integrand by a monotone interpolant (cf. [8]):

TPl x) = f in[@(t, x + ) — @(t, V)™ (1, x; D)) d2),

|z[>6

where i, is piecewise linear/multilinear interpolation on the spatial grid AxZ" . That is,

el = > 0wy for xeRY, (3.4)

jezN

where the weights w; are the standard “tent functions” satisfying 0 < w;(x; h) < 1, wj(xk; h) = ik, 25 wj =
1, suppwj C B(xj,2Ax), and ||Dwjllo < C(Ax)~ !. Note that the sum in (3.4) is always finite. We can rewrite
the approximation in discrete monotone form:

TPl = Y (ot x +x5) = @t )G 000 K02y = [ i Ge, x; 2 (o),

jezN
where KZ’J.ﬁ’6 is well-defined and nonnegative. This approximation is nonnegative, and since
linle1(x) — @(x)| < KIID*¢llo(Ax)?, 3.5)
it is consistent with truncation error
(AX)2

LT P16] = T2 191l < KA D¢l f v(dz) < KilID*llo for  ¢eCRY. (3.6)

|z[>6

The last inequality follows from (A.5). We also note that since all w;’s have same diameter compact support
and (A.3) and (A.5) hold with o € (0, 2), there is a constant Ky depending only on N such that

DTk < 3 IDwlly f [P (t, x: 2)| W(dz) < %F(o-,é).

j#0 j#0



Step 4. The full discretization of (1.1). Combining the previous steps we obtain the following semidiscrete
approximation of (1.1) (cf. (3.2)):

w, + inf sup (= (1, x) + (1, yu(t, x) - Dy [u)(t, x) - T3 #[ul(t, )} = 0 (3.7)
aeA ,BEB

To discretize in time we use a two-parameter monotone #-like method that allows for explicit, implicit, and

explicit-implicit versions (cf. [8]): For 6,9 € [0, 1],

n— ,B,n—1 a.Bnyn— 3,0 n 3,0 n—
U U I—At(lylél;zgg{ f:l B +Cj’B Uj I—QDh'Bb[U]j _(I_G)Dhﬁb[U]j 1

—0T T - (1 - g
for jeZN, 0<n<M, (3.8)
Uy = u(0,x) for jeZV,

where U J” = Uy(ty, xj) is the solution of the scheme and gjf‘ := g(ty, xj) for any function g and (z,, xj) € QQ’ .
With this convention,

DY = 3 A [ gl 5+ 55) = 9t x| and - TyPRN = B K @00, xj + 37) = Bt )],

J#0 J#0

and we may rewrite our scheme (3.8) as

inf f sup {a_ (@, B! - Zai’”(a PUL, - Z o e, BUT - Atfj”’ﬁ’"} =0 (3.9)
j#0 J
with
L+ A1 Fp0 dy 0" + At Ty 600" if m=n
(a’ ,8) = @.,B,0,m a,B,6,m a,B.n . _
— Af[(1 -6) Zﬁod T+ (1 —19) ZJ#OKh,j,j +c_ 1 if m=n-1,

. At} " + At ”ﬁj‘”” if m=n
(@.f)= At[(l 9)d“’*"’”+(1 0)Kzfj;""”] if m=n-1.

Since d, k > 0, we see that the scheme (3.9) has nonnegative coefficients and hence is monotone under the
CFL condition:

A1 - 0) Z d]‘:ﬁd‘"_l +(1-19) Zkzﬁi‘*"“ + C;f’ﬁ‘"]] < 1. (3.10)
j#0 j#0

By the discussion and definitions of d and « above, forall 0 < Ax <5 < 1,

; K K
a.,B,6,n D a/,b’ on 1
§ dpiet < 22T(e6)  and E K9 < ET(076)
j#0 j#0

for some constants Kp, K;. Hence the CFL condition is satisfied when
At
—I(o, 5)((1 - )Kp+(1 - ﬂ)K,) + Arsup [c®P| < 1. (3.11)
Ax ap

Remark 3.1.

(a) The scheme is explicit when 8 = 0 = ¢, implicit when 6 = 1 = #, 8-method like when 6 = ¢, and
explicit-implicit with explicit convection and implicit diffusion when # = 0 and ¢ = 1.



(b) It is possible to use other monotone approximations in steps 1 — 4, and obtain schemes that can be
analyzed using minor modifications of the arguments we present here.

(c) The CFL condition (3.11) gives a constraint on the relation between , Ax, At when the scheme is not
completely implicit. In the “first order” case, when o € (0, 1) in (A.5), we get the usual CFL condition

At < KAx.

In the critical case o = 1, then Ar < KAx|In Ax|. When the order of the equation is greater than 1, o € (1, 2)
in (A.5), then
At < K67 'Ax,

which when 6 = (Ax)% (giving the optimal convergence rate, see below) gives
At < KAX* 7.
We have the following existence, uniqueness and stability result for the scheme.

Theorem 3.1. Assume (A.1)—(A.5), 0 < Ax <6 < 1, and the CFL condition (3.10).

(a) (Monotone scheme) If Uy, and V), are bounded sub and supersolutions of (3.8) with U,(0,-) < V,(0,-),
then U, < V).

(b) There exists a unique bounded solution Uy, of the initial value problem (3.8)—(1.2).
(c) (L -stability) The solution U}, from (b) satisfies |Uj(t,, X)| < |luollo + . SUp, 4 £ lo.

