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1. Introduction

This paper is devoted to the proof of three general uniqueness theorems for
BVPs of ODEs and of a variety of consequent existence results.

The first theorem is obtained from that of R. Caccioppoli in [7] about
diffeomorphisms between two Banach spaces. It provides sufficient conditions
for the solvability of nonlinear BVPs when their linearizations have only the
trivial solution. It is related to first-order systems of ODEs and applies to
linear as well as to nonlinear boundary conditions (which, in particular, may
be distinct from equation to equation in the same system).

The second theorem has been inspired by the early work of W.V. Petryshyn.
In [12], Petryshyn developed a Spectral Theory for some non-symmetric linear
operators in a given Hilbert space by introducing a new inner product making
symmetric the starting operators (with the goal to obtain general iterative
methods for the approximate calculation of eigenvalues). Petryshyn’s results
have been applied to some peculiar linear BVPs for ODEs in [5, 11, 12]. The
lemma in §3 is a simple variant of those ideas and is the key for the proof of
Theorem 3.2. Theorem 3.2 is related to higher-order scalar equations subjected
to linear boundary conditions. Its assumption on the nonlinearity in the given
ODE is centered on sign conditions and not on norms.

The third theorem fits into the context of the pioneering work of S. Ahmad
and A.C. Lazer. Papers [10] and [1] inspired a variety of similar results as can
be seen from the bibliographical references of [2], [3] and the introduction of
[8]. Theorem 4.1 generalizes Lazer’s theorem in [10]. It is related to higher-
order systems with the peculiarity that the involved boundary conditions may
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change from equation to equation in the same system [in other words, following
the title of [4], we have "meshed” spectra together with ”meshed” boundary
conditions].

The corollaries and examples show some of the various possibilities offered
by the above theorems to have existence results for distinct BVPs.

At the beginning of each section below there is a short list of standing
notations.

2. First-order systems with nonlinear boundary
conditions

We shall use freely the following customary notations:

e L£(X,Y) is the Banach space of bounded linear operators X — Y7

e RV*N ig the Banach space of real N x N-matrices.

THEOREM 2.1. Let K be a weakly sequentially compact, convex subset of
LY([a, 0], RN*N) and let K be a compact, convex subset ofE(C’l([a, b, RY), ]RN)
such that the linear BVP

u =At) u

Lu=0
has only the trivial solution whenever A € K and L € K.

If f:]a,b] x RY — RN and B : C'([a,b],RY) — RY are continuously

differentiable such that f, is uniformly bounded, B is bounded on bounded sets
and further

fo(hu()) €K and B'(u) €k (u € C'([a,b],RY)),

then the functional BVP

{u/ = f(t7u)
B(u)=r

has a unique solution for every r € RN and it depends C'-continuously on r.
Proof. To simplify notations we set
C%:=C%a,b,RY)  and  C':=C'[a,b],RY).

A function v satisfies the given functional BVP if and only if

t

u(t) =u(a) + B(u) —r + / f(s,u(s)) ds.

a
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Define F : C!' — C! by

If we show that F' is a diffeomorphism, then the equation F'(u) = —r will have
a unique solution which will depend C'-continuously on 7 (looking at ”—r”
as a constant map). To achieve this goal we shall use Caccioppoli’s theorem
in [7], so that we need to prove that F' is a proper map which is continuously
differentiable and whose derivatives are all invertible linear operators.

We claim that the derivative F’(u) exists and is defined by

¢
(F'(w) v(t) :==v(t) — v(a) — B'(u)v — / fa(s,u(s)) v(s) ds.
In fact, given & > 0 then for ||u — ug||c1 small enough we have

HF(u) — F(ug) — F'(uo) - (u — uO)HOO
< HB(u) — B(ug) — B'(ugp) - (u — UO)HOO
+(0—a) [ fo(u() = fa(u0()) || [Ju = uoll
[by the mean value theorem]
<ellu—uolcr
[in view of the definition of derivative and the uniform continuity of f,

on bounded sets, provided that ||u — ugl|cr is sufficiently small ]

and similarly

|4 w) ~ o)~ F(uo) - (o)} <<l o

provided that ||u — ug|/c1 is sufficiently small. Thus our claim holds and con-
sequently F' is continuously differentiable.
The identity (F'(u))v = 0 means that v solves the BVP

{1()’ = fo(t:u(®) v

B'(u))v=0.

Therefore v = 0 by the hypotheses of the theorem. Consequently ker (F'(u)) =
{O}, hence F’(u) is invertible (being the identity minus a compact linear op-
erator).

To prove that F' is proper, assume F'(u,) = z, with (z, ), relatively compact
in C! and let us show the existence of a convergent subsequence of (u,), in C*.
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In view of (1), it suffices to prove that (u,), is bounded in C! [because then
cach of the sequences made by the u,(a)’s, un’s and [ f(s,un(s)) ds’s are
relatively compact]. Passing to a subsequence if necessary, assume z, — Zeo
in C!. For contradiction, suppose that ||u,|c1 — oo (passing to a subsequence
if necessary). The identity F(u,) = z, means that u,, solves the BVP

{u; = f(t,un) + 2,
B(un) = _Zn(a)

that can be rewritten equivalently as
1
W)= £60)+ [ £t €un(0) - unle)dE + 2100
1
B(0) +/ B'(Euy) - updé = —2,(a).
0

