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Abstract. This paper studies a class of superlinear damped vibration equations with nonlocal
boundary conditions on time scales by using the calculus of variations. We consider the Cerami
condition, while the nonlinear term does not satisfy Ambrosetti—-Rabinowitz condition such that the
critical point theory could be applied. Then we establish the variational structure in an appropriate
Sobolev’s space, obtain the existence of infinitely many large energy solutions. Finally, two
examples are given to prove our results.

Keywords: damped vibration, nonlocal boundary condition, Cerami condition, variational struc-
ture, critical point theory.

1 Introduction

Vibration is a common form of motion in daily life and engineering technology, such
as the reciprocating swing of a pendulum, the vibration of a spring, the vibration of
a string in a musical instrument, the vibration of the spindle of a machine tool, the
electromagnetic oscillation in a circuit, and so on. The study of vibration problem can
be reduced to the second-order constant coefficient differential equation under certain
conditions. Assuming that the pendulum is oscillating in a viscous medium, considering
the air resistance and the constant external force F'(¢) acting on the pendulum along its
direction of motion, the pendulum’s action called forced vibration, its damped forced
vibration equation is
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In recent papers, many authors studied the damped forced vibration problems with local
conditions, especially, two-point boundary conditions. Nieto and Xiao [16, 26] studied
the existence of weak solutions of the following damped Dirichlet problem:

—y"(s) + g(s)y'(s) + Ay(s) = h(s,y(s)), ae.s€[0,T],
—Ay/(Sj) :I](y(sj))a J=12,...,p,
y(0) =y(T) = 0.

They used the classical Lax—Milgram theorem to reveal the variational structure of the
problem and get the existence and uniqueness of weak solutions as critical points. Bai et
al. [4] studied the following damped vibration problem:

Yy (s ) 9(s)y'(s) = h(s,y(s)), ae.se[0,T],
( “(s;)) = ILij(y'(s5)), i=1,2,...,N, j=1,2,....p,
() ( ) =9'(0) =y (T) = 0.

They used the variational method and Brezis—Nirenberg critical point theorem to get the
existence of nonzero solutions of the problem. Barilla et al. [5] studied the second-order
dynamic Sturm-Liouville boundary value problem on time scale

—(p(s):nA(s))A +q(s)y°(s) = h(s,y”(s)), s €[0,T]r,
a1y(0) — azy®(0) =0,  asy(o(T)) + cuy®(o(T)) =0,

where p € C([0,0(T)]r, (0,)), ¢ € C([0,T]t,(0,00)), h € C([0,T]r x R,R),
a1, Qo, a3, 04,01 + ag 2 0, a1 + as,as + ag > 0. They got the existence of solutions
by variational methods on time scales. More literatures we can see [2, 19].

However, we find it is better to impose nonlocal conditions in some problems [9, 14,
20,21] because the measurements required by nonlocal conditions may be more accurate
than those given by local conditions. As example, the following second-order differential
equation:

y"(s) +h(s,y(s),y'(s)) =0

with Robin boundary condition y(0) = 0, y’(1) = 0. Let the nonlocal condition y(1) =
y(n) replace the local condition y’(1) = 0, then the problem can be transfer to a non-
local problem. Moreover, because in the actual conditions and the process of numerical
calculation, the value of (y(n) — y(1))/(n — 1) is easier to determine than the value
of ¥/(1) = 0, the effect of nonlocal problems is better than that of local problems.
Therefore, nonlocal problems can be considered as boundary value problems that include
continuous equations and one or more discrete multipoint boundary conditions. The origin
of nonlocal boundary value problems of differential equations is related to the mathe-
matical models of nonlinear problems in mathematics, physics, and other disciplines.
Many problems in elastic stability theory can also be treated as nonlocal boundary value
problems. Therefore, the damped forced vibration problems will be more accurate with
nonlocal boundary conditions. However, there are few literatures on solving nonlocal
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boundary value problems by using variational method. So far, we only know what we
have done recently [12,22-24].

In this paper, we study a class of second-order damped vibration equations with three-
point boundary conditions on time scales

B8(s) + g(s)y®(o(s)) + Ay (s) = h(a(s),y7(s)), L-ae.s€J,
yla) =0, y(b) = Cy(n),

where g(s) € LY(J,RT), A € R, J := [a, p(b))r is an arbitrary closed subinterval of
T, and T C R is an arbitrary bounded time scales, min T = a, maxT = b. Otherwise,
0<(<1,n=Fki/ks € QN (a,b)r with kq, ks € N, and they are relatively prime.