(d) There is a constant K > 0 such that the solution U, from (b) satisfies for all x, t,,
|Up(ty, x) — up(x)| < Kéo(ty), where @ is defined in (2.2).

(e) Assume in addition that K(up) < oo (cf. Theorem 2.1). Then there is C > 0 only depending on the data
(A.1)—(A.5) such that the solution U}, from (b) satisfies for all x, t,,

|Un(tn, %) = uo(x)| < C(1 + K(uo))ty.

Proof of Theorem 3.1. The proofs of (a)—(c) are standard. Part (a) is a direct consequence of the scheme hav-
ing positive coefficients, and part (c) follow from (a) since [|ull £ 7, sup,, 4 || f° @B|| are super- and subsolutions.
Part (b), existence and uniqueness, can be proved using time-iteration and Banach fixed point theorem. The
proof is essentially the same as the proof of Theorem 3.1 in [8]. Part (d) and (e) are new and non-standard.
We will prove these results in the same way as for the solution of the continuous problem (1.1)—(1.2), cf.
Theorem 2.1 (c) and (d). First we prove (e), and then use this result to prove (d).

(e) Note that V*(x, 1,,) = up(x) = Ct,, are super- and subsolutions of the scheme (3.8)—(1.2) if & is sufficiently
small and

C > 1+ K(up) + sup (||M0||1||ba’ﬁ||o + [lollolic™®lo + ||f”’ﬁ||0)-

ap
The result then follows since V- < U, < V* by comparison (part (a)).

(d) We regularize (by mollification) the initial data to get uj and let U, be the corresponding solution of
(3.8)—(1.2). By (a) again |U;, — Uy < |lug — uollo < Ce, and the estimate (2.3) for K () still holds. Hence by
part (¢) we have that |U}(,, x) — ug(x)| < CK(ug)t,, and then by the triangle inequality

[Un(tn, x) — up(x)] < C(€ + K(uj)t, + €).

1
In view of (2.3), we conclude by taking e =0, e = 1,, € =¢t; wheno < 1,0 =1, o > 1 respectively. O
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Convergence of Uy, to the unique viscosity solution of (1.1)-(1.2) follows from (an easy nonlocal exten-
sion of) the Barles-Perthame-Souganidis half-relaxed limits method [5] in view of monotonicity, stability,
consistency of the scheme and strong comparison of the limit equation.

We now give precise estimates on the rate of convergence of our method for our low-regularity solutions.
These are the main contributions of the paper. They are the first such result for non-convex degenerate
equations of order greater than one, the first result for nonlocal non-convex equations, and these estimates
are more accurate than previous results for the non-local operators 7: First, as expected, the rates depend
on the maximal fractional order of the operator 7, or equivalently, on o in assumptions (A.5). But we also
see a surprising phenomenon that does not seem to have been observed before: We have 3 different results
depending on whether 7 depends on (x, 7), only on x, and on none of them. We devote one theorem to each
case:

Theorem 3.2 (General case). Assume (A.1)-(A.5), 0 < Ax < § < 1, the CFL condition (3.10) holds, u
solves the equation (1.1)-(1.2), and UZ solves the scheme (3.8)-(1.2). Then there exists a constant C > 0
(only depending on the constants in (A.1)—(A.5)) such that for all (t, x) € Qfl\],

(T A 1)%(At% + Ax? +51—%) if oel0,1),
U2t %) — u(t, )| < C(AL+ T) {(T A 1)%(At%|1ogm| + Ar2|log 8] + Axz|logd| + 5%) if o=1,
(T A D% Atz + (T A 1)%(At%61"’ +Ax25T + 51*%) if oe(l,2).
Remark 3.2. (a) These results imply the convergence of the scheme, and optimal error estimates for local
first order Hamilton-Jacobi equations (cf. [17, 30]) follows as a special case since ' *f = ( is allowed. This

also means that the rate in the case o € (0, 1) is optimal because of the first order drift term in our equation.

o

(b) The results for o € [1,2) are also optimal. The principal error term is §'"7 since Ax < §. This term
comes from the truncation of the singularity and is optimal in view of the low regularity of our problem. See
(3.1) for the rate for smooth solutions and Lemma 4.1 below for the rate under our assumptions.

Theorem 3.3 (No t-dependence). Let the assumptions of Theorem 3.2 hold and n°* be independent of .
(a) Then there is a constant C such that for all (t, x) € Qly,
(T A 1)%(At% + Ax} +51—%) if oel0,1),
Uy —ul < CA+T){ (T A 1)%(At%|1ogm| + Axt|log 8] + 5%) if o=1,
(T A% At% +(T A 1)%(Ax%61’” + 51*%) if oe(l,2).
(b) If K(up) < oo (cf. Theorem 2.1), then there is a constant C such that for all (x,t) € Qf;’,
U —ul < C(1 + T)(T A 1)%(At% + AXIT (0, 6) + 51—%) if o el0,2).

All the constants C only depend on the constants in (A.1)—(A.5) and (3.11), and for (b), also on K(uy).

The Theorem also holds for 77 depending on 7 if Ar/Ax < K.
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Remark 3.3. (a) Since 1 depends on time, the convergence in Az and ¢ is coupled in Theorem 3.2 for
o € [1,2)! When 7 does not depend on ¢, there is no coupling and a better rate by Theorem 3.3 (a).

(b) When o > 1, there is a reduction of rate in Af because the solution of (1.1) no longer is Lipschitz in .
However, assuming more regularity of the initial data will make the solution #-Lipschitz again, and then we
get back the full rate % in Theorem 3.3 (b).

