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Abstract. We study a nonlocal Robin—Venttsel’-type problem for the re-
gional fractional p-Laplacian in an extension domain €2 with boundary
a d-set. We prove existence and uniqueness of a strong solution via a
semigroup approach. Markovianity and ultracontractivity properties are
proved. We then consider the elliptic problem. We prove existence, unique-
ness and global boundedness of the weak solution.
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Introduction

Aim of this paper is to study a parabolic problem for the regional fractional
p-Laplacian with nonlocal Robin—Venttsel’ boundary conditions in extension
domains.

Nowadays the literature on fractional operators is huge, due to the fact
that they describe mathematically many physical phenomena exhibiting de-
viations from standard diffusion, the so-called anomalous diffusion. This is
an important topic not only in physics, but also in finance and probability
[1,29,42,44].

Several models appear in the literature to describe such diffusion, e.g.
the fractional Brownian motion, the continuous time random walk, the Lévy
flight as well as random walk models based on evolution equations of single
and distributed fractional order in time and/or space [21,26,41,44,46].

In the present paper, we consider the following evolution problem for
the regional fractional p-Laplacian with nonlocal dynamical Robin—Venttsel’
boundary conditions.
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The problem can be formally stated as:

5 ® )+ (A)ult @) = f(t,7) in (0,7] x €,
(P) %1; + NP (1=5),, + blulP~2u +pO,~(u) =g 0n£O,T] x 00,
u(0, ) = ug(x) in Q,

where @ C RY is an (¢,d) domain satisfying suitable hypotheses (see
Sect. 1.2 for details).
Here (—A,)§, denotes the regional fractional p-Laplacian (see (2.1)), s €

(0,1), p > 1, Ng/(l_s)u is the fractional normal derivative to be suitably
defined, f, g, b, uo are given functions, T is a positive number and ©,, ,(u)
is a nonlocal term which plays the role of a regional fractional p-Laplacian of
order v € (0,1) on the boundary (see (3.1)).

Boundary value problems for the regional fractional Laplacian with Dirich-
let, Neumann, Robin or Venttsel’-type boundary conditions on Lipschitz do-
mains are studied in [23-25], along with the physical motivations. The case of
the fractional Laplacian with Robin boundary conditions in Lipschitz domains
has been recently investigated in [12]. The results on the regional fractional
p-Laplacian in piecewise smooth domains are more recent [22,51,52].

Venttsel-type boundary value problems in irregular domains (possibly
of fractal type) for s = 1 are studied e.g. in [13,14,17,34-36,38]. The Robin—
Venttsel’ problem for the (linear) regional fractional Laplacian in irregular
domains has been investigated recently in [15], where also a constructive ap-
proach is developed. The nonlinear case of the regional fractional p-Laplacian
with local boundary conditions is studied in [16] in Koch-type cylinders.

In the present paper we generalize the results of [16] to the class of
those extension domains which are (e, ) domains with boundary a d-set (see
Sect. 1.2), and we focus on the regularity properties of the solution of the prob-
lem at hand. We remark that (e, ) domains can have a highly non-rectifiable
boundary, possibly of fractal type.

There are very few regularity results for Venttsel’ problems in fractal
domains (see [34,39] for the local case), which are also crucial in view of the
numerical approximation. To our knowledge, the proof of regularity results for
fractional Venttsel’ problems in irregular domains is still open and it is the
goal of this paper.

A key point is to investigate if the presence of a “fractal fractional Lapla-
cian” affects the regularity. In the parabolic case, this is achieved by proving
regularity properties of the associated semigroup, namely its ultracontractivity.
This result, in turn, deeply relies on a fractional logarithmic Sobolev inequal-
ity, suitably tailored for the problem at hand, whence it clearly appears the
role of the fractal boundary. In the elliptic case, regularity results for the weak
solution can be obtained via a powerful tool by Murthy and Stampacchia [43].

More precisely, we firstly focus on giving a rigorous formulation of the par-
abolic problem for the regional fractional p-Laplacian with dynamical bound-
ary conditions in extension domains. This will be achieved by introducing a
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suitable notion of p-fractional normal derivative on irregular sets, via a gener-
alized fractional Green formula, see Theorem 2.2.

We then consider the fractional energy functional @), ; defined in (3.2),
which is proper, convex and weakly lower semicontinuous, and the correspond-
ing associated subdifferential A. In Theorem 3.3 we prove, via a semigroup
approach, existence and uniqueness of a strong solution for a suitable abstract
Cauchy problem (P) for the operator A. Then, via Theorem 3.6, we prove
that problem (P) is the strong formulation of the abstract problem (P). In
Theorem 3.10 we prove that the associated (nonlinear) semigroup is order-
preserving and non-expansive on L>° and in Theorem 4.7 we prove that it is
ultracontractive.

We then consider the elliptic problem. After proving existence and unique-
ness of a weak solution in suitable functional spaces in Theorem 5.1, we prove
its global boundedness in Theorem 5.4 via Lemma 5.2.

The plan of the paper is the following.

In Sect. 1 we introduce the extension domain 2 and we recall some pre-
liminary results on fractional Sobolev spaces, embeddings and traces.

In Sect. 2 we introduce the regional fractional p-Laplacian and the notion
of weak p-fractional normal derivative by proving a generalized p-fractional
Green formula.

In Sect. 3 we introduce the energy functional ®,, ; which is proper, convex
and weakly lower semicontinuous and the associated subdifferential .4 which is
the generator of a nonlinear Cjy semigroup. We prove existence and uniqueness
of a strong solution for the corresponding abstract Cauchy problem and we give
a strong interpretation. Moreover, we prove that the semigroup is Markovian.

In Sect. 4 we prove that the associated semigroup is ultracontractive. The
proof, as usual, relies on a fractional logarithmic-Sobolev inequality adapted
to the present case.

In Sect. 5 we consider the elliptic problem. We prove existence and
uniqueness of the weak solution and its global boundedness.

1. Preliminaries

1.1. Functional spaces

Let G (resp. S) be an open (resp. closed) set of RY. By LP(G), for p > 1, we
denote the Lebesgue space with respect to the Lebesgue measure dLy, which
will be left to the context whenever that does not create ambiguity. By LP(9G)
we denote the Lebesgue space on 0G with respect to a Hausdorff measure u
supported on 9G. By D(G) we denote the space of infinitely differentiable func-
tions with compact support on G. By C(S) we denote the space of continuous
functions on S.

By W#P(G), for 0 < s < 1, we denote the fractional Sobolev space of
exponent s. Endowed with the following norm

p
Vol gy = Il + //g ) ‘x_ ul2) = W) 41 (wydn (),
X
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it becomes a Banach space. Moreover, we denote by |u|ys.»(g) the seminorm
associated to ||ul|ys»(g) and we define, for every u,v € W*?(G),

u ’U op //g . )|p 2(u($) —u(y))(v(m) _U(y)) d,CN(x)dﬁN(y)

|z —y| NP

In the following we will denote by |A| the Lebesgue measure of a subset
A CRYN. For f € W*P(G), we define the trace operator v, as

1
Yof(x) :=lim ———
’ —0 |B(J},’I“) n g| B(z,r)NG

at every point # € G where the limit exists. The above limit exists at quasi
every x € G with respect to the (s, p)-capacity (see Definition 2.2.4 and Theo-
rem 6.2.1 page 159 in [2]). From now one we denote the trace operator simply
by flg; sometimes we will omit the trace symbol and the interpretation will
be left to the context.