In fact, when the time scale T is equal to the real numbers R or integers Z, it represents
the classical theory of differential equations and difference equations. We assume that 7 is
a right-dense point, denote Ty = [a, p(n))t, T = [, p(b))T, and let the nonlinearity
h(s,y) satisfies the following conditions:

(A) define the function H(s,y) = [/ h(s,7)dr, and assume H:J x R — R
satisfies: H(s,y) is A- measurable in s for each y € R and continuously dif-
ferentiable in y for A-a.e. s € J, and there exista € C(J,RT), b € L} (J,RT)
such that |H (s, y)| < a(|y|)b(s), |h(s,y)| < a(|y])b(s) forall y € R and A-a.e.
se J;

(A1) liminf), o h(s,y)y/|y|" =+oo uniformly for A-a.e. s€J and 2 < pu < oo;

(A2) |h(s,y)| < C(1+ |yP~!) for A-ae. s € Jand y € R, where pu < p < o0;

(A3) there exists a constant # > 0 such that for A-a.e. s € J, there is h(s, y)y/|y|*
increasing for y > 6 and decreasing for y < —6.

(D

In order to find the existence of infinitely many solutions, the following superquadratic
conditions proposed by Ambrosetti and Rabinowitz [3] are needed:

(AR) there exists the constant pz > 2 such that
0 < pH(s,y) < yh(s,y) forally e R\ {0} and s € £2,
where h is the nonlinear term, H (s, y) fo s,7)dr,and 2 C R.

The role of Ambrosetti-Rabinowitz (AR) condition ensure the compactness of Palais—
Smale (PS) condition. However, condition (AR) eliminates many nonlinearities and has
certain limitations. In fact, some examples show that the nonlinearity h(s,y) could not
satisfy the (AR) condition such as h(s,y) = 2y?log(1 + |y|). Thus it is meaningful to
study problem (1) without (AR) condition.

The interesting points of this paper are the followings: (i) we establish the variational
structure of the superlinear damped vibration problem with nonlocal boundary conditions;
(i1) we consider the Cerami condition such that although the Palais—Smale sequence is
unbounded, the critical point theory could be applied; (iii) the existence of infinitely many
large energy solutions for the problem is obtained without (AR) condition by using the
mountain pass theorem and fountain theorem.

Nonlinear Anal. Model. Control, 27(6):1009-1029, 2022
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2 Preliminaries

In order to solve problem (1), the following definitions and lemmas are needed.

Definition 1. (See [1, Def. 2.3].) Let A C T and X C T. A is called A-null set if
ua(A) = 0. Say that property P holds for A-almost all (A-a.a.) s € X if there is
a A-null set A C X such that P holds for all s € X \ .A. We say that property P holds
A-almost everywhere (A-a.e.) on X.

Definition 2. (See [7, Def. 1.1].) Suppose T be a time scale. If s € T, define the forward
jump operator o : T — T by

o(s):=inf{t € T: t > s}
and define the backward jump operator p : T — T by
p(s) =sup{t € T: t < s},

where inf () = supT and sup( = inf T (here () denotes the empty set). If o(s) > s,
p(s) < s hold, then the point s € T is called right-scattered, left-scattered, respectively.
Points are called isolated when they are right-scattered and left-scattered at the same time.
If s <supT and o(s) = s, then s is called right-dense. If s > inf T and p(s) = s, then
s is called left-dense. Points are called dense when they are right-dense and left-dense at
the same time.

Definition 3. A function g : T — R is called rd-continuous if it is continuous on the
right-dense points of T and there exists the (finite) left limit on the left-dense points of T.

Then we give the following notations throughout this paper:

Cra(T) = Cprq(T,R) = {g : T — R: g is rd-continuous},

Cl(T)=C)(T,R) = {g: T — R: g is differentiable on T and g* € C,(T)},
Coxa(T1) = {g € C}4(T1,R): g(a) = g(n) = 0},

Cora(T2) = {g € C1y(T2,R): g(n) = g(b) = 0}

We denote by Wx9(J,R) = {y € LL(J°,R), y* € L£%(J°, R)} the Sobolev’s space
on J with Lebesgue A-measure p,, where 1 < ¢ < oco. Then denote

Hy'(J.R) = {y € Wy (J.R): y(a) =0, y(b) = Cy(n)} € Wy *(J.R).
Lemma 1. (See [1].) Forq € R, q > 1, define

V(L R) = {y € AC(J,R): y* € LL(J°R), y(a) = 0, y(b) = Cy(n)},
where y € AC(J,R), that is, y is a absolutely continuous function. If we integrate y €

AC(J,R) by parts, we can get Vi'(J,R) € HYU(J,R). In fact, sets VyI(J,R) and
”Hi’q (J,R) are equivalent for a class of functions.

https://www.journals.vu.lt/nonlinear-analysis
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Definition 4. (See [1, Def. 3.1].) Letq € R,q > l,and y : T; — R, i = 1,2. We say
that y € ’Hi’q(Ti, R) if and only if y € £% (T, R), and there exists g : 7; — R such that
g € LL(T?,R) and

/ (y(s), %) As = — / (9(),07 () As V€ Chu(T), i=12, ()

70 70

where J =T U T5.

