2308.16434v2 [math.AP] 1 Sep 2023

arXiv

PRECISE ERROR BOUNDS FOR NUMERICAL
APPROXIMATIONS OF FRACTIONAL HJB EQUATIONS

INDRANIL CHOWDHURY AND ESPEN R. JAKOBSEN

ABSTRACT. We prove precise rates of convergence for monotone approxima-
tion schemes of fractional and nonlocal Hamilton-Jacobi-Bellman (HJB) equa-
tions. We consider diffusion corrected difference-quadrature schemes from the
literature and new approximations based on powers of discrete Laplacians,
approximations which are (formally) fractional order and 2nd order methods.
It is well-known in numerical analysis that convergence rates depend on the
regularity of solutions, and here we consider cases with varying solution reg-
ularity: (i) Strongly degenerate problems with Lipschitz solutions, and (ii)
weakly non-degenerate problems where we show that solutions have bounded
fractional derivatives of order o € (1,2). Our main results are optimal error
estimates with convergence rates that capture precisely both the fractional or-
der of the schemes and the fractional regularity of the solutions. For strongly
degenerate equations, these rates improve earlier results. For weakly non-
degenerate problems of order greater than one, the results are new. Here we
show improved rates compared to the strongly degenerate case, rates that are

always better than O(h%).
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1. INTRODUCTION

In this paper we prove precise rates of convergence for monotone approxima-
tion schemes of fractional and nonlocal Hamilton-Jacobi-Bellman (HJB) equations.
Weakly non-degenerate problems are studied, and we give error bounds with con-
vergence rates capturing both the fractional orders of accuracy of schemes and
regularity of solutions.

HJB equations are fully nonlinear possibly degenerate PDEs from optimal control
theory with a large number of applications in engineering, science, economics etc.
[7, 37, 55, 40]. In this paper we focus on the following nonlocal version:

sup {f*(z) + *(z)u(z) — I%u](z)} =0 in RV, (1.1)
acA
where N € N, A is a compact metric space, the integral operator
ol = [ (9ot ")~ 60) — () Vab(o) g ) valde), (12)
RNM\{0}

and the Lévy measure v, is nonnegative with [ [2[? A1 v4(dz) < co. The operator
Z* is a fractional (convection-)diffusion operator of maximal order o € (0,2). Our
assumptions encompass fractional Laplacians, tempered operators from finance,
and any other generator of a pure jump Lévy process. The coefficients are bounded,
continuous, and z-Lipschitz uniformly in «, see Section 2 for all assumptions.

Equation (1.1) is the dynamic programming equation for the value function of
an infinite horizon optimal stochastic control problem [55, 40]:

— inf — [ (Xp)dr pas X.)d
u(®) wedu )y & X ds,
where A,q is the set of admissible controls and the (controlled) process X is given
by a Lévy driven SDE [, 27] of the form

dstaj—l—bO‘sds—F/

|z|<1

nas(z)N(as,dz,ds)+/||>177a5(z)N(as,dz,ds). (1.3)

The (compensated) Poisson random measure N (N) of the driving Lévy process
has an intensity/Lévy measure v, such that E[N(a, B, (0,t))] = v,(B)t" for Borel
sets B # 0 and ¢t > 0. For simplicity we focus on pure (jump) diffusion processes
with b = 0 and HIB equations of the type (1.1), but at the end of the paper we
give results for more general equations with b # 0.

The operator Z¢ will always be at least degenerate elliptic under our assump-
tions. When we also assume (loosely speaking) that

(%vna(z)) — (‘Z‘CTIM;CQZ) as z— 0,

IThis is the expected number of jumps z € B of the Lévy process up to time ¢ [1, 55].
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Z* will be non-degenerate and uniformly elliptic. We refer to (B.1) and (A.6) for
precise assumptions. The HJB equation (1.1) is strongly degenerate if the operators
Z® are degenerate for every «,? and it is weakly non-degenerate if there is at least
one « for which Z% is elliptic/non-degenerate. Obstacle problems for elliptic oper-
ators are examples of weakly non-degenerate problems (1.1), and they are known
to have non-smooth solutions (at the contact set). The correct (weak) solution
concept for this type of problems is viscosity solutions [46, 47, 3]. Wellposedness,
regularity, asymptotics, approximations, and other properties of viscosity solutions
for nonlocal PDEs has been intensely studied in recent years. Regularity in the
strongly degenerate case comes from comparison type of arguments and typically
gives preservation of the regularity of the data [47]. Solutions can then be at most
Lipschitz continuous. In non-degenerate cases there is a regularizing effect. The reg-
ularity theory has mostly been developed for uniformly elliptic/parabolic problems,
and the huge literature includes seminal works of Caffarelli and Silvestre [18, 19]. In
the weakly non-degenerate case there are few results, and most relevant for us (our
inspiration) is [32] for local problems. We show here that weakly non-degenerate
problems of order o € (1,2) have solutions with bounded fractional derivatives of
order ¢.® Hence solutions are more smooth than in the strongly degenerate case.
Independently, similar type of regularity results have been obtained in the very
recent preprint [59] on nonlocal obstacle problems.

There is a huge literature on numerical methods for local HJB equations includ-
ing finite differences, semi-Lagrangian, finite elements, spectral, Monte Carlo, and
many more, see e.g. [29, 53, 30, 0, , 14, 30, 61, 16, 39]. For fractional and
nonlocal problems, there is the added difficulty of discretizing the fractional and
nonlocal operators in a monotone, stable, and consistent way. These operators are
singular integral operators, and can be discretized by quadrature after truncating
the singular part and correct with a suitable second derivative term. This diffusion
corrected approximation was introduced on the level of processes in [2] and then
for linear PDEs e.g. in [28] in connection with difference-quadrature schemes, see
also [48, 11, 41]. In the setting of HJB equations, it was introduced in [48, 22, 11]
with further developments in e.g. [3, 26, 56, 34]. We will give new results for this
approximation here, and focus on a version based on semi-Lagrangian type approx-
imations [21, 30] of the nonlocal operators [22]. Another way of discretizing certain
fractional operators, is via subordination: When the operator is a fractional Lapla-
cian, it can be discretized by a (fractional) power of the discrete (FDM) Laplacians
which can be seen as a quadrature rule with explicit weights [25]. While the dif-
fusion corrected approximation has fractional order accuracy, the power of discrete
Laplacian approximation is always of second order and faster when the order of the
equation is close to 2. This last approximation has previously been used to solve
linear and porous medium equations [35, 13]. In this paper, we will explain how it
can be used to solve HJB equations and provide error bounds.

The main focus of the paper is on precise error bounds for the schemes and
regularity settings mentioned above, especially the weakly non-degenerate case. In
numerical analysis it is well-known that such bounds must depend on both the
accuracy of the method and the regularity of solutions. In our fractional setting,

3

2E.g. there could be no diffusion in some directions, or the operator could be a 0 order operator
with bounded Lévy measure. There could be different degeneracies for different «o’s.
3We assume that the data is semiconcave to achieve this.
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both of these may be fractional, and previous results are either not optimal or
lacking. While linear, local, and smooth problems can analyzed in a rather simple
and classical way [57], error analysis is more complicated in our fully nonlinear and
non-smooth setting. There are two main approaches:* (i) The ‘doubling of vari-
ables’ technique for fully nonlinear equations of 1st order [23, 29, 62] or fractional
order less than 2 [3, 26]; and (ii) the ’shaking of coefficients’ method for convex
HJB equations of 2nd order [4, 5, 32, 49, 50, 51] or fractional order [10, 11, 48].
The ‘shaking of coefficients’ method, originally introduced by Krylov, relies on
constructing smooth subsolutions of both the equation and the scheme which can
then be used to get one-sided error estimates via the comparison principle and lo-
cal consistency bounds. If precise regularity results for both the scheme and the
equation are known, along with sharp consistency bounds, the method produces op-
timal rates. We refer to [32, 43, 51] for local 2nd order problems and [10, 22, 48] for
nonlocal problems. If regularity of the scheme is not known (this is difficult in gen-
eral), sub-optimal rates can still be proved [4, 5, 11], and these latter bounds holds
for a very large class of monotone schemes. Note that the 'shaking of coeflicients’
method has the advantage that it can handle arbitrary high order error equations
and therefore also higher order methods, while the ’doubling of variables’ method
only work optimally for schemes with (at most) 2nd order truncation errors. For
nonlocal HJB equations, most of the progress on optimal error bounds for mono-
tone schemes have addressed bounded (non-singular) integral operators [10, 48].
Non-optimal bounds for problems with singular operators can then be obtained
after first approximation by bounded operators. Without this approximation step,
sub-optimal rates have been obtained in [11] for singular integral operators.

Our main contributions:

(a) A rigorous error analysis for monotone approzimations of weakly non-degenerate
problems is developed in Section 5. This is new and based on the “method of shak-
ing the coefficients”. The proof amounts to extending the analysis of [32] to nonlo-
cal/fractional equations and schemes. Our setting is more involved and technical.
The main challenges are related to the fractional approximation, regularization, and
regularity results needed — both for the equation and the scheme. As opposed to
previous nonlocal results, we cannot use standard mollifiers for regularization but
crucially need fractional heat kernels. For the schemes, the results are discrete and
contain error terms, and a very careful analysis is needed to get optimal results.

