NONLOCAL PROBLEMS WITH CRITICAL HARDY NONLINEARITY

WENJING CHEN, SUNRA MOSCONI, AND MARCO SQUASSINA

ABSTRACT. By means of variational methods we establish existence and multiplicity of solutions
for a class of nonlinear nonlocal problems involving the fractional p-Laplacian and a combined
Sobolev and Hardy nonlinearity at subcritical and critical growth.
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1. INTRODUCTION

Let © ¢ RY be a smooth open bounded set containing 0. In this work we study the existence
and multiplicity of solutions to the following nonlocal problem driven by the fractional p-Laplacian
operator

(=Ap)Su = Au|"u + umqﬂ" in €,

(1.1) lzf*

u=0 in RV \ Q,
being 0 <s<1,p>1, A u>0,0<a<ps<N,p<r<p* p<q<p}, where
(1.2) p* ':7(

TN —ps’ Pa - N—ps’

are the fractional critical Sobolev and Hardy—Sobolev exponents respectively. The fractional (p, s)-
Laplacian operator (—A,)® is the differential of the convex functional

1 1 [u(z) — u(y)|
— —[ul? = - dx d
u [U]S,p D /R2N |$ _ y|N+ps €T ay
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2 W. CHEN, S. MOSCONI, AND M. SQUASSINA

defined on the Banach space (with respect to the norm [u],, defined above)
WeP(Q) == {u e LL.RY) :u=0in RV \ Q and [us, < +00}.

This definition is consistent, up to a normalization constant, with the linear fractional Laplacian
(—A)?® for the case p = 2. The exponents in (1.2) arise from the general fractional Hardy-Sobolev
inequality

e 1/p%
(1.3) (/R [u dx) < O(N, p, o) [u]s-

N ol

The latter is a scale invariant inequality and as such is critical for the embedding

s, dx
Wyt (Q) — L9 <Q, ‘x’a)
in the sense that the latter is continuous for any ¢ € [1,p}] but (as long as 0 € 2, as we are
assuming) is compact if and only if ¢ < pz!

We are interested in obtaining solutions with sign information of (1.1) with particular emphasis
on the critical case ¢ = p},. The term |u|" 2w in (1.1) will always be assumed subcritical, i.e. 7 < p*.
We will say that the equation is subcritical if the singular term satisifes g < p?, as well, and critical
if ¢ = p}. Sometimes we will specify the nature of the criticality in the equation saying that (1.1) is

o pure Hardy critical if o = ps, ¢ = p}, = p;

e Hardy-Sobolev critical if o € 10, ps[, ¢ = pl;

e Sobolev critical if « =0, ¢ = p}, = p*.
A similar analysis could in principle be performed in the case when r = p* and ¢ < p},, i.e., when
the singular term is subcritical while the unweighted term is critical, but we feel that doing this
here would overcomplicate an already intricated framework.

— Querview of the method
Our approach consists in finding ground state solutions for (1.1), i.e. to find solution which
minimize the corresponding energy functional

1 A pof ful?
J(u) = —[u)? —/ quIL‘—/dIL‘,
() = Jlulsy 74Q|| ¢ Jo iz

among, respectively, the set of all positive or sign-changing solutions to (1.1). In order to do so we
define the Nehari, positive Nehari and sign-changing Nehari sets as

N o= {ue WgP(@) \ {0} : (J'(w),u) = 0},
Ny :={ueN:u =0},
N : ={ue N :ut #£0,(J (u),u) =0},

where u® denote the positive and negative part of u, respectively, and (, ) : (WP (Q))* x WP (Q) —
R is the duality pairing. Clearly, any positive weak solution of (1.1) lies in N} and any sign-changing
one belongs to Ngc.

All these Nehari-type sets are nonempty (but still quite far from being manifolds), and minimizing
the energy functional on the latters actually provides weak solutions to (1.1) which are therefore
called the positive and sign-changing ground states for (1.1). Let us now describe the obstacles and
differences with the classical case we will encounter in trying to solve these minimization problems.

1See the proof of Lemma 2.3 for the if part. When ¢ = p}, the scale invariance of the Hardy-Sobolev inequality
implies the failure of compactness as long as 0 € Q: given ¢ € C2°(Q), set for € € |0, 1] e (x) := p(x/¢), and consider
the family {@-/[pc]sp}e.
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— Positive solutions

During all the paper we will focus on the coercive (with respect to the Nehari sets) case so
that infparJ > 0. Existence of positive ground states is by now standard and follows from a
classical mountain pass procedure, once one can prove that the ground energy infas J lies below
a suitable compactness threshold. This threshold is usually called the energy of a bubble: it is
given considering a function realizing the best constant in (1.3), rescaling it, and computing the
limit energy as the corresponding "bubble" concentrates to a point. Unfortunately, the explicit
form of the functions realizing (1.3) (called Aubin-Talenti functions) is unknown in the fractional
quasilinear case, preventing a direct estimate of the ground energy. In the local case s = 1, these
optimizers where explicitly obtained in [1,28] when a = 0 and in [10] for general a € |0, p[. In the
fractional case s € ]0, 1], these are known only in the linear setting p = 2, see [14]. When p # 2
the lack of an explicit form has been circumvented in [19] using an a-priori decay estimate for the
Aubin-Talenti functions proved in [4] and a suitable truncation technique via composition. Here,
we modify the technique of [19] to cater with the general Hardy-Sobolev case « > 0, thanks to a
similar decay estimates recently proved in [17].

- Sign-changing solutions in the subcritical case

In the sign-changing case minimization over Ny is less trivial, even in the subcritical setting.
Indeed, it is not even clear whether N, is empty or not. In the classical case s = 1 one readily has
that Ny # (), since the locality of the energy gives

Nee = {ue N :ut e N}

and a classical scaling argument separately on ut and w~ gives suitable ¢t such that tTut +t"u~ €
Nic. This is not the case in the nonlocal setting, since in general (see Remark 2.6)

u is a sign-changing solution to (1.1) = wut ¢ N oru” ¢ N.
This is basically due to the nonlocal interactions between u* and u™ in the term [u],, given by
[u]g,p - [u+]€,p - [u_]g,pv
which is always strictly positive if u* # 0. Nevertheless, we prove in Lemma 4.1 that actually

Nie # 0, allowing to obtain sign-changing ground states via minimization over the latter, at least
in the subcritical case.

—-Sign-changing solutions in the critical case

In the critical case, trying to solve infy;_.J through the direct method of Calculus of Variations
faces the problem that J fails to be weakly sequentially lower semicontinuous for large values of p.

Instead, we perform a so-called quasi-critical approximation as in [6,29], considering the sign-
changing ground states u. of (1.1) with ¢ = p}, —¢, to obtain in the limit € | 0 a sign-changing ground
state u for the critical problem. In doing so, it is essential to estimate the asymptotic behavior
of the sign-changing ground energies during the approximation. The core estimate (Lemma 4.4)
says that the sign-changing ground energies stay strictly below the positive ground energy plus the
energy of a bubble. Then, to prove that the limit is sign-changing, we employ a nonlocal version of
the Concentration-Compactness principle recently proved in [21]. The latter shows that if the limit
u of the sign-changing ground states is, say, positive, then the negative part must concentrate in
the limit, producing at least the energy of a bubble. Therefore the limit energy turns out to be at
least the positive ground energy plus the one of a bubble, contradicting the previous asymptotic
estimate.

— The Hardy critical case
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When « = ps and g = p, then problem (1.1) becomes the pure Hardy-critical equation

JulP~u
|[Ps

(—Ap)’u=p + A" u.

On one hand there simply is no room in this case to perform the quasi-critical approximation
since lowering the critical exponent drastically changes the geometry of the functional. On the
other one, the Hardy-critical case of (1.1) lacks sufficient regularity estimates since one expects the
solutions to be unbounded. In this case we are able to construct sign-changing solution proving the
lower-semicontinuity of J via Concentration-Compactess as in [22], at least when pu is below the
optimal Hardy constant (coercive case). Notice that, for larger values of u, J fails to be coercive
over N but the geometry of the functional is richer and it is possible that sign-changing solutions
can be found through linking arguments.

— Main results
In order to state our results, we define for a € [0, ps], the first weighted Dirichlet eigenvalue as

[u]gp

(1.4) Al = in _ sp
weW P (@\{0} ||l |z|=o/P||7,

)

> 0, )\170 = A1

Theorem 1.1 (Subcritical case). Suppose that 0 < « < ps and

A>0, >0 if min{q,r} > p,
q € p,pal, 7€ P, max{q,r} > p, 0<A<AL, >0 ifr=np,
A>0, 0<pu<Ma ifqg=p.

Then (1.1) has a positive and a sign-changing solution, both of minimal energy.

Theorem 1.2 (Critical Hardy-Sobolev - positive solution). Suppose that 0 < a < ps < N,
r € p,p*[, ¢ =pk, A, >0 and 0 < A < Ay whenever r =p. Then (1.1) has a positive solution of
minimal enerqy if

r>p if N > p?s,
r>p*—p if N <p?s.
Here p' = p%l denotes the dual exponent of p for any p > 1.

Theorem 1.3 (Critical Hardy-Sobolev - sign-changing solution). Suppose that 0 < o < ps < N,
r € [p,p*[, ¢ =p5, A, >0 and 0 < A < A\ whenever r = p. Then (1.1) has a sign-changing
solution of minimal energy if r > p* — 1.

Theorem 1.4 (Pure Hardy critical). Let o = ps < N, r € |p,p*[, ¢ = p}, = p, \,u > 0 and
< Aips. Then (1.1) has both a positive and a sign-changing solution of minimal energy.

— Discussion

e The assumption max{r,q} > p in the previous Theorems is made in order to avoid a fully
homogeneous problem. Solutions of (1.1) with » = ¢ = p fall in the framework of weighted
eigenvalue problems. As long as o < ps (subcritical case) these can be treated as in [27].
The only difficult case is the critical one a = ps, p = q¢ = r, since the Hardy term fails to
be compact. Even in the classical case s = 1, this problem is quite delicate and has been
treated in [31], [26] through a weighted Concentration-Compactness alternative.

e When r = p and ¢ = p}, > p (as in Theorems 1.2 and 1.3), we are in the so called Brezis-
Nirenberg problems framework mentioned before, where the critical nonlinearity and the
spectrum of the principal part interact. Regarding positive solutions, observe that N < p?s



NONLOCAL PROBLEMS WITH CRITICAL HARDY NONLINEARITY 5

implies that p* — p’ > p, so that we obtain positive solutions only for 0 < A < A\; and
N > p?s.

e When r = p and A > Ay, (1.1) has no constant-sign solutions by a well known argument
(see e.g. [16, Corollary A4]) which we recall here. A Picone identity in the fractional setting
has been obtained in [2] and reads as

/Up

Wy 2 (A" ) >0 w2
If u is a non-negative, non-trivial solution to (1.1) and v is the first eigenfunction for (—A,)?,

then

Mol = [v]E >/\/up1 LA /”q_1 LA
e N S Y N N TR

Due to p > 0, the second term on the right is uniformly (in € > 0) bounded from below by a
positive constant, and by dominated convergence on the first one we get Ai||v|}, > Aljv||},,
forcing A < 1.

e Regarding the sing-changing result Theorem 1.3 in the case r = p, we obtain nodal solutions
when N > p?s+ps and A < A\;. For A > \q, the previous argument shows that actually any
solution must be sign-changing, so that in a certain sense the problem is simpler. Solutions
in this non-coercive case are obtained through linking arguments over cones, as exploited
in [19] in the case a = 0 and in [33] when a > 0, yielding sign-changing solutions for any
N > p%s if A > A1 does not belong to a suitable cohomological spectrum for (—A,)*. The
case when A belongs to the spectrum of (—A,)? is also discussed in these works, yielding
a sign-changing solution whenever o = 0 and, e.g., N > p?s + ps (actually for even lower
values of N).

e We did not consider the doubly critical problem r = p*, ¢ = p},. In this case, the problem
is much more difficult even in the classical case s = 1, since its solvability heavily depends
on the topology and geometry of the domain 2. Entire ground state solutions where
found in the semilinear case in [30] but, to the best of our knowledge, there is no explicit
charactezation known in the case p # 2. For star-shaped domains with respect to the origin,
a Pohozaev identity rules out existence of solutions when p = 2 ( [30]). For p # 2, the lack
of a unique continuation principle only ensures a similar result for constant-sign solutions,
see [10, Theorem 2.1]. For domains with nontrivial topology, existence can be granted for
sufficiently small p, see [11]. In the non-local, non-linear case the situation is more difficult
due to the lack of a Pohozaev identity for (—A,)® when p # 2. The latter is available only in
the case p = 2 due to [23], leading in a standard way to the above mentioned non-existence
result. Some existence results for contractible domains in the fractional semilinear case may
be obtained following the ideas of [20].

