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Abstract. In this paper we prove the compactness of the embeddings of the space of radially sym-
metric functions of BL(RN) into some Lebesgue spaces. In order to do so we prove a regularity result
for solutions of the Poisson equation with measure data in RY, as well as a version of the Radial Lemma
of Strauss to the space BL(RN ). An application is presented involving a quasilinear elliptic problem
of higher-order, where variational methods are used to find the solutions.
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1. INTRODUCTION

In the last years, problems involving the 1—laplacian operator, formally defined by

Du
Aju=div| —
1u = div (Du|> ,

caught the attention of so many specialists in Partial Differential Equations, mainly because of its applications in
image restoration and in fracture mechanics. In addition, the fact that one is led to deal with problems involving
the 1—laplacian operator in the space of functions of bounded variation BV () (which by the way, is a highly
complicated space to deal with), brings a lot of mathematical interest to this sort of problem. There are plenty
of works dealing with this highly singular operator, among which we could cite the very first ones [2, 3], as well
as [4, 14, 21-24], where an approach based on approximation by p—Laplacian problems have been carried out.
In the monograph [5], as well as in some of the aforementioned papers, the authors give a sense to a solution
of problems involving the 1—Ilaplacian operator, which is based on a characterization of the subgradient of the
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norm in the space of functions of bounded variation. For an approach based purely on variational methods
dealing with the problem itself we could cite [1, 16-18].

As far as image restoration is concerned, besides methods based on minimization of functionals involving
the total variation of first order derivatives (which are related to problems involving the 1—laplacian operator),
there are also methods based on the minimization of functionals involving the total variation of the laplacian,
i.e., functionals defined in energy spaces where

[ 18w
Q

defines a norm. Indeed, in [26], the authors characterize the minimizers of the following functional

Fa(u) :a/Q\Au\—&—%/Q(u—f)Qdm

and present some numerical results comparing the minimization of the functional Fa, with a similar one with
Jq |Dul playing the role of [, |Aul.
Related to the functional Fa, we have problems involving the 1—biharmonic operator

Au
2,
AWA(MM)

which can be seen as the limit of the p—biharmonic operator
2 -2
Abu = A (|Aul? Au),

as p — 17. Problems involving this operator have not been studied by so many researchers. In [27], Parini et al.
show that

Au
A171(Q) _ in fQ | |
weBLo(\{0} |lu|1
is attained by a non-negative and superharmonic function v that belongs to the space BLg(Q2) := {u €

Wy (); Au € M(Q)}, where M() is the space of the Radon measures defined on Q. Actually their result
is even more complete, in the sense that it provides also information about the shape of the domain Q that
minimizes Aq1(2). In [29], the same authors still deal with the 1-biharmonic operator since they study the
following minimization problem

. [y 1 A4l
c Q — lnf .
11(%) ueCz (\{0} ||ully

Tt turns that since C2°() is not a dense subset of BL(2) in the topology of the norm, the minimizing problems
above are in fact different. As in their first work [27], in [29] the authors also study the shape of the subset
that minimizes the quantity A{;(€2). In [28] these authors investigate some optimal constants of the Sobolev
embeddings of some spaces of functions which are associated to the 1-biharmonic operator. In [9], the authors
study nonlinear problems involving the 1-biharmonic operator, with different hypothesis on the nonlinearity.
In [18] the authors prove the compactness of the embeddings of the set of radially symmetric bounded variation
functions of RV, BV,..4(R"), into some Lebesgue spaces and present an application to study a problem involving
the 1-laplacian operator in R . In this paper, we exhibit a higher order counterpart of this result, showing that
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the same behavior appears when dealing with functions in BL,.q(R”), the space of radially symmetric functions
in WHL(RY), such that their laplacian is a Radon measure.

The first theorem we prove in this paper is a compactness result which resembles that one proved in [18].
However here we need a more accurate version of the Radial Lemma of Strauss [33]. Indeed, since in this paper
we deal with second order derivatives, in order to show the compactness of the embeddings of BL,.q(RY) into
some Lebesgue spaces, we need to control the growth of the gradient of the functions of BL,.q(RY) at the
infinity. Actually, we prove the following result:

Theorem 1.1. Let BL,.q(RY) = {u € BL(RY); u(z) = u(|a:|)}, where N > 3. Then the embedding
BL,qq(RY) < L"(RY) is compact for every r € (1, N/(N —1)).

