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1. Introduction

In this paper we deal with a perturbed asymptotically (at infinity) linear problem
for the square root of the Laplacian operator, which can be defined as a Dirichlet
to Neumann map via an extension problem to the upper half space. In the last
years many mathematicians have been interested in the study of nonlinear prob-
lems involving the fractional powers (—A)®, 0 < s < 1, of the Laplace operator.
Mainly, motivated by the applications in several physical phenomena like flames
propagation and chemical reactions in liquids, population dynamics, geophysical
fluid dynamics and also in probability, American option in finance and in a-stable
Lévy processes (cf., e.g., [3, 7, 13, 30]).

Due to the fact that the fractional Laplacian is a nonlocal operator, local PDE
techniques do not apply, however these difficulties can be overcome by means of
operators that map a Dirichlet boundary condition to a Neumann-type one via
an extension problem, see for instance [11] (Section 2 for details).

Motivated by the discussion above and paper [6] by Bartolo-Candela-Salvatore
where were studied problems such as
(P) —Au =p(x,u) +eg(x,u) in

c u=20 on 012,

with Q € RY, N > 2, ¢ € R, p subcritical and asymptotically linear at infinity,
and ¢ is a continuous function. More precisely, in [6] it was proved that the
number of distinct critical levels of the functional associated to the unperturbed
problem (i.e., when ¢ = 0) is ”stable” under small perturbations and it is also
given a multiplicity result when p is odd, both in the resonant and in the non-
resonant case.

In this manuscript we consider the following problem

(Pyo) { Au = u+ f(z,u) +eg(z,u) in Q

u=20 on 0f),

where Q is a bounded domain of RY (N > 1) with smooth boundary 992, A € R,
f, g are given functions on {2 x R and A is the square root of the Laplacian (we
refer to Section 2 for its definition).

Hereafter we assume that

(f1) feCO@xRR);
(f2) the following limits hold uniformly with respect to x €

. flt)
pin 7 = g
lim f(z,) =a€eR. (2)

[t|—0
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Remark 1.1. We could replace (cf., e.g., [6]) assumption (f;) with the assum-
ption that f is a Carathéodory function and

sup [f(-,t)| € L>®(2) for all 6 > 0.

[t|<d

Remarks 1.2. (i) We denote by o(A) the spectrum of A with zero Dirichlet
boundary conditions and (), the non-decreasing sequence of the distinct
eigenvalues of A with zero Dirichlet boundary conditions.

(ii) The natural energy space is denoted by Hé/ ?(€), the fractional Sobolev
space. See Section 2 for more details.

First we deal with the non-resonant case and state a result dealing with the
existence of solutions for (1); moreover, if we allow both f and g to be odd, we
obtain multiple solutions.

Theorem 1.3. Assume that g € C(Q x R,R), (f1), (f2)(1) hold and \ & o(A).
Then there exists € > 0 such that problem (1) has at least one weak solution,
provided |e| < &.

Theorem 1.4. Assume that (f1) and (f3) hold, X & o(A), f(x,-), g(x,-) are odd
for all x € Q) and

(A)  there exist hyk € N such that o+ X < A, < A < A

If we denote by m, 1 < m < dim(M;,®...® My), the number of distinct mini-mazx
critical levels of the unperturbed functional Jy in (11), then there exists € > 0
such that problem (1) has at least m distinct pairs of solutions for any |e| < &.

In order to deal with the so-called resonant case, we establish the following addi-
tional hypotheses:

(f3) IM > 0such that [f(z,t)| < M forall (z,t) € Q x R;

(f1) |llim F(z,t) = | € {£o0} uniformly with respect to x € Q,
t|—o00

where F(x,t) := /tf(:v,s) ds.
0

Theorem 1.5. Assume that g € C(QxR,R), (f1), (f3), (f1) hold and there exists
an integer k > 1 such that A = A\, € o(A). Then there exists € > 0 such that
problem (1) has at least one solution for all |e| < €.

Moreover, if f(x,-), g(x,-) are odd for all x € Q and (f3)(2) holds, under the
further assumption

(A')  there exists h > 1 such that o+ Ay < Ay < A,

then the same multiplicity result as in Theorem 1.4 holds.

Our last results dealing with non-odd perturbations are weaker than our previous
results, in the sense that we have to work with nonlinearities such that the as-
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sociated functional has only critical levels arising for topological reasons, named
topologically relevant (cf. Definition 2.11).

Theorem 1.6. Assume that f,g € C(QAxR,R), (f1), (f2) and (A) hold, X & o(A)
and f(x,-) is odd for all x € .

If all the critical levels of the functional Jy in (11) are topologically relevant, then
the same multiplicity result as in Theorem 1.4 holds.

We can extend the previous theorem to the resonant case as follows.

Theorem 1.7. Under the assumptions of Theorem 1.6, if there exists an integer
k > 1 such that A = M\ € 0(.A), just replacing hypotheses (f2)(1), (A) respectively
by (f3), (A') and adding condition (fy), the same multiplicity result as in Theorem
1.4 holds.