— Comparison with some previous results

The fractional Brezis-Nirenberg case r = p, &« = 0, ¢ = p* has been considered in [24,25] when
p =2 and in [19] for any p > 1; the paper [33] deals with the quasilinear Brezis-Nirenberg problem
with Hardy-Sobolev nonlinearity, i.e. 7 = p and « € ]0,ps[. In all these works, under various
additional assumptions on the parameter A and its relation with a suitable spectrum of (—4A,)?,
existence of a nontrivial solution is proved. Sign informations on the latter can in each case be
obtained, either through its variational characterization (in the case A € ]0, A\;[), or using the
Picone identity argument described above when A > A;. In particular, said solution turns out to be
positive when A < A1 and must be sign-changing when A > A;. In this framework, the main novelty
of this manuscript consists in finding sign-changing (least energy) solutions when A € ]0, A][.
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The local counterpart of (1.1), is the quasi-linear problem

Jul”u

—Apu = Nu[""?u + p in €,

|z
The Brezis-Nirenberg case r = p, « = 0, ¢ = p* is well studied, see [8] and the references therein.
The general case was investigated in [10], following the ideas of [29]. However, unfortunately, there
seems to be a gap in the proof when p # 2 (see e.g. the proof of Theorem 5.3, third display of p.
5720). Concerning the case p =2 and 0 < s < 1, we refer the reader e.g. to [7,32].

— Structure of the paper
e In Section 2.1 we describe the relevant functional analytic setting. It is worth noting that for
any p > 1, the operator (—A,)® turns out to be sequentially continuous with respect to the weak
topology both in WP (Q) and W~ (Q); this is only true in the local case when p = 2. Section
2.2 contains some basic properties of the Nehari sets described above. Section 2.3 recalls known
decay properties for the Aubin-Talenti functions optimizing the Hardy-Sobolev inequality, while
Section 2.4 contains technical estimates for suitable truncations of the latters. Section 2.5 collects
quite classical results on the compactness of Palais-Smale sequences.
e Section 3.1 is devoted to the proof of Theorems 1.1 and 1.2. In Section 3.2 we prove some uniform
regularity estimates and obtain as a consequence the compactness of the positive ground states in
the quasicritical approximation.
e Section 4 concerns the problem of sign-changing solutions. In Section 4.1 we consider the
subcritical case, obtaining the nodal ground states. Section 4.2 contains the core estimate for the
sign-changing ground level in the subcritical approximation, which is then applied in Section 4.3 to
prove Theorems 1.3 and 1.4 through a Concentration-Compactness principle.

2. PRELIMINARY RESULTS

2.1. Notations and functional spaces. In the whole paper, we will assume that s € ]0,1[, p > 1

and 0 < o < ps < N. Given any ¢ € |1, +o0[ we let ¢’ = qiil, and given N, p, s, a as before we set

*_(N—a)p _
Pa = N—ps ) P = Do-

Moreover, Q C RN will be a open bounded set with smooth (say, C?) boundary. Given E C RY,
|E| will denote its Lebesgue measure, and E¢ = R¥ \ E. All functions will be tacitly assumed to
be Lebesgue measurable.

We introduce the fractional Sobolev space

s, |u(z) — uly)” _ c
WP (Q) = {u e LL (RY): [ulf , = /IR2N W drdy < 400, u =0 a.e. on () } .

and the homogeneous fractional Sobolev space

. _ P
D*P(RY) = {u €LV (RY) : [u]f, = /RQN W dz dy < +oo} > WP (9).
For p > 1, W5P(Q2) and D*P(RY) are separable reflexive Banach space w.r.t. the norm [-]s,
and both can also be seen as the completion with respect to the norm [ |5, of C°(RY) (see
e.g. [4, Theorem 2.1]). The topological dual of WP (Q) will be denoted by W~=*#(Q), with
corresponding duality pairing (-, -) : W5 (Q) x W5P(€2) — R. Due to reflexivity, the weak and
weak* convergence in W% (Q) coincide. We recall here the fractional Hardy-Sobolev inequality.
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Lemma 2.1 (Hardy-Sobolev inequality). Assume that 0 < o < ps < N. Then there exists a
positive constant C such that

) o[
d < — 77 dxd WP .
( o Tl x) < C( o o — gV T y) , for every u € W;"(2)

Proof. Tt suffices to prove the inequality for Q = RY and u € D*P(RY). The latter is well known
in the cases a = 0 and o = ps, see [9] or [18]. The general case follows by Holder’s inequality since
for 6 = 2 € [0, 1] it holds

SPy

= —s1|6 -0
lule ™72 | og, vy < llulel =@y lull 57 gy
giving the claimed inequality through the ones for a = 0, ps. U

In particular, W (2) embeds continuously into L(Q, dz/|z|*) for all a € [0, ps] and ¢ € [1,p}].
Moreover, if ¢ € [1,p}[, the embedding is compact (see Lemma 2.3 below for a proof). As a further
consequence of the previous lemma we can define for any « € [0, ps] the positive numbers

. |u(z) — u(y)[” s . JulPe
2.1 Sq = inf / L dady :u € WP (Q) with der=1,.
2 {Rw o — s A

Recalling (1.4), it clearly holds Ay s = Sps.

The functional u — %[u]{;p is convex and C!, so that at any u € W7 (Q) its subdifferential,
usually called fractional p s-Laplacian, is a uniquely defined element of W_s’p/(Q), which we will

denote with (—A,)*u. An explicit computation shows that

w(z) — u(y) P2 (u(z) —u xr)—
(2.2) <(_Ap)su7 <,0> — /RZN | ( ) (y)’ ‘(m (_ )y’N+£g))(¢( ) Qp(y))dx dy, VQP c Wg’p(Q).

Lemma 2.2. The operator (—Ap)* : WJP(Q) — W5 (Q) is weak-to-weak continuous.

Proof. Let u, — u in W3*(Q). Since u — %[u]gp is C1, the sequence (—A,)%u, is bounded in
W= (Q), and thus weakly sequentially compact by reflexivity. By a standard sub-subsequence
argument we can thus assume that (—Ap)*u, = A € W*s’p/(Q) and are reduced to prove that
A = (—Ap)*u. By the compact embedding of W7 () in L1(Q), up to subsequence, we have that
up — uwin LY(RY) and thus u,(z) — u(z) for a.e. x € RY. In particular, letting

Un(x) —u P2 (up(x) — u w(z) — u(y) P2 (u(z) — u
walz,y) = |un(z) — un(y)| J(H:S( ) — un(y)) w(z,y) _ |u(@) —uly)| A(Hgs) (y))7
z =yl ¥ z—y| ¥

we have that

wy(x,y) — w(z,y) for ae. (z,y) € R,

IZp/(RQN) = [un]t, < C, we can assume that w, — h in LP (R2N). Due to

the pointwise convergence above, we thus have (see [13, Lemme 4.8, Ch.1]) h = w, and using the
representation (2.2) and the fact that

Moreover, since ||wy]|

£ =W ey vy e W),

N+ps
[z —yl 7
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. . — / . /
we obtain through (—A,)%u, — A in W= (Q) and w, — w in L (R?N),

(A, p) = lim((=Ap)*un, ¢) = lim wn(x,y)Lme)dx dy

n R2N ’1‘ _ ’ >
()0 T)— s
- / ’U)(.’E, y)LNEps)dx dy <(_Ap) u, 90>7
ey
for all p € W;P(Q), proving the claim. O

Notice that this latter property is peculiar of the nonlocal setting, since for any p # 2 the
corresponding local operator (the well known p-Laplacian) is not a weak-to-weak continuous
operator.

2.2. The energy functional. The energy functional J : WJ*(Q2) — R formally associated with
problem (1.1) is

1 u(z) — uly) / r /|u!
J(u) '_p/Rmv - ’N+ps d dy — |u|"dz Q|a:|°‘dx

In order to justify that J is well defined and of class C!' we need some preliminary results.

Lemma 2.3 (Hardy-type functionals). Let 0 < o < ps < N. Then, for every p < q < p},

q
H,: W5P(Q) = R, Hy(u) := / Mda:,
q lz|®
is of class C! with
q—2
(2.3) (Hy(u), ) = /Q W dz, for every u, o € WgP ().

Moreover, for any p < q < p},, Hy is sequentially weakly continuous and for any p < q < p},, the
operator Hy : WyP () — W‘S’p/(Q) is sequentially weak-to-weak continuous.

Proof. For every p < g < p?,, it follows by Lemma 2.1 that

q q 1 Pa Pk
/’u‘dx:/ [u? i dxgc(/ i dz)"" < Cfule,.
o 2l = o Taloarei aotia/en) o 2P .
Then, as it can be readily checked, (2.3) holds and Hy(u) € W= (Q) for all u € WP(Q), since

[(Hg(u), )| < Clul, [¢lsp,  for all o € W5P(Q).