In the last statement, the hypothesis IV > 3 is justified by a technical reason, since the version of the Strauss’
Radial Lemma we succeed proving use this fact in a crucial way. Also, the presence of the threshold N/(N — 1)
rather than N/(IN — 2) may be surprising and somewhat frustrating, but it can be explained by the fact that
we are working with functions in L!(R¥). Indeed, the proof of the last result follows by using a density result
and working with smooth functions. However, when working with such smooth functions, it turns out that
they belong to the space Wi (RN) = {u € W-(RY); Au € L'(RN)}, rather than to W2 (RY). This gives
rise to such difficulty, since up to our knowledge there is no embedding results of Wz’l(RN ) into L4(RY) for
1 < qg< N/(N —2), as it has for W21 (RY). The interested reader can see more details about spaces like
WXHRN) in [10, 27-29] and a very interesting result in [25], where the author proves that a version of this
space to bounded domains is compactly imbedded into W*1(Q) for every s < 2, but not for s = 2.

The second part of this research deals with an application of our compactness result, in finding solutions of
a quasilinear elliptic problem involving the 1-biharmonic and the 1-laplacian operators. More specifically, we
study:

Au— A+ % = f(u) inRY, -
u € BL(RY),

where the nonlinearity f : R — R satisfies the following conditions:

(F1) f is continuous in R;

(F2) f(¢) =o(1) as ¢ — 0;
(F3) There exist constants ¢1,¢2 > 0 and p € (1, N/(N — 1)) such that

1F(O] < 1+ eaf¢P
(F4) There exists £ > 1 such that
0 <rwF(() < f(Q)¢, for (#0,

where F(¢) = fOC f(o)do;
(F5) f is increasing.
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First of all we should say what we mean by a solution of (P). We say that u € BL(RY) is a solution of (P)
if there exist w € L>®(RY), z € L= (RN ,RY) and v € L>(RY), such that, ||w| s, [|Z]c; [[7]lcc <1 and

Aw—divz+vy = f(u) in D'(RY),

wAu = / |Aul,
RN N (1.1)
/ z-Vudr = |Vu| dz,
RN RN
yu =|u| ae. in RV,
. . : : . Au .
The second equation says to us that the function w plays the role of the indefinite quotient m, while the
U

Vu
Yl an

We prove the existence of a nontrivial solution for (P) by using a variational approach and a suitable version
of the Mountain Pass Theorem (see [17], Thm. 4.1). In order to prove that the Palais-Smale sequence in fact
converges to a nontrivial solution of (P), the compactness result is going to be crucial. In fact we prove the
following result:

third and the fourth one mean that z and - play the role of d %, respectively.
u

Theorem 1.2. Assume (Fy) — (Fs) to hold. Then there exists a nontrivial solution uw € BL(RY) of (P).
Moreover, this solution has the lowest energy level among all the radially symmetric and nontrivial ones.

The last result can be view as complementary with respect to some results that has been studied before. In
[18], Figueiredo and Pimenta studied the above problem without the 1-biharmonic operator, obtaining the same
conclusion. While in [9], Barile and Pimenta treated the pure 1-biharmonic problem in a bounded domain. The
result is closely related to the remarkable result by Strauss [33].

Beyond the last two results, another contribution of the present paper is given in Proposition 2.1, where the
authors prove a regularity result of solutions of the Poisson equation in R with measure datum, which we have
not been able to find in the literature.

In Section 2 we study deeper the space BL(RY), where, among the results, there is a regularity result about
solutions of the Poisson equation in RY with measure datum, that can be interesting by itself. In Section 3
we prove the compactness result and in Section 4 we present the application of it to the problem (P). In the
Appendix we present the details of the argument that imply that the function we find in Section 4 is in fact a
solution of (P).

2. THE ENERGY SPACE

The space we are going to deal with throughout this paper is given by
BL(RY) := {u € WH(RY) : Au € M(RN)},

where M(RY) is the set of Radon measures in R. By the Riesz Representation Theorem, it follows that
u € WHHRY) belongs to BL(RY) if and only if

/ |Au| < 400,
RN

where

/ |Au| := sup {/ uApdz : p € CP(RY), |l@]loo < 1}.
RN RN
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Let us consider the space BL(RY) endowed with the following norm
Jull = [lully + [IVully +/ | Aul.
RN

Before we prove the lower semicontinuity of the norm in BL(RY) with respect to the topology of LI(R™),
for ¢ € [, N/(N — 1)), let us prove a result about the regularity of the solutions of Poisson equations in RY
with measure datum.