Remark 1.8. We point out that assumption (A) and (A’) can be replaced by
)\</\h<)\k<a+)\ and )\k<)\h<a+)\k‘7

cf. [6, Remark 4.2]

The paper is structured as follows. In Section 2 we introduce some notations,
preliminary definitions and the variational setting. Section 3 deals with the sym-
metric case in both the non-resonant case (Subsection 3.1) and the resonant one
(Subsection 3.2). Finally, in Section 4, we prove our main results concerning with
the perturbed problems.

Notations. Throughout this paper we denote by (X, || - [[x) a Hilbert space, by
(X', || - ||x) its dual space, by I a C* functional on X and by

e I"={u € X : I(u) < b} the sublevel of I corresponding to the point
beR:=RU{zxoo};

e K.={ue X: I(u) =c dl(u) = 0} the set of the critical points of the
functional I in X at the critical level ¢ € R.

e |- ]s the classical norm in the Lebesgue space L*(Q2), 1 < s < 400;

o M, the eigenspace corresponding to the eigenvalue \; of A in HS/ 2(Q) and

u; the projection of u in M;, for any j € N and for each u € Héﬂ(Q)'

e H (j) = @MZ and Hﬂj)z@Mi,for any ¢, j € N.

1<j =]

2. Preliminaries

We start this section by recalling the spectral definition of the square root of the
Laplacian operator A = (—A)Y2. We point out that, in order to define A, one
way to define the fractional powers of a positive operator is through its spectral
decomposition, taking the fractional powers of the corresponding eigenvalues,
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i.e., let {un,}nen be the non-decreasing sequence of (positive) eigenvalues with
associated eigenfunctions ¢, of the Laplace operator in a bounded domain {2
with zero Dirichlet boundary condition,

{gbk:k() o, (3)

We assume that the eigenfunctions ¢, are normalized by ||¢g|[r2() = 1. Let us
consider the space of functions

00 0o 1/2
H?Q) = u= Z agPr <Z aiuiﬂ) <00y,
k=1 k=1

~ 1/2
with the norm HUHHé/z(Q) = (Z ai#}f) :
k=1

The square root of the Laplacian A is defined by
Au =" ap o,
k=1

for every u = > 77, apdy € HS/Q(Q). It is clear that A maps HS/Q(Q) into its

dual space H~'/2(Q), being {ui/ 2, o1 }ren the eigenvalues and eigenfunctions of A,

with zero Dirichlet boundary conditions. From now on we will denote A\, = ,u,lc/ 2,

k € N. We notice that HUHH(}/Q(Q) = [|AY2ul| r2(.

There exists another way of computing the square root of the Laplacian in RY.
It proceeds through the so-called Dirichlet to Neumann operator by Stein [29],
which is based on the harmonic extension in one more variable in Rﬂ\rf 1 We also
refer to the work by Caffarelli and Silvestre [11] for a generalized procedure when
one consider other fractional powers of the Laplacian. For bounded domains, as
in this work, cf., e.g., [8, 9, 10, 12, 22] for the corresponding harmonic extension.

Assume Q C R¥ is a bounded domain and let us define the associated cylinder
Ca = Q x (0,00) C RY*'. The points in Cq are denoted by (z,y) €  x (0, 00).
The lateral boundary of the cylinder will be denoted by 9;,Cq = 992 x (0, 00).

Now, for a function u € H&ﬂ(Q), we define its harmonic extension w = E(u) to
the cylinder Cq as the unique solution to the problem

—Aw =0 in Cq,
w=0 on aLCQ, (4)
w=u on Q x {y =0}.

The extension function w belongs to the space Xy(Cq) defined as the completion
of C§°(2 x [0,00)) endowed with the norm

1/2
kuXo(cm:( |Vw12dxdy) |

Ca
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The trace of w = E(u) is nothing but u, i.e., for x € €,
Tr(E(u))(z) = E(u)(x,0) = u(),

which is a continuous operator from Xy(Cq) into Hé/Q(Q) (see [10, Lemma 2.6]).
The extension operator E is an isometry between HS/ ?(Q) and Xo(Cq), that is,

1/2
IE(@)xoea) = lull gz Vu € Hy*(9).

Even more, for any function w € Xy(Cq), we have the following inequality for the
trace w(-,0) = Tr(w)(-)

“Tr(w) ||HS/Q(Q) < HwHXo(CQ)‘

The relevance of the extension function w is that it is related to the fractional
Laplacian of the original function u through the formula

ow

ow
E(:L’,O) = — lim —(z,y) = Au(z), (5)

y—0+ Oy

see for instance [8, 10, 11, 12, 29] for more details.

Another tool which is very useful in what follows is the fractional Sobolev in-

equality: namely, for every function v € Hé/ 2(Q) we have

2/r
(/ |v|7"d$) SC/ |AY2% du, (6)
Q Q

for any 1 < r < 2! where 2¢ = % denotes the critical Sobolev exponent.
Furthermore we have the following trace inequality

([ @) Voo vawpP e 7)

Ca

for any 1 <r <2% and any z € X((Cq), for a universal constant C'=C(r, N, ) > 0.
We recall that when r = 2*, the best constant in (6)-(7) is not achieved in any
bounded domain; see for instance [21].