Theorem 3.4 (No x, t dependence). The assumptions of Theorem 3.2 hold and n®* is independent of x, t.

(a) There is a constant C such that for all (t, x) € G,
(T A 1)%(At% + Ax? +51—%) if o=10,1),
U8t %) — u(t, )| < C(1+ T T A 1)%(At%|1ogm| + Ax}|log )t + 5%) if o=1,
(T A )2 At3 + (T A 1)%(r(a, §):Axt + 51—%) if oe(l,2).
(b) If also K(up) < oo (cf. Theorem 2.1), then there is a constant C such that for all (¢, x) € ghN,
U2, %) = u(t, x)| < C(1 + TXT A 1)%(At% +T(0,6) Ax? + 51—%)

All the constants C only depend on the constants in (A.1)—~(A.5) and (3.11), and for (b), also on K(uy).
The proofs these results are given in Section 4.

Remark 3.4. (a) Our estimates hold for solutions that are merely Lipschitz in x and Lipschitz or Holder in
t. In general this is the best regularity for our problem under our assumptions. For more regular solutions,
better estimates should hold. However, the maximal rate or accuracy of our scheme is O(Ax'""?=9)). The
dominant error term comes from truncation of the measure (cf. (3.1), (3.3), (3.6) and recall that Ax < 9).

(b) The choices of ¢ that optimize the error are 6 = Ax for o € (0,1) and when o € (1,2) that are 6 =
1 1 . 1 . .

max(Atz,Axv) in Theorem 3.2, § = Axv in Theorem 3.3 and 6 = Ax in Theorem 3.4. Assume now

K(ug) = co. When o < 1, all cases then lead to the estimate

U< C (AD? + (Ax)? when o €0, 1),
u— =
" (A} |log(AD)| + (Ax)}|log(Ax)|  when o = 1.
However the estimates for o € (1, 2) are different in each case:
(AT +(Ax) % in Theorem 3.2,
lu—USl < C{ (A¥ + (Ax) % in Theorem 3.3 (a),
(AN + (Ax) =" in Theorem 3.4 (a).

Note the improvement in rate in each line! When K (1) < oo, the solution is Lipschitz in 7, and the time rate
. 1 . .
improves to O(At2) in Theorems 3.3 and 3.4. In particular, the rate of Theorem 3.4 (b) becomes

o((An* + (An™).

This latter spatial rate is consistent with the rates (for the implicit scheme) of Theorem 6.3 in [14] where
other types of (x, )-independent nonlocal nonlinear equations are considered.
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4. Proof of the main results - Theorems 3.2, 3.3 and 3.4

4.1. Reduction to finite Lévy measures

Since the two problems (1.1) and (3.2) have the same data and coefficients except for the Lévy measures
v and vs, we can use the continuous dependence results of [22] to bound the distance between u and ul,

Lemma 4.1. Assume (A.1)~(A.5). If u and u® solve (1.1) and (3.2), then
lu(t, x) — u5(t,x)| < CT26""%  forall  (t,x) € Or.

Proof. In a similar way as Theorem 4.1 in [22] follows from Corollary 3.2 in [22], we can use Corollary 3.2
in [22] and the fact that all coefficients are bounded to show that

Ju(, %) — (¢, x)| < CT* \/f P (2, x; 2 v = vel(dz).
R¥\(0)

Note that as opposed to Theorem 4.1 in [22], there is no growth in x in our estimate. The result then follows
by (A.3)~(A.5) and f|z |zPv(dz) = C5*77. O

|<6

In view of the result, it is enough to prove Theorem 3.2 when the Lévy measure v is replaced by the
bounded measure vs. Therefore, in the rest of the proof we only work with u = u°, the solution of (3.2)—
(1.2).

4.2. The doubling of variables argument
Recall that Uy is defined on G as Up(ty, X)) = U, and u = u’® solves (3.2)—(1.2). We want to bound
[Un(tn, xj) — u(ty, Xj)| in QQ’ and start by deriving a nonnegative upper bound on

U= sup (Uj” — u(ty, Xj)).
JEZN <M

Assume that ¢ > 0 (if not u < 0 and we are done). Since u and U, are bounded uniformly in A,
R = max{llullc=, [[Upll=} < 0.
We will use the method of doubling of variables (e.g [17]) and to do that we introduce ¥ : 92] X 0r - R,
WUt 5,3) = Un(t, ) = u(s,3) = (2. 3) = £(1,9) = 41+ 9),
where ¢ : RV x RY — Rand ¢ : [0, T] x [0,T] — R are defined by
ory) = Zle—yP + Ul +bP)  and g9 = T o

for y,n,& > 0. From the boundedness of U, and u, it follows that ¥ has a maximum at (¢, xo, So, Vo) €
Gl x Or such that

Y (10, x0, S0, ¥0) > W(t, x,5,y) “4.1)

for any (¢, x, s,y) € g;j x Qr. Since 0 = ¥(0, 0,0, 0) < ¥(z, x0, S0, o), it follows that

Y & n
2o —yol* + §(|xo|2 +lyol®) + 2l = sol? < Up(to, x0) — u(s0, y0)
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and hence U, (19, x9) — u(so,yo) > 0 and
&l + [yol*) < 4R. 4.2)