Proposition 2.1. Let u € L*(RY) be such that Au € M(RY), then u € BL(RY) (i.e., |Vu| € L} RY)) and
there exists C = C(N) > 0 such that

/ |[Vu|lde < C (/ |Aul —|—/ |udx> .
RN RN RN

Proof. First of all let us prove that for all y € RY, and 0 < R; < Ry

/ |[Vuldz < C (/ | A —|—/ |u|dx> , (2.1)
Br, (y) Br, (v) Br,(v)

where C' > 0 does not depend on y nor on u. By density arguments it is enough to prove it for C°°(R¥) functions
(see Prop. 2.4, whose proof is completely independent of this result).
Let us prove that if R € (@, Rg) and v is a solution of

2

Av =0 in Bg(y),
{ v =h ondBg(y), (22)
for some continuous function A, then
/ Voldz < C IhldH N, (2.3)
Br, () dBRr(y)

where C' = C(N, Ry, Rs). In fact, let us suppose without lack of generality that y = 0. By the Representation
Formula, it follows that for all x € Bp,

v(x) = KR(x,z)h(z)d”HN_l,
9Bn

where Kp is the Poisson Kernel given by

R2 _ |$|2

K =
r(x,2) Now Bz — 2N

for x € Br and z € 0Bg. Then, for all x € Bp,,

V@)l < [ VKn(e 2l

dBr
|z (R2 - |~T\2) N—1

< . .

\C(N,R)/aBR(|x_z|N+ EEELE |h|dH (2.4)
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Hence, it is easy to see that (2.4) implies (2.3), once we observe that for x € Bg, and z € dBg, it follows that

Ry — Ry

5 < |z — 2|

Now, for R € (w, Rg), let us take v solution of (2.2), with h = u. Note that (u — v) vanishes on 0Bg(y)
and is a solution of the following Dirichlet problem in Br(y),

Aw = Au in Bg(y),
w =0 ondBgr(y),

Then, from elliptic estimates (see for instance [30], Prop. 5.1), it follows that

/ |V (u—v)|de < C(N)/ |Au|dz
Br(y)

Br(y)
< C'(N)/ |Aul|dz, (2.5)

BRQ (y)

where the constant C'(N) > 0 depends on R and N, but not on y.
Hence, from (2.3)

/ [Vuldr < / |V(u7v)|dz+/ |Vouldz
Br, (v) Bry (v) Br, (¥)

< / [V(u—wv)|dz +C JuldHN 1
Br(y) 9Br(y)

<C |Au|dz + C u|dHN L

Br, () dBRr(y)

Integrating the last expression for R € ((R1 + R2)/2, R2), it follows that

/ |Vuldz < C |[Auldz + C |u|da
Br, (y) Br, (y) Br, (Y)\B((Ry+Rs)/2)(Y)

<C </ |Au|dx—|—/ |u|dx> ,
Br, (y) Br, (y)
what proves (2.1).

Now, in order to give a global estimate to the gradient of u, let us consider a sequence (y,) C Z" and
0 < R; < Ry in such a way that both {Bg, (yn)}nen and {Bg, (yn) }nen cover RN (i.e., vV/N < Ry < Ry), where
each € RY belongs to at most C(N) elements of the cover {Bg,(yn)} where C(N) depends just on Ry
and N. Then, from (2.1),

neN?

+oo
|Vuldz < / |Vu|dz
‘/RN ngl Bry (yn)
+o00o
<C / | Ayl +/ |u|dm>
nz:; < Bry (yn) Bry (yn)
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u|da:>

“+o0
=C A
; (/RN XBr, (yn) | Dul + /RN XBnr, (yn)

CO(N) (/RN Al + /RN |u|d:c> .

N

The next result is crucial to find critical points of functional defined in BL(RY).

Lemma 2.2. Let (u,) C BL(RY) be a bounded sequence such that u, — u in L4(RYN), for some g € [, N/(N —
1)). Then u € BL(RY) and

/ |Aul < liminf/ |Awy,|. (2.6)
RN n—oo RN

Proof. Note that, for any ¢ € C§°(RY) with [¢]/cc < 1 we obtain

/ uApdr = lim Uy, A dx
RN

n—-+oo RN

= lim inf Up A dz < lim inf |Auy|.

n—-+oo RN n—00 RN

Then (2.6) follows by taking the supremum over all such ¢. In order to finish, note that u € BL(RY) by
Proposition 2.1. O

By using the last result it is possible to show that in fact (BL(R™),| - ||) is a Banach space. Moreover, as
we are going to see, the space of smooth functions is not dense in BL(RY) with respect to the topology of the
norm. However, in [27], it is defined a sense of convergence, called strict convergence, with respect to which the
space of smooth functions will be dense.

Definition 2.3. We say that a sequence (u,) C BL(RY) converges strictly to u € BL(RY) if both of the
following conditions are satisfied

— Uy, — uin WHH(RYN) as n — +oo,
- / | Aty | — / |Aul, as n — 4o0.
RN RN

Now we establish an important result about BL(R™) spaces, namely, a version of the famous Meyers-Serrin
Theorem. The proof of it can be done as in [9].

Proposition 2.4. C°(RY) N BL(RY) is dense in BL(RY) with respect to the strict convergence.
In fact, something even stronger about the density of smooth functions in BL(R) can be proved.
Proposition 2.5. C°(RY) is dense in BL(RY) with respect to the strict convergence.