(b) CYo= Y regularity results for weakly non-degenerate HJB-equations of order o €
(1,2) given in Theorem 2.7. These are natural extensions to nonlocal/fractional
problems of the W2 results of [32]. They seem to be new for equations of frac-
tional order (but see also [59]) and are of independent interest. Our proof is based on
uniform estimation of approximate fractional derivatives based on semi-concavity
estimates and exploitation of weak non-degeneracy followed by an application of
regularity results for linear problems in [58]. We also need and prove discrete ver-
sions of such results.

(¢c) Precise error bounds for diffusion corrected difference-quadrature schemes in

Section 3. Under various assumptions, we roughly speaking show that if ¢ is the

4n the uniformly elliptic case, there are other methods [20, 52, 63]. These results are not
explicit nor optimal, but they apply also to nonconvex problems. See also [14, 15, 45].
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order of equation (1.1), w its solution, and uj, the solution of scheme, then

C hz(4-0) when solutions are smooth (C}}),
u—uplp~ <{ ChTzE) in the weakly non-degenerate case and o > 1,
C hrz (4=0) in the strongly degenerate case or when o < 1.

Here the accuracy is a decreasing function of o, which is reflected in decreasing
rates in o when the regularity is fixed (strongly degenerate and smooth cases).
In the weakly non-degenerate case, regularity is increasing with ¢ and so are the
rates despite decreasing accuracy. Rates are higher when solutions are more regular
and maximal in the smooth case. These results are sharper than previous results
[10, 11, 8] in the strongly degenerate case, and new in the weakly non-degenerate
case where the rate increases from % at o =1to % in the limit as o — 2.

(d) New approzimations based on powers of discrete Laplacians are introduced in
Section 4 for HJB equations with fractional Laplacians, Z%[¢] = —a®(—A)% ¢.
These problems are always weakly non-degenerate, and we prove precise error
bounds,

Chz for 0<o <1,
lu—un|re < . (1.4)
Chz for 1<o<2.

Under our assumptions these rates are optimal, and as ¢ — 2, the error bounds
approach the O(h) bound in the local 2nd order case [32].°

Outline. The remaining part of this paper is organized as follows: In Section 2
we introduce the notation and assumptions for the strongly degenerate and weakly
non-degenerate problems, and give wellposedness and regularity results for equation
(1.1) in both cases. In Section 3 we consider the diffusion corrected difference-
quadrature approximations of (1.1) for general nonlocal operators and state our
main error bounds. In Section 4 we give the results for approximation based on
powers of discrete Laplacians. The proofs of these results are given in Sections 5
and 6. In Section 7 we discuss extensions to problems with non-zero drift and more
non-symmetric diffusions.

2. STRONGLY AND WEAKLY NON-DEGENERATE FRACTIONAL HJB EQUATIONS

In this section we present the assumptions on nonlocal HJB equations and
give wellposedness and regularity results. We start by introducing some nota-
tion. By C, K etc. we mean various constants which may change from line to

line, | - | is the euclidean norm, and the norms |lu|lg = sup, |u(z)| and ||ul; =
lulo + sup, 4, % Cy(Q) is the space of bounded continuous functions on

Q C RY, while C"(Q) and C™7(Q) for n € N and v € (0, 1], denote the spaces of
n-th time continuously differentiable functions on @ with finite norms
D"u(x) — D™u
o = o+ sup (282 = Dut)
Tz#Yy |,T - yl

n
lullo =Y I1D7ullo and |yl ;
j=0
where D™u is the (n-form of) n-th order derivatives of w.

5When o — 2, problem (1.1) converges by [24] to local the 2nd order problem of [32].



6 INDRANIL CHOWDHURY AND ESPEN R. JAKOBSEN

2.1. Assumptions and wellposedness of (1.1). First we list assumptions needed
for wellposedness and Lipschitz regularity of viscosity solutions of (1.1).

(A.1) Ais a separable metric spaces, ¢*(z) > A > 0, and ¢*(z), f*(x), and n*(z)
are continuous in «, x, and z.

(A.2) There is a K > 0 such that
[N+ e+ % llo < K- for a € A.

(A.3) There is a K > 0 such that
n*(z)| < K|z| for |z]<1, acA

(A.4) v, is a nonnegative Radon measures on RY and there is K > 0 such that

/ |22 (dz) —|—/ vo(dz) < K.
|2|<1 |z>1

In some results we also need symmetry assumptions on the nonlocal terms and
upper bounds on the density of the Lévy measure.

(A.5) va(dz) 1)< is symmetric for o € A.
(A.6) v, is absolutely continuous on |z| < 1, and there are o € (0,2), M € N,
and C' > 0 such that
dv,, C

OSESW for |Z|<1, CYEA.

(A7) n*(—2) = —n“(z) for |z|]<1and a € A

Remark 2.1. (a) Under (A.3) and (A.4), any pure jump Lévy process is allowed
as a driver for the SDE (1.3). This includes stable, processes, tempered processes,
spectrally one-sided process, compound Poisson processes, and most jump processes
considered in finance [1, 27]. The generators of these processes are Z.

(b) Assumption (A.6) is a restriction implying that Z¢ (which may be degenerate)
contains fractional derivatives of orders at most o. It can be replaced by a more
general integral condition to also cover non-absolutely continuous Lévy measures,

r_2+"/ |2|2dv, +7°_1+‘7/ |z|dve, —|—7°‘7/ dve, < C
|z|<r r<]z|<1 r<|z|<1

for some C' > 0 independent of o and r € (0,1). This condition is satisfied e.g.
sums of one-dimensional operators (possibly of different orders) satisfying (A.6).

(¢c) By symmetry (A.5) and (A.7) it is clear that f5<|2|<1 n%(2) vo(dz) = 0. Hence
we can also define Z¢ in (1.2) using principal values and dropping the gradient

(compensator) term.

(d) Note that (A.3)—(A.7) give no restrictions on the tails of the Lévy measures
and the nonsingular part of the nonlocal operators. This possibly non-symmetric
part could be the generator of any compound Poisson process.

(e) The fractional Laplacian —(—A)%, where n® = z and v(dz) = ‘ZC‘QT’Ldz, is a
special case satisfying all assumptions (A.3)—(A.7), see also section 4.
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A definition and general theory of viscosity solution for the nonlocal equations
like (1.1) can be found e.g. in [46, 3], but we do not need this generality here. In
particular since there is no local diffusion, we could follow the simpler (comparison)
arguments of [24]. Wellposedness and Lipschitz regularity for solutions of equation
(1.1) are given in the next result.

Proposition 2.2. Assume (A.1)- (A.4).
(a) If u and v are bounded upper semicontinuous viscosity subsolution and
bounded lower semicontinuous supersolution of (1.1), then
u<wv in RV,
(b) There exists a unique viscosity solution u € Cp(RY) of equation (1.1).

(¢) The wiscosity solution w of (1.1) is Lipschitz continuous,
1 1
lullo < 5 sup [f*llo,  [[Dullo < < sup (1Dl + [ De*[lo]|u]o)-
Aaca A aca

Proof. We refer to [24] Theorems 2.1, 2.3, and Corollary 2.3 for the proof (see also
[12]) of parts (a), (b), and the first part of (c). The second estimate in (c) follows
by the comparison principle in a standard way. (I

2.2. Extra regularity for weakly non-degenerate equations. A weakly non-
degenerate version of (1.1) is

Au(z) + sup {f*(x) = I%ul(z)} = 0, (2.1)

where to simplify we have set ¢*(z) = A > 0. We assume slightly more regularity
of f and weak degeneracy in the following sense:

(B.1) Weak-degeneracy: There are g € A, ¢, > 0, and K > 0, such that

. dyao CO[()
(4) iz = [pN+e for |z <1,
(i) |n*°(z) —n*(0) — 2| < K|z|2 for |z] < 1.

(B.2) Thereis 8 > (0 — 1) and K > 0 such that || f*||1,5 < K for every a € A.

Remark 2.3. (a) Assumption (B.1) is a lower bound on the order of differentiabil-
ity of Z¢° and implies that it is elliptic/non-degenerate. The lower bounds behaves
as z — 0 as the J-fractional Laplacian.

(b) weakly non-degenerate in (B.1) means that there is at least one «q such that
Z°° is non-degenerate. If 7 is non-degenerate for all a,, with uniform bounds in
(B.1), then equation (1.1) is (uniformly/strongly) non-degenerate and have classical
solutions.