Moreover, since the map y — u(so, y) + ¢(xp, y) has a minimum at yy and u is Lipschitz, ¢(xg, yo) — ¢(xg, y) <
u(so, y)—u(so,yo) < Lly—yol, and hence |Dy¢(xo, yo)| < L. Then by the definition of ¢, and since glyg| < V4Re
by the last bound in (4.2), we have

1
[xo — ol < ;(L + V4Re). 4.3)
By the inequality ¥(to, xo, fo, yo) < ¥(%, X0, S0, yo) and the regularity of « in Theorem 2.1, we find that

gllo — sol? < u(to. yo) — u(s0.y0) < Keo(to — o) (4.4)

where w(r) = |r| if K(up) < oo and w = @ from Theorem 2.1 (c) if not. For o # 1, we get that
2K
[tg — 50| £ — 4.5)
7]‘1

with ¢ = 1 when K(ug) < co and u is Lipschitz in ¢ and g = 57 when o € (1,2) and u is Holder é in t.
If either 7y or sp is O, then we get a bound on y using only the regularity of the u and U, at r = 0. If
so = 0 .and 7 > 0, then for any point (7, x) € G,

Un(t, x) — u(t, x) — &lx> - 2’“‘—Tr = W(t, x,1,x) < P(to, 0.0, o)

= Up(to, x0) — uo(yo) — ¢(xo, yo) — &(to, 0) — 4#_Tt0 < Up(to, x0) — uo(yo)-

If either (A.5) holds with o € (0, 1) or K(up) < oo, then u and U, are Lipschitz in ¢ at t = 0. By Theorem
3.1 (e) and the regularity of ug, Uj(to, Xo) — to(xo) + uo(xo) — up(yo) < C(to + |xo — yol). Hence by estimates
(4.3) and (4.5) with ¢ = 1 and since 7y = |ty — sol, we find that Up(t, x) — u(t, x) — &lx* — 51 < C(% + %). If
we first send € to 0 and then take the supremum over Qg , by the definition of u we get that

SIS

" u 1 1
< sup (Ui —u(ty,xj)—=<Cl—+—-).
JEZN n<M ! ! 2 (7 77)

When o € (1,2), u and U, are only Holder é in ¢ at¢ = 0 (cf. Theorem 2.1 (¢) and Theorem 3.1 (d)). In this

1
case e.g. Up(t, x0) — uo(yo) < C(tJ + |xo — yol), and hence by (4.3) and (4.5) with ¢ = 57—, we find that
1 1
= < C(— +—)
2 Y pma

A similar argument using time regularity of u, shows that these bounds also hold when 7y = 0 and 59 > 0.
Only the case 7y > 0 and sy > 0 remains. Here we have to use the equations and the argument is long so
we divide it into several steps.

Step 1: It is easily seen from (4.1) that (s9, yo) is a global minimum point on Q7 of

(5.3) = u(s.3) = = $0x0.3) = 10, 5) = 2= (10 + ).

By the supersolution inequalities for u (cf. (3.2)) with k = ¢,

~D&to, 50) — 4 +inf s;p{ = [ (50,30) + (50, yo)u(s0, yo)
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- Bg'ﬁ(so,yo)(—DM(xo,)’0)) - ja’ﬁ’é[u](so,yo)} > 0. (4.6)

We now get an analogous relation for the scheme at the grid-point (#y, xp). By (4.1) again W(¢, x, 59, yo) <
Y(to, x0, S0, Y0), and hence the function

W(t, x) := Up(t, x0) + ¢(x, y0) — ¢(x0, y0) + &(2, s0) — E(to, s0) + %(l —1Ip)
satisfies
U, <W in G  and  Uxlto, xo) = W(to, x0).

By the definition and monotonicity of the scheme (under the CFL condition (3.10)) we then get at the
maximum point (f, xo) = (pAt, Axk) that

Up = U - Arinf sup (=80 + Prul™ — 0Dy PO IUN, - (1 - ) DU
9T, IUL, = (L= T, U
< W' = Arinfsup (=757 + cpPPWET - 000 TWYY — (1 - 9D Tw !
¢ B
—0F UL, - (= DT P, wi

where

Fiwwit = ) (i - w f| o = A a0i2:0) vid)
z|>

jezN

and this non-standard term is admissible by the monotonicity of the full scheme in the Ulffl-argument. We

will see later that we really need the term in this form. By definition of W, Z)Z’ﬁ (W] = Z)Z’ﬁ [¢(., yo)] etc.,
and we divide by Ar and rewrite the above inequality as

po_ &t — At so) = E(to, s0) u
s T 11;f51;p{ =~ R+ PO + €0 = At so) = £, 50) = 1|

—0D 7 [(., yo)](to, x0) — (1 =)D [(., y)(to — At, x0)

— (1= NTP LU Wto - At x0) = 9T (U] (1o, xo>}. 4.7

Subtracting inequalities (4.6) and (4.7) and using the fact that inf sup f — inf sup g < sup sup(f — g),

o _ € = At so) — E(to, 50)
2T — At

+ sup sup {ff’ﬁ’p — [P (s0,y0) — Cﬁ'ﬁ’p[Uﬁ + &(to — AL, s0) — %At = &(to, So)] + P (s0, y0)u(s0, o)
a B

- Dsf(t()’ SO)

+ 0D [9(.. yo)]I(to. x0) + (1 = DDFH[6(., yo)I(to — At, x0) — By (50, y0)(=Dyb(x0. ¥0))

