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JUAN PABLO BORTHAGARAY, WENBO LI, AND RICARDO H. NOCHETTO

ABSTRACT. We prove Besov boundary regularity for solutions of the homoge-
neous Dirichlet problem for fractional-order quasi-linear operators with vari-
able coefficients on Lipschitz domains € of R%. Our estimates are consistent
with the boundary behavior of solutions on smooth domains and apply to frac-
tional p-Laplacians and operators with finite horizon. The proof exploits the
underlying variational structure and uses a new and flexible local translation
operator. We further apply these regularity estimates to derive novel error esti-
mates for finite element approximations of fractional p-Laplacians and present
several simulations that reveal the boundary behavior of solutions.

1. INTRODUCTION

In recent years, fractional-order and, more generally, nonlocal operators have
received a great deal of attention in applied sciences and engineering. This is
mainly because such operators arise in jump processes modeling the ubiquitous
phenomenon of anomalous diffusion [?]. In this vein, the fractional Laplacian,
an outstanding nonlocal operator, arises as a limit of a long-jump random walk
[?]. Among other applications of nonlocal operators, we mention finance [?, 7],
ground-water solute transport [?], and biological systems with binding, crowding,
or trapping, such as electrodiffusion of ions within nerve cells [?, ?].

For problems with a variational structure, finite element methods provide the
best approximation in the energy norm, and are amenable to an analysis with low
regularity conditions. In our setting, the latter is fundamental because solutions of
fractional-order problems generically develop algebraic boundary layers. Solution
regularity estimates in the Sobolev scale are a key ingredient to prove a priori
convergence rates for the finite element discretization of such problems.

However, most progress in that direction and most computational studies have
been limited to either linear or semi-linear problems. This paper deals with fractional-
order quasi-linear operators. We prove elliptic regularity estimates up to the bound-
ary of the domain, which is only assumed to be bounded and Lipschitz. The
model operator we consider is the so-called (p, s)-fractional Laplacian (s € (0,1),
p € (1,00)), but our theory is also valid for a broader class of operators, includ-
ing operators with finite horizon. In this regard, we remark that our regularity
estimates for finite-horizon operators are even new for linear problems. As an ap-
plication of our regularity estimates, we consider direct finite element discretization
of the problems under study and prove convergence rates in the energy norm.

Let us make precise the problem setting in this paper. Let Q C R? (d > 1)
be a bounded, Lipschitz domain, s € (0,1), and p € (1,00). We consider energy
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functionals whose domain is the fractional-order Sobolev space W; (©), namely
functions in Wy (R?) that vanish in Q¢ := R%\ Q. More precisely, for a given
function G: R? x R? x R — (0, 00), with (z,y,p) = G(x,y,p), and f € (W;(Q))',

we are interested in minimizers of the energy

L) Fu) = //QG(ajy “(I)_“(y)> ‘x_ly|ddyda:— (fru).

|z —yl®
Above, (-,-) stands for the duality pairing between (W; (©))" and WPS(Q) and
Qo = (R x RY)\ (2 x ).

Specific requirements on G are listed in Hypothesis 7?7 below. The Gateaux differ-
ential of F at u is given by A: W (Q) — (W3 (),
(1.2)

= [ [o (e 250) 1] L

where G, denotes the derivative of G with respect to p. For the moment, let us
assume that G satisfies the relation G(z,y, p) = G(y,x, —p) for a.e. z,y,p. While
this assumption allows us to write the minimization problem in a strong form in a
concise fashion, it is not necessary for our theoretical results. Under this additional

condition, we have G, (z,y,p) = —G,(y,z,—p) for a.e. z,y, p and we can write
u(z) — u(y) 1
1.3 Au(z) = 2/ G (axy, dy.
3 D=2 o\ Tyl )

Minimizers of (??) are weak solutions of the homogeneous Dirichlet problem for
the operator A:

Au=f inQ,
(1.4) { uw=0 in Q°.
We assume standard hypotheses on G in order to apply the direct method in the
calculus of variations. As a prototypical example, we consider G(z,y, p) = Céip” [p|P

with Cy s defined below. Then, G,(z,y,p) = %|p|p_2p, and

[u(z) — u(y)|"*(u(z) — u(y)) ,
|z —yl|dter

(15)  Au(z) = (~A)u(z) = Canp /R d Y

is the so-called fractional (p, s)-Laplacian (or fractional p-Laplacian of order s). We
define the normalizing constant Cy s, as

s(1— s)p T (254 220

W%F(%)F(2 —s)

(1.6) Casp=

This choice is somewhat arbitrary, but for p = 2 it allows us to recover the integral
fractional Laplacian, which is the pseudodifferential operator with symbol [£]?*.

Moreover, for every smooth function v € C2°(R%) we have the asymptotic behaviors
(7,7, 7

(1.7) SlirélJr(fA);v = |v|P 2, SET,(iA);v = -V - (|Vu[P~2Vv).

We also point out that the integral in (?7?) needs to be understood in the principal
value sense if s > 1 — %.
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Another way to write the operator in (?7?) is

(18) (A u(z) = Q/Rd (Iu(x) —u(y)| ),,_2 (u@) — u(y) ..

‘ R oyl

which suggests that, heuristically, one can understand the fractional (p, s)-Laplacian

p—2
as a weighted fractional Laplacian of order s, with a weight (%) . This is

analogous to the local case, for which the p-Laplacian (—A)yu := —div(|Vu[P=2Vu)
can be regarded as a Laplacian with weight |[Vu|P~2. The Dirichlet problem for the
local p-Laplacian arises in a number of models of physical processes, including
non-Newtonian fluids [?], turbulent flows in porous media [?], and global climate
modeling [?]. We refer to [?] for a historical account and other applications of this
operator, and to [?, 7, ?] for its numerical treatment.

The representation (?7) also shows that the operator (??) corresponds to a
degenerate diffusion if p > 2 and to a singular one if p < 2. We refer to [?]
for several motivations for considering nonlinear operators like (??), to [?] for a
thorough discussion about existence and regularity results for problems driven by
the fractional (p,s)-Laplacian, and to [?] for a monotone finite difference scheme
with consistency error estimates for C* functions and applications to the Cauchy
problem for such an operator.

Depending on whether the resulting operator A in (?7?) is degenerate or singular,
our regularity estimates are somewhat different from one another. The main result
of our paper is 7?7, that derives Besov regularity estimates for weak solutions to
(??) under suitable assumptions on the nonlinearity G (see Hypothesis ?? below).
Applied to the (p, s)-Laplacian (??), such a theorem reads as follows.

Theorem A (maximal Besov regularity). Let Q be a bounded Lipschitz domain,

s€(0,1),pe (1,00), p' = p’%l, and u € WN/;(Q) be a weak solution to (?7) with

the operator A given by (77).

1

St Csgd
Ifp>2and f € Bp,;p (Q), then u € Bp,téj (Q) and

1
1.9 ul| o <|IfIIPE
(1.9) el v g S I

p,o0

(2

p’,1

Cetd bl
Ifp<2and f € Bp,fz(ﬂ), then u € By 2 () and

(1.10) o+l

2-p
< p—1
el oot ) S I e

1

@
The hidden constants in (??) and (??) depend on d,s,p, and Q.

These Besov estimates extend classical ones [?, Theorems 2 and 2’] to the
fractional setting. To check optimality, we consider the prototypical 1d-function
v(x) = x7., which mimics the boundary behavior of solutions of (??) for the oper-
ator (?7?), cf. [?, 27,7, ?]. A simple calculation using second differences shows that
v € Byht/P(Q) for all p € (1,00), which revals that (??) is optimal while (??) is
suboptimal. Moreover, by a simple embedding argument, (??) and (??) give rise
to Sobolev regularity estimates (cf. ??). Here, we only state the result applied to
the (p, s)-Laplacian.
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Corollary (maximal Sobolev regularity). Let the assumptions of 7?7 be satisfied.
Forpe[2,00) and f € B;flﬂ/p (Q) then

1
| —1
—e

_1
lull_.+ SerIfIT
w, B o’

p

’ @)

p’,1

is valid provided € € (0,s+ 1/p). If p € (1,2) and f € B;flﬂ/z(Q) then

T
5 E P Hf”IfV_,S(Q)Hf”B—H%

1
U|| oyl
ol : .

(@)
holds provided € € (0,s+ 1/2).

For p = 2, this estimate turns out to be consistent with well-known optimal reg-
ularity for solutions to the Dirichlet problem for the integral fractional Laplacian
on smooth domains, cf. [?, ?, ?]. Importantly, our estimates are valid for Lipschitz
domains and in that sense generalize the ones derived in [?, ?] to a quasi-linear
setting. Additionally, our estimates are valid under general conditions on the func-
tion G. In this vein, we point out to [?] where, for a class of nonlinear operators
related to the ones in this work, analysis is performed in fractional-order Orlicz-
Sobolev spaces and Holder regularity estimates are derived for Dirichlet problems
on bounded C*! domains.

Finally, the maximal Besov regularity estimates and the continuity properties
of the solution operator in case f € W,,*(Q2) = (W;(Q2))" imply the continuity of
the solution operator in intermediate spaces (cf. ??). For the (p,s) Laplacian, we
obtain the following.

Corollary (regularity pickup for rough data). Let the assumptions of 7?7 be satis-
fied, and let 6 € (0,1). Then, the solution operator f +— wu is bounded between the
following spaces
—s+4 ~—s+8
ifp>2and feW, " (Q) = veW, "(Q)
. —s+2 ~s4+8
ifl<p<2and feW, *(Q) = ueW, *(Q).

The paper is organized as follows. 77 collects preliminary material about func-
tion spaces and Lipschitz domains, introduces a flexible local translation operator
that plays an instrumental role in our derivation of regularity estimates, specifies
the assumptions we require on the energy, and discusses the use of localized trans-
lations in the proof of regularity of energy minimizers. 7?7 contains the core of the
paper, and studies the regularity of solutions through the derivation of suitable en-
ergy bounds. It also discusses the extension of the technique to operators with finite
horizon and truncated Laplacians in the linear setting. 7?7 proposes and analyzes
a finite element discretization of problems of the form (??), and exploits (??) and
(??) to prove error bounds for all p € (1,00). Finally, ?? exhibits some numerical
experiments that explore the accuracy of this approach and the boundary behavior
of solutions to the (p, s)-Laplacian (??) and linear truncated Laplacians.