Furthermore, H; : W3 (€2) — W5 (Q) is strong-to-strong continuous, proving that H, € C'.
Let us prove the last assertions. If u, — w in W;*(9), up to a subsequence, u, — u in L7 () for
every 1 < o < p* and a.e. in RV, Then, we get
Up — U q Uy — s a Ur — U p % ps;a
[Un a‘ /’n - un—u]q_édacg( Jttn = ul? sldx)p (/]un—u“d:r)p ,
o |zl |z Q |z Q
ps—a

§C</|un—ul(’d$> P

€ [1,p*[, which shows the weak continuity of H,. Finally, to prove the weak-

where 0 := (¢— g)ps =
to-weak continuity of Hy, we proceed as in Lemma 2.2. Observe that {u,}, is bounded in W5™"(Q),
and thus by the strong continuity of Hy, so is {Hy(un)}n C W= (Q). Up to subsequences, we

can assume that Hy(u,) — A € W*S’p/(Q) and by a standard sub-subsequence argument it suffices
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to show that H/(u) = A. Notice that {|un|? ?uy,}, is bounded in L9 (Q, dx/|x]|*) due to Holder
and Hardy-Sobolev inequality, so that we can assume that |u, |9 %u, — h in LY (€, dz/|z|*). Since
[tn 92Uy — |u|9"%u a.e., we get that h = |u|?"?u. But then the representation (2.3) implies, for
any ¢ € WP() € LI, da/[z]*),

. _ _ dx ul? 2y
(A, @) :lly(HQ(un),cp) :1171211/Qyun|q 2un<,0| :/Q| | L <H;(u),<p>.

x|™

Combining the last assertion of the previous Lemma with Lemma 2.2 provides the following
weak continuity result.

Corollary 2.4. For any A,y € R, 1 <r <p*and 1 < q <p}, J € Cl and J : WP (Q) —
W*S’pl(Q) is both a strong-to-strong and weak-to-weak continuous operator.

This corollary justifies the definition of the Nehari manifold associated to J as
N = {u e WP (@) \ {0} : (J'(u),u) = 0}

with subsets

Ne=Nn{u>0l N_=Nn{u<o}

Let vt = max{0,u}, v~ = min{u, 0}.
Lemma 2.5. For any u € W;P(Q) it holds
(2.4) (= 0p)*u™,u™) < ((=Ap)°u,u) < {(=4p)°u,u)

with strict inequality as long as u is sign-changing.

Proof. We sketch the proof for u*, the other one being identical. The statement follows by
integration of the pointwise inequalities

(2.5) Pplay —by)(ay —by) < dpla—b)(ay —by) < ¢p(a—Db)(a—1b),

where ¢,(t) = [t|P~?t. Notice that ¢, is strictly increasing and ¢ + ¢ is non-decreasing, so that we
can suppose a > b. Then ay — by < a — b, with strict inequality as long as b < 0, and thus the
monotonicity of ¢, gives the conclusion. Finally, if u is sign changing, {(z,y) : u(z) > 0> u(y)}
has positive measure in R* and on such set the previous inequality is strict. ]

Remark 2.6. As a corollary of the previous lemma, let us remark another fundamental (and more
impactful) difference from the local case. Clearly, if u is a sign-changing solution to (1.1), then

ue N\ (N UNZ). However
ueN\WNLUN) = ut¢gNoru ¢N,
since, otherwise, the inequality
(J' (™), u) + (I (u7) um) < ('), w™) + (T (w),u™) = (J'(u), u),
yields a contradiction.

The following simple observation will be used throughout the paper.

Lemma 2.7. Let a < ps < N, q and r satisfy p < q < p},, p <r < p*, with max{q,r} > p. For
any A, p satisfying

A>0, p>0 if min{q,r} > p,

0<A<AL, >0 ifr=np,

A>0,0<pu<Aa ifqg=p,
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there exists 69 = 0o(Q, N, p, s,a) > 0 such that for any u € Wy (Q) it holds
(J'(u),u) <0 = [u]sp > do.

Proof. Applying Holder and Hardy-Sobolev inequality on the last two terms of

q
) =ity = [ oo —p [ L,
’ Q o |z]*
we obtain
A . .
(1- 5 - Cligr) e, itr=»
! > 2 _ )
(J'(u),u) > (1 - C[u]&pP) W, ifq=p.
(1= Clulyy? = Cluliy?) [ult,, if min{g,r} > p.

The assumption (J'(u),u) < 0 forces the parenthesis above to be non-positive, which provides the
claimed lower bound. 0

2.3. Properties of Hardy optimizers. In [4] the existence and properties of solutions for the
minimization problem (2.1) when ao = 0 was investigated. For 0 < o < ps, one can get the following
results [17, Theorem 1.1].

Proposition 2.8 (Existence and properties). Let 0 < oo < ps < N. Then the following facts hold.
(i) Problem (2.1) admits constant sign solutions, and any solution is bounded;
(ii) For every nonnegative U, € DSP(RY) solving (2.1), there exist zo € RY and a non-increasing
w:RT = R such that Uy(z) = u(|z — z0|);
(iii) Every nonnegative minimizer U, € D*P(RN) of (2.1) weakly solves

Up?;—l
(—A)sUq = Sa ‘ijda in RY.
i.€.,
Ukt N
(=8 Varg) = 5a [ S dn, Vo e DPEY)

and the last integrand is absolutely integrable.

Next we fiz N, p, s, and a positive radially symmetric decreasing minimizer U, = U,(r) for S, as
n (2.1). By multiplying U, by a positive constant, we may assume? that
Ukt

(2.6) (A Uu = =2

weakly in RY.
|z

Testing this equation by U, and using (2.1) yield

Up* N

[e% —
« pi—a
/ ——dxr = S§.
R

~ |zf*

(2.7) [Ual?

sp

In [4] the asymptotic behaviour for U, was obtained when o = 0, while in [17] the asymptotics for
U, for all 0 < a < ps was derived by similar arguments.

2notice that we are using here that p}, # p since a < ps.
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Lemma 2.9 (Optimal decay). There exist ¢ > 0 and co > 0 such that
Nciips < Ua(r) < Ncigps, for allr > 1.
T p—1 r p—1

Furthermore, there exists 6 > 1 such that

1
(2.8) Ua(0r) < §Ua(7’) for allr > 1.
For any € > 0, the function
(2.9) Une(w) = N—pPS Ua (i)

is also a minimizer for S, satisfying (2.6). We note that c;,ce,6 are universal since we fized
N,p,s,a,U,. In general they depend upon these entries.

2.4. Truncations. In what follows 0 < a < ps < N, U, is a fixed minimizer for (2.1), 0 is the
constant in Lemma 2.9 depending only on N, p, s, a and U,. For every d > € > 0, let us set

m 6 = Ua7g((5)
O Upe(8) — Une(06)

Due to (2.8) and the definition (2.9), it readily follows m. ;s < 2. Furthermore, let us set

0, if 0<t<U,.(60),
Ge,s(t) = { ML 5(t — Ua,e(69)), if Un,e(00) <t < Uar(9),
t+ Uac(d)(mlyh — 1), if t > Uac(9),
as well as
t 1 0, if 0 <t<U,.(60),
Geslt) = [ a(r)7 dr = { mes(t = Uncl09)), it U c(0) < t < Un(6),
" ‘) it > U (6).

The functions g. s and G, s are nondecreasing and absolutely continuous. Consider now the radially
symmetric nonincreasing function

(210) ua,e,(S(r) = GS,é(UOL,é‘(T))?
which satisfies

B Uae(r), if r <4,
a5 () = 0, if 1> 66,

Then uq .5 € WGP (), for any § < 0715¢ := 0~ 1dist(0,9Q). We have the following estimates.

Lemma 2.10 (Norm estimates 1). There exists C > 0 such that, for any 0 < 2e < § < 075,
there holds

N-a 1\17):;75
(2.11) [tae sl < & +C (;) .,
and
* —a N-«a
(2.12) / Uacd (@) ) S gpe <5) T
RN |J)|a - (S



12 W. CHEN, S. MOSCONI, AND M. SQUASSINA

Moreover, for any 8 > 0, there exists Cg such that

N—ps *

T g5l it p=1

N—ps —ps %

(2.13) /N Uaes(2)’ do > Cg e gV =500 i g < 2,
R

N —ps *

N8, if B> 2.

Proof. The assertions follow as in the proof of [19, Lemma 2.7]. For the readers’ convenience, we
prove it here. Testing (2.6) with g. 5(Ua,c) € Wi*(Q2) and using [3, Lemma A.2] jointly with (2.7)
yields

(Ges(Uae)l?, S/ Uae(®) = Une ) P2 (Une(®) — Uae (1)) (92,6(Uae () — 9e.6(Uae(v))) dndy

R2N |z — y|Ntps
=3 /R  [520(Ung) = Unel =i da.
Moreover, by Lemma 2.9, it holds that
N—ps
_ 1 5 Us(L)1-t0-1) | &P D
gg’(;(t) —t S Ua7a(5)m§’é_1 — TpsUa <> |:1 — O‘( §)j| S 2p ICQTPS,
g r € Ua (g) o 1
and
ng“e_l N —ps ng‘_l N—ps
/ ——dx =¢ » / ———dz=0("7 ).
RN |z|® RV [2]*
This gives estimate (2.11). On the other hand,
pz; p* N—« p*
u Ua% f-a Ua”
(2.14) / “’Ef dx > / 8 dw = Sh° —/ “dz.
RN |Z] Bs(0) 17| RN\B; (0) |
Since ¢ < g, a simple calculation using Lemma 2.9 yields that
Uba Feo x N—ps T | N-a o=
(2.15) / aa dz <C pN=1=a P 5o g — C/ P17 dr = (’)((E) Pt )
RN\B; (0) 1] 5/e 5/ o

Then (2.14) and (2.15) yield estimate (2.12). Finally, we have

d
N-—ps N—ps € N—ps
/ ugaédxz/ Ug}sdngNf v ,3/ U(fdzzcegN* e ﬁ/ PN g,
RN B5(0) B;(0) 1

and an explicit calculation provides (2.13). O
We also have the following estimate.

Lemma 2.11 (Norm estimates II). For any 8 >0 and 0 < 2¢ < § < 710, we have

N-Dcops . *

" Mlogl, i p=1,

N—ps N —ps *

(216) / u§€5d$ < CB 8p(p7p1)65N*‘p7? 57 if B < 11777
Q )

_N-—ps *

NP if > %/.
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Proof. From the definition of u, . 5, we have

0, if |z| > 00 0, if |z| > 60
Uaes(x) = § Mes(Une(x) = Uae(06)), if6<|x] <00 < mesUge(r) if 0 <|z| <66
Upe(x), if |z| <9 Uae(x), if |z <.

Recall that m. s < 2, therefore it holds ua s < 2Uq X B,;- Taking into account that U, € L>®(RYN),
we have

N—ps
/ uiad de <C U(f,a do =CN" 7 ’8/ UP dy
Q Bos Bas

2]

N—ps & N
/ U8 dy + ceNTT 8 / PV
B 1

S 06 - dt
N—ps .
T og 5|, i =1
N-— N —ps. B N*Mﬁ . *
< C”UOZHOOE ep(P-D"§ =17 if B < 1;77
N—ps .
N Ppﬁ, ifﬁ>%,
and in the range 0 > 2¢ the last term is always greater than the first, giving (2.16). O

2.5. Compactness results. We first recall the following

Definition 2.12. Let c € R, E be a Banach space and J € C'(E,R).
(i) {ugtren C E is a (PS)c-sequence for J if J(ug) = ¢+ og(1) and J'(u) = ox(1) in E*.
(ii) J satisfies the (PS).-condition if any (PS).-sequence for J has a convergent subsequence.

We will need a slight modification of the classical Brézis-Lieb Lemma.