Proof. Due to Proposition 2.4 it is sufficient to prove that C2°(RY) is dense in C>°(R") N BL(RY), with respect
to the strict convergence.
Let u € C®°(RN) N BL(RY). Let ¢ € C°(RY) be a cut-off function such that ¢ = 1 in B1(0), ¢ =0 in

R¥\B,(0) and 0 < ¢ < 1. For m € N, let us define ¢y (z) = ¢><%) and un(z) = u(x)qﬁ(%). Then wu, €
C=(RY), u,, = u in By, (0) and u,, = 0 in RV\ By, (0).
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It is easy to see that
[[um — ullwia@yy = on(1).

On the other hand,

[ 1wl = [ 1A

< [ JeGNau+ 2 [ wullwo(D)ar+ I [ ut]ao(Z)

Then

[ aumtan= [ al < [ (Jo()]-1)Iauae+ T [ wulve(S)]as

ot [ lfao ()]
= 0(1)

by the Lebesgue Dominated Convergence Theorem. This completes the proof.
Now we establish the Sobolev embeddings.

Proposition 2.6. The embedding BL(RY) — L4(RY) is continuous for all q € [1, %]

(2.7)

Proof. The proof follows just observing that BL(RY) is continuously embedded into W11 (R") and recalling

the embeddings of the later into Lebesgue spaces.

O

Now we investigate the compactness of the embeddings of these spaces, as far as bounded domains are

considered. For a bounded domain Q ¢ R with Lipschitz boundary, let us denote

WAH(Q) = {u e Wy (Q); Aue LY(Q)},

BLo(Q) = {u € Wy (Q); Aue M(Q)},
and
BL(Q) = {u € W"(Q); Au € M(Q)}.
From [11], it is known that the following embedding is continuous
W2HQ) < LI(Q) foralll<q< N/(N—2).
Lemma 2.7. The following embedding is compact

BLy(Q) — LY(2) foralll < qg< N/(N —1).

(2.8)

(2.9)
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Proof. Let (uy) C Wi’l(Q) be a bounded sequence. Note that (u,) is also a bounded sequence in Wy (€2).
Then from the compactness of the embeddings of the later space in L%(f2), it follows that (u,) converges in

L1(Q) up to a subsequence. The general result now follows from the density of C°(Q2) in BLy(f2).
O

Finally, let us prove another compactness result, which now does not consider any information of the functions
on the boundary.

Lemma 2.8. The following embedding is compact

BL(Q) < LY(Q) for all1< q< N/(N —1). (2.10)

Proof. Let us denote €. an e—neighborhood of €, where € > 0. Moreover, let ¢, € C°(Q) be a function such
that p. =1 in Q and 0 < . < 1 in Q.. Then the operator s : WH(Q) — Wy ' (Q) given by iz(u) = ¢
is continuous, where by 7 we denote the image of u by the standard extension operator from W11(2) into
WHLHRN).

Then the result follows by observing that the embedding i : BL(2) — L%(Q2) can be written as

BL(Q) 5 Wh(Q) 2 whl(Q) & L1(Q,) % L9(Q)

where 47 is just the identity operator, iz the usual Sobolev embedding operator, while i, is the standard
restriction operator, all of them being continuous.
O

3. THE COMPACTNESS RESULT

In this section, we prove Theorem 1.1. In order to do so, let us first denote by Cg5, 4 (RY) the set of C°(RY)
functions which are radially symmetric.

Arguing as in Proposition 2.5 and observing that the convolution of radially symmetric functions gives rise
to a radially symmetric function, we obtain the following result.
Lemma 3.1. C°_ (RY) is dense in BLyqa(RY), with respect to the strict convergence.

ad

The next result is crucial to prove Theorem 1.1 and it consists in a version of the Radial Lemma of Strauss
to the space BL(RY).

Lemma 3.2. (Radial Lemma in BL(RY)). Let N > 3 and u € BL,qq(RY). Then

-1
Wy 1

lu(z)| < N2V [ ] (3.1)
and
L1
[Vu(z)| < wy WHUH’ (3.2)

for a.e. x € RV,

Proof. Let u € BL,qq(RY) and (uy)nen € C2.,,(RY) a sequence such that

c,rad

Uy — u € WHHRY) (3.3)
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and
/ |Auy,| dz — / |Aul, (3.4)
RN RN
as n — oo. We will use the notation ¢(z) = ¢(|z|) = ¢(r) when ¢ is a radial function in RY. Note that
N-—-1
Au,, = ul) + ——ul,
Thus we have that
N-1 d no1
P Aug(p) = dfp(p Uy, ), (3.5)

for all p > 0.
Integrating (3.5) over (0,r) we have that

erl u/ r < " N-—1 Uy,
\AM<AP (Au)(p)] dp

1 (3.6)
< — |Auy,| da.
WN JRN
Hence
1
lul, ()] < le,rNi—l /RN |[Aw,| dz. (3.7)
By (3.3), (3.4) and (3.7) we get
1
|Vu(z)| < w&lmﬁ /RN |Au|, a.e. in RV, (3.8)

