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CRITICAL POINT APPROACHES FOR A CLASS OF
DIFFERENTIAL EQUATIONS WITH STURM-LIOUVILLE TYPE
NONHOMOGENEOUS BOUNDARY CONDITIONS

SHAPOUR HEIDARKHANI AND FARAHNAZ AYAZI

ABSTRACT. A class of p-Laplacian equations with Sturm-Liouville type nonhomoge-
neous boundary value problem with nonlinear derivative depending on two control
parameters is investigated. Existence and multiplicity of solutions are discussed by
means of variational methods and critical point theory. Two examples supporting
our theoretical results are also presented.

1. INTRODUCTION

Various generalizations of classical Sturm-Liouville problems for ordinary linear
differential equations have attracted a lot of attention because of appearance of new
important applications in physical sciences and applied mathematics. Sturm-Liouville
boundary value problems have received a lot of attention in recent years. There have
been many papers studying the existence of solutions for boundary value problems, for
a small sample of recent work, we refer the reader to [1,7,8,11,13,16-18] that authors
have studied the existence of solutions of Sturm-Liouville boundary value problem
by using critical point theorem and fixed point theorem. For example, Bonanno and
Riccobono in [8] have established the existence of multiple solutions for the second
order Sturm-Liouville boundary value problem

(pp(2"))" + sp(x) = Af (¢, ), t € la,b],
ax'(a) — fx(a) = A, ~2'(b) + ox(b) = B,
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where p > 1, ¢,(2) = |z[P~2z, p,s € L@ with essinfy,;p > 0 and essinfl, ;s > 0,
A B eR, a,B,70 >0, f:ab xR — Ris an L'-Carathéodory function and
A is a positive real parameter. In [18] Tian and Ge, applying a three critical point
theorem due to Averna and Bonanno discussed the existence of three solutions for a
Sturm-Liouville boundary value problem depending upon the parameter A\, while in
[17] using lower and upper solutions approach and variational methods they proved
the existence of multiple solutions for second order Sturm-Liouville boundary value
problem

—Lu = f(x,u), x € 1[0,1],
Rl(u) = O, RQ(U) = 0,

where Lu = (p(z)u')’ — ¢(x)u is a Sturm-Liouville operator Ry (u) = au'(0) — fu(0),
Ro(u) = yu/(1) + ou(1). In [13] using critical point theory and Ricceri’s variational
principle, the existence of infinitely many classical solutions to a boundary value
system with Sturm-Liouville boundary conditions was obtained.

In the present paper, we investigate the existence of solutions for the Sturm-Liouville

type nonhomogeneous boundary value problem
(1.1)

(p— 1)~

~(gyla)) = (Af(x, uwy+ [ L (W))d) el (), € (ah),
au(a) — Bu'(a) = A,  ~u(b) + ou'(b) = B,

where p > 1, ¢,(t) = |t|P"'t, A > 0, is a parameter, a,v,3,0 > 0 and A, B are
arbitrary constants. The function A : [a, b] x R — R satisfies the conditions
(1) 0 <m = inf(pepapxr M7, 1) < M = Sup(, pejapxr M, 1);
(77) the function ¢ — h(z,t) is continuous for all x € [a,b] and the function
x — h(z,t) is in C'([a, b)) for all ¢ € R.

We also assume that the function f : [a,b] Xx R — R is an L'-Carathéodory function.

In [14] Sun et al. established the new criteria for the existence of infinitely many
solutions for a class of one-dimensional p-Laplacian equations with Sturm-Liouville
type nonhomogeneous boundary problem (1.1) with the perturbation term pg(x, u(x)).

We also refer the interested reader to the papers [3,12] in which using variational
methods and critical point theory, the existence of solutions for boundary value
problems with nonlinear derivative dependence have been discussed. A second-order
impulsive differential inclusion with Sturm-Liouville boundary conditions is studied.
By using a nonsmooth version of a three critical point theorem of Ricceri, the existence
of three solutions is obtained in [15]. In [4] utilizing variational methods the existence
of at least one weak solution for elliptic problems on the real line was discused.

