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ON WEAKLY NONLINEAR BOUNDARY
VALUE PROBLEMS ON INFINITE INTERVALS

BENJAMIN FREEDMAN* AND JESUS RODRIGUEZ

(Communicated by P. Korman)

Abstract. In this paper, we study weakly nonlinear boundary value problems on infinite intervals.
For such problems, we provide criteria for the existence of solutions as well as a qualitative
description of the behavior of solutions depending on a parameter. We investigate the relationship
between solutions to these weakly nonlinear problems and the solutions to a set of corresponding
linear problems.

1. Introduction

The results in this paper pertain to nonlinear boundary value problems on infinite
intervals. We consider problems with weak nonlinearities in both the differential equa-
tion and the boundary conditions. We provide a framework which allows us to establish
conditions for the existence of solutions and which also enables us to provide a quali-
tative description of the dependence of solutions on parameters.

We consider nonlinear boundary value problems on the infinite interval [0,0) of
the form

X (1) = A()x(t) = h(r) + f (t,x(t)) (D

subject to

T'(x) :u+£/:g(t,x(t))dt 2)

where A is a continuous n X n matrix-valued function on [0,e), f and g are continu-
ously differentiable maps from R"*! into R”, and T is a bounded linear map from the
space of bounded, continuous functions from [0,) into R”.

Given that T" is an arbitrary linear map, it should be observed that the problems
we’re considering include ones of the form

X (1) = A()x(r) = ef (t,x(1))
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subject to
/B dt—i—ZCkxtk _s/gtx))dt

where B is a function-valued matrix whose entries are integrable functions from [0, o)
into R”. and C; for k > 0 is an n X n matrix with

DGl < o=
k=0

Note that if B and g are identically zero, this is a set of linear multipoint boundary
conditions.

Our main focus will be on the case where the bounded, continuous function # and
vector # € R" are such that the linear problem

X (1) = A(1)x(t) = h(1) 3)
subject to
T(x)=u )
has a solution.

In our analysis, we use a scheme somewhat similar to the Lyapunov-Schmidt pro-
cedure and results are obtained through an application of the implicit function theorem
for Banach spaces. We provide a framework which allows us to determine cases when
for € sufficiently small in magnitude, (1)-(2) has solutions which emanate from a par-
ticular solution to (3)-(4).

There has been extensive literature studying boundary value problems on finite in-
tervals. Examples include [12], [13], [14], [15], [19], [28], [29] and [30]. For results
establishing existence of solutions to boundary value problems on infinite intervals the
reader is referred to [2], [3], [5], [6], [17] and [23] in the continuous case and [1], [24],
[27], [31] and [32] in the discrete case. The use of projection methods such as the
Lyapunov-Schmidt procedure in the study of boundary value problems is employed in

[81, [91, [L1], [20], [22], [25], [26], [33], [34], [35] and [36].

2. Main results

We use € to denote the space of bounded, continuous functions from [0,e) into
R", and pair this space with the norm ||x||. = sup,~q |x(¢)|. Itis clear that (%, || - ||-)
is a Banach space. We use |-| to denote the Euclidean norm on R”" and || - || for the
standard operator norm on the space of n x n real-valued matrices. Throughout this
section, we assume that I": 4 — R” is a bounded linear map and write

[Tl = sup [T(x)].

[lxll==1
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Let ®(¢) denote the fundamental matrix for x'(z) — A(¢)x(¢) = 0 such that ®(0) =
I and ®; denote the i column of @ for 1 <i < n. As mentioned in the introduc-
tion, our analysis will include a discussion of a set of closely related linear problems.
Throughout the paper, the reader will see that conditions we will impose on A guarantee
that for any y € ¢, ®(-) [y @ (s)y(s)ds €€ .

We define A as the n X n matrix

A=[D(@1()) [ T(@2(+)) |-+ T(@u(-))]-
Note that a function x € % is a solution to
X(t)—At)x(t) =0
subject to
I'x)=0

if and only if x(0) € ker(A). Given y € ¥ and w € R", we know by variation of
parameters that any solution to x’(¢) — A(1)x(z) = y(r) is of the form

X(t) = D(1)x(0) + D(r) /0 "o (5)y(s)ds.

Imposing the condition that T'(x) = w we get that

Ax(0) = w— r(cp(.) / o (s)l//(s)ds) .
0
Let p denote the dimension of ker(A) for some integer 0 < p < n. If p =0, itis clear
that (3)-(4) has a unique solution. The bulk of our results concern the case where p > 1.

