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Monotone two-scale methods for a class of
integro-differential operators and applications
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Céline Torres

Abstract. We develop a monotone, two-scale discretization for a class of integro-differential oper-
ators of order 2s, s € (0, 1). We apply it to develop numerical schemes, and derive pointwise
convergence rates for linear and obstacle problems governed by such operators. As applications
of the monotonicity, we provide error estimates for free boundaries and a convergent numerical
scheme for a concave fully nonlinear, nonlocal, problem.

1. Introduction

In recent times, nonlocal models have gained a lot of popularity in the pure and applied
sciences. The reason behind this boom is manifold. From the point of view of applications,
it is claimed that they are able to encode a wider range of phenomena when compared to
their local counterparts. In this regard, for instance, one can refer to the creation of peri-
dynamics [65, 66], nonlocal diffusion—reaction equations [70], fractional Cahn—Hilliard
models [3, 4], fractional porous media equations [31], the fractional Schrodinger equa-
tion [68], fractional viscoelasticity [26], fractional Monge—Ampere [18], and many more.
The interested reader can refer to the many existing overviews [12, 32, 48] for further
references and insight.

In our opinion, nonlocal models started to gain the attention of the mathematical com-
munity after the seminal work [20], where the authors showed that the so-called fractional
Laplacian (in the whole space) can be realized as a degenerate elliptic operator in one
more dimension. With this, many of the techniques that were used to analyze local prob-
lems could now be applied to nonlocal ones. Later, purely nonlocal techniques for many
problems were also introduced; see, for instance, [19,45].

Regarding the numerical treatment of nonlocal problems, some early attempts could
be found in [33, 34,41-43]. However, references [1, 13, 14,56] deserve special attention.
In [56] the extension technique of [20] was exploited to develop a numerical method, and
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its analysis, for the so-called spectral fractional Laplacian. References [13, 14] for the
spectral and integral fractional Laplacian, respectively, develop a nonconforming approx-
imation on the basis of an integral representation, a quadrature formula, and spatial dis-
cretization. Finally, closer to our discussion here is [ 1] where the integral fractional Lapla-
cian is considered. On the basis of weighted Holder regularity results developed in [61],
the authors of this work provide weighted Sobolev regularity, and construct a direct dis-
cretization over graded meshes that, in two dimensions, is optimal with respect to degrees
of freedom.

The error estimates of [1, 15] are in the energy and L?(£2)-norms. Pointwise error
estimates for the integral fractional Laplacian were obtained in [39], where a monotone
two-scale method for this operator was developed. The error estimates in [39] hinged on
weighted Holder regularity and the construction of suitable barriers.

Two-scale methods, such as those developed in [46, 52,53, 58] and [39, 40] naturally
inherit a discrete maximum principle from the continuous operator. This is in general not
true for finite element approximations. For instance, the finite element approximation of
the classical Laplacian possesses a discrete maximum principle only under certain geo-
metric constraints on the mesh such as weak acuteness [29, Section II1.20]. We stress that
for nonlocal operators, the lack of monotonicity for the finite element approximation is not
expected to be fixed by only a geometric constraint as for its local counterpart, especially
when s &~ 0, where the stiffness matrix approaches a standard mass matrix.

This brings us then to the main goals of the present work. We will consider an integro-
differential operator of order 2s, s € (0, 1), of the form

w(x) —w(y) (x—y )dy, (L.1)

|x — y[4+2s "\|x — y|

Lylw](x) = v.p./

R4
where the so-called kernel 1 : S~! — R is assumed to verify several properties that
will be specified below. Operators of this form have been extensively studied in prob-
ability and finance, as they represent the generator of 2s-stable Lévy processes; see, for
instance, [7,30]. The simplest, and most important, example is the aforementioned integral
fractional Laplacian (—A)*, for which 7(6) is constant:

4sT'(s + d/2)

In [39], the authors propose a monotone discretization for the fractional Laplacian based
on splitting the integral in the definition of the operator into a singular and a tail parts; the
former is approximated by a scaled finite-difference Laplacian. This, in essence, amounts
to truncating the kernel in a neighborhood of the origin. Inspired by that work, for a
broader class of operators with kernel 75 satisfying 0 < A < 5(6) < A (cf. Definition 1), we
develop a monotone, two-scale method for the discretization of operator (1.1) and show
its consistency under weighted Holder regularity assumptions. Instead of truncation, we
propose to regularize the kernel in (1.1) near the origin. From an analysis perspective,
this means that we use a zero-order operator for the approximation of the singular part of
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the integral. Regularization is robust with respect to both the presence of 1 and the limit
s 1 1. In Appendix A we provide further insight on the effect of truncation, which boils
down to replacing the singular integral part by a scaled second-order differential operator,
which turns out to be anisotropic when 7 is variable and may thus require wide stencils
for finite-difference approximations to be monotone.

We then consider three applications of our scheme of increasing difficulty. First, we
obtain pointwise rates of convergence for a linear problem where the operator is of the
form given by (1.1). Next, we consider an obstacle problem for (1.1) and obtain pointwise
rates of convergence. The latter, in turn, allow us to derive error estimates in Hausdorff
distance for free boundaries. This endeavor hinges on nondegeneracy properties that we
further proved. Finally, we develop a numerical scheme for a class of concave fully non-
linear integro-differential operators of order 2. Rates of convergence for problems of this
type, however, are at this stage beyond our reach. We point out that our rates of conver-
gence rely on realistic Holder regularity assumptions: C* regularity up to the boundary
and interior C# regularity, with 8 € (2s, 4). In the linear case, the interior regularity is
solely dictated by the regularity of the forcing function, whereas the obstacle problem
exhibits a reduced interior regularity of order § < 1 + s.

Our paper is organized as follows. We introduce notation and a suitable functional
framework in Section 2. We also present the class of integro-differential operators of
interest to us along with their most elementary properties. We explain the two-scale dis-
cretization of our operators in Section 3. We describe the action of the two scales—namely,
regularization and discretization—and study the consistency of approximations. The first
application of our two-scale discretization is the content of Section 4, where we approx-
imate a linear problem and derive pointwise rates of convergence. We next study an
obstacle problem in Section 5. We first prove pointwise convergence rates in Section 5.1.
In Section 5.2 we establish nondegeneracy properties, and in Section 5.3 we obtain error
estimates for free boundaries in Hausdorff distance. These estimates account for the pres-
ence of both regular and singular points. We insist once again that all our estimates rely
on realistic regularity assumptions. As a final application of our scheme, Section 6 studies
a concave fully nonlinear integro-differential equation. We propose a convergent scheme,
albeit without explicit rates of convergence. We conclude with Appendix A, which sheds
light on the nature of the differential operator required by consistency with quadratics to
replace the tip of the singular kernel Izldﬁn(é) for a general function 7.

2. Notation and preliminaries

Let us introduce some notation and terminology that will be used throughout our discus-
sion. For A, B € R, the relation A < B means that, for a nonessential constant ¢, we
have A < c¢B. The value of this constant may change in every occurrence. A 2 B means
B < A If A £ B < A, we abbreviate this by saying A ~ B. The Landau symbols, big-O
and little-o, respectively, are O and o.
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For r > 0 and x € R?, we denote by B,(x) the (open) Euclidean ball of radius r
centered at x. We set B, = B, (0). The unit sphere in R is S4~! = 3B;.

Throughout our discussion Q2 C RY, with d € N, is a bounded Lipschitz domain,
which we assume satisfies an exterior ball condition. We denote its boundary by 02 and
its complement by Q¢ = R% \ Q.

For x € 2, we define §(x) = dist(x, dR2) and if x, y € €2, then we set

8(x,y) = min{8(x),8(»)}.

2.1. Function spaces and their norms

We will adhere to standard notation for the Lebesgue spaces, and their norms, when they
are defined either over the whole space or some domain. Since we are concerned with
pointwise estimates, we must work with functions that are at least continuous. The space
of functions w : € — R that are continuous is denoted by C (). We recall that this space
endowed with the norm

lwllegy = sup [w(x)]
xeQ

is a Banach space. We also need spaces of continuously differentiable functions. For
k € N, we set

Ck@Q)={w:Q—R|DPweC@),pl <k}
We also set C°(2) = C(Q). The norm on these spaces is

lwllcr@ = sup I1DPwl g
|Bl<k

To provide a more refined characterization of smoothness, for k € Ny and « € (0, 1], we
define the Holder spaces via

CH Q) = {w e CXQ) | [DPwlcoeg < 0. 18] = k}.

where
T 16 Rt 4]
Co(Q) —
@ x,yeQix#£y |x — yl*

The norm in the Holder spaces is
@lcra@ = max{lwlcr ) max[DP wlcoe @)}

These spaces are complete. We set CK0(Q) = C*(Q). In addition, whenever k € Ny and
a € (0, 1] with k + o ¢ No, we may denote C*¥T%(Q) = C**(Q). Finally, for k € N,
and « € (0, 1], we will say that w € C**(Q) if wz € CK#(U) forall U € Q. A further
refinement of these spaces will be detailed when needed.
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We will also deal with fractional Sobolev spaces. For r € (0, 1), we set
H'R?) = {w € L2RY) | ] - a) < o0},
with

||w”1211r(Rd) = ”w”izggd) + [w]zr(Rd)!

C(d,r) lw(x) —w(y)[?
2 =7 =7 " dxd
[w]Hr(]Rd) ) //]I;dXRd |x — y|d+2r xday,

for which it is a Hilbert space. We also set, again for r € (0, 1),
A (Q) = {w e LX(Q) | & € H (RY)},

where by @ we denote the extension by zero onto €. Owing to the fractional Poincaré
inequality,
lwll 2@y S [@]gr@ey. Yw e H(Q),

the seminorm [-] yrgay is actually an equivalent norm in H" (£2), which makes it Hilbert.
The dual of H"(2) is denoted by H ™" (£2), and the duality pairing will be (-, -). In what
follows, if confusion does not arise, we shall suppress the explicit mention of zero exten-
sions.