Note that by the Sobolev inequality (6) we have the continuous embedding

H&ﬂ(Q) — L"(Q) for any 1 < r < 2% which clearly is compact for r < 2¢,

Remark 2.1. Let us point out that the operator A should not be confused with
the integro-differential operator defined, up to a constant, by

v [ weEp e 2@
(—A)2u(z) : /RN e dy, «cR.
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A detailed analysis of the differences between these operators can be found in
[23, 24, 28]. See also the papers [17, 25, 26] for some recent interesting results
related to this subject.

Moreover, we would like to notice that techniques analogous to those used in this
paper can be applied to problem (1) led by the operator A/, for some 0 < a < 2
(cf., e.g., [4, 8]). O

If f belongs to the dual space HY/2() of H)Y*(€2), we consider the Dirichlet
problem

Au=f in Q,
{ u=0 on 0f). (8)

Since the definition of the fractional Laplacian allows one to integrate by parts
in the proper spaces, a natural definition of energy solution to problem (8) is the
following.

Definition 2.2. We say that u € Hé/2(Q) is an energy solution of (8) if the

identity
/Al/QUAl/Q(,D:/fQO
Q Q

holds for every test function ¢ € Hé/ (). O

In [10] it is proved the existence and uniqueness of energy solution to problem
(8) provided f € H~'/2(Q). This means that the inverse operator K = (A)~! is

well defined from H~'/2(Q) into HS/Q(Q).

On the other hand, by using the Dirichlet to Neumann operator, we can also
characterize the energy solutions of (8) through the problem

—Aw =0 in Cq,
w=20 on 0r.Cq,
%:f on Q x {y =0}.

Indeed, if w € X((Cq) is an energy solution of this problem, i.e., if
[ (vu.vedrdy = [ fTe)dn Ve XoCa),
Co Q

then the trace function u(-) = w(-,0) = Tr(w)(-) belongs to the space Hé/Q(Q)
and it is an energy solution of problem (8). The converse is also true.

As a consequence of the arguments above, given f satisfying (f) and (fs), we

say that u = Tr(w) € H3/2(Q) is an energy solution of (Py) if w € Xo(Cq) is an
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energy solution of

- = (VU}) =0 in Cq
w=0 on 8LCQ (9)

38_1;’(:5,0) = ATr(w)(z) + f(z, Tr(w)(z)); 2 € Q,

that is, for all p € Xy(Cq),

/ (Vw, V) dxdy:)\/Tr(w)(x)Tr(go)(x) dx—l—/Qf(x,Tr(w)(x))Tr(go)(:v) dz,

Ca Q
By (f1) and (f2)(1), for all o > 0 there exists a, > 0 such that
|f(z,t)| <olt| +a, forallteR andz €. (10)
Therefore, the energy functional 7, : Xo(Cq) — R associated to (9) is defined by

Tiw) =5 [IVwie ) dedy—3 [1Tiw)(e)? do— [P Trw)(a) o, (11

Cao Q Q

for every w € Xo(Co), where F(z,t) := [) f(z,s)ds and it is of class C' on
Xo(Cq) (cf., e.g., [2, Theorem 4]). Moreover the traces of its critical points are
energy solutions of (P ), therefore we look for critical points of functional Jy.

Following [6, Section 2], we recall some standard notions and known results that
we will use below.

Besides some existence critical point theorems, sharper multiplicity results can be
stated when one deals with symmetric functionals on Hilbert spaces (cf., e.g., [1,
5, 27]). In this section we recall [5, Theorem 2.9], therefore we need to introduce
a pseudo-index theory and the notion of the index theory for an even functional
with symmetry group Z, = {id, —id} (cf., e.g., [27]).

Let us set

A closed and symmetric with respect
Y=XX) = {ACX:

" to the origin, i.e., —u € Aifuc A

and H=1{hecC(X,X):hodd}.
For A € X, A# 0, the genus of A is defined by
Y(A) = inf{keN: JpcC(A R\ {0}) such that (—u) = —1(u) for all uc A},

if the infimum above exists; on the contrary v(A) = 4o00. We assume that
(@) = 0. The index theory (X, H,~) related to Z, is also called genus.

The pseudo-index related to the genus, for an even functional I : X — R and
S € ¥ is the triplet (S, H*,~+*) such that H* is a group of bounded homeomor-
phisms i with h(u) = u if u & I7(]0, 00[), and v* : 3 — NU {+00} is the map
defined by

7 (A) = min y(h(A)NS) forall AeX.

heH*
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It results that Y(h(A)NS) =~v(ANh~YS)) forall h € H,
then 7(A) = }gngl Y(ANh(S)) foral AeX.
pTr

We enunciate the following mini-max theorem, that is essentially stated by [5,
Theorem 2.9] in a more general setting.