Lemma 2. Let g € L1 (TP, R), i = 1,2, then a necessary and sufficient condition for

[ 6002 )85 =0 e Chy(T, i=1.2

T9
is that there exists a constant ¢; € R such that h = ¢; A-a.e. on Tio, 1=1,2.

Lemma 3. (See [1, Lemma 3.3].) Assume g € L such that for any ¢ € C5°(J°), there
is

[ owat=o.
Jo
Then g(t) = 0 for A-a.e. J°.

Lemma 4. (See [1, Thm. 3.4].) Assume y € ’Hi’q(J, R) withq € Rand q > 1, and (2)
holds for z € L (J°). Then there exists a unique function w € Vi’q(J, R) such that the

equations
A

w=y, w=z A-ae onJ®
are satisfied.

Lemma 5. (See [14, Lemma 2.5].) Let n = k1/ka € QN (a,b) and 0 < ¢ < 1 with
ki,ko €N, k1, ko are relatively prime, and let

k3 == min{ky € N | x(& + 2ksm) = X(€) Va € R},

where x(§) = sin(§) — ¢sin(n€) and K = {s: x(s) =0, s € (0,2k37]}. Suppose that
the sequence of positive solutions of x(§) = 0 is

§ <& < <& <o
Then

(i) The sequence of positive eigenvalues of system

—y”(s) =Xy(s), s¢€ [a7b]v
y(a) =0,  y(b) = Cy(n),

is exactly given by \,, = €2, n=1,2,....

3)

Nonlinear Anal. Model. Control, 27(6):1009-1029, 2022
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(ii) Foreachn € R, @,(s) = sin(v/ A\, s) is the eigenfunction of \,,.
(iii) Foreachn =dl+ jwithd e Nl € Kand j € {1,2,...,1}, there is

\/>\ld+j = QdkSTF + \/E

Lemma 6. (See [28, Thm. 2.6].) Suppose q € R and q > 1, then Hi’q(.], R) is a Banach
space with the norm

1/q
e = ([l as+ [l @ras) - ventim),
Jo Jo

Lemma 7. (See [1, Prop.2.7].) If ¢€ R and ¢ > 1, assume ¢’ € R satisfies 1/¢+1/¢' =1.
Then for g1 € L%(J%) and g2 € L (J°), g1 - g2 € LL(J°) and the Holder’s inequality
hold:

g1 - g2lley < llgrllcsllgall o
Moreover, when q = 2, the inequality is called Cauchy—Schwarz’s inequality.

For ¢ € R, g > 1, we set the space

Ly (J°R) = {y :J? = R: J[{g(s)r]As < +oo}

with the norm ||g]|

g = ([0 lg(s)|2A8)H/1.
Definition 5. Assume g : T — R is a regulated function. We define the Cauchy integral

by

/g(s) As=G(r)-G(r) Vr,7eT.

Lemma 8. (See [8, Thm. 4.1].) If and only if g is A-differentiable A-a.e. on J and g* €
LL(J° R) such that

o) =g@+ [ ¢85 e,
la,s)NT
then g : J — R is the absolutely continuous function on J.

Definition 6. Let X be a real Banach space, ¥ € C'(X,R). If any sequence {y;} C X
such that
¥(y,) being bounded and lim W’(yj) -0
J—00

contains a convergent subsequence, then the functional ¥ is called satisfying the Palais—
Smale (PS) condition.

https://www.journals.vu.lt/nonlinear-analysis
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Lemma 9. (See [15, Thm. 1.1].) If ¥ is weakly lower semicontinuous (w.l.s.c.) on a re-
flexive Banach space X and has a bounded minimizing sequence, then ¥ has a minimum

on X.
Lemma 10. (See [17].) Let X be a real Banach space, and let ¥ € C'(X,R) satisfies
(PS) condition and the following conditions:

(P1) There are constants p, o > 0 such that WlaB,, > .
(P2) Thereisanr € X \ OB, such that ¥(r) < 0.

Then there exists a critical value ¢ > o, which can be characterized as

¢=Y(y") = inf max v (y(s)),

where
r={y|yec(0,1],X), y(0) =0, y(1) = r}.

