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SYMMETRIC EQUILIBRIA FOR A BEAM
WITH A NONLINEAR ELASTIC FOUNDATION

M.R. GROSSINHO* and T.F. Ma**

Abstract: We study the existence of symmetric solutions of a nonlinear fourth or-
der O.D.E. with nonlinear boundary conditions arising in the theory of elastic beams.

Variational methods are used, namely, duality, minimization and mountain pass.

1 — Introduction

This paper is concerned with the study of symmetric solutions of the boundary
value problem

(1.1) u™ 4 g(z,u) =0,
(1.2) u”(0) =u"(1) =0,
(1.3) u"(0) = —f(u(0)) and u"(1)= f(u(1)),

where ¢g: [0,1] x R — IR and f: IR — IR are real continuous functions with
(1.4) f(s)=0 iff s=0.
In order to look for symmetric solutions, i.e. solutions such that
u(z) =u(l —z),
the function g will be supposed to satisfy

(1.5) g(x,u) = g(1 —z,u)
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for all w € R and « € [0,1]. Variational methods will be used throughout. More
precisely we shall work in the Hilbert subspace of the Sobolev space H?(0, 1) that
consists of all symmetric functions, that is,

H%(0,1) = {u € H*(0,1): u(z) = u(l — m)} )

In an analogous way we denote by W!P(0,1) and L2(0,1) the subspaces of sym-
metric functions that belong to W™P(0, 1) and LP(0,1), respectively.
Thus problem (1.1)—(1.3) becomes

u®™) 4 g(z,u(x)) = 0
u’'(0)=0

u”(0) = —f(u(0))
wz)=u(l—2), z€][0,1].

(P)

(Equivalently, one might replace the symmetry condition by the addition of the
boundary conditions u/(3) = 0 = u”'(3) relative to the interval (0, 1)).

Here we look for solutions of (P) when g and f are either monotone or enjoy
some generalized form of monotonicity (see conditions (2.7)-(2.8)). It should be
noted that, if g(z,0) =0, then v = 0 is a (trivial) solution of (P).

The study of existence and multiplicity of solutions of the original problem
(1.1)—(1.3) will appear in a forthcoming paper. There we study the critical points

in H2(0,1) of the functional

1 u”2
(1.6) o(u) = /O {2 + (e, u)} do + F(u(0)) + Flu(1)) .

Our problem is related to the classical bending theory of elastic beams resting
on a nonlinear elastic foundation. Let us consider an elastic beam of length 1.
Here g(z,u) represents the force exerted on the beam by the nonlinear elastic
foundation when indented by the displacement field u. The nonlinear boundary
condition (1.3) states that the beam rests on two bearings with an elastic response
characterized by the function f. A solution of (1.1)-(1.3) describes then the
bending equilibrium state of the beam when it is subjected to a force developed
by the foundation and given by the function g(x,u). In fact, in view of (1.1) and
(1.3) we have

.7) F(O) + (1) + [ oo, uta)) dz =0,

We remark that condition (1.2) means that the bending moment at the ends
is zero and that the condition (1.4) means that the only position where there is
no elastic response of the two bearings is achieved at u = 0. We refer the reader
to the references [14] and [6] for a physical justification of this model.
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Studies on fourth order O.D.E. have been made by several authors and a large
literature is available today. We refer for example [1], [7], [13], [15] and their
references. In all the above referred papers, only linear boundary conditions are
considered. We point out that in E. Feireisl [6] an analogous linear fourth order
time periodic equation with nonlinear boundary conditions was studied. He has
used the Rayleigh-Ritz approximation method to analyse a problem that concerns
the slow oscillations of beams on elastic bearings.

The paper is organized as follows: we end this section with the variational
formulation of problem (P) and some remarks on the symmetric properties of
the associated linear eigenvalue problem. In section 2, we state a necessary and
sufficient condition for the existence of solutions of (P) when f and g(z,-) are
both strictly monotone functions, and a result based on a variational reduction
method. In section 3, we consider the special case when the function f of the
nonlinear boundary condition (1.3) is defined only in an open interval (a,b) C R
with f(s) — oo as s — a, b. Existence results for this singular case are obtained
by a dual variational procedure.