Theorem 2.3. [5, Theorem 2.9] Consider a,b,cy,cos € R such that we have
—00 < a <y <o <b< +oo. Let I be an even functional, (X,H,~y) the genus
theory on X, S € X, (S, H*,v*) the pseudo-index theory related to the genus, I
and S, with

H* = {h € H : h bounded homeomorphism s.t. h(u) =u if u & I *(Ja,b])}.

Assume that:

(i)  the functional I satisfies the Palais-Smale condition in |a, b|;
(i) 5 C I ([co, +o0]);

(iii) there exist k € N and A € & such that A C I~ and v*(A) > k.

Then the numbers  ¢; = inf sup I(u), ie{l,... k}, (12)
AEXT yea

with ¥f ={A € ¥ :v*(A) > i}, are critical values for I and
Coﬁclﬁ...fclggcoo.

Furthermore, ifc=c¢; = ... = ¢ipp, withi > 1 and i +r < k, then v(K.) >r+1.

In order to apply the theorem above, we need the following result, which allows
us to obtain a lower bound for the pseudo-index of a suitable A as in (iii); for the
proof we refer to [5, Theorem A.2].

Theorem 2.4. [5, Theorem A.2] Let (X,H,v) be the genus theory on X and
V. W two closed subspaces of X. Assume that

dimV < 4+00  and codimW < +o0.

Then, for every odd bounded homeomorphism h on X and every open bounded
symmetric neighbourhood B of 0 in X, it results

y(VNAh(OBNW)) > dimV — codim W.

Since in our main theorems we may deal with problems (1), possibly without a

variational structure on Hé/ ?(Q), following [20], we use the auxiliary notion of
essential value, as it is introduced in [15] (cf. also [14]) in the study of perturba-
tions of non-smooth functionals. Even more, for even functionals we introduce
the definition of odd-essential value, which is useful in order to prove multiplicity
results for odd perturbations.
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Definition 2.5. Assume that /: X — R is a continuous functional (resp. I even
continuous) and a,b € R, with a < b. We say that the pair (1%, %) is trivial (resp.
odd-trivial) if, for each neighbourhood [o/,a”] of a and [#, "] of b in R, there
exists a continuous (resp. an odd continuous) map ¢: I% x [0, 1] — I?" satisfying

(i)  @(z,0) =z for each = € ICE
(i) (17 x{1}) 1"
(iif) @(I* x [0,1]) C 1",

Definition 2.6. Suppose that [: X — R is a continuous functional (resp. [
even continuous). We say that ¢ € R is an essential value (resp. an odd-essential
value) of I if for each € > 0 there exist a,b €|c — ¢,c+ €[, a < b, such that the
pair (I°, 1) is not trivial (resp. not odd-trivial).

The next result establishes that small perturbations of a continuous functional
preserve the essential values (cf. [15, Theorem 3.1] and [14, Theorem 2.6]); in
particular this holds for the odd ones, just up to some small variations in the
proof of [15, Theorem 3.1].

Theorem 2.7. Let ¢ € R be an essential value (resp. odd-essential value) of
I: X — R continuous (resp. I even continuous). Then, for every n > 0 there
exists § > 0 such that every functional (resp. even functional) G € C(X,R) with

sup{|/(u) — G(u)| :u € X} <9
admits an essential value (resp. odd-essential value) in |c —n,c+ n].

On the setting of smooth functionals we recall some results which link critical
and essential values. In particular, the critical values arising from mini-max
procedures are essential, if all the involved deformations are of the “same kind”

(cf. [15, Theorems 3.7 and 3.9]).

Theorem 2.8. Let ¢ € R be an essential value of I € CY(X,R). If the Palais-
Smale condition at level ¢ holds, then c is a critical value of I.

Note that in general the reverse implication does not hold: even if the Palais-
Smale condition at level ¢ holds, a critical value is not necessarily an essential
one (see e.g. [15, Example 3.12]).

Theorem 2.9. Suppose that I is a non empty family of non empty subsets of
X, IeCYX,R) and d € RU{—o0}. Suppose also that for every C € T' and for
every deformation ¢: X x [0,1] — X with ¢(u,t) = u on I¢ x [0,1], there holds
o(C x {1}) € I'. Setting

¢ = inf sup I (u), (13)
Cel uel

if d <c< 400, then c is an essential value of I.

It is relevant to point out that, if I is even, the previous theorem does not apply
to the critical values ¢; given by (12); indeed, if ¢ is a deformation as in Theorem
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2.9, the set p(C x {1}), C € T, does not necessarily belong to I because ¢ could
be not odd. As a consequence, we cannot assert that the ¢; values are essential
values of /. However, slight modifications in the proof of [15, Theorem 3.9] allow
us to state the following result concerning odd-essential values.

Corollary 2.10. Assume that I' is a non empty family of non empty symmetric
subsets of X, I € C*(X,R) even and d € RU {—oo}. Let us suppose that, for
every C' € T' and for every odd deformation p: X x [0,1] — X with ¢(u,t) = u
on I% x [0,1], there holds o(C x {1}) € T'.  Then, choosing ¢ as in (13), if
d < ¢ < +00, we have that ¢ is an odd-essential value of I.