Setting vy, := uy/||un]|cr we have

oy f(t.0) ' . 2 (1)
O = fer + Jy S €O -l +
B(O) ! / . _ —2n(a)
Tanlicn +/o Bllun)de-vn = s

Let C be a weakly sequentially compact and convex subset of a Banach space
and let g : [0,1] — C be continuous. The Riemann sums related to the integral

of g are members of C. Consequently fol g(&) d¢ € C. Therefore

1 1
/ fo(t,Eun(t)) dé € K and / B'(€u,)dé € K
0 0

for every n. In addition, we have

Jon(®) ~ a9l < [ AT

[ irel

¢ (0l
+/S dc/o 12 (G Eun(©)] ||vn<<)||d£+/s dc

[unllen

which implies that (v, ), is equicontinuous since f,, is uniformly bounded. By
Ascoli Theorem, it follows that (v,), is relatively compact in C°. Summing
up, we deduce the existence of ny T 00, Ass € K, Loo € K and v € C° such
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that
1
| g @) de =~ Ax i L} b R),
0

1
/ B'(€up,)dé = Lo in L(C°RY),
0
Up,, — Voo 1D C°.
Then taking limits in

B(0)

[ty [l

/ B'(Euy,) - vy, d + —E—

Uny, (t) = Un,y (a) +

(@ / f(6.0) 4

foesler ). el
bz (0)
O R TN R Ry e

yields
t
Voo () = Voo (@) + Lo Vo —|—/ Aoo Voo dC

[as continuous bilinear operators transform those sequences which converge
both weakly in the first components and strongly in the others, into weakly
convergent sequences (and weak and strong convergence are equal in RY)] so
that vo, solves the BVP

Vo = Ao Voo

Loove =0.

We claim that ve, # 0. For, if voe = 0, then [|v], |[cc — 1, which is impossible
because

127 [l 0

/(5 0)lloo

)l
[vm, lloo < =+ [ felloo lvng lloo + 0.
Ntmg llor [ty lor
Now we are done, since vy, # 0 contradicts Ao, € K and Ly, € K. O

COROLLARY 2.2. Let K be a weakly sequentially compact, conver subset of
LY ([a,b], RN*N) and let L € L(C*([a,b], RY),RN) be such that the BVP

u = A(t) - u
Lu=0

has only the trivial solution whenever A € K.
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If f: [a,b] x RV — RN is continuously differentiable with f, uniformly
bounded and

weCl (@b RY) = fi(hu() €K,

then the functional BVP
{u’ = f(t,u)

Lu=r
has a unique solution for every r € RN,

Proof. This is the special case K := {L} of the above theorem. 0

The following example represents an application of Theorem 2.1 to a prob-
lem with nonlinear boundary conditions.

EXAMPLE 2.3. The BVP

{ﬂﬂ=f@w
w(0) =0, wu(r)= g(u(ﬂ))

has a unique solution when f, g : [0, 7] x R — R are continuously differentiable
and the two conditions

(i) there exist constants p, v such that

e cither —oo < u < f < v <0,
e or there exists n > 1 such that n? < p < f, <v < (n+1)?,

(ii) ¢’ is uniformly bounded and there exists v > 0 such that
1—g' >7,
are fulfilled.
Proof. With F : [0, 7] x R? — R? and B : C1([0, 7], R?) — R? defined by
F(t,z) = (227 —f(t,zl)) and B(w) := (w1(0)>w2(ﬂ) - g(wz(ﬂ))),

the given BVP is equivalent to the BVP

w' = F(t,w)
{B(w) =0 @)
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related to a planar system. The maps F' and B are continuously differentiable
with

F.(t,2) y = (y2, —folt,21) y1)
and  B'(w)-v:= (vl(O), va () — ¢’ (ws(m)) ’Ug(ﬂ')).

Therefore for every w € C([a, b], R?) we have

F.(w()) € { (_Oh é) 2 he [0, 7] = [p, V] measurable} =K,
B'(w) € {(Pl,Pg —aP): ac O} — K

where Py w := w;(0), Pw := wy(w) and C is the closure of the range of ¢'.
Clearly K is a weakly sequentially compact subset of L([0, 7], R?), while K is
a compact subset of £(C([a,b],R?), R?) because C is a compact subset of R.
When A € K and L € K we have

w' = A(t) - w —u” =h(t)u
{LwO < {u(O)O, u(m) —au(r) =0

with suitable h : [0, 7] — [p,v] and & € C. From 1 —« > v > 0 it follows that

—u" = h(t)u —u" = h(t)u
{u(O) —0, u(m) —aulr)=0 < {u(O) — 0= u(r).

Well-known results imply that the last BVP has only the trivial solution be-
cause m2, m > 1, are the eigenvalues of

—u = Au

uw(0) =0 =u(m).
Thus we can conclude that (2) has a unique solution by Theorem 2.1, hence
we are done. O

3. Higher-order equations with linear boundary
conditions

Standing notations of the section:
e m is a positive integer;

e B:C™ ([a,b]) = R™ is a bounded linear operator;
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e D,, p is the set of all u € C™~!([a,b]) such that
x u(™=1) is absolutely continuous and u(™ € L?([a, b]),
x B(u) = 0;
e L., p is the unbounded linear operator in L?([a,b]) defined by
Ly, g u = ap(t) u(™
with domain D,, g and ag € C°([a, b]) such that ag(t) # 0 for all ¢.