Here, we study the existence of multiple solutions for the problem (1.1). In Theorem
3.1 we prove the existence of at least two solutions for the problem (1.1). As a special
case of Theorem 3.1, we investigate the existence of at least two solutions, when
w(zx) = d, that d is a constant; see Corollary 3.1. In Theorem 3.2 we show that the
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problem (1.1) has at least three solutions. We also show that for small values of the
parameter and requiring an additional asymptotical behaviour of the potential at zero
if f(x,0) =0 for all = € [a, b], the solutions are nontrivial; see Remark 3.1. Moreover,
we deduce the existence of solutions for small positive values of the parameter \ such
that the corresponding solutions have smaller and smaller energies as the parameter
goes to zero; see Remark 3.2. Finally, we give two examples to show the application
of our results.

2. PRELIMINARIES

Let X be a real Banach space and for two functions ®, ¥ : X — R for all r,ry, 7y >
inf x ¥, with vy < ry we define the following functions

O(u) —inf, _g=i——7z P(u)
21 _ inf u€W—t(]—oo,r)
( ) 1 (T) ue‘l!—%r(}—oo,r[) r— \I/(U) ’
O(u) — P
(2.2) wo(ry,19) = inf sup (v) (v)

u€V 1 (J=00,r1[) yeT—1([ry,ra) m’

where W—1(] — oo, 7[)« is the closure ¥~1(] — 0o, r[) in the weak topology.

Theorem 2.1. ([5, Theorem 1.1.]) Let X be a reflexzive real Banach space, and let
O, U : X — R be two sequentially weakly lower semicontinuous and Gateaux differen-
tiable functions. Assume that V is (strongly) continuous and satisfies lim 400 ¥(u)
= +00. Assume also that there exist two constants vy and ry such that

(@) infx U < ry < ro;
(az) @1(r1) < palri,r2);
(az) @1(r2) < pa(r1,r2).
Then, there exists a positive real number o such that, for each

1 . 1 1
A e } @2(7”177‘2)7mm{901(7”1)7 ¢1(r2) } [’

the equation V' + \®' admits at least two solutions whose norms are less than o.

For all r1, 75,73 > infx ¥ we define

, O(u) = ®(v)
2.3 r1,72,73) = inf st W(v) — U(u)
( ) SO?’( 172 3) uGW*H[m,TzDue\IJfl([Izg,rg,[) \IJ(U) - \Ij(u)

Clearly, po(re,73) < p3(r1,72,73).

Theorem 2.2. ([5, Theorem 2.2.]) Let X be a reflexzive real Banach space, and let
O U : X — R be two sequentially weakly lower semicontinuous and Gateaux differen-
tiable functions. Assume that W is (strongly) continuous and satisfies limjy)— 40 V()
= +o00. Assume also that there exist two constants r1,r3 and r3 such that

(bl) ian\I/<7“1 < 1o < T3;
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(b2) max{p1(r1), p1(r2), p1(rs)} < min{wa(ri, r2), @3(r1, 2, 73)}-
Then there exists a positive real number o such that for each

A€ max{ 1 ! }min{ ! L L }
©a(r1,m2) " @3(ry,re,73) | @1(r1)” e1(ra) oa(rs) | |

the equation V' 4+ A\®" = 0 admits at least three solutions whose norms are less than o.

Theorems 2.1 and 2.2 have been used to the existence of multiple solutions for
a two point boundary value problem driven by one-dimensional p-Laplacian and a
second-order Sturm-Liouville boundary value problem in [5, 16], respectively. The
present paper paper is a continuation for the application of the critical point theorems.
Let X be the Sobolev space W'?([a, b]) equipped with norm

1
P

b
|ul| := (/ lu(t)P + |u'(t)|pdt) , forallue X.