Since we also deal with perturbation from symmetric problems, we restrict our-
selves to consider a subset of the critical values of the functional defined by (11),
hence a stability result does still hold (we also refer to [19] for a related result
concerning sign-changing solutions of some elliptic problems).

Actually, in the following Corollary 2.12 we consider just the preservation under
small perturbations of some critical levels of a smooth functional satisfying the
Palais-Smale condition. From the Deformation Lemma, if I € C*'(X,R) satisfies
the Palais-Smale condition at level ¢ and ¢ is not a critical value, then for any
n > 0 there exists n €]0,7[ and ¢ € C(X x [0,1], X), which is odd if  is even,
satisfying o(u,1) = uw if I(u) & [c —7,c+ 7] and (17", 1) C I°7". In some sense
now we require that also the other implication is true, i.e., if I°7"7 is a strong
deformation retract of It then c is not critical.

Definition 2.11. Let I € C'(X,R) be a functional. We say that a critical level
c of I is topologically relevant if it is an essential value of I.

As we work with the special class of critical levels which are essential too, ac-
cording to Definition 2.11, we point out some consequences of Theorems 2.7 and
2.8 in the following corollary.

Corollary 2.12. Letc € R be a topologically relevant critical value of a functional
I € CYX,R). Then, for everyn > 0 there exists § > 0 such that every functional
G € CY(X,R) satisfying (PS) in Jc —n,c+ n| with

sup{|J(u) — G(u)| :u e X} <§

admits a critical value in|c —n,c+ nl.

3. The symmetric case

This section is devoted to study the symmetric case. It is divided in two subsec-
tions, the first one deals with the non-resonant problem, while in the second one
is studied the resonant case.
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3.1. The non-resonant case
In order to simplify the notations, we set from now on X := X;(Cq).

As recalled in Section 2 the operator A has a countable, increasing, diverging
sequence of distinct eigenvalues ();); and, if we denote by (p;); the sequence of

/

eigenvalues of —A in Hj (), we have \; = ,u]l- ?. The sequence (i;); of eigenfunc-

tions corresponding to \; is an orthonormal basis of L?(Q2) and an orthogonal
basis of HS/Q(Q).

Next we recall some relations between the eigenvalues ()\;); of the square root of
the Laplacian and of the corresponding extended eigenvalue problem in the half
cylinder Cq:

—Aw =0 in CQ

w=0 on 8LCQ (14)

ow
%:)\jw on Q x {y = 0},

where we remind that g—’;} is defined by (5).

Setting with an abuse of notation H~ (k) := span{wy, ..., wy}, with w; solution
of (14) for all j € {1,...,k}, it follows that Tr(w;) = ¢;, being (p;), the basis of

eigenfunctions of A in Hé/Q(Q). Then, we denote for every k € N by H"(k + 1)
its orthogonal complement in X. Therefore X = H~ (k) ® H"(k + 1). Let us
observe that (w;); is an orthogonal system in X since (Tr(w,)); is an orthonormal
system in L*(Q2). The following inequalities hold (we refer to [2, Section 2] for
more details):

lwllk < Al Te(w)lz  on H™ (k) (15)
and Mo | Tr(w) |5 < |Jw||5% on H(k + 1). (16)
At first, we deal with problem (1) for ¢ = 0, i.e., in the symmetric case.

Theorem 3.1. Assume that (f1) and (f2)(1) hold. Then, if X & o(A), problem
(Pro) has at least a solution. Moreover, if f(x,-) is odd for all x € Q and
assumptions (f2)(2), (A) hold, then problem (Py) has at least dim(M,&. .. & My,)
distinct pairs of non-trivial solutions.

In order to apply variational methods, we need the following lemma.

Lemma 3.2. Assume that (f1) and (f2)(1) hold. Then, if X ¢ o(A), the func-
tional Jy satisfies the Palais-Smale condition in R, i.e., for any ¢ € R and any
sequence (wy), in X satifying

In(wn) — ¢ and sup{[{(Ty(wn), )| : p€X, [lpllx =1} = 0 asn — oo,

there exists a strongly convergent subsequence in X.
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Proof. Let ¢ € R and (w,), be a sequence in X such that
In(w,) = ¢ and || T(w,)||lx» =0 as n — oc. (17)
Then, we have, for all p € X,
[V Vo) dody = [ ) Tu(e) do [, Tew) To(e) de = o), (15)
Ca Q Q

where o(1) — 0 as n — oc.

As a first step we prove that the Palais-Smale sequence (wy,),, is bounded in X.
To do so, we argue by contradiction, i.e., we assume that

|wnllx = 00 asn — oc. (19)

Without loss of generality we can assume that ||w,||x > 0 for all n > ny for some
no € N. We set v, = wy,/||w,|| x; plainly (v,), is bounded in X and there exists
v € X such that, up to subsequences, for n — oo we have

v, — v weakly in X and Tr(v,) — Tr(v) strongly in L*(). (20)

By (18) taking ¢ := v, — v, and dividing by ||w,|x we infer that

/c (Vu,, V(v, —v)) dedy = (21)

HwnHX

= /\/QTr(vn)(Tr(vn) — Tr(v)) dz +/Q (Tr(v,) — Tr(v)) dz + o(1).