We prove our regularity results via an approximate problem where the Lévy
measure is truncated near origin:

Mu(z) + sup {f(z) — % [u)(z)} =0 in RN, (2.2)
acA
where Z%7" is defined by

%" g(x) := o(z +1"(2)) — 6(x) | valdz).
/z>r ( )
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Note that Z%" is a bounded operator, well-defined for bounded functions, and then
that viscosity solutions of equation (2.2) also will be pointwise/classical solutions.
This problem is well-posed by Proposition 2.2, and we have the following stability
and approximation results:

Lemma 2.4. Assume (A.1)-(A.4), (A.6), u, and u are the unique bounded solu-
tions of (2.2) and (2.1). Then there is a C > 0 independent of v such that

1 _c
llurllon < 3 Sup £ N0, and  flu—u.llo < Cr'73.
aEe

Proof. The first part follows from Proposition 2.2 (c¢). By a continuous dependence
result,

1
e = flo < K sup (/ 22 va(dz))”
acA |z|<r

for some K > 0 independent of r. Since f|z|<r |22 v (dz) = C' 1?77 by (A.6), the
second part follows. The continuous dependence result is the stationary version of
Theorem 4.1 in [16] and can be proved in a similar way. We omit the proof here. [

We introduce a truncated fractional Laplacian,
A lol(@) = [
|z|>r

Theorem 2.5. Assume (A.1)-(A.7), (B.1)-(B.2), and u, is the unique viscosity
solution of (2.2). Then for any r > 0 there is a K > 0 independent of r such that

(éz + 2) — 8(x)) H%

a,r K
A7 [ur] [lo < —. (2.3)
Caq
Proof. Let us define the bounded auxiliary operator
Capdz
TR = [ (o) o)
z|>r
1) A uniform bound on w, := —J"[u,]. Fix 2 € RY. By (2.2) and properties of
suprema, for any € > 0 there exists & € A such that
Aup(z) + (@) — I%"ur(z) > —€, (2.4)
and (trivially) for any y € RY,
Aup(r+y)+ fA(r+y) — I%u.(z +y) <0. (2.5)

Take y = n®°(z), subtract equations (2.4) and (2.5), multiply by IZIC%’ and inte-
grate over |z| > r. The result is then
A =T w (@) = T [f)(@) = T [ = I ]| (2) = —e.

This inequality holds for & and then also holds for the supremum over all a € A.
Since € > 0 and € RN are arbitrary, J” and Z®" are linear operators, and by
Fubini J" [Z%"[u,]] = Z%"[J"[u,]], by the definition of w, we have

Aw, (x) + 21613{ - I (@) = I [w,](z)} = 0 in RV, (2.6)
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By assumption (B.2), C := sup,e 4 |T"[f]llo < o0, so —% is a subsolution of
(2.6).° Then by comparison, Proposition 2.2 (a),”

T [ur] = wyr > —% in RN, (2.7)

To get a lower bound on J"[u,], we use the upper bound and weak degeneracy:
Vo (2) — E |N+(, >0 for |z| < 1. Let y = n®(2), subtract (2.5) and (2.4), multiply

by (Vg (2) — |z|N+<f)7 and integrate over r < |z| < 1. The result is
A= (@ = I (2) = (I = T *](@)
—T [ - @ - I ]| (@) 2 e

where J{[¢](x) = fr<|z|<1 (p(x + 1 (2)) — ¢(x)) ICTR’*"' Then arguing as for the
upper bound we have

—(Z8T — T ) ur] > — in RV, (2.8)

The above estimate implies —J [u,](z) < %
fore since u, solves (2.2), that

= I\ [ur] ()

< £ sup (=T ] + ()} + @)
acA

suPaea { — 27 [us](z)}, and there-

wsup £+ Mo+ sup | [ (el (2) — )l
acA |z|>1

C
< 5 +0+ sup %o + ()\ +2 sup/ Va(dz)) leerlo- (2.9)
a€AJ|z|>1

Let J" = J + J*" where J'" = ‘Z‘>1( . )‘ ‘NH,. By (A.2), (A.4), and Lemma
2.4, both the right hand side of (2.9) and J'"[u,] are bounded, and hence
~J"u,]<C  in RY, (2.10)

for some constant C' > 0 independent of . By (2.7) and (2.10) we conclude that
|wy| = |T"[ur]| < Cy for some other Cy > 0 independent of r.
2) The bound on A%"[u,]. Since cq, > 0 by (B.1), from step 1) it follows that
@ dz Cl
P | [ et @) - w@) | <
|z|>r |Z| c

From this estimate, the bound ||u,|jo1 < K, and (B.1)(i7) and (A.3) (implying
n*(0) = 0), we see that

@0

|ATT [ (z)| < T+ / N ‘uT(:E + 1% (2)) — ur(z + z)‘ |Z|de+g

Cl dz dz
<9 Dy ||0/ 22 =2 4o ||0/ _dz
Cap " r<|z|<1 |Z|N+U ' |z|>1 |Z|N+a

The right hand side is uniformly bounded so the proof is complete. (I

6Replace > by = in (2.6).
"Equation (2.6) (replace > by =) is of same form as in (1.1).
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Sending 7 — 0 in the above result, we get a key result for this paper.

Corollary 2.6. Assume (A.1)-(A.7), (B.1)-(B.2), and u it the unique viscosity
solution of (2.1). Then (—A)%[u] € L=®(RY).

Proof. Note that since u is bounded, (—A)?% [u] defines a distribution by

(-85 0) = [ (o) (-D)F[lw)do forany o€ CE(RY),

RN
To complete the proof we must show that this distribution can be represented by
a function in L>=(RY). Let u, be the bounded solution of (2.2), and note that

[ ) oo — [ o)A l6)() d
RN RN

‘/RN u ) (2) (=) E [6](a) | + o, (2.11)
where (—A)%[¢] € LY(RY)® and by Taylor,

1= [ |(-a7"6 - (216 )] as
dz

= [ @62 - o) -2 Vo) |

dz
< ||D2<15||L1<]RN>/|| Ell T S < O||D? |1 rvyr®™
z|<r

AN

By Lemma 2.4, |lu.|lp is bounded independently of r and w, — u in L*, hence
since A%" is self-adjoint, it follows from (2.11) that

/R Lul@) (—A)2[9)(z) do = lim | ur(2)(~A%"[¢])() dx

r—0 RN

= lim (=A% uy)) (z) ¢(z) d. (2.12)
r—0 RN
By Theorem 2.5, [|A%"[u,]|lo < K for some K > 0 independent of r. By weak star
compactness (Alaoglou/Helly) there is an f € L>®(R") and a subsequence {r,},
such that 7, — 0 and (=A%™[u,. ]) = f in L. Passing to the limit in (2.12),
[ 0@) -8)F @) do = lim [ (A% D) sy do = [ @) ofe) de
RN n—oo RN RN

The proof is complete. O

We immediately observe an improvement of regularity for the viscosity solution
of (2.1) in the case that o > 1 (compare with Proposition 2.2).

Theorem 2.7. Assume o > 1, (A.1)-(A.7), (B.1)-(B.2), and u is the unique
viscosity solution of (2.1). Then u € CH*~L(RY) and

ull1.o—1 < K ([lullo + I (=2) £ [u] [lo)-

Proof. By the Corollary 2.6, (—=A)%[u] € L*(RY), and from the definition of
viscosity solution u € L (RY). Therefore the result follows from Theorem 1.1(a)
of the article [58] by Ros-Oton and Serra. O

8A Taylor expansion shows that ||(—A)Z (@)l L1 < clléllyy2.1, and ||@]ly2,1 < oo for ¢ € C.
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Remark 2.8. When o < 1 we get no improvement in regularity from Lipschitz
(Proposition 2.2(c)). But here Lipschitz regularity is sufficient for solutions to be
point-wise classical solutions of (2.1).

3. DIFFUSION CORRECTED DIFFERENCE-QUADRATURE SCHEME

In this section we construct monotone discretizations for equation (1.1) (and
(2.1)), and give precise results on their convergence rates. There are two main
steps to construct the schemes: (i) approximate the singular part of the nonlocal
operator by a local diffusion, and (ii) discretize the resulting equations using semi-
Lagrangian type of difference quadrature schemes.

By symmetry (A.5) and (A.7), (f5<\z\<177a(z) ua(dz)) - V¢(x) = 0. For 6 €

(0,1), we then write the nonlocal operator Z¢ as
Il (x) = x z2)) — o(t,x) —n*(2) - Vo(x) ) vo(dz
9)(x) </z<5+/z>5> (6@ +1°(2)) — 6(t.2) — 1°(2) - Vo(a)) va(d2)
= [, (G ) o) — () Vo) vald

! /z>5 (05(17 +1%(2)) — o(t, 17)) Vo (dz)

= I3[0 () + I%°[g)(x). (3.1)

The § will be chosen later. We say that Z¢ is the singular part” of Z%, while s
is always a bounded operator.

