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In this article, we study the effect of the Hardy potential on existence, uniqueness,
and optimal summability of solutions of the mixed local-nonlocal elliptic problem

—Au—l—(—A)su—y# =finQ, u=0in R"\ Q,

where 2 is a bounded domain in R™ containing the origin and v > 0. In particular,
we will discuss the existence, non-existence, and uniqueness of solutions in terms of
the summability of f and of the value of the parameter ~.
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1. Introduction

Elliptic and parabolic Partial Differential Equations (PDEs) with the Hardy poten-
tial |#|~2, where x € R™ with n > 3, are nowadays a classical topic of investigation.
We refer to the monograph [23] for a detailed description of the mathematical and
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physical reasons that led to the study of such PDEs as well as most of the known
result both in the model local and nonlocal case, namely when the leading operator
is either —A or (—A)® with s € (0,1). In the latter case, the interesting Hardy
potential is given by |z|~2%. Our aim here is to start the study of problems of the
form

u .
Eu—vW:f(x) in €,
u=0 inR"\Q,

where 2 C R"™ is an open and bounded set with smooth enough boundary 9%2,
0 € Q, f belongs to some suitable L™ () and v > 0. It will be soon clarified that
the choice of the local Hardy potential is the most proper in this case, and this
will immediately provide a natural upper bound for «. Finally, we introduce the
operator

Li=—A+(-A),

where (—A)?® denotes the fractional Laplacian of order s € (0, 1), i.e.,

(_A)Su = Ch,s lim M dy,
U0 ey eyl -yl
and C,, s > 0 is a suitable normalization constant (see, precisely, remark 2.1).

The above mixed local-nonlocal operator is a particular instance of a general
class of operators firstly studied in the 60s [11, 12] in connection with the valid-
ity of maximum principle and more recently from a probabilistic point of view,
see, e.g., [13] and the references therein. Recently, there has been a renewed
interest in problems presenting both a local and nonlocal nature, mainly due
to their interest in the applications see, e.g., [16]. The most common thread of
the more recent contributions concerns the development of a regularity theory
making mainly use of purely analytical techniques, see, e.g., [6, 14, 19, 20, 26,
27] and the references therein, so to be able to treat PDEs where the leading
operator is L.

As already announced, our interest in this article is to start the study of mixed
local-nonlocal PDEs with a singular potential. We just mention that other singular
PDEs driven by £ have been considered so far, see, e.g., [5, 9, 18] as well as purely
nonlocal PDEs; see, e.g., [4] and the references therein. Coming back to our issues
and in order to clarify the choice of the purely local Hardy potential, the starting
point is the Hardy inequality, originally proved in [21] in the one-dimensional case
and subsequently extended in various directions:

2
C/ U—deg/ |Vul?dz, u e C3°(R™), (1.1)
rn |7 R7

where C'>0. As it is customary when dealing with functional inequalities, it is
interesting to detect whether there is an optimal constant for which (1.1) holds
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and whether this is ever achieved. These questions are nowadays classical for the

inequality (1.1): the best constant is purely dimensional, it is given by
—92)2
A, = 7(71 ) ,

4

and it is never achieved. Similarly, there exists an optimal positive constant A,, s,
depending only on n and s and never achieved, such that

2
Aps / Mg < Cn.s [u]?, w€ C(R™), (1.2)
R

P 2

lu(@) —u@)* ,
R2n |m— MGET

denotes the Gagliardo seminorm of « (of order s € (0,1)).
The inequalities (1.1) with C' = A,, and (1.2) are the starting point of our mixed
local-nonlocal analysis. Clearly, the following trivially hold

where

u? Ch.s
An/ —Qdasg/ Vul? do + L2 0?, we O R,
R |7 R 2

and

K u2 < 2 Cn,s 2 e} n
mo o Tal® dx < - |Vul 5 [u]z, ue CPR").

As probably expected, the best Hardy potential (in a sense to be specified later on,
see after proposition 2.6) to be considered is the one coming from the local Hardy
inequality. This leads to the following natural question: does the minimization

problem
2
Apie  inf W (1.3)
’ ueC® (RM\{0} H(u)

admit a minimizer? Here, we have introduced the shorthand notation

2
%[u]f and  H(u) ::/ L da.
R

p( ) - ||VU||L2 Rn) + 2 n |$|2
Our first result answers to the above question.

THEOREM 1.1. The number defined by the minimization problem (1.3) coincides
with the optimal local Hardy constant A, and it is never achieved.

Having in mind applications to mixed local-nonlocal PDEs, we are also interested
in studying Hardy-type inequalities in open and bounded sets 2 C R™. The second
main result of the present article is the following.

THEOREM 1.2. Let 2 C R™ be an open and bounded set such that 0 € Q. Then
A (Q) == inf {p(u)? 1 u € C°(Q) s.t. H(u) =1},

is independent of €, coincides with A, and it is never achieved.
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In light of similar results proved for mixed local-nonlocal Sobolev inequalities
(see [24]), the above fact is not so surprising and it is motivated by the lack of
scaling invariance of the functional p(u).

The aforementioned results open the way to the study of mixed local-nonlocal
PDE:s in presence of the classical Hardy potential, namely

u .
fAqu(fA)sufny =f in{, (Or))
u=0 inR"\Q, ’

where n > 3, Q C R™ is an open and bounded set with smooth enough boundary
and such that 0 € Q, f € L™(Q) for some m > 1 and v € (0, A,,).

The boundary condition is the purely nonlocal one and it is quite natural if one
is interested in Dirichlet-type boundary conditions, see, e.g., [6] for examples in the
case v=0.

Our aim is to study the regularity of the solutions of (Dr ) in terms of the
summability of the source term f: this forces to consider different notions of solu-
tions and it is nowadays quite classical. This line of research is quite old in the case
of variational local elliptic operators as well as purely nonlocal ones. We refer to
§2.2 for a detailed review of the known results in the case of —A, of (—A)?®, and L.

Having this background in mind, we state our first result which provides exis-
tence, optimal solvability, and gain of integrability of solutions which can be
considered of energy-type since f € L™ () with m > ;2%

REMARK 1.3. Here, and in all the articles, when we write f > 0, we mean that
f>0in Q) ie. f is not identically zero. Moreover, we point out that the positivity
assumption on f is not a restriction, since our problem is linear.

THEOREM 1.4. Let f € L™(Q}) with m > (2*) = f—_& Then, problem (Drg)

admits a unique weak solution uy € X12(Q) (see §2 for the relevant definition), in
the following sense:

e 1 G [ @) =)@ o) g,
RnVusdJrz//R% dz dy V/Rn d

v
|$ _ y|n+25 |.’II|2

= / fvdz, for every v € XH3(Q).
Q

(1.4)
Moreover, if f > 0 then u>0 in Q. In addition, if f also belongs to L™ () with

2n n
m§m<§and

n(m —1)(n — 2m)

0<y<y(m):=

)

then the unique weak solution uy € X12(Q) of problem (Dr) is such that

*k
up € L™ (Q), where m™ 1= 0.

https://doi.org/10.1017/prm.2025.28 Published online by Cambridge University Press


https://doi.org/10.1017/prm.2025.28

On mized local-nonlocal problems with Hardy potential )

The next result deals with a source term f € L™(Q) with 1 < m < f—fQ In this

case, variational arguments are forbidden but one can rely on the technique leading
to approximated solutions by means of suitable truncation arguments.

m . 2 . .
THEOREM 1.5. Let f € L™(Q2) with 1 <m < ;=% be a positive function. If

n(m — 1)(n — 2m)
m2

0 <y <y(m):=

)

then there exists a positive distributional solution uy € Wol’m* (Q) of (Dry), where
m* = 2 namely ug/|x]* € LY (Q) and it holds

n—

Vus - Vode +07 // (uy @) = up ) (@) = vW) 4o / v

|z — y|nt2s n |zf?