All arguments of the present subsection are based on the properties of the
eigenvalue problem

Lu=\Tu

where L, T : Dy, g — L?*([a,b]) are arbitrary linear operators and A € R. A
A € R for which there is a nontrivial solution u € D,, p of the above identity
will be called eigenvalue and u its corresponding eigenvector.

LEMMA 3.1. Let L, T : D,,, g — L*([a,b]) be linear operators. If there exists a
real number v > 0 such that

(Lu|Tu)rz > v|lull7. (u € D),

then every eigenvalue \ of
Lu=ATu

18 strictly positive.

Proof. Let A be an eigenvalue and u € D,, p a corresponding eigenvector. From
u#0and Lu= AT u we get

MTullze = (Lu|Tu)e >y |lulz2 >0
which implies that A > v ||ul|2. /[T ul|3. > 0. O
From this we deduce the following theorem:
THEOREM 3.2. With m, B, Dy, g, Lin, g as above, let f : [a,b] x R™ — R
be a Carathéodory function such that each partial derivative f,, exists and is

a uniformly bounded Carathéodory function. If there exist a linear operator
T : Dy — L%*([a,b]) and a real constant v > 0 such that

(gt Y o (' () w0 | T) >y Julff
i=1
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whenever u € Dy, g and wt, ..., w™ € C%([a,b],R™), then the BVP

Lppu+ ft,u,u,. .. ,u™m D) =h -
Bu=0
has a unique solution for every h € L?([a,b]), while the BVP
Lm’B U+ f(t7 Uu, ul7 R 7u(m—1)> = g(t, u, ’LLI7 . 7U(m—1))
Bu= (4)
u=20

has at least one solution for every Carathéodory function g : [a,b] x R™ — R
such that im0 g(t,x)/||z|| = 0 uniformly in t.

Proof. We start by proving uniqueness for (3). For contradiction, assume the
existence of two distinct solutions u, v of (3). From

Ftu),a/ (), ..., a2 () — F(tv(t), V' (1), ...,o "D (D)
= f(t,ut),u'(t),...,ul™ V(1))
£ f(tv(), (1), ..., ulm (1)

£ f(to(), V' (t), ..., 0D (@), um V(1))
— f(t,0(t),v'(t),..., v(mfl)(t))

N~ [ (=D (4) — =)
> | ften - @0 (1)) de
where
Fiau(€1) = Lo (8,00, 0'(1), ..., 00~ (0),
£(uD (1) — v (1)) + 0D (1), u D (1), ... ,u<m*1>(t)),
we get
(L, u)(t) — (L, v)(t)

mo .1
Y / Finn(€:1) - (wD () — 0D (8)) dé = 0.
i=1 70

This means that w :=u — v # 0 is a solution of the linear BVP

Lppw+Lw=0
Bw=0
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where L : Dy, g — L*([a,b]) is the linear differential operator

m 1 _
Lw:= Zl /0 fi,u,?)(§7 ) df : ’LU(Zil).

Consequently A = 0 is an eigenvalue of
Lyppw+ Lw=ATw.

From the hypotheses of the theorem we have

m

(Lm,B U+ Z fi,u,v(gv ) . u(i_l) ‘ TU’) 12 2 Y ||UH%2
i=1

for all u € L?([a,b]). Integrating both sides on the unit interval with respect
to £ and using Fubini’s theorem we deduce

m

1
(Lm3u+§j[;ﬂmw@»-MF”dQTuL2>wwm;
=1

for all v € D,, g. Therefore L,, p + L and T fulfill the hypotheses of the
preceding lemma, so that we have contradicted it and so we can conclude
that (3) has at most one solution, as desired.

To complete the proof, it suffices to show that (4) has at least one solution.
To simplify notations, we set

Fit,0) = o, (b0(0), -, o™ D (1)
and G(t,v) == g(t,v(t),..., v(m_l)(t))

so that F; and G are maps [a,b] x C™ 1([a,b]) — R and
fltu, . u™ ) = f(£,0,...,0) + f: /01 foi(t,€uy . Eulm™ D) (7D gg,
i=1
hence the equation in (4) can be rewritten simply as
Ly.gu=—f(t0,...,0) — i /01 Fi(t, € w) ul= de + G(t, u).
i=1
We claim the existence of a priori bounds in C™~!([a, b]) of the solutions to

m 1
LmBu:_f(t,o,...,O)_Z/ Fi(t, 7€) ul=V de + 7 G(t,u)
i=1 70

Bu=0

()
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independent of 0 < 7 < 1. For, otherwise there are 7, € [0,1] and w, €
C™=Y([a,b]) such that 7, = Too, |[tn|lcm-1 — oo and

m 1

Lo Bty = —f(t,0,...,0) — Z/ Fi(t, 7 € up )uli ™Y d€ + 7,G(t, up)
i=170

Bu, =0.