For 1 < ¢q,r < oo, we introduce the space

X9T(Q,00) = LUQ) x L"(0Q) = {(f,9) : f€ LUQ) and g € LT'(@Q)%, |
1.1

f(y)dLn(y)

endowed with the norm

I(f, 9)lq.r = ICfs 9 lIxar,00) = I fllza@) + 19l - a0)-

If ¢ = r < 00, we denote the above space simply by X?(Q,092) and we
endow it with the following norm:

||(f,9)||?, = [I(f, Q)Hggq(g,ag) = ”quLq(Q + HQHLq(aQ

If ¢ = r = 0o, we endow X*°(Q,9Q) with the following norm:

1, 9o := max {|| fll = (e): gl o0) } -

In the following, for a function f with well-defined trace f|sn on 02, we
simply denote f = (f, flaq)-

1.2. (€, ) domains and trace theorems
We now recall the definition of (¢, d) domain. For details see [30].

Definition 1.1. Let & C RY be open and connected. For z € F, let d(x) :=

1an_ |x — y|. We say that F is an (¢,0) domain if, whenever z,y € F with
yeFe

|z — y| < 0, there exists a rectifiable arc v € F joining x to y such that

L) < 1|ac —y|l and d(z)> flz—zlly = 2| for every z € 7.
€ |z -yl
In this paper, we consider two particular classes of (¢, §) domains Q C RY.
More precisely, €2 can be a (¢,0) domain having as boundary either a d-set or
an arbitrary closed set in the sense of [31]. For the sake of simplicity, from now
on we restrict ourselves to the case in which 92 is a d-set (see [32]).
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Definition 1.2. A closed nonempty set M C R¥ is a d-set (for 0 < d < N) if
there exist a Borel measure p with supp p = M and two positive constants ¢q
and ¢y such that

car® < p(Bz,r) N M) < cor? Vo e M. (1.2)
The measure p is called d-measure.

In the following, 1(9€2) denotes the Hausdorff measure of 0€2.
We suppose that € can be approximated by a sequence {2, } of domains
such that for every n € N:

Q,, is bounded and Lipschitz;
Qn g QnJrl;
[ee]

0= U 0,
n=1

The reader is referred to [15,16] for examples of such domains.
We recall the definition of Besov space specialized to our case. For gen-
eralities on Besov spaces, we refer to [32].

N—d

Definition 1.3. Let F be a d-set with respect to a d-measure p and o = s— -

BPP(F) is the space of functions for which the following norm is finite:

u(y)”
A T / /| L |x_ |dml du(z) duly).

Let p’ be the Holder conjugate exponent of p. In the following, we will
denote the dual of the Besov space B”’p (.7-") with (B2P(F))’; we point out that
this space coincides with the space Bp > (F) (see [33]).

From now on, let

—d

€ (0,1). (1.3)

We now state a trace theorem for functions in W*?(Q), where € is a bounded
(¢,0) domain with boundary 9 a d-set. For the proof, we refer to [32, Theo-
rem 1, Chapter VII].

Proposition 1.4. Let % < s < 1. BPP(OQ) is the trace space of W*P(§2) in
the following sense:
(i) 7o is a continuous linear operator from W*P(Q) to BEP(OQ);
(i) there exists a continuous linear operator Ext from BEP(0Q) to WP ()
such that vo o Ext is the identity operator in BEP(0S).

We point out that, if 2 C RY is a Lipschitz domain, its boundary 9 is
a (N — 1)-set. Hence, the trace space of W*?(Q) is BY", (0Q), and the latter
P

space coincides with Ws_%’p(aQ).
The following result provides us with an equivalent norm on W#*P(Q).
The proof can be achieved by adapting the proof of [50, Theorem 2.3].
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Theorem 1.5. Let @ C RY be a (¢,8) domain having as boundary a d-set,
with p > 1 and NT_d < s < 1. Then there exists a positive constant C' =

C(Q,N,s,p,d) such that for every u € W*P(Q)

Here, Cv p,s is the positive constant defined in Sect. 2.

Finally, we recall the following important extension property which holds
for (e, d) domains having as boundary a d-set. For details, we refer to Theorem
1, page 103 and Theorem 3, page 155 in [32].

Theorem 1.6. Let 0 < s < 1. There exists a linear extension operator
Ext: WP (Q) — WP(RYN) such that

||5thH€Vs,p(]RN) < C'snwllgvsm(g)v (1.5)
with C depending on s.

Domains (2 satisfying property (1.5) are the so-called W*P-extension do-
mains.

1.3. Sobolev embeddings

We now recall some important Sobolev-type embeddings for the fractional
Sobolev space W*P(Q) where Q is a W*P-extension domain with boundary a
d-set, see [19, Theorem 6.7] and [32, Lemma 1, p. 214] respectively.
We set
. Np

= d =
b N —sp e p

dp
N —sp’

Theorem 1.7. Let s € (0,1) and p > 1 be such that sp < N. Let 2 CRY be a
WP -extension domain. Then WP(Q) is continuously embedded in L1(QY) for
every q € [1,p*], i.e. there exists a positive constant C = C(N, s,p,Q) such
that, for every u € W*P(Q),

lullLaco) < Cllullwerq)- (1.6)

Theorem 1.8. Let p > 1 and let s € (0,1) be such that N —d < sp < N.
Let Q C RN be a W*P-extension domain having as boundary 0 a d-set, for
0 < d < N. Then W5P(Q) is continuously embedded in LI(0Q) for every
q € [1,p], i.e. there exists a positive constant C = C(N,s,p,d, ) such that,
for every u € W*P(Q),

llull Laany < Cllullwer)- (1.7)

We point out that p* > p > p.
We define the average of u on §2 and on 0f) respectively as

1 1
ug = — | udly and ayq = 7/ wdpy. 1.8
. 12 Jo N o 1(02) Joq (18)
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Using Theorems 1.7 and 1.8 and Holder inequality, one can easily prove
that

[u = tal o (@) < Clulwe»@) (1.9)
and
|lw — ﬂaQHLﬁ(aQ) < C|U|Ws,p(Q). (1.10)
We point out that (1.9) and (1.10) imply that, for every 1 < g < p*, it
holds

lully < 270 (Clullyaoy + 1017 + on "u(00) ) (1.11)

2. The regional fractional p-Laplacian and the Green formula

We recall the definition of the regional fractional p-Laplacian. We refer to [51]
and the references listed in.
Let s € (0,1) and p > 1. For G C R¥, we define the space

~1
LrHG) = {U1 G — R measurable : / |u(z)[”

g 7(1 i dLy(z) < oo} .

The regional fractional p-Laplacian (—A,)g is defined as follows, for z € G:
(~Apsue) = Cop V. [ fute) — a1t gy
p—2u( ) |]Z]L_~(_ZZZ)) dLn(y),
(2.1)

provided that the limit exists, for every function u € £2=1(G). The positive
constant C'y,p s is defined as follows:

— CNp s lim |u(:v) - U(y)'
e—0t {yeg: |z—y|>e} |

82231"(1734‘10‘2"1\/—2)

72 (1—s)

CNJLS =

where I' is the Euler function.

We now introduce the notion of p-fractional normal derivative on (g,0)
domains having as boundary a d-set and satisfying hypotheses (H) in Sect. 1.2
via a p-fractional Green formula by suitably generalizing the results in [16].
We recall its proof for the reader’s convenience. For the case p = 2, we refer
to [27,28] for the smooth case and to [15] for irregular sets.