By (3.7) we have that

< [ @) ar

©
g/ letN—1</RN |Aundx>dt (3.9)
< on 1 Ay d
\N—27'N_2 RN Un| G-

Again using (3.3), (3.4) and by (3.9) we have that

w;,l 1
N —2|z|N-2

lu(z)| < /RN Au], ace. in RY. (3.10)

Now let us present the proof of the main compactness result.
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Proof of Theorem 1.1. Let (u,) C BLqa(RY) be a bounded sequence and let & > 0 be such that
llun|l < R, for all n € N.

By Lemma 3.2 it follows that, for all n € N,

R R .
[un (2)] < w2 and |Vu,(2)] < FLe a.e. in RV\{0}. (3.11)

We have that lim| ;| 4o [un(2)| = 0 and lim||— 4 o | Vun (2)] = 0 uniformly with respect to n. Thus, since r > 1,
given ¢ > 0, there exists R > 0 such that, for all n € N,

3

()" < i ()
for all € Br(0)°.
This implies that
€ € €
|un|"de < — lun|de < —=|Jun|| < = (3.12)

for all n € N.
Since (uy,) is bounded in BL,qq(RY) and, by Lemma 2.8 the embedding BLjo.(RY) < LI (RY) is compact
for r € (1, N/(N — 1)), there exists u € LI, (RY) such that u,, — u in L} (RY) and u, — u a.e. in RV (in

loc
particular v is radially symmetric). Moreover there exists ng € N such that

/ [un, —u|"da < E, Yn = ng. (3.13)
Br(0) 2

Now let us prove that u € BL,4q(RY). Note that, from Fatou Lemma, it follows that u € L'(R™). Moreover,
for a given p > 0, from the semicontinuity of the norm in BL(B,(0)) with respect to the L"(B,(0)) convergence,
we have that

/ |Au| < lim inf |Auy,| < liminf [ju, || < &, (3.14)
B,(0) n—-+oo B,(0) n—-+oo

where & does not depend on n or g. Since (3.14) holds for every o > 0, then Au € M(RY). Hence, from
Proposition 2.1, it follows that u € BL,qq(RY). Hence, from (3.12), (3.13) and from the fact that u € L"(RY)
(which follows by interpolation), it follows that u,, — u strongly in L"(RY) as n — oc. O

4. APPLICATION

In this section we present an application of Theorem 1.1. More precisely, we prove the existence of a radial
ground state solution to the following elliptic equation

u

{A%Aw+<_ﬂm in RV,

ueBMR%[ (0

where the nonlinearity f satisfies the conditions (F;) — (F5).
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Since (4.1) is variational, let us define an energy functional in BL(RY) whose formal Euler-Lagrange equation
is given by (4.1). Let ¥ : BL(RY) — R be defined by

\I/(u):/ |Au|+/ |Vu|dx—|—/ |u|dx—/ F(u)dx
RN RN RN RN

for every u € BL(RY). To simplify notations we will define ¥y, U5 : BL(RY) — R, given by

Uo(u) = / |Aul —|—/ |Vu|dz —|—/ |u|dx  for all u € BL(RY) (4.2)
RN RN RN
and
Up(u) = / F(u)dx for all u € BL(RY).
RN

This way ¥ can be written as
U(u) = Wo(u) = ¥p(u),

for every u € BL(R™).

Note that by Lemma 2.2, ¥ is lower semicontinuous with respect to the L"(R) topology, for r € [1, N/(N —
1)]. Moreover, ¥ is non-smooth, even though it allows some directional derivatives. More precisely, given
u € BL(RY), by ([6], Thm. 2.5) (considering f(z,p) = |p| and u = |Aul|), for all v € BL(RY) such that (Av)* is
absolutely continuous with respect to (Au)®, (Av)® vanishes a.e. in the set where (Au)® vanishes, Vv vanishes
a.e. in the set where Vu vanishes and v = 0, a.e. in the set where u vanishes, it follows that

, (Au)*(Av)® / Au Av Vu - Vv
Uy (u)v :/ —————dx + —(x) (z)|(Av)°| + dx
o= fo W T fon 10 A o IVl s
+ / sgn(u)vda,
RN
where sgn(z) = 0 if z = 0 and sgn(z) = z/|z| if z # 0.
Taking (4.3) into account, it follows that for all u € BL(RY),