RM

= / fvdz, for every v € C§°(Q).
Q
(1.5)
REMARK 1.6. As we will see in the proof of theorem 1.5, the solution uy is obtained

as the limit of solutions of the regularized problems (3.12). We also prove that such
a type of solution (usually referred to as SOLA solution) is unique. Moreover using

the fact that uy € Wol’m*(ﬂ), by a density argument it can be shown that (1.5)
holds in a stronger sense, that is uy € Wy (Q) and it holds

Vg Voo + Goo [ QOO =00 g, [ 2,

|z —y|nt2e n |z[?

RM

= / fvdx, forevery v e Wol’(m*)/(Q),
Q

where (m*)" = m*/(m* — 1).

The last result concerns the case of f € L'(£), where we cannot ensure (in
general) that f € X = (X 1’Q(Q))/, and thus variational arguments are once again
forbidden. As for the local case [2, 23], we are able to provide an optimal solvability
criteria. Nevertheless, due to the nature of £, which makes the task of finding
explicit solutions quite hard, our condition is somehow implicit. In order to give
the existence result, we need to consider solutions of an auxiliary problem. Let
g € L>=(Q2) and let w € X1%(Q) be the unique weak solution of

s .
{ —Aw+ (—A)w =g %nQ, (1.6)
w=0 inR"\Q,

in the sense of (1.4), with y=0. We note that the unique solution w belongs to
L>(Q). Now, we introduce the notion of solution in this setting, adapting the
classical concept of duality.

DEFINITION 1.7. Let f € LY(Q), and let u € LY(Q). We say that u is a duality
solution of (Dr), if the following conditions hold:
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(1) u=0 a.e. in R"\ Q and u/|z|*> € L' (Q);
(2) for every g € L>®(Q) and w solution to (1.6), we have

/gudmzv/—wdm—i—/fwdx
Q

REMARK 1.8. We notice that any function u which solves (Dr f) in the sense of
theorems 1.4 and 1.5 is also duality solutions (in the sense of definition 1.7).

With definition 1.7 at hand, we can now state the optimal-solvability result for
problem (Dp f). Before doing this, we first fix a notation: we denote by ®q the
unique weak solution in X%2(§)) of the following problem

Lu = ‘ | 5 +1 in
u=0 in R™\ Q,
We explicitly observe that, since the constant function f = 1 is positive and

bounded on 2, the existence and uniqueness of ®q follow from theorem 1.4;
moreover, we also have

dn >0 a.e. in €.

THEOREM 1.9. Let f € LY(Q), f > 0 a.e. in Q. Then, there exists a positive duality
solution u € LY(Q) of problem (Dry) in the sense of definition 1.7 if and only if

/ fPqdr < oco. (1.7)
Q
In this case, one can also prove that u satisfies the following properties:

(1) for every k € N, one has Ty(u) € X1%(Q) (see (2.11) for the definition of

Tk);
(2) u|q is uniformly bounded in Wol’p(ﬂ) for every p < 5.

The article is organized as follows: in §2 we firstly describe the natural functional
setting associated with £ (see §2.1), we then review all the regularity results con-
nected with our problem (see §2.2), and then we prove both theorems 1.1 and 1.2
(see §2.3). In §3, we move to the study of (Dp ) proving theorems 1.4, 1.5, and
1.9.

2. The functional setting and preliminary results

The aim of this section is to introduce the adequate functional setting for the
study of the mixed operator £ = —A + (—A)® and to collect some known results
concerning the £-Dirichlet problem
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Lu=f inQ,

(Dy)
u=0 inR"\Q

where Q C R™ is a bounded domain and f € L™(Q) for some m > 1. We also
study mixed Hardy-type inequality, by proving theorems 1.1 and 1.2.

2.1. The functional setting

Let s € (0,1) be fixed, and let @ # Q C R™ (with n > 3) be an arbitrary open set,
not necessarily bounded. We define the function space X12() as the completion
of C§°(Q), that is the set of smooth functions with compact support in 2, with
respect to the mized global norm

c, 1/2
pla)i= (Ve + G202) . we (@)

where [u]s; denotes the so-called Gagliardo seminorm of u (of order s), that is,

(// |x— |"+2s dmdy) '

REMARK 2.1. A couple of observations concerning the space X*2(f2) are in order.

(1) The norm p(-) is induced by the scalar product (or bilinear form)

B(u,v) = - Vu-Vodr + Cn.s //Rzn \x g))ﬁzgz — ) dx dy,

where - denotes the usual scalar product in the Euclidean space R™, while

C,s i= 227 2T((n + 25)/2) /[T (—s));

thus, X1%(Q) is endowed with a structure of a (real) Hilbert space.

(2) Even if a function u € C§°(Q) identically vanishes outside {2, it is often still
convenient to consider in the definition of p(-) the L?-norm of Vu on the
whole of R™, rather than restricted to £ (though of course the result would
be the same): this is to stress that the elements in X'12(f2) are functions
defined on the entire space R™ and not only on  (and this is consistent
with the nonlocal nature of the operator £). The benefit of having this global
functional setting is that these functions can be globally approximated on R™
(with respect to the norm p(+)) by smooth functions with compact support
in Q.

In particular, when  # R", we will see that this global definition of p(-)
implies that the functions in X*2(£2) naturally satisfy the nonlocal Dirichlet
condition

u=0ae. in R™\ Q for every u € X?(Q). (2.1)
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In order to better understand the nature of the space X12(Q) (and to recognize
the validity of (2.1)), we distinguish two cases.

(i) If £2 is bounded. In this case, we first recall the following inequality, which
expresses the continuous embedding of H*(R™) into H*(R") (see, e.g., [15, propo-
sition 2.2]): there exists a constant ¢ = c(n, s) > 0 such that, for every u € C§° (),
one has

This, together with the classical Poincaré inequality, implies that p(-) and the full
H'-norm in R™ are actually equivalent on the space C§°(£2), and hence

Xl,Q(Q) _ W HHHI(]R’H,)
={uc H'(R") : u|q € H}(Q) andu =0 a.e. in R™\ Q}.

(ii) If © is unbounded. In this case, even if the embedding inequality (2.2) is still
satisfied, the Poincaré inequality does not hold; hence, the norm p(-) is no more
equivalent to the full H'-norm in R", and X'12(Q) is not a subspace of H'(R™).

On the other hand, by the classical Sobolev inequality, there exists a constant
S =S8, >0, independent of the open set 2, such that

Sullul 3+ gy < [ VullZagny < p(w)?  for every ue CF(@).  (23)

As a consequence, we deduce that X12(Q) — L2 (R™).

REMARK 2.2. We explicitly notice that, since the mized Sobolev-type inequality
(2.3) holds for every open set 8 C R™ (bounded or not), we always have

xL2(Q) — L2 (R™). (2.4)

Furthermore, by exploiting the density of C§°(Q) in X12?(Q), we can extend
inequality (2.3) to every function u € X2(Q), thereby obtaining

C’I’LS
Sullul2 3+ gy < (1) = V)2 gy + 2 ul? for every u € X12(9).

