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Abstract We prove interior H2~¢ regularity for weak solutions of linear elliptic integro-
differential equations close to the fractional s-Laplacian. The result is obtained via
intermediate estimates in Nikol’skii spaces, which are in turn carried out by means of an
appropriate modification of the classical translation method by Nirenberg.
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1 Introduction

One of the first fundamental achievements in the field of the regularity theory for weak
solutions of second-order linear elliptic differential equations is the existence of weak second
derivatives. Indeed, let £2 be an open set of R” and u € H 1(£2) a weak solution of

—div(AC)Vu) = f in £, (1.1)

where the n x n matrix A = [a;;] is uniformly elliptic, with entries a;; € CE)CI (£2), and the

right-hand term f € L?(£2). Then, one getsthatu € HI%C (£2) and, for any domain 2’ CC £2,

lull 22y < C (Il 200y + 1 l220)) »

for some constant C > 0 independent of # and f.
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Such result is typically ascribed to Louis Nirenberg, who in [26] obtained higher-order
Sobolev regularity for general linear elliptic equations. To do so, he introduced the by now
classical translation method. In the setting of Eq. (1.1), the idea is basically to consider the
difference quotients

u(x + hej) — u(x)

W )
fori =1,...,nandh # 0 suitably small in modulus, and use the equation itself to recover a
uniform bound in /4 for the gradient of Dlhu in L2(£2). A compactness argument then shows
that u € HI%C(Q). Nice presentations of this technique are for instance contained in [14]
and [16].

After this, several generalizations were achieved. For example, the translation method has
been successfully adapted to study nonlinear equations and systems (see e.g. [9,17,22,25,34]
and references therein). Furthermore, in Refs. [32] and [10] the authors deduced sharp higher-
order regularity in both Sobolev and Besov classes for singular or degenerate equations
of p-Laplacian type. See also [23,24], where similar fractional estimates were obtained in a
non-differentiable vectorial setting.

The object of this note is the attempt of a generalization of the above-discussed higher
differentiability to a non-local analogue of Eq. (1.1), modelled upon the fractional Laplacian.

Given any open set £2 C R", we consider a solution « of the linear equation

Ex(.¢) = (f.9) 12 forany ¢ € C(R), (1.2)
where f € L2(£2) and E is defined by

Dlu(x) ==

Ex(u, ¢) = /Rn /R" (u(x) —u(y) (p(x) — () K(x, y)dxdy.

Here K is a measurable function which is comparable in the small to the kernel of the
fractional Laplacian. Indeed, if we take

n—2s

K(x,y)=|x -y,
with s € (0, 1), then (1.2) is the weak formulation of the equation
(—A)’u=f in £,
for the fractional Laplace operator of order 2s

u(x) —u(y) u(x) —u(y)

M= U 4y =2 Tim
n =yl 5—0+ Jr\By(x) 1x — Y|

(=A)’u(x) = 2P.V./

R
On the other hand, more general kernels are admissible as well, possibly not translation
invariant. However, if the kernel is not translation invariant, we need to impose on K some
sort of joint local C%* regularity. We stress that this last hypothesis seems very natural to us.
Indeed, while translation invariant kernels correspond in the local framework to the constant
coefficient case, asking K to be locally Holder continuous is a legitimate counterpart to the
Lipschitz regularity assumed on the matrix A in (1.1).

Integro-differential equations have been the object of a great variety of studies in recent
years. A priori estimates for quite general linear equations were obtained in [2,31] (Holder
estimates) and in [1] (Schauder estimates). Other fundamental results in what concerns point-
wise regularity were achieved by Caffarelli and Silvestre in [7,8]. The two authors developed
there a theory for viscosity solutions, in order to deal with general fully nonlinear equations.
The framework considered here is instead that of weak (or energy) solutions. These two
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notions of solutions are of course very close, as it is discussed in [27] and [30], but, since we
have a datum f in L2, the weak formulation (1.2) seems to us more appropriate.

The literature on the regularity theory for weak solutions is indeed very rich, and it is
not possible to provide here an exhaustive account of the many contributions. Just to name
a few, Kassmann addressed the validity of a Harnack inequality and established interior
Holder regularity for non-local harmonic functions through the language of Dirichlet forms
(see [18-20]). In Ref. [27], the authors obtained Holder regularity up to the boundary for a
Dirichlet problem driven by the fractional Laplacian. Concerning regularity results in Sobolev
spaces, H 25 estimates are proved in [13] for entire translation invariant equations. Also, the
very recent [21] provides higher differentiability/integrability in a nonlinear setting quite
similar to ours.

Here we show that a solution u of (1.2) has better weak (fractional) differentiability
properties in the interior of §2. By adapting the translation method to this non-local setting,
we prove that

u € Nob2(82). (1.3)
Notice that the symbol NP (£2), for r > 0 and 1 < p < +oo, denotes here the so-
called Nikol’skii space.

Since both Nikol’skii and fractional Sobolev spaces are part of the wider class of Besov
spaces, standard embedding results within this scale allow us to deduce from (1.3) that

ue HE (%), (1.4)
for any ¢ > 0.

We do not know whether or not (1.4) is the optimal interior regularity for solutions of (1.2)
in the Sobolev class. While one would arguably expect u to belong to H]%SC(.Q), there is no
hope in general to extend such regularity up to the boundary, as discussed in Sect. 8. Finally,
we stress that the exponent 2s — ¢ still provides Sobolev regularity for the gradient of u,
when s > 1/2.

We point out that, almost concurrently to the present work and independently from it,
a result rather similar to (1.4) has been obtained in [3]. Indeed, the authors address there
the problem of establishing higher Sobolev regularity for a nonlinear, superquadratic gen-
eralization of Eq. (1.2). When restricted to the linear case, their result is analogous to ours,
for s < 1/2, and slightly weaker, for s > 1/2.

In the upcoming section, we specify the framework in which the model is set. We give
formal definitions of the notion of solution and of the class of kernels under consideration.
Moreover, we introduce the various functional spaces that are necessary for these purposes.
After such preliminary work, we are then in position to give the precise statements of our
results.

