EQUADIFF 9

Ravi P. Agarwal
Compactness condition for boundary value problems

In: Ravi P. Agarwal and FrantiSek Neuman and Jaromir Vosmansky (eds.): Proceedings of
Equadiff 9, Conference on Differential Equations and Their Applications, Brno, August 25-29,
1997, [Part 1] Survey papers. Masaryk University, Brno, 1998. CD-ROM. pp. 1--23.

Persistent URL: http://dml.cz/dmlcz/700258

Terms of use:

© Masaryk University, 1998

Institute of Mathematics of the Academy of Sciences of the Czech Republic provides access to
digitized documents strictly for personal use. Each copy of any part of this document must
contain these Terms of use.

This paper has been digitized, optimized for electronic delivery and
O stamped with digital signature within the project DML-CZ: The Czech Digital
Mathematics Library http://project.dml.cz


http://dml.cz/dmlcz/700258
http://project.dml.cz

EQUADIFF 9 CD ROM, Brno 1997 PROCEEDINGS
Masaryk University pp. 1-23

Compactness Condition for Boundary
Value Problems

Ravi P. Agarwal

Department of Mathematics
National University of Singapore
10 Kent Ridge Crescent, Singapore 119260
Email: MATRAVIP@leonis.nus.sg

Dedicated to Professor Lloyd K. Jackson

Abstract. In existence and uniqueness theory of boundary value prob-
lems for ordinary differential equations Compactness Condition plays an
important role. It has been a long standing problem whether other condi-
tions imposed on the differential equations imply this compactness con-
dition. In this lecture we shall survey known results on this problem,
including its complete unpublished proof essentially due to L. Jackson
and K. Schrader. We shall also discuss some related problems.
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1 Introduction

In this lecture we shall consider the following n (> 2)th order nonlinear differ-
ential equation

y ™ = flz,y,y, ..,y P), 0<g<n—1, but fixed. (1.1)

With respect to (1.1) we shall assume that

) fz,uo,ut, ... uq) : (a,b) x RTT — R is continuous.

) Solutions of initial value problems for (1.1) are unique.
C) Solutions of (1.1) extend to (a,b).

D,) Forany a < a1 < ag < -+ < a, < b and any solutions y(z) and z(z)
of (1.1), it follows that y(a;) = z(a;), 1 < i < n implies y(x) = 2(z), i.e., the
differential equation (1.1) is n-point disconjugate on (a,b).

In the study of boundary value problems for the differential equation (1.1),
one of the Propositions which has attracted several Mathematicians and has led
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to substantially new mathematics is whether conditions (A) — (D,,) imply the
following compactness condition:

(E) If [¢,d] is a compact subinterval of (a,b) and {y,,(z)} is a sequence of
solutions of (1.1) which is uniformly bounded, i.e., |ym,(x)] < M on [e,d] for
some M > 0 and all m = 1,2,..., then there is a subsequence {¥,,(;)(z)} such

that {yfr?(j)(x)} converges uniformly on [¢,d] for each 0 < i <n — 1.

In this lecture we shall survey most of the known results on this Proposition,
and touch on some related topics.

2 Preliminary Results

We shall need the following version of Kamke’s convergence theorem.

Theorem 2.1. ([5, p. 14]) Assume that for the differential equation (1.1) the
conditions (A) and (C) are satisfied. Then, if {ym ()} is a sequence of solutions
of (1.1) such that there exists a sequence {xpy} C (a,b) with limy, oo Tm = To €
(a,b), limy,— e y,(,? (xm) =i, 0 <4i <n—1. Then, there is a solution y(x) of
the differential equation (1.1) satisfying the initial conditions y® (z¢) = y;, 0 <
i <n—1, and a subsequence {ym;) ()} of {ym(x)} such that lim; . yffl)(j)(x) =
y@(x), 0 <i<n—1, uniformly on each compact subinterval of (a,b).