2. NOTATION AND ASSUMPTIONS

This section establishes the notation and collects some preliminary results. We
provide some discussion on function spaces and Lipschitz domains. We analyze
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function space characterizations by means of translation operators, discuss the re-
lation between these translations and the regularity of minimizers of (?7?), and
introduce a suitable localized translation operator to derive regularity estimates.
Finally, we make explicit assumptions on the energy, discuss some of their conse-
quences, and comment on how they apply to the model operator (?7?).

Given a,b € R, we write a < b if a < c¢b for some non-essential constant c.
The value of such a constant may vary from one occurrence to another. When
emphasizing the dependency of the constant ¢, we retain the notation a < cb. If
a <band b < a, we write a ~ b.

2.1. Sobolev and Besov spaces. Here, we briefly review some important facts
about Sobolev and Besov spaces. We follow the notation from [?] and refer to that
work for further details.

Given o € (0,1) and p € [1,00), we consider the zero-extension Sobolev space

Wg(Q) ={ve W;(Rd): supp v C Q};

this is a Banach space furnished with the norm

Caep // Jo(a) — v(y)|? Y/
= = - = | —== ———dxd .
lolgg oy = ol = (52 [ =0 deay

Because functions in WPU () vanish in °, the integrand above vanishes on Q° x Q°
and one can effectively compute the integral over Qq = (R? x R?) \ (Q¢ x Q°).

We define Besov spaces by real interpolation. Given a pair of compatible Banach
spaces (Xo, X1), u € Xo + X1, and t > 0, we consider the K-functional

(21) K(t,u) = inf{||u0||X0 + t||u1||X1 U= ug + ui, ug € Xo, ug € Xl} .
For 0 € (0,1) and ¢ € [1, o], we define the interpolation spaces
[Xo, X1], , o= {u € Xo+ Xu: [|ullxo,x1),,, < o0},

where

oo 1/
(01— 0) J; =099 | (¢, )| dt " 1< q< oo,

22) Il = 9 |
sup;o t7Y|K (¢, u)l if ¢ = oo.

The normalization factor ¢d(1 — 6) in (??) guarantees the correct scalings in the
limits # — 0, # — 1 and ¢ — oo; see [?, Appendix B] for a detailed proof in the
case of interpolation between Sobolev spaces with integrability index 2. Because
we are interested in spaces with differentiability order between zero and two, given
p € [1,00) we let Xo := LP(Q), X; := W2(Q), 0 € (0,2) and ¢ € [1,00] to define
the Besov spaces

By ,(Q2) == [LP(Q), WS(Q)] Bg’q(Q) = {v e B () : supp v C O}

/2,q’
By reiteration, we have the following result regarding interpolation of Besov spaces
(cf. [?, Theorem 6.4.5]): given o9 # 01, 1 < p,qo,q1,7 < oo and 0 < 6 < 1,

(2.3) (B”" (Q), Bo: (Q))O,T = By (), where o = (1—0)o+ 00;.

.00 P.a1
Importantly, we have By ,(2) = W7 () for all p € [1,00), 0 € (0,2) \ {1}. In the
case 0 = 1, we only have the equality B3 ,(Q) = H?(Q), while B} () C W, ()
if p<2and B) (Q) DW,(Q) if p > 2, cf. [?, §7.67]. Moreover, we have the
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following inclusions between Besov spaces on bounded Lipschitz domains [?, §3.2.4,
§3.3.1]:

BZ’QO(Q)CBg,ql(Q), if o0 >0, 1<p<oo, 1<qg)<q <o
Bg}ql(Q)CBgfqo(Q) if0<og<o;, 1<p<oco, 1<qy,q <oo.

We are interested in making precise the statement about inclusion of a higher-order
Besov space with integrability index p € [1, 00) and second parameter ¢ = oo into a
lower-order Sobolev space with the same integrability index. Concretely, the next
lemma shows the scaling of the continuity constant.

Lemma 2.1 (embedding). Let Q@ C R? be a bounded Lipschitz domain, p € [1,00),
o€ (0,2)\ {1}, and € € (0,2 — o). Then, BJEE(Q) C W7 (Q) with

1

o2—o)tts\7
20 ol < (22 [ollpgie Vo€ BIEEQ).
Proof. We exploit the characterization of Besov and fractional-order Sobolev spaces
as interpolation spaces between integer-order Sobolev spaces. More precisely, if the
K-functional corresponds to interpolation between the spaces X, = LP(2) and
X1 = W2(9), we recall the norm definitions

__ote
ol e = 50 (¢ FIK (1 0)]),
? t>0

and

po(2—0) [ | o
ol @) = —5— /O 1% | K (¢, 0)|Pdt

for o € (0,2) \ {1}, according to the remark following (??). We split the integral
above as the sum of the integrals between 0 and N and between N and oo, with
N > 0 to be chosen. A straightforward calculation gives

Ep

2N =

P
By ()

N N
o (o+e) €
/ 1= | K (1, v) Pt < sup t— p|K(t,v)|p/ g = 2N )
0 t>0 0

Additionally, for any v € Bngﬁ(Q) and t > 0, we choose the trivial decomposition
v=v+0in (??) to obtain

(Kt 0)] < vllze@) < vllwg @)
This gives rise to

o op > op ON~F
/ t1T 2 | K (t,v)|Pdt < |lvlff, U(Q)/ Tl Far =T o)

N r N po ?

and thus
o(2—0)N7Z (2—0)N~7
[0l ) < TEma ol e ) + a0l

It now suffices to fix NV such that (27@# = 1, namely N = (2— g)%p7 and kick
back the last term in the right hand side above to arrive to the desired estimate
(?7). O

Given p € [1, 00|, we denote by p’ its conjugate exponent, namely p’ = —£=. For

o € (0,1) and p, q € (1,00, we consider W, (Q) := (W, (Q))’, define
B, () = (L (), W, ()

p,q p o,q’
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and point out that we have the duality [?]
BY () = (B, ().

p,q

It is common practice to furnish Besov spaces with equivalent norms based on
LP-norms of difference quotients, instead of the interpolation norm. Given p > 0,

Q, = {z € Q: dist(x,0Q) > p}, Q°:={z € R?: dist(z,Q) < p},
and a set of admissible directions D C R?, typically a ball, we denote

lvlBg (D) = (q0(2 - 0)/

D

lon —2v + v’h”%”(ﬁm) dh e
|h‘d+<10 )

for p,q € [1,00) while for ¢ = co we let

|v] s lon — 20+ v-nllzo@yn)
v|go .p) := su
BP-,OO(QVD) heg |h|a ’

where vy, (x) := v(z + h) is the translation with vector h € R%. Tt is well-known
that, if D is a ball, then the norm || |z () 4|+ g (2;p) is equivalent to the Besov
norm || - || B2 () defined through interpolation [?, Theorem 7.47]. Moreover, [?,
Proposition 22] shows that balls D can be replaced by suitable convex cones in the
definition of Besov seminorms for ¢ = co. More precisely, let us assume D C R? is
bounded and star-shaped with respect to the origin. We say that D generates R?
if there exists po(D) > 0 such that for every p < po(D) and every h € D,(0), the
ball of radius p and center 0, there exists {h;}?_, C D U (—D) satisfying

d d

(2.5) h=> hj, > |hj|<clh|
j=1

7j=1
with a constant ¢ > 0 only dependent on D.

Let us briefly comment on the use of d vectors in the last definition. Since 0 € D,
one could set h; = 0 if needed. The worst case is the one in which {vq,...,v4}
forms a basis of R? and D = {\v;: A € [0,1], i = 1,...,d}: in such a case, in
general one must take combinations with d vectors in (?77?).

We are mostly interested in the case in which D is a convex cone generating
R?. In that case, one can effectively take combinations with two vectors in (?7).
Indeed, because D has nonempty interior one can take hy € int(D) and pg such
that D,,(h1) C D. Then, hy := hy + h € D for every h € D,,(0), and this is
precisely (?7).

The following equivalence is proved in [?, Proposition 2.2].

Proposition 2.1 (Besov seminorms using cones). Let D be a convexr cone gener-
ating R? and let B C R? be a ball. If o € (0,2) and p € [1,00), then for every
function v: R* = R we have lvlBs _(2:p) = [vlBs _(:B)-

We will decompose €2 into overlapping balls and apply Proposition ?? to subdo-
mains w made of intersections of such balls with 2. The convex cone D will depend
on w and will be dictated by the Lipschitz property of €. However, we will omit
writing D in By  (w) for simplicity of notation but without compromising clarity.

We can estimate higher-order Besov norms, possibly of order higher than one,
in terms of difference quotients of Besov norms of order less than one. We express
this instrumental reiteration property as follows and refer to [?, Proposition 2.1].
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Proposition 2.2 (reiteration of Besov seminorms). Let w C RY be a bounded
Lipschitz domain, s € (0,1), p,q € [1,00], o € (0,1] and let D be a set generating
R? and star-shaped with respect to the origin. Then,

1
< |U _Uh|€vg(w) /q
‘U‘B;fg”(w) ~ /D Rt dh , g €[l,00),

1
V] pste () S SUP Z— |V = Valws (w)-
Poo nep |h|7 i

2.2. Lipschitz domains. We next briefly state a few well-known but relevant
results regarding Lipschitz domains in R,

Definition 2.1 (admissible outward vectors). For every xo € R% and p € (0,1],
we define the set of admissible outward vectors

O, (x0) = {h € R%: |h] < p, (Dap(x0) \ Q) + th € Q°, Vit € [0,1]}.

An important fact about bounded Lipschitz domains is that they satisfy a uni-
form cone property. This can be stated in the following fashion [?, §1.2.2].

Proposition 2.3 (uniform cone property). If Q is a bounded Lipschitz domain,
then there exist p € (0,1], 8 € (0,7] and a map n: R — S~ such that, for every
z € R?,

Cp(n(z),0) :={h €R¥: || < p, h-n>|h|cosb} C O,(x).

Besov seminorms can be equivalently written as sums of norms over partitions,
as long as the partitions have some overlap. We refer to [?, Lemma 2.6].