Then, the space (X, ||.||) is a real reflexive Banach space and max{||u||z», ||v/||z»} <
|u|| for each u € X. By the Sobolev embedding theorem (see [9]), X is compactly
embedded into C([a, b]). We also denote || - ||« as the usual norm of L>(][a,b]).

For all = € [a,b] and s € R, define the functions

p—1)[o]P2

To(s) = J(z, ) = /Os< ew I

and

H.(s) = H(x,s) ::/ J(z,T)dT.
0
For any fixed z € [a,b], the fact that H(s) = J.(s) = % > 0 implies that H,
is a strictly convex C? function and .J, is a strictly increasing C' function. Simple
calculation shows that for every = € [a,b], s € R,

2. S <o < P B o < B

For each u € X, let the functionals ¥, ® : X — R be as follows

25) W) = [ Ha s+ 2o Gutw - 5a) + Ta (- 2u)+ L)
and

(26) o(u) = [ Flwu(@)dz,

where
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In view of (2.4), one has

p—l 1 p ,yp—l 1 p
i (118 + st = 2+ Z5lu) - 25 )
(2.7) 1 P 1 P
<W(w) < (|7, + 2 Lal 27 Ly - 1B
<W(u) < mp [u'|7e + gr 1 u(a) — PR u(b) — 5 :

Lemma 2.1. ([14, Lemma 2.1]) Assume that uw € X and there exists r > 0 such that
®(u) < r, then, we have

full < (M)} ((i) s a)i) -

where q is the conjugate of p, i.e., % + % = 1.

Definition 2.1. We say that u is a classical solution to (1.1) if u € C'([a,]),
[/ [P~2u’ € AC([a,b]), aula) = Bu'(a) = [} &(x)ulz)de, yu(b) —ou'(b) = [;") u(z)dz

and
(@l )Y = (Afwu v (e 2d7))h<x,u'<x>>,

h(z,T)

for almost every complete x € [a,b], where AC'([a,b]) denotes the space of those
functions whose first derivatives along with themselves are absolutely continuous on

la, b].
Definition 2.2. We say that u is a weak solution to (1.1) if v € X and

/a (e ) (2)de J<a, gum) - ﬂA>v(a) - J(b, —gu(b) +— B>U<b>

b
)\ / (o, u(z))v(z)dz = 0,
for any v € X.

Lemma 2.2. ([14, Lemma 2.4]) Weak solutions of (1.1) coincide with classical solu-
tions of (1.1).

Lemma 2.3. ([14, Lemma 2.5]) Assume that the functional ¥ : X — R is de-
fined by (2.5). Then ¥ is sequentially weakly lower semicontinuous, continuous,
limyjy 5400 ¥(u) = 400 and its Gateauz derivative w € X is the functional V'(u)
given by

V' (u)(v) = /ab J(z,u'(x))v'(x)dx + J(a, gu(a) — 1A>v(a)

s s
_ J(bj_

S

u(b) + iB)v(b),

for every v € X.
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Remark 2.1. If u € X is a critical point of Iy, = ¥+ A® in view of Definition 2.2, then,
u is a classical solution of the problem (1.1).

3. MAIN RESULTS

For any v > 0, we define

Q) = {t ER: |t < y(@)i n (b—a)é) + ;\Ay}.

We formulate our first main result as an application of Theorem 2.1 as follows.

Theorem 3.1. Assume there exist two positive constants ¢, < ¢y and a function
w € X such that
p)

(A1) & < Ky < b, where
fori=1,2.

p—1 p p—1
L

wb) — 1B

1
w(a) — —A 5

a —1

ob

W

(As) A Mp < f; F(z,w(z))dx —\ijé) s)upteQ(Cl) F(x,t)dx
w

(0%
Ky = (Hw'wzp ;

Then, for each

A€

W (w) win{ i, ey}
f(f F(Iv w(l‘))dl‘ - f(f SupteQ(cl) F(l’7 t)d[E’ Mp ’

the problem (1.1) has at least two classical solutions whose norms in C([a,b]) are less
than ¢, where A, = % Jb SUDyeq(e;) F(, t)dz.