2 Definitions and formal statements

Letn € Nand s € (0, 1). The kernel K : R" x R" — [0, +o0] is assumed to be measurable
and symmetric1 , that is

1 We stress that the symmetry hypothesis does not really play much of a role here. Indeed, if one considers
instead a non-symmetric kernel K, this can be written as the sum of its symmetric and anti-symmetric parts

K(x,y)+ K(x,y) K(x,y)— K(y,x)

Kgym(x, y) := 5 and  Kasym(x,y) == 2
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K(x,y) = K(y,x) foraa. x,yeR" 2.1)
We also require K to satisfy

A< |x =y P K(x,y) <A foraa. x,yeR |x—y|l <1, (2.2a)
0< [x—y|""PK(x,y) <M foraa. x,yeR" |x—yl>1, (2.2b)

for some constants A > A > 0, 8, M > 0, and
Ix — y"T K (x + 2,y +2) — K(x, y)| < Tlzl, (2.3)

for a.a. x, y, z € R", with |[x — y|, |z| < 1, and for some I" > 0.

Condition (2.2a) tells that the kernel K is controlled from above and below by that of the
fractional Laplacian when x and y are close. Conversely, when |x — y| is large, the behaviour
of K could be more general, as expressed by (2.2b). Under these hypotheses, a great variety of
kernels could be encompassed, as for instance truncated ones or having non-standard decay
at infinity. Naturally, these requirements are fulfilled (with B = 2s) when K is globally
comparable to the kernel of the fractional Laplacian, that is when (2.2a) holds a.e. on the
whole R" x R".

On the other hand, (2.3) asserts that the map

(X, y) —> |x — y"TF K (x, ),

is locally uniformly C%* regular, jointly in the two variables x and y. Clearly, (2.3) is satisfied
by translation invariant kernels, i.e. those in the form

K(x,y) =k(x —y), (2.4)

for some measurable k : R" — [0, 400]. But more general choices are possible, as for
instance kernels of the type

a(x,y)

K(x,y) = m,

with a € C%$(R" x R"). We also stress that (2.3) may be actually weakened by requiring it
to hold only inside the set £2 where the equation will be valid.

In order to formulate the equation and state our main results, we introduce the following
functional framework.

Lets > 0,1 < p < 400 and U be any open set of R”. We indicate with L?(U) the
standard Lebesgue space and with W*?(U) the (fractional) Sobolev space as defined, for
instance, in the monograph [12]. Of course, H*(U) := WS2(U).

Restricting ourselves to s € (0, 1), we denote with X (U) the set of measurable func-
tions u : R” — R such that

uly € L*(U) and (x,y) —> (u(x) —u(»)) VK (x,y) € L*(6p),
where

¢y = R" xR")\ (R"\U) x (R"\U)) CR" x R".

Footnote 1 continued

But then, it is easily shown that Kagym cancels out in (2.5), thus leading to an equation driven by the symmetric
kernel Ksym. Hence, we may and do assume K symmetric from the outset.

In this regard, we refer the interested reader to [15], where a class of integro-differential equations with
non-symmetric kernels are studied.
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Notice that, by (2.2), if u € X(U) and V is a bounded open set contained in U, then u|y €
H*(V).In addition, Xo(U) is the subspace of X (U) composed by the functions which vanish
a.e. outside U. We refer the reader to [29, Section 5] for informations on very similar spaces
of functions.

As it is customary, given any space F(U) of functions defined on a set U, we say that

u € Fioc(U) ifandonlyif u|y € F(V) foranydomain V CCU.

Let now £2 be a fixed open set of R”. For u € X(£2) and ¢ € Xo(£2), it is well defined
the bilinear form

exeg)i= [ [ @ —uo)ew - o) Kendty. @9
Given f € L2(£2), we say that u € X (£2) is a solution of
Exw,)y=f in £, (2.6)
if
Exu, ¢) = (f,9)22) forany ¢ e Xo(£2). (2.7)

We remark that, for instance, when K is symmetric and translation invariant, i.e. as in (2.4)
with k even, then (2.7) is the weak formulation of the equation

Zu=f in £,

where the operator .%; is defined—for u sufficiently smooth and bounded—by

ZLu(x) = 2P.V./]Rz (ux) —u(y)) k(x — y)dy.

As a last step towards the first theorem, we introduce a weighted Lebesgue space which
we will require the solutions to lie in. Given a measurable function w : R* — [0, +-00), we
say that u € L] (R") if and only if

u:R" — R ismeasurable and |lu| 1 (R ::/ lu(x)|lw(x)dx < +o0.
w R”
In what follows, we consider weights of the form

Wi, g(X) = (2.8)

1+ |x —xo|*t8’

for xgp € R" and B > 0 asin (2.2b). We denote the corresponding spaces just with L}CO’ 8 (R™),
and we adopt the same notation for their norms. Also, we simply write L}3 (R™) when xg is the

origin. Notice that, in fact, the space Ll (]R") does not depend on x¢ and different choices

for the base point xo lead to equivalent norms Lastly, we observe that, in consequence of the

fact that wy, g € L'(R™) N L% (R™), the space L} (R") contains both L®(R") and L' (R").
With all this in hand, we are now ready to state the first and principal result of this note.

Theorem 1 Lets € (0,1), B > 0 and 2 C R" be an open set. Assume that the kernel K
satisfies assumptions (2.1), (2.2) and (2.3). Letu € X(£2) N Lk (R™) be a solution of (2.6),

with f € L*($2). Then, u € H>~ (82) for any small ¢ > 0 and, for any domain 2’ CC £2,

loc

ey < € (Il 2@y + Nl g oy + 1 20 (2.9)

for some constant C > 0 depending onn, s, B, A, A, M, T, 2, 2’ and s.
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560 M. Cozzi

The technique we adopt to prove Theorem 1 is basically the translation method of Niren-
berg, suitably adjusted to cope with the difficulties arising in this fractional, non-local
framework. However, this strategy does not immediately lead to an estimate in Sobolev
spaces. In fact, it provides that the solution belongs to a slightly different functional space,
which is well studied in the literature and is often referred to as Nikol’skii space. We briefly
introduce such class here below.