Lemma 2.2 (localization). Let p,q € [1,00] and o € (0,2). Let {D;}]_, be a finite
covering of 2 by balls of radius p, D; = D,(z;). Then, v € By (Q) if and only if

’U‘QQDJ_ € By (2N Dy) forallj=1,...,J, and

J
(2.6) ||U||Ijgg,q(g) = Z ||UHIJ)3;4(QQDJ-)'
j=1

Moreover, for 6 > p, let {Dj}f:1 be a finite covering of Q0 and let v: R* — R be
such that supp(v) C Q. Then, v € Bg}q(ﬂ) if and only if ’U‘D‘ € By (Dj) for all
ji=1,...,J, and '

J
(27) ||v||%g)q(g) = |v|p'qu(Q) = Z |,U|P o a(Dj)”
j=1

The equivalence constants above depend on s,p,q,$) and the covering chosen.

2.3. Localized translation operator. Our next goal is to construct a smooth
operator that resembles a translation around a certain given point zy € R, while
coincides with the identity away from xy. Such localized translation operator plays
an instrumental role in our derivation of regularity estimates.

Given zg and p, we fix a cut-off function ¢ such that 0 < ¢ < 1, ¢ = 1 on the ball
D, (z0) of radius p centered at zg, supp(¢) C Da,(xo). Given h € R, we define

(2.8) Tho(z) :=v(z + ho(z)) = (vo Sy)(z),
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where the map S, := I +he is defined from R to R%. We restrict our consideration
to |h| small enough such that the Jacobian of S}, satisfies

1
(2.9) SIS VS =1+heVe<2l.

and thus ), is a one-to-one mapping from Ds,(z¢) to Da,(zo). It is also one-to-one
from R? to R? and coincides with the identity in Da,(x0)°.

In [?, 7], the localized translation operator Tho = ovp + (1 — ¢)v was employed
instead. The translation operator T}, in (??) is somewhat more flexible than fh,
in the sense that it gives rise to cleaner regularity estimates in which a priori one
gains one full derivative; compare the right-hand side in (??) below with the one
in [?, formula (3.3)]. This leads to a simpler bootstrapping argument than in [?].
We return to this point in 7?7 below.

Remark 1 (properties of Sj and S, 1). Some important properties of the trans-
formations Sj and S, ! follow immediately from their definitions. We have the
inequalities

(2.10) |Sh(z) — x| < ||, VzeRY,
(2.11) |det(V Sy (z)) — 1| S |h|, Vo eRY,
|z —yl

(2.12) —1| < ||, Va,y e R

[Sn(x) — Su(y)|

Analogous properties also hold for S L

Remark 2 (boundedness of translations). Clearly, the operator T}, in (??) is bounded
from LP(R?) to LP(RY) and, more in general, from WI’f(Rd) to W;(Rd) for every
k € N. Therefore, it is also bounded from Bg ,(R?) to B ,(R?) for any non-integer
o > 0. Moreover, if h € O,(z) is an admissible outward vector (cf. Definition ?7?)
and v € Bg!q(Q), we have

€ Q°NDyy(zg): 0< P(z) <1= Sp(x) =a+ ho(z) € Q° = Tho(z) =0,
x € Q°\ Dyp(xg) :  ¢(x) =0= Tho(z) =v(z) =0.
Therefore, T}, is also a bounded operator from ng(Q) to ng(Q)

Lemma 2.3 (moduli of continuity). Given p > 0, zg € R, and a function ¢ as
above, we consider the localized translation operator Ty, given in (??) with h € R?
such that (??) holds. Then, for all p,q € [1,00] and o € (0,1) we have

(213) o= Tovlloony o) S 1Bl I0l5g. (ayire)y Vo0 € Boy(Dap(o).

Moreover, for all v > 0 and o € [0,1], we have

@19) o= Thvllng omeoy S 710 gt 0y oy V0 € Byt (Dap(ao).

Proof. In first place, the boundedness of T}, : LP(Da,(x0)) — LP(D2,(x0)) yields
v = ThollLe(Dap(zo)) S NVILr(Dop(ae))y Vv € LP(D2p(0)),

while a standard calculation, exploiting the fact that Tv — v has a vanishing trace
in Do, (x0), gives

(2.15) [0 = Tholl Lo (Dap (o)) S IR IV LoDy (o)) V0 € Wy (Dap(0)).

Estimate (?7?) follows by interpolation.
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We next consider higher-order derivatives. Given a positive integer k and « with
|a| =k, a direct calculation gives for any sufficiently smooth v and = € D, (z0),

(D*v) 0 S(x) — D* (vo Sp(x)| S Al llor@ay Y [(DYv) o Su(w).
0<|o/|<k
Consequently, applying (??) to (D%v) o S}, we deduce
v = Thollwe(ps, (o)) = I — v 0 Shllw (s, (z0))

< D I(D*0) 08y =D (v05h) | Lo (Ds, (w0 + I (D0) 0 Sh = D0l 1112, (1)
0<|al<k

< Al Z D% vll Lo (D, (20)) < |h“|v||wg+1(pzp(x0))-
0<|a/|<k+1

By using the boundedness of T}, on W} (R%) and interpolation, we deduce that
o= Titlhws on e S 110l gy 0 € BT (D)
for o € (0,1). Finally, we obtain (??) by combining this estimate with (?7). O

Remark 3. The only properties of Sj we exploited in the previous lemma are the
fact that it maps Do, (x) onto Day(x0), and that the resulting translation operator
Thv = v o Sy is stable in W} (D, (x0)) and satisfies properties like (??). Thus, the
same arguments can be applied to the translation operator v o S, ! In particular,
we have

[v =08y lws (Do) S B0l grte Dy (weyy V0 € Byg” (Daglo))

for 0 € (0,1), and

lv—v 08 By, (Dapeo) S 1IN0l grie by, 2oy Y0 € By (D2o(0))
for r > 0,0 € [0,1].

2.4. Assumptions on the energy. We recall the energy (?7),

o= ], e 250) e

Here, we list the conditions we require on this functional, discuss some consequences
of these conditions, and how they apply to the problems we are interested in.

Hypothesis 2.1. The function G: R? x R? x R — (0,00) satisfies the following
conditions.

1. Convexity. The function p — G(x,y, p) is uniformly convex for each x,y € R%.

2. Space continuity. There exists § € (0, 1] such that G is B-Hdlder continuous
with respect to the space variables: for all x,y,x',y" € R? and p € R,

(2.16) G(z,y,p) — G(@',y,p)| < C(lz —'|° + |y — y/|°)|p|P-

3. p-growth. There exists some p € (1,00) such that, for all z,y € RY, G(x,y, p)
is differentiable with respect to p with

(2.17) G, y,p)l < ClplP, |G p(z,y,p)| < ClplP~.
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4. Monotonicity. There ezists a > 0 such that, if 2 < p < oo in the p-growth
condition, then for all x,y, € R% and p,p' € R,

(Gp(z,y,p) = Gplx,y,0"))(p—p') > alp—p'|,
while if 1 < p < 2, then for all x,y,€ R? and p,p’ € R,
(Golz,y,p) — Gpla,y,0))(p— p') = alp— p'12|Ip| + |0

5. Continuity. There exists ¢ > 0 such that, if 2 < p < 0o in the p-growth
condition, then

-2
Gy, y,p) = Gola,y, 0| < clp—p'l|lo| + 10'1|"" Va,y,€ R, p,p €R,
while if 1 < p < 2, then
|Gp(1'7y7p) - Gp(z7y7p/)| S C|p - pl‘p71 VZL',y, S Rda 12 p/ e R.

[~

Remark 4 (symmetry). While not strictly needed for our purposes, the following
assumption is practical for the analysis and applies to a general class of operators:

6. Symmetry. The function G is symmetric with respect to the space variables
and with respect to p,
G(z,y,p) = Gly.w,p), G(z,y,p) =Glw,y,—p), Yo,y eR)peR.

Under this symmetry assumption, the operator A associated with the energy
minimization problem becomes (?7); otherwise, it takes the form (?7).

Remark 5 (monotonicity). The monotonicity hypothesis above implies the fol-
lowing estimates for the operator A in (?7?). If 2 < p < oo, there exists a > 0 such

that, for all u,v € W;(Q),

. _ —o) > alu—v|%
(2.18) (Au — Av,u —v) 2 affu — g, o)

hence A is p-coercive in W;(Q) Instead, if 1 < p < 2, one can proceed as for
the classical p-Laplacian (see, for example, [?, Lemme 5.2 and Proposition 5.2]) to

show that for all u,v € W;(Q)

p—
(219)  (Au—dv,u—v) = allu— ol o) (Rl + @)
whence A is 2-coercive on bounded sets in W;(Q)

(Au — Av,u—v) > C(R)||lu — o[l

provided Hu||W§(Q), H’U”W;(Q) < R. It is worth realizing that (??) cannot hold for

p < 2 and G smooth and convex [?, Remark 2.1]. This fact is responsible for the
dichotomy between (??) and (?7?) and reveals that our variational approach, which
hinges on (??) for p < 2, cannot improve upon (?7?).

Remark 6 (continuity). The continuity hypothesis implies that the operator .4
satisfies the following bounds: if p € (1,2] then for all u,v € W; (),

(2.20) lAw = Av]lyy—2 gy < Cllu =]l
p P
while if p € [2,00) then for all u,v € W*P(Q),

p—2
@21)  Au— Ay < C (il + Iollwy@) =l
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Remark 7 (solution operator). The uniform convexity of G yields existence and
uniqueness of weak solutions: given f € WZ:,S(Q)7 the problem

(2.22) up € WE(Q)  (Auyg,v) = (fv) Vo€ Wi(Q),

admits a unique solution, where

i) = [ (s, B0 ()~ w0l 000,

2 —y|* | — y|dt+2s

and G(z,y, p) = Gp(z,y,p)/p. Testing (?7) with v = uy (or, equivalently, setting
v=01in (??)—(?7?)), we immediately reach the stability estimate

1 1
. ooy < ——IFI125
(2:23) lus gy < — 1915 2o

We now assess the continuity properties of the solution operator f — uy. If we
1

assume - < K, the satisfies o < (£)?»~T in view of (?7).

um Hf”wp, @ = n uf 1 HufHW;(Q) > (O,) 1o view (77)

This shows that, denoting
Br:={f¢ W, (€): ||f||ij=(Q) < K},

and using (??), then the solution operator defined on B is Lipschitz continuous,

(2.24) lur = gl @) < IS = gllw=-@)

for p € (1,2). In contrast, if p € [2,00), then the solution map is Holder continuous
on W *(€2) because of (??),

2.25 < 1 1

(2. ) Huf _ugHWps(Q) > owil“f _9||W1;5(Q)-

Fractional (p,s)-Laplacians. For p € (1,00) we consider G(z,y,p) = C‘;%;’p|p|p
in (??), which gives rise to (??). It is clear that the parameter p in this definition
corresponds to the parameter p in Hypothesis 7?7, and therefore the convexity and
p-growth conditions (?7?) hold. Moreover, because G is independent of the space
variables, it is trivially symmetric with respect to x,y, and we can take § = 1 in
(??). The monotonicity and continuity assumptions are satisfied because of the
following auxiliary identities [?, §5]: for all a,b € R, we have

Cla—bP~t if1<p<2,

p—2_ p—2
[la” a — b0} S{ Cla—bl(lal + [B)"2 if2 < p < oo,

and

—b]? P72 ifl<p<2
b o g [ ala—bP(al £ )P if1<p<2,
(laf™%a = pI""0) (a = b) > { ala—0bP if2<p<oo.