Lemma 2.13 (Brézis-Lieb). Let {qi}r be such that qx > 1, qx — q and let {fx}r C L% (R™) be a
bounded sequence such that fi — f almost everywhere. Then

% oy = 1 = F11%5 sy = 1%y + 00 (1).
Proof. Observe that the elementary inequality
lla 4 b|™ — |a|™| < la|*™ + Cc|b|*

holds true with a constant C. independent of k for sufficiently large k3. Then the classical proof
of [5, Theorem 1] carry over yielding the result. O

Lemma 2.14 (Convergences). Let {uy}r C W5P(Q) be bounded and let {qy}ren be a sequence
such that p < qi < p}, and q, — p}, as k — co. Then, up to a subsequence, we have

(1) [ur, — ], = [u]g ), — [ulf ), + or(1).
(2) we have

— aylak qx P
/de:/ [ d:c—/ [ul dx + o(1).
o |z* o lz|* o |z|*

3The inequality is trivial for a = 0 and dividing by |a| # 0 reduces to h(t) := |[1 +t|” — 1| < & + Cc|t|” for r = g.
From |1 +¢|" < 27(1 + [t|"), we deduce h(t) < 2" + 14 27|t|” and the claim for |t| > 1 and C. > 2772, For |t| < 1,
Lip(h) < r, so that h(t) < r|t| and by Young’s inequality 7|t| < e + C=2" Ol [t|”. In both cases C: is bounded if r > 1 is.

re”
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(3) for any ¢ € W5*(Q), we have

qr—2
|k U g

o |zl o |z
Proof. We can assume that u;, — u weakly in W;"P(Q) and pointwise a.e.. By choosing

ug(z) — ug(y u(z) — u(y
fk:L]V-&-s(p)7 f:LNJ,(_sp)a dr =D, and m = 2N,

|z —y| 7 z—y| 7
(1) follows from Lemma 2.13. Observe that by ¢ < p}, Holder and Hardy-Sobolev inequality,

9k
T e f2 >3 —oF
|Uk|a dr = |u}€|qk j* —q dx < |Uk|oz dz ) </ 101d$> " =C
o lzl Q |z|"Pa x‘a“pT’“ o |zl o ||

so that {uy/|z|*/Pa};, is a bounded sequence in LPa(£2) pointwise converging to u/|z|*/Pa, and thus
Lemma 2.13 again gives (2). To prove (3), we let

|y, | 952y, |u|Pa—2y
Wei= T m WIE T e
|_’17|(pa) |x|(PQ)
and proceed as before obtaining that

x 9 —1 qp—1

o S 1 P pa—1
/ T dw < [ 1 — de < ’“’“’aa dr| " <cC.
& Q|| paT ma(lfﬁ) o |zl

Therefore {wy }1, is bounded in L®)' () and, up to subsequence, wy — v in L) (Q). Since wy, — w
pointwise a.e., v = w and (3) follows noting that ¢/|z|?a € LP«(Q) for any p € W3 (Q). O

We now come to the compactness properties of the energy functional J.

Theorem 2.15 (Palais-Smale condition). Let 0 < o < ps < N, q and r satisfy q¢ € [p,pl],
r € [p,p*[, with max{q,r} > p. Then

(1) If ¢ < p} and r < p*, then for any A\, > 0, J satisfies (PS). for all c € R.

(2) If ¢ = p}, > p and r < p*, then for any A\, > 0, J satisfies (PS). for all

N—«a
1 1\ S& ™«

c < ( - *> < R
p Pa 'upafp

(3) If a = ps, ¢ = pys =p and p < r < p*, then for any X > 0 and 0 < pu < Sy, J satisfies
(PS)¢ for all c € R.

Proof. Assume that {ug}y is a (PS).-sequence of J, that is
Juk) = e+ op(1), (' (ur) ) = (wr0), we = 0 in W7(Q).
We have

A - ug|?
(2.17) [ur?, — p/ gl do— 2 [ k‘a dz = pJ(ug) = pe + op(1),
T Ja q Jo |zl

u q
[uk]f;p — )\/Q lug|" dx — ,LL/Q ’|xk|a dr = (J' (ug), ur) = or(1)[uk]sp,
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as k — oo. Then we get
q
(218) €+ op(W)[urlsp > pJ(ur) — (' (i), ug) = p(1 - 2) / |“’“|a do+A(1-1) / ug|” do.
q/ Ja |zl T2 Ja

We first show that {ug}x is bounded in WP (Q2), splitting the proof in two cases.
CASE 1: a < ps.
If both ¢ and r are greater than p, then (2.18) implies

|ug |7

Far<Cltimly). [ jufde <0+ ful,)
o |7 Q

which, combined with (2.17), gives
(2.19) [Uk]g,p <C(l+ [Uk]s,p)

and the boundedness of {uy}y in WP (Q) readily follows.
If r = p, then necessarily ¢ > p and Holder’s inequality with (2.18) ensures

p o q 2 P
/ Pz = [ g < c(/ ’“’i do)" < C(1+ [u]y),
Q Qx| e o |z|
giving boundedness of {uy}; by the same argument as before.
Finally, if ¢ = p and r > p, Holder (recall that o < ps) and Hardy inequalities give
P e

P P s -2 P bs s
| dzx < ( ] d:z) ’ (/ [ug [P da:) “<c ( ] dm) ’ (/ \uk\Tda:>
o |zl o |z[Ps Q q |z[Ps Q

P a

< C[Uk];s,p (1+ [Uk]s,p)rim .

Inserting this into (2.17) and using (2.18) provides

+
» + [uklip

w0

02y < O 1+ [l + ]
which again implies that {uy}y is bounded in WJP(€Q) due to
a<ps = a<p+a<1—) <p.
s r s

CASE 2: a = ps (thus ¢ = p) and p < Sps.
In this case we necessarily have r > p and (2.18) implies that

/Q " do < C(1+ il ).

so that Hardy’s inequality and (2.17) gives

p
<1 "5, ) oy < oy~ | < CO+ o)
ps @

[P
Using p < Sps implies (2.19) and the boundedness of {uy}y.

Thus, {uy} is bounded, and passing if necessary to a subsequence such that ux, — v in WP (Q2) as
k — oo, all the conclusions of Lemma 2.14 hold true. Corollary 2.4 gives that J'(v) = 0 and from
(J'(v),v) =0, we have that

q
(2.20) J(v):)\(l—1)/!v|rdx+u(1—1)/‘v'd:czo.
p 1)) P q/) Jolz|*
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Next we prove that uy — v in W;"P(Q2). By Lemma 2.14 and the boundedness of {uy}5 we have
dx — )\/ lup — v|" dz,

Q

which shows convergence if ¢ < p}, and r < p*. It suffices to analyze the case ¢ = p},, r < p*. Notice
then that Lemma 2.14 (for g = p,) gives

oul1) = (' (wn). ) = (00, ) = [ ol — e [ P52

1 L lug — v|Pa
(2.21) J(u) = J(v) + ];[uk — b, — el A T dx + ox(1),
ug, — v|Pa
(2.22) or(1) = (J'(ug), ux) — (J'(v),v) = [ug — V)8, — | ’“| ’a‘ dz + o (1)
Q
We split the proof of the convergence as before.
N—a

CASE 1: a < ps, 7 € [p,p*[and ¢ < (1 — L ol —

p [p, p*| (p pa) =

By virtue of (2.22),

1 L lug — v|Pa 1 1

ooty = [ B e = (= ) ol on()
«

From (2.20) and (2.21) we have

1 po [ |ug —ofa
—fup —vf, — — | ———dx < J(ug) + ox(1) = ¢+ op(1).
p[ Iop o o e (uk) + ox(1) (1)
Therefore
N—a
1 1 1 1 peme
lim sup ( — *) [ug — v]%;p < ( — *> e —
k p Do p Pa ’up’&fp
Using this and the fractional Sobolev-Hardy inequality, we have
|y, — v[P — :
1) o o = o1ty = | P e = 02, — S (=
_ra .
=[ur — 0%, (1 — pSo " [uk — U]’s)j*p_p> > wifug — 05,
for some w; > 0, giving the claim.
CASE 2: a = ps and p < Sps. We note that p}, = p and, from (2.22), we get
| — v|? p
_ P e = Y7 _ _ P
on(L) = [ — elf, —p | S de > (1 o )l — ol
which implies that [uy — v]s, = 0k (1). O

Remark 2.16. Inspecting the proof we see that the boundedness of Palais-Smale sequences follows
solely from the conditions |J(ug)| < C and [(J'(ug), ur)| < Clug]sp-

3. POSITIVE SOLUTION

3.1. Existence of a Ground State. The existence of a ground state positive solutions follows
the standard Mountain pass approach. Let

P = {7 e (0, 1 W5(2)) : (0) = 0,7 (3(1)) < 0,

c1 = inf sup J(y(¢)).
7€l tel0,1]
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Our assumptions on the parameters are the following

0<a<ps<N, qge€lppyl, r€lpp], max{gr}>np,
A>0, >0 if min{q,r} > p,
O< A< AL, >0 ifr=p,
A>0,0< <o ifg=p.

(3.1)

From max{q,r} > p it is readily checked that for any given u € W;*(Q), J(tu) — —oo for t — +o0.
Proceeding as in Lemma 2.7 we obtain the lower bounds

1
< = Clulg P — C’[u]g;,p) [ulf,, if min{r, ¢} > p,

b
oA oo e, ifr—p<
J(’LL) > P p)\l S,p S,p =Pp q,

1
(—»“ —cmgﬂh%@ ifg=p<r

which in turn imply, under assumption (3.1), that
inf J(u)>0
[u]s p=0

for sufficiently small o > 0. Since the support of any v € I' intersects {[u]s, = o}, it holds
c1 > infp,), -, J(u) > 0 and in order to apply the Mountain Pass theorem it only remains to show
that J satisfies the (PS)., condition. By Theorem 2.15 this is certainly true in the subcritical
or Hardy critical case when p < Sy, so it suffices to consider the critical cases ¢ = p}, > p (thus
a < ps).

Lemma 3.1 (c; in the Palais-Smale range). Let (3.1) be fulfilled for ¢ = p}, > p. Then

N—a
52 (el 1ySEE
P Pa/ ppa-p
for any v such that
(3:3) {r >p if N >p?s,
r>p*—p if N <p?s.

Proof. Notice that in any case considered in (3.3) it holds r > p*/p/. Without loss generality we
can consider § = 1 in the definition of u, .5 € WP (Q2) given in formula (2.10). For any sufficiently
small 1 > ¢ > 0, we apply (2.11), (2.12) and (2.13) with § = r, to obtain

tp tq N—a N —ps N—«a 1
9e(t) = J(tuae1) < (p - Mq) Sa" " + CtPer=1T 4 CtlerT — atrhr(f)

for some large C > 0, where

N_N=ps,

h(e) o= ev|loge| ifr=p/y,
o € e if r > p*/p.