3.1. Approximation of the singular part of the nonlocal operator. The
simplest (but not very accurate) discretization of Z§'[¢] is to replace it by 0. Better
approximations can be obtained using local diffusion terms [27, 48]. This cor-
responds to approximating the small jumps in the SDE (1.3) by an appropriate
Brownian motion [2]. We define

1

=g [ rEPET)  wd L) = il D),

where a§ is a constant non-negative matrix and ¢ € CZ(RY). We approximate
equation (1.1) by replacing Z§[¢] with L§[¢](x):

sup { f*(z) + ¢ (@)u(z) - £3[6)(x) ~T*[)(@)} =0 i RY.  (32)
aceA

Lemma 3.1. Assume (A.1)-(A.7) and 6 € (0,1). Then there are C, K > 0 inde-
pendent of 0, a, ¢ such that

(i) |Z5[0] - L5[6)] < C6*7(ID*¢llo, (3.3)

(i) a3 < /| () < K5 (3.4)

9When v has a singularity at the origin, this is a singular integral operator. If the singularity
is strong enough, the operator will be a fractional differential operator of positive order.
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Proof. By Taylor’s expansion theorem and smooth ¢,

/|z|<6 (¢(I +n%2)) + o(x) —n*(2) - ng) Ve (d2)

= [ (") Dola) T+ Y il () DPo(a) valdz) + Errs,
l21<8 T
where Errs = % > 51— [f\z\<5 fol(l — )87 Un(2)]? DPg(x + sz) dsva(dz)]. B
the assumptions (A.5) and (A.7) and then by (A.6) we have

/ [1°(2))°DP¢(x) va(dz) = 0 and  |Errs| < C8'7||D"¢llo.
|B]=3 " 1219
That proves part (i). Part (i3) follows by (A.3) and (A.4). O

3.2. Consistent monotone discretization of the approximate equation. We
now approximate the local and nonlocal part of equation (3.2) separately.

(i) Discretization of the local term: Since a§ is symmetric and nonnegative (§Ta§‘§ =
f‘z‘d(no‘(z) - €)?va(dz) > 0), it has a square root with columns (,/a$);. We then
introduce the semi Lagrangian (SL) approximation (inspired by [21, 30])

L5) = t?"[a?D2¢]

_ Z oz + k(\/aF)s) + ¢2<:Z2— VD)) 200 _ pe @), (35)

This approximation is monotone by construction, and by Taylor expansions,
1£510] = D5 [0l < Kla§ k| D*¢llo < K5**= k| D'¢lo. (3.6)

Since z; &+ k(y/a§); may not be on the grid, we interpolate to get a full discretiza-
tion. To preserve monotonicity, we use linear/multilinear interpolation ip(¢)(x) =

> ez d(xj)ws(z) where the basis functions wj > 0 and >, wj = 1. Let
i +k(\/a®))] +i — k(/a®))] -2
o) = 32 2 T+ ilola = K/T] ~2000)

i=1
By the property of multilinear interpolation, this approximation is monotone with
h2
|L5 1.1 (0] — Dsild]] < CﬁHDQ(bHO- (3.8)
By (3.6) and (3.8) we have a truncation error bound for the local approximate term.

Lemma 3.2. Assume (A.3)-(A.7). Then there is K > 0 independent of h,d, a, ¢
such that

h2
[£84l0)(@) = £5[68)(@)] < K (82 k2| D*llo + 751D%l ). (3.9)

(i) Discretization of the nonlocal term: We follow [8, Section 3] and approximate
Z*9 by the quadrature

L0l = Y (dl@+ay) = d@)rss w5 = Jleswi(n®(2); Mva(dz), (3.10)

jeznN
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where {wj}; is the basis for multilinear interpolation defined above. Since w; > 0,
Hz’f > 0, and the approximation I,(f"s is monotone. A Taylor expansion gives an
estimate on the local truncation error, c.f. [8]:

Lemma 3.3. Assume (A.3)-(A.4) and (A.6). Then there is K > 0 independent
of h,d,a, ¢ such that

[Z°906)(x) ~ T [0)(a)| < K | D% (311)

(i) Discretization of the nonlocal equation (1.1):
sup { £(2) + e (2)u(z) = Ll (@) = T Ll(e)} =0 i RY, - (312)
or in weakly non-degenerate case (2.1) where ¢*(z) = A,
Av(z) + 21613 {fo‘(x) = L5y pv](x) — I,?’é[v](:z)} =0 in RV, (3.13)

3.3. Properties and convergence analysis for the schemes. We state well-
posedness, comparison, L>-stability, and L°°-convergence results for the schemes
in different settings.
Theorem 3.4 (wellposedness, stability). Assume (A.1)-(A.4).

(a) There exists a unique solution uj, € Cp(RY) of (3.12).

(b) If up,vn, € Co(RY) are sub and supersolutions of (3.12), then up < vp,.

(c) If up is the unique solution of (3.12), then |uplo < C'supyeq |flo-
Proof. Part (a) can be proved using Banach fixed point arguments, we refer to [9,
Lemma 3.1] for details. Part (b) is a consequence of the scheme having positive

coefficients. Finally, part (c) follows from (b) by taking &+ sup,e 4 [/“[o as super
and sub-solution of the scheme (3.12) respectively. O

If the solutions of (1.1) are very smooth (Cy), then we get the best possible
convergence rate for our scheme — what some would call the accuracy of the method:

Proposition 3.5 (Smooth solutions). Assume (A./)-(A.7), o € (0,2), u € CH(RY)
solves (1.1), and uy, solves (3.12) with k = O(h%) and § = O(h%). Then there is
C > 0 such that

lu —up| < Ch? %,

This rate is always better than 1, and approaches 1 as ¢ — 27. We will not
discuss assumptions to have so smooth solutions, but below we will give results that
holds for the solutions that exist under the assumptions of this paper.

Proof. By equation (1.1) and the errors bounds (3.3), (3.9), (3.11), for any a € A,
a a a @, a a a,d
f@) + e (@)ulr) = L), p[ul(2) = T, [u(2) < T[u](x) = L5 ) pul(x) = L,  [u](2)
h? h?
< (6" |ID*ullo + T3 IID%ullo + 83~ k2| D¥ullo + == D*ull ) = Bs.
This implies u(z) — % is a subsolution of (3.12), and by Theorem 3.4 (b) that

U —up < ——.

A
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Again by (1.1), the definition of the sup, and the errors bounds, for any x € RY
and € > 0, there is a a. € A such that
Qe Qe e, 0 Qe ,0
[ @)+ (@)ule) — L3357 [ul(z) — T, [u] (z)
> —e+ I [u)(z) — L35 [ul(z) — Iy’ [u](x) > —e — Bys.

Let = u-+ B;"‘, and note that

sup { £°(2) + ¢ )ia) ~ L5l (@) ~ T lal(w)} > .

Since € and x are arbitrary, 4 is a supersolution of (3.12), and then u — u < B’A"‘;

by Theorem 3.4 (b). Since u € C(RY), we have shown that
c h? h?

_ < Z (54— ~ 2(2—0) 1.2 )

lu uh|_/\(5 +k2+5 k+5g)

We conclude by taking the optimal choices k? = O(57%) and then § = O(h2). O

The next two results form the main contribution of this paper along with the
result of section 4. These results give very precise rates of convergence for our
monotone numerical approximations in cases of strongly and weakly non-degenerate
equations respectively. Note that in these results the solutions u of (1.1) and (2.1)
will not be smooth. The proofs of these results are given in Section 5.

Theorem 3.6 (Strongly degenerate equations). Assume o € (0,2), h € (0,1),
(A.1)-(A.7), u and up are solutions of (1.1) and (3.12) for k = O(hAl%) and
§= O(hﬁ). Then there is a C > 0 such that

lu— up| < ChTFe. (3.14)

Remark 3.7. (a) Therate j:_—g is decreasing in o. It equals % at 0 = 1, approaches
laso— 0%, and $ as 0 — 27,

(b) The "CFL” conditions k = O(thdff) and § = O(hﬂ%) imply that 2 — 0 and
% —+0ash—0.

(¢c) Conditions (A.5) and (A.7) are symmetry assumptions on the singular part
of 7% which lead to best possible rates. We refer to Section 7 for extensions to
nonsymmetric nonlocal operators and the corresponding (slightly) lower rates.

In the weakly non-degenerate case we get an improvement in the rate due to the
better regularity of solutions both for the equation and the numerical scheme:

Theorem 3.8 (weakly non-degenerate equations). Assume o € (0,2), h € (0,1),
(A.1)-(A.7), (B.1)-(B.2), u and uy, are the solutions of (2.1) and (3.12) for k =

O(h42+_ga) and 0 = O(hﬁ). Then there is C > 0 independent of h such that

C hiws for 0<o <1,
lu —up| < o) (3.15)

C h™ate for 1<o<2.