Let E = H2(0,1) be the subspace of H2(0, 1) defined before with norm
lullZ = [lu”3 + [lu]3

where || -||, denotes LP(0,1) norm. We consider the functional J: E — IR defined
by

(1.8) J(u) = %/01 [ (x)|? da + /01 G(z,u(x)) dx + 2 F(u(0))

where

G(x,u):/oug(x,t)dt and F(s):/osf(t)dt

are primitives of g and f, respectively. Then, by the continuity of the functions
g and f, J is of class C! and weakly lower semicontinuous in £. In addition,

1 1
(19)  J'(w)é = /0 o () ¢ () da + /0 g(z, u(@)) () dz + 2f (u(0)) $(0)

for all ¢ € E . Of course, by a standard argument of “symmetric criticality”,
u € F is a critical point of J if and only if it is a classical solution of the problem

(P).
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Let us recall some spectral properties of the linear eigenvalue problem
w(®) = \y
(L) q u'(0)=u"(1)=0
u"(0)=u"(1)=0.

It can be found in [6] or [16] that the eigenvalue problem (L) possesses a sequence
of eigenvalues (), kK > —1, such that

)\_1:/\0:0 and 0<)\1<)\2</\3<...

More precisely for k > 0, A\, = pi where (cosh ug)cospur, = 1. In particular,
A1 = 500.6. The associated eigenfunctions are then

¢—1:17 ¢0:$_%7

or(x) = cosh ppx + cos ppr — Ky (sinh pgx + sin ppz), for k>0,
with K = (cosh pur — cospy)/(sinh pup — sinpy). It is easy to see that ¢y is
symmetric in (0,1) for £ = —1, 1, 3,- - - and antisymmetric for k = 0, 2, 4,---. The

eigenfunctions {1, ¢1, ¢3, ¢5, - - -} provide an orthogonal basis for both L2(0,1) and
HZ2(0,1).

Let us consider the orthogonal decomposition £ =Y & W, where Y is the
subspace of the constant functions (and therefore isomorphic to the set of real
numbers) and W is the subspace spanned by {¢1, @3, @5, ...}. As notation we put
forue E,u=t+w witht € Y and w € W. In fact we have

1
t:/ w(z)de and w=wu-—t.
0
By the variational characterization of the eigenvalue A\ , it is clear that for all

weW
/U}N22)\1/w2.

This shows that ||w”||2 is a norm equivalent to || - || g in W.

2 — Symmetric solutions

Let us begin by remarking that, in this section, we always assume that the
function g is continuous and satisfies condition (1.5) and f is a continuous function
satisfying (1.4), as stated in section 1.
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Lemma 1. Given v € L}(0,1) and o € IR, there exists w € W solution of

w®) =y
(W) w”(0) =0
w”(0) = «

if and only if 2ac = — [w(t) dt

Proof: Suppose that 2a = — fol v(t) dt. Then the function

6/ x—t dt—i-gac

satisfies (%) (z) = v(x), 2(0) = 2"(1) = 0, 2”(0) = —2""(1) = a. So, putting
Z(z) = 3(2(z) + 2(1 — 2)) then z € H2(0,1) and is a solution of (W). Then we
take w(x) = Z(x) — [Zdx that belongs to W and satisfies (W). The necessary
condition is trivial. m

Our first result gives a necessary and suficient condition for the existence of
solution of (P) when the functions g(z,-) and f are increasing. This result is
based on the convexity of the functional J and properties of the kernel of the
associated linear problem. The proof is very close to one given by Mawhin [10].
Note that (1.7) may be seen as a motivation for this theorem.