Therefore, the Hypothesis 7?7 covers fractional (p, s)-Laplace operators (77?).
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2.5. Regularity of functionals. Inspired by [?], we introduce a notion of reg-
ularity of functionals that measures their sensitivity with respect to a family of
perturbations.

Definition 2.2 ((T, D, o)-regularity). Let V be a Banach space, K CV and o > 0.
Given a family of maps Tj,: K — K, with h varying on a given set D C R%, we say
that a functional F is (T, D, o)-reqular on K if, for allv € K,

T v) —
w() =w(v; F,T,D,0) := sup F(Tww) = F(v)
heD A7
Remark 8 (subadditivity). The modulus w of (T, D, o)-regularity is subadditive
with respect to the F-argument:
(2.26) w(v; F1 4+ Fo, T, D,0) < w(v; F1,T,D,0) + w(v; Fa, T, D, o).
Thus, in order to prove the (T, D, o)-regularity of F; + Fa, it suffices to show the

regularity of each of the two functionals separately.

A key consequence of the monotonicity assumption in Hypothesis 77 is the
following estimate [?, Theorem 1, Corollary 1, and E3].

Lemma 2.4 (regularity and minimizers). Let xg € RY, p > 0 and h € O,(zy).
Consider translation operators T}, : W;(Q) — WPS(Q) as in (??). If u solves (?7)
weakly, the functional F defined in (??) satisfies Hypotheses ?? and it is (T, D, 0)-
reqular on W;(Q) for some o > 0, then the following hold:

o Ifp>2, then

(2.27) allu — Thu”%;(ﬂ) < pw(u)|h|°.

o If1<p<2, then
2—p
(228)  allu =Tl o) < CO) (Il o) + I Thtls o) w(@)lhl”.

Let us explain the crucial role of Lemma ?7? in the proof of regularity of solutions,
and how localized translations come into play. Let D,(zg) be a ball with center
xo € Q and radius p satisfying ?? (uniform cone property), and let D = C,(n(zo), 6).
For p € [2,00) we combine 77 (reiteration of Besov seminorms) with (??) to obtain

[u = unliye (D, (n0))

ul? < su
290 a2, o) SS9, ]
(229) o= Tl
< sup — Sw(w; F,T,D,o0),
S ~ S
heD ||

for o € (0,1]. Instead for p € (1,2), combining ?? with (??) yields
2
||u - Thu”"’b(g)

2 < P
(2.30) ‘U|B§,+og/2(Dp(1’0)) ~ SEE |h|o

2-p
< (Il @) + 1 Thtllp, o)) @ F.T.D,0).

This shows that proving that F satisfies ?? ((T, D, o)-regularity) for some o € (0, 1]
gives rise to local regularity of solutions.
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3. REGULARITY

In this section we obtain regularity estimates for solutions to (??). For that
purpose, we analyze the regularity of the functional F in (??) in the sense of
Definition ??, and exploit the crucial property that the operator Ty (??) is locally
a translation and Tpv € W}f (Q) for all v € W;(Q)

We split the energy in (??) as F = Fg — Fi, with

(3.1) Fa(u) := //RdXRdG(x,y, “(Z)_—;Ey)> |x_1y\ddydxv
Fi(u) = (f,u)

and recall that, by the subadditivity property (??), we can treat the two terms
separately.

3.1. Regularity of the functionals. As a first step towards deriving regularity
estimates for minimizers of (?7?), we prove the regularity of F; and F¢g with respect
to the family of admissible outward vectors, cf. ??7. We begin with an estimate on
the linear part of the functional.

Proposition 3.1 (regularity of F1). Let ¢ € (1,00], p € (1,00), p' = p/(p — 1),
o€ (0,1 and t € (=1,0). If f € B}, ,(Q), then Fy is (T,0,(x¢),0)-reqular in
Bg);t(Q) for all zg € Q, p > 0. Namely, for allv € Bg’;t(ﬂ)

F1(Thv) — Fi(v)
3.2 < t o—t .
(3.2) he?)l?()rco) Ih]o ~ ||f||Bp,7q,(sz(a:0)ﬁQ)HvHBp’q (D2p(x0))

Proof. We split the proof into three steps depending on the range of t. Let o € (0, 1],
r>0,and v € Byt7(Q).

1. Caset € (—1,0]: We use (??) to write Tv = vo Sy with S, = I+ h¢, and recall
that supp(¢) C Da,(z0), so that v — Thv € B}, ,(D2,(70)). We thus obtain

Fi(Thv) = Fi(v) = (f, Thv —v) < ||f||B;/‘q,(D2p(zo)mQ)||Thv - v”B;,q(sz(JEo))'

Next, we resort to (??) to deduce

| Tho — ]

By, (D2 (o)) < P17Vl greo (D, (20))»
which implies for all v € B;,‘Z”(Q)

(33) AT = B SBIs on @ono ]

Byt (D2p(20))"

This establishes (?7?) upon setting r = —t.

2. Caset = o < 1: Next, we prove an inequality similar (??), but having ¢ =
o in the left-hand side and the LP-norm of v in the right-hand side. Let f €
By, (D2y(w0) N2) and change variables to write

/Qf(x)v(Sh(x))dx=/S o F(Sy H(@))o(@)| det VIS ()] da,
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whence,

|F1(Tho) = Fr(v)] =

/D (z0)N2 [f(S;Zl(a:))| det VS;1($)| - f(x)} v(z) da

S 0l 2o(Day o I (L = [det VS (f 0 Sy Dot (D (o)
+ ||U||LP(D2p(ro))||f © 5;71 - fHLp’(DQP(zO)mQ)a

because (1 — |det VS, '[)(f o S, ') and fo S, ' — f vanish on Dy, (20)¢. We use
Remark ?? (properties of Sj, and S; ') and ?? (moduli of continuity) to deduce

(3.4) F1(Tho) = Fr @) S 1PN DBz, (Dag@ornay 10l e (s, (o))

3. Caset € (0,0), o < 1: Since the mapping (f,v) — F1(Thv) — F1(v) is bilinear,
we may interpolate between (?7?) with » = 0 and (??), with the same p and ¢ in
both expressions, to infer that (??) holds as well in this case.

4. Caset € (0,0), 0 = 1: We proceed as in Step 2. to derive the bound
[F1(Tho) = Fa (@) S [Pl w3, (s @oyne 191 Lo (D5 (20))
and interpolate between this inequality and
[ F1(Tho) = FL()] S [RIIf1 o (Dy, wo)ne) 101w (D2, (20)
to conclude. O
Next, we prove the regularity of the non-linear term F¢, defined in (?7?).

Proposition 3.2 (regularity of Fg). Let s € (0,1) and assume that G satis-
fies Hypothesis ?? for some p € (1,00) and B € (0,1). Then, the functional
Fa: W5(Q) = R defined in (77) is (T, O,(x0), B)-regular in W3 () for all z¢ € Q,
p > 0. Namely, for allv € W (Q ) it holds that

Fa(T P
(3.5) sup a(Thv) B // d-(i-s)| dydzx,
heo, (xo) \h| Qb3 (e0) \95 —y|dter

where Qp, (zg) = (Dap(x0) X RY) U (R? X Dap(w0)).

Proof. The change of variables (z,y) +— (S, (), S; ' (y)) =: (zn, ys) leads to

a (x " Th’U(‘z.L) yT|2v(y)> e (:1: v, (\i) yvlgy)>
Fa(Thv) — Fa(v // v dydz
R4 x R4 |z —yl
G (on . Fo50)
-/ 0 (2, y)dyds
R4 x R4 |Zh — Ynl

R4 x R4 |-yl |z —yl ’

where J(z,y) := | det(VS, ' (z)) det(VS, *(y))| for conciseness. We further split
fg(Thv) 7_7@(’[)) = I+II+III,
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with

G (xhayhu M) G (irhvyhm%)
o // e —unl B ) 10 y) dyd,
R4 xR

|zh — yn|?

. G (anm, *F512) - G (w0 *F512)
= (z,y) dyda,
R xR

lzn — ynl?

= [ (x v (|x)—_ y@lgw) (mi(f’i)w s y|d>dyd9”'

We observe that, because S, is a one-to-one mapping on R? that coincides with
the identity over D, (x0), all the integrals above need to be computed on the set
QD (w0) = (D2p(0) X RY) U (R? x Dap(0)).