In this case, we let W be a matrix whose columns form a basis for [ker(A”)]*. Note
that there exists a solution to the linear boundary value problem

subject to

if and only if

wT [w _ r(op(.) /0 o (s)l[/(s)ds)} —0.

Throughout this paper we will mainly be studying the structure of the solution set to
(1)-(2) in the cases when the matrix A is singular and the corresponding linear problem
(3)-(4) has a solution, or equivalently where & and u satisfy

wT [u - r<q>(.) /0 o ! (s)h(s)ds)} —0.
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Based on the discussion above, it is clear that there exists a solution to the nonlin-
ear boundary value problem

X () —A(t)x(t) = h(r) + e f(1,x(1))

X) =u+e/0°°g(t,x(t))dz

for € # 0 if there exists x € € and v € ker(A) satisfying

subject to

(1) = D)+ Dt /q> $)+ £ (s,x(s))]ds

and

WT[/gtx )dt — ( /d) ))ds)]zo.

We now list the following set of conditions which we will impose in our first
theorem.

I) There exist positive constants K, oc such that
|D(1) D" (s)[| < Ke *¢)

forallt >s>0.

II) For any compact subset § C R”, g—§ is uniformly continuous on [0,e) x S and

3509)
sup || =—(z,0)|| <
sup 55 10)
III) For any compact subset S C R", % is uniformly continuous on [0,e0) x S and
—(£,0)||dt < oo.
/0 8x( )‘
IV) Forall he ¢,
| e ne)dr <o
V) There exists an integrable s : [0,00) — R satisfying
d
H S tx1) = S5 (03) | < sl o

forall > 0 and x1,x, € R".
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Note that for x € €, v € ker(A), € € R, and 7 > 0 we have that,

(1) — / @1 (5)[h(s) + £f (5,x(s))]ds

<\\XIloo+§gg\\®(S)ll+ /0 D)0 ()](s) + £ (5.x(5))ds
Sl +-sup[(5)] + [+ el sup s, x(5) 16 /
e+ supl|9(9)+ (1= + el s x5 K~

Also observe that

WT[/gzx ))dt — ( ) [ o) ))ds)H
< | [ et iei( [ 1ewe 6 isxlas) |
<[w’| / g(m(x))dt—||r||(sup|f<s,x<s>>|K | e-“<f—5>ds)]

7| [ et I (sup sl ) | <

520

From this is follows that H given by
S K1)~ D(1) () [y (5)(5)+££ s x(5)lds
HalCe) €)1 | W o x(o))dt—T (@() f; @ (5) (5. x(s))ds)]

is a well-defined map from %" x ker(A) x R to € x R?.
Our main result will involve an application of the implicit function theorem for
Banach spaces [18]. This requires continuous Fréchet differentiability of H .

In the following lemma, for i = 1,2 we use a? 0 to denote the partial (Fréchet)

derivative of H; with respect to (x,v).

LEMMA 1. Suppose that I)—V) hold. Thenfor any ((x,v),€) € € xker(A) xR,
the bounded linear maps %((x v),€) and a( )((x v),€) exist and are given by

(e | (v = wio) - o(0w—e (@) [ @05 (xts)wisias)

and

()| ()

:WT[ "9 >>w<r>dz—r(d><-> / 'd>‘<s>§—§<s,x(s>>w<s>ds)].

0
Further, Hy and H, are continuously (Fréchet) differentiable.
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Proof. For x,y € € and v,w € ker(A) we have that

Hi((x+y,v+w),e)—Hi((x,v),€) — y(t) +D(t)w

ve(0 [ @03 tat)wisias)
1(5)] 705, ot W) = Fsx(5)) — 2L s x(5)) ws) | s )
=e(00 f[ 070 |15 i

For a,b € R", let L(a,b) denote the straight line segment connecting @ and b.
Note that by the mean value theorem, for all # > 0 we have that the following hold

af

< [y

[, e+ y)(0) = (1, x(2))

sup
V() EL(x(1), (x+y)(t

|Fecewo|

<

81, (e +w)(1)) — 81, x(1)) sup
EOEL((0).(x+y)(@

Then we have that for r > 0,

([ @0 6) 165, et mis) = 1656 - 5L s wo)| as)

< s N o) - L] | ([ Iene @) ivi-

[

N
%)