Due to its relevance in the sequel, we also introduce a distinguished notation for
the cone of the non-negative functions in X2(£2): we set

Xi’2(Q) ={uex?(Q): u>0ae in Q}.

2.2. The L-Dirichlet problem

Now we have introduced the space X12(Q), we present some known results con-
cerning ezistence and optimal reqularity of solutions for the L-Dirichlet problem
(D). To this end, we distinguish two different cases.
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2n

nt2’

(ii) f € L™(Q) for some 1 <m < (2%)".

(i) f € L™() for some m > (2*) =

Case (i) - The variational case. In this case, we observe that, by combining the
continuous embedding (2.4) of X%2(Q) with the Holder inequality, we have

/ |fvlde < +oo YV ve XH2(Q),
Q

and thus f € X = (X12(Q))’; in view of this fact, existence and uniqueness of
solutions for problem (Dy) easily follow from the Lax-Milgram theorem. More
precisely, we present the following theorem, which collects most of the published
results regarding the existence, uniqueness, and regularity of solutions to problem

(Dy).

THEOREM 2.3. Let Q C R™ be a bounded open set with smooth boundary, and
let f € L™(Q) for some m > (2*). Then, there exists a unique weak solution
uy € XY2(Q) of problem (Dy), in the following sense:

B(ug,v) = /va dx Vv e xH2(Q). (2.5)

Furthermore, the following properties hold.

(i) (see [6, theorem 4.7]) If f € L™(Q) with m > n/2, then uy € L>(R™).

(ii) (see [5, theorem 2.3]) If (2*) < m < n/2, then uy € L™ (), where
nm

*%

n—2m’
(iii) (see [3, theorem 1.1]) If f € L™(Q)) with m >n, then

up € CH0(Q) for some 0 € (0,1).

(iv) (see [7, theorem B.1]) If f € C*(Q) for some o € (0,1), and if 2s +a < 1
(hence, in particular, 0 < s < 1/2), then uy € C*>*(Q).
(v) (see, e.g., [6, theorem 1.2] and [8, corollary 3.3 and remark 3.4] ) If f >0

a.e. in ), then we have uy > 0 a.e. in §1; moreover, eitheruy =0 oruy >0
in Q.

Case (ii) - The non-variational case. In this case, the inclusion L™ () C X =
(X12(Q)) does not hold, and we cannot directly apply the Lax—Milgram theorem
to study the existence of solutions for problem (Dy). As in the purely local setting,
existence and improved reqularity are proved at the same time by an approximation
argument.

THEOREM 2.4 See [5, theorem 2.1] Let Q C R™ be a bounded open set with smooth
boundary, and let f € L™(Q) for some 1 <m < (2*), f > 0 a.e. in Q. Then, there
exists a positive solution ug of problem (Dy), in the following sense
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(a) us € Wol’m* (Q), with m* = nm/(n —m);
*\/
(b) for every v € Wol’(m ) QN Lm/(Q) with compact support, we have

B(uf,v):/ﬂfvd:n.

REMARK 2.5. A comparison with the local/nonlocal case It is interesting to notice
that, on account of theorems 2.3-2.4, the improved integrability for the solutions
of (Dy) is generated only by —A, thus reflecting the merely perturbative role of
(—A)?, at least when working on bounded sets. More precisely, let u; be the solution
(to be specified, depending on the summability of f) of

—Au=feL™) inQ
u=~0 in@Q..

Then, in [25] where more general operators are considered, Stampacchia showed
that

(i) if 1 < m < (2°)' then uy € Wo™ (Q);
(i) if (2*) < m < n/2 then uy € HE(Q) NL™ ();
(iii) if m > n/2 then uy € H}(Q) N L>().

A similar results holds true in the purely nonlocal framework, that is, for the
solution s of the following nonlocal Dirichlet problem

(—APu=feL™Q) inQ

u=20 in R™\ Q
In this case, setting
nm nm
my = and my* = ———)
n—ms n —2ms

we have that (see [22, theorems 13, 16, 17, 24])

(a) if 1 <m < 2n/(n+ 2s) then the weak-duality solution uy € Lms" (Q);
(b) if 2n/(n + 2s) < m < n/(2s) then uy; € H3(Q) N L™s ();
(c¢) if m >mn/(2s) then u € H§(2) N L>(Q).

2.3. Mixed Hardy-type inequalities

Now, we focus our attention on the mixed Hardy inequalities. In order to do this,
we need to introduce some notations and recall some well-known results. Let n > 3.
The classical Hardy inequality states that
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(n—2)2/ u? / 2
- —=dx < Vul*dz, ue CFR"),
4 - |f£|2 = - | | 0 ( )
and it is known that this constant A,, = (n—2)%/4 is never achieved, see, e.g., [23].
Clearly,
2
An/ L dr < / |Vul|? de < p(u)?, u € Cg°(R™). (2.6)
rn |7]? R™

In particular, due to the mixed nature of the norm p(u), it holds

2
Kn/ U e < p(w)?, we C(RY), (2.7)
R

n |£L“25

as well, where Km s denotes the optimal constant for the fractional Hardy inequality,
see, e.g., [23, Chapter 9]. Combining (2.6) and (2.7), we get the following.

PROPOSITION 2.6. For every p € [2s,2], there exists a positive constant C> 0,
depending only on n and s, such that
u2 2 o] n
C —dz < p(u)*, ueC§R"), (2.8)
rn TP

Proof. Let p € [2s,2] be arbitrarily fixed. Owing to (2.6) and (2.7), we have

U2 U2 u2
Lomtr= [ mm Lo b
R {lel<1} {Je|>1}
2 2
g/ U—de+/ u—%dz‘
(=<1} |7 {z|>1} 17|

1 1 2 o0 n
< (gt )ow? VueoF®,

and this is precisely the desired (2.8). O

We notice that for p=2 we can take C' = A, while for p = 2s we can take
C = A, ; however, due to the monotonicity of |z|™P, it seems that the most
interesting case is the one for p=2. Let us focus for a moment to the case p =2,

and let us introduce the shorthand notation

H(u) ;:/R “ g

n |z]?
It is natural to wonder whether the minimization problem

p(u)?
mn
ueC® (RM\{0} H(u)

A, =

3

admits a minimizer, that is whether A, , is achieved or not. The answer is given
by theorem 1.1 which we will prove right below:
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Proof of theorem 1.1. Let u € C§°(R™). By the very definition of p(u), we have
that
2
< ||vu||L2(Rn) < p(u)2
T HW) T HW)

and therefore, taking the infimum,

An < Ay, (2.9)

On the other hand, if v € C§°(R™), we have that (for A >0),

n—2

ux(z) .= A"2 u(lz) € CF(R"),

and therefore it can be used as a test function, finding

§— Cn,s
o plu)? VUl + X TF 5l
ST H(wy) H(u)
[Vaull?, C 2 [[Val?
_ ®) | y25-2Cns [Ul L2(RM)
RTT 5 /H(u)% Hw) as A — +00.