It is readily seen from this estimate that there exists a small €9 > 0 such that g. — —oo for t = +o0
uniformly for e € [0, e9]. Moreover, g-(0) = 0, therefore there exists A > a > 0 such that

supge = sup ge(t), Ve € 0, ).
t>0 t€la,A]
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G2) =7 (-5
SUp ( — — p— | = pPPa | — — — |,
t>0 \ P q 2R N

so that, for some C’ also depending on a, A,

Observe that

tp q N—o N—ps N—a 1
Sup ge < sup ( — M) S&% + sup {Otpff =1 + Ctle»T — atrhr(e)}

t€la,A] t>0 \ P q tela,A]
N—a
1 1 neme N-—ps Noa 1]
< ( - *> 2 —+Ce T 4 Cler T — —; e (€).
p Pa 'u’pafp C
Hence it suffices to prove that there exists a sufficiently small € < gg such that the last three term

N—a N—ps

give a negative contribution. Using a < ps, ¢ < 1 we have e -1 < ¢ »—1 so that a sufficient
condition is that

hy(e
lim ;EPZ = 400, for r > p*/p’.
e—0t e -1
If r > p*/p’, the previous condition is satisfied for
N — N —
PSS N - PN r>p*—1p,
p—1
while if » = p*/p/, due to the logarithmic factor in h, . it suffices that
N — N N —
pSZ—:N— PP, o r>p-—p.
p—1 " p p
Now
2 / p*
Nzp's = p'—p Sgﬁp,
and we obtain the full range r > p, while
2 P
/
N<p's = p'—p >?>p
giving the range r > p* — p/ in this case. O

Regarding (3.3), notice that when N = p?s then p = p* — p/.
For the next corollary, recall that Ny = {u € N : u > 0}.

Corollary 3.2. Let assumptions (3.1) be fulfilled and, in the case q = p}, > p, suppose that (3.3)
holds as well. Then, there exists a nonnegative critical point w solving J(w) = ¢1 and

(3.4) = ulel}\% J(u)

Proof. The existence of a critical point at level ¢; has already been discussed, so that it only
remains to show that w € Ny and (3.4). Fix u # 0 and consider the function

A a q
Ry 35 (s) = J(s'/Pu) = S[u]gp—sp/ |u]”dx—sgu/ Mala:.
p rJa q

It holds
¥(0) =0, lim ¥(s)=—o0, 1 is concave.

s—+00
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Moreover, by the assumption max{r,q} > p, 1 is strictly concave. Therefore ¢ has a unique
maximum s,,, which is positive due to
%[u]g’p if min{r, ¢} > p,
w(0) = (12, = Alully,) if r =p,
(i, — mllw/|2loNE,) it g =p,
all of which are strictly positive due to (3.1). Therefore ¢)'(s) > 0 for s < sy, ¥'(s) < 0 for s > s,.
Changing variable s = tP, this translates to
J(tu) — —oo for t — 400,
(3.5) t — J(tu) has a unique positive maximum t,,
(J'(tu), u)(t — ty,) < 0Vt # ty.
Hence, given u € N, J(u) = sup;>q J(tu), which readily implies
< inf J(u).
o=

Here we used the fact that
= inf sup J(v(t)) < inf supJ(tu).

7€l e(0,1] u€WSP () t>0

The opposite inequality follows from the solvability of the minimax problem defining ¢, as the
critical point w at level ¢; certainly lies in A. It remains to show that

inf J(u) = inf J(u).
) = g T
i.e., that the ground state w solving J(w) = ¢; can be chosen nonegative. Clearly the inequality >
above suffices. Since J is even and w # 0, we may suppose without loss of generality that w™ # 0.
By (2.4) we have
<Jl(w+),w+> < <J/(w)a w+> = O>
so that ¢+ defined in (3.5) satisfies t,,+ < 1. But then

inf J(u) < J(tyrw?) =t <—>/ fwt|" da + 2, ( ) W™l

ueN |x|0‘

< (—)/|w|rd +<—> Q||1$U\|jd$ J(w):clzuigf\’[J(u).

Finally, observe that w™ # 0 implies that the inequality in the second line of the previous chain is
strict. Therefore the mountain pass solution must be of constant sign. O

3.2. Qualitative and asymptotic properties. In this section we will study the properties of
the ground state in the quasi-critical approximation. In order to do so, we will assume that a < ps,
so that p} > p. In this setting, assumptions (3.1) simplify to

0<a<ps<N, q¢€lp,pil, 7€lpp,

(3.6) A>0, u>0 iftr>p,
O0< A< A, >0 ifr=np.

For p € ]0,p}, — p[ , define g, :pz — p and

(3.7) Jy(u) = m—/\r L

Q |z
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with w, > 0 being the corresponding ground state solution, i.e.
NP = {u e WeP () \ {0} : (Jy(u),u) = O, crp = inf S, = Jy(wp),

so that, with the notations of the previous section, c¢19 = ¢1. Our aim is the behavior of the family
{wy}, as p — 0. We begin with a general boundedness result, which will be useful also in the
sign-changing case.

Theorem 3.3. Let Q be bounded and u € WP (Q) weakly solve (—Ap)*u = f(z,u) in Q for f
satisfying

|t‘pi;—

1
(3.8) |f ()] §C<1+|tv’*—1+ ) 0<a<ps<N.

Eds

Then u is bounded and continuous on €.

Proof By [3, Theorem 3.1 and Theorem 3.13] it suffices to prove that f(z,u) € LI(Q) for some
q > —. Given k> 0,t >0, and 3 > 0, we define gg(t) := t(ty)?, where t; := min{t, k} and extend
gs and ti as an odd function. It holds

39) Gott) = [ ghtrspar = LTI
0

and due to [3, Lemma A.2] and (3.8)

oy gg(t),

[Ga(uw)]Ep < ((=Ap)°u, gs(u)) < C </Q |l |ug|” dz + /Q [ul”" fug | de +

Pa
7ad$ .
Q ||

By Hardy-Sobolev’s inequality with weight 1 and |z|~® and (3.9) we obtain, for v = 0, a,

P

|u|pw|uk|ﬂ " 5 - P [
(3.10) de | <Cg| [ |ulluwe”dz+ [ |ul? |up|” do+ | ———=—dx|.
|z Q Q o |7

For any K > 1, v =0, «, we deduce

e e
o |z  Ju<ky 2 (uzk} |27

<xr [ gy ([ 1, /Iu!”v wl% .
o |z {ul>K} \9l7|7 Edu ’

while being K > 1

/ ullug|? de < K° / ] + / ful?” Jugl? da
Q Q {Ju|>K}
-
P
gKB/ lu| + / |u|p* dx </ \u|p |uk|ﬁp dx)
Q {lu|>K} Q

Since uPy € LY(, dz/|z|?) by Hardy-Sobolev, we can choose K large enough so that

p* 1-Z 1
p.
(3.11) o (/ ful™ d:v) T < o fory =00,
{

>k} 127

P
=
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and reabsorb the corresponding terms on the right hand side of (3.10) (summed for v = 0, «), to

obtain
p

. g\ P e | " - JufPa
|u|P Jug|” ? dx + ———dx < C3K” lu| de + | |ulP dx+ dz
« B (0%
Q Q || Q Q a |7l

< C3KP(1+ [ul?,).

Letting £k — +oo we deduce that u € LY(Q,dz/|z|*) for every ¢ > 1, with norm depending
only on the data appearing in (3.8), K given in (3.11), [u}f , and ¢. This directly implies that

1 N 7 ~ o N -
P e L1(Q) for any ¢ > ¢. In order to prove that f(z,u) € L) for some g > - it remains

lu
to show, by (3.8), that

N
€ L), for some ¢ > —.

3.12
(3.12) 2o P

To this end, we choose q € ]pﬂs, %[ and g > 1 so large that
1
a(q — 5)q, <N.

Then, Holder inequality with exponents ¢ and ¢’ yields

1 1-1
_ q(pa—1) 1 a(Pa—1)q 9 1 e
/’qul': |U” - — dl’g /‘uadZE /mdl’ .
Q o |r|e |z[*@ ) o |7 Q |g|*@ )

Both integrals are finite, thus (3.12) and the boundedness and continuity in  of u are proved.
Finally, the regularity up to the boundary is proven in [12] (notice that we are assuming 0 ¢ 092). [

Remark 3.4. For future purposes, it is worth outlining the dependence of ||u|/~. We have
1/(p—1
lulloo < ClLf . wlly 7,

for some universally chosen ¢ > N/ps, and the latter only depends on the data appearing in (3.8),
[u]sp and K chosen in (3.11).

Lemma 3.5. Suppose (3.6) and (3.3) hold true. Then it holds

(3.13) limsup ey, < c1p-

p—0
Proof. Fix a sequence p, — 0, let wg solve the critical problem for ¢; ¢ and let ¢, > 0 be such that
thwo € NP, constructed through (3.5). The family of functions g, (t) := J,, (twp) converges locally
uniformly on Ry to goo(t) := Jo(twp) and gy, (t) = —oo for ¢ — 400 uniformly in n. Therefore, by
the uniqueness of the maximum of g, and g, it follows that ¢, = Argmax(g,) — Argmax(gs) = 1
as n — 4o00. But then

limsup ¢1,p, < limsup J,, (thwo) = Jo(wo) = c1,0,
n n

since by dominated convergence

D |wp|den 1 o |
Qb Jo |z|* q Jao |z|

O

Remark 3.6. Even if not needed, proceeding as in [10] it can be proved that actually ¢; , — ¢10.
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Lemma 3.7. Let 0 < a < ps < N, r € [p,p*] and let p, > 0, pp, — 0. If uy, is a solution to (1.1)
with ¢ = p}, — pn such that {J,, (un)}n is bounded, then {up}y is bounded and up to subsequences
weakly converges to a solution u € WP (Q) of Ji(u) =

Proof. As in Theorem 2.15, the boundedness of {J,, (us)}n and J;, (u,) = 0 imply the boundedness

of {un}n in W3P(2) (see also Remark 2.16), so that, up to subsequences, we can assume u, — u
in WyP(Q) and pointwise a.e. in . Therefore, by Corollary 2.4 and dominated convergence, for
every p € Wy'(Q),

* *1*Pn

(Jo(w), ) = Hm(Jy(un), @) = Um(Jo(un) = J,, (un), ) = lim pdz =0,

hence Jj(u) = 0, as claimed. O

Theorem 3.8. Let (3.6) and (3.3) hold. Then, the family {w,}, is strongly compact in W3 (Q)
and any limit point of {w,}, is a nontrivial critical point of minimal energy for Jo. Moreover, any
sequence {w,, }n with p, — 0 admits an equi-bounded subsequence in L>.

Proof. Fix a sequence p, — 0. The boundedness and weak convergence to a solution wgy of
Jo(wo) = 0 of {w,, }n follows from (3.13), J,, (w,,) > 0 and the previous Lemma. We claim that
{wp,, }n is strongly compact in W;"*(Q2). To this end, it suffices to modify the proof of Theorem 2.15.
Indeed, by the strong convergence of {wp, }n to wg in L"(2) and the variable exponent Brezis-Lieb
Lemma 2.14, point 2), it holds

1 |w — w0|pa Pn
Jp, (wy, ) = Jo(wo) + —[wp, —wol? / £ dz
H M) |w0|pa d
- - — x4+ on(1),
1 7! ‘w — U)0|p°‘ Pn
= Jo(wo) + E[wpn —wol?, — e P e dz 4 0,(1)
and similarly
/ / ]wp — w0|pa P
0= (J "(wpn)awpn> - <J0(w0),wg> = {wpn dz + o, (1).
’ i 2]

y (3.13) and (3.2), there exists € > 0 such that for any sufﬁc1ently large n it holds

N—«o

1 1 S&T ¢
Jpn(wpn)<clo+5<( ) ‘.
b pa Pn Mpéﬁp

Taking advantage of the last three relations exactly as in the proof of Theorem 2.15, we get

lim sup [wp, —wols, <
n

p
’ulpafp
and, similarly, we obtain the conclusion w,, — wo in Wi (Q). Since [w,,]sp is uniformly bounded
from below by Lemma 2.7, it follows that wo # 0. Moreover, the strong continuity of (p, u) — J,(u),

together with (3.13) and (3.4), provides the minimality property of wg. Finally, we prove the uniform
boundedness of {w,, },. Observe that w,, — wo both in LP" (Q) and LP«(Q,dz/|x|*). Hence both

the families {wp }n and {wpfj /lx|*}rn are equi-integrable. Since each w),, solves the equation

(—=Ap)*w,, = fpn (x,w,, ), with {f,, }» satisfying (3.8) uniformly in n, the equi-boundedness follows
from Remark 3.4. O
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4. SIGN-CHANGING SOLUTION

We will now construct sign-changing solutions to the critical problem, following the procedure
described in the introduction.