Lemma 2.2. Let y(x) € C™[ay,a,], satisfying

ylai) =y'(a;) = - =y¥)(a;) =0, 1<i<r(>2)

r (2.1)
a<ap <azg<---<a-<b, k; >0, Zkﬁ—r:n.

i=1

Then, there exist constants Cp , 0 < k <n —1, such that

ly™(@)] < Coklar —a)" ™ max |y™(z)]. (2.2)

a1<z<ar

The problem of finding the best possible constants C,, 5, in (2.2) is one of the
most outstanding problems in polynomial interpolation theory [1,2].

Inequalities (2.2) will be used now to prove local existence of solutions of the
differential equation (1.1) satisfying the r-point conjugate boundary conditions

y(a;) = Ar, y'(a;) = Agyiy oo,y (a;) = Agyg1,i, 1< < (2.3)

Theorem 2.3 ([1]). Assume that for the differential equation (1.1) the condi-
tion (A) is satisfied. Further, assume that
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(i) K; > 0, 0 < i < q are given real numbers and let Q@ be the mazimum of
|f(z,up,u1,...,uq)| on the compact set (a1, ar] X Do, where

Do = {(uo, u1,...,uq) : |u;| <2K;, 0<1i<gq},

(i) max [pW(z)] < K;, 0 < i < q, where p(x) is the Hermite interpolating

a1<z<ar
polynomial
r ki ki—j ki+1 ©
1 [(z—a;)™ 2(x)
p(z) = > [7] o RS
i=1 j=0 ¢=0 gt 2(z) w=a; (T = @) !
and .
(x) = [[(@ = a)™,
i=1
K; 1/(n—1)
(iii) (ar—a1)<<QCm> , 0<i<q.

Then, the boundary value problem (1.1), (2.3) has a solution in Djy.

Proof. The set
B[al,ar]={y(x) € CDay,a,] : |y < 2K, os@éq},

where ' ,
Iy = max [|y@(x)l

ar<z<ar

is a closed convex subset of the Banach space c@ [a1, ar]. Consider an operator
T:C9Day,a,] — C™|ay,a,] as follows

(Ty)(z) = p(x) + /ar gla, O f (8, y(8),y' (1), ..., y' V(1)) dt, (2.4)

ay

where g(x,t) is the Green’s function of the boundary value problem y(™ = 0,
(2.1). Obviously, any fixed point of (2.4) is a solution of (1.1), (2.3).
We note that (Ty)(x) — p(z) satisfies the conditions of Lemma 2.2, and

(Ty)"™ () = p" (@) = (Ty) " (@) = fla,y(@).y (2),....y')(x)).
Thus, for all y(x) € Blay,a.], [|(Ty)™| < Q, and
I(Ty)®? = pW|| < CniQ(ar —ar)" ™", 0<i<gq
which also implies that

[(Ty) DN < [[pD)] + CriQlar —a1)" ™" < Ki + K; = 2K;, 0<i<q. (25)
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Thus, the operator T maps Bla, a,] into itself. Further, the inequalities (2.5)
imply that the sets {(Ty)®(z) : y(z) € Blai,a,]}, 0 < i < q are uniformly
bounded and equicontinuous on [a1,a,]. Hence, T Blay, a,] is compact follows
from the Ascoli-Arzela theorem. The Schauder fixed point theorem is applicable
and a fixed point of (2.4) in Dy exits.

Corollary 2.4. Assume that for the differential equation (1.1) the condition
(A) is satisfied. Further, assume that there exist constants N; > 0, 0 < i < ¢
such that max,, <z<q, |pP(x)] < Niy 0 < i < q. Then, there exists a § =
O0(No, N1,...,Ng) > 0 such that if a, — a1 < 6, the boundary value problem
(1.1), (2.3) has a solution y(z). Furthermore,

|y(i)(x)| <N;+1,0<i<q on a1, a,].