We first estimate I. Using (?7?), we have |J(z,y)| < 1. Applying the Mean Value

Theorem we have, for some t € (0,1) and w := (v(z) — v(y)) (* + ﬁ),

|zh—ynl®
‘G(xh " M) _G<xh " ”(fﬂ)—“@))‘ <
Y xy — ynl® Uz =yl N
1 1

\Gp(ﬂfh,yh, w)l|v(z) —v(y)|

|z —ynl® |z —

Using (??), we deduce

] < @) = v() 1L 1 1 ]

and

=yl

R T A S N P I zh —ynl® o —

By the growth condition (??), we have

v Pl
Gplnsynw)| S o™ ||()y|(<)

)

and putting together these estimates, it follows that
—v(y)l”
(3.6) 1] < || // e dyd.
QDz (z0)

Next, we resort to the S-Holder continuity of G with respect to the space variables
(??), use (??) and (?7?), and obtain

v(x) —v(y)P
\H|<// (lzn — 21 + |yn — y|®) %dydw
Qsz(Zo) |33 o y‘
(3.7)
< |h|5// Z(ﬂ)' dydz.
QDz (z0) |$_ | v
Finally, we bound III. By (??), we have J(z,y) = 1 + O(|h|) and, as above, (?7?)
yields | T~ |ij‘d < |m‘f;‘d. Thus, we derive
J(z,y) 1 ||

_ < )
'|S — S )z —yld] Y |z — oyl
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Therefore, combining this with (??), that gives ’G (m,y, "(Ig;) ;‘(Sy))‘ < ‘”ﬂ”;’:;lﬁz)‘p,

we obtain

(3.8) 11| < |h|//Q y|d(+&)p|pd da.

Dap(z0)

Collecting (??), (??), and (??), we deduce

|Fa(Thv) — Fa(v)| S h|ﬁ//Q vy )|pd dx

— yld+
Dy (w0) |x yl Sp
and conclude the proof. a

Remark 9 (translation operator). The estimate (??) depends crucially on the struc-
ture of the translation operator (?7). Indeed, localizing through a composition en-
abled us to perform a simple argument based on change of variables. In contrast,
if one aims to exploit the convexity of the functional F¢ by using a translation
operator of the form T}, = ¢vp, + (1 — ¢)v for a suitable cutoff ¢, as in [?, ?], then
one obtains a less accurate estimate where the right-hand side involves higher-order
norms of u [?, Proposition 3.2].

3.2. Regularity of solutions. We are now in position to prove the regularity
of minimizers of the energy (??) under Hypothesis ??7. We first prove estimates
in the Besov scale, and afterwards derive estimates in Sobolev norms by using
embeddings. Finally, we show how to accommodate the theory to include finite-
horizon operators. In the sequel, we use the word mazimal to refer to estimates
that yield the highest regularity one can expect via our variational approach. As
we commented in the introduction, our maximal estimates are optimal for p > 2,
albeit suboptimal for p < 2.

Theorem 3.1 (maximal Besov regularity). Let Q be a bounded Lipschitz domain,
s € (0,1), G:RY x R x R — (0,00) satisfy Hypothesis ??, with p € (1,00),
B € (0,1], and u € W,;(Q) be a weak solution to (?7).

—s+5 s+8
Ifp>2and fe€ B, ;" (Q), thenu € Bpoé’(Q) and

(3.9) lull .o < A7
Bp,of B

Ifp<2and f€B, S+2(Q) thenueB;Jgg(Q) and

< 1
(3.10) 03 ) S I 12

The hidden constants in (?77) and (?7?) depend ond,s,p,Q, and G.

Proof. Let v = —, ifp>2andy= g fp < 2. We first observe that problem (?7)
is well-posed, because feB, ‘S'M( ) C W,,*(2) and, according to (??), we have
(3.11) Iy S W ey S U152

We split the proof into three steps.

1. Because (Q is a Lipschitz domain, by Proposition ?? (uniform cone property)
there exist p, ¢ such that C,(n(z),¢) C O,(x) for all z € RY. We consider a finite
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covering of O by balls D; = D(x;, p) of radius p, j = 1,...,J. By the localization
estimate (?7), it suffices to bound Besov seminorms over each of the balls D;.

We consider one of the balls D; in the covering and set C; = C,(n(x;), ).
Importantly, if h € C; we can guarantee that Thu € W; Q).

Let o € (0, 3] and t € (-1, 0); our proof will use suitable bounds on the (7',C;, 0)-
regularity modulus of F. We exploit the subadditivity of this functional, and
Propositions ?? (regularity of F;) with ¢ = oo and ?? (regularity of Fg)):

w(u; F,T,Cj,0 )<w(u Fa,T,Cj,0) +w(u; F1,T,Cj, 0)

(3.12) —u(y)|
</ /Q B e + £, Dyt o 452

Dap(zj)

In view of (??) and (? .), using (?7?) we deduce

(3.13) U era ) SNy 00 F TC5,0)

provided ¢ := max{2,p}. We next distinguish between p € [2,00) and p € (1,2),
and employ (??) and (??) with t = —s + 8/¢’.
2. Case p € [2,00). Upon choosing ¢ = p in (??), we deduce

|u(z) — u(y)[”
‘ |p g+rr/p(D )y~ //Q o | |d+sp dydl'—’-Hf”Bt/ 1(D2p(x] )NQ) ||UHBa t(sz(wj))'
Do, ()

Adding over j for 1 < J, and using ?? (localization), specifically (??) for the
right-hand side and (?7?) for the left-hand side, we obtain

el e 010y < Nl g + 151152, @ lullg 2t 0

for all o € (0,0], t € (—1,0), where the hidden constant depends on J. We now
replace the first term on the right-hand side via the stability bound (??). This
suggests the choices t = —s + ﬁ, < 0 < [ and yields the bound

(3.14)  ull%

P’
s+o/p(Q) Cle” —3+B/p () =+ OQ”f”B;{\:FB/PI(Q)||u||Bgt§*5/Pl(Q)

for suitable constants C,Cy > 0 dependlng ond,s,p,,J and G. We observe that
the differentiability index o+s—/p’ of u on the right-hand side gives a larger index
s+ o/p on the left-hand side provided o < 8. We thus view (??) as a recursion
relation and set o9 = 0, and for k > 0 let 0 = 041 € (0, 8] and

ok o
3—|——kza+s—é/ = ak_H::—k—&—é/.
p p p
This implies o}, = 3 (1 ) and shows that o, € (0,8) and o, —t = o +s—5/p’ >
s>0forallk>1, as desued. We claim that

(3.15) lull grsarrm gy < AT Tl
B, P ()

for some uniformly bounded constants Ay for & > 0. We > argue by induction. We
first note that (??) and the continuity of the embeddmg WS(Q) C BS 0o () yield

s+5 ’

o < Mol fIIP7"
B, ()

p’/
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for some Ag := Ao(d, s,p, Q); hence (?7?) is true for k = 0. We next set 0 = oj41 in
(?7) to arrive at

P
||UI|B;:F0:1€+1/P(Q) (CIHfH . —e+[3/p ) + 02||UB;:FO(CT]C/I)(Q)> ||fHB;/~:‘:rﬁ/P'(Q)

< P ;o
=~ (Cl + CQA]C) ||f||Bp—l:¢—[i/P (Q)

This shows that (??) holds for Ag4q := (C1 + CgAk)l/p; it remains to prove that

such a sequence is bounded. Let A := max{Ao, (p'C1 + C’gl)l/”}. We obviously
have Ag < A and, if Ay < A, applying Young’s inequality we obtain

Cp AP
Ak+1_C1+02Ak<C1+CQA<Cl—|—p7+?

1/, ' AP »
<= (Por+cf)+= <A
p p
Thus, replacing Ax by A and letting & — oo, we have o, — [ and deduce the

desired estimate (?7?) for p € [2,00).

3. Case p € (1,2). We choose ¢ = 2 in (??) and t = —s + /2 in (?7?). After
squaring, summing up over j for 1 < j < J, and ?? (localization), we end up with

2
5y S 171, oy (1 + 1 vl -7 )

for all o € (0, 8] such that o + s — 3/2 > 0; the hidden constant depends on J. We
next resort to (?7?) to obtain the following counterpart of (?7?):
(3.16)

]l

2y < ( QU gy + Coll laeooray Mol ag o)) WU

for all o € (0, 8] and with constants C; and Co that do not depend on u or f.

We now proceed as in Step 2 to exploit the improvement of the differentiability
index from the right-hand side to the left one in (??). To this end, we set g =
0,0k+1 = o € (0, 5] and rewrite

B+ ok

> 0.
5 Vk>0

B ok
o+ s 5—8"‘7

=  Ok41 =

This yields ox = B(1 — 27F), which satisfies the restrictions o € (0,3), op —t =
o+ 58— ﬁ >s>0forall k> 1, and o, — . We prove by induction that

b2~
(3.17) ol v g < A1 e i

oo’ ()

Vk > 0,

,S+fr

with a uniformly bounded constant Ax. We first note that, according to (??) and
the continuity of the embedding W () C B;VOO(Q), we have

@ = A0||f||p ot
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for some Ag := Ag(d, s,p, ), whence (??) is true for K = 0. Suppose that (??)
holds for some k, and set 0 = o1 in (?7) to obtain

< (A + Coll vyl rn ) WV

2
Hu”&i,t?“”

()

2(2— p)+—k

< (O 2oy + Gt g ) I,

2-2- 2-27* = ,,)+2_
< (GO + o) I 2 ) 1y
1

where C3 := C3(,d, s, p, B) is the constant of the continuous embedding Wp_,s(Q) C

B,*(Q). Since 1 <2 —27% < 2, we have €272 < max{C3,C3} =: Oy which

gives rise to (??) with constant
Apy1 = (C1Cy + Cahp) /2.

It only remains to show that Ay < A for some A > 0 and all £ > 0. Let A :=
max{Ag, (2C1Cy4 + C3)'/?}, then the same argument as in Step 2 is also valid in
this setting. Finally, estimate (??) follows by letting k — oo. O

Theorem ?? gives the maximal Besov regularity one can expect via our varia-
tional approach for solutions to problem (??). We recall that (??) is optimal while
(??) is suboptimal for the 1d profile (1 — z?)5 in Q@ = (—1,1). This is due to
the Hypothesis 7?7 (monotonicity) for p € (1,2), which cannot be improved for a
function p — G(-,, p) convex and differentiable [?, Remark 2.1].

One can immediately deduce Sobolev regularity by combining ?? with Lemma
?7? (embedding). Even though such a lemma is stated for the > spaces By t5(Q) and

o o+ o
W (§2), the proof for the zero-extension spaces Bp’oj(Q) and Wp () follows by the
same arguments.

Corollary 3.1 (maximal Sobolev regularity). Let the assumptions of 77 be satis-
fied. Forp € [2,00) and f € B_H_B/p (Q) then

.5+ﬁ
p/ 1

(3.18) bll o e dIAIT
W, P(Q)

P B P()

is valid provided € € (0,s+ /p). If p € (1,2) and f € B;f;rﬁ/Q(Q) then

2—-p
< e || f]|Pot
(3.19) ol gy S 1,03

holds provided € € (0,s + 3/2).