We define the space

V((—Ap)a, Q) :i={u e W>P(Q) : (—=Ap)qu € ¥ () in the sense of distributions},
which is a Banach space equipped with the norm
[ullv(—aps.0) = [ulwsr@) + [(=Ap)Sull v )

We first define the p-fractional normal derivative on Lipschitz domains.



31 Page 8 of 33 S. Creo and M. R. Lancia NoDEA

Definition 2.1. Let 7 C RY be a Lipschitz domain. Let u € V((—A,)5,7) ==
{u € WsP(T) : (=A,)5u € LP(T) in the sense of distributions}. We say
that u has a weak p-fractional normal derivative in (WS_%’p(()T )" if there
exists g € (WS_%”’(GT))' such that

= [ (A Fuvdc
<g»U|an><ws_%,p(aT»,’WS_%,p(T) /T( p)Tuvdln

CN,p,s _ uenp-2 (@) = u()) (v(x) = v(y)) =
+ 2 [ juta) —utw) s ara >d£N<;/> |
2.2

for every v € W#P(T). In this case, ¢g is uniquely determined and we call

Cp <Ny =9y = g the weak p-fractional normal derivative of u, where

(p—1)C1p,s /°° [ i IR (AVA D Lt
Cp = s — dt.
(sp=(p=2))sp—(P—2)—1) Jo trsp
We point out that, when s — 17 in (2.2), we recover the quasi-linear
Green formula for Lipschitz domains [8].

Theorem 2.2. (Fractional green formula) There exists a bounded linear opera-
tor NE 7% from V((=A,)5,9) to (BEP(0R)).

The following generalized Green formula holds for everyu € V((—=Ap)g, Q)
and v € WP (Q):

P’ (1—5) — _ —~AL)E
Cre <N” u’Ubﬂ><B§*"(6Q))',B£*P<am /Q( P diy
CNop.s o (u(z) —u v(z) —v
+ O [ jute) - a2 MO = ONID =00 4 @acn ).
(2.3)
Proof. For u € V((—Ap)g, Q) and v € W*P(Q), we define
Cnp,s
(l(u),v) := — / (—Ap)quvdly + %(u,v)s,p.
Q
From Hoélder inequality, we get
s CN,p,s
[ {U(w), )] < I(=Ap)aull o (o) IVl e @) + =5 lullw.e @) I0llwer ()
< Cllullv-apg,.o llvlwsr@) (2.4)

We now prove that the operator (u) is independent from the choice of
v and it is an element of (B2P(JQ))’. From Proposition 1.4, for every v €
BPP(08)) there exists a function w := Extv € W*P(Q) such that

[@]lwsr) < Cllvllpgr(o0) (2.5)

and w|pq = v p-almost everywhere. From (2.3) we have that

Cps <Nz§’/(175)u,v> = (I(u), ©).

(BE™(09)),BLP(99)
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The thesis follows from (2.4) and (4.21).
We now recall that 2 is approximated by a sequence of Lipschitz domains
Oy, for n € N, satisfying conditions (H) in Sect. 1.2. From (2.2) we have that

Cy (NP =5)q | 1 :—/ —Ay)puvdl
P <Np uU|GQ>(WS*E"’(aﬂn))’,W‘“*E'p(aQn) QXQ"( pouvdly

+ CNTP //stz X, (2)xa, (¥)|u(z) — u(y)[P—
(u(x) = u(y))(v(z) —v(y)) ALy ()AL (y).

|z — y [N

From the dominated convergence theorem, we have

lim Cp73 <N£l(1_s)u, ’U|ag>

s—1p s—Lp
n—00 (W= »7(00,))" W™ P77 (0Q0)

= i (= [ cappuvacy+ S [ ) - up
() = M) =100 g, 100

|z —y| NP
= 7/(7Ap)_f2uvd£N
Q

CNp,s
+ =5 (1, 0)ap = (U(u), )

for every u € V((—=A)§, Q) and v € W*P(Q). Hence, we define the p-fractional
normal derivative on 2 as

CN,p,S

(u7 v)S»P'

O

(Cp,sNE ™D u,0]00) (27 (a)y, BE7 (002) = */Q(*Ap)?ﬂbvdﬁzv +

Remark 2.3. We note that p’(1—s) = 2—/3, where § = %4—17 thus recovering
the usual notation for the p-fractional normal derivative in (2.3).

Moreover, by proceeding as in [16, Remark 3.3], when s — 17 in (2.3)
we recover the Green formula proved in [37] for fractal domains.

3. The evolution problems

3.1. The energy functional

From now on, we suppose that p > 2, sp < N and that b € C() is strictly
positive and continuous on Q. We denote by H := X2(£2,9Q) the Lebesgue
space defined in Sect. 1.1.

We introduce the linear and continuous operator ©, ,: BLP(0Q)) —
(B2P(09))" defined as

(Opy(u),v) =
1 u(z) —u(y) P2 (u(z) — u(y))(v(z) - v(y))
E/AQX8Q C(m,y) |

€T — y|d+’7p

(3.1)

dp(z) dp(y),
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where ¢ € L>®(9€) x 09) is such that ¢ > 0, (-,-) denotes the duality pairing
between (BEP(0N2)) and BEP(9Q) and v € (0, a], where « is defined in (1.3).

For every u = (u,ulsqn) € H, we introduce the following energy func-
tional, with effective domain D(®), s) = W*P(Q):

CNps //
dl dL
N ‘:E le sp N( ) N(y)

+ /B blulonl? di + (@p (ulon), ulon)  if u € D(@,),
too ifue H\ D(®p.),

@y s[u] == (3.2)

We remark that, if u € W*P(Q), from Proposition 1.4 its trace u|sq, and
hence the couple u = (u, u|sq), is well-defined. In the following, with an abuse
of notation, we will write u € W*?(Q).

Proposition 3.1. @, is a weakly lower semicontinuous, proper and convex
functional in H. Moreover, its subdifferential 0P, s is single-valued.

Proof. The functional ®,, ; is clearly convex and proper. The weak lower semi-
continuity follows from the weak lower semicontinuity of the L?(9€)-norm and
by proceeding as in [34, Proposition 2.3]. Moreover, from Proposition 2.40 in
[4], 0®, s is single-valued. O

3.2. Abstract Cauchy problem
Let T be a fixed positive number. We consider the abstract Cauchy problem

9u L Au=F, t (0,7
(P){ff(m ~ up,

where A is the subdifferential of ®, , and F = (f, g) and ug are given data.
According to [3, Section 2.1, chapter II], we give the following definition.

Definition 3.2. A function u: [0,7] — H is a strong solution of problem (P)
if ue C([0,T]; H), u(t) is differentiable a.e. in (0,T), u(t) € D(—A) a.e and
u 4 Au= F for a.e. t € [0,T).

From [3, Theorem 2.1, chapter V] the following existence and uniqueness
result for the strong solution of problem (P) holds.

Theorem 3.3. Ifuy € D(—A) and (f,g) € L*([0,T); H), then problem (P)
a unique strong solution u € C([0,T]; H) such that u € W12((5,T); H)
every 6 € (0,T). Moreover u € D(—A) a.e. fort € (0,T), t%—;‘ € L?(0,T
and ®, s[u] € L1(0,T).

has
for
H)

From Theorem 1 and Remark 2 in [7] (see also [3]) we have the following
result.