Proof. Let U, ® be as given by (2.5) and (2.6), respectively. By Lemma 2.3 we observe
that U, ® : X — R are two sequentially weakly lower semicontinuous and Gateaux
differentiable functions and V¥ is continuous and satisfies lim|j, o0 ¥(u) = 4+00. We
want to obtain at least two critical points of Iy, = ¥+ A® by applying Theorem 2.1. It
remains to verify condition (a;), (a2) and (a3) in Theorem 2.1. Let r; = %, i=1,2.
By (2.7) and (A;) we have

ry < ]\/1[pKw < ¥(w) < w}prw < 7ro.

It is easy to see that (a;) holds since r1, 75 > 0. Now we will show that (ag) in Theorem
2.1 is satisfied. Taking into account that the function u = 0 on [a, b] obviously belongs
to U1(] — oo, 7[) and that ¥(0) = ®(0) = 0, we get

O(u) —inf, _s———rz P(x) 1
3.1 P =  inf ue¥” (oo <> _inf ).
(3.1) ¢u(r) u€W =1 (]—o0,r() r—W(u) LTS (RN "
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Noticing ¥=1(] — oo, r[)* = ¥1(] — oo, r[) by Lemma 2.1 we obtain
U (—oco,r) ={ue X :¥(u) <r}
1

C {u € X |ulloo < (Mpr)? ((i) +(b— a)é) + ;|A|}

= {u € X : max |u(x)| € Q(c)}

z€a,b]
Then

p1(r) < “Puer? Tf F(z, u(x))dz

< I SUPeq(e) I(x, t)dx

r

and therefore, we have
Mp /b
o1(r;) < P sup F(z,t)dz, i=1,2.
CP a teQ(c)
On the one hand, by Lemma 2.1 and r; < ¥(w) < ry we have
, O(u) — P(v)
r,Te) = inf su —_—
802( ! 2) ueW—1(]—o0o,r1]) Ue\l,—l([l::hm[) ‘IJ(’U) — \I](U)
R R
u€V—1(]—oo,r1]) \If(w) — ‘II<U)
f ! < bF( d bF d )
> in —_— / T, w(x x—/ T, u(x))dr
ue¥-1(j—co,r1)) U(w) — W(u) \ Ja (z)) a (2, ulz))
> fci) F(a:a ’LU(LL'))CZLL’ - ff SuptEQ(cl) F(l‘, t)d.’ﬂ
- V(w) — ¥(u)
By (Aj;) we have that [ F(z,w(z))dx — [° F(z,u(z))dz > 0, so
f; F(:L‘, U)(.T))dl’ - fci) SupteQ(cl) F(ma t>dx
U (w) ‘
Then, from (As), (az) and (a3) in Theorem 2.1 are fulfilled. By choosing o = ry, the
conclusion follows. Therefore, it follows that the functional I has two critical points

which are the weak solutions of the problem (1.1), and since from Lemma 2.3 the
weak solutions coincide with the classical solutions, we have the desired result. [l

0a(r1,m9) >

In Theorem 3.1, the condition (A,) is related to the function w € WP, A different
function w € W? would lead to a different condition, which is similar to (As). For
example, we let w(x) = d where d is a constant. We have the following result.

Corollary 3.1. Assume there exist three positive constants cy,d, cy such that
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(A) & < Kq < §3¢5, where

s

d,c
(Ap) A, < 2R,

Ci'm

where A, is defined in Theorem 3.1 and

B(d,¢) = /b

a

b
F(z,d)dx —/ sup F(z,t)dz.
a teQ(e1)

Then, for every

A€

K, min{A%l,A%Q}
mpB(d,c1)’ Mp ’

the problem (1.1) has at least two classical solutions whose norms in C([a,b]) are less
than cy.