Let U be a domain of R”. Given k € N and z € R", let

U, ={xeU:x+izeUforanyi =1,...,k}. (2.10)

Observe that, by definition,
U, CUj;cU if j,keN and j<k. (2.11)
For any z € R”, we also define t;u(x) := u(x + z) and
Azu(x) == tu(x) —u(x),
for any x € U,. Sometimes we will need to deal with increments along the diagonal for the
kernel K, as previously done in (2.3). With a slight abuse of notation, we write
T, K(x,y):=Kx+z,y+z) and A K(x,y):=1,K(x,y)—K(x,y).

We also consider increments of higher orders. For any k € N, we set
k K
Ay = A A () =D (= DF (l,)rizu(xx
i=0

for any x € Uy, with the convention that A(Z)u = u. Of course, A;u = Au. Moreover,
notice that by (2.11) all Agu, as j =0,1,...,k, are well defined in Uy;.

Given two parameters s € (0,2) and | < p < 400, the Nikol’skii space N*?(U) is
defined as the space of functions u € L?(U) such that

Pl A2u ., < Foo. 2.12)

[ulnspuy := su
zeR"\{0}

The norm

llullvs.rwy == lullr @) + [Ulnsrw).

makes N*7(U) a Banach space. We point out that the restriction to s < 2 is assumed here
only to avoid unnecessary complications in the definition of the semi-norm (2.12). By the
way, the above range for s is large enough for our scopes, and thus, there is no real need
to deal with more general conditions. Nevertheless, such limitation will not be considered
anymore in Sect. 3, where a deeper look at the space N*?(U) will be given.

Now that the definition of Nikol’skii spaces has been recalled, we may finally head to our
second main result.

Theorem 2 Let s € (0,1), B > 0 and 2 C R" be an open set. Assume that the kernel K
satisfies assumptions (2.1), (2.2) and (2.3). Letu € X(£2) N L}S(R”) be a solution of (2.6),

with f € L%(2). Then, u € Nﬁfc’z(ﬂ) and, for any domain 2’ CC £2,

lully2s2n < C (||M||L2(Q) + ||u||L}3(Rn) + ||f||L2(.(z)) ; (2.13)

for some constant C > 0 depending onn, s, B, A, A, M, T', 2 and $2'.
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In the light of this estimate, Theorem 1 follows almost immediately. To see this, it is
helpful to understand Sobolev and Nikol’skii spaces in the context of Besov spaces.

Fors € (0,2),1 < p < 4ooand 1 < A < +00, the Besov space Bi’p(U) is the set
composed by the functions u € L?(U) such that [u] B W) < +00, where

, r dz 1/A .
(/Rn (|Z|—J ”AguHLl’(Uzz)) é) if 1 g A< +OO,

s 2 .
ZE%BI\J{O} )™ H AZu”L‘”(UZz) if A= +oo.

[M]Bi'p(U) =

Observe that, by definition, BXP(U) = NSP(U), while the equivalence Bf,’p (U) = W5P(U)
is also true, though less trivial. Then, since there exist continuous embeddings

BSP(U) C ByP(U), (2.14)
asl < A<v<+ooandl <r < s < 400, it follows
NP(U) c W"P(U).

Consequently, up to some minor details that will be discussed later in Sect. 7, Theorem 1 is
a consequence of Theorem 2.

Of course, Theorem 2 and inclusion (2.14) yield estimates in many other Besov spaces for
the solution u of (2.6). Basically, « lies in any B)%Sl;j’z(ﬂ), withe > 0and 1 < A < +00.

We point out here that throughout the paper the same letter ¢ is used to denote a positive
constant which may change from line to line and depends on the various parameters involved.

The rest of the paper is organized as follows.

In Sect. 3, we review some basic material on Sobolev and Nikol’skii spaces. To keep a
leaner notation, we do not approach Besov spaces in their full generality and restrict in fact to
the two classes to which we are interested. Despite every assertion of this section is classical
and surely well known to the experts, we choose to include here the few results that will be
used afterwards, in order to make the work as self-contained as possible.

The subsequent two sections are devoted to some auxiliary results. Section 4 is concerned
with a couple of technical lemmata that deal with a discrete integration by parts formula and
an estimate for the defect of two translated balls. In Sect. 5, on the other hand, we prove a
non-local version of the classical Caccioppoli inequality.

The main results are proved in Sects. 6 and 7.

Finally, Sect. 8 contains some comments on the possible optimal global regularity for the
Dirichlet problem associated with (2.6).

3 Preliminaries on Sobolev and Nikol’skii spaces

We collect here some general facts about fractional Sobolev spaces and Nikol’skii spaces. As
said before, we avoid dealing with the wider class of Besov spaces in order not to burden the
notation too much. For more complete and exhaustive presentations, we refer the interested
reader to the books by Triebel, [35-38].

We remark that the proofs displayed only make use of integration techniques, mostly
inspired by [33]. While some results cannot be justified with such elementary arguments, we
still provide specific references to the above-mentioned books.
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562 M. Cozzi

Let U C R” be a bounded domain with C* boundary.? Let 1 < p < 400 and s > 0,
with s ¢ N. Write s = k + o, with k € NU {0} and o € (0, 1). We recall that the fractional
Sobolev space W* P (U) is defined as the set of functions

WP (U) = {u € WEP(U) 1 [Dyulworw) < 400 for any |o] = k} ,

where, forv € L?(U),

[u(x) — v(y)P l/p
[vlwor(yy = (/ ——— —— dxdy .
" vJu |x—y|rtor

Clearly, « indicates a multi-index, i.e. « = («1,...,0,) wWith oy € NU {0}, and || =
o + - -+ + ay is its modulus. Moreover, W57 (£2), for k € N, denotes the standard Sobolev
space and, when k = 0, we understand wO%P(U) = LP(U). The space W*P(U) equipped
with the norm

lllwsrwy = lullwrsw + D (D ulworw),
Jor|=k

is a Banach space.
Notice that, for v € L?(U),

3 () — v(y)|? e
[lweorw) = (/U T dxdy)
lv(x +2) — v(x)]? lp
- (/ ' (/U EBRG dx) dz)

4

dz \ /7
= zZI7 %A N .
(/Rn (lzI77 1A vlLr @) IZI”)

In view of this fact, we have the following characterization for W*?(U).

Proposition1 Let 1 < p < +ooand s > 0. Let k,l € 7Z be such that 0 < k < s
andl > s — k. Then,

. , Poaz \'/P
u + 2 | ALD%| ) —) , G.1)
lullerw) + 2 ( /R ) (| e L N
lee|=k
is a Banach space norm for WP (U), equivalent to || - |lws.»r ).