Theorem 2. Suppose that g(x,-) and f are increasing functions, x € [0, 1].
Then problem (P) has a solution if and only if there exists a € Y such that

(2.1) /01 g(z,a)dz +2f(a) =

Proof: If u € H2(0,1) is a solution of (P) then

1
(2.2) /0 gz, u(@)) dz + 2f (u(0)) =

Now, as |u(z)| < ||ul|c, by the monotonicity of g(x,-) and f we have

[ ot ~llloe) i+ 27 uloe) <0< [ e ullc) i+ 27 o) -

Therefore by continuity there exists a € R, —|julls < a < ||u|loo, that satisfies
(2.1). Conversely, suppose that (2.1) holds for some a € Y. We have then three
possibilities. Suppose first that for all t > a

(2.3) /01 g, t) do + 2f (1) = /01 g(x,a) dz + 2f(a)
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then by monotonicity arguments we have that g(z,t) = g(z,a) and f(t) = f(a)
forallt > a, z € (0,1). As g(-,a) is a symmetric function, from the above lemma
there exists w € W satisfying

w™) 4+ g(z,a) =0

w”(0) =0

w"(0) = —f(a) .
Selecting b > a + ||w||oc we have u(x) = b+ w(xz) > a for all z € [0,1] and
therefore g(x,u(x)) = g(x,a) and f(u(0)) = f(a) for all x € [0,1]. This shows
that u = b+ w is a solution of (P). Similarily, if (2.3) holds for all s < a, problem
(P) has a solution as well. The third possibility occurs when there exist constants

c1 and ¢ca, ¢1 < a < ¢y such that

/lg(x,cl)dx—i—Qf(cl) <0< /19(95, e2) da + 2f(c) .
0 0

In this case, the monotonicity of g and f shows that
1
(2.4) / G(z,s)dx +2F(s) = 400 as |s| — +oo .
0
Next, we show that J has a minimum. For u =t +w € F,

J(u) = % /01 \w (z)|* dz + /01 G(z,t +w(x))dz + 2F(t + w(0))

V

1 1
> 5 I+ [ glwa)t—a+w)de

N /1g(x, a) dz +2f(a) (t — a + w(0)) + 2F(a) ,
0

where we have used the convexity of G(x,-) and F. Using (2.1) it follows that
for some constant C' > 0

25) T > 5w~ ot a)lh [l —217(@)] fullse — € > —oo

Therefore J is bounded below. Let u, = t, + w, be a minimizing sequence
of J. We show that u, has a bounded subsequence, which will guarantee the
existence of a minimum of J since it is weakly lower semicontinuous. Suppose by
contradiction that ||u,| — oo. Since by (2.5) wy, is bounded then |t,,| — co. By
convexity of G(x,-) and F' we have

G(z,un) > 2G(x, %tn) — Gz, —wy) ,
F(un(0)) > 2F(5tn) — F(—wn(0))

T(up) > 2 /Ola(g;, L) da — /OlG(x, —wy) dz + AF(3t,) — 2F(~w,(0)) .
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Since w,, is bounded, we see that for some constant C' > 0,
1 ! 1 1
5 ) > /0 G(x, Mn) dz +2F(bt,)) —C — +oo

by (2.4), what yields a contradition. This ends the proof. m

Remark 1. If g(z,-) and f are increasing functions satisfying (2.4), Theorem
2 is applicable.

Remark 2. The above result has not an analogous one for the problem
(1.1)-(1.3). In fact, the condition corresponding to (2.1) would be: There exists
v € Y = Span{l, 2} such that

06 [ gl e e+ £0)00) + f0) o) =0

Suppose g = 1 and f = 0. So, g and f are both increasing functions and (2.6)
holds for v(z) = —1 + 2z. But clearly, there is no solution in H2(0,1) for the
problem u™) = —1, ”(0) = u"(1) = «"(0) = v (1) = 0.

The next result is based on a variational reduction method introduced by
Castro [4], Lazer-Landesman-Meyers [8] and used for example by Lazer-McKenna
[9]. The main idea is to transform the problem of finding critical points of J in
H2(0,1) = Y @ W into a problem of finding critical points of a suitable function
inY.