+ (1 = DT PU, Wt = At, x0) + TP [U1(to, x0) — Ja‘ﬁ’d[u](so,yo)}

= 11 + sup sup {12 + 13 + 14}. (48)
« B

15



Step 2: We now estimate the terms 1, I5, I3 in (4.8). First note that &(fy — At, so) — &(to, So) = —0,&(to, s0) At +
gAtz, and hence since 9,& = —0,&

_ &(to — At, s0) — (1o, S0)
B At

I - d,&(to, 50) = gAf-

We estimate I, using ¢ > 0, Ulf — u(so,yo) > 0, regularity of the coefficients ¢ and f, the estimate on I;, and
the bounds on |xg — yo| and |ty — sol,

%At — &(to, 50)| + ¢ (50, yo)u(s0, y0) + f*P (10, x0) = (50, 0)

< 0+ fuCso Yol = (0. o)l + K(€to = At 50) = &(to. s0)| + 2= A1) + [F#(t0. x0) = F™4 (50 30)|

< C(Ix0 = yol + Ito = sol + At + nAL). (4.9)

L = PP UL + &t - At 50) -

We now estimate /3. By the consistency estimate (3.3), the definition of l;g’ﬁ , the time regularity and bounds
on b and 7 and integrability assumptions (A.2)—(A.5) of v, the definition and gradient bound of ¢,

6D} [9(..y0))to. %0) + (1 =)D} [9(..30)](to — At x0)
< (0557 (10, x0) + (1 = B (19 — At, x0)) - Dy(x0, y0) + ClIB5 llo 1D plloAx

< Eg’ﬁ(to,xo) - D¢(xp, yo) + C(l + f p(z)v(dz))((l - O)LAt + (y + g)Ax).

|z[>6

Hence since D¢ = —D,¢ + &(x + y) and b is Lipschitz continuous, by the maximum point estimates, the
definition of Bg‘ﬁ , and the Lipschitz bound on ¢,

I5 = 0D [, yo)l(t0, x0) + (1 = DI [(., yo)l(t0 — At, x0) = B3 (50, ¥0) - (=Dy(x0, ¥0))
< (B (20, x0) = B (50, 30)) - Dasp(x0, y0) + &0 + yollB*(s0, o)l

+C(1+ f pV(d2))((1 = )AL + (y + £)Ax)
|z|>6
< c(1 + f p(z)v(dz))((|x0 — yol + Ito = so)L + (1 — O)Ar + (y + s)Ax) + 0x(1). (4.10)
lz|>6

In the case that n does not depend on 7, then a recomputation of the above estimate using the fact that
bg’ﬁ(X, 1) = b%P(x, 1) — f‘z b6 %P (x; z) v(dz), leads to

I3 < C(jto = sol + (1 = O)Az + (1 + f pV(dz2))(Ix0 = yol + (7 + £)Ax)) + 0,(1). (4.11)

lz[>6

When 7 does not depend on both x and ¢ then

I3 < C(Ito = sol + 1x0 = yol + (1 = O)Az + (1 + f PV(d2))(y + £)Ax) + 05(1). (4.12)

lz|>6
Step 3: It remains to estimate /,. We rewrite this term as

L = 8 [T P 1010, x0) = T [ul(s0, yo) | + (1 = 9) [T P [0, Witto = A, x0) = T[] (50, y0)
=+ -,
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By the definition of W and since }, wj(x; h) = 1, we find that
Ja =f Z {M(So,yo) = u(s0, Y0 + 7P (s0, 03 2))
lz]>0 jeZN

(U} 0, 50) + E0 = At 50) = £ ) + UL b it = At 03.2: ) o)

In the following argument, it is essential that we have Ulf in the integral defining J, and not Ulf*l, and this

explains why we introduced the strange quantity NZ’ﬁ ’6[Uh, W] in the first place. Recall that (79, xo, so, yo) 1S
a global maximum point of ¥, so ¥(#y, xo, 50, yo) > P (to — At, xo + xj, S0, yo + 1*P(s0, y0; 2)), and hence

a M _
u(s0. Y0) = u(s0.yo +11"(0.0:.2)) = (UR, = &(t0. s0) + &t = At 50) = A1) + U
< ¢(x0 + X5, Yo + 1" (50, 503 2)) = $(x0, Y0)-

By the nonnegativity of wj, the definition of the interpolation iy, the error bound (3.5), and assumptions (A.3)
and (A.4), we may use these inequalities to estimate J:

I < f| | D {600 + x5, 70 + 1450, Y03 2) = (0, y0) @i (k0 = At, %03 2); ) W(d2)
Z>6jEZN

= f {iu[0 (0 + -, yo + 7" (s0, Y03 DG (10 = At, x03,2)) = ¢(x0, ¥0) V()
z1>6

< f {@Cro +n™(t0 = At, x03.2), Y0 + 11 (50, Y03 2)) = ¢(x0, ¥0) + K(y + &) (Ax)*} ¥(d2)
|z|>6

= f {7(x0 =0) - 1™ (50, y0: 2) — 1™ (g — At, x032)) + %Ina‘ﬁ(s(),yo; 2) — P (1o — At, x0; 2)
|z|>6

E
+ el ™0 = A x0:2) + yo 150, 30:2)) + 5 (0" to = At x0: DF + (50, y0: )

+K(y+¢) (Ax)z} v(dz)
<Cy {|x0 = yol(Ixo = yol + lto = sol + Ar) f p(2) W(dz) + (%0 = Yol + lto = sol* + AF) f Py’ v(dz)}
lz|>6 |z]>6
+ Ce(|xo| + lyol) p(2) v(dz) + Ce f p(2)* v(dz) + C(y + &)(Ax)* f w(dz). (4.13)
|z|>6 |z|>6 |z|>6