On the other hand, by (20) it follows that

< [Tr(vp) 2 Tr(vn) = Tr(v)[2 = o(1),  (22)

/QTr(vn)(Tr(vn) — Tr(v)) dz

so that (10), (19) and (20) imply that

Tr(
f z, Tr(wn)) (Tr(v,) — Tr(v)) dz| <
wallx
_ T~ Tl o [T T
[[wn]|x [[wn|x
From (21)—(23) it results that
[ {90 V(e = 0)) iy = o)
Ca
which implies v, — v strongly in X asn — oo, (24)

and even more using that |v,||x =1, then v # 0.
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Now, dividing (18) by ||w,||x, it follows that

[ (90 90) dady -
Ca

f(@, Tr(wn))

[wnllx

= )\/QTr(vn)Tr(gp) dz + Tr(p) dx + o(1).

From (19) and (f3)(1) we infer that

. f x, Tr(w,))
lim

n—+00 ]wn||X

Tr(p) de =0 forall p € X,
therefore by (24) passing to the limit in (25) as n — oo we have that

/ Vv - Ve dedy = )\/ Tr(v)Tr(p) dz  for all p € X,
Ca Q

i.e., z := Tr(v) is an energy solution of the problem

Az =Xz in Q)
z=0 on 0f).

(25)

This is a contradiction because A ¢ o(A). Therefore the sequence (||wy]|x)n is
bounded. In order to conclude the proof, we demonstrate that every Palais-Smale
sequence strongly converges, up to subsequences. Let us point out that, up to

subsequences, there exists w € X such that, as n — oo

w, — w weakly in X and Tr(w,) — Tr(w) strongly in L*(£2).

By (17) and (26)
J3(wy)[w, —w] =0 asn — oo;

moreover, (10) implies
/ |f(z, Tr(w,))|Tr(w,) — Tr(w)| de — 0 as n — oc.
Q
Then, by (18), (26), (27) and (28) we obtain

lwall5% — /c (Vw,, Vw) dedy -0 asn — co.
Q

Finally, (26) jointly with (29) imply that
w, —w stronglyin X asn — oo

which completes the proof.

(26)

(27)
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Proof of Theorem 3.1. Here we focus on the multiplicity result. By Lemma
3.2 the functional 7, satisfies that Palais-Smale condition at any level ¢ € R.
Moreover, (A) implies oo < 0. Notice that by (f2) it follows that

F(x,t
|llim |(:|; ) =0 € R uniformly with respect to z € Q, and
t|—o0
F(x,t
lim (z,) = € R uniformly with respect to x € €;
=0 |t|2 2

hence, for any o > 0, there exist R,,d, > 0 (without loss of generality R, > 1)
such that

|F(z,t)| < %W if [t| > R,, forall z € Q (30)
Qo O .
and F(z,t) — §]t| < E\t! if |t| < 65, for all x € Q.
Moreover, by (f1), taking any q € [0,2* — 2[ there exists ap, > 0 such that, if
d, < |t] < R, for all x € Q, we have
|F(2,0)] < ag, [t|"". (31)

Now, (30)—(31) imply that for any ¢ > 0 there exists a, > 0 large enough such
that for all x € 2 and for all ¢ € R

Pat) < T2 4 alefr

which implies

(0 + )

/QF(x,Tr(w)) dz < —

I Tr(w)|5 + ay| Tr(w) gii for all w € X.

By the Sobolev embeddings, for a suitable a > 0 it results that

1
Tlw) = 5wl -

At a+to

5 I Tr(w)|3 — a |w]|%>  for all w € X.

Hence (16) implies

1 (1 A a+o
-2

Hw) > 5 STl = el foraltw e (1)
h

Therefore, by (A) for o small enough, there exists a/, > 0 such that
Ta(w) > alljw||% — al||w]|*? for all w € HT(h).
So, taking p > 0 sufficiently small, there exists ¢y > 0 such that
Ia(w) >co  forallwe S,NH(h),

where S, = {w € X : ||w||x = p}.
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On the other hand we notice that by (10), fixed o > 0 there exists a, > 0 such
that

1 A /
I(w) < lwllx = 5 Tr(w)l; + %ITr(w)@ + g | Tr(w)]s. (32)

Taking A, as in (A) and o > 0 such that A\, + o < A, it results that
1
In(w) < 5 (Ax + 0 = ) [ Tr(w)|5 + a, | Tr(w)|y for all w € H™ (k).

Then functional J) tends to —oo as |lw|x diverges in H~(k), so there exists
Coo > Co such that
I(w) <cy forallue H (k).

Finally, considering the pseudo-index theory (S, N H*(h), H*,v*) related to the
genus, S,NH*(h) and 7\, by Theorem 2.4 (applied to V = H~(k),0B = S, and
W = H*(h)) we get

v(H (k)Nh(S,nH"(h))) >dim H (k) — codim H"(h) forall h € H*.