Remark 10 (interior Sobolev regularity). Estimates (?7) and (??) are valid up to the
boundary of the domain. The obstruction to higher regularity is due to boundary
behavior. In the superquadratic case p > 2, and for the (p, s)-fractional Laplacian
(?7) —that gives rise to 8 = 1 in Hypothesis 77— reference [?] derives the following
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higher-order interior regularity provided f € W}, ():

. p—l sp—ﬂ—a
fs<——, th € w7 Q),
i S*p—&—l’ en u ﬂ o loe ()

e>0
gktl_p—1l_ o

-1
if s > ‘;ﬁ, then u € W;loc(ﬂ) and Vu € m W T Q).

p,loc
e>0

We point out that if s < 1 — 2—11), estimate (??) is actually stronger than the first
statement above.

The recent reference [?] sharpens the results from [?] and obtains Calderén-
Zygmund-type estimates for problems with coefficients with vanishing mean oscil-
lation near the diagonal = y. Succinctly, in our setting, the results from [?] yield
the implication

Ferl’(Q) = ue Wrnr =) (>

p,loc
e>0

When 8 = sp’ < 1, this is close to our estimate (??). If in addition sp’ < 8 < 1, then
the case p > 2 with § = sp’/S in ?? below yields the regularity u € W;p/ (©). While
[?] considers a broader class of coefficients than we do, our results also concern
boundary regularity; we also refer to [?] for Holder regularity estimates up to the
boundary for quasilinear operators with measurable coefficients.

The technique in Theorem 77 also allows one to derive regularity estimates in
Besov spaces with a lower-order differentiability index whenever f is less regular
than in such a theorem. We shall not consider this procedure, but rather prove a
lower regularity pickup by using interpolation theory. For that purpose, we need
the following nonlinear interpolation estimate (cf. [?, Théoreme I1.1]).

Proposition 3.3 (nounlinear interpolation). Let Ag C Ay, By C By be Banach
spaces, U C Ay a nonempty open set and T: U — By be a a function that maps
Ao NU into By. Let us assume that there exist constants cg, ¢1 such that

ITfllBo < collfll%. Vf€ANT,
ITf—Tgls, <allf-gly, VfgeU

for some ap >0, a1 € (0,1]. Then, if 0 € (0,1) and q € [1,0], T maps (Ao, A1)s,q

into (Bo, B1)y.r, where 21 = 21128 g — max{1

)
n ag 0 > (1-n)ao+nar I

Corollary 3.2 (regularity pickup for rough data). Let Q be a bounded Lipschitz
domain, G: R4 xRI xR — (0, 00) satisfy Hypothesis 77, with p € (1,00), B € (0,1],
and let 6 € (0,1). Then, the solution operator f +— wu is bounded between the
following spaces

—s+65 —~ =S
ifp=2and few,” 7 (Q) = ueW, "7 ()

. —s4+6L2 —st+68
ifl<p<2and feW, "*(Q) = ueW, *(Q).

Proof. The proof follows by a direct application of Proposition ??. For p > 2, we
combine (??) and (??), while for 1 < p < 2 we combine (??) and (?7). O
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3.3. Operators with finite horizon. Thus far, we have obtained regularity es-
timates under Hypothesis ?7. In particular, that hypothesis dictates the smooth-
ness, growth and behavior at * = y of G(z,vy, p). However, such global behavior
constraints can be significantly relaxed to incorporate, for instance, finite-horizon
operators. For simplicity, we now assume G takes the form

(3.20) Glan) =0 (52 ol

where 1 < p < oo and ¢ : [0,00) — [0, 00) is a given function. In case v is supported
in the unit interval [0, 1], the parameter 6 > 0 above is the horizon of the resulting
operator
|z =yl |u(z) — u(y)P~*(u(z) — u(y))

3.21 Asu(z) = dy.
(3:21) sute) = [ 05 s y

Let us assume that ¢ € L>°(R%). Then, the choice (??) trivially fulfills con-
ditions convexity, p-growth, and continuity; moreover, we note it satisfies the
symmetry condition. The only two missing assumptions from Hypothesis 77 in
this setting are space continuity and monotonicity. At this point, we can define
the energy norm induced by G

lloll = MWU;:<[@md<my>ﬁm @ﬂ%waé

and realize it satisfies

lll @\ 7 =,
(322 oll < (50 ol ) W€ (@)

where Cg s is the constant given in (?7).

Some form of non-degeneracy is needed in order to have a reverse inequality to
(??). We assume there exists some r > 0 such that ¢ > 19 > 0 on the interval
[0,7]. This implies the following property:

4’. Local monotonicity. There exists a > 0 such that for all 2,y € R? with
|z —y| < rd and all p,p’ € R,

(Go(z,y,p) = Golx,y,0))(p—p') > alp = p'[P ifp>2,
(Gol@,y,p) = Gola,y, 0))(p = p') > alp = p'Pllol + P72 ifl<p<2

Lemma 3.1 (non-degeneracy). Let ¥ > 1y > 0 on the interval [0,7]. Then, there
exists a constant C = C(d, p, s,Q,r,10,0) such that

(3.23) Iol572 (@) < Clloll - Vo € Wy (Q).

Proof. We invoke the localization estimate of [?, Lemma 7], which reads

Il HEETT,
Dr(0)xDr(0) T —y[?tsP

ofa) ~ ()P
S X{|z— rd dyd;v
( ) //DR(O)XDR(O) |z —y |d+sp {lz—y|<ro}

and is valid for all R > r§ > 0 and s € (0,1). This implies

o)~ v(w)P 2y
Il o= SOty < 280l
Dr(0)xDr(0) T =Yl (roypc
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regardless of whether or not the support of 1 is compact. Given v € W; (Q), we use
this bound with R > 0 sufficiently large so that Q C Dg(0) and dist(2, 0Dg(0)) >
£ exploit the fact that [z —y| > & for all z € Q and y € Dg(0)° and integrate in
polar coordinates to get

C s -
ol o = <52 [ D) = 8 dyas
W3 (@) Dr(0)xDgr(0) T — yldtsP

R CIC)l
+Cys, // dydz
b DR(O XDR |ZZ7 - |d+sp

BR)PU9Cy s p
= (T(S)p(l_s)wo H‘Ump +

where wg_1 = |S?7!| denotes the (d — 1)-dimensional measure of the unit sphere
S%=1 = dD;(0) in RY. We next use the well-known Poincaré inequality

olzr@) < CEQPIVll ) Vo€ WSO,

2PC gty o
SpRSP LP(Q)7

and take R > 0 sufficiently large such that
2Spcd,s,pwd 1

B ol ) < 0l ) Y0 € W),
to obtain a constant C' = C(d, p, s, Q, r, ¢, ) such that (??) holds. O
By combining (??) and (??), we deduce that the energy norm ||-|| is equivalent to

the W (©2)-norm. Consequently, the Dirichlet problem for the operator As defined
in (7?) is well-posed in W;(Q) uniformly in s: if f € W,,*(£), there exists a unique
u € Wz‘f (Q) satisfying

(Asu,v) = (f0) Yo €W (9),
and we have the stability bound ||UHW5(Q) S HfHW;,S(Q)'

Another consequence of the equivalence between the energy norm ||-||| and the
W, (£2)-norm is that the variational approach of Sections 77 and (??) hinges on the
regularity of /7 and Fg and still applies in this context regardless of the support

of ©. We state this next.

Corollary 3.3 (operator with Holder continuous ). Let 1 in (?7) be globally (-
Hélder continuous with § € (0,1] and satisfy ¥ > 1o > 0 on the interval [0,r] for
r > 0. Then the mazimal regularity estimates (??) for 2 < p < oo and (??) for
1 < p < 2 are valid regardless of the support of 1.

Remark 11 (tempered fractional Laplacians). Besides being applicable to finite-
horizon operators with 8-Holder continuous kernel, the previous result is valid for
a family of tempered fractional p-Laplacians. Concretely, we let A = % > 0 and

¥(p) = e~* to obtain

prate) o= [ 1AM

e/\\x7y| ‘(E _ y|d+sp

In the linear setting (p = 2), this operator arises from the study of tempered Lévy
flights and has been investigated for example in [?]. For the homogeneous Dirichlet
problem associated to the operator Ay above, the regularity estimates in Theorem
77 are valid with g = 1.
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Finite-horizon operators in practice usually involve a discontinuous function
such as the characteristic function of [0,7]. This does not fit within the preceding
theory but maximal Besov regularity is still valid, at least for linear operators, pro-
vided 1) is Holder in a neighborhood of the origin. We explore this next, but before
we point out that even local regularity seems excessive, an interesting question to
investigate.

We need to make the following local regularity assumption to compensate for
the lack of space continuity hypothesis of G:
2°. Local regularity. There exists 7 > 0 such that ) is of class C on the interval
[0, r] for some 8 € (0,1], and ¢ > 19 > 0 on [0, 7].

Theorem 3.2 (linear finite-horizon operator with discontinuous ). Let ¢ satisfy
the previous local reqularity assumption with some € (0,1]. If G(x,y, p) is of the
form (??) with p = 2, then the following maximal regularity holds

3.24 < .

Proof. We resort to a perturbation argument. We proceed in several steps.

1. Perturbation: Let 1Z € CP0,00) coincide with 1 on [0, 7] and rewrite the equation
Asu = f with u = 0 in Q° as

Asu=f+ (/T(su—Aau) = f.

The operator Bs := sz — As is a convolution operator that reads as follows in terms
of the function ¢ := ¢ — 4, which vanishes on [0, r|:

Bsu(x) = /]Rd ¢(M) wdz = Ku(z) + k xu(z).

) |Z|d+25
Above, k(z) = <,o(|(si|)|z|_d_25 and K = [, k(z)dz < oo because ¢ € L (R?).
2. Properties of Bs: Bs : Béoo(Q) — Bj . (R?) is a linear bounded operator

oo

1Bsull gy (o) S llullgy @) YO<t<1.

It suffices to examine k x u which, using its linear structure and Young’s inequality
with K = ||]€||L1(]Rd), yields
[k *u(- +h) — k*ul poray < K|lu(- +h) — ullpogay VheR™
Consequently, we deduce the asserted estimate from
1Bsu( + 1) — Bullra@ey _ o Nul +h) — ullzame)

A < ] Vo<t<l.