UG (u)u = Vo(u). (4.4)

Across this paper, whenever we use the word subdifferential and the symbol 0®(u), where @ is a locally
Lipschitz functional defined in a Banach space, we mean the subdifferential of ® at wu, as defined by Clarke
[13] and carefully studied by Chang in [12]. Since Wy is convex and Lipschitz continuous in BL(RY) and
U € CY(BL(R)M,R), we say that a function u € BL(RY) is a solution of (P) if 0 € 9¥¢(u) — ¥ (u), i.e., if
U (u) € 0¥g(u). The convexity of ¥y implies, in turn, that the last condition is equivalent to

Wo(v) — Uo(u) = Wp(u)(v —u) for every v € BL(RY). (4.5)

Every u € BL(RY) which satisfies (4.5) is going to be called a solution of (4.1).
For the next result we refer to [17] for more details.

Theorem 4.1. (Mountain Pass Theorem) Let X be a Banach space, ® = ®o — I where I € C1(X,R) and @,
1s a locally Lipschitz convez functional defined in X. Suppose that ® satisfies:
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(i) There exist p >0, a > ®(0) such that ®|sp, ) > a;
(17) ®(e) < ®(0) for some e € X\B,(0).
Then for all € > 0 there exists x. € X such that

c—e< P(x:) <c+e, (4.6)
and
Do(y) — Po(e) > I'(we)(y — 2) —elly —zell, Yy € X, (4.7)
where ¢ > « 1s characterized by
c= vhelfrt?[éﬁ] (y(1)), (4.8)

where T' = {r € C°([0,1], X) : v(0) = 0 and v(0) = e}.
Now we show that the functional W satisfies the assumptions of Theorem 4.1.
Proposition 4.2. The functional | g~y verifies the following properties:

(i) There exist p >0, a > W(0) such that ¥|sp o) = «,
(ii) W(e) < ¥(0) for some e € BLyqq(RN)\B,(0),

Proof. We start by proving the first assumption. Note that from (F2) and (F3) it follows that for all o > 0,
there exists C, > 0 such that

IF(Q)] < el¢l+ Cl¢” (4.9)

for all ¢ € R.
By (4.9) and Theorem 2.6 we have that

\Il(u):/ |Au|—i—/ |Vu|dx+/ |u|dx—/ F(u)dz
RN RN RN RN

2 [Jull = eluly = Colulj

2 [lull - ollull — esllull”
= Jlufl (1 - o~ esllulP™")
Z a,

1
ey
for all u € BL,.qa(RY), such that |jul| = p, where 0 < o < 1 is fixed, 0 < p < < Q) " anda= p(l—po—

c3
c3pP™h).
For the second condition, note that (F4) implies that there exist constants c4,cs > 0 such that

F(Q) = calC]” =5 (4.10)

for all ¢ € R.
Let w € BL,qq(RY), with compact support, w # 0 and for all ¢ > 0, we get

U(tw) < tl|lw]| — cf|w|s + es|supp(w)| — —o0,
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as t — 400, since k > 1. Then we can choose e = tw such that ¥(e) < 0.
O

Proof of Theorem 1.2. From the Mountain Pass Theorem (Thm. 4.1), given a sequence &,, — 0, there exists a
sequence (uy,) C BLyqq(RY) such that

nhﬁngo U(u,) =c (4.11)
and
Uo(v) — Vo(u,) = fun) (v —up)dx — ep|lv = un|, Vv € BLpaa(RY), (4.12)

RN

where c is given by

c=inf sup P(y(¢
Inf sup (v(1))

and I' = {y € C°([0,1], BLa(RY)); 7(0) = 0 and (1) = e}.

Let us show that the sequence (u,,) is bounded in BL,qq(R"). Indeed, in (4.12), let us take as test function
v = 2u,, and note that

Junll > [ () unchs = ]
RN
and then
(14 en)||unl] 2/ f(un)upde. (4.13)
RN

Hence, by (F4) and (4.13), we infer that

1t on(1) = U(un)
— ] +/RN (if(un)un —F(un)) dx—/R L fun)undt

N K
1 5
>l (1——")
K K

= Cllunll,

for some C > 0 uniform in n € N. Then the sequence (u,,) is bounded in BL(RY).
Since the sequence (uy,) is bounded in BL,.q(R"Y), by Theorem 1.1, there exists u € BL,qq(R") such that
up = uin L"(RY) for all 1 <7 < N/(N —1).