Set vy, 1= up/||un||cm-1. From

e t-a)@ D f(¢,0,...,0)
v _
2 lunllom
t 77 1
(75 " / (i—1) n G(s, un)
— (8, T E U dg—i}ds
/a e Z o funllcn-s
it follows that (v,(f))n is an equicontinuous sequence for i = 1,...,m — 1, hence

(passing to a subsequence if necessary) we assume v, — vs in C™ 1([a,b]).
As every F; is uniformly bounded, passing to a subsequence if necessary we
assume that

weakly in L?([a,b]) with fi,..., fm suitable. Let (hy), be a bounded sequence
in L?([a,b]) such that h,, — hs. For every v, w € L?([a,b]) we have

(hnv|w)L2 = (hn |Uw)L2 = (heo |Uw)L2 = (hoov’w)m

as (-|vw) , is a bounded linear functional on L?([a,b]). Applying this remark
to our case we get

—/O Fi(r, mn€un(-)) vdé — fiv (i=1,...,m) (7)

weakly in L?([a, b]) for every v € L?([a,b]). From the hypotheses of the theorem
we have

( mBu+ZF T €un()) ulV | Tu) >l

for all w € D, g and n > 1. Integrating both sides on the unit interval with
respect to £ and using Fubini’s theorem we deduce

(z mBu—i—Z/ € un()) uCVdE | Tw) >yl
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Taking limits yields
(Lmpu=Y fiu0|Tu) >y ljulfs (u € D, p)
i=1

by virtue of (7) since the involved integral corresponds to a continuous bilinear
form. Applying the uniqueness result acquired in the first part of the proof we
deduce that

Ly gu— fi w1 =0
; (8)
Bu=0

has only the trivial solution. If we divide (6) by ||un||cm-1 and take limits we
see that v, solves (8). Therefore v, = 0, a contradiction showing that the
claimed a priori bounds do exist. Let p > 0 be such an a priori bound. Now
define

X :=C™ ([a,b]) x R™
and M :[0,1] x X — X by

(t —a)t—b

M(T, (u,x)) = ( Z_ u(i)(a) R

il
- /t m {f(s,Tu,...,Tu(m_l)) —Tg(s,u,...,u(m_l))}ds,

x—Bu)

where 7 € [0,1], u € C™ !([a,b]) and z € R™. The map M is completely
continuous as B is a bounded linear operator and the f,;,’s are bounded. Since
p is an a priori bound for solutions to (5), for the Leray-Schauder topological
degree we have

deg (I — M(r,-), B(0,py),0) = const (0<7<1)
where B(0, pg) is the ball of X with center the origin and radius pg > p. Since
M (0, ) is a linear operator and ker (I —M (0, -)) is finite as p is an a priori bound
for solutions to (5) when 7 = 0, I — M (0, -) is one-to-one. Then Leray-Schauder
Theorem implies that

deg (I—M(T,-),B(O,p),O) =41 (0<7<1)

and so I — M(1,-) = 0 is solvable, hence also the given BVP. O



THREE THEOREMS (13 of 29)

The next corollaries and examples aim to illustrate applications of The-
orem 3.2 to distinct boundary conditions by suitable interplays between the
three objects L., B, fz;, T appearing in its statement.

COROLLARY 3.3. With m, B, Dy, g, L, g as above, let f : [a,b] x R — R and
g : [a,b] x R™ — R be Carathéodory functions such that each f, exists as a
uniformly bounded Carathéodory function. If

o for every u € Dy, p and every i € {1, e, M= 1} there is t,; € [a,b] such
that u(t, ;) =0,

o [[fello <V27/(b—a)™,
o lim, o0 9(t,2)/||2]| = O uniformly in t,
then the BVP
u™ 4 f(t,u) = g(t,u, o, ... (™)
Bu=0
has at least one solution [the solution is unique when g depends only on t].

A typical boundary condition allowing D,, g to have the property men-
tioned in this statement, is the Nicoletti BVP

u(ty) =u'(t2) = - = u™ V(t,) =0

where t1, ..., t, are arbitrary points of [a, b].
Note that there is no restriction neither to m nor to b — a.

Proof. We start by proving the following claim:

(x) Letv € C"([a,b]) be such that v(*~=Y) is absolutely continuous with v(™ €
L%([a,b)). If for eachi = 0,...,n—1 there is t; € [a,b] such that v (t;) =
0, then

(b_a)2n
ollZ: < = — [0)17.

To prove it, fix i € {0,...,n— 1}. From

t
Dy = [ i+ (o) d
o9 (t) / o (€) de
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we get

/ [ (©)]dg
/ " de
t

@ ()] < [according to t; <t or t < t;]

) t—t. 1/2
< ) s - {Et B ;;1/2 [according to t; < t or t < t;]
(3

and consequently

()2 (i+1))2 . ’ . ’ . (b—a)® (i+1) 2
[0 ][22 < [0 |72 - max (t—a)dt, | (b—t)dty < =5 [lv""Vl|Le.

Iterating this inequality from i = 0 to i = n — 1 yields the inequality in (x).
Now we define f : R x R™ — R and Ly, g, T : Dy g — L*([a,b]) by

flt,x, .. xm) = f(t,21), Ly pu:= u(™), Tu = ul™,

For every u € Dy, p and w',...,w™ € C%([a,b],R™) we have
(Lot > o) i 74) |

= (u<m> F ol ('t () u ‘ u(m))

L2
=8 P 2 7 P e
2m V2
> Gy el = gy Ml e oy (o)

> const Hu”iz

where the constant is strictly positive and independent of u and w”. Thus an
application of Theorem 3.2 yields the desired solvability of the given BVP. [

In case of two-term boundary conditions there are better estimates, as
shown by the next two corollaries.

COROLLARY 3.4. Let f : [a,b)] xR = R and g : [a,b] x R™ — R be Carathéodory
functions such that f, exists as a uniformly bounded Carathéodory function. If
m = 2j with j > 1, then the conjugate BVP

(=1)7 u(™ + f(t,u) = g(t,u,u, ..., ul™D)

u®(a)=0 (k=0,...,5—1)

uP () =0 (k=0,...,5—1)
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has at least one solution provided that the two conditions
e f. >const =:n>—-2/(b—a)™,
o lim, o0 9(t, 2)/||2]| = O uniformly in t,
are satisfied [the solution is unique when g depends only on t].