A reference for these equivalences is given by Theorem 4.4.2.1 at page 323 of [37]. Note
that the result is valid even if s is an integer.

Remark 1 Inwhatfollows, we will be mostly interested in norms with k = 0 and therefore/ >
s. In such cases, we stress that (3.1) may be replaced with the restricted norm

P dZ 1/p
- s dz ) 3.2
lullrw) (/BS (' | Ll’(UIz)) IZI") o

2 Most of the assertions contained in this section should be also true under less restrictive hypotheses on the
boundary of the set. Of course, the definitions of the spaces require no assumptions at all on the boundary
and other results are extended in the literature to Lipschitz sets. Unfortunately, we have not been able to find
completely satisfactory references for Eq. 1, and its counterpart for Nikol’skii spaces, under such weaker
assumptions. Anyway, the limitation to C°° domains will not have any influence on our applications.

Alu‘

Z
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for any § > 0, with no modifications to the space W*? (U). Indeed, we have

I 1
[ale] <2l

LP(Ur)
so that

. Pz \P H @B\
(/ (|z| ; ) ) <2 (7) 5~ lull o).
R"\ By LrU)) Iz sp

Consequently, the norms defined by (3.1) and (3.2) are equivalent.

Al

2

The second class of fractional spaces which we are interested in is the Nikol’skii spaces.
Fors =k+4+0 > 0,withk e NU{0},0 € (0, 1],and 1 < p < 400, define

N5P(U) := {u e WP (U) - [D*ulnory < +oo for any |a| = k] ,
where, for v € L?(U),

p 1zI77 | A?””LP(U&)'

[vlyer@w) == su
zeR"\{0}

It can be showed that N*-7(U) is a Banach space with respect to the norm

lullys.rwy = llullwer @y + Wlnsew)-

Notice that this definition of Nikol’skii space may seem to differ from that given in Sect. 2.
In fact, this is not the case, as N*'”(U) can be equivalently endowed with any norm of the
form
AL DYy

Z

lullrwy + D, sup [z (33)

o=k ZER"\(0}

LP(U)
where k, [ € Z are such that 0 < k < s and /[ > s — k (see again Theorem 4.4.2.1 of [37]).

Remark 2 As for the Sobolev spaces, we will consider norms with k = 0 for the most of the
time. We stress that in such cases (3.3) may be replaced with

—sp Al
lullr@wy + sup |z~ ALullLr @),
0<|z]<é

for any integer / > s and any § > 0.

In the last part of this section, we study the mutual inclusion properties of W*?(U)
and N*?(U). In order to do this, it will be useful to consider another family of equivalent
norms. To this aim, for / € N we introduce the so-called /-th modulus of smoothness of u

/ . . 1
w,w;n) == sup [[AzulrLrw,),
0<|z|<n

defined for any n > 0. Then, we have

Proposition2 Lets > Oand 1 < p < +o0. Letl > s be an integer and 0 < § < +o00.

Then,
S p dy 1/p
ey + ([ (mohwm)” 1)
0 ! n

is a Banach space norm for W5 P (U), equivalent to || - |lws.»r ).
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564 M. Cozzi

The same statement holds true for the norms

lullLewy + sup n~ e, (us ),
O0<n<$§

and the space N*P (U).

Proof We only deal with the Sobolev space case, the Nikol’skii one being completely analo-
gous and easier. Furthermore, we assume 6 = 1. Then, an argument similar to that presented
in Remark 1 shows that the result can be extended to any &.

Foru € LP(U) let

1/p
b — ! p dz
o= ([, (e 18krw0)" 55)
ws.P(U) B, z Urz) HE
1 1/p
_ p dny

We claim that there exists a constant ¢ > 1 such that

and

— b b
c l[u]ws,p(u) < [u]ji,vx.p(u) <c (”M”LF(U) + [u]ws,p(U)) 5 (34)

forall u € LP(U). In view of Proposition 1 and Remark 1, this concludes the proof.
To check the left-hand inequality of (3.4), we first observe that

I ! Lo
A ullrw,) < sup  ASullLew,) = o,u; 1z]),
O<lyl<lzl

for any z € R". Then, using polar coordinates,

1/p
b —s l P dz)
Ul ys. = z Alu ) —
Ty (/B (- 1atutrwn)”
1 1/p
pd
<(H"*‘(831) / (el w: m) 7”)
0

=H"" @B [l -

Now we focus on the second inequality. In order to show its validity, we need the following
auxiliary result. Forx € U, n > 0 and u € L?(U), let

Vi, n) ={zeBy:x+1z€U, forany0 < 7 <1},

Mu(x) = n‘”/ |ALu(x)dz,

Vix,n)
and define
1 1/p
_ p dn
[lyysr @y = (/0 (77 S||M;[7“||LP(U)) 7) , (3.5)
||u||>‘k}[/-v.p(y) = |lullLrw) + [u]%.Yvﬁ(U)'

Then, by virtue of [38, Theorem 1.118] we infer that

[lyeny < eluliymm) (3.6)

forany u € LP(U).
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Applying the generalized Minkowski’s inequality to the right-hand side of (3.5) and
observing that

{((x,2) eU xR":z € Vl(x,n)}g{(x,z)eUxB,, :erzZ},

we get

1 P d’] l/P
[”];VW(U) — (/ n—(s+n)p (/ (/ |Alzu(x)| dz) dX) 7)
0 U V[(x,n) n
1 14 d 1/p
_ n
< (/ n (s+m)p (/ ”AZZMHLP(UIZ) dZ) ) .
0 B, n

Now, Jensen’s inequality implies that

(

and hence, (3.7) becomes

1/p

1

[”m-w'(U)gc(/O ’7"1”’(/3 IIAiullfwlz)dz)dn) .
n

We finally switch to polar coordinates to compute

1/p
Lo
[H]T)Vs.l’(U) <c (/ / T]_"—l—sp (/ ”Alzuni”(Ul,) dHn—l(Z)) dp dn)
070 3B, :
| ! 1/p
- C(/ (/ 1A%z ) dH"‘l(z)) ( / p T lmsp d’l) dp)
0 3B, : i
| 1/p
) c(/o (/BB ”Aéuuiwm dH"I(Z))P’”P dp)
4

b
= clulysp )

3.7

n

p
IALulew "Z) <o [ 18,
n

By combining this formula with (3.6), we obtain the right inequality of (3.4). Thus, the proof
of the proposition is complete.