Claim:/ fup)upde :/ f(w)udx + 0, (1).
RN RN
Indeed, by (F2) and (F3), for given £ > 0, there exists K¢ > 0 such that

FOC < &S]+ Kel¢l (4.14)

for all ¢ € R.
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Since u,, — u in LP(RY), then there exists R > 0 such that
/ lup, [Pdz < €. (4.15)
Br(0)°

Since (u,,) is bounded in L!(RY), there exists C' > 0 such that |u,|; < C, for all n € N. Then, from this, (4.14),
(4.15)

[ fuunde < (€4 Ko, (4.16)
Br(0)°

Since up, — win L"(Br(0)) for all r € [1, N/(N — 1)), by using the Lebesgue Dominated Convergence Theorem
we get

/ flup)u, da = / f(w)udz + 0,(1). (4.17)
Br(0)

Br(0)

Hence, by (4.16), (4.17) and the integrability of f(u(-))u(-) (which follows from Proposition 2.6 of and (F3)),
we obtain the Claim.

Then, by the last claim and the lower semicontinuity of ¥y with respect to the L"(RY) convergence, it follows
taking the lim sup both sides of (4.12) that

Wo(v) — ¥o(u) > o (u)(v —u)de, Yo € BLyaa(RY). (4.18)

Taking v = u + tu in (4.18) and doing ¢t — 0 we have that Wo(u) = [pn f(u)udz. Then

lim ¥y(u,) = lim flup)uy, de = (w)udzr = Vy(u),

n—oo n—oo RN RN
Hence, since ¥(u,) = ¢+ 0,(1), we get
U(u)=c

and therefore u # 0.

By using a version of the Symmetric Criticality Principle of Palais proved in ([32], Thm. 4), it follows that u
satisfies (4.18) for all v € BL(RY). Then, we have proved that W/.(u) € OW,(u). By the result presented in the
Appendix, we have that u satisfies (1.1) and is in fact a solution of (P).

Now, let us show that the solution v € BL(RY) we have got, is in fact a ground-state solution among those
ones which are radially symmetric. In order to prove it, as in [16], let us define the so called Nehari set associated
to ¥, given by

N = {u € BLa® O Jul = [ | f(u)udx}-

Arguing as in [16] it is possible to show that A contains all nontrivial radially symmetric solutions of (4.1).
Then, by showing that

U(u) = ijI\l/_f v, (4.19)
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we obtain that u would have the lowest energy level among all the radially symmetric nontrivial solutions of
(4.1).

To show (4.19), in turn, it is enough to use the same arguments of Rabinowitz in [31]. More precisely, for each
u € BL(RY)\{0}, by (F1) — (F5), the function h,(t) = U(tu) = t||u|| — [, F(tu)dz admits a unique maximum
point ¢, > 0, such that ¢,u € M. On the other hand, if v € N, then ¢, =1 and \I/( ) = max;~o ¥(tv). This, in
turn, implies that

inf max ¥ (tv) = inf \Il( ).
vEBL(RN)\{0} >0 veEN

On the other hand, it is possible to show that u ~ ¢, is a continuous function defined in BL(R™). This, implies
that the unitary sphere S;(0) in BL(RY) is homeomorphic to A/, through the homeomorphism u + t,u. This,

in turn, makes possible to proceed as in as in [31] to show that

c= inf max U (tv) = 1nf U (v).
vE€BL(RN)\{0} t>0 veN

Hence the conclusion follows just by recalling that ¥(u) = c.

APPENDIX A.

In this appendix we use the same notation as in Section 4 and we aim to get better information about the
function u we have found in the last section.
We start by splitting the functional ¥ in the following three functionals,

= [ 1

\IIQ(u):/ |Vuldz,
RN
and
\Ilg(u):/ |u|dz.
]RN

Let us assume that u € BL(RY) is a function such that W} (u) € O¥q(u) and let us prove that there exist
w e L®[RY), z € L®(RY,RY) and v € L>®(RY), such that, ||[w||so, ||Z] s; [[7]]cc < 1 and

Aw—divz+y = f(u) in D'(RV),

/ wAu = |Aul,
RN N
/ z-Vudr = /B |Vu| dz,
RN RN
yau =|ul ae. in RV,
Let us consider the Banach space X = LY(RY) N LY/(V=1(RN) endowed with the norm || - ||x = | - |li + | -

|n/(v—1) and note that by the Sobolev embeddings, BL(RY) c WH(RY) C X. By (Fy) it follows that ¥p
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extends trivially to X. In order to save notation, let us denote by ¥y, ¥y, U5 and W3 the extension of them to
X, e,

: N
Uy (u) = /]RN |Au|, if u € BL(RY),

+o00, if ue X\BL(R"),
- 1,1 (N
Wy (u) = /RN [Vuldz, if we WHH(RY),
oo, if u e X\WLL(RN),

Us(u) = /RN luldz, VYue X

and U = Wy + Wy + U3, It is easy to see that since U (u) € OWq(u) (where OWo(u) C BL(RY)), then the same
is true with respect to the extended functionals, where now we should consider ¥y (u) as a subset of X'. Since
U3 is continuous, convex and proper at any point of Wh(RY), as well as ¥y at any point of BL(RY), it follows
from ([7], Thm. 9.5.4) that

U'e(u) € 0Vg(u) = 0V (u) + 0Va(u) + OVs(u).
From the last equation, it follows that there exist w* € 0¥y (u), z* € 0¥y (u) and v € dV3(u), such that
Uo(u) = w* + 2" + 1. (A1)

In the next result, we use the same arguments from ([27], Prop. 5.2) to characterize 0¥ (u).