3. Regularity of functionals: Combining the local estimate (?7?) of Proposition 77
(regularity of F1) for f, the argument of Theorem ?? (maximal regularity) leading
to (?7?) and (7?) yields the following estimate for any o € (0,4] and ¢ € (—s,0)

(|l QB;Z/z(Q) S Hf||213;’1(9) + ”fHB;,l(Q)||UHB§;(Q) + ||B5u||B§11(Q)HUHB;;(Q)’

where we have used the definition of fand Step 2 to obtain the last term. To be able
to iterate this estimate we observe that ||Bsul|p; () < ||65u||33+26(9) for any € > 0
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and to simplify the subsequent derivation we take e = 5 so that t +2e¢ =t +s > 0.
We thus have ||Bsul gy (o) < Hu||B;+ze(Q) and

(3.25) ||U\\%§Z/2(Q) S AN o) + 1 1ss, @ llull 5yt () + 1l pies o) 1l g =t -

.8
4. Preliminary regularity: We now claim that u € By (€2) with

3.26 <
(3.26) Il oy S 113

Ifs > g this is straightforward, because of the stability bound [[ul| 7. o) < [[fllr-+(0)
and the continuity of the embedding H*() C BB/2 ().

In the case s < ’8 , we iterate (?7). We set op := 0 and

S
(327) Ok+1 := 0Ok + 5

In the first few iterations we could have 0 < o < —s + g, in which case we set
0 =201 =85+20; €[5,8—-5] C(0,0] and t := 0}, = 75 € [0,%) C (—s,0).
This choice of parameters yields 0 —t =t + s = s + o), whence (??) reads

2 2
[l ssonin gy S W1 o0 + 11 o gy + s

st B .
Additionally, continuity of the embedding B271Jr ?(Q) C B3 ,(Q), gives
2
Jull?

. < 2 + ||ul*.
ervooy S g H 0l o

and the bound ||u|

Bk (@) S Hf||B_S+§(Q) valid for k = 0 implies

2,1

Il 20y 191

for as long as o < —s+ ’8 Moreover because o)1 = o) + 5, we have a regularity
improvement by the ﬁxed amount £ in each iteration. Therefore, after a finite
(but s-dependent) number k., of iterations, we reach o, > —s + g and deduce the
validity of the regularity bound (?7?).

5. Final regularity: We now assume (?7?) and define the new sequence

1
o9 :=0, Uk+1::§+% = o= 6(1—>—>ﬂ,

4 2 2 2k 2
We fix 0 = oy + € (0,8] and t = —s + € (—s,0) in (7?), and note that
s+0/2—s+ak+1,o—t—s+ak, andt—l—S—f to arrive at

2 2
IIUllB;ZM( S ISl i Q)+||f\|B,S+g(Q)IIUI|B;fak sl 5f

lell s -
By, - () B, 2R (Q)

Using (77?), we get

2
Hu| B;t:k+1(g) <Cl|f|| 7<+5( ) + CV2||’U’|

B;;’MQ)) ”fHB;f*%Q)’
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with constants C7, Cy depending on €2, d and s. We finally proceed as in the proof
of Theorem ?? (maximal Besov regularity) to show

||u||B;:k+l () < AHf”B;Tr%

for a finite number A > 0. We trivially have ||u||Bs+ao(Q) < A()”fHB_s-Ha/z(Q) for
2,00 2,1
some Ag(d, s,Q) > 0. We define Apy; := (C1 + CoA;)'/? and realize that

s+g

Il 527100 ) < Al

@
Since Agy1 < max{Ag, (201 +C5)'/?} =: A, passing to the limit k — oo, the desired
estimate (?77?) follows immediately. O

Remark 12 (quasi-linear operators with discontinuous v¢). Theorem ?? is limited
to the linear setting p = 2. Our proof consists in regarding the operator As as a
linear perturbation of an operator As with a globally regular kernel. However, for
p # 2, the nonlinear nature of the problem implies that the difference between A4s
and VZ(; is not a convolution operator and hence our approach must be adjusted.
Nevertheless, we expect a similar regularity to hold.

Remark 13 (truncated fractional Laplacians). Estimate (?7?) holds whenever v is
locally S-Holder continuous at the origin. Consequently, it applies with 5 = 1 to
(linear) truncated fractional Laplacians [?]

Au(z) = C(d, s, 6)/ ulw) = uly) dy,

Ds () ‘fﬂ _ y‘d+2s
for which ¥(p) = X[0,1] (p)-

In the same fashion as 77, the following maximal Sobolev regularity holds for op-
erators of the form (?7?) and, in particular, for linear truncated fractional Laplacians
and tempered fractional p-Laplacians.

Corollary 3.4 (maximal Sobolev regularity). Under the hypothesis of either ?? for
any p € (1,00) or of 27 for p = 2, for all e > 0 sufficiently small and ¢ = max{2, p}
there holds
L a=p 1
lull _pe_. Se?Ifllp e oy IFI° 5
‘/Vp+ 4 (Q) WP’ (Q) ;gr— q’ (Q)

4. APPROXIMATION

As an application of our regularity estimates, we consider discretizations of the
problem (??) by means of the finite element method with piecewise linear contin-
uous functions. From now on, we assume that G satisfies Hypothesis ?77.

Let hg > 0; for h € (0, ho], we let Tj, denote a triangulation of Q, i.e., T, = {T'} is
a partition of € into simplices T' of diameter hr and h = maxrey, hr. We assume
the family {75 }r>0 to be shape-regular, namely,

hr
0 = sup max — < 00,
r>0T€Th pT
where pr is the diameter of the largest ball contained in 7. We take elements to
be closed sets.
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Let N}, be the set of interior vertices of 7j,, N be its cardinality and {¢;}}¥,
be the standard piecewise linear Lagrangian basis, with ¢; associated to the node
x; € N}j,. With this notation, the set of discrete functions is

%hiz{ R%R UECO 70—2’01@1}7

where v is trivially extended by zero outside Q. It is clear that V,, C WPS(Q) for all
€ (0,1),p € (1,00). Therefore, we consider a direct finite element discretization
and seek uj € Vj, such that

4.1)
G un () — un(y) \ (un(z) = un(y))(wn(z) = vi(y)) _
//RdedG (x,y, |z —yl|® ) |z — y|d+2s dr dy = (f,vn)

for all v, € %N’h, where we recall that é(:c,y, p) = Gp(z,y,p)/p. Clearly, uy, solves
(?7) if and only if it is the minimizer of the restriction of the convex functional
F from (??) over the linear space @h; existence of discrete solutions follows im-
mediately. Moreover, if we take v, = up, in (??), then we immediately obtain the
discrete stability bound

1
— < p—1
(12) ol S 11 -
4.1. Localization and interpolation estimates. The seminorm | - |W;(]Rd) is

nonlocal and, consequently, is non-additive with respect to domain partitions. To
localize it, we first define the star (or patch) of a set A € Q by

Sh=J{T eTn: TnA#0}.

Given T € Ty, the star St of T is the first ring of T and the star S% of Sk is the
second ring of T. We have the following localization estimate, that can be proved
with the same arguments as in [?, ?]:

. Ol 2
(4.3) v o =& [/ /Sl \:c— |d+sp dy dz + C(d, o) phngUH
for all v € W7 (Q).

This localization of fractional-order seminorms implies that, in order to prove
global interpolation estimates in W (€2), it suffices to produce over the set of patches
{T x S¥}reT;, plus local, zero-order contributions.

We point out, however, that clearly if one wants to have a zero-extension norm
on the left hand side in (??), then interactions between 2 and Q¢ must be accounted
for in the right hand side. For that purpose, following [?], we introduce the eztended
stars

5%1 — { Sjlw ifTﬂQQ = (),
Dp  otherwise,
where Dy = Dey,,. (z7) is the ball of center 1 and radius Chp, with z7 being the
barycenter of T, and C' = C(o) a shape regularity dependent constant such that
Sk C Dr. The extended second ring 5’% of T is given by

Si o =J{Sr: T e Th, ' NS} #0}.
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The localization of the W3 (R?)-seminorm reads [?, Lemma 4.1]:
(4.4)
p
HW; o) = [Vl ge) <
TeTh

[v

()P op
//Sl |x, |d+sp dy dz + C(d, o) ph;pHU”ip(T)

for all v € W;(Q)

Our use of (??) will be restricted to v being an interpolation error; in such a
case, v has vanishing means over elements and thus we can estimate the scaled LP
contributions in terms of local W, seminorms by using Poincaré inequalities. We
consider a suitable (such as Clément or Scott-Zhang) quasi-interpolation operator,

B WE(Q) = Yy,
which is stable in W, (€2) and for which one can prove the following local approxi-
mation estimates (see, for example, [?, 7, ?]):

o = ol ocry < CRE ol g1 .

4.5 - —(v—
( ) / / U Hhv ) ('U Hh’l))(y)| dy dx < Chp("" s)|’U‘p
a1 |.%‘ _ y|d+sp

Wy (52)

forall T € Tp, s € (0,1), r € (s,2], v € W;(g%), where C' = C(Q,d, s,0).
Combining (??) and (??), we deduce localized interpolation error estimates.

Proposition 4.1 (localized interpolation estimates). Let s € (0,1), p € (1,00),
€ (s,2], and Iy, : W3 (2) — V}, be a quasi-interpolation operator as above. If
v E W;(Q), then

1

P
(49 b Bl gy <€ (5 1 Mty )

TETh

where C = C(,d, s,0).

4.2. Error estimates in W; (©2). We next derive some error estimates for the
finite element solutions discussed in §77. We borrow techniques from the finite
element analysis of classical (local) quasi-linear problems. The technique presented
in [?] or [?, §5.3] exploits the continuity and monotonicity of the operator, but not
the fact that v and wuy, solve respective minimization problems. Compared to those
works, Chow [?] obtains improved rates for the classical p-Laplacian. The following
theorem adapts the approach from [?] to the non-local setting.