Proposition 3. Suppose that there exist nonnegative constants 3 and -y
such that for all u,v € Y

(2.7) (9(z,uw) = g(z,v)) (u —v) = =Bu—v)?,
(2.8) (f(w) = f(v)) (=) = =y(u—v)*,

and take a € Y arbitrarily fixed. Then if 3 < A1 and ~ is small enough, the
problem
w™) + g(z,a +w(x)) €Y
(Pa) w”(0) =0
w”(0) = = f(a + w(0))
has a unique solution w, € W. Moreover, denoting c, = w((lw) + g(x,a+ wg), we
have

1
(2.9) ca:/O 9(2, @+ wa(@)) de + 2f (a + wa(0)) -
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In particular, if for some a € Y, ¢, = 0, then problem (P) has a solution.

Proof: For a fixed a € Y we set ®(w):=J(a+w) for all w € W. Then from
(2.7) and (2.8) ®: W — IR is a strictly convex and coercive functional. In fact
denoting by V®(u) the unique element of W such that (V®(u),v) = ®'(u)v for
allve W, u e W, it follows that

(V@ (w1) = VO(ws), w1 —wsz) > [fwy — wa[f = Bllwn — wsll3 — 29wy —wa%

p
> <1 EWAL —wa| —27v0% Jwy —w2|%

where o is the constant for |w|lc < o||w|g. As 5 < A1, then for v small enough
we get a constant m > 0 such that

(V@(wl) — Vo&(wq),w; — wg) > m||wy — ngQE

for all wi,wy € W. Using the above mentioned theorem [4] it follows that there
exists a unique w, € W such that

D(w,) = min d(w) = min J(a+ w)

and that the mapping a — w, is continuous. In particular, ®'(w,) = 0, that is,
for all p € W,

1 1
/Owg(m)gb"(x)dx—l—/o 9@, 0+ wa () (&) dz + 2f (a + wa(0)) $(0) = 0 .

It follows that for all ¢ € &
1 1 1
[ wiedo+ [ g0t wadde+ 2@+ wa0) 6(0) = [ cavdr,
0 0 0

where ¢, = fol g(x,a + wqe(x))dr + 2f(a + we(0)). This ends the proof. m

In order to obtain conditions that imply ¢, = 0 we begin with a lemma that
provides an a priori estimate for solutions of (Pa).

Lemma 4. Under the hypotheses of Proposition 3, if w, € W' is a solution
of (Pa) then the following estimate holds.

(2.10) [walloo < € (llgC @)1 + | £(a)])

for some constant C' > 0.
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Proof: By integrating (w((lw) + g(z,a + we))wg = cqw, in (0,1) and using

the boundary conditions of problem (Pa) we have
1 1
/ w!? da + / g(x,a+ we) we dx + 2f(a + we(0)) we(0) =0
0 0

since fol w, = 0. Now using (2.7) and (2.8) it follows that

IN

m”wa”QE

- /Olg(:c, a) wg dr — 2f(a) we(0)
< llg(-s @)l lwalloe + 2[f(@)| lwlloc -

A

© m
HwaHOO (Hg( CL)H] ‘ ((1)‘) [ |

Theorem 5. Let the assumptions of Proposition 3 hold. Suppose in addition
that for all z € (0,1)

(2.11) 9(z,5) — 0 as |s| — oo uniformly in z ,
s
(2.12) Is) —0 as |s] =00,
s

and that one of the following hypotheses holds
(i) g(x,s) — o0 as s — +o0, uniformly in x, and f is bounded below;
(ii) f(s) — oo as s — £oo and g(x, s) is bounded below.

Then problem (P) has a solution.