Lemma A.1. If w* € 90Uy (u), then there exists w € L= (RY) such that ||w||le < 1 and

w* = Aw in D'(RY),

/ wAu z/ |Aul.
RN RN

Proof. First of all, let us define
M* = {v* € X'; v* = Av for some v € L®(RY), |lv]|s < 1}.

Now let us prove that M* is a closed set in X’. Let (v}) C M* such that v} — v* in M*. Let us also consider
a sequence (v,) C L= (RY) such that ||v,]/e < 1 and

vi = Av, in D'(RY),

i.e., for all ¢ € C°(RY),

/ v:godx:/ vpApde. (A.2)
RN RN
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Since (v,,) is bounded in L (RY) it follows that there exists v € L>(R™) such that
v, v in L®(RN), (A.3)

up to a subsequence. Taking the limit in (A.2) and taking into account (A.3), we have that
/ v pdr = / vApdr, Yo € CZ(RN).
RN RN

Then v* = Av in D’(RY). Moreover, the lower-semicontinuity of the norm with respect to the weak* convergence
implies that ||v]|e < 1. Hence v* € M*.
Let us consider the indicator function of M*, I/« : X — R given by

ey [ 0wl
MU= 4o, if u g M*.

The conjugate function of Ips« is given by

Iy (u) = sup {/ v*udx—IM*(v*)}: sup {/ v*udx}.
veex’ LJry veeM* LJRN

Now, let us prove that I3,.(u) = Wy (u) for all u € X. First, let us consider v* € M*, v € L>(R") such
that Av = v* in D'(RY), u € BL(RY) and (u,) C C°(RY) such that u, — u in WH1(RY) and / |Au| =
RN

lim |Auy,|dz. Then,
RN

n— oo

/ v*udx:/ uAvdz
RN RN

= lim un, Avdx
n—oo RN

= lim vAu,dx
n—oo RN

< lim H’UHOO/ |Auy,|dx
n—oo RN

< [ 1au
RN

= \Pl(u)v
from which it follows that I%,. (u) < ¥y (u) for all u € BL(RY). Actually,
Iy (u) < ¥y(u), VYuelX, (A.4)

since if u € X\BL(RY), then ¥;(u) = +oo.
In order to get the opposite inequality, for u € X, note that

Uy (u) = sup{/ ulApdx; ¢ € CEO(RN), lolloo < 1}
RN
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< sup{/ uAvdz; v € L¥(RY), Av € X', ||[v]l0 < 1}
RN
= sup{/ wv*dx; v* € M*}
RN
= Iy (u). (A.5)
Hence, from (A.4) and (A.5), it follows that
Iy (u) = ¥y (u) for all u e X. (A.6)
Since M* is closed and convex, its indicator function Iy« is convex and lower semicontinuous. Then, by (A.6)
and ([15], Props. 3.1 and 4.1), it follows that
Ing» = (Ijp)* = 97

In particular, from ([15], Prop. 5.1), w* € 9y (u) if and only if

/]RN ww*de = ¥y (u) + U (w*) = ¥y (u) + I (w*).

From the last equation we conclude that w* € 0¥ (u) if and only if w* € M* and ¥y (u) = / uw*dz, what
RN
implies in the result. O

With the same arguments that in the last result (or by using [19], Prop. 4.23), one could characterize 0Ua(u)
and W3 (u) in order to conclude that z* € OWy(u) and v € dW¥3(u) if and only if there exist z € L= (RN, RY)
and v € L= (R") such that ||z][oc <1, [|7]lec <1,

/ z-Vudr = / |Vu| dz, (A7)
RN RN

and

yau = |ul ae. in RY. (A.8)

Therefore, from Lemma A.1, (A.7) and (A.8), it follows that if u € BL(RY) is such that U (u) € 0¥ (u),
then there exist w € L®(RY), z € L= (RN, RY) and v € L>=(RY), such that, ||w|s, [|Z]/oc, V]l < 1 and

Aw—divz+y = f(u) in D'(RY),

/ wAu 2/ |Aul,
RN N

/ z-Vu dx :/R |Vu| dz,
RN RN

yau = lul ae. inRY.
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