2.2. The integro-differential operator

We shall consider integro-differential operators of the form given by (1.1). Regarding the
kernel, we encode its assumptions in the following definition:

Definition 1 (Class €(4, A)). Let A, A € (0, 00) with A < A. We will say that the kernel
n:S?~! — R belongs to the class €(A, A) if it is:

1. Symmetric, that is, n(#) = n(—6) forall § € S?~1.
2. Elliptic, that is, we have

0<A<n®) <A, aefeS?

Owing to these assumptions, if n € €(A, A), a fractional integration by parts shows
that
Wy ~ (Exlwl.w). Y € A5(Q).

with equivalence constants that depend on 7 only through the constants A and A. In other
words, for every n € €(A, A), the expression

) lw(x) —w)|* ;x—y )
w = d dx,
s //RR [ — y[dF2s ’7<|x—y| Y

is an equivalent Hilbertian norm on HS (2).
Owing to the positivity of the kernel, operator (1.1) satisfies a comparison principle.
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Proposition 2 (Comparison principle). Let K:R? — R be a positive function. Define the
operator £k via

Lelul) = vo. [ () = w() Ke=)dy.

Let w: R? — R be such that, in the weak sense, £ k[w] = 0 almost everywhere in Q and
w > 0in Q°. Then, w > 0 in Q2.

Proof. See [60, Proposition 4.1]. ]

As a final piece of preliminary notation we must introduce a set of parameters, rela-
tions between them, and a space of functions with a prescribed behavior away from the
boundary. We let 8 € R, and assume it satisfies

B >2s, B,B—2s¢ Np. 2.1
Given such f, we define
$PQ) ={w e CP (@) NC™”@) | Iwlcsreaismsopy S PP} 22)

The usefulness of this function class shall become clear once we perform the error analy-
sis. Indeed, as we shall show (cf. Lemma 11 below), solutions of problems involving the
operator &£, typically belong to such class.

3. Two-scale discretization

We now begin the discretization of our integro-differential operator (1.1). Besides consis-
tency, a fundamental necessity, we wish to preserve its comparison property detailed in
Proposition 2.

These two requirements stand at odds with each other. For instance, when dealing with
(local) elliptic second-order differential operators and their finite element discretization,
very stringent mesh requirements must be imposed to retain a comparison principle, see
[29, Section II1.20] and [49, Section 3.5]. If, on the contrary, we discretize via finite dif-
ferences, it is known that wide stencils must be employed; see [49, Section 3.2]. To fulfill
these two conditions then, we will employ a two-scale discretization.

Two-scale discretizations have become a popular choice to develop schemes that pre-
serve the comparison principle for (local) elliptic second-order differential operators. As
an example, the reader is referred to [46,52,53,58]. Regarding the two-scale discretiza-
tion of nonlocal problems we mention [39, 40], where the authors proposed a two-scale
discretization for the fractional Laplacian.
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3.1. The regularization scale

The first step in the approximation of (1.1) is regularization. The idea is that, for some
e > 0, we split the integral that defines the operator in two parts: R¢ \ B, and B,. The
integral in the small ball B, is then regularized by introducing a nonsingular kernel with
suitable approximation properties.

We begin by observing that, since the kernel 7 is symmetric, we have

1
0l = 5 [ @ —wi =y —uwe+ () KD, 6D
where K (r) = 55 1 Letnow & > 0. We define

L elw] (x) = /(2w(x) wle =) = wer -+ () Kellyh v,

where the radial, nonsingular kernel K, is defined as

1
— r>e
d+2s -7
Ke(r) =" (3.2)
FrEYIN yr? =)+ v - r<e
>

We point out that (3.2) gives

Ke(t) = Ke(0
11?1,7{6(8):54—25, tim e = KO _
rle

t{0 t

The constants y and v are chosen so that K, € C1([0, c0)) and

cfﬂ[‘]] = in,s[Q], Vq e P,.
The smoothness requirement implies that
2ye + 3pe? = —(d + 2s)g_d_25_1.

On the other hand, we will have exactness provided that

i * 2 d-1
ford+25r dr=/0 reKe(r)r® ™" dr.

In short, the parameters y and v have the values

CEs d)(d +2s)3+d + 2s) —d—25—2
4(1 —s)
_ O+ D +29)Q+d +25) 45
- 6(1 —s)
The following result explores the interior consistency of this regularization. By interior

we mean that we consider points x € €2, such that B.(x) C €2, that is, all the points where
the regularization of the kernel takes place are contained in 2.

<0,

> 0.
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Theorem 3 (Interior consistency). Let Q2 be a bounded Lipschitz domain. Assume that
B € (25,4] and n € €(A, A). Let w € $B(Q), where this class is defined in (2.2). Let
a9 > 1,6 >0, and x € Q be such that §(x) > age. Then, it holds that

|2y [w](x) = Lp,e[w] ()] S P 28(x)*F.
The implicit constant depends on d, s, g, B, A, and A.

Proof. We need to estimate
|Ln[w](x) — Ly e[w](x)]

[ @ue—wee =)= wer -+ (2
B

[y

-1 ) (s = KallyD) )

3 1 g
S/O ||w||cﬂ(3,(x))rﬁ)m—Jfa(r)"” Ydr

€ 1
_ s B _ B+d—1
< /0 B(0) =" | s = Ke(r) PP+ ar,

where, in the last step, we used the interior Holder estimate in (2.2) satisfied by
w € §8(Q). Since §(x) > aoe, we get

&
1
— ) B _ B+d—1
/O(S(x) r)’ ‘rd+25 JCE(r)‘r dr

&
_ 1 e o
< 80 /0 PP (g Ke)) dr S P25,

which is the desired estimate. [

As it can be seen from the proof of Theorem 3, the interior consistency of our regu-
larization depends on how close we are to the boundary. In particular, we need to have
B¢(x) € 2. For this reason, given ¢ > 0, we let & : 2 — (0, co) be sufficiently smooth
and satisfy

e(x) < min{@,a}, Vx € Q.

With this function at hand, we then define

°<Cr],zﬂ:[w](x) = cien,s(x) [w](x).

In order to properly leverage the boundary regularity of solutions, the choice of & is made
more precise below, depending on the problem under consideration.

Owing to the positivity of J(,, the comparison principle from Proposition 2 holds
for £, . Thus, pointwise consistency estimates for this operator can be achieved by com-
bining a comparison principle with a suitable barrier function. We thus construct a barrier.
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Lemma 4 (Barrier). Let Q2 be a bounded, Lipschitz domain. Define
b(x) = yao(x), VxeQ.

Then,
8(X)7% < £,.0](x), VxeQ.

Proof. Since, by construction, we have &(x) < §(x) for all x € 2, we may write

X — 1
L e[b]l(x) = 1-b (—)J( X — d >)L/ ———dy.
elble) = [ a=bom(F=) e —ohay =4 [ ey
Since |
8(x)72" 5/ ———dy,
O oy
with a hidden constant that depends on d, s, and €2, the result follows. n

We are now in position to estimate the consistency of our regularized operator.

Theorem 5 (consistency). In the setting of Theorem 3 assume, in addition, that w, w,
€ $8(Q) satisfy

Lolw] = £yelwe] inQ, w=w,=0 inQ°.

Then we have
lw—we| L) S max{es, 83_23}.

Proof. Let x € Q. Since e(x) < %S(X), arguing as in the proof of Theorem 3, we get
Lnelw — we](x) = Lye[w](x) — Ly[w](x) < ”w“Cﬁ(Bg(X)(x))e(x)ﬂ_zs

< (8(x) — e(x) Pe(x)P72 < 257B5(x) Pe(x)f S
< 8(x)¥ Pe(x)P258(x) 725,

If 3s — B > 0, continue the estimate as
éﬁ,,,e[w —we](x) < 83_2S5(x)_2s =< Sﬂ_zsin,s [b](x),

where we used the barrier function of Lemma 4. If, on the other hand, 35 — 8 < 0, we use
that

S(X)Bs—ﬁe(x)ﬁ—Zs — (_
Gathering both cases we conclude that, for every x € 2, we have
Lyelw —we](x) < max{sﬂ_2s, e*} &Ly e [b](x).

Applying Proposition 2 (comparison principle) to &£, ¢ gives the assertion. ]
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3.2. The discretization scale

We assume that €2 is a convex polytope and let 7 = {T'} be a conforming and shape
regular simplicial triangulation of 2. The elements 7" € 7 are assumed to be closed. We
set, for T € &, hy = diam(T'). We denote by .4/ the set of vertices of .7. The interior
and boundary vertices are, respectively,

Ne=NgnQ, N = N7NIQ.
For each interior vertex z € A, 9"», we define its patch to be
wz:U{T69|zeT}.

By &, we denote the radius of the ball of maximal radius, centered at z, that can be
inscribed in w;. Over such a triangulation we define the following spaces of functions:

Vg ={wgy € C(Q) |war € P1, VT € T},
V% = {wg eVoy | W 7|99 =0}.

Notice that any function wo € V% can be trivially extended to Q¢ by zero. When this
causes no confusion, we shall not make a distinction between a function and its extension.

It is a general fact that solutions to problems involving integro-differential operators,
like (1.1), exhibit an algebraically singular behavior near the boundary, independently of
the smoothness of the problem data. The problems that we shall be interested in are no
exception; see the regularity results of Sections 4.1 and 5. To compensate this we will
consider a mesh that is graded towards the boundary as it was first studied in [1] and later
in [12,15,17,39,40]. We consider a mesh size 4 > 0 and parameter ;£ > 1. Our mesh .7
is assumed to satisfy

ht TNIKQ # @,
hT ~ p—1 (3.3)
h dist(T, 0R2) TN = @.
As shown in [17, Remark 4.14], we have that
d
h(l_d)M > ,
F=a1
. d
dim V% ~ h_d|10gh| n = ﬁ’ (34)
d
h _—
k=7
Finally, we observe that, under condition (3.3), we have
hy ~ h$(z)'"VH, Vze D (3.5)

At this point we impose that, at least, %h 2 < &(z). We shall later refine this choice;
see Definitions 12 and 20 for the linear and obstacle problems, respectively.
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3.2.1. Consistency of interpolation. Let [, : C(Q) — V. be the Lagrange interpolation
operator. For z € ¥, !, we wish to estimate the consistency error

Elw, z] = £y e[lnw](z) — Ly[w](2),

provided the function w possesses suitable, but realistic, smoothness. We begin by rewrit-
ing this error as

Elw, z] = (£y.e[w](z) — Ly[w](2)) + Ly.e[lnw — w](2).