4.1. Subcritical case. Recall that vt = max{0,u}, v~ = min{u,0} and let
(4.1) N = {u € N :u® #0, (J'(u),u™) = 0}.

Clearly, any sign-changing solution to (1.1) belongs to Ns.. However, contrary to the local case,
it is not even clear that N;. is nonempty. That this is actually so is the content of the following
lemma.

Lemma 4.1. Let u € WP (2) be such that u™ # 0 and (3.1) be fulfilled. Then the mazimum

sup J(tiut +tou)
(tl,tQ)ER2

is attained at a unique (t1,t3) € Ri. Moreover, (t1,t2) is a global maximum point if and only if

(4.2) 51 . EQ > 0, flu+ + tiguf € ./\/'SC
and
(4.3) <J/(u),u+>(fl —-1) >0, <J/(u),u_>(t_2 —-1)>0.

Proof. Letting Q4 = supp(u®) and write explicitly
J(t1u+ + tguf) = |t1’pA+ + ‘tz‘pA_ — ’t1’TB+ — ’tQ‘TB_ — ]tl\qC+ — ’tg‘qc_

2 + — - p
+/ (tiu™ () — tou” (y)| dz dy
Q+><Q,

p |z — y| Nt
where
Ag = 1/ lut(z) —ut(y)|P drdy By = )\/ lu|"dz Ci = ,u/ Mdm.
P Jas xos |z — y|NHps r Jay q Ja, |z|*
Thanks to max{q,} > p and u® # 0, it is readily checked that
lim J(tiut 4 tau”) = —o0,

|t1\+|t2|—>+oo

so that a maximum exists. Since u~ < 0, analyzing the mixed integral term shows that the
maximum must be attained on ¢;,t2 > 0 (or on ¢1,te < 0), which we will suppose henceforth. Let
us consider the function

R2 > (s1,82) = ¥(s1,52) = J(si/pqu + s;/pu_).

It holds
P(s1,82) = s1A4 + 524 — 571,/:034r — s;/pB_ - S(i/pC_A'_ - sg/pC_
1 1p, _
“4) L2 5170t (@) = sy @)l
P Ja,xa_ |z — y|NFps

and

o 8(1—17)/10

afl(sl"s?) = (I (s7"Put + syPu), ut),
(45) A S(1=p)/p . )

(s1,82) = 2——(J'(5"Pu* + s3/Pu™),u).

Dsq p
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The terms of ¢ in (4.4) before the integral adds up to a strictly concave function, since min{r, g} > p.
Moreover for any a,b > 0, the function
RZ > (s1,82) 1517 a + sy/Pb|P

is also concave, which implies by integration that the last integral in (4.4) is also a concave function
of (s1,s2) € RE. Therefore v is strictly concave in R%. A direct computation shows that for

(51’ 52) 7é (07 O)

utp
[ ]s,p if min{r, q} > p,
p
ut]P A
aaw B A ey <o
S1 so=0 p P
utP + P
[ ]s,p_ﬁ u ifg=p<r,
p p |||x[/r »
u=1P
[u7]E, if min{r,q} > p,
b
u~ [P A
S| = [ p]s’p “plelyifr=p<a,
52 s1=0
u”|P B
[ ]S,p_ﬁ u ifq=p<7'7
p p |||x[/r »

In both cases the derivatives are strictly positive due to (3.1), hence the maximum of 1 is attained
in the interior of R? and ¢ has its (unique) maximum at (51, 52) if and only if V¢ (51, 52) = (0,0),
which corresponds to the unique maximum for J(tju™ + tou™) setting t; = éi /p , i =1,2. Explicitly
computing Vi (51, 52) = 0 through (4.5) gives conditions (4.2).

To prove (4.3), observe that the concavity of 1 is equivalent to

(Vo(&) = V() - (n—€) >0,  VEneRL.

Letting £ = (1,1) and alternatively n = (s1,1) or n = (1, S2), where (51, S2) is the maximum point
for 1, we obtain

9 9y

—((1,1)(51—1) >0 —(1,1)(s52 —1) > 0.
881( s )(51 )— ) 882( ) )(82 )—
Using (4.5) in these relations gives (4.3), since §; — 1 and E;/p — 1 have the same sign. O

Theorem 4.2 (Subcritical case). Let (3.1) be fulfilled with g < p, (thus necessarily o < ps). Then
the problem

4.6 = inf J(u) = inf J(tut + tou~
( ) @ uler./l\fsc (u) ulinsﬁo(tl,stlzl)léR2 (lu +tou)

has a solution v which is a sign-changing critical point for J of minimal energy.

Proof. The second equality in (4.6) follows from the previous Lemma. Since Ny € N we immedi-
ately infer ¢y > ¢; > 0. Due to Lemma 2.5

(J'(u),u®) > (J'(uF),u®),  Yue W5P(Q),

so we deduce
(J'(uF),ut) <0, Yu e N
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and Lemma 2.7 provides §y depending only on the parameters such that
(4.7) [uF]sp > o, Vu € Ngc.

Pick a minimizing sequence {vy}n C Ng. Since (J'(vy),vn) = 0 and J(vy,) — c2, Remark 2.16
ensures that {vy, }, is bounded and, up to subsequences, converges weakly in Wy (2) and strongly
in L7(Q) and LI(Q,dz/|z|*) to some v. First observe that v* # 0. Indeed we have

+1q vEle
(4.8) |’1;n‘L dac%/ ‘ /\vi|rd:v—>/ [vE|" da
Q

and since (J'(v,),vE) = 0 for all n € N, we deduce from (2.4) and (4.7)

TR o L AP i
A]v[—i—u" dx = lim )\\v\—i—u

dzx

||

= hm((—Ap) Upy U n) > lim 1nf[ n]pp > op > 0.
Let us prove that v € N, i.e.
(4.9) (J'(v),v) = 0.

The functional u — ((—A,)*u, u*) is weakly sequentially lower semicontinuous by Fatou’s lemma,
since it can be represents as a nonnegative integral of the form f(z,y,u(x),u(y)). Therefore, also
by (4.8), u + (J'(u),u™) is weakly sequentially lower semicontinuous, and since (4.9) holds for any
vp, we deduce (J'(v),vT) < 0. Suppose that, say, (J'(v),v") < 0 and let ®(v) be the projection on
N of v given by Lemma 4.1, i.e.
d(v) =t vt +t v, (ty,t_) = ArgmaxJ(t1v" +tv7).

v

, (4.3), (J'(v),v") < 0 and (J'(v),v™) < 0, it holds £, < 1 and t_ < 1. Since
)>—Owehave

)
(50 [ (3-2) o
( —q)( /QIUJI‘L dx + 17 Q’rx|Lq da:>+<2—j> (E;/Q|u+|’“dx+f’“/g\u|’“dx)
(-0 e+ (5-3) [ pres

|9 A
— lim (M_M> [0 dm—l—(—)/ |vp|" dz = lim J (v,) = eo,
n\p q/)Jqlz|® p 1) Ja "

which is a contradiction and proves (4.9). This in turn implies that v € A" and then v,, — v strongly
in WiP(Q) due to

q q
hm[vn] —hmu/ [vn dac—i—)\/ ]vn|rdac:u/ Md:c+)\/ lv]" dz = [v]?,.
Ed Q Q |z Q "

and therefore J(v,) — J(v) = ¢, proving that v solves problem (4.6). Next we prove that v is a
critical point for J. Suppose by contradiction that J'(v) # 0, then there exists ¢ € W7 () such
that (J'(v),¢) < —1 and therefore by continuity there exists a sufficiently small g > 0 such that
(4.10) (J'(t1oT +tav™ +0¢), ) < —1,  if |1 —tq],|1 — ta],]6] < do.

The function v in Lemma 4.1 is smooth and strictly concave and has a strict maximum in (1, 1),
therefore for some £ > 0

Vi (s1,s2) # (0,0) VO < |(s1—1,82—1)] <e.

Then by (4.
(J'(2(v)), @

A

p
p
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This implies by changing variables (s1, s2) — (t],t5) that for some ¢ > 0, which we can suppose
smaller than dy/2

(411) (S (k0" +t207), 0", (T (0" + tov7),07)) £ (0,0), i 0< [(t =1ty = 1)] <&
Let B = B((1,1),&') and for any 6 > 0, (¢1,t2) € B define
uw=u(d,t1,t2) = tivt +tav™ + do,
(which is continuous in d,¢1,t2), noting that for sufficiently small §, u™ # 0. Now consider the field
G(tr,ta) = ((J'(w),u*), (J'(w),u”)) € R

By (4.11) it holds infsp |Gs| > 0 for 6 = 0 and therefore by continuity the same holds for any
sufficiently small § > 0. Clearly 6 — G5 is a homotopy, and Gy(1,1) = (0,0). By elementary degree
theory, the equation Gs(t1,t2) = (0,0) has a solution (t1,%2) € B for some small § € ]0, 5/2[. If
v = t1vT + tov~ + dy, this amounts to v € M. Since it holds

1)
J(0) = J(tivt +1v7) +/ (J' (1o + fav™ +tp), ) dt,
0

(4.10) applied to the integrand provides
J(f}) < J(t~11}+ + 522}_) — 0.
Since v € Ny Lemma 4.1 gives J(f1v" + #3v7) < J(v), which, inserted into the previous inequality,

contradicts the minimality of J(v).