In the case that n7 does not depend on ¢, an easy recomputation of the above estimate shows that
T2 < C(ylxo = yol + &(1 + x0| + Iyo)) P9 + p(2)°) W(dz) + Cly + &)(Ax)? f| V@ 419
and when 7 does not depend on both x and 7 then
J2 < Ce(1 + |xo] + Iyol) . @+ p(2)*) W(dz) + C(y + &)(Ax)? f| . v(dz). (4.15)
2> 2>

Similar but simpler arguments, using the fact that ¥ (zy, xo, s0, yo) > ¥(t, X0 + xj, S0, Yo + 7P (50, v0; 2)),
shows that J;, and hence also I4, satisfy the same upper bounds as J,.

Step 4: By (A.3)-(A.5) and the definition of I'(c, 9),

f p(2)* v(dz) < K? f 21> v(dz) + f p(2)* v(dz) < C,
|z>6 0<|z|<1 lz]>1
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f p(2) v(dz) < Kzf lz] v(dz) + f p(2)* W(dz) < C(1 + (0, 6)),
>0 o<|zl<1 lzI>1

dz
f V(dZ)SCf gy +C<CA+69).
lz2|>6 o<lz<1 |z|M+e

Now we get a bound on u from (4.8) by using these estimates along with the estimates of steps 1-3 (which
are independent of a and g). If we also take into account the fact that 0 < Ax < 6 < 1, I'(0,0) > 1

and that we may take 7,y > 1 and Ar < 1, we find after combining (4.9), (4.10) &(4.13) and dropping all
non-dominant terms that

u
ﬁ <L +Sl;pSl;p{12 + 13 +I4}

A 2
< C{nAt +yAP +ylto — sol* + 75_);}

+ CT(@,0){1 = yol +lto = sol + At + yAx -+ Yxo = yol(bo = ol + Ito = sol + Ar)}

A 2
+ c£{1 + (0, 0)( 1ol + Ivol + Ax) + 5—ﬁ} (4.16)

Note that by (4.2), all e-terms go to 0 as € — 0 and vy, n, ¢ are fixed, and y%—fﬁz < yAx8'"7 < T(0, 6)(yAx)
since Ax < 6. Hence in view of estimates (4.2)—(4.5),

1
o c(nm +yA2 + L 4T (o, 5)( — A+ yAx)) +ou(1).
2T n* nl

In the case that i does not depend on ¢, we combine (4.9), (4.11) and (4.14) and find

Ax 2
L <cfndr+ o - sl + yé— +T(@8)(bx0 = ol + ¥Ax+ xo = o)} + (1)

2T
1
< c{nm + — +I(c, 5)( + yAx)} +0x(1),
and when 1 does not depend on both x and ¢ then (4.9), (4.12) and (4.15) are combined to have
u Ax?
2T < C{nAt + |to — sol + |xo — yol + 75—0 +I'(o, 6)yAx} +0.(1)
1 1
< C{nAt +—+—+1I(o, 6)yAx} + 0.(1).
Moy

Conclusion: Sending € — 0 and combining the above estimates for i in the cases whether 7y and/or s( are
positive or zero, we find that

1 1 1
U< c( + —) + CT(nAt +yAP + 4 + T (o, 5)( +— + A+ yAx)) 4.17)
y n n* n?
when 7 does not depend on ¢ then
1 1 1
U< c( + —) + CT(nAt + — + (o, 5)( + yAx)) (4.18)
n! n?
and finally when 7 does not depend on both x and ¢ then
1 1 1
u< c( + —) + CT(nAt bt AT 6)yAx) (4.19)
y n?

Here g = 1 = g if K(up) < oo, otherwise ¢ = 5 and g = —1 (when o # 1).
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4.3. Proof of Theorem 3.2 when o € [0, 1)

In this case o € (0, 1), K(up) < 00, I'(0,0) = 1, and ¢ = 1 in (4.17) since u is Lipschitz in ¢ by Theorem
2.1 (d). From estimate (4.17) and our assumptions (note that Ax < ¢ < 1), we see that the optimal parameter
values are = . This leads to the following bound

u=< Cl + CT(l + y(At + Ax)).
Y Y

We conclude the proof of Theorem 3.2 (a) by taking y = (T' A 1)‘% (At + Ax)‘% and then adding the estimate
from Lemma 4.1.

4.4. Proof of Theorem 3.2 when o € (1,2)

In this case o € (1,2),I(0,6) > 1,and g = 57 and § = Tl—l in (4.17) since u and U, are only Holder
5 in ¢ at t = 0 by Theorem 2.1 (c) and Theorem 3.1 (d). The optimal values for 7 and vy in (4.17) can be
chosen by balancing the principal terms. This leads to

y=min{(T A DAY, (T A DAA 28} and 7= (T A DAY T,

Then ﬁ = 2L (T A DpAt = % = (T A DAY, 7 < ,]—L = ((T A A1), and by our assumptions
(including 6, Ax, At < 1), (4.17) implies that

p< C(% ¥ %) +CT(nAr + T, 5)(% . % +yax))
<cd+ T)(((T A DAY + T, 6)(((T A DAX)? +((T A m,ﬁ)).

We conclude the proof of Theorem 3.2 (b) by adding the estimate from Lemma 4.1.