Proof: Using the estimate (2.10), we see by (2.11) and (2.12) that

bl ¢ oot | 1Y g gy o
S S B

and then

ws(x)

s—l-ws(x):s(l—l- >—>—|-oo as s — +00 .

s
Therefore, in case (i), g(x, s + ws(x)) — +00 as s — +o00 and since f is bounded
below we have

(2.13)  ¢(s) = /Olg(x,s +ws(x))dr +2f(s +ws(0)) - +o0  as s — 400 .
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Likewise, we have ¢(s) — —oo as s — —oo. Then the continuity of the function
c(s) guarantees the existence of a € Y such that ¢(a) = ¢, = 0. In case (ii) the
result comes in an analogous way. n

We end this section with two existence results for problem (P) that work for
problem (1.1)—(1.3) as well. Here we use standard minimization procedure, by
combining the growth of the primitives F' and G.

Theorem 6. Suppose that there exist constants C1,Cy € RT and € > 0
such that for all s € IR, either

(2.14) G(x,u) > Ci|ul* —Cy and F(s) > —¢|s|P — Cy
or
(2.15) . G(x,u) > —e|ulP —Cy and F(s) > Cy|s|* — Cy .

Then the problem (P) has a solution if 1 < p < 2, or p = 2 and € is small enough.

Proof: Under hypothesis (2.14) we have

1 1
J(u) = %/0 u"2daz—|—/0 G(z,u) dx + 2F (u(0))

v

1 2 2
3 W1z + Cullullz = 2¢[u ()P — 2C;
> min{z, C1} ull; — 2e0” |[ully; — 2C2
where ¢ is the Sobolev constant used earlier. Then, if p <2 orp=2and e >0
is small enough, J is coercive and therefore it has a minimum in E.
In case of the condition (2.15) the proof is as before if we remark that |ju? =
|u"||3 + |u(0)|? provides a norm in E equivalent to || - ||z. w

3 — The singular problem

In this section we consider the case when f is not defined on the whole of
IR. More precisely we assume that f: (a,b) - R, —00 < a < 0 < b < +o0,
is continuous, strictly monotone and onto. As for g: [0,1] x R — R it is a
continuos function, strictly monotone in its second variable. These hypotheses
will be supposed to hold in all that follows. We shall use the dual action method
(see [5]).

Suppose that f and g(x,-) are strictly increasing. Then we have that

F(t):/otf(s)ds and G(m,u):/olg(x,t)dt
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are strictly convex functions. If we consider the respective Fenchel-Legendre
transforms, F™* and G*(z, -), it is known that they satisfy the following relations:

(3.1) Ve € (0,1) G*(z,v) =vu—G(z,u) if v=g(x,u),
(3.2) F*(s)=st—F(t) if s=f(t).

We shall denote by g*(z,-) and f* the inverse functions of g(x,-) and f, respec-
tively. Then is well known that F*(s) = [; f*(t)dt and G*(z,v) = [5 g*(z,t) dt.
For a basic reference on duality methods and Fenchel-Legendre transform, we
refer the reader to the book of Mawhin and Willem [11].

Lemma 7. Let p > 1. Given v € L2(0,1), there exists an operator
K : LP(0,1) — H2(0,1) such that Kv is the solution of problem (W) where
a = —3 [v(z)dx with (Kv)(0) = (Kv)(1) = 0. Moreover

(i) There exists k > 0 such that |[Kv(z)| < k|v||, for all v € L?(0,1) and
z € (0,1);

(ii) 0 < [y (Kv)vdx < klv||?;

(iii) K is compact.

Proof: Given v € L?(0,1) put a = —% [v(z) dz. Suppose that z1 and z are
two symmetric solutions of (W). Then it follows that z;(x) = 2z2(z) + cx + d for
some constants ¢ and d. But as z; and zo are symmetric, we derive that ¢ = 0.
So the general symmetric solution for (W) is z = Z + d, where Z is a symmetric
solution and d is a constant. Therefore there is a unique z € W2?(0, 1) solution of
(W) with z(0) = 2(1) = 0 and we define K as Kv = z. For the other statements,
we note that (i) is a direct consequence of definition of K (see explicit formula in
the proof of Lemma 1). (ii) follows from (i) and the fact that [(Kv)v = [(Kv)"2.
As for (iii), it is a straightforward consequence of the fact that K is continuous
with values in W2P(0,1).