The first term entails the regularization error, and it was estimated in Theorem 3. Our
immediate goal shall be to estimate the second term.

Lemma 6 (Refined interpolation estimate). Let B > 0 satisfy (2.1), B = min{B, 2}, and
w € $8(Q). Furthermore, assume the mesh 7 satisfies (3.3). Then, for all T € 7, we

have _ _
WP dist(T, Q) #/* T naq =0,

|[w = ThwllLe(r) <
@~ s TN oS # 0.

Consequently, we have the global pointwise interpolation estimate

lw — Thw| Lo () < max{h™, kP, (3.6)
Proof. If w € C*(T) for some o € (0, 2], we have

lw = TywllLee(ry < lwllcerhT-

Now, if T N 9 = @ in the definition of the class $# (), given in (2.2), and the mesh
grading imply that

lw — Tyw]| Loecry < dist(T, 0Q) P n? dist(T, 3Q)PW=D/1 < pB dist(T, Q)s~B/m.
If, on the contrary, T N 92 # @, we estimate
|w—Thwl|Le(r) < llwllcosryhr < A"

Estimate (3.6) follows from a closer inspection of the case T N 92 = @. If s > ,g /1
then there is nothing to prove, so we assume s < ,g /. Let z € JV% be a vertex of T'.
By shape regularity and (3.5), we have hr ~ h; ~ h8(z)'~V/*, and dist(T, 0Q) ~ 8(2).
Therefore, we can write

_ _ hz E_
lw — Tpwlizeery < hSRE-18(2) ~Bln » h“(%) ", .

We can now estimate the remaining consistency term.
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Proposition 7 (Consistency of interpolation). Let the function € : 2 — R be such that
%hz <e(z) < %S(Z)for allz € JV& In the setting of Lemma 6 we have, for all z € </Vl ,

L ellnw — w](2)] S WP8(2) P/ Pe(z)725 + max{h#s, hP)8(z)~>5. (3.7)

Proof. Let z € JV} We observe that Ipw(z) = w(z) and that [,w = w = 0 on QF.
Therefore, we have

Lo ellhw —w](z) = /Q(w(y) — Lyw(y)Ke) (12 — yl)n(é — ;) dy.

We define
Q"= T e 7| TN #0}, (3.8)

and partition the integration domain into

where

D1 = Q"N By 2(2)°
Dy = (2\ 2") N By 2(2)°.
D3 = Bs(z)/2(2).

and estimate each term separately.

Estimate on Dj: Since every point y € D; belongs to a boundary-touching element,
we use the first part of Lemma 6 to write

Erid

1 1
< h’”/ ———dy < h”‘S/ ———dy < h“s(S(Z)_ZS.
D, |z — Y|d+2s Bs(z))2(2)¢ |z — y|d+2s

Estimate on D5: Notice now that every element y € D, belongs to a non-boundary-
touching element. We can then invoke the other case in the first part of Lemma 6 to
estimate

[ w0 = nwem ez = yhn(

[ @)= B Kecrz =il Z =) v [ 47 [ %W

|z =yl

. B . .
Now, if s — m > 0, we simply estimate

_ $ s—B/un _ 1 _
D> |Z - y| $ Bs(z))2(2)¢ |Z - y| §
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If instead s — g < 0, then

hg/ Mdy ghﬁhu(s—g/u)/
D

dy < h#*8(z)725.
2 |Z _y|d+2s D Y ( )

R |Z_y|d+2s

Estimate on D3: Observe that §(y) > §(z) — |z — y| and, if y € D3, we also have that
%8(2) <é(y) < %8(2). Now, since z € JVg’ we have that §(z) = h*. Consequently, if
y € T N D3 for some T such that 7 N 92 = @,

hr < h8(y)' 711 < h(2)! 71

We once again invoke the estimates of Lemma 6 to obtain

|/ g O = B Kec 2= D F=) ]

< hﬁS(z)s_ﬂ/“/ Ke@z)(|lz —y|)dy
D3N (2\Q?)

B (S E/M( M@z )
< hPé(z)*~ / —dr—i—/ Ke)(lz — y])dy
e(2) rl42s Boiy () &(z)

< hB§(z)PBlng(z)=2s.

On the other hand, if D3 N Q7 # @ it means that dist(Bs(z)/2(2), 022) < h*, and therefore
8(z) = dist(z, 0R) < 8(z)/2 + h*, namely 6(z) ~ h* = h;. Therefore, it must be that
e(z) ~ 8(2). In such a case, on D3 N Q?, we have

W) = Tw() Ke (12 — yhn(——=) dy
D;NQ2

|z =yl

< hhs / Kooy (lz — y]) dy
D3ﬂQa

s §)/2
<h (/ dr—I—/ K (|Z—y|)dy)
e(2) rl142s Boy(2) e(z)

< h*e(z)™%% ~ h*§(z)™ 2.

Gathering all the preceding estimates leads to assertion (3.7). ]

4. The linear problem

Having studied a consistent and monotone discretization of the operator &£,, defined
in (1.1), we proceed to use this discretization to propose and analyze numerical meth-
ods for problems of increasing complexity. The first one shall be a linear one.
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We consider the following problem: Let s € (0,1) and n € €(A, A) for some A, A > 0.
Given f € H™°(R2), find u € H®(L2) such that

Eylul = f inQ. 4.1

Notice that, by virtue of the definition of the solution space, we are implicitly providing
the exterior condition ¥ = 0 on ©2¢. Owing to the fact that | - ||, is an equivalent norm
on H5(£), existence and uniqueness of a weak solution follows immediately by the Lax—
Milgram theorem. In addition, since 7 is positive, a nonlocal maximum principle holds
from Proposition 2 (comparison principle).

4.1. Regularity

The regularity properties of u, solution of (4.1), are of utmost relevance for its numerical
approximation. In contrast to local elliptic operators, it is well known that solutions to (4.1)
possess limited regularity near the boundary, regardless of the smoothness of 2 and f;
see [16,38,69]. The following is an optimal regularity result:

Lemma 8 (Optimal Holder regularity). Let s € (0, 1) and let @ C R¢ be a bounded
Lipschitz domain that satisfies the exterior ball condition. Let f € L*°(2) andu € H*(R2)
be the (weak) solution to (4.1). Then we have u € C%*(Q) and

lullcos@y = Cllf Loy
where the implicit constant depends only on d, 2, and s.
Proof. See [63, Proposition 4.5]. [

The previous regularity is optimal, as exemplified by existing explicit solutions to the
fractional Laplace problem over a ball (cf. [37]). The reason for this limited regularity
gain lies in the fact that there is an algebraic boundary singularity present in the solution,
which can be characterized via

u(x) ~ dist(x, 02)*,

as x approaches d<2. Higher-order regularity estimates can be obtained if one takes into
account such boundary behavior. In [62] such results were obtained for the fractional
Laplacian over weighted Holder spaces, where the weights are given by powers of the
distance to the boundary.

Definition 9 (Weighted Holder space). Let 0 > —1 and B = k + y > 0 with k € Ny,
y € (0, 1]. For w € C*(Q), define the seminorm

Dk — Dk
’ X, yEQ:xFY |x_y|}/
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and the norm

d sup (5(x)°[v(x)]) 0 > 0.,
lwl§h =" sug(&(x)quﬁw(x)p T w|§h + | <o

=1 x€ ”v ||C(),7q(s_z) o< 0.

The methods used in [61] can be adapted to operators of the form given by (1.1) to
obtain the following weighted Holder regularity:

Lemma 10 (Weighted Holder estimates). Let 2 be a bounded domain that satisfies the
exterior ball condition, and let B > 0 satisfy (2.1). Let f € CF=25(Q) be such that

||f||/(;12s o < oo If, fork € N, B > k, then we additionally assume that 1 € ck(sd-1).

In this setting, the solution of (4.1) satisfies u € C#(Q) and

Il 58 < Ml cosay + 11555 00
where the implicit constant only depends on d, 2, A, A, and s.

Proof. The result can be obtained by using the same procedure as in [61, Proposition 1.4]
for n = 1. For completeness, we repeat the main parts of the argument.

Letxg € Qand R = 5(—1’20) for some K € N. We define %7(x) = u(xo + Rx) — u(xo)
and, following [61, Proposition 1.4], it is possible to show that

”ﬁ”COJ(Bl) < CRS[M]CO’S(BR(XO))’ “4.2)
1L+ - D™ 2Tl vy < CR U)o ga)-
In addition, if 8 < 1,

| L[] (x) = Lo _ R sup |Lyu](x) — Ly[u]()]
Xx,y€B |x _y|’3 x,yE€BR(x0)) |X _y|ﬂ .

We also observe that, since the coefficient 7 is independent of x, for any k € Ny,
D¥&,[](x) = R*£,[D*u](x).
We use this in the case f > 1 to assert that, for any 8 > 0 that satisfies (2.1),

IEn @l crpy S RETPIL 1l Brony < REIL RIS - 4.3)

The estimates so far do not use the regularity of the coefficient 7, but only its bound-
edness and translation invariance. Now we can repeat the proof [61, Corollary 2.4] using
the additional regularity on 7 together with estimates (4.2)—(4.3) to get

lilics s, < 1L+ |)_d_zs77(')”L1(Rd) + 4l cp-2sBy) + 1 €n[Ulllcs-25m,)

S R (W cosray + 1115 5.0) + il o2z @.4)
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where we assumed that K > 2 to bound the term ||£,[i][|cs-2s(p,) appropriately. We
reiterate that the regularity of the coefficient 1 is only used in order to be able to apply
similar arguments to those in the proof of [61, Corollary 2.4].

Now, for f — 25 < s, the claim follows from estimate (4.4). Indeed, using that, if
y € Br(xg), we have

| D 008, 2 = REID Ul o0 (B2 o0

and 8(x, y)/|x — y| < K if x and y are far away from each other.