Theorem 3.4. Let ¢ : H — (—00,400| be a proper, convex, lower semicontin-
uous functional on a real Hilbert space H, with effective domain D(p). Then
the subdifferential O is a mazimal monotone m-accretive operator. Moreover,
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D(yp) = D(0¢) and —0p generates a nonlinear Co-semigroup {T'(t)}i>0 on

D(¢p) in the following sense: for each ug € D(p), the function u = T(-)ug s
the unique strong solution of the problem

ue C(Ry; HYN Wl{;f"((o, o00); H) and u(t) € D(p) a.e.,
% +0o(u) 5 0 a.e. on Ry,
u(0,2) = up(x).

In addition, —¢ generates a nonlinear semigroup {T(t)};>0 on H where, for
every t > 0, T(t) is the composition of the semigroup T(t) on D(p) with the
projection on the convex set D(yp).

From Proposition 3.1 and Theorem 3.4 it follows that 0®,, ; is a maximal,
monotone and m-accretive operator on H = X?(£2,99Q), with domain dense in
H.

We denote by T}, s(t) the nonlinear semigroup generated by —9®,, . From
Proposition 3.2, page 176 in [45], the following result follows.

Proposition 3.5. T}, ;(t) is a strongly continuous and contractive semigroup on
H.

3.3. The strong problem

We give a characterization of ®,  in order to prove that the strong solution
of the abstract Cauchy problem solves problem (P).

Theorem 3.6. Let u € W*P(Q) for a.e. t € (0,T], and let f = (f, floa) € H.
Then £ € 09, s[u] if and only if u = (u,ulpq) solves the following problem:

(—Ap)du=f in L¥ (),
= P’ (1—s) p—2
(P){ Crus <NP u’v>(Bg~w(BQ))’,Bg-V(BQ) + (Ol U>L”'(OQ)VL"(89)
+p (Op,~(w), U>(BZivl‘(@Q))’,Bﬁv"(@Q) = (V) 1200),12(9) Vv € BEP(09).

Proof. Let f € 09, 4, 1.e. D, () =P, s[u] > (f,7p—u)y for every ¢p € WP(Q).
This means that

/f<w—u>dz:N+/ £ —w)dp

CNp s // [(z) — ()P — |u(z) — u(y)|P ALy (z)dLn(y)  (3.3)
QxQ

|z — y [N

2 /89 b(|9]P — [ul?) dp + (Bp - (1), 1) — (O (), u).
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We choose ¢ = u + tv, with v € WP(Q) and 0 < ¢t < 1 in (3.3), thus
obtaining

t/ fvdEN—l—t/ fodu
Q le)
CONp,s [(u+tv)(z) — (u+ ) (Y| — |u(z) — u(y)|?
= //stz

ERPLEST

dLn (z)dLn ()

1
+ ;/ b(Ju + to[” — |ul?) dp + (Op,~ (u + tv), u + tv) — (Op 4 (u), u).
o0
(3.4)
We first take v € D(Q) in (3.4) and, by passing to the limit for ¢ — 07,
we get

o=yl

If we take —v in (3.4) we obtain the opposite inequality, thus getting the
equality

/ f’Udﬁ]\] — CNQ,Z),S // \u(x) _ u(y)|p—2 (u(z) — u(y))(v(a:) — 'u(y)) d,CN(w)dEN(y)
Q QxQ

o - yl¥

Since v € D(R2) and p’ < 2, it turns out that in particular f € L (Q).
Hence, the p-fractional Green formula for irregular domains given by Theo-
rem 2.2 yields that

(—Ap)qu=f in LF(Q) (3.5)
(and in particular in L?(2)).
We go back to (3.4). Dividing by ¢ > 0 and passing to the limit for
t— 0T, we get

/fvd£N+/ fodu

< D [ jute) - gy p- I HICD =00 41 @yac o)

|z —y|Nep

+/ b|u\p*2uvd,u+p(@pﬁ(u),v>.
o0

As before, by taking —v we obtain the opposite inequality, hence we get
the equality. Then, from Theorem 2.2 and (3.5) we get

du=C, p’(1—s) / blulP~2uwvd
mfv : ’ <N” u’v><B£*”<am)uB£”’<am+ 20 fuff v d
+p<@p77(u),U>(Bg,p(im))/,35,p(8m. (36)

Hence (3.6) holds in (B2?(99Q))" and we get the thesis.

We now prove the converse. Let then u € W*?((2) be the weak solution
of problem (P). We have to prove that ®, ;[v]—®, s[u] > (f,v—u)y for every
v € W*P(Q). By applying the inequality

1
~(lal” = [o") > [bP~*b(a — b)
p
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and taking into account that u is the weak solution of (P), by using as test
functions v and u respectively, we get

D, [v] = By o [u] > / fodCy

+/ flaQU|an,u—/ fUdﬁN—/ floguloodp = (£,v)g — (f,u)q,
00 89 90

thus concluding the proof. O

From Theorem 3.6, we deduce that the unique strong solution u of the

abstract Cauchy problem (P) solves the following Venttsel’-type problem (P)
on  for a.e. t € (0,7] in the following weak sense:

%(t, z) + (=Ap)Hu(t, z) = f(t, x) for a.e. x € Q,

<au|”7v\an> +Cp.5<Np/(17S)u7’U‘3ﬂ>
ot L2(89),L2(00) ' 4 (Bor(89)),Brr (99)

(P) + (blulanl?2ulsq, v109) L (90, Lo (002) T P (Op.y (ulo0), vl09) (re o0y, Bre(09)
= (fl@ﬂvv‘60>[,2(5§z),[,2(5§z) Vv € BP(09),
u(0, ) = ug(z) in H,

where we recall that o = s — %.

3.4. Well-posedness of the (homogeneous) heat equation

In this subsection we prove that the homogeneous heat equation is well-posed.
This will be achieved by investigating the order-preserving and Markovian
properties for the semigroup T, s(t) generated by —A = —0®, , for every
p=>2.

For the sake of completeness, we recall the following definitions. We refer
to [11] for details.

Definition 3.7. Let X be a locally compact metric space and i be a Radon
measure on X. Let {T'(t) };>0 be a strongly continuous semigroup on L*(X, fi).
The semigroup is order-preserving if, for every u,v € L?(X, ji) such that u < v,

Ttu <T({t)v Vt>O0.
The semigroup is non-expansive on L1(X, f1) if for every ¢t > 0
IT(t)u—T@)v|paxpy < lu—vllnax,m YueL*X,p)NLYX, Q).
The semigroup is Markovian if it is order-preserving and non-expansive on

L (X, ).

We give two equivalent conditions for proving order-preserving and Mar-
kovian properties.

Proposition 3.8. Let ¢ : H — (—o0,+00| be a proper, convex, lower semicon-
tinuous functional on a real Hilbert lattice H, with effective domain D(p). Let
{T(t)}+>0 be the nonlinear semigroup on
H generated by —0p. Then the following assertions are equivalent:

(i) The semigroup {T(t)}i>o0 is order-preserving;
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(ii) For every u, v € H one has
® <; (u+u/\v)> + <;(v+u\/v)) < o(u) + ¢(v),
where u A v := inf{u,v} and u Vv = sup{u,v}.
Proposition 3.9. Let p: L*(X,v) — (—o0,+00] be a proper, convez, lower
semicontinuous functional. Let {T(t)}+>¢ be the nonlinear semigroup on L*(X,v)

generated by —0p. Assume that {T(t)}i>0 is order-preserving. Then, the fol-
lowing assertions are equivalent:

(i) The semigroup {T(t)}i>0 is Markovian;
(ii) For every u,v € L*(X,v) and & > 0
¢ (v+ga(u,0)) + ¢ (u—=ga(u,v)) < p(u) +@(v),

where

ga(u,v) = % (u—v+a)t —(u—v—a)7],

with u™ = sup{u,0} and u~ := sup{—u,0}.