Lemma 11 [Fountain theorem]. (See [6].)

(i) The compact group G acts isometrically on the Banach space X = ®jenX; and
is invariant; there exists a finite dimensional space V such that, for every j € N,
X; >~ V; and the action of G on 'V is admissible.

Under assumption (i), let ¥ € C'(X,R) be an invariant functional and satisfies (PS)
condition. Let for every k € N, there exits py, > ry > 0 such that

(i) ax :=maxyey,. |y|=p ¥ (y) < O0forYy, = @?:OX-;
(iii) by :=inf ez, . |yl=r, ¥(y) = 00, k = 00, for Z), = DS X

Then ¥ has an unbounded sequence of critical values.

3 Variational formulation of problem (1)

For this superlinear damped three-point boundary problem (1), the variational structure
due to the presence of the damped term g(s)y® (o (s)) is not apparent. However, we will
be able to transform it into a variational formulation.

We assume that A > —A;m/M, where )1 is the first eigenvalue of system (3) that is
the least positive parameter J\,, for system (3), and

m =mine® and M = max eG(S), 4@
seJ seJ

m, M > 0,and G(s) = — [” g(T)AT, s € J, where g(s) € L (J,R) and G'(s) = g(s),
thus G(s) is absolutely continuous. Multiplying the equation in (1) by e(®) we transfer
the superlinear damped system (1) into the following equivalent form:

_(eG(s)yA(s))A + )\eG(S)y“(s) — eG(S)h(U(S),yU(S)), A-a.e.s € J,
y(a) =0,  y(b) = Cy(n).

Nonlinear Anal. Model. Control, 27(6):1009-1029, 2022
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In this paper, consider the space H} = ’Hi’Q (J,R) with the inner product

(y,w) = /eG(S)(yA(s),wA(s))As—i—/)\eG(s) (y"(s),w”(s))As

J J

and the induced norm

1/2
i = ([l @l as+ [recolrePas)
J J

Define the functional in . :

v) =5 [ Ot a5+ 5 [0 () As

J J
—/eG(s)H(o(s),y"(s))As7 (5)
J
and let
Ay, w) = /eG(S)yA(s)wA(S)As + )\/eG(S)y“(s)w”(s) As, y,w € Hi.
J
Then the derivative is
(1)) = Ayw) ~ [ ORo(5),57 () (5) As. ©
J

Lemma 12. [f assumption (A3) are satisfied, then for any s € J, Z(s,y) is increasing for
y = 0 and decreasing for y < —6, where I(s,y) = h(s,y)y — nH(s,y). In particular,
there exists c1 > 0 such that
I(s,w) < Z(s,y) +c1 (7N
fors € Jand 0 < yory <w < 0.
0

w <
Proof. Assume 0 < w < y, there is

u[i (s = hls0he) = (5.3~ H(5.)
ML/MM 1o /h<>A/h<> lar

pewtt

h( Y)g _ how) QM]

https://www.journals.vu.lt/nonlinear-analysis
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Yy w
_ u[/ (h(s,y)y - h(s,T)T>TMAT+/ (h(s,y)y - h(s,w)w)TﬂlAT
y/l« TH ylt wH
0
h

The case y < w < —40 is similar. Finally, by assumption (A) we see that

—1 I(s,y) — inf T
a=1+ > (s,9)— nf  T(s:w)
(s,y)eTx[—0,0]

is finite. The proof is completed. O

Remark 1. Condition (A1) when p = 2, is originally from the famous (AR) condition.
This condition ensures the compactness of (PS) condition. However, some examples
show that the nonlinearity h(s,y) could not satisfy (AR) condition such as h(s,y) =
2y? log(1 + |y|). But it satisfies conditions (A1)—(A3), and we say that ¥ satisfies the
Cerami condition if any sequence {y,,} € H} such that

U(yn) = ¢, and (1 +|[|ynl) ¥ (yn)] — 0
has a convergent subsequence.

Actually, the deformation theorem under the Cerami condition has been given in [13].

Lemma 13. (See [13, Prop. 2.0].) Let ¥ be a functional of class C*(X,R) defined on
a real Banach space X. Denote V¢ = {y € X: ¥(y) < c}, Y. ={y € X: ¥(y) > ¢},
Bo ={y € X: [ly| <a}, To. ={y € X: ¥(y) =c, ¥(y) =0} P ={y € X:
ly—T.|| <r}, 0<r<2 Lete, 61 > 0, ¢ € R be such that (1 + ||y|)||¥'(v)| = o1,
y € ¥ ([c — 2¢], ¢+ 2¢) \ P,ss. Then there exits n € C([0, 1] x X, X)) such that

(i) n(0,y) =y foraly e X;

(i) ¥(n(-,y)) is nonincreasing for all y € X,
(iil) ¥(n(s,y)) < cforall s € (0,1],y € ¥¢\ Py,
(v) (L, (W2 \ P) N Ba) C W62, a0 > 0;

) |In(s,y) —y|| <r/2forall s € [0,1],y € X.
Here ||y — T.|| denote the distance form y to T..