Theorem 2.5. Assume that for the differential equation (1.1) the condition (A)
is satisfied. Further, assume that the conditions (i) and (iii) of Theorem 2.3
are satisfied. Then, for any g(x) € C™ Va1, a,] the differential equation (1.1)
together with

yD(a;) = gD(a;), 0<j<ky, 1<i<r (2.6)

has a solution, if

where .
M;= max |¢¥(z), 0<j<n-L

a1<z<ar

Proof. We need to verify that the condition (ii) of Theorem 2.3 is satisfied. For
this, in p(z) we take A;41; = g9 (a;), 0 < j < k;, 1 <i <r. Then, the function
¢(x) = g(x) — p(x) has n zeros in [a1,a,]. Thus, from the generalized Rolle’s
theorem ¢(®)(x), 1 < k < n — 1 vanishes at least n — k times in (a;,a,). Let
z € (a1,a,) be any zero of ¢¥) (x), then

(n—l)( (n— 1)

’ = ‘g(" 1) xn_l)‘ < max

‘p w)‘ = ‘p g("_”(x)‘ = M,

and

— ‘g("—Q)(xn_g)’ + /
Tn—2

S Mn72 + Mnfl(ar - a1)~

[P (@) < [ (@na)| + / [ (0)] at
Tn—2

g("_l) (xn_l)‘ dt




Compactness Condition for Boundary Value Problems 5

Using the same argument repeatedly, we obtain

o] <5 -

Corollary 2.6. Assume that for the differential equation (1.1) the condition
(A) is satisfied. Then, for any g(x) € C™Vlay,a,] there exist constants § > 0,
N; >0, 0<1i<gq, all depending on g(z) such that the boundary value problem
(1.1), (2.6) has a solution y(x), provided a, — a1 < 6. Furthermore, |y (z)| <
N;+1, 0<i<q on[ay,ar].

Corollary 2.7. Assume that for the differential equation (1.1) the condition
(A) is satisfied. Further, assume that there exist constants N; > 0, 0 < i <
q such that maxq, <z<a, |p(i)(x)| < N;, 0 < i < q. Then, there exist a § =
0(No,N1,...,Ng) >0, and an € = €(as,...,a,) such that for a, — a1 <6, the
boundary value problem (1.1),

y(a;) = Ariteri, ¥'(ai) = Asiteas, .., y*) (@) = Apyriteri, 1<i<r

has a solution y.(x), provided |e;;| < e, 0 < j < ki, 1 <14 < r. Furthermore,
|y§l)(x)| <N;+1, 0<i<q on[ar,ar].

3 The Case n =2

For the second order differential equation (1.1) only conditions (A) and (C)
imply (E). We shall prove this in the following:

Theorem 3.1. If the differential equation (1.1) is of second order and satisfies
conditions (A) and (C), then (1.1) also satisfies condition (E).

Proof. If {ym ()} is a sequence of solutions of (1.1) with |y, (z)| < M on [c,d] C
(a,b) for some M > 0, and each m > 1, then for each m there is a x,,, € (¢,d)
such that
[ym(d) — ym(c)] < 2M

d—c “d-c

[y (2m)| =

Consequently, {zm}, {ym(zm)} and {y},(zm)} are bounded sequences. By tak-
ing subsequences in succession which converge, we conclude that there exist
values o, Yo, Yo such that 1) = 2o, Ym(1) (@m(1)) = Yo Yr) (@m(1)) = Y0
where {m(1)} is some subsequence of {m}. Thus, by Theorem 2.1 there is a
subsequence {ym(2)(z)} of {ym(1)(z)} and a solution y(x) of (1.1) satisfying

y(zo) = yo, y'(xo) = yg such that lim,, . yr(n)(Q)( ) = y(i)(x), i1 = 0,1, uni-
formly on [c, d].
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4 Casen=3

If the differential equation (1.1) is of third order, then conditions (A) and (C)
are not enough for (E). In fact, the equation y"”’ = —[y/]® satisfies (A) and (C)
on R%, but the sequence {y,,(x)} of solutions of the initial value problem

form =1,2,..., is uniformly bounded on R and does not contain a subsequence
satisfying (E) on any compact subinterval of R. Here, we shall show that condi-
tions (A), (C) and (D3) do imply (E). However, for this an immediate appeal to
Theorem 2.1 is not possible and we shall need the following lemmas.