For the proofs of Propositions 3.8 and 3.9 we refer to [18, p. 1] and [11,
Theorem 3.6] respectively.

Theorem 3.10. The semigroup {T) s(t)}+>0 generated by —A is Markovian on
X2(Q,00).

Proof. We will apply Propositions 3.8 and 3.9.

Let u,v € X2(2,09). If u does not belong to W*?(Q), then ®, s[u] =
+oo and the conclusion is obvious (and similarly if v ¢ W*P(Q)). Hence, we
suppose that u,v € W*?(Q).

We begin by proving the order-preserving property. We set, for u,v €
wer(Q),

1 1
g(u,v):zi(quu/\v) and h(u,v)::§(v+u\/v).
Since W*P(Q) is a lattice, we have that both g(u,v) and h(u,v) belong
to W*P(§2). Proceeding as in [47, Theorem 3.1.4], we prove that

/ blg(u, )| dpu +/ bl v)|? dp < / bluf? dp +/ boPd. (3.7)
a0 o0 9 a0
Moreover, from the convexity of the functional and proceeding as in [48, The-
orem 3.4] we have that
|g(ua U)|€Vs,p(g) + <@p,7(g(u, U)),g(u,U))
+ |h(u,v) gvs,p(g) +(Op~ (h(u,v)), h(u,v)) < |u|€vs,p(g) (3.8)
+(Op(u), w) + Vi) + (Opy(v), v).
Combining (3.7) and (3.8), we obtain
Py, s[g(u, )] + Pp s[h(u,v)] < p s[u] + @y s [V],

thus {7}, ()}~ is order-preserving.
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In order to complete the proof, we apply Proposition 3.9. In the notation
of Proposition 3.9, given u,v € W*P(Q) and & > 0, we set
1 - O
ga(u,v) = 3 [(u—v+a)t —(u—v—a)7].
We point out that gz (u,v) € W#*P(Q). Proceeding again as in the proofs of
[47, Theorem 3.1.4] and [48, Theorem 3.4], we get that
Dy o[V + ga(u,v)] + Pp s[u — ga(u, v)] < Bp s[u] + @, 5 [v],
hence from Proposition 3.9 {7}, s(t)},-, is non-expansive on X*°(£2,012), and

thus {7}, s(t)},~ is Markovian. O

Remark 3.11. We remark that, from [9, Theorem 1] and [40, Corollary 3],
{Tp,s(t)},~, can be extended to a non-expansive semigroup on X?(Q,00)
for every q € [2,00]. Moreover, we can prove also the strong continuity of
{Tp,s(t) },5o over X4(Q,0Q) for every ¢ € [2,00) by following the approach
used in [47, Theorem 3.1.4].

4. Ultracontractivity of semigroups

We now focus on proving the ultracontractivity of the semigroup T}, s(¢).
We first prove a logarithmic Sobolev inequality adapted to our case.

Proposition 4.1. Let p > 2, s > % and sp < N. Let u € W*P(Q) be non-
negative on Q and such that |[ulb = Hu||1£p(9) + Hu|ag||m ooy = 1. We set

A(u) = / Ud£N+/ u|aQ du. (41)
Q a0

Then there exists a positive constant C = C(N,s,p,d, Q) such that, for every

>0,
A(u?logu) <
sy [5C aa HESHAE ALy (2)dLn (y) —log e+eC (Jaal” +laonl?))
(4.2)
where u” log u := (u? log u, ulf, log ulsn) and g and tsq are defined in (1.8).

Proof. Following [6, Proposition 2.1], we apply Jensen’s inequality with ¢ =

p—p= W and we obtain
1 N — sp d
P < = p+q p
A(u”logu) < p log A(u”™) = pd—N+s )1 gulf = pd— N+ sp) log [[ul|5.
(4.3)

Moreover, from the properties of the logarithmic function, for every ¢ > 0
we have that

tog [u]}5 < <[[ul}s ~ loge=. (4.4)
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From (1.11) with ¢ = p, we estimate |[ul|; in (4.4). Hence, there exists a
positive constant C' such that

d ~ _ _
A(up log u) < Zm |:€C (‘u|€vsvp(ﬂ) + ‘U/Q‘p + |’U189‘p) — 10g €:| 5
thus concluding the proof. O

In order to prove the ultracontractivity of T}, s(¢), we now prove some
preliminary lemmas. We adapt to the fractional framework the results of [34,
Section 3.2], see also [49,51,52].

We first recall some known numerical inequalities. For more details we
refer to [5].

Proposition 4.2. Let a,b € RYN. If r € (1,00), it holds that
(la[""2a—[b]""%b) (a = b) > (r=1) (ja| + b)) *|a =B, (4.5)

If r € [2,00), then for ¢t :=min{1/(r —1),2727"377/2} € (0, 1], it holds that

(la]""%a —|b]""2b) (a — b) > c}la—b]". (4.6)
We remark that (4.6) implies
(Ja|""?a —|b]""2b) sgn(a — b) > cla—b""". (4.7)

Lemma 4.3. Let {T), (t)},, be the Markovian semigroup on X?(2, 0Q) gener-
ated by —0®,, ;. Givent > 0 and ug, vo € X>(Q,09), let u(t, z):=T, . (t)ug(z)
and v(t,z) := T, s(t)vo(x) be the solutions of the homogeneous problem as-
sociated to (P) with initial data vy and vq respectively. We set U(t,x) =
u(t,z) —v(t,x) and U = (U,U|sq). Then, for every real number r > 2 and for
a.e. t >0, there exists a constant C = C'(N, s,p) such that

~ x)— , r+p—2
SO < =rC [foq HERTRE—— dLy(2)dLn ()
—cpbot [0 |Ulaa(t)["P~2 dp,

(4.8)
where c;, > 0 is the constant given in Proposition 4.2 and by = ming b.

Proof. The proof can be obtained by suitably adapting the proof of Lemma
3.4 in [34]. O

We remark that, as a consequence of Lemma 4.3, we have that G..(t) :=
TN = 1UO%r ) + Uo7 (aq) is non-increasing w.r.t. t.

We now recall a useful estimate for the nonlocal term on 2 appearing in
D, ;[u]. We refer to [52, Lemma 4.1].

Lemma 4.4. Let p,r > 2 and s € (0,1). Then, for every u,v € W*P(Q) it
holds that

) <Ol el )

b

Crp (|u

< (u7 |u|7‘_2u)s,pa (4.9)
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p P
where Cr,p = (T - ].) <’r—|—p—2) .

The next two lemmas follow by adapting to the fractional setting Lemmas
3.5 and 3.6 in [34] (see also [47]).