Next we define the functional J* in L2(0, 1) as follows

1 1 1
(3.3) J*(U):i/ (Kv)vdx—l—/ G*(z,v)dr + 2F* (ay) ,
0 0
where Kv is defined in Lemma 7 and «,, is the number defined as o, = —% Jvdz.

In our applications, it will be clear that J* is a C'' functional and its derivative
is given by

(3.4) JY(v) ¢ = /Ol(Kv)qbdx + /Olg*(:c,v)qbdx + 2" (ow) ag
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for all ¢ € LP(0,1).

Lemma 8. Let v be a critical point of J*. Then there is a constant ¢ such
that u = ¢ — Kwv is a solution of (P).

Proof: Let v be a critical point of J* and take ¢ # 0 such that [¢ = 0.
Then oy = 0, and from (3.4),

/Ol(Kv+g*(x,v))¢>(x)dx:O for every qZ)G{uEL’S’(O,l); /Olud:zzo}.

Thus by symmetry the same is true for any ¢ € LP(0,1) such that [¢dzr =0
and then Kv + g*(-,v) = ¢ for some ¢ € Y. Put u:=c— Kv = ¢g*(-,v). Then it
follows easily that u satisfies v”(0) = 0 and u(**) + g(z,u) = 0 by using Lemma
1 and (3.1). Now we take ¢ € LE(0,1) such that —3 [ ¢dz = s # 0. Then

0= /01<Kv —i—g*(w,v))(bd:r + 2" (ow) g
= c/ol¢(x) dr +2f"(ay) ag
= (e~ £(a) [ 9(o)do

that is f*(a,) = ¢ and therefore f(c) = . But
" (0) = (c — Kv)" = —a, = —f(c) .
Thus, «”(0) = —f(u(0)). This ends the proof.

Theorem 9. Suppose that g(z,-) is an increasing function such that

C C
“LufP = Dy < G(z,u) < =2 |ulP + Dy
p p

for x € (0,1), u € R, where Cy, Cy, D1, D2 are positive constants and p > 1.
Then:

(i) If f: (a,b) — R is increasing, then (P) has a solution.
(ii) If f: (a,b) — R is decreasing, then (P) has a solution if a = —b and f is
odd.

Proof: (i) We remark first that G*(z,-) and F* are convex. By standard
Fenchel-Legendre transform properties, there are constants

—p —p
! !

1 1
(3.5) C = SO and CY) = 5 C3
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such that, for v € R and z € (0, 1),
(3.6) Ch ol — Dy < G*(z,v) < C} [u]P' + D .
Then, since F* > 0,

J*(v) = Cy 0]l — Dy + 2F*(aw) > C4 [lv][%) — D .

Thus, J* is coercive in L? (0,1). To finish the proof, we note that by compactness
of K, convexity of G* and continuity of F™* it follows that J* is also weakly lower
semicontinuous. So, J* has a critical point in L2 (0,1).

(ii) Put f = —f, then F is strictly convex. We consider the C'! functional
1/t 1 —
Ji(v) = 5/ (Kv)vdx +/ G*(x,v)dx — 2F (o) .
0 0

If v € LY (0,1) is a critical point of J; then, as in Lemma 8, there is a constant
¢ such that u = ¢ — Kv is a solution of u™) 4 g(x,u) = 0, v”(0) = 0 but with
u”(0) = f(—u(0)). So if f is odd, we have a solution for (P). The existence of a
critical point of J is verified as in (i) replacing F™* by F" and noting that, as [
is a bounded function, we have for C3,Cy > 0

(3.7) |F"(s)] < Cs|s|+Cy forall scR .u

Theorem 10. Suppose that g(x,-) is a decreasing function and that

(3.8) Cp'1 lulP — D1 < —=G(x,u) < C; |ulP 4+ Do

for x € (0,1), u € R, where Cy, Co, Dy, Do are positive constants, 1 < p < 2
and, in case p = 2, Co < 5= (where k is the constant given by Lemma 7 (ii)).
Then:

(i) If f: (a,b) — R is increasing, then (P) has a solution if a = —b and f is
odd;

(ii) If f: (a,b) — R is decreasing, then (P) has a solution.
Proof: Let g = —g, then G is strictly convex and from (3.8)
C — C:

= |uP — Dy < G(z,u) < 2 |ulP + Dy .
p p

Moreover, (3.6) holds for G* replaced by G". To prove (i), we consider the C'
functional J3: L2 (0,1) — IR defined by

1 1
5 (v) = ;/O (Kv)vdx—/o G (2, 0) dz + 2F* () .
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Proceeding in the same way as in Lemma 8, we see that if v € Lg/(O, 1) is a
critical point of J3 then there exists a constant ¢ such that v = Kv — c satisfies
u®™) 4 g(x,u) = 0, u”(0) = 0 but with «”(0) = f(—u(0)). So, if f is odd we
have a solution of problem (P). Using lemma 7, (3.6) and (3.7) with G* and F"
replaced by G and F*, respectively, we have

—J5(v)

v

—k[[olZ + Ch ||o]l?) — Dy — 2F* ()
—k|[ollz + Cy [lv|?, — 2C3 [[o]l, — C

v

for some C' > 0. Since p’ > 2, or because of our hypothesis that, in case p = 2,
implies CY) > k, —J3 is coercive in L? (0,1). Note that —.J; is also weakly lower
semicontinuous and so it has a critical point. The proof of (ii) is of the same
nature of (i). We only note that one must consider the functional

1 1
J;(v):%/o (Kv)vdx—/o G (x,v)dz — 2F (o)

where F(s) = [5 f(t)dt with f=—Ff.u

Our next result gives a nontrivial solution for (P). The assumptions are such
that g(x,0) = 0. The main tool used here is the well known mountain pass lemma
of Ambrosetti and Rabinowitz (see [2] , [12] or [3]).

We use the following Palais-Smale condition (PS).: given ¢ € R, a functional
J € CY(E,R) is said to satisfy (PS). if whenever u,, € F is such that J(u,) — c
and J'(uy,) — 0 then c is a critical value of J.

Theorem (mountain pass lemma). Let E be a Banach space and
J: E— R a C! functional such that
(i) J(0) = 0;

(ii) 3p > 0 and r > 0 such that J(u) > p if ||ul]| = r;
(iii) 3z € E and R > r such that ||z|| = R and J(z) < p.

If, in addition, J satisfies the Palais-Smale condition (PS). for every c € R
then J has a critical value ¢ characterized by

= inf J(y(t)) >
¢ = Inf max (v(#t) = p

where

I ={yeC(0,1),B); 4(0) =0 and (1) = 2} .
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Theorem 11. Suppose that g(z,-) is a decreasing function and that for some
p>2

Cl 02
3.9 — |ulP < -G(z,u) < —=|ul?
(3.9) p||_ (2, u) p|\

for x € (0,1), u € R, where C; and Cy are positive constants,
(3.10) pG(z,u) > g(x,u)u— Cs

for x € (0,1), u € R and some C5 > 0. Assume that the function f is increasing
and

(3.11) lim -2 =0
s—0 S

f(s)
Then problem (P) has a nontrivial solution.

Proof: Let g = —g as in Theorem 10. We are going to show that the
functional —J3 satisfies the statements (i), (ii), (iii) of mountain pass lemma and
the (PS). condition. Of course J5(0) = 0. From (3.9) we derive that (using

(3.5))

(3.12) )P <G (z,v) < CL P

By (3.11), lims_.o %(8) = 0, thus given € > 0 there is § > 0 such that if |s| <

then |f*(s)| < €|s|. We have consequently for |a,| < [|v|[1 <6,
* € 2
F(ay) < § ol
This fact together with (3.12) implies
—J3(v) 2 —kl[v]l3 + Callolly — ellvl|F = —(k + e)llvll5 + Callolly, -
As p’ < 2, we conclude that —J3(v) > p > 0 if |jv||,y = r with p and r small

enough. Thus (ii) is verified. Now we observe that fol (K1)(z)dx > 0; then using
(3.12) and the fact that F* > 0, for m € R

m

gsm) < 2 [t [1T omyde 28 (<)