We are now in position to prove the main results of this section, concerning the relation
between Sobolev and Nikol’skii spaces. First, we have

Proposition 3 Lets > 0and 1 < p < +o0. Then,
WSP(WU) € NP ),
and there exists a constant C > 0, depending on n, s and p, such that

llullns.r @y < Cllullws.ry,

foranyu € LP(U).
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Proof In view of Proposition 2, it is enough to prove that, if / € Z is such that [ > s, then

+00 1/p
—s —s p dn
supn~F’ (u;n) < c (/ n o (u;n) —) , (3.8)
0 b 0 ( b ) n

n>

for some ¢ > 0. But this is in turn an immediate consequence of the monotonicity of wlp (u; ).
Indeed, wi,(u; n) = a)é, (u; t), forany n > t, and so

(/+°o (el m)” d”)l/p > (/+oo (- w n)’ d”)l/p
0 n t n
= (sp) VPt (u; 1).
Inequality (3.8) is then obtained by taking the supremum as ¢ > 0 on the right-hand side.
The following provides a partial converse to the above inclusion.

Proposition4 Lets >r > 0and 1 < p < 4o00. Then,

N*P(U) € WHP(U),
and there exists a constant C > 0, depending on n, r, s and p, such that

lullwrrwy < Cllullnsrw,

foranyu € LP(U).
Proof The result follows by noticing that, for [ € Z with [ > s,

1 1/p 1 1/p
—r . P %) — (/ (s=r)p —s . P %)
(/0 (n wp(u,n)) ” )" (n wp(u,n)) ”

<[ =rpl ™7 sup n~ @, (u; ),
0<n<l

for any u € L?(U), and recalling Proposition 2.

4 Some auxiliary results
Before we can proceed to Sects. 5 and 6, which contain the core argumentations leading to

Theorem 2, we need to prove a couple of subsidiary result.
First, we prove the following discrete version of the standard integration by parts formula.

Lemma 1 Let Bg be some ball of radius R > 0 in R". Assume that K satisfies assump-
tions (2.1) and (2.2). Let u, v € HS(Bgg), with v supported in Byg. Then,
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/ / () — 1) (A% o) — A2v(y) K (x. y) dxdy
Bgr J Bgr

= / / (AZu(x) — AZu(y) W(x) = v() K (x, y) dxdy
Bsr / Bor

2 /7
+ =0 (Tizu(x) — Tz (y)) (0(x) = () AiK (x, y) dxdy
i=1 l Ber / Ber

2
(2
—22(—1>'(‘) / / (U(x) = u(y)) Tiz o\ Bep () T-iz0 (¥ K (x, y) dxdy,
i=0 l Bsr J/ Bsr

4.1)
for any z € R" such that |z| < R.

Proof We first expand the integral on the left-hand side of (4.1), obtaining

/ / W) — u() (A2v(x) — A v(y) K (x, y) dxdy
Bgg J Bgr

2 s
=Sy (l) || - o6 =i = v = i) K ) drdy,
i=0 8R 8R

(4.2)
Then, we write each term on the right-hand side of (4.2) as’

// W) — u () (W(x —i2) — v(y — i2)) K (x, y) dxdy
Bgr J Bgr
_ / / () = u(y) W —i2) — v(y — i) K(x, y)dxdy  (43)
Ber+iz J Ber+iz
) / / () — () xR (Beg iz (VY — DK (x, y) dxdy.
Bgr J Bgr

We apply the change of variables X := x — iz, y := y — iz in the first integral, to get

Lot - uom e =iz oty - i) K ) dxdy

Ber+iz J Ber+iz (4.4)

:/ / W +iz) —u@@ +iz) X)) —v() K& +iz, § +iz)dxdy.
Ber / Ber

Writing then fori =1, 2

K@E+iz,j+iz) = K&, 3)+ A K&, ),

3 The symbol D + z, where D is a set and z a vector of R”, identifies, as conventional, the set
{y eR":y =x+zwithx € D}.

In the following formulae, it is applied with D an Euclidean ball B;. Also, it should not be confused with the
notation (B ), which will be used later on in Sect. 6 and has to be understood in the sense of definition (2.10).
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and relabelling the variables X, y as x, y, formula (4.4) becomes
/ / (w(x) —u(y) (vix —iz) —v(y —iz)) K(x, y)dxdy
Ber+iz J Ber+iz
= / / (u(x +iz) —u(y +iz)) (v(x) —v(y)) K(x, y) dxdy “4.5)
Ber J Bor

+ / / Wlr +i2) — u(y +i2) (W) — v(y) MK (x, y) dxdy.
Ber J Bor

By using (4.3), (4.5) in (4.2) and noticing that t_;; xgm\Bsrz = XRn\(Bgg+iz)» We finally
obtain (4.1).

Then, we have the following result, in which we deduce an upper bound for the measure of
the symmetric difference of two translated balls in terms of the modulus of the displacement
vector. Although the estimate is almost immediate, we include a proof of it for completeness.

We also refer to [28] for a refined version of this result, holding for general bounded sets.

Lemma 2 Let B be some ball of radius R > 0 in R". Then, for any z € R",
|BRA(BR +2)| < CR"'|z],
where C > 0 is a dimensional constant.

Proof First, we observe that we may restrict ourselves to |z] < R/2, being the opposite case
trivial. With the change of variables y := x /R, we scale

|BRA(BR +Z)|=2/ dx:2R”/ dy,
BR\(Br+2) Bi\(B1+2)

where Z = z/R. Then, we easily check that
Bl—lf\ C By +2z,
to obtain

2H (3B )
|BRA(Bg + 2)| <2R"/ dy = #R” [1—a—1zp"].

BiI\By_j n

The result then follows, since 1 — (1 — ¢)" < nt, forany ¢ > 0.

5 A Caccioppoli-type inequality

In this section, we present an estimate for the H* norm of a solution « of (2.6) reminiscent
of the classical one by Caccioppoli. Results of this kind are by now well established also for
non-local equations, for instance in [4,11,21].