Proof. Let D,, g be the set of all functions u € C™~!([a, b]) such that u(™~1) is
absolutely continuous, u(™) € L?([a,b]) and u satisfies the conjugate boundary
condition in the statement of our BVP. Define f : [a,b] xR™ — Rand Ly, g, T :
D, 5 — L*([a,b]) by

flt,x, .. xm) = f(t,21), L pu:=(—1) u(™, Tu:=u.

Performing j integrations by parts we get

/OP u™ () u(t) dt = (~1)7 [[u?]2, (9)

for all u € D,,, g. For every u € Dy, g and w',...,w™ € C°[a,b],R™) we
have

(B4 3 (o 0)- 400 1)

= (17 a4+ fowh) - uu)

2

> Hu(j) Hiz -7 HuHi2 [by (9) and the hypotheses]
27

> m ||u||2L2 -7 HuHQL2 [by (%) in the proof of Corollary 3.3]

> const ||u||i2 [by the hypotheses]

where the constant is strictly positive and independent of v and w”. Therefore
we can apply Theorem 3.2 and have the desired existence of solutions to the
given BVP. O

COROLLARY 3.5. Let f : [a,b)] xR = R and g : [a,b] x R™ — R be Carathéodory
functions such that f, exists as a uniformly bounded Carathéodory function. If
m=2j withj>1andiée {O,...,j—l}, then the BVP

u)(a) =0=u®(B) (k=0,...,5—1)

has at least one solution provided that the two conditions
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e f.>const =9 >—2""/(b—a)?U~1),
o lim, o0 9(t,2)/||2]| = O uniformly in t,
are satisfied [the solution is unique when g depends only on t].

Proof. Let D,, p be the set of all u € C™!([a,b]) such that (™~ is abso-
lutely continuous, u(™ € L?([a,b]) and u satisfies the given boundary condi-
tion. By Rolle’s theorem each « € D, p has all derivatives with odd order less
than or equal to m — 1 vanishing at some interior point of [a, b], while the even
order derivatives vanish at the end-point of [a,b] by hypotheses. Thus (x) in
the proof of Corollary 3.3 applies to the members of D, p.

Define B : C™"1([a,b]) — R™ by

Bu = (u(a),u”(a),u®(a),...,u™ D (a), u(b),u” (b),u (),...,ul™ "2 (b)),
next f: [a,b] x R™ — R by
f(t, TlyeosTm) = f(t, T2541)
and finally Ly, g, T : Dy, g — L?([a,b]) by
Lo pu:=(—1)7 " u(™ and Tu:=u?".
Ifue Dy p,h>1andl € {07...,j—1} with 21+ h < m, then performing
h integrations by parts we get

/b w™ (#) @D (1) dt = (—1)h /b u™=M (1) w2 (1) dt. (10)

a

For every u € Dy, p and w, ..., w™ € C%([a,b],R™) we have

(L i for (" () - ulr D)

:((_1)j—z'u<m> + fa( w2y @D u(zz‘))m
iti) 2 IR
>[[u* N e = [u®0
[applying (10) with & = j —4 and | = ¢ and using the assumptions]

2j7i i) 112 D112
> G apas 10k = nllu®? L

[by (%) in the proof of Corollary 3.3 with v =« and n = j — 1]
>const Hu”i2

[by the hypotheses and (*) in the proof of Corollary 3.3]
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where the constant is strictly positive and independent of w and w”. Therefore
we can apply Theorem 3.2 and have the desired existence of solutions to the
given BVP. O

EXAMPLE 3.6. The BVP
—u"+(t—-1)u" +au —Bu=g(tuu,u")
uw(2)=v'(2) =u"(1) =0

has at least one solution when o > 1, 3 > 0 and g : [1,2] x R® = R is a
Carathéodory function which is bounded on bounded sets and satisfies

lim g(t,z)/||z]| =0

llzll—o0
uniformly in ¢ [the solution is unique when g depends only on ¢].

Proof. Define B : C2([1,2]) — R® by Bu := (u(2),u/(2),u”(1)) and let D3
be the set of all u € C?([1,2]) such that u” is absolutely continuous with
u” € L?([1,2]) and Bu = 0. Define L3, T : D3 p — L*([1,2]) and f :
[1,2] x R — R by

Lypu:=—u"—Bu, Tu:=u —u, f[f(t,z,y,2)=ay+(t—1)z
respectively. In view of the boundary conditions, elementary computations

show that

(Lot Lulwh) - ut fy(ow) ol + L) "

Tu)

L2

a+p 1 2
= [u"ll7z + == w* (1) + Bllulfz + (o= ) lu|72 +/1 (t—1)u(t) dt

> B ull7

where u € D3 g and w' € CY([1,2], R?) are arbitrarily chosen. This means that
all hypotheses of Theorem 3.2 are fulfilled, hence the existence of a solution to
the given BVP follows from it. O