4.2. Asymptotics for the sign-changing level. We now consider the sign-changing critical
levels for the quasicritcal approximation, hence again assuming « < ps and (3.6). As in Section
3.2, for any small p > 0 we let ¢, = p}; — p, and define the functional J, as per (3.7). Let moreover
NP and ML be the corresponding Nehari and sign-changing Nehari (see (4.1)) manifolds, with w),
and v, being the nonnegative and sign-changing solutions of minimal energy. Finally, we let

Clp = ug}\f[p Jp(u) = Jp(wp), €2,p = ug}&: Jp(u) = Jp(vp)-

Since 0 € 2, we choose § > 0 so small that Bsgs C 2, with 6 given in Lemma 2.9. we consider a
C*°, nonnegative truncation
1 if |z| > 36,
n(x) = {

0 if |z| <20,
letting furthermore

€T
(112) m@)i=n(5).  wps =

Lemma 4.3. Assume (3.6) and (3.3). Then there exist pg > 0 and C independent of p such that
for any p € 0, po] it holds
(4.13) [wp,s]2, < [wp]? , + CoN7P5.
and
lwpsllr = llwpllzr — C™.
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Proof. The second estimate trivially follows from the equi-boundedness of {w,},, hence we focus
on (4.13). Using Theorem 3.8, we observe that w, solves (—Ap)*w, = f, for a suitable f, satisfying

[folx)] < C(1+ []7)

with a constant C' independent of p for small p > 0. Since we are assuming « < ps, we can fix

qe ]pﬁs, N1 and deduce that || £, ze < C for a constant independent of p for small p > 0. We have

|wp () — wp(y)[” |wp () 15 (x) = wp(y) 15 (y)”
p
[wpnslsp < /Al P dx dy + . o — [N e dx dy

[wp () ns(x) — wp(y)[P ,
+2/A |{L’—y‘N+5p d.%'dy:.fl—i-lg—l—ng,
3

where

Ay = B3gs X BSys, Az = Buags X Baps, Az = Bsgs x Biys.
Clearly, I < [w,]%,. To estimate Iy, let ¢ € C§°(Bsy, [0, 1]) with ¢ = 7 in By and let ps(z) =
o(z/d0). By [19, Lemma 2.5] it holds

_p
[woesllp < ClEpIE (sl o + s12,)

and by scaling
loall? o = VT nl? s sl = VPl

so that, being 6 < 1 and N/¢ > N — ps, we obtain

[wppslk, < CON P

S

for some C' independent of p for small p > 0. Then, with the same constant

[wp () ps(z) — wy(y) ps(y)” N—
I :/ dx dy < [w b < CoN TP
>~ & — y[ Vo wealiy

Finally, we employ the uniform bound on w, and |z —y| > |y| — 306 > |y|/4 on A3 to get
dzd
b<Cllule, [ i < cov.
A

|y NEsp
This concludes the proof. O

3

Lemma 4.4. Let (3.6) be fulfilled and moreover r > p* — 1. Then, there exists k > 0 such that for
any sufficiently small p > 0 it holds

N—«o
1 1\ S§&
(4.14) cop <cip+ ( - *) S — k.
p Do Mzﬁ&—p

Proof. We first observe that the condition r > p* — 1 implies (3.3) in the range r > p, which we
are assuming. Moreover, since p* — 1 > p*/p/, we can suppose that r > p*/p’ always holds true.
For € < ¢ < dist(0,092)/56 to be chosen later consider v = w, 5 — u. 5 where we set u. 5 = Uqc s
as defined in (2.10) for simplicity and w, s is defined in (4.12). Clearly v is sign changing with
vt = wp,s and v~ = —wu. 5. By construction we have

c2p < osup Jp(tiwps — taucs).
(tl,tQ)ERi

We start estimating the Gagliardo norm observing that

(4.15) supp(wp,5) € Bsgs,  supp(ue,s) € Bys,
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so that
. P P ‘wp,é(a:) - wp,é(y)|p D ’ue,é(a:) - us,é(y) ’p
( | [tlwp5 tote 5] <t /A1 [z — g[+es dz dy + t5 N o — N dx dy
4.16
As |z — y|N+ps e
where

A1 = Bg(g X 355, A2 = 395 X Bg(;, Ag = 355 X Bg(g.
For the last integral in (4.16), we use the following elementary inequalities:
P P p—1 =1y if >
a4 bP < |af? + 16" + C(]al |1b| + [al[b["~) %fp > 2,
la? + |b]P 4 Clal|bP~ if1<p<2,
with a = tiw,s(x), b = tau s(y). Since w,5(x) = ue s5(y) = 0 for (x,y) € As, this gives

p — p — p
/ |t1wp,6(x) + t2u6,(5(y)‘ dl’ dy é t]13 / |U}p75(l’) wp,&(y” dl‘ dy _|_ t127 / ’uE,é(x) Ue,é(y)‘ dl’ dy
A3 AS

|z — y|N+ps |z — y[N+ps by |z -y N
C tlljiltﬂl (wp,év Ue ) + tltgiljp—l(wp,é, ues) if p> 2,
t1th " 1 (w5, e 5) if1<p<2,

where, recalling (4.15),

[wp,o () [P~ |ue 5 ()]
Iy (wps,Ues) :/ d ’ dx dy.
q\Wp € BS. xBas |$—y|N+pS

We reassemble the integrals over the A;’s to obtain

-1 —1
(1w, s — taue I8, < t[wy sl , + thluc 5|0, + O tali (w5, uc 5) + C(p = 2)Ttith Ip—1(wps, e 5)

and then we proceed estimating the last two terms. Since both (3.6) and (3.3) hold, Theorem
(3.8) gives a uniform L bound on w,. The latter, together with the inequality |z —y| > |z|/2 for
T € B5ys and y € Bys, implies

I (wps.1ues) < C / 2|V da / Wl y(y) dy < C5° / uly(y) dy.
B3ys

Q Q
Observe that p — 1 < p*/p/, so that (2.16) for 5 = p — 1 provides
Iy (s teg) < CH PR O DN G _ 0, 25

The term I1(w, 5, ue5) only appears if p > 2, which in turn forces p* > p’: in this case (2.16) for
8 =1 reads

N—ps __N-ps N —ps _
[ (wp 5, e 5) < OO Poeim D 6N 50 = Qe g pt P2,

All in all, we get

[tlwp5_t2u€5]sp St [wp5]5p+t2[u€5]sp+0tltp e ;p —I—C(p 2)+tp 1752?"3’?(’? 1)5 1 (P 2)

We set § = €!/P, apply (4.13) on the first term and (2.11) on the second to obtain

[tiw, /e — tou 1snlh, < Hwpl?, +tpS"s NP (e )8) T

(4.17) + Oty 4 Op — 2T el pf>5 =t (2)
N—«a

< tlwyl? , + 5SSy " L O+ )
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where we used Young’s inequality as tltgfl +t§'71t2 < C(t) +t5). Next we estimate the other terms.
By the equi-boundedness of {w,}, it follows

N W " 1/p W o~ N—o
/wpel/pdm>/w£dx—C’£P, / p’Ea dx > P —dr—Ce v,
Q v Q o || a ||

so that, since a < ps and € < 1, it holds

T S U T
wpel/pdxz wpdx—Cs ro —— dr > - de —Ce » .
Q 7 Q o |zl o ||

Moreover, for any € > 0 we can choose p;(g) > 0 so that whenever p < p;(¢), it holds

PL—p o

U, 1/p U, 1/p N-—ps N—o N—ps —a N-ps
/ = dr > / S dy—e P > ST =C(gfd) T =87 —Ce»
Q Q

|| || (2.12)

Finally, recalling that we are assuming r > p*/p’ and using (2.13), we have

N—ps
(4.18) / Ly de > e
Q
Gathering together (4.17) — (4.18) we obtain for any p < pi(¢)
Jp(tlwpﬁl/p - t2ug,51/p) < gp,s(tl) + hp,e(tQ)

where

—ps

« N Neps
9pe(t1) i= Jp(tiwy) + C (tzl) + 1] + e p) e P,

tp tpfi -P N_N - N—ps
hye(t _Sps“f T B C (1 £ PP\ =5

pe(t2) (p Mp;}—p) ¢ € T (2+2 )5 P

By Theorem 3.8 again, both the zero-th order terms in J,(w,) are uniformly bounded from below
as p — 0, so that for sufficiently small € > 0 and p < p1(¢) it holds

N-—ps N —ps

sup gpe(t) < sup J,(tyw,) +Ce 7 <y p+Ce 7
1120 t1>0

with C' independent of p and €. Moreover, elementary arguments show that for sufficiently small
e > 0, there exists 0 < a < 1 < A < 400 independent of p < pi(e), such that

th the " a’ N_N-ps o\ Nops
sup hpe(t2) = sup hy. < sup S”S ) f LN +C (Ap —i—Apa) S
1220 ta€la,A] t2>0 p Pa — P r
N—«a
1 1 ps—o _ N—ps N
< (_ . ) ap —CIEN ppr+C/€
p bo — P Mp&*p*p

Observe that there exists 0 < p2(g) < p1(e) such that if 0 < p < ,02(5) then

N—«o N—

(1 1 ) o (1 ) S”S “ N-ps

- = = - S - — +e r

p Do — P 'upg—p—p p pa Npa—p

Therefore, for any sufficiently small ¢ > 0 and any 0 < p < pa(¢) it holds
N—a

;) N—N—ps,
p

1 SPS ¢
sup J (tlwp el/p — t2u€7€1/p) <cip+ < — *) + C” —ce
(tl,tQ)ER upa_P
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Since N N
— ps — ps
r>p—1 & N-— b3, < p,
p p
we can choose a sufficiently small € > 0 such that
N—ps N—ps
dENTTEET 0T = k> 0,
obtaining the claim. O

4.3. The critical case. We will need the following variant of the Concentration-Compactness
principle. Define for any u € LlOC(RN ) and a.e. Lebesgue point z for u, the function

Drupe) = [ IS g,

In the following, by a measure in RY we mean a continuous linear functional on Cy(RY), often
called (finite) Radon measure. As such, any measure also define a continuous linear functional on
Cb(RN ), the Banach space of bounded continuous functions with the sup norm. We will employ the
weak™® convergence notion with respect to this latter duality, which is often called tight convergence;
it is a stronger notion of convergence than the usual weak* convergence of Radon measures (i.e.
the one given by duality with Co(R™)) and a tight compactness criterion does not follows from
the usual Banach-Alaoglu theorem, but instead through Prokhorov’s theorem, which says that a
sequence { i, }n is sequentially weak*-compact (in duality with Cy,(RY)) if and only if it is bounded
and tight, i.e.
Ve>0 3K.eRY: supu,(RV\K.) <e
n

Lemma 4.5 (Concentration Compactness with variable exponents). Let 0 < a < ps < N, € be
a bounded open subset of RN with 0 € Q and u, — u in Wyt (). Given g, = pf, — pn for some
pn >0, pp — 0, there exist two measures v,o and an at most countable set {x;}jes C Q such that,
up to subsequences,

(4.19) Do p g, "

’ ]

o> |Duf’ + % aib,,  oji=o({z;}),
JjeET
‘u,pz
(4.20) v="Tp t o videys  vii=v({a)),
JET
b

(4.21) 0j > Savj*, VieJ.

Moreover, if a > 0, then {x;};cqy = {0}.