We can then conclude that
As,n < Ana

which combined with (2.9) proves A;, = A,. The fact that the constant is never
achieved follows from the upcoming proposition 2.8. g

Let us now move to the case of bounded sets. Firstly, let us define the set
M(Q) :={ue C°(Q) : H(u) =1},

and the constants

. p(u)® _ . . o
Asn(Q) == uecgg(lsfn\{o} Hw) inf {p(u)? : u € C () NM(Q)}.

We now prove the following proposition leading to the demonstration of theorem
1.2.

PROPOSITION 2.7. Let Q C R™ be an open and bounded set such that 0 € Q. Then
A n(Q) = A, (2.10)
Proof. Since p(u) = ||Vul| 12 for every u € C§°(2), it holds that
A n(Q) > A,

To prove the reverse inequality, we consider r >0 be such that B,.(0) C Q. We now
observe that, given any u € C§°(R™) N M(R™), there exists ko = ko(u) € N such
that
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supp(u) C By (0)  for every k > ko;
as a consequence, setting uy(x) := knTﬁu(ka:) (for k > ko), we readily see that
supp(ug) C B.(0) CQ  and H(uk) = 1.
Taking into account the definition of As . (Q), we find that, for every k > ko,

Cns s— Cn,s
As,n(Q) < p(uk)2 - ”vukHiQ(Rn) + ?[uk]g = ”VUHiﬂ(Rn) + kz 27[“]?

From this, letting k — oo (and recalling that s < 1), we obtain
2
AS,H(Q> < HVUHLQ(Rn)

By the arbitrariness of u € C§°(R™) N M(R™) and the fact that A,, is independent
of the open set {2, we finally infer that

Ron() < inf (Va5 g+ € CF(R™) A MR} = A,
and hence Ag (1) = A,,. O

PROPOSITION 2.8. Let  C R™ be an open set (not necessarily bounded). Then,
As () is never achieved.

Proof. Arguing by contradiction, let us suppose that there exists a function ug €
X12(Q) such that H(ug) = 1 (hence, ug % 0) and

n,s

p(uo)® = [IVuol 72 gn, + T[”O]i = Ap.

Since X12(Q) C D12(Q), we can then infer that

Cos
Ao < V22 gy < 900022y + 2 u0]2 = p(u0)* = A,

from which we derive that [ug]s = 0. As a consequence, the function uo must be
constant in R™, but this is contradiction with the fact that H(ug) = 1. 0

We are, therefore, ready to prove theorem 1.2.

Proof of theorem 1.2. It is enough to combine proposition 2.7 with proposition 2.8.
O
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14 S. Biagi, F. Esposito, L. Montoro and E. Vecchi

We end this section with the following lemma, showing a connection between
the Hardy-type inequality (2.8) and the existence of solutions for the variational

inequality
Lu > 'yi in Q.
||
In order to state and prove such a result, we first fix a notation: given any k € N,
we set
t’ |t| S k7
= i -k} = t .
Tk (t) := max{min{k, ¢}, —k} km’ it > k. (2.11)

LEMMA 2.9. Let Q C R"™ be a bounded open set with smooth boundary, let v >0 be
fived, and let u € X12(Q), u>0, be such that

B(u,v) >~ % dr  for allv € X1*(Q).
Q
Then, we have

2
p(v)zzv/ ﬁ?dm for allv € XM2(Q).
0|

This proof is inspired by [17, lemma B.1]. First of all, let us consider the following
truncated problem given by

Lw =T (L) in Q

|z[2
w=0 in R™\ Q.

(2.12)

We know that problem (2.12) admits a unique positive weak solution w € X12().
Hence, noticing that

U U .
Cusz >~ (|x|2> =Lw in Q,

and since the operator L is linear, we easily deduce that
Lw—u)<0 inQ
w—u=0 in R™\ Q.

As a consequence, since v = w — u € X12(Q) C H(R"), we are entitled to apply
the weak maximum principle in [6, theorem 1.2], obtaining

u > w in R"™.

In particular, since w € C%*(Q) (see theorem 2.3), we deduce that for every
compact set IC C Q there exists a constant ¥ > 0 such that

u>w>9>0 in IC, (2.13)

and this ensures that u=! € L ().

loc
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Now we have established (2.13), we can easily complete the proof of the lemma.
Indeed, let ¢ € C§°(QQ) be arbitrarily fixed, and let

Y =u"p?
By (2.13) (and since supp(p) C §2), we have ¢ € L*°(Q); moreover,
(u(@) = u(y) (W (z) = D)) < lo(@) — oY)

Indeed, by the very definition of v, we have

= (p(z) = ¢(y))* + 20(2)p(y) — u(@) i((yy)) —u(y) i((;))

2 2 T
— (pla) = ) + 26(@)0(s) ~ ula)ul) 552 = ute)ut) )
() — o — ulevad £ 91 e(@) ey)
= () = oW))* — @] 55+ 0~ P wi) )
— (ofz) — 2 _ i) @(@_Mz
= () = w))* — @)t (5 — o)
< (p(@) = (y)?,

(2.14)

where we have also used the fact that v >0 a.e. in Q.
From now on we argue as in [17]. In order to prove the result, we take 1) as test
function in

[ urvpans G [ (00 U VO g [ g,

o — gl P

Noticing that Vu - Vi) = |Vo|? — u?|V(u"1p)]? < |Ve|?, and using (2.14), we

deduce
Cn s _ 2 2
/ |V|? d + —= // (o@) = wy))® wi‘g)) dady > 7/ % dx.
R 2 r2n  |x —y|rt2e o |7l

3. The L-Dirichlet problem involving the Hardy potential

Taking into account all the results recalled and/or established so far, we now aim
to study ezistence and improved-integrability of the solutions for the L-Dirichlet
problem (Dp ;) defined in §1, that is
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16 S. Biagi, F. Esposito, L. Montoro and E. Vecchi

u
Lu—vy—s = in Q,
TE (Or.)
u=0 inR"\Q,

where 2 C R™, n > 3, is an open, regular, and bounded set with 0 € 2, and
feL™) forsomem >1 and ~ € (0,A,).

To this end, motivated by the discussion in §2, we distinguish the following three
cases, according to the values of m.

2n
n+2’
(ii) f € L™(Q) for some 1 < m < (2%)';

(iif) f € L'(Q).

(i) f € L™(Q) for some m > (2*) =

REMARK 3.1. We explicitly stress that the restriction 0 < v < A, generally, is
motivated by the results in the previous section. Indeed, if we assume that there
exists a positive weak solution of problem (Dp s) for some A>0 and some f > 0,
say us € X}LQ(Q), then

up U
B(uf,v):fy/ |xf|2dz—|—/ fvdzz'y/ #d:ﬂ for allveXiv2(Q);
Q Q Q

this, together with lemma 2.9 and theorem 1.1, implies that

[

: p(u)
An uecgé?sg)\{t)} H(u) =7
Hence, the last fact motivates non-existence of positive energy solution of problem
(Dr,s) in the case v > A,, and f sufficiently regular.

On the other hand, if we consider the case v = A,, in (D s), there is a different
approach that can be borrowed, as pointed out in [23]. Thanks to a more general
version of the Hardy inequality, the improved Hardy inequality (see, e.g., [28]), one
can define an Hilbert space () larger than X'1:2(Q2) where it is possible to find a
unique positive solution uy € H(Q) to (Dp s) if f belongs to the dual space H'(2)
(e.g., when f € L™(Q) with m > 2n/(n + 2)).