Proposition 5 Lets € (0, 1), B > 0 and 2 C R" be an open set. Fix a point xo € $2 and
let r > 0 be such that B,(xog) CC $2. Assume that K satisfies assumptions (2.1) and (2.2).
Letu € X(£2)N L;(R") be a solution of (2.6), with € L*(£2). Then,

[ulps (B, (o)) < C (||u||L2(_Q) + ”””Lio.,e(R") + ||f||L2(Q)) ) (5.1)

for some constant C > 0 depending on n, s, B, A, A, M, r and dist (B, (xp), 052).
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We stress that hypothesis (2.3) is not assumed here. Consequently, Proposition 5 holds
for a general measurable K which only satisfies (2.2).

Proof (Proof of Proposition 5) Our argument follows the lines of those contained in the
above- mentioned papers. Anyway, we provide all the details for the reader’s convenience.
First, observe that we may assume r < 1/2 for the beginning. The case of a general
radius » > 0 will then follow by a covering argument. Take R > 0 in such a way that r <
R < 1/2 and Br(xp) C £2. To simplify the notation, we write B, instead of B, (xo), for
any p > 0.
Let n € C3°(R") be a cut-off function such that

suppn C B(r+r)/2

0<n<l in R
n=1 in B,
Vil <4/(R—r) in R".

(5.2)

Testing (2.7) with ¢ := n’u € Xo(£2), we get

’ FON?(Ou(x) dx = / ((x) — u(y) (P ux) — n* (Mu)) K (x, y) dxdy

Br J B

) / W) — u()) P GuG)K (x, y) dxdy
R"\Bg J Bgr

=:1-2J.
(5.3)
‘We estimate 7. Notice that
(w(x) — u(y) (P Oux) — n* Muy))
= (U (x) — P @u)u(y) — n?*(Mu)u(y) + n*()u*(y)
= [n)ux) — nMu* = Inx) — nMPu)uly)
> [n()u(x) — n(Mu)* = nx) — )P lu)lu()],
and, therefore, using (2.2a),
_ 2
N / / 17 (x)u(x) "(yz),”(”' dxdy
Br J Bg |)C - y|n+ $
2
A/ / In(x) — )P )| uy)| dxdy. 5
Br J Bg |x - y|"+2s

Applying (5.2) and Young’s inequality, we deduce

// 100 = nOIPR@I // MOy
Br J Bg |x — y|n+2s (R—r)2 BpJBr IXx — ¥ |n+2s 2

/ / |u(x)? dad
(R_r)z Br J Bg |x_)’|n+2Y 2 Y

X C”””LZ(BR)’

which, together with (5.4), leads to

I 2 nulfys gy — cllull?a g, (5.5)
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We now deal with J. Let x € R" \ Bg and y € B(g4,)/2. Then,

ly —xol < R;_r < Rz_;rlx—xol,
and so
R—r R—r
lx =yl =[x —xol = [y — xol = 7R lx —xol 2 1 I+ x —xol),
since R < 1. In view of this and (2.2), we have
K(x.y) < Axiili(;m{') X“i;"f%wm < 1+|xfx0|n+ﬁ. (5.6)

Moreover, using (5.2) we write
u(x) — u)u()n* () < @) u@)] + u()?,

and hence by (5.6) and Young’s inequality we get

_ 2
17| < C/ / Jue (x) u(y)HM(ill;? (» dy )dx
RNBr \/ B(r+n/2 I+ [x — xol

[ (x)] 2 5.7
<c / Iu(y)lzdy+(/ —dx) (5.7
|: B(r+r)/2 re\By |+ [x — xo[" P

<e (nuniz(BR) + ull7s ﬂ(R,,)) :
X0

Finally, we easily compute

1
‘ /B fur | < 5 (N2 g+ 171220 ) - (5.8)

Putting (5.3), (5.5), (5.7) and (5.8) together, we obtain
(ulas B,y < [nulps gy < ¢ (||M||L2(Q) + ||M||L;0_5(Rn) + ||f||L2(Q)) ,

where the first inequality follows from (5.2). Thus, (5.1) is proved.

6 Proof of Theorem 2
We are finally in position to proceed with the demonstration of our principal contribution.

Proof (Proof of Theorem 2) Let xo € §2 and R € (0, 1/56) be such that Bsgr(xo) CC §2.
In the following, any ball B, will always be assumed to be centred at xo. Let n € C(‘)>o (R™)
be a cut-off function satisfying

suppn C Bag
0<n<l1 in R”

7 o ©.1)
n=1 in Bpg

IVnl <2/R  in R".
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Fix z € R", with |z| < R, and plug ¢ := A%_ (n?A2u) € X((£2) in the weak formula-
tion (2.7). By writing U = A2u, we have

fAZ, (n*U) (x)dx

Bsg

/ / () —u(y) (A%, (n?U) (x) = A%, (n?U) (»)) K (x, y) dxdy
Bgg J Bgg

(6.2)
) / / W) — u() A2, (PU) (VK (x. ) dydx
"\ Bgr J Bgr

=:1-2J.

We apply Lemma 1 to I with v = 52U, obtaining
I= / / U@) = UW) *@UE) — > (MU () K (x, y) dxdy
Bor  Ber

2
(2
+Z(—1>'(.)/ / (it (x) — Tiu () ((1°U) ()
i=1 v/ JBsr / Bor

2
(2
— (n*U) () AieK (x, y) dxdy =2 > (= 1)! (l) /B (u(x)

i—0 s8R 7 Bsr

(6.3)

— u() (Toizxrm Ber () T—iz (1*U) (1)) K (x, y) dxdy
=11+ —-2I.