Lemma 4.5. Under the same notations and assumptions of Lemma 4.3, if r :
[0,00) — [2,00) is an increasing differentiable function, then for a.e. t > 0
and for every e > 0 we have that

! r(t)

ibﬂU”W@§:§%*|Egkgb%@%%L
Gy (Y U1

¢ A\r(t)+p-2 SOIR

) p oy VOIS
+ ol - 1) (s ) e (4.10)
_éww—n< P ylpu_N+waowﬂz§_

¢ )y -2 d oI

U+ U

U2 " OO w2

where C and C' are the constants appearing in (4.2) and (4.8) respectively, A

is defined as in (4.1) and Cg := max {ﬁ, M(Tlg)p

Proof. From the chain rule, we have that

r(t) (1) r(t)
0
. r(t) v r(t)
= /(A (U O 1og[U(®)]) + 5 [U@)7()-

Then, from Lemma 4.3 the following holds:

' (t)
7“(t)
1 r(t) o ' (t)

s I < -
r®OIU@ILG) 4t 6 R peross

' (t) 1

HONTSTOTRR!

d @) _ oy 9 i 9 (1)
Loy =ro 2 uorg +« 2 jue

d
o log [[U(t)[l(¢) = — log U () [l (¢)

log [[U(#)l,-(¢)

A(lu® " 1og U]

ctb _ c
- —E s [ W@ de - ——s
lu@iig) o (SO
// Ut 2)=U(t, 9)|P72 (U @) =U ) (U 2) DU )= U 9" DU )
QxQ |z—y|N+sp

dLy (z)dL N (y)-

(4.11)
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Recalling the definition of A, using Lemma 4.4 and estimating the bound-
ary term with zero, we get

d '), [ omr [U®)]
@ e 190 < S5ya [RSICOI: U

d
C P P
U )||T<t>( r)=1) (r(t) +p— 2) '

r(t)
rt)tp=2 r()+p=2 |P
‘IU(t,x)I v —|U(ty)| » - )
.//ng |z — y|N+sp N (2)dLN (y) -
_ ), [ o log [U(t)]
r® 7\ Ju@r) T 10l
: P UG
p | Him2
—C(r(t) - 1) ( ) ) T30 .
O+r=2)  July @
where
r(t)+p—2
o
Pt )= — s
HU(t)||r(t)+p,2

fulfills the hypotheses of Proposition 4.1. Thus we have that, for every € > 0,

r’ r(t)
< o [U(1) -0 < %('U(t) LS (0)] >

r® " oy " TU®lo
p t)+p—2
- P HU( )H (t)+p—2 p(d— N+5p) D
+Or®) 1) (r(t) +p— 2) loeIre e MEosE)
r(t)
k;if + |Fal? + |Fan|p>
(4.13)
We now point out that
A(FPlogF) = ri)+p—-2, [U(t)[r+p—2 og U(@)| (4.14)
r -2 '
p ol B0 oy 12
Moreover, we have that
r 2
p IO
|F p_ / |U r(t)+P 2 dLN _ (Q)
r 2 r 27
QU >|| o QPIUE) e

(4.15)
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an analogous equality holds for |Fpq|P. Hence, from (4.13), (4.14) and (4.15)
we deduce

r r(t)
L g U@l < <t>A(U<t>| » |U<>|)

d r® -\ ool SO0

» t)+p—2
C’(r(t)l)( ( D > loge IU(t )H (#)+p—2

rit)+p-2) C Ut )”:83
~ C(r(t) = p(d — N + sp) ( p ) L0l peey
deC —9 (0)
¢ r(t) +p SOTRS:
(4.16)
ooz 10|
r -2
U@ ™ 0w
P
~ p 1
+ () — 1) ( >
r®+r=2) Jumly
0] énsemN {01 Jgtnronc
() + (69)
IQ\P (asz) ’
and, defining
1 1
Oy = max {|Q| (@) } ’
we get the thesis. 0

Lemma 4.6. Under the assumptions of Lemma 4.5, for a.e. t > 0 we have that

< 108 [U(0) 0 < ~A(0) 0g [U(1) 1 — B, (417)

where

() (p — 2)d

A = e T p- D@ - Nt ep) (4.18)
O
B#):= r(t)(r(t) +p—2)(d— N + sp) log Cpl|Uollz
+ r'(t)d

O +p—2)(d— N +sp)
Jog | 7D P =N + ) ((62' )(r() p > ], (4.19)

r'(t) d t)+p—2

C = C’(N,s,p,Q) is a positive constant, Uy := U(0) = ug — vp and w =
i {2, 1(00)}.
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Proof. We choose ¢ > 0 as follows:

W pd-N+sp)C P L O] A
= ZOHE TN Cot) - 1) (o) o

Hence from (4.10) we get

Q. (@) [ [U@E)r® os Ul
dﬁl g ”U( )Hr(t) < T(t) A ”U(t)”T(t) . ||U( )H (t)

'@, [ @t U@

—5 1og
)\ oz U@ e -2

r(t) d
r@)(r(t)+p—2)d— N+ sp

~ p—1 (t)+p—2
log r(t) p(d — N + sp) CE'( ) —1) ( 0 P ) 10(t )||7(t)+p 2

—(r
v d 0 f+p-2 lu@le)
r 2
i p o\ OO
+ CqC(r(t) — 1) ( )
! r+r=2)  Jum|ry
(4.20)
We point out that, since r(t) > 2 and p > 2, it holds that
P
p
t)y—-1)| —— | <np.
o0 (rd=) <
From Holder and interpolation inequalities, we get that
1 Dtp— r(t)+p
||U(t)||LW(Q) < Q@2 (U ()| )5) o )||L(T<)$(Q2 (4.21)
r(t )+p

an analogous inequality holds for the L
We now set

(89)—norm of U(t).

Ul U Ul U U a U
0, 0) = A (100 s JOLY [ I Wy [ Wlanlt, ol
10z **10ll.) ~ Jo 101 101, Joo 0N U],

The functional K (g, U) satisfies the following property: for every g2 > g1 > 1
and for every U € X*>(Q, 09)

Ullg,
K(g2,U) — K(q1,U) > log HUHq . (4.22)
q2

Applying (4.21) and (4.22) with ¢1 = r(¢) and ¢» = (r(t) + p — 2) and
defining C* := CqwC, from (4.20) we obtain
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P00, 0O lwps
r(t) 1T

' (t) d .
r(@)(r(t)+p—2)d—N+sp

d
108 [U®)) <

+pCH U@ -

g | PO PA=N ) C = )”‘1 SOl
() d c w6 +p_2 ooy |
(4.23)
Now, using the properties of the logarithmic function, we get
d r'(t d . _
S10a 100 < =8 (1= T ) B U -2 +2C7 U
_ r'(t) _ r(t)d
6 (1~ corrma— ) V0o
(1) d r(t) pd— N +sp) C P p=t
7T(t)(r(t)+p72)d7N+spl {r’(t) d E(T(t)il)(r(t)erfZ) }
(4.24)
d sp—N

We remark that, since sp < N, 1 — =

d—N+tsp — d=Ntsp < 0. Hence, from
Holder inequality we have that

d ' (t) d(2 —p)
BV 0 < T e Tt U
r'(t) N —sp p—2 ) * p—2
") d—N+spr(t) +p—2 logw +pC™ |U#)|IT
r'(t) d r(t) p(d — N + sp) C P p—1
T OO =2 d=N 1 %@ d E(T(t)71)<r(t)+p72> }

(4.25)
From Hélder inequality and the Markovian property of T), 4(¢), we deduce

1 1 1
U@L ) < Q2 NUE)20) < [QUZNUO)|L20) = 1202 [[Uoll2(0);

an analogous inequality holds on 0. Hence, for a suitable constant C depend-
ing on N, s, p and €2, taking into account the definitions of A(t) and B(t) in
(4.18) and (4.19) respectively, estimate (4.17) follows. O

We now prove the ultracontractivity of T, s(t), the main result of this
section.