Next, we state our second main result as an application of Theorem 2.2 as follows.
Theorem 3.2. Assume that there exist five constants ci, dy, ca, ds, c3 with

m .
Cf < Kdi < CierlM? 1= 1727

such that
M * *
(3.2) oo A*(c1,c,03) < By, (da, da),
where
A*(ey,09,c3) = max{A, :i=1,2,3}
and

C1,C2

B* (dl, dg) = min{B<d1’ Cl) B(dz’ 62) } .

Kq, = Ky,
Then, for each

A€

1 1
mpB?, . (di,dy)” Mp A*(c1, ca,c3) [’

the problem (1.1) admits at least three classical solutions whose norms in C([a,b]) are
less than cs.

Proof. Take the Banach space X and the functionals ¥, ® on X are defined by (2.5)
and (2.6). Let r; = ]\Cj'p and wy; = dy, wy = do. By the same arguing as given in the
proof of Theorem 3.1 one has

r < ‘Il(wl) <9 < \I/(U)Q) <73,

m
pB(dl,Cl),
di

©a(r1,72,73) > a(r2,13) >

o(ry,m2) >

m
P B(dg, CQ)

d2
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and
o(r)) <Mp A, i=1,23.

Therefore, taking into account (3.2), there exist at least three classical solutions.
Not taking into account the zero solution, there are at least three nonzero classical
solutions whose norms in C([a,b]) are less than c¢3. Then, taking into account the
fact that the weak solutions of the problem (1.1) are exactly critical points of the
functional I, also by using Lemma 2.3, we know the weak solutions coincide with the
classical solutions, so we have the desired conclusion. 0

Remark 3.1. If f(z,0) # 0 for some = € [a, b], then the ensured solutions in Theorem
3.1 are non-trivial. On the other hand, the non-triviality of the solution can be
achieved also in f(z,0) = 0 for some x € [a, b, requiring the extra condition at zero,
and there are a non-empty open set D C (a,b) and B C D such that

inszB F(ZC, é)

lim sup = 400
£—0t ’ﬂp
and
inf F
lim inf M > —00.

€—0+ 14k

Indeed, let 0 < X < \*, where

v min {A%n’ A%Q}
Mp '
Let ® and ¥ be as given in (2.5) and (2.6), respectively. Due to Corollary 3.1

for every \ € (%,X) there exists a critical point of I, = ¥ + A® such that

uy € Ul(—o0,r), where 7y, = In particular, uy is a global minimum of the

S
Mp*
restriction of Iy to ¥~ (—oo,r). We will prove that uy cannot be trivial. Let us show
that

®(u)
(3.3) lim sup
o0+ ()
Thanks to our assumptions at zero, we can fix a sequence {¢,} C RT converging to
zero and two constants o, k (with o > 0) such that for every £ € [0, 0]
. f:c F ) SN
(3.4) lim €D (2, &) = 400

¢—0+ &P

and
inf F(z,€) > rl¢]".
We consider a set G C B of positive measure and a function v € X such that
(k1) v(t) € [0, 1] for every t € (a,b);
(ka) v(t) =1 for every t € G;
(k3) v(t) = 0 for every t € (a,b)\D.
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Finally, fix M > 0 and consider a real positive number n with

eas(G) + t)|dt
1y meas(G) + mpr g v(1)

K, ’
where
1 ip aP~! 1|7 Apt 1P
Ku = Tflp(Hu HLP + W u(a) — &A -+ O'p_l U(b) — ;B .

Then, there is ng € N such that ¢, < o and
i p

for every n > ngy. Now, for every n > ng, by considering the properties of the function
v (that is 0 < &,v(t) < o for n large enough), one has

B6w) J P& + g (L E(D)i
V(&) V(&)
>mp17 meas(G) —i—Kmp/f Jpva [v(®)]dt -

Since M could be arbitrarily large, it yields
P(&nv)

lim = 400

from which (3.3) clearly follows. Hence, there exists {w,} C X strongly converging
to zero such that, w, € ¥~!(—o0,r) and

I(wp) = ¥(wy) + AP (w,) < 0.