Theorem 4.1 (error estimates). Let Q be a bounded Lipschitz domain, assume
that G satisfies Hypothesis 77, let p € (1,00), 8 € (0,1] be as in such assumptions
and let p' = ;P7. Assume f € B;)sl'w(Q), where v = max{f/p’,3/2}. Let u and
uyp, be the respective solutions of (??) and (??). Then, if p € (1,2] it holds that

1nf Hu—vth/2 <h4|logh|2

=l o) S
On the other hand, if p € [2,00), we have the error bound

. 2
(4.8) ”u*uhHW;(Q) < 7Jhllelf ||u—yh|| /p @ < < hp |]ogh‘
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Proof. For any v € W;(Q), using either (??) or (??), we write
1
Fv) = Flu) = / (F'(u+t(v—u)) — F'(u),v —u)dt
0

= / (A(u+t(v —u)) — Au, t(v — u)) %
0

pi .
L Glu—vl o (el + lu—vlmyq) -+ itpe 2,
> )
2 u— vl g i€ [2.00).

In addition, if we use either (?7) or (??), we obtain

F(v) - Flu) = /O (A + o — ) — Au, t(v — ) %

Sllu—vlf, o ifpe 2,
& (llgpy o) + 1w = vligpy )P 2l = vliE, )0 P € [2,00),

P

The proof now follows easily. Indeed, for any v, € V) C W;(Q), we have, for
pe (1,2,

el + 1 = unlls )2l = wnl

IN

F(u)

. 2
Flu) < clu=uil o

F(up) —
]: Vh) —

(vn)

IN

By the stability estimates (??) and (??), we have
1 1
||'LL||’W/;(Q) + ||u - Uh||W;(Q) S ||f||5[;p%a(9) S ||f||;;*/1fr"{(ﬂ)
and therefore

2
s = g oy S = onllff? ) Von € Vi,

which proves the first inequality in (?7?).
Similar considerations yield, for p € [2,00),

= wnl ) S Ul gy + 10 = onllgg )2l = vl )0 Von € Vi,

and thus the first inequality in (?7) holds.
We now set vy, = IIu, use the stability of 11, in W;(Q), the quasi-interpolation
estimate (??) and the regularity bounds (??) or (??), to conclude:
2 Bp_ep _ 1 .
lu—onl? o SHE-F 3, ifpe(1,2)
2

28 _2e _ 2
<Sh?TF T, ifpe2,00).

||u_uh||W§(Q) 5 |2/p

[l — vn|

for € > 0 sufficiently small. The result follows by setting e = |log h| 1. O

5. COMPUTATIONAL EXPLORATION

This section presents several numerical experiments for the Dirichlet problem
(??). We use the finite element discretization discussed in Section ?? on either
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quasi-uniform or shape-regular graded meshes 7; with grading parameter p > 1
satisfying

(5.1) o | Clont, TN #0
' T Clo)h dist(T,0Q)==D/n T oo =0

for every T € Tp,. We refer to [?] for further details on this grading strategy and
additional computational experiments.

5.1. Fractional (p,s)-Laplacians. Along this section, we consider the energy
minimization problem (??) with G(z,y,p) = C%;’p|p|p for p € (1,00), that gives
rise to the fractional (p, s)-Laplace operator (?7).

Ezample 5.1 (boundary behavior). We let Q = (—0.5,0.5)2\[0,0.5) x (=0.5,0] be an
L-shaped domain and f = 1, and investigate the boundary behavior of numerical
solutions. From the analytical results for the linear problem (p = 2), we expect the
solution to have a boundary behavior of the type

u(x) ~ dist(x, Q)P

We estimate the power «a(s,p) near different points on 9€: the mid-point of one
of the edges (0,0.5), a convex corner (—0.5,0.5) and the reentrant corner (0,0).
We compute the numerical solutions on the graded mesh with ¢ = 2 and 9467
free nodes, and fit the power «(s,p) using mesh points near the boundary points
mentioned above, specifically along the normal direction near the edge mid-point
and along the bisectors of the angles near the corners. We report the results we
obtain in 7?7 and ?? for p = 3 and p = 1.75, respectively.

Despite the limited mesh resolution, near the edge mid-point, we observe a(s, p) ~
s for both p = 3 and p = 1.75. This is consistent with the behavior shown in
[?, ?] for domains satisfying an exterior ball condition. In addition, we notice that
a(s,p) > s near the convex corner, a(s,p) < s near the reentrant corner, and the
deviation from s is larger when p = 1.75 compared to p = 3.

Value of s 01]021]03|04 05|06 |07]08]|09
Edge mid-point | 0.11 | 0.21 | 0.31 | 0.41 | 0.51 | 0.61 | 0.70 | 0.80 | 0.90
Convex corner | 0.09 | 0.22 | 0.35 | 0.49 | 0.64 | 0.79 | 0.94 | 1.11 | 1.29

Reentrant corner | 0.06 | 0.16 | 0.24 | 0.31 | 0.39 | 0.46 | 0.54 | 0.62 | 0.70

TaABLE 1. Example (??): Exponents o = «(s,p) of boundary
asymptotics u(z) = dist(z, Q)% for p = 3, different values of frac-
tional order s, and three qualitatively distinct boundary points.

Value of s 011]02|03|04]|05|061]07]08]09
Edge mid-point | 0.10 | 0.21 | 0.31 | 0.41 | 0.51 | 0.60 | 0.70 | 0.79 | 0.89
Convex corner | 0.11 | 0.27 | 0.46 | 0.66 | 0.86 | 1.07 | 1.29 | 1.51 | 1.76

Reentrant corner | 0.07 | 0.12 | 0.17 | 0.23 | 0.29 | 0.35 | 0.42 | 0.49 | 0.57

TABLE 2. Example (??): Exponents a« = «(s,p) of boundary
asymptotics u(z) ~ dist(z, Q) for p = 1.75, different values of
fractional order s, and three qualitatively distinct boundary points.
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Ezample 5.2 (convergence rates). Consider the square domain Q = (—0.5,0.5)? and
f = 1. Since f is smooth, ?? (maximal Sobolev regularity) gives u € W;H/p_a(ﬁ)
for p > 2 and u € W;H/Q_E(Q) for 1 < p < 2. We compute numerical solutions
for p =3, p = 1.75 and different values of s on quasi-uniform meshes, and examine
convergence rates in the energy norm. Since the exact solutions u are unknown, we
use ||up — uh/gHW;(Q) as a proxy for ||up — “HW;(Q)' ?? summarizes our findings.

Value of s | 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
p=3 0.326 | 0.335 | 0.333 | 0.329 | 0.328 | 0.329 | 0.335 | 0.357 | 0.494
p=1.75 |0.558 | 0.552 | 0.555 | 0.561 | 0.569 | 0.583 | 0.607 | 0.658 | 0.790

TABLE 3. ?7: Convergence rates on uniform meshes for p = 1.75,3
and different values of s. They indicate that the theoretical rates
in ?7? (error estimates) might be suboptimal.

The rates are approximately 1/p ~ 0.33 for p = 3 except for the case s = 0.9,
where we believe the discrepancy is due to the proxy solution not being sufficiently
refined in comparison to the rest of the experiments. Although the rate 1/p is larger
than the theoretical rate 2/p? of (??) in ?? (error estimates), we point out that it
is consistent with the best approximation error

inf |Ju— o500 < hYP|log h|MP.
0t [l = s gy S 07 log b
This indicates that, instead of the regularity of u, the suboptimal rates in the theory

might be a consequence of the suboptimal power 2/p in the error estimate of (?7)
= unlliy oy S inf llu—vnll?

Similarly, for p = 1.75, we observe that the rates are approximately 1/p ~ 0.57
except for s = 0.7,0.8,0.9, where we believe the meshes are not fine enough to de-
liver accurate rates. This indicates that instead of the regularity u € W;H/Q_E(Q)
proved in 77, the solution » in this example might satisfy u € WPSH/”_E(Q). In
addition, the power p/2 in the error estimate (??) of 77,

— e S inf [Ju— v |2
[lu uh”W;(Q) ~ v,}relvh [|u Uh”W;(Q)a
might not be optimal as well. These two reasons together lead to the theoretical
suboptimal rate p/4 of (?7).

5.2. Linear operators with finite horizon. We consider the operator Asu de-
fined in (??) and let p = 2, that gives rise to the linear fractional Laplacian with
finite horizon and variable diffusivity.

Ezample 5.3 (truncated fractional Laplacian in 1D). Consider Q = (—1,1), p =
2,6 =02, f = 512:2; and ¢ = x[o,;j where x; is the characteristic function of I.
The resulting operator is the truncated fractional Laplacian we discussed in 77. We
first compute numerical solutions for different s using a mesh graded according to
(?7) with h = 2712, ;4 = 2 to investigate the boundary behavior of solutions. ??
displays the solutions we obtained for several values of s.

Assuming the solutions have an algebraic boundary behavior
u(x) ~ dist(z, 9Q)*),
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p = 2 finite horizon

1.2 !
s=0.1
s=0.2
1r 5=103]]
s=04
s=10.5
08 5=0.6] |
s=0.7
06 - s=0.8]
= s=09
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-1.5 -1 -0.5 0 0.5 1 1.5

FIGURE 5.1. Example ??7: Numerical solutions of linear operator
with finite horizon for different values of s.

we estimate «(s) numerically in ??. We clearly observe a(s) = s; this is the same
as for the fractional Laplacian (—A)®.

Valueofs | 0.1 | 02 | 03 | 04 | 05 | 06 | 0.7 | 0.8 | 0.9
a(s) 0.10 | 0.19 | 0.29 | 0.39 | 0.49 | 0.60 | 0.70 | 0.80 | 0.90

TABLE 4. Example ?7?: Boundary exponents «(s) for different val-
ues of s. They confirm u(x) ~ dist(z, 0§2)*.

Next, we measure convergence rates for different s on uniform meshes for h from
278 to 2712, Since we do not know a closed formula for the solution u, we use
lupn — Uh/z”f[s(g) as a proxy for ||up — u||ﬁs(Q) and present the rates in terms of
h in ?7?7. We observe the convergence rates are about 0.5 for all s, in agreement
with the regularity u € Hsta—e (Q) proved in ?? (maximal Sobolev regularity) and
a standard best-approximation argument.

Value of s | 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
Rate 0.530 | 0.508 | 0.500 | 0.498 | 0.497 | 0.498 | 0.498 | 0.498 | 0.501

TABLE 5. 7?7: Optimal convergence rates on uniform meshes for
different values of s.
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