ExAaMPLE 3.7. The BVP
"y 4 (ul)2k+1 _ ﬂu — g(t,u,u’,u")
u(d) =/ (b) =u"(a) =0

has at least one solution when k¥ > 1, 8 > 0 and g : [a,b] x R® — R is a
Carathéodory function which is bounded on bounded sets and satisfies

lim g(t,z)/||z|| =0

)| =00

uniformly in ¢ [the solution is unique when g depends only on ¢].
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Proof. Define B : C*([a,b]) — R® by Bu := (u(b),u/(b),u”(a)) and let D3
be the set of all u € C?([a,b]) such that u” is absolutely continuous with
u” € L*([a,b]) and Bu = 0. Define Ly, T : D3 — L?*([a,b]) and f :
[a,b] x R3 — R by

Lypu:=—u" —Bu, Tu:=4u, f(t,z,y,z):=y* !

respectively. In view of the boundary conditions, elementary computations
show that

(L373 u+ fy(-,w) - u"Tu)
Bu?(a)
2

L2
b
+(2k+1) / (w(®)* - u(t) dt > |Ju”|2

> const ||ul|%s [by (%) in the proof of Corollary 3.3]

= [lu”lIz= +

where u € D3 g and w € C°([a,b]) are arbitrarily chosen. This means that
Theorem 3.2 is applicable, hence the existence of a solution to the given BVP
follows from it. U

EXAMPLE 3.8. Let f :[a,b] x R — R and ¢ : [a,b] x R* — R be Carathéodory
functions such that f, exists as a Carathéodory function and is uniformly
bounded and g is bounded on bounded sets. The BVP

u® + f(t,u) = gt u, o’ u” u")
u(a) =u'(b) =u"(a) =u""(b) =0

has at least one solution provided that the two conditions

e fu(t,x) > const > ——— for all (t,z) € [a,D] x R,

(b—a)t
o lim|, o0 9(t,2)/||2]| = 0 uniformly in ¢,
are satisfied [the solution is unique when g depends only on t].
Proof. Let B : C*([a,b]) — R* be the linear operator defined by
Bu := (u(a),u' (b),u" (a),u” (b))

and let Dy p be the set of all u € C3([a, b]) such that v’ is absolutely continuous
with u®) € L?([a,b]) and Bu = 0. Set

4 and Tu:=u.

Lypu:= ul
The boundary conditions imply that for every u € Dy p we have

(Lapu| Tz = [[u”||7:,
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hence
4

(LapulTu)p2 2 WHUH%Z

by () in the proof of Corollary 3.3 above. At this point we apply Theorem 3.2
with f(¢,z1,...,24) := f(t,21), obtaining the desired conclusion. O

4. Higher order systems with meshed linear boundary
conditions

In this section we shall use freely the following notations:
e m is a positive integer;

e Bi,...,By : C?™71([a,b]) — R are bounded linear operators with the
following two properties:

(i) the differential operator v ~» (—1)™v(2™) is symmetric on the do-
main

D, := {v e C?™([a,b]) : v?™~ Y is absolutely continuous,

v?™ e L?([a,b]) and B;v = O}

for every i € {1, cee N} and, in addition,
(ii) each of the scalar BVPs

(1) 0™ = Xy )
{B-u:o (i=1,...,N)

has an increasing sequence (\; )22, of eigenvalues which generates
a Hilbert basis (e;.n), in L*([a,b]) with (=1)™ o2m)

in imn €in for
all 7 and n;

o RV*N ig the space of N x N real matrices;
e A < B means that B— A is positive semidefinite whenever A, B € RNV*Y
are symmetric.

In addition, eigenvalues of compact symmetric linear operators and matrices
are always ordered in the increasing way counting multiplicity.
After these preliminaries we arrive to the main result of the section:
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THEOREM 4.1. Under the above notations, define B : C*™~1([a,b],RY) — RY
by
Bu:= (Blul,...,BNuN)
and set
)\i’oiz—OO (’L:].,,N)
Let Q) € Lg(RRNXN) be symmetric for a.e. t and let C* € RVN*N be symmet-
ric with eigenvalues
+ +

MmS SN

respectively. If

C-<Qt)<Ct (a.e. t)
and there exist non-negative integers ni,...,ny such that
Ning <7 <7j</\i,ni+1 (i=1,...,N),

then the BVP

(=)™ ul™ = Q(t) - u
Bu=20

has only the trivial solution.

This theorem generalizes [10, Theorem 1], [6, Theorem 4.1], [4, Theo-
rem 2.1], [3, Theorem 2.10] and [13, Lemma 1] as far as ODEs are concerned.
Of course, its proof is strongly inspired by Lazer’s original argument.

Proof. During the proof we shall use freely the representation
n=n'"N+n" (11)

for every integer n > 1, where n” € {1,...,N} and n’ > 0. In addition, to
simplify notations we set

Lu:=(=1)"u®™
and look at it as an unbounded linear operator in L?([a, b], RY) with domain
dom(L) := Dy X --- X Dy.
Let (ci); be an orthonormal basis of RY with
et :z(ci[l,...,ch) (I<i<N)

a normalized eigenvector of C* corresponding to ’yii. Using (11), we define
en € L%([a,b],RY) and A, as follows:

en = (0,...,0,€%, .,,0,...,0) and Ap 1= A?L,,yn,

’
;N
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with 9

the vector space spanned by them is dense in L?([a,b],RY), so that (e, ), is a
Hilbert basis for L?([a, b], RY), while

, at place n” for every n > 1. Obviously the e,’s are orthogonal and

Le, =M,e, (n>=1).