If, instead, we have that 8 — 25 > s, we repeat the argument in (4.4) for ||| c-2s(p,)
in total m times until 8 — 2sm < s. Choosing K large enough, but finite (depending on s),
finishes the proof. ]

As a consequence of Lemmas 8 and 10, we have the following regularity estimate
away from the boundary:

Lemma 11 (Interior Holder estimate). Let 2 be a bounded Lipschitz domain that sat-
isfies the exterior ball condition and let f, B, and n satisfy the same assumptions as in
Lemma 10. For every p > 0, we have

lllcs reasizeon < P77

for a hidden constant only depending on || f ”/(35125 o | fllL=(g), 5, and 2.

Proof. Repeat the proof of [39, Corollary 2.5]. ]
In short, the previous results show that u, the solution of (4.1), satisfies

uesPQ). |ul§s < .

4.2. Pointwise error estimates

We have reached the point where we can propose a numerical scheme for (4.1) and provide
an error analysis for it. To begin, we need to make a precise choice of the regularization
scale €.

Definition 12 (& for the linear problem). For any interior vertex z € 4. }, we set
Uoij2g, 012
e(z) = Ehz 8(z)=.

At this point we make some comments regarding the choice in Definition 12. First,
notice that close to the boundary we have

e(z) = hy; =~ 8(z).
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Moreover, &(z) < %8(2) because h, < §(z) according to the definition of 4., whence
Be(z)(z) C Q. On the other hand, away from the boundary we have §(z) ~ 1, so that

e(z) ~ h;/z.

This scaling bears resemblance to the scalings used in two-scale methods for (local) linear
second-order elliptic problems; see [46,49,50,52,54,58, 64].

We now describe the scheme. For & given according to Definition 12, our scheme
seeks uy € Vfa} such that

Lnelun)(z) = f(z), Vze N (4.5)

We comment that, since this is a finite-dimensional problem, existence and uniqueness of
a solution are implied immediately by the following discrete comparison principle for the
operator &£ ¢:

Proposition 13 (Discrete comparison principle). Let & be such that, for every z € N },
we have &(z) > %hz. Assume that vy, wy, € V% are such that

Lr.elvnl(2) = Lnelwil(z), Vze NE. (4.6)

Then,
vp(2) = wp(z), Vze N 4.7

Proof. The proof follows by a simple argument. Suppose inequality (4.6) is strict and
that (4.7) is false, more specifically, that the function v, — wy, attains a (nonpositive)
minimum at an interior node z € ¥ } Then, we have

v (2) = wp(2) < v(Y) —wr(Y) = va(z) — vp(¥) < wp(z) —wi(y), Vy e R,

whence we get the contradiction

xn,e[vh](z) = ;Cn,s [wrl(2).

This shows that, in case of strict inequality in (4.6), it must be that v, > wy, in Q.

Assume next that inequality (4.6) is not strict. Consider the discrete barrier function
bp = Inb, where b = yq and I}, denotes the Lagrange interpolant. We have £, ¢ [b3](2)
> (Oforall z € JVé Therefore, for € > 0, we have the strict inequality

Lnelon + €bpl(z) > Lyelwil(z). Vze N,

from which it follows that vy (z) 4+ €bp(z) > wy(z) for all z € JV} Letting ¢ — 0, we
obtain the desired result. ]

‘We now proceed with the error analysis of our scheme. Using the choice of & given by
Definition 12, we begin by making the results from Proposition 7 more precise.
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Proposition 14 (Consistency of interpolation for the linear problem). Let the regulariza-
tion scale € satisfy Definition 12, B satisfy (2.1), B = min{B, 2}, and w € $#(Q). We
have _

|Ln.e[Inw — w](z)| < max{h"S hB~5}8(z)7>, Vze N,

Proof. Letz € JV; By (3.7), it suffices to show that
hES(z)S_E/”e(z)_zs < max{h", hE_S}S(z)_zs.

We consider the set Q7 given by (3.8).
If z € Q7 then §(2) ~ h; ~ h*. Combining this with e(z) = %h;/25(z)1/2 ~ §(2),
we obtain B B
WP8(z) B Ite(2)725 ~ hHS§(2) 7.

In contrast, if z ¢ Q9 then z € T for some T with T N 32 = @ and therefore h, ~ hr ~
hé(z)! =" and e(z) = %h;/ZS(Z)I/z. If s > (B — s)/u, then we have

hB§(2)~Blie(2)™25 a nB=3§(z)s~B=9)ng(z)=25 < pP=s§(z)725.

Otherwise, we write & &~ h,8(z) "' T1/* and

7 7 7 7 hy \B—s—us
WB8(z)—Blie(z)™25 ~ hB=58(2)FF255(2)2 ~ W(—Z) §(z)72s.
8(2)
Because /1, < §(z) and B — s — jus > 0, the second term in the right-hand side is uniformly
bounded above. ]

It remains then to obtain error estimates. This is the content of the following result:

Theorem 15 (Error estimate). Let §2 be a convex polytope, s € (0, 1), and f < 4 be
such that (2.1) holds. Define p = min{B,2}. Let f € CB=25(Q) N L*°(Q) be such that
||f||/§slzs o < 00. Assume that n € €(A, A) and that if, for some k € N, B > k, then

ne CkS4™). Let u € §8(Q) solve (4.1) and uy, € V% solve (4.5). If T satisfies (3.3)
and ¢ is chosen as in Definition 12, then we have

= || ooy S max{h™S, BB=S 1P/27s).

Proof. We splitu —uy = (u — Inu) + (Ipu — uy). Hence, to prove the claim, by (3.6) it
suffices to estimate the second term. We do so by estimating the consistency

|[Ln.elInu —upl(2)| < |Lpellpu —ul(@)| + |Lyelu —up](z)| =T+ 11,

forz € . 3’1, and then applying Proposition 13 (discrete comparison principle).
Proposition 14 (consistency of interpolation for the linear problem) yields

1< max{h*, hP=5)8(2) 72 ~ max{h™*, hB=} &, .[b](2),
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where we recall that b is the function introduced in Lemma 4 (barrier). Additionally, the
choice of &, identity (3.5), and Theorem 3 (interior consistency) with oy = 2 give

I = |£,.6[u](z) — £, [u)(2)] < ()P 26() P ~ W25z 0 &, o [b)(2).

Thus, if s — % > 0, we are done. In case s < %, we write instead i ~ h,8(z)V/*1
and obtain

1 < hB258(y =" £, 6 [)(2)

~ hushg/Z—MS—S5(Z)(l/u—l)(ﬂ/Z—us—S)(g(Z)S*ﬁ/,zfx £L0.e[b(2)

of hz \B/2mms—s
~ h* (5(_2)) £,.6[b](2).

This concludes the proof. ]

Remark 16 (Complexity estimate). Let us try to interpret the estimates of Theorem 15
in terms of degrees of freedom. To shorten the notation we set, only for this discussion,
N = dim V%. Furthermore, we will assume that the right-hand side f is as smooth as
possible, that is, we let 8 > 4 and satisfy (2.1). This regularity assumption implies that
B/2> B =2.

First, if d = 2, we can choose y = 2 so that, according to (3.4), N ~ h™?|logh|. As
a consequence,

lu — up | ooy < max{N*|log N|*, N~'5/2|1og N|'5/2}. (4.8)

Therefore, with respect to the number of degrees of freedom, and up to logarithmic factors,
we obtain convergence with order s for s < 2/3 and with order 1 —s/2 for s > 2/3. We
point out that for s < 2/3 the error is dominated by the boundary regularity C*, which
entails an interpolation error A*S &~ N ~9; hence, (4.8) is optimal. Additionally, we observe
that, for s > 2/3, one does not need to take ; = 2 in two dimensions, and that the maximal
convergence rate is attained whenever ps =2 — s thatis, u = % < 2 for which N ~ h=2
according to (3.4); any extra mesh refinement does not translate in an improvement of
convergence rates, although it affects the conditioning of the resulting system.

On the other hand, for d = 3, we must choose © = % if we wish to maintain a near

optimal number of degrees of freedom, that is, N ~ h=3] log /|. Thus,
lu = unllLo(@) S max{N /2| log N|*/?, N=2/3+/3| 1og N|?/375/3}.

Again, we observe that, if —s/2 < —2/3 + s/3 (namely, if s > 4/5), the maximal con-
vergence order (2 — s5)/3 is attained for meshes graded with u = (2 —s)/s < 3/2.

Remark 17 (Relationship between & and f). Definition 12 is suitable for sufficiently
smooth right-hand sides, namely, it formally delivers optimal convergence rates in case

feCh25(Q) N L>®(Q)
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is such that || f ||/(3S12S’Q < oo with B > 4. We recall that, since we are using a second
difference formula, the interior consistency of the regularized operator cannot exploit any
regularity beyond §#(2) (cf. Theorem 3). Let us briefly comment on what one can obtain
when f satisfies the assumptions above but with 8 € (25, 4) and satisfying (2.1).

Welete(z) = %h%(z)l_"‘ with « € [0, 1], which clearly satisfies %hz <e(z) < %5(2).
By doing the same calculations as in Proposition 14 (consistency of interpolation for the
linear problem), we obtain

L ellnw — w](2)] S max{h, BB—205)5(2)">5 vz e N
Arguing then as in the proof of Theorem 15 (error estimate), we obtain
= il Loy < max{his, P25 =29},

Now, if B € (2,4), we have B = 2 and

2-2as =a(f —25) = azé

2
Therefore, choosing (z) = 1hf § (z)l_% yields the error estimate

lu — upll ooy < max{h™, hz_%}.
In contrast, if B € (25,2), we observe B = f and we get that

B—20s=a(f—25) = a=1.
In this low regularity case, setting &(z) = %h 2 gives rise to

e — upll Loy < max{hts, hP=2s),

The latter will be of interest in the approximation of the obstacle problem in the next
section, and justifies Definition 20 below.