M.

Since u, is a global minimum of the restriction of I, to ¥~!(—o0c, r), we conclude that

(35) I)\(u,\) < 0.

Remark 3.2. From (3.5) we easily observe that the map
Ky

3.6 ——— AN | 2=

39 (oo ™) 2 A D)

is negative. Also, one has
li = 0.
A0+ lual

Indeed, bearing in mind that U is coercive and for every A € (%,)\*) the

solution uy € ¥~1(—oco,r), one has that there exists a positive constant L such that

|lunl] < L for every A € (mpé((‘ji ot A*). Then, there exists a positive constant N such
that

b
(3.7 [ #u@))o@)da] < Ny < VL
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Ky
mpB(d,c1)’

for every v € X and every \ € (%, )\*). In particular I} (uy)(uy) = 0, that is

for every A € ( )\*). Since wuy, is a critical point of I, we have I} (uy)(v) =0

b
W (1) (11y) = —)\/a @, (@) )us (x)dz,

for every \ € (mpgf(é,m) , )\*). Then, it follows

aP~1
[0 +

Bt

1
ux(a) — EA

for every A\ € (%, )\*). Letting A — 07 by (3.7), we get

li =0.
Tim |
Then, we have obviously the desired conclusion. Finally, we have to show that the

map A — I,(uy) is strictly decreasing in A € (%, )\*). We see that for any
u € X one has

(3.8) I = A(‘Ij(“) + <1>(u)>.

A

Now, let us fix 0 < A\ < A2 < A* and let uy, be the global minimum of the functional
I, restricted to W(—oo, ) for i = 1,2. Also, set

(W) ()
mM—(§‘+¢wm)—%¢gmm(Ai+¢w0,

for every ¢« = 1,2. Clearly, (3.6) together with (3.8) and the positivity of A imply that

(3.9) my, <0, fori=1,2.
Moreover
(310) My, < My,

due to the fact that 0 < A; < Ay. Then, by (3.8)-(3.10) and again by the fact that
0 < A1 < Ao, we get

[)\2 (u/\2> = >‘2m)\2 < )\2m)\1 < )\1TI’L/\17

so that the map A — I)(u,) is strictly decreasing in \ € (%, )\*). The arbitrari-

ness of A < \* shows that A\ — I, (u,) is strictly decreasing in A € (mpé((‘jl L )\*).

We now present the following example to illustrate Corollary 3.1.
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Ezxample 3.1. Leta:O,b:1,(1:5:1,7:1,022,14—0 B =10, p = 2,
h(z,t) = 1+x+|sint| for every (x,t) € [0,1] xR and f(2,t) = 15 (tg “H10—t) smx)
for every ¢ € R. By the expression of f, we have F(z,t) = &5 (tlo tsin :v) for every
teR. We observe that m = 1, and M = 3. Choosing d = 10, ¢; = 1%? ¢y = 102, since

Q1) = &, Q) =2 x 10?, Ky = 10?, we see that all conditions in Corollary 3.1 are
satisfied. Therefore, taking Remark 3.2 it follows that for each

102 23 x 5737520
9180e~10" 6 ’

A€

the problem
~(Gp(u)) = { M (u +/ <1+x—i-)||7-s|1pn7'|>d7—
X (14 x+ |sinu/(x)]), z e (0,1),
u(0) —u'(0) =0, wu(l)+2d/(1) = 10,

has at least two nontrivial solutions u;y and usy in X such that

Jim [l | = 0
and the real function
1 1
A —>/ x))dz + H<O uM(O)> + UH(L —iuv\(l) + 210)
f)/

+ —/ 1%~ sin u;y () dz,
0
fori=1,2.
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