As a consequence, Theorem 2.3 applies with A := H= (k) and S :=S,N H"(h),
hence 7, has at least dim(M,, @ ... ® M) distinct pairs of critical points cor-
responding to dim(My, & ... & M;) distinct critical values ¢;, where ¢; are as in
(12).

Now, let us observe that, if Z denotes the set of dim(M;, @ ... ® My) distinct
pairs of critical points of Jy, the set Tr(Z) contains dim(M, & ... & M) distinct
pairs of energy solutions of problem (P, () and the proof is complete. O

3.2. The resonant case

In this subsection we deal again with problem (1) for ¢ = 0, but we also admit
the resonant case. More precisely, we have the following.

Theorem 3.3. Assume that there exists an integer k > 1 such that A = A\, €
o(A). If moreover (f1), (fs) and (f1) hold, then problem (Pyo) has at least
a solution. Moreover, if f(x,-) is odd for all x € Q and assumptions (f2)(2),
(A') hold, then problem (Pyo) has at least dim(M), & ... ® My) distinct pairs of
non-trivial solutions.

Proof. The existence result follows by [27, Theorem 4.12] up to slight modifica-
tions. Indeed, by standard computations (cf., e.g., [16, Lemma 3.1, Lemma 3.2]
it follows that

1
w3 — E|Tr(w)|§ > 11— e |w|3 forall we H"(k+1)
2 2 Akt1

and that there exists M > 0 such that

[w|% — Akl Tr(w)2 < —Mlw™||%  for all w € H™ (k)



R. Bartolo, E. Colorado, G. Molica Bisci / Perturbed Problems ... 49
where w = w® +w~, with w® € M}, and w~ € H~(k — 1). Moreover by (f3) and

(f1) it follows that for a suitable positive constant M*

< MHw|x  forall w € X,

/Q F(z, Tr(w)) do

and / F(z, Tr(w)) dx — oo

as ||w| x — oo, uniformly for w € H~(k—1) (cf., e.g, [16, Lemma 3.3 and Lemma
3.4]. Therefore we easily get that

T () >0 and lim I, (w) = —o0

weH+ (k+1),[lwl|x—oo ||w]|x weH—(k),||w|| x —o0

(cf., e.g, [16, Proposition 4.1 and Proposition 4.2]). Finally, in order to prove
the boundedness of every Palais-Smale sequence, we can follow [16, Proposition
4.3], then we can conclude as in [16, Proposition 4.4] (cf. also here the proof of
Lemma 3.2). Passing to the trace of the found solution, we conclude the proof.
Up to some small modifications in the proof of Theorem 3.1, we obtain also the
multiplicity result. 0

4. Perturbed problems

Proof of Theorem 1.3. For ¢ = 0, the existence of at least one solution is
a consequence of the Saddle Point Theorem (cf. [27, Theorem 4.6]). Indeed,
by Lemma 3.2 we have just to study the geometric structure of the problem in
order to find a critical point of the unperturbed functional 7, in (11). By (10),
with fixed 0 > 0 there exists a., > 0, we set A\, < A and take ¢ > 0 such that
An + 0 < A; then by (15) and (32), we get

Ta(w) < 5 (A +0 =) [Tr(w)f; + ag|Te(w)l  on H(h).

1
2
By (15) it follows also that |Tr(w)|s — oo when w € H~(h) and ||w|x — oo,
which implies that

I(w) = —oo  as ||w||x =00 and w e H™ (h),
then there exists 6 > 0 such that
In(w) <=6 onwe H (h).

Again by (10) for all w € X it follows that

%/Q]Tr(w)|2d;g+/QF(x,Tr(w))das§ %()\+0)|Tr(w)|g—l—aa|Tr(w)|1,
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which, jointly with (16), shows that, on H*(h + 1),

A 1
—/ | Tr(w)|*dz + / F(z, Tr(w))dr < ——(\+o)||w|% + ax|Tr(w)|;.
2 Jo 0 2Ant1

On the other hand by (7) it follows that |Tr(w)]; < ¢1]|w||x, hence it results that

1 A o
A 25 (171 = 55 ) ol - sy on f¥ A+ Y. (33)
2 A+l Angr
Assumption (A) and (33) imply the existence of v > 0 such that, for h large
enough,
T(w) >~ on HY(h+1).

Therefore the Saddle Point Theorem implies the existence of a critical point of
Jr. By Theorem 2.9 its corresponding critical value is an essential critical value of
J», therefore by Theorems 2.7, 2.8, taking the trace, we conclude the proof. [

Proof of Theorem 1.4. Fixing any j €N, following [20] we consider a continu-

ous cut function
0 if [t|>j5+1
Bi(t) =
L if [t <

such that 0 < g;(¢) < 1if j < |t| < j+ 1. Then, let us set

gi(x,t) = B;(t)g(x, 1) and Gj(x,t) = /0 gj(x,s) ds.