Since (cii)i is a Hilbert basis of R, for every t € [a,b] and every n we have

N N
en(t) = Z (en(t) ’cii)RN e Z cfn,, enr e (1) ¢
i i=1

i=1

After these preliminaries, we start with the proof. Fix any v € dom(L).
Since (ey,)n is a Hilbert basis of L2([a,b], RY), we have

oo
v=2,
n=1

Then for a.e. t € [a,b] we get

<>

n €n with 0, := (v|ep)re.

NE

v(t) =Y Dnen(t) =

n=1 n

~ + +
o0 Y e (1)

i=1

Il
i

o0

=D bncf e (t) 6 (12)

=1 n=1

and consequently

—

(L U)n C?,:n” en”, n’ (t) C?:

(Lo)(t) =

M-
NE

<
Il
—
3
Il
—

(Lvley)pe cfn,, en o (t) cgt

I
M-
M8

<
Il
-
3
Il
-

I
M-
NE

s
Il
-
3
I
-

(0] Len) 12 CE o e (1) 6

I
M-
NE

<
I
-
3
Il
_

)\n ”Dn C?,:n” En'’ n! (t) C;t. (13)

Inspired by these formulas, we define three subspaces of dom(L). First we set

ep:=0 and 09 =0
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to cope with the possibility to have n; = 0 for some 7. The mentioned subspaces
are:

N e
X = {’U € dom(L) : Z Z Q, CZ o enrr e (4) &

i=1 n=n;+1
anER;Z ai <C>O}7
n=1

N n;
Y = {’U €dom(L): v= Z Z Bn c;’rn,, en n(*) c:r7 B, € R},

=1 n=1
Z = {v € dom(LN v = Z Z Vn C; prr n’’, w()er, € R}.

i=1 n=1

By Parseval’s identity, every v € L%([a,b],RY) satisfies Y 92 < oo. By this
and (12) we have dom(L) = X ® Y. Clearly Y and Z are lbOInOI‘phIC.

For every v = Z Z Oy, n C:n” enr w(-)ef € X\ {0}, from (12)
i nz2n;+1

and (13) we get:

N oo
(o=t olia= [ (53 aunctyrewml) Pued ~C* )

i=1 n=n;+1

N oo
+ +
‘ E E Qp,m Cy s €, () €y )RN dt
o0

N
= / Z Z Qy,n Oy, m C:n” C;’:m,/ {>\n 7’}/:_} En't n! (t) Em’,m’ (t) dt

m,n=n;+1

C+ -¢f =~ ¢ and the orthonormality of the ¢;’s in RY]

[by
N oo b
= Z Olvvn a/u7m C:’:n// Ci_m// {Anf")/;r} / en”,n/ (t) em//,m/ (t) dt
=1 a

7 m,n=n;+1
[since the two series converges in L?([a,b],RY) and the integral is a

continuous linear functional on L?([a, b], R™V)]

g: i , zn” {)‘ }

i=1 n=n;+1
[by the orthonormality of the e; ,,’s in L?([a, b])]
>0,
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the last inequality being due to two facts: first, v # 0 1mphes Q. €

i, n!!

#Ofor

some n > n;+1 in view of the definition of X; second, A\, —v;" > Ani+1 —'yi >0
for all n > n; + 1.
A similar computation shows that

N
(LU—C’*~v|v)L2<(maX {An, = )Z az (¢ n)? <0
7
i=1 n=1
(vez\{0})

since the definition of Z guarantees that if v # 0, then oy, c; ,,» # 0 for some
n < n;.

As

(=C v |v(t)gn = (= QW) -v(t) | v(t) gy = (= CT - 0(t) | 0(t)) pn
we conclude that
(Lv—Q(:)-v|v),, >0 when v e X\ {0}
and (Lv—Q(~)~v’v)L2<0 when v € Z\ {0}.

In particular, X N Z = {0} and consequently dom(L) = X & Z algebraically
by virtue [10, Lemma 2]. Then [10, Lemma 1] implies that the bilinear form

(u,v) ~ (Lu -Q()-u | ’U)L2
is non-degenerate on dom(L), i.e.
(Lu—Q(-)-u‘v)H:O for all v € dom(L) = u=0.
Now, if u is a solution of Lu = Q(-) - u, then (Lu — Q(-) - u| v)L2 = 0 for all
v € dom(L), hence u = 0 by the above. O

The existence part of the proof of Theorem 3.2 can be easily adapted to
derive from Theorem 4.1 the following corollary:

COROLLARY 4.2. Assume that A : R x RN — R¥*N gnd g : R x RV — RV
are Carathéodory maps with

g9(t, )

1m —_—
lz—oo |||

=0

uniformly in t. Assume further the notations of the preceding theorem.
If there exists p > 0, non-negative integers ny,...,ny and symmetric ma-
trices C* € RNXN with eigenvalues ’yli <o < ’yﬁ such that:
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® N\in <7 < vf < Ai,n;+1 for every i;
e for each x € RN satisfying ||z|| > p we have:

x A(t,x) is symmetric for a.e. t,
x C7 < A(t,x) < CT for a.e. t;

then the BVP
(—1)™ u@m) = A(t,u) - u+ g(t,u)
Bu=0

has a solution.
There is another corollary:

COROLLARY 4.3. Assume that f, g : R x RY — RN are Carathéodory maps
such that f, exists as a bounded Carathéodory map and

glt, ) _

1m
Iz =00 |||

uniformly in t. Assume further the notations of the preceding theorem.
If there exist p > 0, non-negative integers ny,...,ny and symmetric ma-
trices CT € RN*N with eigenvalues %i <o < 7]% such that:

© Nini <7 << Aijniy, for every i;
e for each x € RY satisfying ||z|| > p we have:

x fz(t,x) is symmetric for a.e. t,
x* C7 < fo(t,x) < CT for a.e. t;

then the BVP
(D)™ u™ = f(t,u) + g(t,u)
Bu=0

has a solution.