3.1. Case (i)- f € L™(Q) with m > (2*)'.

As already pointed out in §2, in this case, we have f € X = (X12(Q)); as a
consequence, we can investigate existence and uniqueness of solutions for (Dy)
using the Lax—Milgram theorem, obtaining the following result.

THEOREM 3.2. Let f € L™(Q) with m > (2*)". Then, problem (Drf) admits a
unique weak solution uy € X%2(Q), in the following sense:
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On mixed local-nonlocal problems with Hardy potential 17

B(u,v) — fY/]Rn % dx = /va dz, for every v € X12(Q). (3.1)

In particular, if f =0, the unique weak solution is the trivial one; while, if f >0
a.e. in Q, then uy >0 a.e. in . Indeed, uy >0 a.e. in .

Proof. The first assertion follows from Lax—Milgram theorem: in fact, it suffices to
notice that the bilinear form defined as

B(u,v)f’y/ Y gz
R

n |z[?

is coercive and continuous on the Hilbert space X'*2(£2). The second assertion easily
follows noticing that u = 0 is a weak solution to (D ) when f = 0.

Finally, we turn to prove uy > 0 a.e. in {2 when f > 0. To this end, we first
observe that, since uy € X?(€2), we have

v = (uy)” = max{—uy,0} € X3(Q).

We are then entitled to use this function v as a test function in (3.1), obtaining

Og/fvda::B(uf,v)—’y/ Y g
Q

rn |z]?

_ nVufW%d$+caﬁ/émfuﬂx>—unwxvu>—v<»CMdy .
oy

o — g

R
it Fp)s S bt

(since (us(z) —ug(y))(v(@) = v(y)) < ~|v(z) - v(y)*)

< —(p(v)2 —v/ de)

(using theorem 1.1)

(&)

From this, since 0 < v < A,,, we conclude that v = (uy)” =0 a.e. in Q, and thus

urv
||d
)

ur >0 ae. in Q. (3.2)

To show that uy > 0 a.e. in §) we now observe that, since uy is a weak solution of
(Dr,f), we can write

B(uy,v) = / glz,up)vde Y ove XH3(Q),
Q

where g(z,t) = f(x) + At/|z|?; thus, since f >0 a.e. 2, we have

g(x,t) >0 for a.e.z € Q and ¢ > 0.
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18 S. Biagi, F. Esposito, L. Montoro and E. Vecchi

Recalling (3.2), we can apply the strong maximum principle arguing as in the proof
of [8, corollary 3.3], showing that uy > 0 a.e. in  (as f # 0). O

Similarly to the case v =0 discussed in §2, see theorem 2.3-(ii), also for the unique
solution uy of problem (D ¢) we have an improved-integrability result.

THEOREM 3.3. Let f € L™ () with nQ—fQ <m < 3, be a positive function. If

n(m —1)(n — 2m),

0<y<v(m):= -

then the unique weak solution uy € X12(Q) of problem (Dr ) (whose existence is
guaranteed by theorem 3.2) is such that

koK
up € L™ (Q), where m™ = "7,

Proof. As it is customary for such kind of problems, for every k € N, we consider
the unique weak solution ¢, € X12(Q) N L>°(R™) of the regularized problem

Pr—1 .
ERPVEI = Q

u=0 inR"\Q,
where g := 0 and fi(z) := Tx(f(x)). Owing to lemma A.1, we know that

(i) ¢ is well defined for every k > 1, and {py }« is non-decreasing;

(ii) @r — uy as k — 400 strongly in LP(Q) for every p € [1,2%), where uy €
X12(Q) is the unique weak solution of problem (Drf) (in the sense of
theorem 3.2).

Let now
m(n — 2)
=—" 3.4
@ n—2m’ (3-4)
and notice the following:

(a) m> ffr‘Q is equivalent to a > 2;

(b) denoting by m’ = 2 the usual Holder conjugate exponent of m, one has
2%« nm

_ — *k -1 l.
2 n—om (o= 1)m

Since @y, € Xi’Q(Q) for every k € N, we can use vy := ¢{ (= |px|*2p%), as
test function in the variational formulation of (3.3), finding
or-10p”"
B (¢r, 5! :7/ T dw+/fk<p“’1dw
(o) = o 17y ™ Jo
Sv/ W—’gdaﬁ—/ froy ! da,
a |zl Q

where we used the increasing monotonicity of {¢ .
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Let us now consider the left hand side of (3.5). We have

B (ok, 077 ")
_ o1 Ch.s (pr(x) — ou()(Pp M x) — o' (1))
—/QVgak V(pp ) dx + T//RQW - yk|n+2s k dz dy
— (L) + (NL).

The nonlocal part can be treated as in the proof of [1, theorem 4.2]. Let us give
the details for sake of completeness: first, exploiting the algebraic inequality [1,
Equation (17)], i.e., for s1,82 > 0 and a > 0 it holds

—
S)

-+
—

4a o ax1?
R Eir==v1 CHETS R

we deduce that
(ou@) = e~ @) — i ) = 20T (22 w) - )

and therefore
4(a—1 /212
(vpy> oD R (3.6)

In the local part, we have

_ 4(a—1 «/2|?
Vo Vg = 122D = ) ver?[,
and therefore
4(a—1 a/2|?
=" [ |oar[ @)
@ Q
Hence, combining (3.7) and (3.6), we get
_ 4o —1) a/2 )2 4(a—1) a/2)?
a—1
Blonoi ) = =B (d% o) = == (7). 69

We now move to the right hand side of (3.5). By Holder inequality, we find that

B , 1/m/
/katpi’ld:c < [ fellzm (o) </Q P déE) , (3.9)

where m’ is the Holder conjugate exponent of m defined in (b). It remains to
deal with the last term: by the mixed Hardy inequality with best constant, see
theorem 1.1, we get
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a/ 2
o7 (90’“ ) Y ay2)\?
fy/—dx:’y/idxg—p(gp ) . 3.10
ool 77 g WA (310

Combining (3.5) with (3.8), (3.9), and (3.10), we get

/
4(a — 1 y 2 o 1/m
(B - Yo () < Melamiey ([ @) . e

(07

As in the purely local case, in order to have a meaningful a priori estimate, we need
to have

4(a—1)A, n(m—1)(n—2m)

Y < a2 - m2 = ’Y(m)a

as assumed. In order to conclude the proof, we can follow the argument in [10]. By
(2.3), and recalling (b), we get

a/2\ 2 a/2)2 (2*a)/2 2/2" b) (a—1)m’ 2/

which, combined with (3.11), gives

* /
d(a—1) v (a—1)ym/ 22 m
o (M) (e

4la—1) v
=5, <2 - A) HQPkHLm**(Q) < ||fk:||Lm(Q)7

and thus
Sn

A, (vy(m) —7) H‘PkHLm**(Q) < | fellzm(a)-

Now, by using the Fatou lemma, it is sufficient to pass to the limit for k& — +o00 and
note that ¢, converges to the solution us of problem (Dr ;). From this, we deduce
the thesis. g