Theorem 4.7. Let p > 2 and sp < N. In the notations of the above lemmas, if
q € [2,00], then there exist two positive constants Cy,Cy depending on N, s,
p, q, d and 2 such that

1Ty ()0 = Ty o ()Volloe < Ci(max{ ]2, (@) P () eC2tlIMo Vo lE54 20 g g5,
(4.26)
for every ug, v € X1(Q, Q) and for every t > 0, where
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N — o crers 1 s
Ma(s) = sp 1_( q )d ¥ C a(s) = 1_< q )a ¥ ,
d q+p—2 p—2 qg+p—2

d
q d—N+sp
A = .
+(¢) (q +p— 2>

Proof. We first take ug, vp € X*°(Q, 9Q) and we use the same assumptions and
notations of Lemma 4.6. In particular, we consider an increasing differentiable
function r: [0, 00) — [2,00) and we define A(t) and B(t) as in (4.18) and (4.19)
respectively.

We set

(4.27)

y(t) == 1og [UD)[lr1);
then, from (4.17), y(t) satisfies the following ordinary differential inequality:
y'(t) + A(t)y(t) + B(t) < 0. (4.28)
We now consider the following ODE:

{az'(t) + A(t)z(t) + B(t) = 0, (4.29)

2(0) = y(0).

The unique solution z(¢) of (4.29) can be written in the following way:

2(t) = exp (- /OtA(T) dT) [y(O) —/OtB(T) exp (/OTA(U) da) dT}; (4.30)

hence, the solution y(t) of the ordinary differential inequality (4.28) is such
that y(t) < z(t) for every t € [0, 00).
We now fix ¢ > 0, for any given ¢ > 2 and for 7 € [0,¢) we set

r(r) = ; qu. (4.31)

The function r(-) satisfies the hypotheses of Lemma 4.5, i.e. it is increasing

and differentiable on [0,¢) and r(7) > 2 for every 7 € [0, ).
Using (4.31), we obtain that

d(p —2) 1

A(r) =
(7) d—N+sp tlg+p—2)—71(p—2)
and
_ (N=sp)(p—2) 1 oo C p—2 d .
B(r) = d— N + sp t(q—i—p—2)—‘r(p—2)lg CPllUoll +d—N-i—s;D
1 p(d — N + sp) g _ . p(t — 1) Pt
Hatp-2-rp—2) 5 UG-y () |

where 6’76’ and C are the constants in Proposition 4.1, Lemma 4.3 and
Lemma 4.6 respectively.
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Our aim is now to write x(¢) in a more explicit way. From standard
calculations, we have that

’ d tg+p—2)
A d - 9
A (2)do d—N+sp 2tq+p—2) —7(p—2)

i " A(0)d q b 432
e (= [ aow) = (G=) T e

Moreover, again from standard cumbersome calculations, we can prove that

hence

lim B(o) exp (/ A(€) df) do
T—t~ Jo 0
2 =N
<q+p > .
q
2 P e
<q+p ) .
q

d— N >
log (p”wc—) + logt

N — sp

=-— logw - CthUOHgiZ

X (4.33)

+p—2

7D 4 12 _ 1)
d e + + )

where C is a suitable positive constant depending on N, s, p, ©, d and ¢ and
IMW | 1® and I®) are integral terms which do not depend on ¢ and can be
explicitly computed as in [10, proof of Lemma 3.9].

From (4.32) and (4.33) it follows that

d
TNTe N —
Tlir?, x(1) = (flﬂiﬁ) y(0) + d L logw

d
1 _ q d—N+sp
q+p—2
1 ) q Wﬂsy
p—2 q+p—2

+ Cat||Ug15 2

(4.34)

d—N C
[log (ppd—i_SpC> +logt| + Cy,
=Nt =Nt
—N+sp X —N+sp
where Cy = (q+;—2) C and C; = (ﬁ) (I3 — 1M — 1)),

We now point out that, as a consequence of Lemma 4.3, for every 0 <
T < t it holds

U@ lriry = [[at) = v®)llrir) < lalm) = v(7)llrr)
= U |lrr) = V(M) < (M), (4.35)
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Since y(0) = log [|U(0) |,y = log|[ug — vol|q, from (4.34) and (4.35) we
obtain

lm [[U®)||pr) < lim ()
T—t— T—1—

~ *)\2(3)
= ||y —V Uol||B — d— N + C
H 0 O||2\d(s) CU)\l(S) eCQt” 0“2 2 t >\2(S) ( piszj - )

y G (456)

where the constants A1 (s), A2(s) and A3(s) are as defined in (4.27).
Finally, we remark that
lim r(7) = +o0;
T—t—
hence, from the definition of w, we have that, for a suitable constant C; de-
pending on N, s, p, , d and ¢,

IU@)lloe = ITp.s(t)u0 = Tp.s () Vol o
< Oy (max{ |62 ju(00) ) (Mo valE X g — v 509,

thus the thesis follows in the case ug, vo € X*°(92,09Q). The proof in the case
up, v € X2(Q,09) is then achieved by a density argument as in the proof of
[47, Theorem 3.2.7]. O

We remark that also in the linear case, i.e. p = 2, the semigroup 75 (t)
is ultracontractive. The proof follows by adapting the techniques of [25, The-
orem 2.16].

5. The elliptic problem

In this section we investigate the elliptic Venttsel’ problem, under the same
assumptions and notations of the previous sections. In particular, we prove a
priori estimates for its (unique) weak solution.

Let (f,g) € X297 (Q,09). The elliptic Venttsel’ problem is formally given
by

N Co NE w4 blufolP2ulo0 + POy~ (ulag) =g on O9.

We observe that, from Theorems 1.7 and 1.8, the space W*P(Q) is con-
tinuously embedded in X%7 (2, 00Q) for every g € [1,p*] and r € [1,]; hence,
there exists a positive constant C' such that, for every u € W*P(Q),

[ullg.r < Cllullws»)- (5.1)

We first aim to prove the existence and uniqueness of a weak solution of
the elliptic problem (P,).
We say that u € W*P(Q) is a weak solution of problem (P.) if
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CNps // lu(z) — uw(y) P2 (u(z) — u(y)) (v(z) —v(y))
dc dc
- g Fer N(z)dLN(y)
+/ bluloa P~ *ulaq vlao du
Joa
+ p(Op~(ulpn), vloa) = /Q fvdLln + /zm gvlaq dp for every v.€ W*P(Q).

Theorem 5.1. If (f,g) € X¢"(Q,09Q) with q € [1,p*] and r € [1,p], problem
(P.) admits a unique weak solution u € W*P(Q).

Proof. We introduce the following form, for u,v € W#?(Q):
Cn p s [u(z) — u(y)[P~?(u(z) — u(y))(v(z) — v(y))
//QXQ

P ALy (@)dLn ()

Uys(u,v) =

+ /zm bluloq|Pulaq vlaa dp + p(Op,y (ulaq), vlaq)-
(5.2)
Firstly, we prove that ¥, (u,-) € (W*P(Q))’ for every u € W*?(Q). From
Holder and trace inequalities, the hypotheses on b and  and the definition of
a in (1.3), for u € W*P(Q) it holds that

-1
|@ps (0, V)| < Cllullfys g l0llwen o) + (maxb)|[uloellZy (ag) Ivlonlle o)

1
+ ISl L oexon) luloalBre a0y [0l60 HB‘”’(BQ)

< C'max{1, maxb PlICl Lo (ox o) Ml s o [V wr ()

for a suitable constant C' > 0 and for every v € W*?(Q). Hence ¥, (u,-) €
(W=P(Q)) for every u € W(Q).

Next, we claim that ¥, ; is hemicontinuous, strictly monotone, and co-
ercive. The hemicontinuity follows from the continuity of the norm function in
any Banach space, while the strict monotonicity follows from (4.5).