[=]

o

V(s) EL(x(s).(r+ ) (5))

and. SUD, 5)cLio(s) (e )5 [%@,v(s)) - %(m(s))] HKa—l 0 as y]le — 0 by

II).
We also have that

Hy((x+ w,v+w),€) — Ho((x,v). &)~

W [/: %(z,x(t))ll/(t)dt _ r(cb(.) /0 q>—1(s)‘;_£(s7x(s))w(s)ds>] ‘

(et )9 elsux) = SE stows) as

=1 (@) [ @ 16) [ 165, 4 )6 = S50~ G a0 wis) s )|

g g
<(Iwrl [ s (L) - )
<| | 0 Zs)eLials) (vw)is) [ 9% Jx
W

3f = _
Y o) [lewe o) a) vl
v(s)eL(x(s),(x+y)(s) X 0

ds|yl-
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< (it s 19 vt o v

v(s)EL(x(s),(x+w)(s

where || - ||;1 denotes the standard norm on L1 [0,0). Note that

a J _
W™l (HSHLI||W||°°+||r||Supv(s)eL(x(s),(x+u/)(s))) 9L (s,v(s))— %L (s,x(s HKO‘ 1) —0
as |||l — 0 by IT). Now we will show that the map

OH;
() = 55

is continuous for i = 1,2. Note that for ||y|.=1,

H%(m,w)—%(’“?’vﬁ]w

- ([ 2000 om0 -Femnon]|vea)|
L st - L )| ([ lewe 0] a)

(s01(5) = 2L (5,2205)

=

and KH%(S”“ () — gﬁ(s x2(s H o " —0as ||x; —x2||- — 0. We also have that

‘ g gt ""

< ([
HNPALS a|))]

d
< (sl + Ko P S50 9) — Z )

98 ( ds

‘5

s,x1(8)) — %(&)@(S))
ol

of
L5019 = S (5,2206)

)

Notetat 97| L~ -+ Ko I 3 51 5) — s ) — 0

|lx1 — x2]|c — O, proving our desired result.

REMARK. The most interesting case and the one we will focus mostly on is the
case where A is singular. In this case, solving the nonlinear boundary value problem
(1)-(2) is equivalent to solving the operator equation H; ((x,v),&) = Ha((x,v),€) =0.
For the sake of completeness in our analysis it is worth mentioning the case where A is
invertible. If A is invertible, then (3)-(4) has a unique solution and the matrix W does
not exist. The nonlinear boundary value problem (1)-(2) is then equivalent to finding a
continuous function x and v € R" satisfying

x(1) - / @ (5)[(s) + £f (5,x(s))]ds = 0
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where

v A [u+£/gtx )i — ( /q> +£f(sx())}ds>}

Define ¥ : ¢ x R"™! — € x R" by [¥1,¥,]” where

1((5),8)0) = x(0) = 00y~ (1) [ )5 +e(5,5(5))ds

and

Wy ((x,v),e)(t) =v—A"" [u + e/wg(t,x(t))dt

~r (@) [ @) + eratslas )|

and note that W((x,vp),0) = 0 where X denotes the unique solution to x' (1) —A(z)x(t) =
h(t) satisfying x(0) = vy where

o= A"l [u - r(cp(.) /O q)_l(s)h(s)ds>] .

Further note that by an analogous argument to the one appearing in the previous lemma,
¥ is continuously differentiable at each point in % x R"*! under conditions 1) — V)
and

8(8)6\,},\/) ((,v0),0) [y, w]" = [w(-) + (- )w,w]"

which is clearly a bijection from € x R" to & x R". Therefore by the implicit function
theorem for Banach spaces, there exists a solution to (1)-(2) for sufficiently small & and
those solutions converge uniformly to x as € goes to 0.

Now we shift our focus back to the case where A is singular. For the sake of
notation, for any y € R” we define the function x,(¢) = ®(t)y + ®(t) [o @~ (s)h(s)ds.
We also write

JH;
OH a(x,v)
d (x7 V) B JH,
d(x,v)

THEOREM 1. Suppose that 1) —V) hold and that there exists y € ker(A) such

that
WT[/Owg(t,xy(t))dt— ( /cp Fls,%,(s ))m)]:o
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and ¢ : ker(A) — RP given by

000 =" | [" e (o0 [ o0 L sanens) |

is a bijection from ker(A) C R" onto RP. Then there exists & such that for all |€| < &,
the boundary value problem

X (t) =A(t)x(t) = h(t) +ef(t,x(t))

(x) = u+e/0°°g(z,x(z))dt

is guaranteed a solution xg. Moreover ||xg — xy|le — 0 as € — 0.

subject to

Proof. We have shown that H is continuously differentiable. Note that H; ((xy,y),0)
= 0= H>((xy,y),0). Suppose that %((xy,y)ﬁ)(zm) =0. Then z(¢) = ®(¢r)v for all
t > 0 and therefore

W] [T ntspeias (@0 [ o0 F tae)ew) v=o

0

implying that v = 0. Therefore %((xy, ¥),0) is one-to-one. Let (h,9) € € x RP.
Then by assumption there exists a unique w € ker(A) satisfying

Wl [T o (o0 [ o6 S s enens) lv=r-v.