4.5. Proof of Theorem 3.2 when o = 1

The proof is a combination of the proof of the case o € (1,2) and the regularization argument of the
proof of Theorem 3.1(e). Let uf) be the mollified initial data and u€ and U ,j be the corresponding solutions of
(3.2) and (3.8) both with initial condition uf). Then we double the variables by redefining ¥ to be

ly(t’ X, S,y) = U]f(t’ )C) - u%(s,y) - ¢(-x’y) _é:(t’ S) - %(l‘ + S)

where p1 = supgy (U} — u) and ¢ and & are the same as before. As before, there exists a maximum point
(0. Y0, f0. 50) of ¥ satisfying (4.1)~(4.4). By Theorem 2.1, [u*(r,y) = u(s, )| < K(uf)lt = s| for K(uf) =
C(1 + | log &), and hence by (4.4)

Kt
lto — so| < (nO)' (4.20)

At this point the proof continues as for the case o € (1, 2) but with (4.20) replacing (4.5). If either o = O or
so = 0 we use as before regularity to estimate u. E.g. if 5o = 0, then since P(¢, x, ¢, x) < ¥(y, x0, 0, o),

+_

K(uf)* 1)
’y 9

UE(t x) — u¥(t, x) — elxf — 2“_T; < Uj(t0, x0) = uf(y0) < C(K(uf)to + Ixo = yol) < C(
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where we used (4.3) and (4.20) for the last inequality. We send € — 0 and take the supremum over QQ’ to

find that
K(ué)?
<c( (u5) l). 4.21)
n Y

The same bound holds also when 7y = 0. When both 7y > 0 and sy > 0, the proof for o € (1,2) is valid
also for o = 1 up until and including the bound (4.16). We add the estimates on y, (4.16) and (4.21), use
estimates (4.3) and (4.20), and send € — 0 (compare with (4.17)), to get

1 K@u)? K(uf)? 1 K@t
< C(— + ﬂ) + CT(nAt a4+ L (20) +logs|(~ + RO | ars yAx)). (4.22)
y 7 7 y

Taking optimal values of y and 7 in (4.22) by balancing the principal terms, then leads to

K@)
(T A DADV??

y =min{((T A DAX)2, (T A DAR)E, K(ZS)}

and hence
(UE—uf) < 1 < C(L+THT A 1)? (Ax% T [log &Art + [log 5l(Ax? + At%)).
A bound for (u* — Uf) can be found by interchanging the roles of u¢ and U¢. By comparison, Theorems 2.1
(a) and 3.1, (a), Uy — UZ], [uf — u°| < |u§ — uo| < CE, and then
|Un(t, x) = ul(t, x)| < |Up(t, x) = UE(t, )| + [UE(t, x) = u(t, )| + |uf(t, x) = u (1, %)
<2e+C(1+TXT A 1)%(Ax% + [log &AtE + [log 5l(Axt + At%)).
The proof of Theorem 3.2 (b) for o = 1 is complete by taking € = At and adding the estimate of Lemma 4.1.

4.6. Proof of Theorem 3.3 (a).

We only do the case o € (1,2). The case o = 1 follows in a similar way, cf. proof of Theorem 3.2 for
o= 1 and the case o € [0, 1) follows directly from Theorem 3.2. Now I'(0,6) > 1, and ¢ = 57— and
g = 5= in (4.17) since u and U, are only Holder —intatt =0 by Theorem 2.1 (¢) and Theorem 3.1 (d).
Note that when At < Ax,y <n4,and y > 1 — then =% 2 < L L < 1and At < yAx. By our assumptions, both

6/"1—

(4.17) with At < Ax (and then (1 <)y < 9, see below!) and 4. 1§) implies that

U< c( + n_) + CT(nAt +— +T(0, 5)( + yAx))

We conclude the proof of Theorem 3.3 (a) by taking taking n = ((T' A I)At)fﬁ ,y =T A I)Ax)’% , and then
adding the estimate from Lemma 4.1.

4.7. Proof of Theorem 3.3 (b).

In this case o € (1,2),I'(0,6) > 1, and ¢ = 1 in (4.17) and (4.18) since u and U}, are Lipschitz in ¢ at
t = 0 by Theorem 2.1 (d) and Theorem 3.1 (e). By our assumptions (note that Ax < ¢ < 1), both (4.17) with
At < Ax (and then y < 1, see below!) and (4.18) implies that

< c(% n) + CT(nAt +1ire 5)( + yAx))

We conclude the proof of Theorem 3.3 (b) by taking n = (T A 1)At)’7 ,y=UTA I)Ax)’% , and then adding
the estimate from Lemma 4.1.
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4.8. Proof of Theorem 3.4 (a).

Again we only do the case o € (1,2). The case o = 1 follows in a similar way, cf. proof of Theorem 3.2
for o = 1, and the case o € [0, 1) follows directly from Theorem 3.2. Again I'(0,6) > 1, and g = ﬁ and

-1
G = 5 in (4.19). We conclude the proof by taking taking 7 = (T A 1)A) ™, y = (7 A DT(o, 0)Ax) 7,
and then adding the estimate from Lemma 4.1.

5. On suboptimal rates for general monotone schemes

A close inspection of our proofs shows that our methods can handle a large class of monotone approx-
imations of (1.1)-(1.2) that allow for truncation errors involving derivatives of at most order two. In most
numerical approximations it is possible to use suboptimal truncation errors that satisfy this condition. The
resulting error estimates will not be optimal in general, but at this point there are no alternative methods to
get error estimates for general Isaacs equations.