We are now ready to prove theorem 1.4.
Proof of theorem 1.4. Tt is enough to combine theorem 3.2 with theorem 3.3. O
3.2. Case (ii)- f € L™(Q) with 1 <m < (2*)
As already observed in §2, in this case, we cannot ensure that f € X = (X%2(Q)),
and thus we cannot apply the Lax—Milgram theorem to study existence and unique-

ness of solutions of problem (Dp ). Hence, we prove exzistence and improved
integrability at the same time with a truncation argument.
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Proof of theorem 1.5. Similarly to the proof of theorem 3.3, for every k € N,
we consider the unique weak solution ¢y, € XJlr’2(Q) N L>*°(R™) of the regularized
problem

Pr—1 .
Lu=n~—DEL Q
ST gE @) G (3.12)
w=0 inR"\Q,

where g = 0 and fi(x) := min{f(x), k}. By arguing exactly as in the incipit of
the proof of lemma A.1, we easily see that ¢y is well defined for every k£ > 1, and
the sequence {py}1 is non-decreasing. We then define the number o € (1,2) as in
(3.4), and we use

= (pp +e)*t —ga7t, g >0,
as test function in the variational formulation of (3.12). Recalling that

(pr +e)(x) = (wr +)(y) = vr(T) — wr(y),

and making the same computations performed in the proof of theorem 3.3, we get

_ o 4o —1 o 02\ 2
B(gr,vr) = B (¢k, (px +6)* " —e*71) > %P ((‘PkJrE) 12 _¢ /2)
(3.13)
and, using the monotonicity of {¢y }x and the mixed Hardy inequality, we also find
+ a—1 _ _a—1 . -
’Y/ @k[(@k 5) . € ]dl'+/fk[(§0k+5)a 1_8a 1]d$
/ ((pr+ )/ — o)’
=7 5 dx
Q ||
a—1 _ _a—1] _ a/2 _ ~a/212
oo [ Bller e e,
|z |?
/fk op+e)* = da (3.14)
< L a/2 oc/2
A p ((sok +¢) )
a—1 _ _a—1] _ a/2 _ ~a/212
o [ ol e Dl O R o,

+/ Fellpr +6)* 1 —e* ] da.
Q
Combining (3.13) and (3.14), we finally get

4(a—1
< (a2 )_:>P((¢k+5)a/2—5a/2 /fk or+e)* = da

onl(pn + )71 — 251 — [(pp + 2)/2 — 022
”/Q EE

dx.

(3.15)
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Hence, using (2.3), we get

2
p ((sok +e)*/? — 6“/2) > Sull(en + €)% = |17 55

. 2/2*
_s, ( [t ey - oy dx) .
Q

Now, for k € N fixed, thanks to the Lebesgue’s dominated convergence theorem we
can pass to the limit for € that goes to 0, and thus we obtain

Ala—1 o 22"
s (M= o / ST 4) < / frpp da. (3.16)
a2 An o) Q

Hence, applying Holder inequality in the right hand side of (3.16), we deduce

1

Ao —1 - 2/% o\
Sn ((z)—j) (/ o Ww) < | fillme ( [ ot dm) |
[0 n Q Q

Using the definition of o in (3.4) and recalling that § 2* = 22 = m*™* = (a—1)m/,

n—2m
we deduce
4(a—1) ~
S, (a2 - An> 1kl = gy < lfkllmi) < [[fllLm ). (3.17)
Hence, by (3.17), we deduce
”‘Pk“[ﬂn**(g) < K(n’ a,7, f) =K. (318)

Exploiting the mixed Hardy inequality (see theorem 1.2) to the term
p ((pr +2)2/? — ea/2)2, we have

2 T a2 _ Ea/2 2
p((or+e)/2—eo?) > An/ o +o)*7 Pae (319)
Q 2|

Going back to (3.15), and using (3.19), we get

Ap <4(a_1) _ 7) /Q [(pr + &)/ — g2/?)2 .

a? A, ||
4(047 1) v a/2 a/2 2
< <a2 - An> p ((‘Pk +e)  —¢ )

< [ Adonrert e

a—1_ _a—1] _ a/2 _ ~a/212
+7/ erl(er +¢) £ |£]C|2 [(pr +¢) S
Q

Let k be fixed, by letting ¢ — 0, we obtain

An <4(O‘_1 >/ “p’“ dz < /kawg*ldx. (3.21)

(3.20)
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Making use of Holder inequality in the right hand side of (3.21), we deduce that

(pk dr < /fk ot dx

1/m 1/m/
< (/ fm dx) (/ wéa_l)m/ dx) (3.22)
Q Q

/

<[ fllzm ) - H%Hfm*i’?ﬂ).

As a consequence of (3.22), taking into account (3.18), we are able to conclude that

| e < 1l (3.23)

where & := lCm**/m/Agl(Zl(a —1)/a? —~/A,)~! is a positive constant which does
not depend on k.

Our aim is to show that the sequence {p} is bounded in Wol’m* (©). In order
to prove this fact, from (3.15), we have

o — a 2
(Mes D) (@) [ ek
< (M) (s o)’

| oo )21 — 1] — [(gy + )2 — /22
o a2

R L
Q
(since 0 < v —1 < 1)

a—1 a—1 __ _a—1
< fy/ Pl +|5|2 el da:-i—/ felpr P+ et — e Y da
€z Q

/ |§0k dx+/fk-<pg_1 dz.
Q

If we fix e = R in (3.24), using (3.17) and (3.23), we get

<% dz

(3.24)

IVer|?
_ WK < Clmyn, v, S,) =: C.
/Q«aHR)?*a @ < Cm,n, 7, 5n)

Thanks to Holder inequality with exponents (2/m*,2/(2 — m*)), we get

* \% m (2— oz)m
/ V™" dz < / | "’k(|2_a) (ox + R) dz
@ 2 (or+ R)

2—m™*

m* (2—a)m™ 2
<c% /(gok+R) T dg .
Q
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Finally, we have

2—m*

* m* *ok 2
/ |[Vor|™ de <C2 (/ (o + R)™ dx) ,
Q Q

which implies the boundedness of {¢y }x in Wol’m* (€2). Since m > 1, we deduce that
there exists u such that (up to subsequences)

Q, LI strongly in L'(Q).

a2 Jaf?

We recall that ¢ weakly solves (3.12), namely

Ch,s (pr(z) — @r(y) (v(z) — v(y))
o Vi - Vodr + > //R% FRSWEEEE dxdy

Y — uin Wol’m* (©) and a.e. in

_ Pk—1
=7 |:z:|2—|—1/kvdm+/fk z)vdz,

for every v € C§°(Q).
We note that, for any v € C§° (), the following

1,m* Cn,s x) — ulz) — v
W@z [ Vevedns g2 ff (9(z) |i(7i))y(|n(+2l ®) gyay

is a bounded linear functional in WO1 m’ (€2). Then for every v € C§°(€2), we obtain

Vo - Vo d 4 Crnes // (pr(@) — or(y))(v(z) — v(y)) drdy
R™ R27 |=’E —y|nts
— Vu-Vudr + —= Cn.s // uy)(v(@) = vly)) dxdyas k — +oo.
Rn R27 |17 —y|nts

Collecting the last information on the operator, the convergence of ¢ discussed
before, and using the Lebesgue’s dominated convergence theorem in the right hand
side of the regularized problem (3.12), we can pass to the limit in it, showing that u
is a solution (as defined in (1.4)) belonging to Wy"™ (£2). The solution w is positive
in © being {¢x }x non-decreasing,.

Now we want to prove that this solution u € Wy™ (£2), obtained as limit of
solutions of the regularized problems (3.12), is unique. Consider another sequence
of functions {gx}r converging to f in L™ (). Then let us consider the following
regularized problem

Wg—1

FEFRY R

wp =0 inR"\ Q.