Let us remark that, if g(z,-) is odd, then choosing /3; even, it results that g;(z, )
and Gj(z,-) are odd and even respectively, for € 2. Furthermore, there exists
£1(j) > 0 such that

e1(9)]gj(x, )] < 1, e1(7)|Gj(z,t)] <1 forall x € Q,t € R, (34)

thus for any |e| < e1(j) we consider the functionals
Inje(w) = Tn(w) — 8/ Gj(z,w)dz on X.
Q

Let m be the number of the distinct critical levels ¢; of Jy found in Theorem 3.1.
Clearly 1 <m < dim(M, & ... & M) and 0 < ¢g < ¢;; < ... < ¢;,, < Coo, Where
co and ¢, are as in the proof of Theorem 3.1. These critical levels are also odd-
essential levels for J,. Indeed, in order to prove this it suffices to apply Corollary
2.10. Namely, we take X = X(Cq), I' = %; defined in Theorem 2.3, d = 0.
Then, for any odd homeomorphism ¢ : X x [0,1] — X such that p(w,t) = w
if Jh(w) < 0, we have that the set ¢(C' x {1}) is closed and symmetric, for each
C € %;. Moreover, from the supervariancy property of v*, we have

o (PO = (o () ) = (OxTT) =70 21

hence ¢(C x {1}) belongs to ¥; and the conclusion follows.
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So, by Theorem 2.7 there exists e5(j) €]0,e1(j)[ such that, if |¢| < e5(j), then

Jnje has at least m odd-essential values d7°, with ¢ € {1,...,m}, such that
N di 1
§<1<...<m<coo+. (35)

Since J) ;. satisfies the Palais-Smale condition for any level ¢ € R, by Theorem
2.8, for each i € {1,...,m} J, . has a critical point w]® such that

- = (ng’s) =0 in Cq,
(P,\,j,g) U)z’s': 0 on aLCQ,
EWE , . A
W XT() 4 Fa o) + ey Tl
| , ,
and & == |[Vw!(z,y)* do,dy — é/ |Tr(w?®)(z)|* do
2 Jeg 2 Ja

~ [ (P T + <Gy, ()
Q
We claim that
lw!<|lx < Cy  forall j €N, || <eafj)i €{L,...,m}. (36)

Firstly, for all w € X, as w = wt + w~ with w™ € H*(k+ 1) and w™ € H™(k),
standard computations show that there exists § > 0 such that

lw 1% = M Tr(w™)[5 = dflwI%, (37)
ATr(w™)[5 = [lw™ % = dflw™ % (38)
Clearly, from (P ;.) and (34) we have

1w )5 = AITr((w!*) )5 < /Q [f (&, Tr(w!))[(Te(w] )| do + |[(Tr(w?)) "1,

A|(T1"("LU§"‘E))‘|§—II(wZ-"‘E)‘H%S/QIf(:v,Tlf(ﬂ)?"’g))lI(Tl"(w?"g))‘l0193+I(Tr(wf’a))‘ll-

Hence, by (10) and (37), respectively (38), for suitable &, Cy > 0, easily we obtain
(6 = I(w) "% < Ellw*[% + Callwi*lx,
respectively (8 = &)l (w!)~II% < Ellwl*I% + Collw]*|Ix.

Putting together the two previous inequalities and choosing ¢ sufficiently small,
we get that (36) holds. From (36) and [18, Theorem 8.15] it follows that

W)€l < C3 forall j €N, || <ea(j),i € {1,...,m}.

Therefore, for j > (5, passing to the traces, problem (P, .) has at least m pairs
of solutions. ]



52 R. Bartolo, E. Colorado, G. Molica Bisci / Perturbed Problems ...

Proof of Theorem 1.5. Let us consider the cut functions ; and the notations
as in the proof of Theorem 1.3. By assumption the functionals Jy and J) ;. satisty
the Palais-Smale condition. Then Jy ;. has at least m odd-essential values dJ°
verifying (35). Now each w € X can be written as w = w* + w™ + w°, with
wt € HY(k+1),w™ € H (k—1) and wy € M. Again standard computations
show that there exists 0 > 0 such that

lw ™[5 = el (Te(w) "3 = dllw™ %, (39)
Ml (Tr(w)) ™17 = [lw™ |15 > ol|lw™[|%- (40)
From (f3), (34), (Py;.) and (39)—(40), it follows that
(W) ¥|x < C1 forall j €N, |e| < es(j),i € {1,...,m}.

We claim that also ||(w?®)°|| is bounded. Indeed, by (f3) it follows that

/Q F(z, Tr(w)) dz

< Col|w||x  forall we X;

thus, as
Trje(w!®) <coo+1  forall j €N, |e| < eyp(h),i € {1,...,m},
the thesis follows by (34) proceeding as in the proof of Theorem 3.3. O

Proof of Theorem 1.6. In this case, once found the critical values of 7, by
Theorem 3.1, as they are assumed to be topologically relevant, we can apply
Corollary 2.12, so there exists 2(j) €]0,e1(7)] such that, if || < e5(j), then Jy ;.
has at least m critical values d{f, with k € {1,...,m}, such that (35) holds. Then
we proceed as in the proof of Theorem 1.3. O

Proof of Theorem 1.7. It is enough to combine the arguments in the proofs
of Theorems 1.5 and 1.6. O
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