0

where v, denotes the vector

Vi =WT{ A ag(s Xy(s ))il( ds—T ( / o! (8,xy(s ))hds)}
Therefore
{ga(flw ((xy,¥) 0)] (h+®()w,w)(1) = h(r)
and
0H, A o -
[M((xy’y)ao)] (h+q)(~)w’ w)([) — ( *) Ty,

and %((xy, ¥),0) is a bijection from & x ker(A) onto € x RP. Our result follows
from the implicit function theorem for Banach spaces.

In results up to this point, we assume that % is simply an element of 4. In the
following set of results, we investigate problems where we know that 1 € €' NL![0, ).
In this case, we impose the following set of conditions.
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I') There exists positive constant K such that
[~ (s)]| <K

forallt > s> 0.

) 3” is uniformly continuous on [0,e) x R" and
—(£,0)||dt < oo.
/0 8x( )‘
III") Forall he &,
| lsne)ar <o
v §—§ is uniformly continuous on [0,e) x R" and
of
dt < oo,
[ |5

V') There exists s € L'[0,0) satisfying
98
ox

forall # > 0 and x1,x, € R”.

8g(

(t,x1) — EM

1,X2) ’ < s(t)|xp —x2

VI') There exists h; € L'[0,0) such that for every compact subset S of R” there
exists a constant C satisfying

[f (6 x)]| < Ch (1)

forall # >0 and x € § and
|f(#,x1) = f(t,x2)| < hy(t)]x —x2

for all x;,x; € Sand > 0.

VII') There exists i, € L'[0,0) such that for any compact subset S C R”,

-

forall # >0 and x;,x, € S.

< (k) |x1 — x2

Before stating the main theorem in this section, it is worth mentioning for the sake of
completeness that if A is invertible, an analogous argument to the one appearing in
Remark 2 holds. This is because ¥ is continuously differentiable on % x R"*! under
conditions I') — VII') and satisfies the conditions of the implicit function theorem at
the point ((x,v0),0) where x and vy are defined the same as in Remark 2. Therefore,
we can guarantee solutions to (1) —(2) for € sufficiently small and these solutions
converge uniformly to x as the absolute value of € goes to zero.
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THEOREM 2. Suppose that I') —VII') hold and that there exists y € ker(A) such

that
WT[/ g(t,xy(1))di —T ( /cp Fls.xy(s ))m)]:o

and ¢ : ker(A) — RP defined by

000 =" | [ Firx e (o0 [ o160 L ca)ews) |

is a bijection from ker(A) C R" onto RP. Then there exists & such that for all |e| < &,
the boundary value problem

X (1) = A()x(r) = h(r) + ef (1,x(t))

T(x) = u+e/0°°g(z,x(z))dt

is guaranteed a solution xg. Moreover ||x¢ — xy|lo — 0 as € — 0.

subject to

Proof. We wish to show that H is continuously differentiable under this new set
of conditions. Recall that

Hy ((x+y,v+w),e)(t) — Hi((x,v),€)(t)

- [ -ewwre(en [[o 0 sanvi)

—e (@) [0 |76+ 90—~ S stw)] ).
We have that

H /q) [ (x+w)(s) — f(S,x(s))_‘;_i:

<K / sup of of
0 v(s)eL(x(s),(x+w)(s

NEBORE TS
and K|\ ha|/ 1 ||yl — 0 as ||yl — 0. Note also that for ||y|/. =1,

H (/q’ [ i (s)) - f(sz())}l[/(s)ds)

d

d
3f af

ox

(51(5) ) s

oo

ds||ylle <Kllh2ll w2

oo

<J|D(r) (s,x2(s))||ds

le —

<K|[h2| {11 —X2||oo -0
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as [|x; —x2]j — 0. We also have that