Arguing as we did to obtain (5.4) in Proposition 5, we recover
I > MnAZulggs gepy — AU T 5, - (6.4)

The term I, can be dealt with as follows. Applying (2.3) together with Young’s inequality,
we have

2 . . 2 )
|12| < 21—-|Z|v Z/ / |thM(JC) Tzzu(y)| |(77 U) (x) (7] U) (y)} dxdy
i—1 Y Bor Y Ber

x — y[rtas

< clzl® (S1ulys gy + 87 107 A2 re gy )
with § > 0. Taking § = s’zlzl‘v, for some small ¢ > 0, we get
121 < ¢ (67212 Wl gy + €107 A2 e gy ) - 6.5)
We now estimate /3. By adding and subtracting the terms

T2z XRM Bog (V)T (PUN(y) and  T_; xgm Bep (X) (17U (),
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we see that

1
B [ w00 e e 0B 0P — K ) drdy
i=0 Bsg  Bsg

1
-> / / (U(x) = u(¥) A xrr\ By (¥ — iD)T iz (" U) (YK (x, y) dxdy
i—0 Y Bsr Y Bsr

)

On the one hand, using (2.2a) and again the weighted Young’s inequality,

1 ()| + [u(y)]
‘13(1)‘ QAZ/ A, (an) (y—iZ)l(/ n+2s dx) dy
= Birtiz Bsp\(Ber+(i+1)2) X — VI
< (Ml gy + 87 1A (P A20) 1225, -
On the other hand
| A xmm\ Bor (X — 12)| = X(Beg-+(i+1)2)A(Bep+iz) (X)s

and hence

1
2 ()| 4 [u(y)]
’Ié"gAZ/ \nz(y)U(y)I(/ Ty ) dy
=0 Bantiz (Bor+(+D)2) ABer+iz) 1% = VI

< (v I(Bor +2) ABor| luls 5, + v 182012 5,)
for any y > 0. In view of Lemma 2, we have
[(Bsr + 2) ABer| < clzl.
Therefore,
|12 < e (Il gy + v 18200 ) -
The choices 8§ = ¢ 2|z|** and y = |z|>*°~!, for some
o > max{s, 1/2}, (6.6)
then yield
1151 < ¢ [P 1l ) + 21272 WA (P A2) 3, + 12121820 2 ]
By combining (6.4) and (6.5) with the above inequality, recalling (6.3) and (6.6) we get

1> M0 A2 gy = e[ 22 Nlpe gy + 12 1820125
6.7)
62 (102 A28 gy + 1217218 (17 820) 12:5,) -

Now, we turn our attention to J. Arguing as in (5.7), we use once again (2.2), (6.1) and
Young’s inequality to obtain

2 2 —1 2 272 2
1< c[a (IIMIIL2(33R> - "“"L.io.;s(R")) +571A2, (nAa2u) “mm]
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for any § > 0. Setting again § = £~2|z|**, this becomes

I<e [fzmb (nuniz(m + ||u||§loﬂ(Rn)) 1AL, (P Acw) “iz<33R>] .
(6.8)

Finally, we use Young’s inequality as before to deduce

FOAL, (n*U) (x) dx

Bs3g

< [e PN 1, + el UAZ, (12A20) 12, ]
By combining this last estimation, (6.7), (6.8) with (6.2) and noticing that
A2, (P Azu) [l 2835y < 2N Az (07 Aztt) [l 128
we find
[nA2ul s (B < 6[8 (> A2ul s (Bog) + 1217 IA—; (0> A2u) 12(3,))

+ 122 AUl 2 gy + & el (Il ey (6.9)
il o + 1 2e) |

In view of Proposition 3, we have?

22 22
IA—z (0" AZu) ll2(pypy < 1A=z (0" AZu) | 2((Bsg) )
< |Z|S[UZA§M]NSY2(35R) (6.10)
< clzl* In* A2ull s (Bsg)-

Moreover,
(12 A2u) (x) — (n>A%u) )
<2 (1@ P | (1a2u) @) = (1a2u) O + |(0620) [ 1900 = 1) P)

and hence, recalling (6.1),

[nzAﬁuﬁmﬁm<c[[nA§u]%mBﬁR)+ /B |AZu(y)l? [/ |x—y|*”*2”2dx]dy]
6R

Ber

< [082u By gy + 182012 5
(6.11)
Consequently, if we choose ¢ suitably small, by (6.10), (6.11) and Proposition 5, estimate (6.9)
becomes

[nAgu]Hs(BGR) < C|:|Z|1/2_J ||A§M||L2(BGR) +1z* (||MHL2(.Q) + ”u”Li—o.ﬁ(R") + ||f||L2(Q)) i|,
(6.12)
where we also employed (6.6). Applying again Proposition 3,

18w (AZU) I 12Bgyny < 1WITAZU 23y < clwI I AZUl 15 (Bp).

4 Here and in the remainder of the proof, we freely swap between some of the equivalent norms of Nikol’skii
spaces. In this regard, we recommend the reader to refer to Sect. 3 and, in particular, Remark 2.
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for any w € R”. Taking w = z, from (2.11), (6.1), (6.6) and (6.12), we then get

A3l 2By < clzl*IAZu]| 15 (8y)

3
IAZull 2By <
< clzl’ (1A2ull 2y + [NAZU) s (Beg) )

< c[lzl”z’”“IIA§MIIL2<BGR> +l2l* (HullL2<9> el @+ ”f”LZ(fz)) ]

(6.13)

Now we consider separately the two cases s € (0, 1/2] and s € (1/2, 1).
In the first situation, we set ¢ = 1/2. Notice that the choice is compatible with (6.6). By
Proposition 3,

||A ’4||L2(36R) ||A ”||L2((B7R) y < |z|* [ue ]Ns,Z(Bm) < C|Z|S||u||H~*'(B7R)~ (6.14)
Therefore, from (6.13)
IA3ull 2By < clzl® ([”]H“’(B%R) + llullp2 o) + ”u”Lioﬂ(R") + ||f||L2(.Q)) . (6.15)

and thus u € N22(Bg).
Now we address the more delicate case s € (1/2, 1). Here we choose o = s and first
deduce from (6.13) and (6.14) that

A3 ull 2 ((Bg)s < clzl/?H ([u]Hs(Bm) +llullz )+l e + ||f||Lz(m) :

Note that such a o is admissible for (6.6), since s > 1/2. Repeating the same argument
with Bgg in place of Bg, we see that u € N'/2+52(Bgp) with

[M]N1/2+5~2(38R) <c ([M]H‘(BssR) + ||u||L2(Q) + ||”||L'£0.5(Rn) + ||f||L2(Q)) .
Consequently,
1A2ull 2(Bogy < NAZUl L2(Bggyae < 1212 12t (g
< C|Z|1/2+S ([M]H'Y(Bsﬁk) +llull22) + ”u”L}(O,ﬁ(R") + ||f||L2(52)) .