Remark 3.9. For ¢ < 1, the results are the same as in Theorem 3.6. For o > 1,
the rate of convergence is always more than O(hz), and the rate approaches O(h%)
when ¢ — 2. The ”CFL” conditions are the same as in Theorem 3.6.
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4. POWERS OF DISCRETE LAPLACIAN

In this section we consider versions of equation (1.1) where the nonlocal operator
is the fractional Laplacian,

Au(z) + sup {f*(z) + a® (=A)Zu(z)} = 0. (4.1)

acA
In other words, Z® = —a® (—=A)%, v4(dz) = a® |N+2od2 and n*(z) = z in (1.2).
Here (A.3)—(A.7) trivially holds. We assume (B 1), the equation is weakly non-

degenerate (otherwise the equation is purely algebraic), which here is equivalent
to

there is ag € A such that a® > 0. (4.2)

Under assumptions (A.1), (A.2), (B.1), and (B.2), we can use Proposition 2.2,
Lemma 2.4, and Theorem 2.7 to conclude wellposedness, stability, approximation,
and regularity results for (4.1). Here we introduce and analyse a discretization

Aun(@) + sup {f(z) + a®(= Ap) % [up)(2)} = 0, (4.3)
ae
based on powers of the discrete Laplacian (—Ap)?%, see [25, 35] and also [13]. As

far as we know, this is the first time this type of discretization has been considered
for HJB equations. It is a very good approximation in the sense that it is a mono-
tone method of second order accuracy. This is better than the diffusion corrected
discretization of Section 3.

Let Apd(x) = Zivzl 7z (¢(z+hey) —2¢(x) — ¢(z—hey,)) be the 2nd order central
finite difference approximation of the Laplacian A¢, then

o) =gy | (2000 - 000) 157 (44)

2

[V

(—=Ap)

where U (t) = e*Ar1) is the solution of semi-discrete heat equation
U (x,t) = Ay U(z,t) for (x,t) € RY x (0,00),
U(z,0) = () for zeRY.

An explicit formula for e!®»¢ and details related to this approximation can be
found in Section 4.5 of [35]. We can write approximation (4.4) as a quadrature,

—(—AnEe) = Y (¢l +a) = o())kng with kg 0.

jezN\{o}

This is obviously a monotone approximation of the fractional Laplacian, and by
Lemma 4.22 in [35], it has the following local truncation error:

Lemma 4.1. Assume o € (0,2). Then for any smooth bounded function ¢,

(-2 E(@) - (~A)E ()| < 2 (IID*lo + 9]o)- (45)

We note that Theorem 3.4 (wellposedness and stability) also holds for (4.3). We
now state an error bound for this scheme. The proof is given in Section 6.
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Theorem 4.2. Assume h € (0,1), (A.1), (A.2), (B.1), (B.2), u and up are
solutions of equation (4.1) and the scheme (4.3). Then there is C > 0 such that
Chz for 0<o <1,
[ = unllo

2 for 1<o<2.

i (4.6)

Remark 4.3. The problem is weakly non-degenerate and the regularity of the
solution can be seen in the rate for ¢ > 1, c¢f. Theorem 2.7. This ¢ dependence
seems to be optimal, and is consistent as o — 2 with the O(h) bound obtained in
the 2nd order case in [32]. For o € (3,2), the rate is better than for the diffusion
corrected discretization in Theorem 3.8.

5. PROOFS OF THE ERROR BOUNDS FOR MONOTONE QUADRATURE SCHEMES
Here, we give proof of the convergence rates discussed in Section 3.

5.1. Strongly-degenerate equations — the proof of Theorem 3.6. Let (p€)€>0
be the standard mollifier on RY and define u. , = up, * p.. By (3.12),

F@) + " (@)un(@) — L5 g pun(@) — > (un(@ +x5) — un(@))ky; <0
jeznN
for any a € A. Let f& = f* x p., convolve by p., to get
FE@) + (une) * pe(@) = L une(@) = D (e +a5) = uno(@)) 5] <0.
jeznN

Since [|f* * pe — f*|o < Ke and [|(c%un) * pe — ¢® unello < sup,, [[De*|[ol[unlloe <
CK? e, we then find that

[ (@) + ¢ (@)uen(x) — I [uen] (z)
< HIa[ue,h] - (‘Cg,k,hue,h +Ia [ue h )HO CK2 + K) (51)

By Lemmas 3.1, 3.2, 3.3, and |Du 5|0 < M it follows that

‘I‘l[uéyh] — (‘C?,k,h Ue,h —|—Ih’ [ueﬂh )|O

1 1 1 Rh%1
<M= 0(54—" — +EPP) —) 5.2
- 8 + €3 + k2 ¢ 89 € ( )
Therefore ue p — 5 M. s, for M6 s = M.s+ (CK? + K)g, is a classical (and hence

also viscosity) subsolutlon of equation (1.1). By comparison for equation (1.1)
(Proposition 2.2 (a)), uen — % M, 5 < u. Since ||un — uenllo < €||Dunlo, we get

up —u < K(e + Méyg). (5.3)

The bound on u — uy can be proved in similar way. Let ue = u * p.. Arguing as

CH“”O 1

above, using Lemmas 3.1, 3.2, 3.3, and ||D*u|o < , we have

(@) + (@) uelx) = L8 p ue(z) = T ue] ()

< N2 e = (L8 g we + I3 [ud) ||, + (CK® + K)e < Mes + (CK? + K)e.

This implies u, — % Mm; is a subsolution of the numerical scheme (3.12). Compar-
ison for the scheme (3.12) (Theorem 3.4(b)) and ||u — uc||o < €||Du||o lead to

up, —u > —C(e + M s). (5.4)
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By (5.3) and (5.4) we get |u — up| < C(e + M, ), and then we optimize with
respect to k, 8, and e. The optimal choices k% = O(J«f—fd) and € = O(?h{) lead to

o h
u — up| < 0(64+5h*3+52h*1 + —g), (5.5)
02
and the result follows by choosing § = O(h 41&). O

5.2. Intermezzo on regularisations. In the remaining proofs we need high order
estimates for two different regularisation procedures: (i) Convolution with standard
mollifiers and (ii) convolution with fractional heat kernels. These estimates are
proved in this section.

Let p(z) = Zvp(%) for some p € C°(RY) with support in B(0, 1) and [, pdz =
1. Hence supp p. = B(0, €) and fRN pedz = 1. We define

v = v % p, (5.6)
for bounded continuous functions v. It then easily follows that v(¢) € Cye.

Lemma 5.1. Ifv € CY#(RYN) for B € (0,1] and p is a radial function, then

[0 —vllo < CePlollg  and  [[D™0(V]|o <

el

for any m > 2, where C and K are independent of €.

Proof. The first inequality follows since fR ~ Ype(y) dy = 0 and then
1) = v(@) =| [ (oo =) = vle) =y Vola)pclo) dy

<Cllols [ o) dy < Cluloe'.
R

Since [px D™ 'pe(y)dy = 0 by the divergence theorem, the second inequality fol-
lows since Dv € C” and
D™ = Dy x D™ p. = / [Dv(a —y) — Du(x)]D™ " pe(y)dy.
RN
([

Let K°(t,z) := F~1(e7t1")(z) be the fractional heat kernel, the fundamental

solution of the fractional heat equation wu; + (—A)%Zu = 0. Convolution with K
defines a smooth approximation of a bounded continuous function v,

ol(z) == v() * K7(e%, ) (a). (5.7)
Let K7(z) = K?(1,z). To prove estimates on vl we need some well-known
properties of K:
(i) K7€ C=((0,00) x RN), K7 >0, and [,y K°(t,z)dz = 1 for t > 0.
(ii) Ko(t+ s,x2) = K°(t,x) * K7(s,z) for t,s > 0 (convolution semigroup).

(iii) For t > 0 and z € RN, K°(t,z) = tng”(il where

o

Cot
(t§ + |$|2) e
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(iv) (Theorem 1.1(c) in [38]) For any m > 0 and multi-index § with |3]| = m,

B,
|DP K7 ()| < for zeRY,

= 1+ |z|N+e
We refer to [12, 33, 38] for the proofs.

Lemma 5.2. Assumee>0,0>1, € (0 —1,1), and v € CY3(RN). Then there
is C' > 0 independent of €, such that

ol — v|lo < Ce°.

Proof. Let S; be the fractional heat semigroup, i.e. v} = Sc- (v). Since S~ Ko (r,y)dy =
1, by Fubini’s Theorem and property (i) above,

(—A)E[S, |_’/RN/RN ‘T+Z|_Z|A)]+O_U(I_y)f(g(ﬁy)dfl?dy’

< /RN A)Z [v](z — y)| K7 (r,y)dy < [|(=2)% [v] fo.

Since [|(=A) 2 [v]]lo < K||v||1,5, for any t > s > 0,

1St(v) — Ss(v)| = ’/St Or[Sr(v))dr| = ’/

The lemma then follows by taking ¢t = €” and using that Ss(v) — v pointwise as
s —0. (]

m\q

(v)]dr| < K(t = s)[v]l1p-

Lemma 5.3. Assume ¢ >0, 0 > 1, m > 2, v € COY(RY), and define e = f
Then there exists C' > 0 independent of € such that

alH

1D o < —lvllos and D™ o < — ol 101

Proof. The first estimate is classical and follows from differentiating K7 (m — 1)
times and v once (c.f. Lemma 5.1) and noting that |:C|‘D;”I~{"(t,x)‘ € LY(RY) for
o > 1 and ¢t > 0 by property (iv) above.