Proof. Set

1
A(t, ) ::/O fu(t,Ex) dE and G(t,z) := f(t,0) + g(t,x)
so that
ft,x) +g(t,z) = A(t,x) - = + G(t, x).

Let
v =1 fa (o
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and let € be a number in ]0, 1] to be fixed later. For any x with ||z|| > p/e and
any y € RY we have

1
(A(t,z) -y | Y)gw =/0 (folt.€x) -y |y)gn dE
0
£ 1
2/0 (—wly)RNd£+/E (C™ -y |y) g d€

[as ||zl > p when & > ]
=({—evI+(1-9C}-y|Y)gn

1
:/ (fx<t,£x>~y|y)wd5+/ (Fo(t.€2) -y | y) o dE

which means
—eyI4+(1—¢)C™ < A(t, ).
In a similar manner we get
Alt,z) <eyI+(1—¢)Ct
when ||z|| > p/e. Calling
Yoa <<y
the eigenvalues of the symmetric matrix +£¢ 1 + (1 — &) C* ordered in the in-
creasing way counting multiplicity, we have
W:i:i57+(1—5)vii (i=1,...,N).
Therefore we can select € > 0 so small that

for every i. With this € and with p/e in place of p, the system
(_1)’m u(2 ™) = A(t> u) Su G(ta ’LL) = f(tv ’U,) + g(tu ’LL)

satisfies assumptions of the preceding corollary with each matrix C* replaced
by +¢ I+(1—¢) C*. Then the solvability of our BVP follows from the preceding
corollary. O

The following examples involve simultaneously a two-point and a periodic
boundary condition.
EXAMPLE 4.4. Let f : R x R? — R? be continuously differentiable and g :
R x R? — R? continuous such that

g(t,z)

1m _—
lzll—oo |||

=0

uniformly in ¢. If
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e fo(-,z) and go(+, z) are 2 m-periodic,

e for each i € {1, 2} there are u;, v; € R and n; € N such that

nf < i < filt,z) vy < (n; + 1)2

9

0 iz
for all £ and =z,

e f1(t,0,22) and f5(t,2z1,0) are uniformly bounded,

then the BVP

has a solution.

Proof. Defining

L a
/ — fi(t,§xy, 20) dE 0
0

Alt,z) = Oz -
0 /0 Tmfz(t’thﬂh)df
G(tv .’I}) = (fl (ta Oa .’172), f2(t> Z1, O)) + g(ta x)7
the given system can be rewritten equivalently as
—u" = A(t,u) - u+ G(t,u).

Clearly
im G(t,x):
lzll—oo |2l

2

As is well-known, the integers n® are the eigenvalues of the scalar symmetric

BVPs
—v" = Av " = Av
and o
v(0) =0=v(2m) v 2 m-periodic

while the eigenvalues of diagonal matrices are the diagonal entries and a sym-
metric matrix is positive semidefinite if and only if all of its eigenvalues are
nonnegative. Thus with

C™ :=diag(p1, p2) and C* = diag(vy, v»)

we are in position to apply Corollary 3.3 to Theorem 4.1 and get the solvability
of our BVP. O
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EXAMPLE 4.5. Suppose that f : R x R2 — R? is continuously differentiable,
g : R x R? — R? is continuous and that fi(-,), g1(-,7) are 27-periodic in t
with

g(t, )

1m
lzll—oo |||

=0

uniformly in ¢. If there exist uq, uo, V1, V2, p, @ € R and n € N such that

0
o n' <y < — fi(t,x) < vy < (n+1)* whenever ||z > p,

8331
0
o —00 < g < EPN fa(t,z) < vo < 0 whenever ||z|| > p,
T2
Lo b
83)2 83’31’

. . f2(t,a:)’ < o < min {,ul —nt —pa, (n+ 1) — vy, —1/2} whenever
T
2]l = p,

then the BVP

has a solution.

Proof. Set
_Ofi
B 8$j

and define the following matrices

fiji

C™ = diag(u — o, pg — @), CT :=diag(v1 + o, o + ), fo = (fll f12) :

f12 f22

[9, Corollary 7.2.3] says that a matrix (oy;);; is positive definite when a;; >
>_izj laij| for all 4. This criterion shows that

fz—C™ and Ct — f.
are positive definite when ||z|| > p, so that

C™ < fult,x) < OF (lzll = p)-
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It is well-known that the integers m* are the eigenvalues of the scalar symmetric

BVP
v® = Av
v 2m-periodic,

while the eigenvalues of the scalar symmetric BVP

v® = \v
{v”(O) =v"(0)=v(27m)=2"(27) =0

are positive (as is easily seen by integrating v® v = Av? and using the bound-
ary conditions).
As the eigenvalues of diagonal matrices are the diagonal entries, we have

Y=pe—a, Y =mta, v =m—o, Y =uta

hence we are in condition to apply Corollory 3.4 to Theorem 4.1 since 7; <
7 <0and n* <v;, <~ < (n+1)4 O
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