Remark 2. Since the deformation theorem is still valid under the Cerami condition, we
see that the mountain pass theorem and the fountain theorem are true under the Cerami
condition, more details can be found in [11, 18].

Lemma 14. There exists a constant § > 0 satisfying the inequality

1Ylloe < Syl Vy € My,

Nonlinear Anal. Model. Control, 27(6):1009-1029, 2022
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where ||y||o = maxses |y(s)|, and the norm ||| is equivalent to ||-||1, where

, A\ 2
o = ([l as)
J

Proof. First, define the norm

ol = [ oPas+ [ |y"(s)|2As>l/2.
J J

By (4) there is m < €“(*) < M. Then by Poincaré’s inequality and X\ > —(\;m)/M we
can get that the norms ||-|| and ||-||2 are equivalent, and

el <s [ tfar

la,s)T

After integrating the above formula, we get

2 2
[woPas < T3 [ofan
J

J

Thus the norm ||-||; is equivalent to ||-||2. Then the norm ||-|| is equivalent to ||-||1.
Besides, there is constant ¢ > 0 such that

1 1/2 ) 1/2
ol < [eeiar< ([ gmar) ([0t mPar)
J J J

|b—al clb — al
< Iyl < lyll-
m m
We can assume that § = +/(c|b — a|)/m > 0, then the proof is completed. O

Lemma 15. Let condition (A) holds, and let A > —A\ym/M. Then the functional ¥ :
HL — R defined by (5) is continuously differentiable, and the derivative defined by (6)
can be obtained.

Proof. For every point y € H1, it suffices to prove that ¥ has a directional derivative
¥’ (y) € (Hy?(J,R))* given by (6) and that the mapping ¥’ : Hy % (J, R) — (H 3% (J, R))*
is continuous.

(i) It follows from condition (A) that ¥ is everywhere finite on ’Hi’Q(J, R). Then, for
yand w fixedin HY, s € J, & € [-1,1], let

L(o(s),57 (5),5° (5)) = 552 (5)]” + 52y (s)]

— eG(S)H(J(S), y"(s))7

https://www.journals.vu.lt/nonlinear-analysis
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and

b(E) = / Q(£,5) As = W(y + &w).

Then by condition (A) there is
| DeQ(E, 5)| = [(DyL(a(s), y ( ) +&w(s), y® (s) + Ew(5)), w7 (s))
+ (DuwL(o(s), y )+§W()y()+£w (5)), w(s))|
= [(=eh(a(s), y7(s) + € (5)), w(s))
+ (AT Y7 (s) + & (s)], w”(S))
+ e (Jyh (s) + &w? (s)], w™(s))]
< Ma(ly? (s) + €w7(s)])b7(s)|w (s)] + AM |y? (s) + w7 (s)]|w (s)]
-i-M‘y ) + Ew( Hw )’
< Mab? (s ‘w ‘+)\M(|y (s)’—l—‘w”(s)’ﬂw”(s)’
+M’y +wh ||w s)|
2 d(s),

where @ = max(y s)e-1,1)xs a(|y7(s) + A7 (s)]), b € LL(J,RT), (|y°] + [w?]) €
£2(J,R), and (|y°(s)| + |w?(s)]) € L£2(J,R). Then we have |D¢Q(&, s)| < d(s) €
L} (J,R). Thus applying the Leibniz formula, we have

- /DgQ(O, s) As

J

= /[(DuL(U(S),y"(S),yA(S))va(S))Jr(DvL(U(S),y"(S)vyA(S)),wA(S))]AS

J

= /eG(S) [(=h(o(s),y7(5)),w(s)) +A(y7(5),w(s)) + (y*(s),w"(s))] As.

J

Moreover, let a(|y?(s)))b7(s) + |y°(s)| £ v1(s) and |y*(s)| £ ta(s), thus ¢ €
LY (J,RT), 1y € £L2(J,RT), then by Lemma 14

/ [(DuL(0(5), 47 (), 4 (), w7 ()) + (DL (0(5), 5 (), y° (5)) 0 (5))] A

- / eSO [(=h(a(s),y7(5)), w7 (5)) + A7 (), 7 (5)) + (42 (5),w° (5))] As

<M/ ’y s)+ Ay ( As+M/

< C1||w||oo + ol || < esllwll,

Nonlinear Anal. Model. Control, 27(6):1009-1029, 2022
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where ¢, o, ¢3 are positive constants, and ¥ has a directional derivative at y and ¥/ (y) €
(H1)* given by (6).