For the second estimate, we must estimate d,, D®vl¢! for any multiindex o with
la| = m — 1. Rewriting vl as

loa loa

ol =0k K77, ) =0 *KU(%v ) *KU(E’ ) = ol *KU(%,x),
we find that
8miD°‘v[E] = 89“1)[51] * DO‘KU(%, )
First, by~ the divergence theorem and the decay at infinity (property (iv) above),
Jan DO‘K"(%7 y)dy = 0. Then, by self-similarity (property (iii)) and y = 2&2,

o

(D) (S y) = 2% Sy (DEK)2).
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Combining these facts with the change of variables y = €z, we see that

o

|aziDav[E]| = ’ / (a%v[él](x - y) - aziv[el](x))D;f(g(e ay) dy‘
RN 2
2ﬂ

/ |00,01) (& — €2) — 0,019 (2) | | D2K7 (2)] dz
]RN

— em—1
K - « g
< Gz 0o [ I DRROE)) d
€ RN
The proof is complete since |z|°~1 |D*K°(z)| € L' by property (iv) above. O

5.3. Weakly-degenerate equations — the proof of Theorem 3.8. We first
prove a discrete version of the bound on nonlocal operator in Theorem 2.5. Then
we show that these bounds leads to regularity of the numerical solution. From reg-
ularity, approximation, and comparison arguments the error bounds follows. Reg-
ularization arguments and the results of the previous section are used throughout.
For h,k,e > 0, and § € (0, 1), we define

igfk,h[éb] = L5 p10] +I;?’6[¢]7
dz

T = Y (b +a)—0la) [ w2 s

jezN |z|>6

where L§ IZ"‘S, and the weight function wj are defined in section 3.2. By defini-

tion J," % is a monotone approximation of the non-singular part of the operator

o6l = [ (040" (:) = o) = Vola) 1" (as) g (59

with local truncation error (Taylor expand, see e.g. [3, Section 3])
T 1)) — T[8)(@)] < C(llgllo + D ll0) (6> + h2677). (5.9)
The discrete version of Theorem 2.5 is the following result.

Theorem 5.4. Assume (A.1)-(A.5), (B.1)-(B.2), and uy, solves (3.13). Then for
§€(0,1), 0> h, and k > 6%, there is a K > 0 independent of h,k,d such that

1255, [un] llo < K, (5.10)
o K
| T ] llo < —. (5.11)

oo
The proof relies on the following technical lemma.

Lemma 5.5. Assume (A.1)-(A.6), (B.1)-(B.2), and «q is defined in (B.1). For

o €(0,1), there is a K > 0 independent of 0, h, k such that

[e% « hg o— 7(2—0) @
€550 WMo < K |75 + K o | i (PR

Proof. Let f(ofy) = f*xp, € C°(RY). By Lemma 5.1 and the fact that f* €
CLo-1(RY) by (B.2),

Cllf*1,0-1
m—ao

ID™ ey llo < and ||/ = f&yllo < Cy7 L l1.0-1- (5.12)
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Then by (3.8), (3.5), the bound on a$ in (3.4), and first part of (5.12),

£n )| < [o50se)| + Samip 2 o

< K|/ RIDA 5 o+ Co D212
K —0a (o7
< o (7 VI e

By the second part of (5.12) and the definition of L35 ; in (3.7),

Qo [e7s) a «Q e} ’7
“Cé,k,h[f( ] ‘Cékhf |_‘£5kh[f'y) f H<K_||f ||1<7 1y
and then
L5511 Mlo <ILsS% n L o + L5 5% 1 1)) — L55% 2 1F]llo

L L e G s
<[ (7 +007) + 517 (5.13)
The result follows by taking v = max{h, k& =" }. O

Proof of Theorem 5.4. (i) Since uy, solves (3.13), we find as in the proof of Theo-
rem 2.5, that —Z;" “up] is a supersolution of

Noa) + sup {=£5, 4[] = T 1] = T 1) (@) } =0, (5.14)
acA

By assumptions (B.2) and (A.3),

172415000 < Cr = e |

|z|<1

1218 va(dz) + 2] Flo / vold2),

|z|>1

where the constant C; > 0 is independent of «, §, and h. Since —Q is a subsolution

of (5.14), the comparison principle yields that Ia"’[s[uh]( ) < =t. Arguing in the
same way for the operator £59 sk and using Lemma 5.5, we get that

K h®

o— 0(2 o) -
T 5 2T 1 o

Taking & > Cmax{6%,h?} = C§% (assuming 6 > h) we find a constant Cy >
0 independent of «, k, h, and ¢ such that L5 ,[usn] < €2. Combining the two
estimates then gives

L5% nlun] <

Cy+ Oy
-

To get the lower bound, we use the definition of iﬁ%,h[uh] and the fact that up
is a subsolution of (3.13), to see that

— Lhalunl(w) < sup{=T3p pfun] @)}

39 lun)(z) <

< Nun(@) + sup { L5 ulun] = T Tunl(@) + £2@) } + (Nunllo + 171l
acA

< (Mlwallo + 171l
In view of (A.2) and Theorem 3.4 this completes the proof of (5.10).
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(ii)  The upper bound for —J;" °%[uy] follows from the same reasoning that led
to the upper bound in part (i). To prove the lower bound, we first note that

Jscpper s (z))(d;;o (2) — HT) dz > 0 by (B.1)(i) and the fact w; > 0. By
arguments similar to those that led to estimate (2.8), we then find that

> (wlora) =) [ ) (T - g ) de < -

jezN 0<]z|<1

Then by (5.10) (this bound also holds for I:“’é[uh], see the proof), > i ;v w;(n*°(2))
1, and (A.4), we have

(0% K (0%
— T lun) < x — I3 [uy)]

o AV, Cap
+ 3 (e +ay) @) [ @) (G2 - i)
jezn |z]>1 Z z
Capdz
< K+Cllu / uaodz—i—/ o < K 4+ Cllupllo-
lunlo( [ vesld)+ | 55T) Junllo

This completes the proof. O

By Theorem 2.7 the solution u of (2.1) and its regularization u(®) satisfy the
bounds of Lemma, 5.1 with 8 = o — 1. We now show similar bounds for the solution
uy, of the scheme (3.13) and regularizations of uj,. The results will incorporate error
terms due to truncation bounds for approximate operators.

Lemma 5.6. Assume (A.1)-(A.7), (B.1)-(B.2), 6 € (0,1), 6 > h, up solves
(3.13), and G = up * ¢ for 0 < ¢ € C°(RN) with [,n ¢dx = 1. Then there are
Ky, K9 > 0 independent of ,k,h and ¢ such that

(@) (=2 [anlllo < K (llwnllo,s + 82 (unllo + 1D%anllo) ).
(#9) @nllno-1 < Ka(1+ funllo,s +6*7 D anlo + 6%~ k2| Dl

n2,. . -
+ 5 D%nllo + W57 [ Dinlo ).

Note that a bound like (ii) follows from (i) by elliptic regularity, but bound (ii)
is an improvement on any bound coming from (i).

Proof. (i) Note that 7%°(0) = 0 by (A.3), z — n5'(2) = O(|z|?) by (B.1)(i4), and
lEnllor < ||unllo,1 by properties of convolutions. By the definition of J*° (5.8),
assumptions (A.3), (A.5)—(A.7), (B.1), and the truncation error bound (5.9),

[(—A) % [an] ()]
dz

< | ](x)] +| /| ) Vi)

d
+\/ iin (e + 2) — (e + 7% (2) =y
|z|>1 |Z|

- N K|z|?dz B dz
< 17 [anllo + IIVanllo / KBz | oo /|

s< |2V 21 |2V

< |7 nllo + CClunllo + 1D*nllo) (6°~7 + h*677) + collunllo.r-
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The proof is complete since by Theorem 5.4 and properties of convolutions,
177 @n]lo < CIl T [un]lo < K.

(i) By Theorem 5.4 and properties of convolutions, [|Z§, , [@n]llo < C|Z5%, , [un]llo <
K. From the error bounds (3.3), (3.9), and (3.11), it then follows that

2% [an]llo < Ky (K + 64| Do + 623k D]l
h? . 5 2,
+ 2z 1Dl + 5—g||D2uh||o>. (5.15)
We define the operator

Fé)(x) = /| (6l +2) = 0w — 2 Vo) (a2)

Cap
+ /|z|>1 (¢p(x + 2) — ¢(x) — z- Vo(z)) PLE
Since z — 1§ (z) = O(|z|?) by (B.1)(ii) and ||inllo1 < ||unllo.1, by (5.15) we have

| Tan)()] < [2°°[iin) ()|

[ e+ 2) = o+ 1700) — (5 =0 (2) - V(@) d2)
|z|<1

u U CaOdZ 71 ey ~ @0
+ ’ /Z>1 (an(z + 2) — an(x)) B /|z|>1 (an(z+j%(2)) — an(z))v (dz)‘
o [~ ~ g ag ~ Cayp +C
< [l + 200l [ e @l 2l [ G

< C(K + 6477 D lo + 622~ k2| D n o
h? h?
+ ﬁllDzﬂhllo + 5—C,||D2ﬂh||o + IIUhllo,l)- (5.16)

Hence J[i] € L®(RY) for fixed § and h. By (B.1)(i) and (A.6), the assumptions
of the regularity result [31, Theorem 3.8] are satisfied, and we conclude that

linlho-1 < K (lanllo + |17 Tanlo)-
The result then follows from (5.16). O

We now give results approximation and derivative bounds mollifications of up
by the fractional heat kernel. These are discrete versions of Lemmas 5.2 and 5.3.