5. The obstacle problem

As the next application of our two-scale discretization, we will consider the following
nonlinear problem. In the setting of Section 4 we assume that, in addition, we have
¥ 1 2 — R that satisfies ¥ < 0 on d2. We seek for u € H*(2) that satisfies

min{£,[u] — fu—vy} =0 ae Q. (5.1)
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While existence and uniqueness of a weak solution is classical, the regularity of such
a solution is more delicate. Following [17], we introduce the classes

Fs(Q) = C7H(Q), ¥={y eC(Q):¥pa <0} NC>(Q).

where € > 0 is sufficiently small, so that 1 —2s 4+ € ¢ N.
For future use we define the contact and noncontact sets as follows:

Q={xeQlux) =y}, QF={xeQux) >y}

In order to obtain rates of convergence, we must understand the regularity of the solu-
tion. This can be achieved by combining the arguments in [17,19] and the regularity of the
linear problem presented in Section 4.1. More precisely, one first proves the result for a
problem in the whole space R¢, and then use a localization argument; see [17] for details
in the case n = 1.

Proposition 18 (Holder regularity). Assume that f € F3(Q) and ¥ € V. Then, the solu-
tionu € H5(Q) of (5.1) satisfies u € C1*(Q) and

Il o < oo.

Remark 19 (Pointwise evaluation). Notice that, since ¥ < 0 on d<2, the solution to (5.1)
solves the linear problem &£,[u] = f in a neighborhood of the boundary. By the interior
regularity of the previous result, we additionally have £,[u] € C%175(Q). As a conse-
quence, pointwise evaluation in 2 of the operator is meaningful.

5.1. Pointwise error estimates

Let us now present a numerical scheme for the obstacle problem in (5.1) and derive point-
wise error estimates for it. We seek for uj, € Vg such that

min{ £y [unl(z) — f(2)un(z) =Y (2)} =0, Vze NE. (5.2)

For this problem, we shall make a different choice of e than for the linear problem.
The reason behind this is that even if the data is sufficiently smooth, the solution to the
obstacle problem possesses a limited interior regularity; compare Lemma 10 (weighted
Holder estimates) with Proposition 18 (Holder regularity), and see also the discussion of
the case 8 € (2s,2) in Remark 17.

Definition 20 (Choice of & for the obstacle problem). Let z € 4. We set

e(z) = %hz.

Existence and uniqueness of uj follow from the fact that we are in finite dimensions
and the comparison principle for £, .. Of interest here is the derivation of pointwise
error estimates. The technique that we will use is rather classical and can be traced back
to [5,51]; see also [55]. We begin by introducing the notions of sub- and supersolutions to
the obstacle problem.



J. P. Borthagaray, R. H. Nochetto, A. J. Salgado, and C. Torres 258

Definition 21 (Sub- and supersolution). We say that u; € V7 is a supersolution to (5.2)
if u; > 01in Q€ and, forall z € L/Vé, we have

uf (2) 2 ¥(2).  Lyeluf12) = f(2).

On the other hand, we say that u,” € Vg is a subsolution to (5.2) if u;’ <0in Q¢ and, for
every z € AL, if u; (z) = ¥(2), then

°tr],ts[u;](z) < f(@.

Proposition 13 (Discrete comparison principle) for the operator £, ¢ gives a compar-
ison for sub- and supersolutions.

Lemma 22 (discrete comparison). Let u;[, u, € Vg be super- and subsolutions to (5.2),
and uy € Vg» be the solution to (5.2). Then, for every z € N, we have

uj; () < un(2) < uf (2).

Proof. We consider each inequality separately. Let u; be a subsolution and consider the
set of nodes

C-={ze M7 |uy(2) = ¥(2)}.
Now, if z € C_, we have
Lneluplz) = f(2) = Ly.elunl(2).
If, on the other hand z ¢ C_, then
up (2) < ¥ (2) < up(2).
In summary, the function w, = u; —uy € V7 verifies
ELpelwn](z) <0, zeC_, wp(z) <0, z¢C_.

A variant of Proposition 13 (discrete comparison principle) then yields w; < 0.
Let now u;l' be a supersolution. Consider now the discrete contact set

Cy ={z € Nz |un(z) = ¥ (2)},
and observe that, if z € C,
up(z) = ¥(z2) < uy (2).
On the other hand, if z ¢ C, we have
Lneluylz) = f(2) = Lyelunl(2).
In conclusion, the function wy = u; —uy € Vg satisfies
ELpelwn] 20, z ¢ Cy, wp(z) >0, ze€Csi.

Once again, a variant of Proposition 13 (discrete comparison principle) yields w, > 0. m
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Next we need to present a suitable discrete proxy for u. More specifically, we consider
Ryu € V% to be such that, for every z € JV L

Ln.e[Rpul(z) = £y[u](2). (5.3)

Recall that, as detailed in Remark 19 (pointwise evaluation), the right-hand side is mean-
ingful. The approximation power of Ryu is the content of the following result:

Corollary 23 (Projection error). Let u be the solution of (5.1) and Ryu be defined in (5.3).
If the regularization scale € is chosen according to Definition 20, then we have

lu — Rput|| oo (@) < e(h) = max{h"* h'~*}, (5.4)
with an implicit constant that is independent of h.

Proof. We begin by recalling that, as indicated by Proposition 18 (Holder regularity), we
mustset § = 1+ s.
Observe that, owing to (5.3),

1= [Lyelu— Rpull = |£nelu] = Lyl < e(2)'78(2)7",

where, in the last step, we used Theorem 3 (interior consistency).
Using the current choice of & and (3.5), we then continue this estimate as

1 s—1
15 (h8(z) 1) 78(2) 7 = 1082 82T R S ' TES(2) 7,

provided that s + % > 0.
If, on the other hand, we have s + % < 0, we use that 6(z) = h, = h* to obtain

hl—m(z)”% < hHh"(”%) ~ S,

so that, in all cases,
I < max{h"*, hl_s}S(z)_zs.
The rest of the proof follows exactly as that of Theorem 15 (error estimate). ]

With this proxy of the solution at hand, we are ready to obtain error estimates.

Theorem 24 (Error estimates). In the setting of Proposition 18 (Holder regularity), let u
solve (5.1) and uy, € V% solve (5.2). If 7 satisfies (3.3) and e is chosen as in Definition 20,
we have that

lu —upllLo@) S e(h),

where the quantity e(h) is defined in (5.4).
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Proof. We will construct suitable super- and subsolutions to the discrete obstacle problem
given by (5.2) and apply Lemma 22 (discrete comparison) to conclude. Notice that, owing
to (5.4), there is a sufficiently large C > 0 for which

u—Ce(h) < Ryu <u+ Ce(h).

Supersolution: Let u; = Rpu + Cie(h) € V4, where the constant C; > 0 is to be
chosen, and notice that u;: > 01in Q€. Moreover, for z € 1, é with the barrier function
b = ygq from Lemma 4 (barrier), we get

LU 1(z) = Ly e[Rau](2) + Cre(h) Ly e [b](2) > Ly [ul(z) = f(2).
In addition, if C; > C we have, for any z € ¥ L4
Ui (2) = u(z) + (C1 = C)e(h) = ¥(2) + (C1 = Ce(h) = ¥ (2).
We have then shown that u;l' is a supersolution for the obstacle problem. This implies, via
Lemma 22, that for every x € €2, we have
up(x) < uj (x) < u(x) + (C + Cr)e(h),
so that
up(x) —u(x) < e(h).
Subsolution: We now define u;” = Rpu — Cye(h) € V5 where C; > 0 is to be chosen.

Notice that u, < 0in Q€. We will show that uy is a subsolution. To see this, let z € ./ 9’
and assume that u; (z) > ¥ (z). Then,

V(z2) < up(2) su(z) — (G2 = C)e(h) < u(2),
provided C, > C. The fact that this inequality is strict shows that
Ly.6[u1(2) = Ly s [Rpu)(2) — Cae(N) Ly 6 [D)(2) < L41u)(2) = f(2).
so that indeed v is a subsolution. We invoke once again Lemma 22 to obtain
u(x) — (C + Ca)e(h) <uy (x) <up(x), VYxeQ,
as we needed to show. ]

Remark 25 (Optimality and complexity). We comment that the rate of convergence of
Theorem 24, as expressed by the quantity e(h), is optimal for our proof technique. To
see this, we recall that near the boundary the solution to the obstacle problem behaves
like that of the linear problem, that is, u(z) = §(z)%, so that the rate of interpolation is at
best 4. On the other hand, the interior regularity of the solution is, at best, C 1%, Since
our operator &, is of order 25, and our proof technique is based on comparison principles,
the rate in the interior can be at best 4175725 = 175 as we have obtained.

Finally, with the notation and conventions of Remark 16 (complexity estimate) let us
present the following estimates in terms of degrees of freedom:

T - max{N_S| log N|*, N(S_l)/2| logN|(1_S)/2} d=2,
T UR|L®(Q) N
@ max{N ~*/?|log N|*/2, N6~V 10g N|1=9/3} g = 3.
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5.2. Regularity of free boundaries

Of particular importance in applications is the so-called free boundary, which is the bound-
ary of the contact set
r=02°nQ.

In this section we are concerned with the regularity of this set.
5.2.1. Regular points. We begin with the regularity of the free boundary near regu-
lar points which, roughly speaking, are those at which the function u — i grows at a

rate 1 + s. Define d(x) = dist(x, Q) to be the distance from x €  to the contact set Q°.
The following result is proved in [19, Theorem 1.1]:

Theorem 26 (Regular points I). Let & € (0, min{s, 1 —s}). Let v € W and xo € T be a
regular point. Then, there exist positive constants a(xo) and r(xo) such that

u(x) — Y (x) = alxo)d(x)'* + o(|x — xo|'57)

forall x € By (xy)(x0) N Q. Moreover, the set of points satisfying this property is an open
set of T and is locally a C' graph for all y € (0, s). Finally,

uecC Ls (Br(xo) (XO))-

Remark 27 (Singular points). The points of I' that are not regular are called singular.
According to [19, Theorem 1.1], these points satisfy

u(x) = ¥ (x) = o(|x —xo|' ).
Singular points do in fact occur and are characterized in [6] for the case n = 1.