(i) By a theorem of Krasnosel’skii, conditions (A) and (A3) imply the mapping from
HL?(J,R) into £} (J,R) x £2 (J,R) defined by

— (DyL<'7yaa yA)7 DwL('7yJ?yA))
is continuous. So ¥’ is continuous from # > (.J,R) into (H”(J,R))*, and the proof is
completed. O

Lemma 16. Ify € 7—[2’2(J, R) is a critical point of the functional ¥, then y = y(s) is
a solution of problem (1).

Proof. By Lemma 15 the functional ¥ is continuously differentiable, and the assumption
that y is a critical point of ¥ means that (¥’ (y),w) = 0 for all w € HL. Obviously, there
is Cy ,q(Ti,R) C Hy?(J,R), i = 1,2, then we have

(W'(y),z) =0 VzeCh,y(T;,R), i=1,2
Then by Definition 4 there is
0= /eG(S)yA(s)zA(s) As+ )\/eG(S)yU(s)z”(s) As
T; T;
—/eG(S)(h(a(s),y”(s)),z”(s))As
T;

G(s) A A 0( )AS—I—)\/ G(s) 0( ) O'(S)AS
T;

-

i

T
/eG(q) $),y7(s)),27(s)) As.

T;

o

Since z € Cé,rd(Ti, R) is arbitrary and by Lemma 3 we can deduce
—(eG(S)yA(s))A + XG0y () = eG(S)h(a(s),y”(s)), A-ae.seT;, i=1,2,
then it holds that
f(eG(s)yA(s))A + XG0y () = eG(S)h(U(s), y°(s)), O-ae.s€J,
that is,
—y*2(s) + g(s)y® ((s)) + Ay7(s) = h(o(s),y7(s)), nL-ae se

Thus y = y(s) is a solution of problem (1). O

https://www.journals.vu.lt/nonlinear-analysis
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4 Main results

Theorem 1. Assume condition (A) holds, and \ > — ym/M, then problem (1) has at
least one solution.

Proof. By the functional ¥ defined in (5) let

U (y) = %/eg(‘ﬂy | As+ = /)\eG(S ly7 ( )|2As.

J J

Since Y7 is continuous and convex, ¥; is weakly lower semicontinuous, and

0a(y) = [ COH (o(s),7(5) A
J

By condition (A), s is a weakly continuous functional. Thus, ¥ is weakly lower semi-
continuous.
For any y € H., there exists a enough large constant ¢ > 0 such that

v) = 5 [ OB+ 5 A s [ (o(s).17() A5
J J

J

1 1
> 5ol = 01 [ a(lybs) As > 5 ol - e

This implies that lim|j, | o ¥(y) = +o0, that is, ¥ is coercive. Hence ¥ has minimum
by Lemma 9, which is also the critical point of ¥. Therefore, problem (1) has at last one
solution. O

Theorem 2. Assume conditions (A), (A1), (A2), and (A3) hold, and let X > —\ym/M.
Then the functional ¥ satisfies the Cerami condition.

Proof. First, suppose a subsequence {y; } of sequence {y,, } such that y; — y in 2, then
y; — yin C(J,R). Thus when ¢ — oo, there are

(W' (yi) =¥ (y), yi —y) — 0,

/ [h(s,yi) = h(s,9)] (i —y) As = 0.
Thus !

(W' (yi) = V'), vi —y)

/eG (52 (5) — w* ) + Ay (5) — 47 (5)[*) As

J
/ oG) 47 (8)) — h(0(),5°(5))] (42 () — 97 () As
J

Nonlinear Anal. Model. Control, 27(6):1009-1029, 2022
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> [ (89 = > O + 2 -y 6)) s
J
0 [ [h(o(9). 57(9) = h(o(6).° ()] (4 5) ~ 17 () A,
J

By ¥'(y;) — 0in H. we have ||y; — y|| — 0 as i — oo. That is, sequence {y,} has
a convergent subsequence.