As to the coercivity, from Theorem 1.5 and the hypotheses on b and ¢
we deduce that

Cn
Jully ey < € D52
this implies that
U, s(u,u)
[[wllws.» (o)

1
> |ulf ., w) T ||u’£p(am> < Cmax{l, bo} U, s(u,u);

— 400 when llullws.» @) — +oo,

thus yielding the coercivity of ¥, ,.
The above claim implies that for every u € W#P(Q) there exists an
operator S(u) € (W*P(Q))" such that

U, s(u,v) =(S(u),v)s,p for every v € WP (Q), (5.3)

where ()5, denotes the duality pairing between (W*P(Q2))" and W*P(Q).
Hence, from the properties of ¥, ,, equality (5.3) defines an hemicontinuous,
bounded, strictly monotone and coercive operator S: W*?(Q2) — (W*?(Q))’.
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From [45, Corollary 2.2, page 39], S is surjective; hence, from Browder theorem
(see e.g. [20, Theorem 5.3.22]), for every w € (W*P?(Q))’, there exists a unique
u € W*?(Q) solution of

(S(u), v)sp = (W, V)sp for every v € W*P(Q).

Now, for ¢ € [1,p*] and r € [1,p], we take (f,g) € X2"(Q,0) and we define
the operator L: W*?(Q) — R by

L(v) := fvdly + / gvlaa du.
Q [2}9)

From (5.1), it follows that L € (W*®P(Q))". Therefore, for every v € W*?(Q)
there exists a unique weak solution u € W*(Q) of (S(u),v),,, = L(v), hence
the thesis follows. O

We now recall a technical lemma, see [43].

Lemma 5.2. Let ¢ = ¢(t) be a non-negative, non-increasing function on a half
line {t > ko > 0}, such that there exist c,A >0 and § > 1 with

p(h) < c(h — k)" o(k)’,
for h >k > kog. Then
@(ko +m) =0,
with
77’\ _ C(p(ko)é—12x(§/(5—1).
The following result follows from [22, Lemma 5.2 a)].

Lemma 5.3. Let u € W*P(Q) and k > 0 be a real number. We set uj, :=
(lu| — k)tsgn(u). Then for every k > 0 we have that u, € W*P(Q) and

U, s (up, ug) < Uy o (u, uk). (5.4)

We now prove the main result of this section, in which we prove a priori
estimates for the weak solution of problem (P,).

Theorem 5.4. Let g € [1,p*] and r € [1,p].

(a) If f € W=P(Q)) and g € (BEP(0Q))', problem (P.) admits a unique
weak solution uw € WP (Q). Moreover, there exists a positive constant C
such that

||U||€;;s1,p(g) < C (Ifllwer)y + lgllszroa)) - (5.5)

(b) If (f,g) € X27(Q2,00), then the unique weak solution u of problem (P.)
belongs in particular to X°° (2, 0). Moreover, there exists a positive con-
stant C such that

5" < ClI(f.9)]

ar (5.6)
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(¢) If (f,g) € XT7(Q,00) and u,v € W*P(Q) satisfy
Vyu(a ) = Up(vi) = [ fodlt [ gulndu (5)
Q o0

for every 1 € W*P(Q), then there exists a positive constant C = C(N,
$,p,q,7,d, Q) such that

la =[St < Cl(F, 9)lg,r- (5:8)

Proof. We begin by proving a). The existence and uniqueness with “irregular”
data (f,g) can be achieved as in Theorem 5.1. As to (5.5), we take v = u as
test function in the weak formulation of problem (P,); then, from Theorem 1.5,
Holder inequality and the trace theorem we get

CNps |u(z) — u(y)|?
p < P, LS e A
”u”Ws,p(Q) <C < 9 M)xﬂ z — g|N+op dLy(x)dLN(y)

—|—/ |u|aQ|pd,u> < C¥, s(u,u)
[e]9)

=C (<fa U)(Wsm(sz))/,ww(sz) + <9a u|8Q>(Bﬁ‘p(aﬂ))/,Bﬁ’p(afz))
<C (HfH(WSvP(Q))’ + ||9||(B§’P(aﬂ))') llullws.» (o),

and this implies (5.5).

We now prove c); part b) can be proven in a similar way.

Let u,v € W#*P(Q) satisfy (5.7) and let k > ko > 0 be real numbers. We
set

wi=u—v, wg:=(wl —k)Tsgn(w), wg:= (wp,wilon)

We remark that from Lemma 5.3 in particular it follows that w; € W*P(Q),
hence its trace wg|gq is well-defined. We also introduce the sets

Ay ={2e€Q :|w)| >k}, Bp:=Q\A,={reQ:|w)| <k},

where

lwlaa(z)| if x € 0.
We now take ¢ = wy, in (5.7) and from (4.6) and (5.4) we obtain

()| = {w(x)| iter e Q,

Uy s(u,wi) =Wy, (v, W) > Wy s (W, wi) > ey Wy s (Wi, Wi).

Now, from the coercivity of ¥, s and (5.7) we have that there exists a positive
constant Cp such that

Cullwnlfy sy < Vst w) = Vpolvowi) = [ fundlo+ [ gunlondi
Q o0

(5.9)
Let now ¢1,7r1 € [1,00) be such that



31 Page 28 of 33 S. Creo and M. R. Lancia NoDEA

We point out that from the bounds on ¢ and r we have respectively that

*

Q< P and 1 < L (5.10)
p— -1

From Holder inequality, Theorems 1.7 and 1.8 we have that, for a suitable
positive constant Cs,

/Q furdCy + /8 gunlon dn < [F s o oy a1 )

+ 119l oo [lwkloall Lz a0y Ixax | L (00

< Coll(fs Pl llwrllwe @) XAk llgr -
(5.11)
Inequalities (5.9) and (5.11) together with Theorems 1.7 and 1.8 yield
that, for a suitable constant C’g > 0,

| D < C3||<fvg) Q7T||XAk||q1yT1' (5'12)

Let now h > k. Therefore, we point out that A, C Ax and for every
x € Ay, it holds that |wy(x)] > h — k. Hence

-1
[Willp-5 = [I(h = k)xa,

p*,p?

and from (5.12) for every h >k > 0 we have
Ixan 5 < Calh = &)~ )l XAk gy (5.13)
We now set
P < 0,
60::min{p,p}>p—1 and §:= —2— > 1.
q1 p—1

By using the definition of Ay and of the || - ||4,»-norm, for every k > 0 we have
that there exists a positive constant Cy such that

do
p*,p°

”XAk ||<11,7'1 < 04”

Hence, there exists a positive constant Cs such that

~ )
< (b= k) NE o (Ixarlfy) - (519)

”XAh

‘We now set

o(h) = lIxa,ll,

for every h € [0,00). We apply Lemma 5.2 w1th ko =0 and A\ = p — 1, thus
obtaining that

o) =0 with 77~" = Cs]|(f,g)llg.rip(0)" 2P~V (5.15)
Finally, we point out that (5.15) in particular implies that the set {z € Q :
1

lw(z)| > C||(f,9)ll&+"}, where C' can be computed explicitly, has zero mea-
sure. Hence, we have that

w(2)| = Ju(z) - v(z)] < ClI(f,9)llqr"

and this leads us to (5.8), thus concluding the proof. O

a.e.on £,
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Remark 5.5. We point out that most of the results of this paper can be adapted
to more general operators. In particular, one can replace the regional fractional
p-Laplacian and the nonlocal term on the boundary with more general opera-
tors satisfying suitable growth hypotheses. This will be object of a forthcoming

paper.
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