Lwy, =7

Hence, as before we can prove that, up to subsequences, wy converges to a solution

w belonging to Wol’m* (Q). Hence, arguing on the function ¢j, — wy, we deduce that
it solves
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(Pr—1 —wi—1)

|z]2 +1/k + fr(x) — gr(x) in Q,

o —wr =0 in R™\ Q.

L(pr —wg) =7

Arguing as above, we can derive an analogous estimate to (3.17) for the difference
function

4(a—1 ¥
5o (M - 1 o = wlmo oy < e = e

Passing to the limit for k£ that goes to +oo, we easily deduce that
Hu — w”Lm**(Q) = 0,

which immediately implies the uniqueness. O

3.3. Case (iii)- f € L'(Q)
Taking into account all the results established so far, we end this section by proving

an optimal condition for the existence of a positive duality solution of problem (3)
when 3 € (0,A,) and f is just a positive L' function in the sense of definition 1.7.

Proof of theorem 1.9. (Necessity of (1.6)). We first assume that there exists a
positive duality solution u of problem (3), and we show that the ‘integrability
condition’ (1.6) is fulfilled by datum f.

To this end (and similarly to the proof of theorems 3.3-1.5), for every k > 1, we
consider the unique weak solution ¢, € X}f(Q) N L>°(R™) of the problem

Lu =g, in €,

(3.25)
u=0 in R™\ Q,

where ¢9 = 0 and, to simplify the notation, we have set

-1
gr(z) = ’YW + L

Notice that, owing to lemma A.1 (with f = 1), we have

(a) ¢y is well defined for every k > 1, and the sequence {¢y }, is non-decreasing;
(b) ¢ — ®q as k — 400 in LP(Q), for every 1 < p < 2*.
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Now, choosing w := ¢y and g := gy, in definition 1.7 (notice that this is legitimate,
since we have g, € L>°(Q2) and ¢, € Xi’2(Q) N L>(R™) solves (3.25)), we get

_ Pk

(by definition of gy)

_ L N
‘/Q“<””|x2+1/k Mz ) &

(by monotonicity of ¢x) (3.26)

1 1
S/Q“[”W’“ <x|2+1/k ‘|>] -

(since ¢y, is positive)
< / ude = ||ufl 11y < oo
Q

From this, by passing to the limit as k — oo in (3.26) with the aid of the monotone
convergence theorem (and recalling (b)), we immediately obtain the desired (1.6).

Sufficiency of (1.6). We now assume that f satisfies condition (1.6), and we prove
that there exists a solution u of problem (3), further satisfying properties (1)—(2).

To this end, for every fixed k > 1, we consider once again the unique variational
solution ¢y, € Xi’z () N L (R™) of the approximated problem

_ Pk—1 :
Lu = 7|x\2+1/k +fr in (3.27)

w=0 in R"\ Q,

where ¢ = 0 and fr = Tx(f) (here, Ti(:) is the truncation operator defined in
(2.11)). By arguing as in the incipit of the proof of lemma A.1, we see that @y is
well defined for every k > 1, and the sequence {¢}r is non-decreasing; hence, we
can define

u(z) = nh_}n;@ vr(x) = sup{pr(z) : n € N} > 0.

We then prove that this u is a duality solution of (3), further satisfying (1)—(2).

(a) u is a duality solution of (3). First of all, we show that u € L'(Q2). To this
end, it suffices to observe that, using ¢j as a test function for the (variational)
equation solved by ®q and vice versa, see (3.1), from the assumed condition (1.6)
we have

P
/ o dr = *’Y/ Qf’“ dz + B(®q, ¢r)
Q o |zl

(since ¢y, solves (3.27))

Ph—1 Pk (3.28)
=y [ B PR PRy Do d
”/Q (G178~ Tof) “/Qf’“ o dt

S/fk¢gdx§/f¢gdz:c<oo;
Q Q
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this, together with the monotone convergence theorem, proves at once that u €
LY(Q) (in particular, u < co a.e. in Q), and ¢ — u in L*(Q).

Taking into account definition 1.7, we now turn to prove that u/|z|> € L' ().
To this end, let ¢ € X}F’Q(Q) N L>° () be the unique solution of

Lu=1 inQ
u=0 inR"\ Q.

Moreover, let r >0 be such that B,.(0) € Q2. Owing to the weak Harnack inequality
in [19, theorem 8.1], we can find a constant C' >0, depending on ¢; and on r, such
that

¢1 > C a.e. in B,.(0);

as a consequence, using ¢y as a test function for the equation solved by ¢; and vice
versa, from the above (3.28) we obtain the following estimate

Pk—1 1 G151 1 /
——dx < — ————dx + —= pr—1dx
/Q |z[2 +1/k C JBr o) [21* +1/k 2 Jo\Br(0)

(since ¢1, pr—1 > 0 a.e. in Q)

1 P1Pk—1 1 /
<— | ——7d — .d
SC P ri/E @ T Jy P

(using ¢ as a test function for the equation solved by ¢y)

< é (B(‘Pkﬂm) —/ka¢1 dfﬂ) +Ti2/990k—1 dx

(using oy as a test function for the equation solved by ¢1)
1 @kdx+1/<pk_1dx§c<oo,
=C 0
(3.29)
where ¢ > 0 is a constant independent of k. From this, again by the monotone
convergence theorem, we infer that

u Pr—1 u . 1
— e LY d —— — L (Q).
e €1 and e 2 e @)

Gathering all these facts, we can easily prove that u is a duality solution of problem

(3) in the sense of definition 1.7: in fact, we already know that u, u/|z|?> € L'(Q);
moreover, since @y, solves (3.27), we get

/B% dx—/ %dm/ﬁmpdm Vb € X12(Q) N L=(9).

If, in particular, ¢ is a solution of (1.5), we have

_ Or—1Y
fyoeu= f et [ g
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Then, letting k¥ — oo (and observing that fp — f in L'(Q)), by the above
considerations, we conclude that u is a solution of (3).

(b) u satisfies (1)—(2). We first prove that validity of property (1). To this end,
we arbitrarily fix j,k € N and we use Ti(¢p;) as a test function for the equation
solved by ¢;: taking into account the computation in (3.29), we get

2 wj—1Tk(p
[ TP do < Bos Tt = [ B o [ g7 o

(since @;_1, f; > 0 and 0 < Ty (px) < k)

¥j—1
<k d d
= <Lu21m$+/fx

(using (3.29), and since f € L*(Q))
< cg < 00,

and this shows that the sequence {Tx(;)}; is bounded in X*?(€2). Then, by the
Sobolev embedding theorem, there exists a function g € X*2(Q2) such that (up to
a subsequence)

(1) Ta(ipj) — g in X12(Q) as § — oo

(ii) Tx(¢j) — g strongly in L?*(2) and pointwise a.e. in .