Lemma 4.1. Assume that the differential equation (1.1) is of third order and
satisfies the condition (A). Then, given any compact subinterval [c,d] C (a,b)
and any fized M > 0, there is a 6(M) > 0 such that for any [a1,as] C [c,d] with
as —ay < 0(M), and any real o with || < M, (1.1) has solutions satisfying each
of the boundary conditions

y(a1) = ylaz) =, y'(a1) =0 and  y(a1) = y(az) = a, y'(az) = 0.

Furthermore, for any such solution |y'(z)] < 1 and |y"(z)| <1 on [a1,as).
Proof. This is a particular case of Corollary 2.4.

Lemma 4.2 ([11]). Assume that the differential equation (1.1) is of third order
and satisfies the condition (A). Let ¢(x), 1(x) be of class C® on [a1 — T, a1 +
7] C (a,b) with ¢(ar) = P(ar), ¢'(a1) = ¢¥'(a1) and ¢"(ar1) < ¢"(a1). Then,
there is a 6, 0 < 0 < 7, such that all solutions y(x) of (1.1) with the initial
conditions y(a1) = yo = ¢(a1), y'(a1) = y1 = ¢'(a1), and y"(a1) = y2 =
1[0 (ar) + " (a1)] exist on [a1 — &, a1 + 6] and satisfy ¢(z) < y(z) < ¢(z) for
0< |(E — (L1| <.

Proof. Let 8p = 9" (a1) — ¢"(a1) and choose dy, 0 < &9 < 7 such that |¢"(z) —
@"(a1)| < p and |9 (z) — " (a1)| < p for |z — a1] < dp. Let M > 0 be a bound
for f(x,y,vy’,y") on the compact set

{@ oy, v y") |z —ar] < b0, ly—wol <1, [y =] <1, |y —y2| <1}

Then, it follows from the relations

mmszfymw ym=m+/3%w

ai

V@) =yt | Iy (0. ()t
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that all solutions of the stated initial value problem exist on the closed interval
[ayr — 61, a1 + 61], where

5 . {5 1 1 1 }
= min Ty T Ty T (-
' M T Jyol 1+ |y

Thus, if § = min{dy, p/M}, it follows that for all solutions y(z) of the initial
value problem |y”(z) — ya2| < p for | — a1| < §. Hence, for all solutions y(z) of
the initial value problem

y'(x) —¢"(x) 220 and  ¢"(z) —y"(x) = 2p
on [a; — 6,a1 + d].

Lemma 4.3 ([11]). Assume that the differential equation (1.1) is of third order
and satisfies the conditions (A), (C) and (Dg3). Then, solutions of two point
boundary value problems for (1.1) are unique, i.e., the following condition (D3)
holds:

(D2) Ifa<ai <ag <b, and y(x), z(x) are both solutions of (1.1) satisfying
a1

yla1) = z(a1), ¥'(a1) = 2'(a1), ylaz) = 2(a2), or y(ar) = 2(ar), ylaz) =
z(az), y'(az) = ' (a2), then it follows that y(z) = z(x) on [a1,as].