Lemma 5.7. Assumed € (0,1), h <4,e>0, (A.1)-(A.5), (B.1)-(B.2), uy, solves
(3.13), and its mollification uf] is defined in (5.7). Then for m > 2,

1 1
||Dmu£f]||0 < K”Uh”O,l (1 + (547(! + 52(270)]{:2)_3 + (h2k72 + h257cr)_)'
gm=a € €
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Proof. By Lemma 5.3 and Lemma 5.6 (ii) with ¢(z) = K°(e%, z),

K
1D o < g g o
K 4—0o || 4, [e1] 2(2—0) 1.2 D4, le1]
< e (U llunllo, + 8771 D%y Ml + 6 k([ D%y, " lo
h? h?
+ 1D o + 1 D%l o)
where €; = 2% The result then follows from the first part of Lemma 5.3. O

Lemma 5.8. Assume 0 < h < <€, 6 € (0,1), (A.1)-(A.5), (B.1)-(B.2), up,
solves (3.13), and its mollification uf] is defined in (5.7). Then

h2
||u£f] —upllo < C(64e” + §2mog2ol) 210 4 ﬁé"*l).

Proof. Let Sy be the fractional heat semigroup (c.f. the proof of Lemma 5.2) so
that uf] = Sco(up). By properties of S; and Lemmas 5.6 (¢) and 5.7, we have

/(—A)%[ST[uthr‘ < c/ (1—1—62_‘5(14—||D2ug%]||0))dr

< O/t (1 N 527 (1 N R +5%(2*“)k2 N h2k=2 + h25*“))dT

|Stlun] = Ss[un]| =

2o 3 T
re re

r o

2(c—1) 20—-5
o

4 (56720 4 56730k2)8 =

< O(t + 6277t + (h25272a + h25270’k72)826;3 )

Since || Ss[up] — [un]llo < Cs%||uh||011, we then find that

2(c—1) 20—5

15¢[un) = [un]llo < 0(55 Ht+ 07 T+ (0572 4857 ) 57T

+ (h2622% 4 h2527ok72)52";3 ) '

This estimate holds for any s € (0,¢). Note that since h < ¢, the Take ¢t = ¢” and
s =07 to find that

||u£f] _ uhHO < 0(5 e + 527062(071) + (56*20’ + 56730}{32)52075
+ (h252—20 + h252—ak—2)620—3>'

h2
< C(5+€U + 5270’62(071) +5+ k2517¢7 +5+ ﬁisofl)'
This completes the proof. (I

In the last proof the dependence on the parameters are only partially optimized,
but the result is still good enough for our purposes — the optimal error bound that
we will prove next.

Proof of Theorem 3.8. The proof is similar to the proof of Theorem 3.6, and only
the case o > 1 is new. Let (pé)oo be the standard mollifier on RY and define

u(®) = u * p.. Since u is the viscosity solution of (2.1), u(®) is a smooth solution of

Ml 4 sup {(£)9 @) = T[]} < 0.
acA
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By Theorem 2.7, u € C*~1(RY), and by (B.2) and Lemma 5.1, || f* — (f*)©)||o <
Ke?. Therefore, from the truncation error bounds (3.3), (3.9) and (3.11) we get

A+ sup { £ (@) = Zgu® | < sup [I1F* = (£) o + |17 1] = 2o
acA acA

< Ce® + 0(547‘7||D4u(5)||0 + 52(270)k2”D4u(5)”0

W D2y 4 B paye
€ >4
+ 10?0 + = 1D%u) o)

1R 1 R
_ 4+ ) = A

1
4—0_ ~ 2(2—0) 1.2
<C( +9 +5 'k cA- L2 c2—0 ' §og2—0o

Hence u(®) — %Aa is a subsolution of the equation (3.13), and the comparison
principle for (3. 13) then implies that u(9) — %AE < up. By Theorem 2.7 and
Lemma 5.1, ||u(® — u|| < K¢, and we conclude that

C
u(z) —up(x) < Ce” + XAE'
Minimizing by taking k2 = 0(52 (,) 0= O(hég%), and € = O(hﬁ_g), leads to

—0o)

u(x) — up(x )<Kh =

The lower bound on u —uy, follows from a similar argument based on the solution
up, of the scheme (3.13). For technical reasons, we need to work with a different

regularisation ugf] based on the fractional heat kernel, see the definition in (5.7).
Since uy, solves (3.13), we have

A+ sup { () @) - T} <.

acA

By (B.2) and Lemma 5.2, ||f* — (f®)ll|| < Ce”, and then by Lemmas 3.1, 3.2
and 3.3,

A 4 sup {1(@) = T fT} < ke |0 uf) - 2 gl
acA
< Ke 4+ C( (67 + 6*@=k2) [ D4l o + (h2k2 + h2577) | D2l o) = B

Hence u%] — —B is a subsolution of equation (2.1), and the comparison principle

for (2.1) then implies that u[é] u < % B.. Therefore by Lemma 5.8 and the bounds
on || D4ulf uj, Yo and || D?uf uj, Jlo from Lemma 5.7, we get

h2
up—u < C(5+Eg +527U€2(0’71) + k251*0’ + ﬁaa’fl)

+ (6777 + 627 L 4+ (B2k 2 + h%0 7)1
gd—0o

L+ (6777 + 62k L 4 (B?k =2 + h2677)1

g2-0o :

0(5470 + 52(270)162) 1

+C(Kk™ + h*677)
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As in the proof of the upper bound, we now take k? = 0(5") so that

up —u < K(EU 4620200 L5y h2(5_1)
h257cr h45720 5470 h25472a 58720
C ( + 2 )

52—0 53—0 54—0 + 85_U 57—0

:Al + AQ.
To continue note we can factor the second term,
2 4—0 2 4—0
Taking § = O(hég%) as in the upper bound, we balance terms in As, and Ay =
—-a(l + a) for a® = O(};;L—;:) Finally (as for the upper bound) we take ¢ =
O(hi%). Then it is easy to check (for h < 1) that a = O(e) and

Ay < o( a ) — 0(c%) = O(h*T77).

gl—o
In the remaining A; term, using h < § < ¢ to estimate the 2nd and 4th terms, and
a direct computation for the d-term, we find that the 2nd and 4th terms are O(e?)
and O(h), while § = O(hﬂ%). Since Z4=2) < _4_ <1 we conclude that

440 — 440
o(4—0o)
up —u < Ch 4o,
This completes the proof of the theorem. O

6. PROOF OF ERROR BOUND FOR POWERS OF DISCRETE LAPLACIAN
We start with an analogous (uniform in k) bound as in Theorem 5.4.

Theorem 6.1. Assume (A.1)-(A.5), (B.1)-(B.2), and uy, solves (4.3). Then there
is K > 0 independent of h such that

[(=AR)% [up]llo < K.

We omit the proof which is similar to the proof of Theorem 5.4, but simpler
since we have no diffusion correction term in the approximation this time. Next we

state the analogous results to Lemmas 5.6 and 5.7 for regularisations ugf] (x) by the
fractional heat semigroup defined in (5.7).

Lemma 6.2. Assume o > 1, (A.1)-(A.7), (B.1)-(B.2), uy, solves (4.3), and uf]
is defined in (4.3). Then there is K > 0 independent of h and € such that
h2
o1 < K (14 55), (6.1)

and for m > 2,

N K h?
D uf]HoS (14—5—3)-

emfa'

Proof. By Theorem 6.1 and properties of K7, |[(—Ay) % [uf]] llo < CIl(=AR) 2 [un]llo <
CK, and we conclude from the truncation error bound (4.5) that

I=a) %o < Ky (=20 Ffunlllo + R2AD o + luf o). (6:2)
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Since ||Dmu§f)||0 < Emc,l [lunllo,r by Lemma 5.3, estimate (6.1) follows from the reg-

ularity estimate [58, Theorem 1.1(a)] by Ros-Oton and Serra for fractional Laplace
operators. The second part follows from (6.1) and Lemma 5.3. (]

We give a version of Lemma 5.8 for powers of the discrete fractional Laplacian.

Lemma 6.3. Assumeo >1,0<h < e 2, (A.1)-(A.5), (B.1)-(B.2), up, solves
(4.3), and uf] is defined in (5.7). Then

! = wnllo < & (= 11(=2) % funlllo + 77 [fun o ). (6.3)

Proof. The proof is similar to the proof of Lemma 5.8. By definition (5.7), uf] =

S,(up) where ¢ = r= and S, is the fractional heat semigroup. Therefore using
properties of heat kernels, estimate (6.2), and the first part of Lemma 5.3, we have

! - h?
Si(wn) = Sutun) < [ K (=20 Funllo + 2 unflon) dr

To

o 1 1
< K(t = 9) (=) Sl + Kn*funllos (== — —=).