On the other hand, since we also have Tj(¢;) — Tk(u) pointwise a.e. in Q as
j — oo (recall that, by definition, u is the pointwise limit of ¢,), we conclude that

g9 =Ti(u),
and this proves that Ty (u) € X12(Q) for every k € N, as desired. O

We then turn to prove the validity of property (2). To this end, we fix 8 < 1/2
(to be conveniently chosen later on), and we use the function wy, = 1 — (1+¢)?8~!
as a test function for the equation solved by ¢y (see, precisely, (3.27)): this gives

o Pr—1W
B(gok,wk)—'y/ﬂ|x|2 1k dx+/ frwy dx. (3.30)

We now observe that, since f < 1/2, we have wy < 1; as a consequence, for the
second term of the right hand side of the above (3.30), we have

/fkwkdmﬁ/fkdwﬁ ||f||L1(Q)'
Q Q

For the second term, thanks to (3.29), we have

Pr—1Wk Pr—1
R e LR Rr sy

Combining this last two information, we deduce

||f||L1(Q) + ¢ > B(pk, wi).
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Now, let us compute the bilinear form B(py, ws):

\V4 2
B(pr, wy) =126 — 1|/ 1_'_|<p<:k2|(13)dx
4 COnas // (o () = or@) (L +9r(¥)* " = (1 +pr(2)* )
2 JJr2n |z — y|nt2s '

We note that the nonlocal part of the bilinear form, i.e. the second term on the right
hand side of the previous equation, is non-negative. This assertion follows from the
following couple of facts

k@) = or(y) 2 0 = (14 @)1 — (1+ (@)1 2 0,
(@) = e(y) <0 = (L+9e®)* " = (L+pi(2))? 7 <0.

Hence, we are able to deduce that

20—1
1ty + € > Blgr,wy) > 221

/ V(L + o) de
Q

Thus from the previous estimate, we get

(3.31)

/ [V |? g < £l €
o (L+¢p)2=A "= 28-1] ~

On the other hand, for any given p <2, we can write

Vor|? _g)P
oo e = [ g 4 e
k

Applying the Holder inequality with exponents (2/p,2/(2 — p)) on the right hand
side, and the Sobolev inequality on the left hand side, we obtain

Sh ( / e dw)
Q

P
*

"< [V
Q

p 1—
Vor|? )7 (/ 2p(1—B) )
< —d 1+ 2=p d
N </Q (14 )25 ! Q( o) v

Thanks to (3.31), we get

. p% » 2p(1— 5) 1-5
st (/ o d”‘f) < [IValdazcprtie( [ o7 ) e
Q Q Q

[ViS]

p/2
where C' = |:(||fHL1(Q) +c)/|26 — 1\} , and it is independent on k.
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Now, we can choose (8 such that

oy P

and since 3 < 1/2, we have p < 5. Thanks to this choice of 3, we have

p* pﬂ* 1B p* 17%
SP ¢, dx < z24+C o dx ,
Q Q

thus we can deduce that ¢j is uniformly bounded in " (©). From (3.32), we
also deduce that Ve is uniformly bounded in LP(Q). Combining the last two
information, we get that ¢y, is uniformly bounded in W, ?(Q). Arguing as before,
it is possible to show that up to subsequences ¢, — u in Wol’p(Q), for p < 2.
This closes the proof. O
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Appendix A. A convergence lemma

The aim of this appendix is to give an auxiliary result which clarify the convergence
of the sequence {uy} in in the proof of theorem 1.5.

LEMMA A.1. Approximated Dirichlet problems Let  C R™ be a bounded open

2n
set with smooth enough boundary 0), and let f € Ln+2(Q), f > 0 a.e. in Q. For
a fized v € (0,A,,), we let u € Xi’g(ﬂ) be the unique weak solution of
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Lu = v# +f inQ,
u=0 in R™\ Q.

(A.1)

Setting g = 0, for every k > 1, we then consider the unique weak solution ¢y, €
Xi’Q(Q) N L>(R™) of the following approximated L-Dirichlet problem

_ Pk—1 .
Lu=rgpam tie g (A.2)

u=20 in R™\ Q,
where fr, = Ti(f) = min{k, f}. Then,
o) — u weakly in XH*() and strongly in L (Q) for every 1 < p < 2*.

Proof. We begin with a couple of preliminary observations. First of all, the
existence and the uniqueness of the solution ¢y € X}F’Q(Q) N L>*(R™) follow from

theorem 2.3 (and from the recursive struc-
ture of problem (A.2)), since the right-hand
side

Pr—1
gr(z) = 7|x|2 +1/k + fr

is non-negative and bounded on € (as, by induction, the same is true of @r_1).
Furthermore, by using a classical induction argument based on the weak maxi-
mum principle for £ (and since the sequence {fi}r is non-decreasing), we have
that

{¢k(x)}1 is non-negative and non-decreasing for every x € {.

As a consequence, we can define

P(z) = lim @i (z) € (0,400] for all x € Q.

k—oco

Now, using ¢y as a test function for the equation solved by u and vice versa, we
have

/fksokdmg/fsokdxzzs(u,wk)—v UPE g
Q Q

a |z[?
(since @r > g1 and [z]* < [z]* + 1/k)

Pr—1U
< B(pg,u) — —_—
< B(pg,u) = TPt 1k

:/kaudxg/ﬂfud:r;

dx
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hence, by the monotone convergence theorem, we derive that

f e LHQ).

On account of this fact, and using ¢y as a test function for the equation solved by
@y itself, we obtain the following estimate

2 PrkPr—1
=B = ————dx + Yr dx
p(@k) (SDIW @k) ) |{17|2 ]./k / fk k

(since pr—1 < v < P a.e. in Q)

_’7/ Sok daz—|—/f¢da:
|| Q

(by Hardy’s inequality)

j;y plor)? + £l 1)

This, together with the fact that v € (0,A,,), shows that the sequence {¢y}r is
bounded in the Hilbert space X1?(Q); hence, recalling that ¢, — v pointwise in Q
and using the Sobolev embedding theorem, we deduce that ¢ € X12(Q) and

or — 1 weakly in X12(Q) and strongly in LP () for every 1 < p < 2*.

To complete the proof, it now suffices to show that ¢ € X12(Q) solves the same
equation solved by u; by uniqueness, this will prove that ¢ = u, as desired. Let
then ¢ € X12(Q) be arbitrarily fixed. Since ¢y, is a weak solution of (A.2), we can
write

Prk—1¥
B(px, ) = 7/ P +11/k da +/ frp d. (A.3)
Since ¢ — v in X12(Q), we have

Bk, 0) = B, ) as k — oco.

Moreover, since 0 < ¢ < 1, we have

Pr—1¥ < 1/1|90| *g(l‘)

= Vk>1
22+ 1/k1 [zf? T

and g € L'(Q) by Holder’s and Hardy’s inequality (recall that 1, ¢ € X%2(2)). We
are then entitled to apply the Lebesgue dominated convergence theorem, showing

that
Pk—1¢ P
— " dr — dx.
/Q|x|2+1/k o |z

Finally, since 0 < fx < f, we also have

|fepl < fo=h(xz) Vk=>1,

https://doi.org/10.1017/prm.2025.28 Published online by Cambridge University Press


https://doi.org/10.1017/prm.2025.28

34 S. Biagi, F. Esposito, L. Montoro and E. Vecchi

2n
and h € L'(Q2) by Hélder’s inequality (recall that f € Ln+2(Q) and p € X12(Q) C
L (©)). Again by the Lebesgue dominated convergence theorem, we then get

/kagodx—>/ﬂfcpdx.

Gathering all these facts, we can finally pass to the limit as £ — oo in the above
(A.3), thus deducing that 1 is a weak solution of the same equation solved by u. O
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