IN

2

IN

2 ,
?m/o (K1) dz + CLlm[ .
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This shows that —J5 — —oo if m — 400, so (iii) holds. It remains to prove the
(PS). condition. Let v, € L¥(0,1) be such that J3(v,) — ¢ and J3'(v,) — 0.
Now denoting o, = o, and M; constants independent of n,

My + Mo||vy ||,y

v

_J;(Un)‘i‘ J3' (vn) vn

Ly _ 1
= /0 <G*(m,vn) - 2g*(:v,vn)vn)d:n + (2F*(an) - f*(an)an) .
From (3.10) and Fenchel-Legendre transform properties, see (3.1), we have
p'@*(x,v)—g*(m,v)UZ—C’é, p<2.
Moreover, the boundedness of f* and the fact that F* > 0 give
p’ L
(1-%) [ @ o) do < 2y My ol
0

Since 1 < p’ < 2 the above inequality and (3.12) show that (v,) is bounded and
therefore that there is v € ng such that (for a subsequence if necessary) v, — v
weakly in L* and o, — o and by Lemma 7

Kv,— Kv in C°.
In addition, since given ¢ € Lfg'((), 1), ap = —3 f ¢(x) drx

1
/ 7 (z,vn) pdx = — Sl(vn)gﬁ—i-/ (Kvp) ¢pdx + 2f* (ap)
0 0

and thus g*(z,v,) is weakly convergent. We shall show by a standard argument
(which we include for completeness) that v is a critical point of J3 with J5(v) =
¢ =lim J3(v,). Let ¢ € L (0,1). Since v, is bounded,

J3' (vn)(vn — ¢) — 0

and by monotonicity of g*
5 (vn) (v — @) =
1
_/ Kvn( Un, dl’—}—/ l"Un n_¢)d$_2f*(o‘n)(an_a¢)
0

_/Olmn< vn d:c+/ (. 00) = (2, 0)] (tn — &) da
1
+ /0 7" (@,0) (v — @) dz = 2f*(an) (an — ag)

—/OlKvn( Un daz+/ (,v) (vn — @) dz — 2f*(an) (a0 — ag)
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and passing to the limit we get
02~ [ [Ko(w ) ~7°(,6) (v — )] do — 25 (au) 0 ~ )
If we make ¢ = v + Aw in the above inequality (A > 0),
0> — /01 [Ko(-2w) = (e, v + Aw) (—3w)] do — 2f (@) (~Aaw)
and if we divide by —A
0< —/O1 [(KU) w—g" (x,v+ Aw) w} dr — 2f* (ay) o
for all w € LIS’/. Letting A — 0 and using Lebesgue’s Theorem we get
- [0 w -7 @ o w]de - 27 (@) aw 2 0
for all w € L? (0,1). Replacing w by —w, we easily conclude that
- [ [0 -7 ) ] de - 2 @) <0
for all w € L2 (0,1) and therefore,
J3'(v) =0.
On the other hand, the convexity of G~ implies
/01 [6*(33,1)”) —6*(33,1))} dr > /01 7 (z,v) (v, —v)dx — 0

thus . .
liminf/ G (z,v,) dz > / G (z,v)dx .
0 0

Also,
1 G (z,v) — G (x,vn)| dz > 1§*(x, vn) (v —vy)dx =
0 0

1
= - ;,(Un) (v —wp) + /0 (Kvp) (v —vp) dz + 2f* (o) (0 — )

and since the right-hand side tends to zero we have

1 1
limsup/ G (z,vp) dx g/ G (z,v)dz .
0 0
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Therefore

1 1
/ G (x,vp) dz — / G (x,v)dx
0 0

and then it turns out that J35(v,) — J3(v) = c. This completes the proof.
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