Proof. Clearly {|D*u, [P}y, is a tight sequence of bounded measures (tightness follows as in [21, proof
of Theorem 2.5]). Hoélder and Hardy-Sobolev inequalities readily give the boundedness of the
sequence of measures {|u,|? /|z|*}, so that, up to subsequences, we can suppose that weak*
convergence occurs to some o and v respectively. Consider first the case u = 0 and choose any
© € CX(RY), ¢ > 0. Again Holder and Hardy-Sobolev inequalities provide for any 0>0

(4.22) % </supp |96|0‘>Z (/ " !a:l d) ( |<p|t;70]épa ) < [punls,

§(1+0)/ o?| Dy |”dx+09/ | D° 0[P |P d.
RN
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(see [21, proof of Theorem 2.5]). For the left hand side observe that since @9 — @Pa uniformly, it
holds

/ an [ dr — Pa
© x PP du.
RN

||* RN
If @ > 0, then p} < p* and if 0 ¢ supp(yp), the left hand side vanishes due to the strong convergence
of {uy}y in L1 (RN \ {0}). This implies that

loc

(4.23) a>0 = supp(r) C {0},

and in this case we set {z;};e7 = {0}. Since u, — 0 strongly in LP(RY) and |D%¢p[P € L>(RY)
by [17, Lemma 2.3], the last term on the right hand side of (4.22) vanishes as n — 400, so that

1 1
Sa</ sof’¢vdu)“§(1+9)</ gopda>p.
RN RN

The estimates (4.19)—(4.21) now follow letting # — 0 and applying [15, Lemma 1.2] in the case
a = 0 (the case o > 0 is actually easier due to (4.23)). In the case u # 0 we observe that, for all
¢ € C)(RY), Lemma 2.13 implies

qn — dn p?x
(4.24) lim [un| odx — /N Jten = uff odr = /N [ pdz,
R R

n—+oo Jgw |z Eds Eds

and proceeding as in the proof of Lemma 2.14, point (1), we have

(4.25) lim/ \Dsun]pgod:):—/ Ds(un—u)]pwdx—/ |D*ulPp dx.
nJRN RN RN

Then we apply the previous case to w, = u, —u — 0, letting v and ¢ be the corresponding
measures. Clearly (4.24) immediately gives

|u]P3

|un|qn *
P
while (4.25) gives
|DSu,|P —* o + | DulP.

The claimed representation then follows. O

Notations: Let v, be the sign-changing solution obtained at level c3 ,, with g, = p}, — p. Then
(4.14), (3.13) and c2,, > 0 ensure that the hypotheses of Lemma 3.7 are fulfilled, and therefore for
a suitable sequence p,, — 0, v,, =: v, — v in WP () where v solves the critical problem. We can
apply the previous Lemma to {v,}, and to both {v:"},, so that, up to a not relabelled subsequence,
(4.19)—(4.21) hold true for v and some o, v, {z;}jc7, and, correspondingly, for v* and suitable o,
v, {Zl';-l:}jej;t. For this sequence, set as usual ¢, = p}, — pn.

Lemma 4.6. With the previous notations, suppose that 1/;*L = ui({mj}) £ 0 for some j € J*.
Then

—a

S\ pi—a
4.26 vE > (0‘) .
(4.26) ; m

Proof. Fix j € J* such that 1/;[ >0, z; € Q and for any § > 0, let 5 € C°(Bas(x;)) satisfy

0<ws <1,  ¢lBye)=1 Vsl < C/6.
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We test the equation J), (v,) = 0 with psvE € WP(Q), we get
‘vr:an + 7
p / psdr+ A | o, |"ps
o |zl Q "

B v () = vn (P2 (vn () — va(y)) (0s(@)vE (2) — s(y)viE (y))
= /Rw P y’Nﬂ)S dx dy

5, kP [vn(2) = va ()P~ (va(2) — va(y)) vz () (0s(x) — @5(y))
Z/RN|DU?‘E| cp(;d:n—|/R2N PR dz dy| .

Proceeding as in [21, Lemma 3.1] we can pass to the limit in n to obtain that

1
/ psdo < ,u/ wsdv + C’(/ \Dsg05|p\vi|p dy)p + )\/ ]vi\Tgo(g dx.
RN RN RN Q

From [21, (2.14)] the last two terms on the right go to zero for § — 0, giving p l/;»t > o({z;}) =05
This, coupled together with (4.21), gives (4.26). O

+

e Proof of Theorem 1.3: Let p, — 0 be a sequence such that Lemmata 4.5 and 4.6 hold for the
sign-chaning solutions v, at level ¢z, , keeping the notations settled before Lemma 4.6. Since
v, € NPn it holds

A A r H H ‘Un’qn
Jp (V) = (p — r> /Q |on|" dx + (p — q)/g PE dx.

By Lemma 3.7, {vy, },, is bounded and up to subsequences weakly converges to a solution v € W (2)
of the critical problem. First observe that, through (4.14), (3.13)

N—«a
1 1N S&

(4.27) lim J,, (v,) = limeap, <10+ < - *) SA—
n n p Do pr,ﬁp

for some k > 0. We claim that v is sign changing. Suppose not, say v < 0: then, without loss
of generality, we can assume up to subsequences that v;; — 0 in W;"P(Q), v;f — 0 in L"(Q2) and
pointwise a.e..

Thanks to (J'(v,),vF) = 0 and (2.4), we infer [vf]f;p > > 0 from Lemma 2.7 for some
independent of n. Then, with the same notations as in the previous Lemma, it cannot hold

u;f =vt({z;}) =0 forall j € JT, since otherwise (4.20) would give

‘U;Lr,qn ,U+ ,pz

—dx — o dx=0
o || o |z|
giving, up to subsequences, the contradiction

+|an
0 < lim[vm’s’p < lm((—=Ap) v, v,) = lim)\/ o " da + u/ |1|J"|| dx =0
n ’ n n Q o |@]*

(see (2.4) for the second inequality). Then V;_ > 0 for some j € JT and (4.26) implies

N—a

AA +an 1 1)\ Sz
lim(—)/\vrﬂrd:ﬂ+<'u—'u> [V d:cz('u—/i>1/j2(—*> S
n\p r/)Ja P an/ Jo |z|® P Dk P Do) e
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Moreover, the weak limit of v;, cannot be zero since otherwise we would deduce again v;” > 0 for
some j € J~ and

— | 1 1\ S&
w (-2) frors(-2) [ s G- ) 2
Q |z P Pal
which implies

1 SPS - 11 n |
2 ( — ) < lim ( - ) / [vp|" da - ( - ) [vn dz =lim J,, (vy).
P dn Q ’m‘a "

MPQ—P

This, together with (4.27), contradicts (3.2). Therefore v = v~ is a nontrivial solution to the critical
problem Jj(v) = 0 and by (3.4) it satisfies Jo(v) > ¢1,9. But then, proceeding as before we have

-2 [t (- 2) [ 5
_ <— ) / o] da + (— ) (v + 1) (RY)
S C D et D [ g -)

N—«a

1 Sps * 1 1\ S&™«

> Jo()+<—> - >010+(—*> “—,
(4.26) p pa Iupz—p p o Iup?;—p

again contradicting (4.27). Therefore v is a nontrivial sign-changing solution, and it remains to
prove that it minimizes the energy. To this end, fix arbitrarily u € N2, and for p, — 0 such that
v — v, let u, = tiput 4+t u” solve

o () = sup J,, (tiut +tou™),
t1,t2>0

so that u, € NEr. Proceeding as in the proof of (3.13), we see that (t1,,t2,) — (1,1): indeed,
the functions —, (t1,t2) = —J,, (tiu™ + tou™) are strictly convex on R? due to the proof of
Lemma 4.1 and uniformly coercive, hence Argmin(—1y,) = (tin, t2n) — (1,1) = Argmin(—1),, with
1/J(t1,t2) = Jo(t1u+ -+ tgu_).

This fact, together with

A\ L |an
Jpn(un) = ( - > / |Un|r dx + (Iu — M) |1|L$’|a dx
+|qn
=] ( >/|u+\rdx+t (—) fu ‘a dx
||
—|4n
+t§n< )/|u " dx + tI" (> [ dx,
o |z

implies that J,, (un) — Jo(u). On the other hand Fatou’s Lemma gives (up to subsequences)

Jg(v):()\—A)/\v]Td:c—i—(M—M)/Q“;}{Zd:c

qn
< lim ( - ) / |vn|" dz + ( = M) [V dx = lim J,, (vy).
p dn Q ’x|a "
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Since u,, € N£&r, we have J,, (v,) < J,,(un) by construction, therefore
Jo(v) < lim Jy, (v) < lim T, (1) = Jo(u)

and the minimality of v is proved. O
In the case o = ps the subcritical approximation is not more available, but nevethelss if © < A s
existence of a sign-changing solution follows through direct minimization over Ng.

e Proof of Theorem 1.4: We proceed as in the proof of Theorem 4.2, picking a minimizing sequence
v, € N (which is not empty due to Lemma 4.1) for
= inf J(v).
2= )
Again {v,}, is bounded and, up to subsequences converges to some v weakly in WyP(Q) and
strongly in L"(Q) and similarly for v:F. Due to (J'(vi),viE) < (J'(vn),vE) = 0, Lemma 2.7 gives

ls,p > €0 > 0 and applying (J'(vy,),v ) 0, (2.4) and Hardy’s inequality, we obtain
+|p
/ loE|" az—hm)\/ lvE|" dx —hm(( DY) v, vE) — |
o |zfPs

|vn
:|:|p
> limsup [vF]P — /'U dx>lmsu R >(1-F )20
Z 11 o p[ n]s,p 12 o ’l‘| 1 p[ n] s,p >‘1,p8 = )‘17;08 0

Therefore v is sign-changing. Next we claim that

(4.28) u s He(u) = ((—Ap)%u,u™) —

dx is sequentially weakly l.s.c..

In order to prove it, define, for any u € Wi*(Q),

w(z) — u(y) P2 (u(z) — u ut(z) — ut
|Diu|p(x):/RN| () — u(y)| (:C(_)y’Ngz)( (2) (v)) dy,

observing that

(-apruat) = [ DLl da.
]RN

An elementary argument based on (2.5) shows that, respectively,

(4.29) |D5ulP > |DSuF|P.
Suppose, up to subsequences, that
*|p
s p _ k=% s, t|p . *x -+ ’un|
’D:I:un| g, |D un‘ o, |$|ps
Lemma 4.5 ensures that for some V(:)t >0
t|p
U
*= “x’pL + 1/3:(50’ U:t > )\LPSV(:)E(SO-

Inequality (4.29) implies that 6= > oF, so that
(4.30) &E > M pstg 9o
On the other hand Fatou’s Lemma ensures

lim/ | D un|Po dz >/ | D5 ulPyde, Yo € CB(RN), ©>0
n RN RN

so that
&% > |DLulP.
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Gathering the latter inequality with (4.30) (notice that the two measures are mutually singular)
we get
&% > |DLulP + A psvido.
The lower semicontinuity claim (4.28) now follows from g < Ay s, since then
Hy(up) = 6 (RY) — = (RY) = Hy(u) + (1 ps — p)vy 2 H(u).

Therefore u + (J'(u),u®) is sequentially l.s.c. as well, proving that (J'(v),v*) < 0. This in
turn implies that v € Ny exactly as in the proof of Theorem 4.2 (notice that the singular term
disappears due to ¢ = p;, = p). To prove that v, — v strongly in W5"(Q) we proceed as in the
proof of Theorem 2.15. Indeed

vy, — v

0= {J'(vn),vn) — (J'(v),v) = [v, —v]? " dz + o, (1),

sp o |x|ps

so that by Hardy’s inequality

—lP
[vn — 0[5, (1 - M) < [vn —vf§, — :“/ fon —ol? dz = o0,(1).
Q

Alps [P

This shows that J(v) = ¢ by continuity, and the fact that v is a critical point for J follows verbatim
as in the proof of Theorem 2.15. U
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