Second, we show that the sequence {y,,} C Hj is bounded. If {y,,} is unbounded,
then for some ¢ € R, we have

U(yn) — ¢, |ynll = oo, le(yn)H”yn” — 0 asn — oo,

then
. 1 , 1,
nh~>nc}o ih(syyn)yn - H(Sa yn) AS = nh~>ngo w(yn) - §<w (yn)7yn>
! — ®)

We consider v, := y,,/||y»]|, then up to the subsequence {v,, } in H1, we get
vy — v inHy, v, = v in L5(J) for 2 < ¢ < o0,
vn(s) = v(s), A-ae.seJ
Case I. If v = 0, define a sequence {t,,} C [0, 1] such that

U(tnyn) = tren[ga(] U (tyy).

For any m > 0, define ©,, := (4k)'/?v,. There is ©,, — 0 in £2(J), and by condi-
tion (A2) there exists D > 0 such that |H (s,y)| < D(Jy| + |y|P). We see H(+,7,,) — 0
in £'(.J). Thus lim,, o [; H(s,,) As = 0. So for n large enough,

U(tnyn) = ¥(0,) = 2k — /H(s,z‘;n) As >k,
J

which implies that lim, oo ¥ (t,yn) = +00. Then by ¥(0) = 0 and ¥(y,) — c get
t, € (0,1). Thus, if n big enough, then

J SOt @ + M) ) s = [ On(a(a). 7 (5) (hs(5)) As
J J

d
= <W/(tnyn)atnyn> = tn& w(tyn) =0,
t=t,

https://www.journals.vu.lt/nonlinear-analysis
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and, obviously, there is

/eG(s) (;h(a(s), tnyn (5)) (tnyn (s)) — H(o(s), tnyg(s))> As

[ O + At ) s
J
_ /GG(S)H(U(S)JWZ(S))(tnyg(s))As

7
=U(t,yn) = +00 asn — +00.

1
2

By (7) we have
I(Svy’n) > I(s7tnyn) —C1,

then

/G" WASIACEVICYABI)ES

> / (;h((f(smy;t(s)) (tayS(s)) — H(a(s>,tnyz<s>))As - %1|b — al

J
=U(thyn) — %\b— al - 0o asn — +oo,
which contradicts with (8).
Case II. If v # 0, we have that
S 2 (o8 2 S g g
/eG( (Jyn ()" + Alyn(s)]")As — /GG( "h(o(s). yn(s))ys (s) As

J J

= <LZ//(yn), yn>a =o(1)

then there is

/h(o(s%yﬁ(s))yﬁ(s) N

1ynlI?

(/ S s

Fort € © := {t € J: v(t) # 0}, we have |y, (t)| — oco. Then by condition (A1) there is

1-0(1) =

/ h(o(s),y5(s))y2(s) |v,|?As = 400 asn — oo

[Ynl?
v#0

Nonlinear Anal. Model. Control, 27(6):1009-1029, 2022
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and there exists ¢} > —oo such that

h(a(s), yn(s))yn(s)

il > for A-ae.s€J
Yn

Then we have

([ ] VR

v=0

#0
h(o ( ) Yn(8)yn(s), 2 2
2/ PNE |V ] As+19/|vn\ As,

v#0 v=0

which is a contradiction.
Therefore ||y, || is bounded, and ¥ satisfies Cerami condition. O

Remark 3. The technology we used in Theorem 2 to eliminate the case v # 0, is derived
from Jeanjean [10]. We proved that although there may be unbounded (PS) sequence,
every Cerami sequence of the functional ¥ is bounded. To prove the boundedness of
Cerami sequence, we refer to Zou [29].

Theorem 3. Assume \ > —A\1m/M, conditions (A), (A1)—~(A3), and
aa

(A") h(s,y) : J x R — R satisfies h(s,y) = o(|y|) as y — 0 uniformly for A-a.e.
sed

hold. Then problem (1) has a nontrivial solution.

Proof. By Theorem 2, ¥ satisfies Cerami condition. Given ¢; = 1/(4M62(b — a)) > 0,
where M, 6 > 0 and b > a, then by condition (A’) there exists » > 0 such that H (s, y) <
e1|y|? for all |y| < r, and by Lemma 14 there is

(y) = %/eG(S)|y | As+ = /)\e )]y ( )|2As

J J

—/eG(S)H(U(S),y"(s))As

J

WV

1 1
Sl =0 [ePs > Syl = M- 16~ )yl

WV

1 1
S92 = 0 21020 = )yl = (5~ M0 0) ) I

R
AM%(b— a)

https://www.journals.vu.lt/nonlinear-analysis
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Taking into account Lemma 10 and setting p = r, o = 1/(4M§?(b — a))r? > 0, one has
that (P1) holds.