3—a
S o

Su() = unl = | [ (unla = ¥9) = un@) ) K ) o] < K o

Moreover,
o h2 1
Se(un) = unl < K (t)(=An)Funllo + (<= + 57 ) lunllo.).
S o

The result now follows by taking ¢t = ¢? and s = hi_gv, noting that s < ¢ by the

assumption that h < e, (I

Proof of Theorem 4.2. The case 0 < 1 uses no more than Lipschitz continuity
of solutions and follows in straight forward way from the local truncation error
bound in Lemma 4.1 and the regularisation/comparison arguments in the proof of
Theorem 3.6. Therefore we focus on the case ¢ > 1. The arguments are same as
in the proof of Theorem 3.8. To prove the upper bound on v — up, we regularize
equation (4.1) and use the truncation error bound (4.5) to find that

Aul®) 4 sup {fo‘(gg) + aa(—Ah)%u(e)}
acA
S sup ||f04 - (fa)(e)”O + sup G/QH(—Ah)%u(E) _ (_A)%U(E)HO
acA acA
< Ke7 + O (1D o + (o).

Hence u(9) — £ (€7 + h%(|| D*u(® ||+ |ul9]o)) is a subsolution of equation (4.3). By
the comparison principle for (4.3), regularity of u given by Theorem 2.7, and the
bounds given by Lemma 5.1, we have

2

h
u(z) — up(x) < K(e" + 47(7).
€
We optimize the right hand side by choosing € = O(h%) and get
u(z) — up(x) < KhZ.
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To prove the lower bound we mollify/regularize the scheme (4.3) using the frac-
tional heat semigroup. Then by Lemma 5.2 for f* and the truncation error (4.5),

Ml + sup {£2(2) + 0 (=) Ful} < cem + on? (Do + uf o).
acA

Therefore ugf] — £ (€7 + h?|| D*ul|[o + h2||uld||) is a subsolution of equation (4.1),
and comparison for (4.1) then yields

. /. ) ‘
u%] —u< o (e + h2||D4U£1]||0 + h2||“£1]||0)-

Then by Lemma 6.3 (needs h < e“2%) and the ||D4u£f] lo-bound of Lemma 6.2,

h? h*
ed—o + eT—o ) '

uh—u§C(e‘7—|—hﬁ—|—
Optimizing in € by choosing € = O(h%), we get the final estimate
uh—ugK(h% —l—hﬁ).
The result now follows since ;2= > g for ¢ > 1 and h =2 < e™s (for h<1). O

7. EXTENSIONS

In this section we discuss two related extensions of our previous results: (i) to
nonlocal HJB equations with drift/advection terms, and (ii) to jump diffusions with
nonsymmetric singular parts in the sense that we drop condition (A.7). Consider

21613 {f*(=) + *(@)u(z) — b* - Vu(t,z) — I%u](z)} =0, in RY, (7.1)

where b® € RY and a modified version of (A.2) holds:
(A.2’) There is a K > 0 such that

£+ el + P+ lIn%llo < K for a € A.

Under assumptions (A.1), (A.2"), (A.3), (A.4) equation (7.1) is well-posed, com-
parison holds, and the Cj and Lipschitz bounds of Proposition 2.2 hold. The proof
is the same as for Proposition 2.2. Note that z-independent ™ is consistent with
z-independent n® in (1.2) and simplifies the presentation below.

Dropping (A.7) means that

b = / n%(2) va(dz) # 0,
6<]z|<1
and there is a new drift term in our equation. We can write the nonlocal term as
I°[¢)(x) = I3 [6)(x) + I*°[¢](x) — b™° - Vo (w),

where Z§', 79 are defined in Section 3. The term b®? is bounded under a C'*!
condition for n® at z = 0, a uniform in « version of assumption (B.1) (ii):

(A.8) There is K > 0 such that
In*(2) — 20°(0) — n%(—2)| < K|z|? for 2] <1, ae€A

This assumption is satisfied in most applications. The next result is a version of
Lemma 3.1 without (A.7).

Lemma 7.1. Assume (A.1), (A.2°), (A.3) - (A.6) and 6 € (0.1).
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(i) There is K > 0 independent of 6, v, ¢ such that
IZ5'[¢] — trlag D*¢]| < K6°~7[ D ¢lo. (7.2)
(i) If also (A.8) holds, there is C > 0 independent of 6, such that |b™°| < C.

Proof. (i) The proof is similar to the proof of Lemma 3.1. After a Taylor expansion
of ¢, we find that

I§[¢l(x) = trla§ D*¢] + Erry s,
1 — a (e
where Errs = % 2161=3 [f‘z‘«; Jo (1= $)B=UDBG(x + sn™(2))n* ()" ds Va(dz)]
and af is defined in Lemma 3.1. By (A.6) we have |Erry 5| < C3*~7|| D36|o.
(ii) Since n*(0) = 0 by (A.3), assumptions (A.5) and (A.8) lead to

B = /5 ) vald2)] < K /5 L et

By (A.4), this completes the proof. O

Following the approach of Section 3, to discretize (7.1) we first approximate small
jumps by a diffusion. This leads to equation (3.2) with a redefined operator £§ to
account for the drift:

£510)(z) = trag D*¢)(x) + b5 - Vo(),  bF =b* =7 (7.3)
where b is bounded under (A.2’) and (A.8). Then we approximate £ by
LEn®= LS n[8] + 5T Onend+ b5 On—e, @, (7.4)
where L§ , is defined in (3.7), ), are basis vectors in RN, by = (b, ,b%), and
u(z + hl) — u(x)

Opu(x) = for 1eRN #£0.

h

Here the drift term is discretized by an upwind finite difference method'’, and the
total discretization is still monotone. We estimate the truncation error next.

Lemma 7.2. Assume (A.1), (A.2°), (A.3)-(A.6), (A.8), € C*(RYN), and LY
and L., are defined by (7.3) and (7.4). Then there is K independent of h,k,d
such that

_ h2
|25 nl6) = £310]] < K (RID?6]lo +6* =k | D*llo + 151D%6]0).  (7.5)

Proof. The first term on the right hand side of (7.5) is classical and due to the
approximation of the drift. The remaining terms come from Lemma 3.2. O

The numerical scheme for equation (7.1) is defined by

sup { 1(@) + ¢ (@)ule) - £, [)(@) - T @)} =0 i RY,(76)
acA

where E_?,k,h and I,?’é are given by (7.4) and (3.10). This is a consistent, monotone,
and L°°-stable scheme. In the strongly degenerate case, an error estimate given by
the next result.

10This is just an example, many other monotone discretizations would also work here, also SL
schemes.
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Theorem 7.3. Assumeo € (0,2), h,k € (0,1),0 > h, (A.1), (A.2°), (A.3)-(A.0),
(A.8), u and up, solves (7.1) and (7.6).

(a) If k? = 0(52’1;%), then there is C > 0 such that

Chz for 0<o<$% and 5:O(h%)
|u - uh| S 2(3—0) 6 (7.7)
hote  for $<o0<2 and §=O0(hF7).
(b) When (A.7) holds and k* = 0(52}22% ), then there is C > 0 such that
Ch3 for 0<o< % and 6= O(h%)
lu —up| < s . (7.8)
Chive for % <o <2 and 5:O(h4+_a).

Remark 7.4. (a) When o < 1, the error can can not be better than O(hz)
because of the (local) drift term in (7.1). In this case the diffusion correction does
not improve the rate as it did in Section 3.

(b) Under assumption (A.8), we get improved convergence rates for any o > 1,
see Theorem 7.3 (b). The rate approaches % as 0 — 2, compared to % in part (a).

Sketch of proof: The proof is similar to the proof of Theorem 3.6, we only explain the
main differences. In view of Lemmas 3.1 and 7.1, replacing Lemma 3.2 by Lemma
7.2 when estimating (5.1), the constant M, s in (5.2) gets a O(2) contribution from
the drift and becomes

B+ hi 420 L Bl L for part (a),
Me,é = (79)
640 L+ hil 42520 L 4 Z—zé + g—: 1 for part (b).
In case (a) the nonlocal operator is not symmetric, so we have used Lemma 7.1 (i)
to get the first term. By (5.3) and (5.4) we get |u —up| < C(e+ M, s) and optimize
with respect to k, §, and e. First we take k2 = O((J—fa), then using h < §, we take

0= O(h%e%) for part (a) and ¢ = O(h%e%) for part (b) to get
C’(h%@*")e*%(?’*”) +hi+e) for part (a),
lu—un| < (7.10)
C(hz(=Pe 3+ L pl 4 ¢) for part (b).

2(3—0)

For part (a), the rate (7.7) follows by choosing € = O(max{h%,h sto 1), ie.
€= O(h%) for0 <o < %, and € = O(h%) for % < o < 2. For part (b), the con-
vergence rate (7.8) is observed by choosing € optimally as € = O( max {h% , hive }),
i.e.e:O(h%)f0r0<0§%andezO(hﬁ_g)for%§0<2. O
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