Hy((x+w,v+w),€) — Hy((x,v),€)—

wT [ 0 gg( ())W(t)dt_F<q)(_)/()-¢—1(s)§_£(s,x(5))W(5)ds)]‘

W ([ [t w6~ etsx(0) = S sxswo | as

—T( @) thfl(S) S(s; (et W)(S))—f(S»X(S))—%(S»X(S))W(S) ds
J

’ %8 —@sxs s
(w7, e[S G faslvi
of

+[WHIT
v(s)EL(x(s),(x+y)(s

af of
s vish) - gw,x(s»\

g ven - G|

dt)ww

<|wT| (sLlnwnw ermnhznm) vl

nd W7 [ (sl Wl ITU W21 1K) = 0 as [[ il — 0. Also note that for
Y[e=1

<HWT|\</ H (5.51(60) ~ 2 (5,300 ))'ds
Il [ 0l o) - F oo ))

<[ w'| ( bt —2c2 el sl 2+ 0 [T [y —lelmllhzllu>~

It is clear that || (1 = x2fleoIsll 1 4+ YTl = x2[|eo |2 ]| 1) — O as [ —
X2||<c — 0. Therefore, H; and H, is continuously differentiable and so H is as well. It
follows that H satisfies the conditions of the conditions of the implicit function theorem
for Banach spaces by an analogous argument to the one appearing in Theorem 1.

EXAMPLE. Consider the boundary value problem

(1) — Ax(t) = ef (1, x(t))

subject to

;z)ckx(lk) = S/Omg(t,x(t))dt
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where x: ZT — R", f:R® — R? is twice continuously differentiable, Cy is an 2 x 2
real-valued matrix and #; > O for all £k > 0. We assume that

A=Y Cpellk
k=0
is singular. Suppose that the matrix A is diagonalizable. That is, there exists an invert-
ible matrix
_|P1P2
P3 P4

and diagonal matrix

»=[35)
satisfying

A=PBP .
Therefore, we have that

Af = pBtp~!

and so
= 1
r_ L pk k| p—1
A —P[kEOk!Bt}P .

As mentioned above, we assume that A is singular, which implies that the second
row is a scalar multiple of the first. Suppose that the second row of A is K times row
one for some k € R. It is clear that A and A” have a one-dimensional kernel and that
the kernel of AT is spanned by the vector [, 1]7. Write g as g = [g1,£2]. Suppose
that there exists y € ker(A) that satisfies for all 7 > 0,

0= filt,ey) = fao,e) = 20,9 = 220, = g 1,0) = ol M)
and
gl t t
—K‘/O == (1,eMy) dt;é/ 2(t,eMy)dr

Under these assumptions, we have

WT[/ g(t,ey)dr — ZCkeA"‘/eA”‘f(seAy) ]

k=0

=wT [ /0 N(o)dr—kfbcke“k /O t eAt"(O)ds} =0
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and that

’ = 1Ay — Ty sA Y SA
'W [/0 3x(t,e y) ng)CkeA /Oe Y3y (s,e y)dsdt]

o) (B )

Thus for € sufficiently small in absolute value, we are guaranteed solutions to the

nonlinear boundary value problem above.
Alternatively, suppose for the problem above that the rows of A are identical, that

A is the matrix

£0.

and that f:R? — R? and g: R® — R? are given by

16
(x1—e /2243 (xp—e /2 (1+1))2
8

ft,x1,x0) =

(x1—e1/?)? ]

and

xi—e’
i 7
g(taxl7x2) - 5([67”27[6’7’/27}(2) .
12

Then y = [1,—1] € ker(A) satisfies the conditions imposed in Theorem 1. That is,

oo N t
WT[/ glt,e 2 e (1 — 1)di+Y CkeA’k/ e A £(5,e75/2 5% (s—1))dsdt
0 faur) 0
:O,

and
T % w [ a0 9f s s
w ZCkeA‘/e 8—(s7e ye *o(s—1))dsdt
k=0 0 x
N t
WS Gt / e AT (0)dsdi = 0
k=0 0
so we have
r| (798, i
W / 98 (1,612, 72 (1 — 1))t
0 ox

o 1
- CkeAtk/ e_A(”l)a—f(s,e_s/z,e_s/z(s— 1))dsdt}
k=0 0 dx
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’WT[/w?(t,e’/z,e’ﬁ(t— 1))4
0

X

“[dgr, _pn _ dgr . i
T gsl t)2 )20, - 12 —1)2(,
‘W /0 [8x (t,e™/% e/ (t —1))dt P (t,e7 7 e (1 1))]dt £ 0.

Therefore, by results in the preceding sections we can guarantee solutions to the

nonlinear boundary value problem in this example for € sufficiently close to zero.
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