Remark 28 (C 'Y smoothness). Consider a point xg € I', the interface, with normal vec-
tor v, and x = x¢ + rov for a sufficiently small ry > 0. If " is C 2 then the closest point
to x in T is x¢. However, if I is of class C ! with y < 1 (as in the conclusion of Theo-
rem 26), then this is not the case anymore and the distance d(x, ') may be realized at a
point different to x.

The following variant of Theorem 26, which avoids the use of the distance function d,
is stated in [36, Theorem 4.4.1]:

Theorem 29 (Regular points II). Let @ € (0, min{s, 1 — s}), 6 > max{0,2s — 1}, and
y € (0, 5). Let the obstacle € Coz’e (R?). Let xo € T be a free boundary point. Then,
there is ro > 0 such that, for all x € By,(xo), we have:

(1) either
u(x) = ¥ (x) = ao((x —x0) - )™ + O(lx = xo|'F7), (5.9
for some ag > 0, v € S, and y > 0,
2) or

u(x) = Y (x) = O(|x — x| %),
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Moreover; the set of points satisfying condition (5.5) (regular points) is an open set of T,
and it is locally a C%Y manifold.

The following result is presented in [36, Corollary 4.5.3] without proof. Since this
estimate will be useful in our constructions, we present a proof.

Lemma 30 (Holder continuity). Let xo € ' be a regular point, that is, one that satisfies
condition (5.5). In the setting of Theorem 29, the vector and scalar fields
1 _ (=)

b(z) = lim d(x)sV(M(X) —y), a@@) =T

are of class C%Y in B, (xo) N T.

Proof. Let x1,x2 € I' N By, (xo) be two arbitrary free boundary points that we assume to
be regular points and so satisfy Theorem 29. Since the set of regular points is open in I',
this may require further restricting ro > O.

Denote v = u — . It is possible to show that ([36, Proposition 4.4.15])

B

<
€07 (Byy (x0))

whence

1 1
Vou(x) —
ey " T oy
Since I" is C¥ within By, (xo), we let vi, v, € S?~! be the unit normals to I" at x1, x»
pointing towards Q7. Let x — x;, y — x; and use the fact that

Vo)| < colv =¥, Vx, v € Byy(xo),

1
lim ——Vu(x) =b(x;), lim

1
x=x1 d(x)* y=x2 d(y) Vu(y) = blx2)

to deduce that
[b(x1) —b(x2)| < colx1 — x2/”,

whence b € C%7(B,,(xo) N T). Since a(x;) = [b(x;)|, we infer that

_1
1+s
la(x1) —a(x2)| < [Ib(x1)| — [b(x2)|| < [b(x1) —b(x2)| < colx1 — x2|”.

This is the desired estimate for a. [

To exploit the previous result we make the following convenient, but realistic, regular-
ity assumption on I':

Assumption 31 (Regular points). The free boundary I' consists only of regular points,
namely, those that satisfy Theorem 26 or (5.5).
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Next we discuss the fundamental nondegeneracy properties (NDP). Given ¢ > 0, we
let &(T', €) denote a strip of thickness ¢ around the free boundary I', namely,

G e) = {x € Q| d(x)=dist(x,I') < 8}, GtT,e) =T, e)NQT.

The following result is known as an NDP in distance. It prescribes a pointwise behav-
ior of u — v (growth with rate at least 1 + s) if one is close to a regular point of the free
boundary I'.

Corollary 32 (NDP in distance). Let K € 2 and set F=rnk. If Assumption 31 is
valid, then there exist constants a, &g > 0 such that

u(x) — ¥ (x) > ad(x)'*5, Vx e (T, &).

Proof. We proceed in several steps.

1. Since by Assumption 31 every point xo € T is regular, we have that a(x¢) =
W > 0, and a and b are of class C%? in view of Lemma 30. We then deduce
that

L.
a = — min a(xg) > 0,
xo€l

because T is compact.
2. Letv=u—1vY,x0 € f, and ro > 0 be such that

< Cp = C(xp).

1
—Vv)
H ds  1ICcor(Bry(x0) —

Given x € By, /2(xo), we let x1 € rn B,,(x0) be a point at minimal distance, that
is,
d(x) =[x —x1| = (x —x1) " v1.

Then, for y close to x;, we have

1 1
Vo(x) = V()| = Colx =y,
20 VYW~ 2o V)| = ol =
whence, upon computing the limit as y — x1, we get

1
|30 Vo — b = Colx =P
This implies that

1
mavlv(x) >by vy — Colx —x1|” = |by| — Colx — x1|” = (1 + s)a,

provided ry Coy < (1 + s)a, upon restricting ry if necessary. Therefore, we deduce
the nondegeneracy property for the normal derivative

Iy, v(x) = (1 +s)ad(x)* = (1 + s)a((x —x1) - v1)%.
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3. Let x(t) = tx + (1 — t)x; denote any point in the segment joining x; and X,
t € [0,1]. Then x; € I' is again a point in I" at a minimal distance to x(z). The
previous point then implies that

%t(t)) = 0y, 0(x(1)|x —x1| = (1 4+ 5)ar’|x —x;|'*,

or

Udv(x (¢
wdt > alx — xq|'*,

x(0) = v () = vixo) = [
for all x € B,,/2(xo). This is the desired local nondegeneracy property.

4. We cover T with balls B, /2(x0) for every x¢ € [. Since T is compact, there is a
finite subcovering

M
T c | Brja(m).
m=1

Finally, let &g > 0 be the distance from T to the complement of Uﬁ:’:l B, 12(Xm).
Then every x € GT (I, g9) belongs to a ball By,, /»(x,) for which the previous step
applies.

This concludes the proof. ]

Remark 33 (NDP). Observe that Corollary 32 implies the following weaker form of non-
degeneracy: for all xg € " and r € (0, g¢], we have

sup  (u(x) — ¥ (x)) = ar'™. (5.6)

X€ By (x0)

This inequality is also valid for all &9 < r < diam(£2), because

&0 &o

= —y > —
0= Gam@)

which yields (5.6) with the constant a replaced by
- &0 1+s
“a= a<diam(§2)) '

We now make an explicit assumption about the boundary behavior of u — ¥, which is
not only useful for the subsequent argument, but it also has been used in deriving regularity
via a localization argument; see Proposition 18 (Holder regularity).

Assumption 34 (Boundary behavior). The obstacle is strictly negative on 92, that is,
there is ¢y > 0 for which

Y(x) <—cop <0, Vxed.
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The assumption above, by continuity, assumes that the free boundary I" is uniformly
away from the boundary of the domain 9€2, and thus the problem is linear in a neighbor-
hood of d€2; see [17] for details in the case n = 1. In addition, this implies that the NDP
in distance of Corollary 32 holds for all x € G™ (T, &).

Let now ¢ € (0, g¢]. We define an e-neighborhood of the free boundary "

N, e)={x e QT 10 <ux)—y(x) < 81+S}.

Corollary 35 (Comparing N (T, ¢) and &(T, ¢)). If Assumptions 31 and 34 hold, then
there is g1 € (0, g9, with g9 > 0 defined in Corollary 32, such that

1
N(T.aT+se) C &(T,e), Vee (0,e]

Proof. Consider the compact set @ between & (T, &) and 392, namely,

w=Q\ (61T, &) UQ.
Set again v = u — . In view of Assumption 34 and the fact that v € C%*(Q), we deduce
v > cg, on 082, v > as(l)'H on G (I, e) N QT,
and that there is a constant ¢; > 0 such that
v(x) >c¢1, VYVxeow.

Lete; € (0, g9] be given by as%“ = ¢1. The definition of &(T’, &) in conjunction with
Corollary 32 (NDP in distance) guarantees that for all & € (0, &],

v(x) >as'™, Vx e B[, e NQT.
1
Therefore, for all x € N(T, a T+5 &), we have

1
0<v(x) < (ame)lﬂ =qe! ™,
whence x € &(T, ¢) as asserted. This concludes the proof. |

We remark that the inclusion asserted in the previous corollary is the typical assump-
tion that is made for the error estimates in distance for the classical obstacle problem; see,
for instance, [55, Section 2(d)].

5.2.2. Singular points. We now examine nondegeneracy for singular points. We base our
discussion on [6], which requires that Theorem 26 holds. We recall that a singular point

Xxo € I' corresponds to

a(xo) = Il;(jc_ozl _

The characterization of singular points given in [6] hinges on the following structural
assumption:

0.
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Assumption 36 (Singular points). There are ¢y > 0 and y > 0 such that € C37(Q),
f+AY <—co<0in{xeQ|yY((x)>0},andd # {x € Q|yY(x) >0} € Q.

For the rest of the discussion regarding singular points, we restrict our attention to the
Jractional Laplacian, that is, n = 1. The following result is proved in [6, Lemma 3.2]:

Lemma 37 (General growth). If Assumption 36 holds, then there are constants a,ry > 0
such that for all xg € T,
sup  (u(x) —y(x)) >ar?,  Vr e (0,r).
x€By(xo0)
Notice that this is similar to (5.6) but with exponent 2 instead of 1 + s.
Consider now the following class of homogeneous polynomials of degree two:

P, = {pz(x) = %xTAx | A e R4\ {0}, AT = A,0(A) C [0, oo)}.

The following result, which can be found in [6, Proposition 7.2], is crucial to characterize
singular points but does not play an important role in our discussion:

Proposition 38 (Growth at singular points). If Assumption 36 holds, then there is a mod-
ulus of continuity @ : Rt — R such that for any x¢ € T singular, we have

u(x) — Y (x) = p3°(x — xo) + w(|x — xo[)|x — xo/*
for some p5° € P

Remark 39 (Growth at singular points). In the setting of Proposition 38, it is important to
notice that if dimker A = k, with k € {0, ...,d — 1}, then u — v exhibits strict quadratic
growth in the directions orthogonal to ker A. Since there is at least one such direction, we
conclude that Proposition 38 implies Lemma 37.

The first example of this scenario is when dim ker A = 0. This corresponds to an
isolated contact point xg, with the function u — i growing quadratically in all directions
emanating from x.

As a second example we consider the situations given in Figure 1. Although the geom-
etry is quite distinct, in both cases we have dimker A = 1. We expect quadratic growth in
the directions of the red arrows. The case on the right is more degenerate than the case on
the left, and worse for the approximation of the free boundary I'. This will be discussed
further below.