We illustrate this approach by proving suboptimal error estimates for an improved version of our previous
scheme. The idea is to compensate for the truncation of the nonlocal operator 7%# by a vanishing local
diffusion. To do so, first note that 7%P[¢] = TPO[p] + I Z’ﬁ [¢] where T%89[¢] is defined in (2.1) and

I3011t, x) = (@(t, x + 7" (t,5,2)) = (1, X) = 1P (1, x;.2) - Vg2, 1)) ¥(d2).

lz]|<6

By Taylor expansion we see that we can approximate this term by the local term (cf. e.g. [23])

1
tr[ag”ﬁ (1, x)D*¢(1, x)] with af;‘ﬁ(t, x) = 3 f 0P (t, x; Dn™P (1, x; 2)" v(dz)
lz]<é

@B(t, x; 2)Pv(dz) < C||D@||6°~7 in view of (A.3) and (A.5). Next we take

a monotone finite difference approximation Lg’f[gﬁ] of this local term with error K IIaZ’ﬁ llollD*¢llo(AX)? <

and the error is C||D?@||e f|z < 7

K6* 7 (Ax)?||D*¢llo. Note that to ensure this rate, we have to assume e.g. that ag’ﬁ is diagonally dominant.
Under this assumption, the (wide stencil) schemes of Kushner [28], Bonnans-Zidani [11] or Krylov [26]
would give this error. Combining these results, we conclude that Lgf is an approximation of J g’ﬁ with error

1757161 - L57181] < C(ID*@llo6™ + ID*¢lloAx*6>~7).

Now we discretize equation (1.1) as in Section 3 except that we do not throw away the I g’ﬁ -term but
rather approximate it by Lgf The resulting semidiscrete approximation is then (compare with (3.7))

s + inf sup (=2, ) + P (2, u(t, x) = DFPul(e, x) — Lyplult,x) - TPl v} = 0. (5.1)
oS BeB B

In view of the discussion above and in Section 3, the truncation error for this scheme is

E = o™ g+ 1¥1g] = (D) + L)+ T, 0Na

-0 -0 sz

< C(Ax L(0, 6)ID*llo + 1D Bllos™ ™ + ID*BlloAx*6>" + ||D2¢||057).
For o € [0,1) or o = 1, the optimal choice of ¢ is 6 = Ax and then £ = O(Ax) or E = O(Ax|In Ax|) as
in the previous section. But when o € (1,2), then the two first terms in the bound on E dominate and the

3-o

optimal choice is § = Axz. The corresponding error E = O(Ax™2") is better than the (optimal) truncation
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error O(Ax>~7) from Section 3 (see Remark 3.4), especially when o = 2. To find a useful suboptimal bound,
note that | L5 [¢1l < Clias “lollD*¢llo < C6*lID*¢lo and | L5 [4]] < C6>IID*¢lo, and then

E = by - Vo - DY) + 1T 011 - TP Olg)| + | L5191 + | Lo 9]
2 Ax® 2-o
<C|ID ¢||O(Axr(a, O+ 40 )

This is same estimate that was optimal for the scheme in Section 3.
A fully discrete scheme is then obtained by discretizing (5.1) in time as in (3.8). For simplicity, we only
consider an implicit scheme here:

Uj = Uj™ = At inf sup [=frfm s crPrun - oYU - gAY - Lot (5.2)

We have the following result.

Theorem 5.1. Assume Lgf is as explained above and n** does not depend on x,t. Then Theorem 3.4
remains true when the scheme (3.8) is replaced by the scheme (5.2).

Outline of proof. We follow the proof of Section 4.2 without doing the truncation step in Section 4.1 first.
The idea is to estimate separately the terms Lg’ﬁ [¢] and Lgf[qﬁ]. By the discussion above and the definition

of the test function ¢, both terms are bounded by the vanishing viscosity like bound C(y + £)6*>~7, and in the
proof this term would appear as new term /5 on the right hand side of (4.8). Continuing the proof, the bound
on u in (4.19) will have this additional term i.e.

1 1 1
< C(— + —~) + CT(nAt b= 40, 6)yAx + y52*“).
vy n nl
To conclude the (same) error estimates, we now have to modify the choice of y and take
y = min (T A Do, §)AX) 2, (T A 1)—%5—“—%))

which leads to the bound i < At-term + C(1 + T)(T A 1)2(T(c, §)2 Axz + 6'7%). O

Remark 5.1. (a) If  does not depend on (x, 7), then our approach gives error bounds for arbitrary monotone
schemes that admit possibly suboptimal error expansion involving no higher order derivatives than order 2.

(b) If n depends on x, then the results will not be so good. Redoing the proof outlined above, we have to
replace (4.19) by (4.17) or (4.18) which contain an additional O(T'(c, 6)%) term. To get the final error bound,
we now have to take a y that minimize

1
I'(o, 6)(— + yAx) + Y6277,
Y
This leads to y = min (Ax’l/z, F(‘TZ—?)”Z) = min(Ax~"/2,671/?) = §71/2 since Ax < § < 1, and then
59"

P+ C(077@0 7+ A 4 672 = (6T AN 4 5777).

This error bound is worse than before, and only valid for o < %

(c) A possible way to obtain general (suboptimal) results when 7 depends on (x, 7), is via continuous depen-
dence results like in [23]. But now such results are also needed for the scheme. Obtaining such results can
be challenging in general and will not be considered here.
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