On the other hand, by condition (A1), for any €2 > 0, there exists C., > 0 such that
H(s,y) = C.,(ly|* + 1) for |y| > r. Because in finite-dimensional normed spaces, all
norms are equivalent, and 2 < p < oo. Let C,,, satisfies

1
§||y||2 < mCe,|lyll7z.-

Then

v) = 5 [l b5+ 5 [ Ao s
J J

—/eG(S)H(a(s),y”(s))As
J

N

1
Sl = mee, [ + 1)as
J

1
= Syl = mCe, - Jylls, —mC-,lb—a
by u > 2, and ¥(y) — —oo as |ly|| — oo, hence (P2) holds. It is clear that ¥(0) = 0,
then by Lemma 10 the proof is completed. O

Theorem 4. Assume A > —A\ym/M, conditions (A), (A1)~(A3), and the following
condition are satisfied:

(A" h(s,—y) = —h(s,y) for A-a.e. s € Jand y € R.
Then problem (1) has an unbounded sequence {yy} as solutions satisfying
1

5 [ A+ 5 [T i) as
J J

- /eG(S)H(U(s),yg(s))As — o0 ask — oco.
J

Proof. We know that X = H is a reflexive and separable space, then by [27] there exits
{Tn}nen C X and {¥,, },,eny C X* such that

1, =m; _
<Wn77-m> = nem and Span{Tn, n e N} =X.
0, n#*m,

We choose to define X; := R7; as j € N, and let

X =®jenX;, Yi= @?ZOX]'7 and 7 = @;‘;ka.

Nonlinear Anal. Model. Control, 27(6):1009-1029, 2022
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By assumption (A”) there is ¥(—y) = ¥(y), y € Hi, and ¥ satisfies the Cerami
condition by Theorem 2. On the one hand, by condition (A2), for any (s,y) € J x R,
there exists D > O such that [H (s, y)| < D(|y|+|y[P). Let By, := supyez,. |y)=1 ¥l 2
then B — 0 as k — oo (cf. [25]). Therefore, for y € Z;,

v) = Il = [ OR(o(9),57 () As
J

1
ol =21 [ D(lyl+1ul7) s
J

WV

WV

1

sIvl* = DM lylloc — DM|lylIZ,
1

> 5 llyll* = DMallyl| - DB M y|”,

then for y € Zj with ||y|| = % := (B) 1,

(Br) > B 1 .
¥ (y) > 5 DM(By) DM := by,

which implies by := inf ez, |y|=r, () = by — coas k — oo.
By condition (Al), for any e > 0, there exists D., > 0 such that H(s,y) >
D.,(ly/* +1) and ||y||?/2 < D.,||y||3: as y € Yy, then there is

vy) = ol ~ [ OO H (o(s).07(5)As
J

1
Sl = [eCOD., (" + 1)as
J

N

1
< 5”?/”2 - mD&zHy”Zu - mD€2

by © > 2, and all norms on the finite-dimensional space Y, are equivalent. Thus for
pr > 0 large enough, there is ax := maxycy,. |y|=p, ¥(y) <O.

Thus by Lemma 11 there is the unbounded sequence {y; } such that ¥ (y;) — 400 as
k — o0. The proof is completed. O

S Examples

Example 1. Let T = {2/n,n € N} anda = 0, b = 1, g(s) = 0, then consider the
following problem:

—y2%(s) + \y(s) = h(s,y(s)), nH-ae. s€J,

https://www.journals.vu.lt/nonlinear-analysis
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where h(s,y) = |y|*>(5ly| + ¥ — 1) and A > —(27/3)%/\/e ~ —2.66. Then all
assumptions in Theorem 3 are fulfilled.

Example 2. Let T = {1/n, n € N}and a =0, b = 2, g(s) = s, there is the problem

—y22(s) + 52y (s) + Ay(s) = h(s,y(s)), A-ae.s€J,

0 =0 ) =5(3):

where h(s,y) = 2|y|?ylog(1 + s%|y|) and A > —X;e~3/5. Then all assumptions in
Theorem 4 are fulfilled, and we can obtain the primitive function of h, but it is almost
impossible to check (AR) condition.

Remark 4. The eigenvalue of Example 1 had been investigated in [14]. We get Ay =
(27/3)? as in Example 3.1 [14], and for more precise values of \; in Example 2, we refer
to Theorem 6 in [9].

6 Conclusion

In this paper, the key point in our proof is that although ¥ may possess unbounded Palais—
Smale sequences, under appropriate assumptions, the functional ¥ satisfies the Cerami
condition. Then by using the mountain pass theorem and fountain theorem, we get the
existence of infinitely many large energy solutions.

We give the variational structure of the nonlocal damped vibration problem, existence
and multiplicity of solutions for the superlinear equations are obtained without (AR) con-
dition. In addition, our results generalize previous results of others to nonlocal cases.
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