5.3. Error estimates for free boundaries

Let us now put the pointwise error estimates of the previous sections to use and, on
the basis of the discussions of Section 5.2, obtain approximation properties for the free
boundary I'. To start, we let Y, = I, € V4 be the Lagrange interpolant of v, namely,
Yu(z) = Y (z) forall z € A4, and note that

1V —VnllLe@) = o(h), (5.7



Monotone two-scale methods for a class of integro-differential operators and applications 267

Figure 1. Examples of singular free boundary points where the function u — v has strict quadratic
growth. We expect quadratic growth in the direction of the red arrows. The case on the right is
more degenerate than the case on the left, and worse for the approximation of the free boundary I'
(depicted in blue). In both cases we have that dimker A = 1. A discrete free boundary I" 7, which
is at a distance (9(8(h)1/2), is depicted in dashed brown.

for some function o : Rt — R™ with o(h) | 0 as & | 0. Typically, and this shall be the
caseif y € W,
o(h) < ¥ lweee@yh.

Notice that (5.2), and its analysis, remain unchanged if we replace ¥ by vy,
The next step is to define the discrete free boundary I',,. To do so, instead of looking
at the zero level set of uy, — ¥y, we consider the level set at height

8(h) = E(h) + o (h).

where €(h) := |[u — up| Lo(q); see also (5.4). Thus we define the discrete noncontact and
contact sets, respectively, to be

QY = {x € Q|up(x) —yu(x) > 8(h)}, QY = {x € Q| up(x) — Yn(x) < 8(h)}.
The discrete free boundary is then
Iy =005, NnQ=02%nQ.

We intend to prove that, in a sense, I' and I' & are close. This will be quantified by
means of the Hausdorff distance.

Definition 40 (Hausdorff distance). Let A, B C R?. Their Hausdorff distance is

dp (A, B) = max{maxdist(x, B), max dist(y, A)}.
x€A yeB

The error estimate for free boundaries reads as follows:
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Theorem 41 (Free boundary approximation). Let I' satisfy Assumptions 31 and 34, and
let a > 0 be given in Corollary 32 and (5.6). Then, there is hg > 0 such that

1
2 T
dy(N,T7) < (;8(%:)) S Whe (0. ho).

Proof. We proceed in three steps.

1. We first show that Q° C Q9. To achieve this, consider x € Q°, so that u(x) =
¥ (x). Thus, using (5.4) and (5.7), we have

up(x) = Yn(x) = p(x) —u(x)) + (Y (x) = ¥u(x)) < €h) + o (h) = 8(h).

In other words, x € Qf)g.

2. Next we show that .
Ty C @(r( 5) 7).
Let then x € '# and x¢ € I" be the closest point to it, that is,
|x — x0| = d(x) = dist(x, T').
From the previous step, we know that x € Q7. Since
up(x) — Ya(x) = 8(h),
and, in view of Theorem 24 (error estimate), u(x) — uy(x) < €(h), we realize that
u(x) =¥ (x) < () —up(x)) + (Up(x) = ¥p(x)) + Wr(x) — ¥ (x))
<e(h) + 8(h) + o(h) = 256(h).

Let now kg > 0 be sufficiently small so that §(/o) < § e, where &1 > 0is given
in Corollary 35 (comparing (T, &) and &(T, ¢)). Th]S 1mphes

1
x € NT,al+se)) C &(T,&y).

Therefore, Corollary 32 (NDP in distance) yields
u(x) — ¥ (x) > adist(x, ),

whence
adist(x, ) < 28(h),

that is, )
dist(x, T) 5( 5(11))T

as desired.
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3. We show that .
rc @(rg, (38(}1))1_“).

Indeed, let xg € I" and assume, for the sake of contradiction, that

1
2 —
R = dist(x,T ) > (—S(h)) s
a
Notice that the first step of the proof yields that if Bg(xo) C Q% then

up(y) —¥u(y) <8(h), Vy € Br(xo).

We now recall (5.6), which is a consequence of Corollary 32: for all » < diam(£2),

sup (u(y) — vy () =ar'ts.
YEB;(x0)

In other words, by compactness and continuity, there is y € Bgr(xo) such that

u(y) —v(y) = aR'*.
On the other hand,

up(y) = ¥n(y) = (up(y) —u(y)) + @) =) + @) —¥n(y)
> —%(h) + aR'™ — o (h) > () + 28(h) — o (h) > 8(h),

which is a contradiction. This proves the assertion and concludes the proof. ]

Remark 42 (Stability). We observe that the nondegeneracy constant @ > 0, defined in
Corollary 32, acts as a stability parameter in the estimate of Theorem 41.

Remark 43 (Localized estimate). Let K € 2 be a compact set so that I' N K is made
only of regular points. We thus allow I" to have singular points in I' N K€. Since the set
of regular points is relatively open in I', we realize that Corollary 32 is valid in K, that is,

u(x) — ¥ (x) > agd(x)'*S, Vx e @7 (T,e)NK,

for some constant ax > 0 that, in particular, depends on the compact K. We can thus
repeat the proof of Theorem 41 locally to deduce

1
2 —_
dg(CNK, Ty NK) < (—8(h)) 5 Vh e (0, ho).
akK

Theorem 41 and Remark 43 assume that, at least locally, there are no singular free
boundary points. Let us conclude the discussion by presenting some results about the
general case, namely, when I" contains singular points. An inspection of the proof of The-
orem 41 shows that the second step cannot be carried out, but the first and third one remain
valid. In fact, the first step hinges on the definition of ' and the last step relies on the
growth condition given by (5.6) which, in principle, could be replaced by the quadratic
growth condition provided in Lemma 37 (general growth). This brings about the follow-
ing result:
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Theorem 44 (Error estimates for singular points). IfAssumption 36 holds and n = 1, then
for every x € I', we have that x € Qf)g and

1
dist(x, Ty) < (28(%1))2. (5.8)

Remark 45 (A posteriori error estimation). Estimate (5.8) establishes an error of I' rela-
tive to I'&. This is the spirit of an a posteriori error estimate. We refer to [57] for similar
estimates for the classical obstacle problem for the Laplace operator.

Remark 46 (Regularity). Estimate (5.8) requires no regularity of the free boundary I"
beyond the nondegeneracy property of Lemma 37, which relies on Assumption 36. The
free boundary regularity stated in Proposition 38 (growth at singular points) is not needed
to assert (5.8). It is then natural to wonder how the quadratic growth in certain directions
established in Proposition 38 can be exploited for free boundary approximation.

Consider the approximations depicted in Figure 1. In the left panel of Figure 1 the
discrete free boundary is uniformly close to I" and a global estimate of the form

dist(x,T) < 8(h)"/2, VxeTls

is expected. On the other hand, the right panel of Figure 1 shows that points of I" > may
be far away from I" and, thus, the estimate above cannot be obtained.

To conclude the discussion of approximation of free boundaries at singular points we
mention that the scenarios depicted in Figure 1 also illustrate the relevance of the localized
error estimates alluded to in Remark 43.

6. A concave, fully nonlinear, nonlocal problem

As a final application of our two-scale discretization, we shall consider a nonlocal
Hamilton—Jacobi-Bellman equation. Let s € (0, 1), and ; € €(A, A) (i € {1,2}) for
some A, A. Given f € C(Q), we must find  : R¢ — R such that

min{&L, [u], £,,u]} = f inQ, u=0 1inQ°. 6.1)

Equations of this form have gathered a lot of attention in recent times. We refer the
reader to, for instance, [21, 23, 44] for details regarding the existence, uniqueness, and
regularity of solutions. Regarding numerics, in the case Q = R?, see [8-10, 25,27, 28,
59]. To our knowledge, however, no reference addresses the numerical approximation
in the case of a bounded domain, as in (6.1). Our goal here will be to provide then the
first convergent method for such problem. To achieve this we will get inspiration from
[2,11,35,47], and relate this problem to a sequence of obstacle problems.
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6.1. Existence and uniqueness

Since it will be useful for our numerical purposes, we begin by discussing the existence
of solutions. Below, by <+ we mean the remainder of integer division.

Theorem 47 (Existence and uniqueness). Assume that f € C(Q) and that &Ly, have a
common supersolution, that is, there is U € C2(R?) for which

£,[Ul= f inQ, U=>0 inQ°.

Then, problem (6.1) has a unique solution. Moreover, this solution can be obtained as the
uniform limit of the following sequence: uy € H*(2) solves

Ly fuol = f inQ.
Fork e N, leti = k =2+ 1. The function uy € FIS(Q) solves
min{&,, [ug] — fiug —up—1} =0, inQ. 6.2)

Proof. We split the proof in several steps.

Convergence: Notice that the sequence {u }xecN,. as solutions of an obstacle problem
with common right-hand side, lies uniformly in C 0.5 (K_Z). Moreover, by construction, the
sequence is nondecreasing, that is, ux > ux—; and bounded above. Indeed, since

LUl > f =Ly luo] inQ,  U-ug>0 inQ°,

we must have, by comparison, that U > u(. Assume next that, for some k € N, we have
Ur—1 < U. Let x € Q. We either have uy (x) = ur_1(x) < U(x) or ug(x) > ug_1(x).
However, at such points we must have

L [url(x) = f(x) = £y, [U](x).
Therefore, if we denote Q,j ={x € Q| ur(x) > ur_1(x)}, we see that
EqlU—uk] =0 inQf, U—ue=0 in(Q)".

Consequently, by comparison, we must have that uy < U in Q,j By Dini’s theorem then,
there is u € C(2) such that uy = u.
Solution: The uniform convergence also implies that, for i € {1, 2},

Ly u] > f inQ.
On the other hand, if we show that for every k € Ny

min{éﬁm[uk],éﬁ,,z[uk]} <f inQ, (6.3)
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we may pass to the limit and obtain that

Lol = £ Lyplul = £ min{Ly, [u]. Ly, [u]} < f.

and thus ¥ must be a solution.