Using this last estimate in combination with (6.13) and selecting o = 1 there, again in
agreement with (6.6), we conclude thatu € N252(Bg) and (6.15)is true also for s € (1/2,1).

Finally, we use Proposition 5 to control the Gagliardo semi-norm on the right-hand side
of (6.15) and recover

el < ¢ (Illz) + Il g + 12 (6.16)
Then, (2.13) follows for a general open £2 CC £2 by a standard covering argument.’

We conclude this section with some brief comments on the technique just displayed.

To achieve the result, we tested the equation with a function modelled on the double
increment A%u, which may seem a little unnatural and artificial. In fact, for s € (0, 1/2]
the first-order increment would have been sufficient. On the other hand, when s > 1/2 this

5 Note that the right-hand side of (6.16) depends on the norm || - || Ll 1

Consequently, while performing the covering argument one should take care that those norms depend on
the centres of the covering balls. However, as noted in Sect. 2 such norms are all equivalent. The relative
compactness of 2’ then allows the use of a finite number of balls, thus preventing the blow-up of the constant c.

SE) which in turn varies with x.

@ Springer



Interior regularity of solutions of non-local equations in Sobolev... 575

strategy is no more conclusive, basically since it leads to u € N]L/CHS’Z(.Q) only. In order to

take advantage of this intermediate regularity and then gain the extra s — 1/2 derivatives, we
need the order of the increment to be at least 2.

7 Proof of Theorem 1

As previously discussed in Sect. 2, Theorem 1 essentially follows from Theorem 2, in the
light of the embedding of Proposition 4. The only detail left is that the results of Sect. 3—
specifically, Proposition 4— are only proved for sets having smooth boundary.

But thisis nota big drawback. As a matter of fact, we know that estimate (2.9) holds for any
domain 2’ CC £2, with 3§22’ € C*. Then, it can be further extended to any §2’, by noticing
that it is always possible to find £2” with C* boundary, such that 2’ CC 2" CC £2.

8 Towards the optimal regularity up to the boundary

In this conclusive section, we briefly comment on the global Sobolev regularity for the
Dirichlet problem driven by (2.6).
For x € R", we define u, (x) := (x,) . The function u; solves

[(—A)sus =0 in RZ:=R"!x (0,400) @.1)

ug =0 in R"\R".
To see this, we write uy(x) = s (x,), with ;s (1) ==t} ast € R, and we compute for x € R,

ug(x) — us(y)
n |x _ y|n+25

(=A)us(x) = 2P.V./

n+2s
. I W12\ T2
— 2P.V./ M / 1+ u dy/ dy,.
R X0 — Y|t R—1 |Xn — ynl?

Note that we use x” and y’ to indicate the first » — 1 components of x and y, respectively.
Changing variables by setting z’ := |y, — x,|~'(y’ — x’) in the inner integral, we get

(_A)SMS (x) = Wp,s (_A)Sﬂs (xn),

where
n+2s

__n+!
s 2=/ (1+117) 7 dZ,
Rr-1

is a finite constant. Then, the equation in (8.1) follows from the fact that u; is s-harmonic in
the half-line (0, +00), as shown, for instance, in [6,27] or [5].

Of course, the function u; is of class Cloo’g (R™), but not Cl%f (R™), with @ > s. On the
other hand, the following proposition sheds some light on which could be the optimal Sobolev
regularity of uy, at least when s > 1/2.

Proposition 6 Lets € [1/2,1). Then, us ¢ HZ(R™).

Proof We focus on the case s > 1/2, as when s = 1/2 the computation is immediate.
Denoting with BJ.(z'), the (n — 1)-dimensional open ball of radius r and centre z'—with
B/ := B/(0) as usual—and with Q the cylinder Bj x (0, 1), we shall prove that

us ¢ H*(Q). (8.2)
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First, setting
1 2
| (1) — s (r)1”
E _/ / 1r — 201 drdr,

E is not finite. (8.3)

we claim that

Assuming for the moment (8.3) to hold, we check that then (8.2) follows. While forn = 1
this is immediate, the case n > 2 requires some comments. Indeed,

Yiu, — Vu. 2 ’ _ 2
IIMsIIfL,zS S [Vug (x) us(y)| dxdy = s (en) — pg ()l dxdy
Q) |x — y[r+2@s=D 0lo Ix— [ t2@s=1)

dx'dy’
/ / [y (xn) — s ()| (// Y ,,+25_])dxndyn.
B |xn - yn|2 + X' = |2) 2

For § € (0, 1/2), we consider the set

S@) :={(".y)eB{ x B : |x' = y| <8} CR"' xR,

and we estimate its measure by computing

[S(8)] =/ / dy’ dx’}/ / dy’ Jdx’
B} B{NB{(x") B Bj(x")

1-6
|B}1?

-1
ey 87

=B -8l >
Noticing that on S(|x, — y,|/4), it holds

17
Ixn — yul? + 12" = y'1* < 6 o — yul%

S(|xn _ynl)
4

and that |x, — y,|/4 < 1/2, we finally obtain
U-EZS 1 2
”M ”2 > L6 |l’Ls(x}’l) - ,U«S(Yn)|
SlhH2s Q) = 17 _yn|n+2(2s 1)
(]6)”22‘ e
> —= E
17 gn—1

Thus, (8.2) is valid.
To complete the proof of the proposition, we are only left to show that (8.3) is true. To do
this, we first note that, for r > 0,

dx,dyn

() = st~ 1,
w6 =s(s — Hr'2 <0,

Accordingly, ) is decreasing and for 0 < r <t < 1 we have

t
(1) = 1)) = 1) — (1) = — / W/(0) dr

12
s(1— s)/ T 72dr > s(1— )72 (1 — 1),
r
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1 t 201 1
E > —s)2/ £26=2) (/ (t—r)3_4sdr) dt = u/ ~2dr.
0 0 4 0

Claim (8.3) then follows, since the integral on the right- hand side of the above inequality
does not converge.

so that

We remark that, for s € (0, 1/2), an almost identical argumentation leads to the conclusion
that u, ¢ HET'/2(R™).

oc
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