Proof of (6.3): We argue by induction. By the way the iterative scheme is initial-
ized, (6.3) holds for kK = 0. Assume now that the inequality holds for some k € N. Consider
the noncoincidence set

Xn € QZ’ = {x € Q| ugs1(x) > uk(x)}.
By the complementarity conditions we must have, for some i € {1, 2}, that
Ly 1] (xn) = £ o).
If, on the other hand, we consider the coincidence set
xe € QY = {x € Q| ugs1(x) = uk(x)} ne,

we see that g1 (xc) = ug(xe) and ug41(y) > ug(y) for all y € R?. By the inductive
hypothesis, there is iy € {1, 2} for which

xmo [ug](xc) < f(xe);

then

1
Ly likerl(5e) = 9. [ e (50) =1 (00—

1 xc—y>
= Vv.p. Up(Xe) —u d
p [ e x0) =i ) (=) ay

1 Xe— Y
< v.p. Ur(xe) —u ) ( d
p/Rd( k(xXe) —ui(y) PrE=TL |xc_y|) y

= ‘fﬂio [ur](xe) < f(xe),

T Y4y
|xe — vl

as claimed.
Uniqueness: Follows by comparison. [ ]

Remark 48 (Obstacle). Notice that the iterative scheme presented in Theorem 47 requires
at every step the solution of an obstacle problem like the one described in Section 5.

Remark 49 (Supersolution). Theorem 47 relies on the existence of a common supersolu-
tion for the operators. A possible common supersolution is

A
Ux) = 3|x|2 + B.

The constant B can be chosen so that U > 0 in ¢, whereas we can choose A4, depending
onlyond, s, A, A, and —| f||Le(g), to obtain a supersolution.

Remark 50 (Rate of convergence). It is not known to us whether a rate of convergence
for the iteration of Theorem 47 can be established.



Monotone two-scale methods for a class of integro-differential operators and applications 273

6.2. A convergent scheme

As a final application of our constructions, we present a scheme for problem (6.1). Inspired
by the proof of Theorem 47 we consider the following iterative scheme: up o € Vg is such
that

Ly elunol(z) = f(2), Vze N5

Fork € N, leti = k + 2 + 1. The function up x € V% solves

min{Ly, e[up i) (@) = i) —uppo1()} =0, VzeNb  (64)

We immediately observe that, for every k, (6.4) has a unique solution. We would now
like to obtain convergence of uy x to u, the solution to (6.1). In order to achieve this, we
introduce, for k € N, the function ity ; € V% that is the solution of

min{Ly, e[in k() — f(2). Tnx(z) — Inuk—1(2)} =0, Vz e N (6.5)

Notice that iy x is nothing but an approximation to the function vy from the scheme of
Theorem 47. As such we expect that iy — uy with a given rate. We quantify this by
introducing the following assumption:

Assumption 51 (Approximation). There is a continuous function o : RT — R such that
o(h) | Oash | 0 for which

sup |lug — UpillLe@) < o(h),
kENQ

where {uy }ren, are defined in Theorem 47 and {ify, i }keN, in (6.5).

Remark 52 (Smoothness and compatibility). While we would like to assert that the
rate o (h) of Assumption 51 is that given by Theorem 24, we are unable to prove this.
The reason is that the error estimates of this theorem hinge on Proposition 18 (Holder
regularity), which needs the obstacle to belong to the class W. This means that, for every
k € N, we must be able to assert that:

1. u; € C>'(Q). While we are not able to verify this directly, we comment that this
smoothness assumption is taken from [17], which in turn follows the arguments of
[24,67]. This may not be sharp.

2. ugpe < 0. However, we have ug3q = 0.

Clearly,
e(h) < a(h),

where €(h) = ||u — up||Lo(q); see also (5.4). Let us now show convergence.

Theorem 53 (Convergence). In the setting of Theorem 47 and under Assumption 51, let u
solve (6.1), and {up, i }keNy k>0 be the solutions to (6.4). Assume that, as k 1 oo and h |, 0,
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we have that
ko(h) — 0.

Then, up f = u.

Proof. As mentioned above, the family {ifp x }xen, C Vlo , defined in (6.5), is an approx-
imation of the obstacle problem defined in (6.2).
Consider now the difference %} x — up x. We claim that

lnk —unkllLoe) < lunk—1 — Inuti—1llLo(@)- (6.6)
Indeed, if we define wy, = Upk + ||upk—1 — Ipuk—1 Lo(@), We see that
wp > Upr =0 inQ°.
Moreover, for z € ¥, L};
Wh(2) = Upic(2) + upp—1(2) = Ipug—1(2) = upr—1(2)

and &£, ¢[wp](2) > f(2). In other words, the function wy, is a supersolution to the obstacle
problem given by (6.4). Lemma 22 then implies that uj x < wp, that is,

Upge —Up g < upg—1 — Tpur—1llLo(@)-

A similar argument shows the lower bound.
Using Assumption 51, we now iterate (6.6) to obtain

luk —unillLeo@) < lluk — WnillLe@) + line — unkllLe)
<o(h) + lupk—1 — Inuk—1lLe@)
<o(h) + ug—1 — Inug—1llLo@) + unk—1 — vk—1llL=(@)
=20(h) + [lupk—1 — tk-1llLo@)
< (k+ Do (h) + lupo —uollLe@) = (k +2)o(h),

where, in the last step, we used that uy, ¢ is an approximation to the solution of the linear
problem.
The triangle inequality, and the assumption on k and /4, yield the result. ]

A. Approximation of integro-differential operators of order 2s by
second-order differential operators

To gain some intuition about what properties of the operator we would like to preserve
after regularization, and to highlight the differences between the case of constant 7 (i.e., a
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fractional Laplacian) and a variable one, here we inspect the approximation of the integro-
differential operator

_ wx +y) —2wx) +wkx —y) Y
I [w](x) = /B 5 v () & (A1)

by considering its action on a quadratic, that is, w € P,. This may help in justifying
our choice, showing the stark difference between our approach and that of [39, 40], as
well as providing some intuition into existing works that operate in a reverse way. For
instance, [22, 58, 64] approximate (local) second-order elliptic differential operators by
integral operators like .. We emphasize, however, that to obtain consistent, monotone,
finite-difference schemes for arbitrary (local) second-order elliptic operators, one requires
the use of wide stencils [49].
We begin by observing that, for w € P,

w(x +y) —2w(x) + wx —y) = D*w(x): y ® .

where D2w(x) is the Hessian of w at x, ® is the outer product, and : is the Frobenius
inner product. This means that
)ar

)dy =A: D*w(x),

| <

L) = [ D2y ® yen( S

_|k< oy

1
:Dzw(x):/ y®y—n(
B, |[yld+2s "Xy

where |
y dxd
A:/y@y—n(—)dye]R , AT =A.
: |[y[4+2s "Xyl
Consider now the particular case of n = 1. The change of variables y = ¢z with z € B;
shows that

1 SZ(l—s)wd
A= 82(1_S)/ 7®@z——dz = ——°1,
B, |z|d+2s 2d(1 —s)

where I is the identity matrix, and wy = |S?~!|. Therefore,

2(1—s)
I [w](x) = %Aw(x), Yw € P,.

This approximation of £; in the ball B, followed by centered finite differences, is the
two-scale strategy advocated in [39,40]. We next explore this approach for n # 1 and
uncover some hidden difficulties.

Assume now that the coefficient 7 is not constant, but even, that is, n(z) = n(—z).
Notice that this assumption is included in the class €(A, A) of Definition 1. The change
of variables y = ez implies that

1 z
A:sz(l_s)/ z®z—r}(—) dz.
B |z|4+2s "X |z
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We see that A is symmetric positive definite. Let us use polar coordinates to obtain

1,2
A = 2079 / 0® 977(9)/ ’ r¢1drdo
Sd-1 0

rd+2s
SZ(I_S) SZ(I_S)
= 0 ®0n(f)dd = ———Ay,
20— s) Jous 0 OO 21—g) 0

where, since 7(0) = n(—0), Ao is symmetric, but not necessarily diagonal. In this case

£2(1—s) ) g2(1—s)

I =——A¢:D = —V-(A)V , Yw e P,. A2

010 = 5 A0 DPw() = 5 V(AVu). Vw e P (A2)

We quickly comment on the case n(6) # n(—0), although this does not fit in the

class € (A, A) of Definition 1. Decomposing 7 as the sum of its symmetric and skew-

symmetric components, one readily obtains that the latter gives rise to a null integral.

Therefore, such a case reduces to (A.2), with Ay corresponding to the symmetric part
of 7.

Finally, we consider the general case of a coefficient of the form 7n(x, é). Then

A() = A()(X) = / 0 ® QT](X, 0) d@,
s§d-1

and
2(1—s)

€
I [w](x) =
I = 575
Remark 54 (Anisotropy). As we have already mentioned, it is not easy to construct
approximations of second-order anisotropic operators, like those in (A.2) and (A.3), that
are monotone. In particular, (A.3) requires wide stencils.

Ao(x) : D*w(x), Yw € Ps. (A.3)

Let us mention now what the implications are of the previous considerations for the
approximation of the operator &£, introduced in (1.1). First, owing to the symmetry of the
coefficient n, which is part of Definition 1, we have (3.1), with K (r) = r~4=25 Next, if
we assume that w € P», we have

Lyelw](0) = 3 L]0

. - = (2
+2/Rd\36(2w(” wie+ ) —w( = (i ) dyh .

where I.[w] was defined in (A.1). Using (A.2) or (A.3) we then conclude that, if w € P,

82(1—s)

‘f'n,s[w](x) = _on : Dzw(x)

5 - —w— (L
+2/Rd\B8(2w(x) w(x 4+ y) —w(x J’))rl<|y|)=7€(|y|)dy.
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In summary, for quadratic functions our regularization (3.2) is equivalent to replacing
the singular part of the kernel Izldﬁn(lz?l) in the ball B, by a scaled second-order oper-
ator with symmetric anisotropic positive definite diffusion matrix Ay. The special case
n = 1 is the only one for which Ay = I and this operator coincides with the scaled Laplace
operator; moreover, centered finite differences are monotone and exact on quadratics. Oth-
erwise, for n # 1 a finite difference discretization requires wide stencils to be monotone

[49, Section 3.2].
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