Proof. We shall consider only the case where y(a1) = z(a1), ¥'(a1) = 2'(a1),
y(az) = z(az2). We first assume that y”(a1) # 2”(a1), and to be specific assume
that y”(a1) > 2”(a1). Then, by Lemma 4.2 there is a § > 0 with a < a1 — 6 <
a1 + 6 < ag such that all solutions w(x) of the initial value problem for (1.1)
with the initial conditions

[y"(a1) + 2" (a1)]
(4.1)

N~

w(ar) =yo = z(a1), w'(a) =y =2"(a1), w'(a1) =y2 =

satisfy z(z) < w(z) < y(z) for 0 < |z — a1| < 4. Let {&,,} be a monotone
decreasing sequence of positive numbers converging to zero, and let z,,(x) be a
solution of (1.1) with the initial conditions

Zm(a1) = Yo, zm(a1) = y1 +em, 2m(a1) = yo. (4.2)

Then, {z,,(x)} contains a subsequence converging uniformly on [a; — §, a1 + ¢]
to a solution of (1.1), (4.1). Hence, for sufficiently large m, there is a solution
zm(z) of (1.1), (4.2) such that

z(a1 —0) < zm(a1 —9) <ylar —6) and z(a1 +9) < zm(a1 +0) < y(a1 +9).

Since zm(a1) = y(a1) = z(a1) and 2}, (a1) = y1 + em > VY'(a1) = Z'(ar), it
follows that there are x1, =9 with a1 — § < 1 < a1 < 3 < a1 + 0 such that
zm(x1) = 2z(x1), and zp(z2) = y(xe). Since y(a1) = z(a1) at az > a1 + 6,
it follows that any extension of z,,(z) intersects either y(x) or z(x) again on
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[a1 + 9,b). Since z,(z) # z(z) on [r1,a1] and z,(x) Z y(x) on [a1,xs], this
contradicts condition (Dg).

Thus, if y(z) #Z z(z) on [a1,as], then ¥y (a;) = 2()(ay) for i = 0,1,2.
However, if 4 (a1) = 2% (ay) for i = 0,1,2 and y(x) # z(z) on [a1, as], then for
a < x3 < a1, u(z) and v(x) defined by

u(z) =v(z) = y(z) on [r3,a1], u(z)=y(z) on (ai,as],

and v(z) = z(z) on (ai,as]

will be solutions on [r3,as] which again contradicts condition (Ds). Thus, we
conclude that y(z) = z(z) on [a1, as).

Lemma 4.4 ([12]). Lety(z) € CP|a, 8] and assume that |y(z)] < M on [a, G].
There is a K > 0 depending on M and 3 —a such that if, max{|y’(z)l, |y (z)|} >
K for all a <z < f3, then y'(xo) = 0 for some xy with a < xo < B.

Proof. Assume that the conclusion is false. We shall determine N > 0 so that
the following inequality holds

2M
For this, by the Mean value theorem there exists a 1 € («, §) such that
y(6) —y(a 2M
(a0 = |22 = wl@)| .
f—a f-a

There are now two possible cases, however, since both are similar, we shall
consider only the case

2M
i—a and a<zxz < a—;—ﬂ'
If y(x1) = M, then y'(x1) = 0 and the proof is finished. So, we assume that
y(z1) # M. (It is clear that we are assuming y'(x1) # 0.) We define n = (8—a)/8.
Now to complete the proof we need to consider the following two subcases:

0<y'(21) <

Case (i). Assume that y”(z1) < 0. Then, in order (4.3) holds, it is necessary
that y”(z1) < —N. Thus, /() is decreasing on a right neighborhood of x = ;.
In fact, if 0 < y/(z) < (2M/(8 — «)), then it will follow that y”(z) < —N on
[1, B]. However, then by Taylor’s formula, we have

(331 - ﬁ)Q "

y(B) = y(z1) + (21 = B)y (11) + —5—¢"(€), &€ (@1,0)

2M(B—a) (B—a)
<M== N

<-M
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provided
N> 32M _ % .
T (B 27
But, this implies that |y(5)| > M, which is a contradiction. Thus, there exists a
point 21 < zy < 3 such that y'(zo) = 0.

Case (ii). Assume that y”(x1) > 0, (we shall work across [a, 8] on subintervals
of length 7.) Then, from (4.3) it follows that y”(z1) > N. We assume that
y"(xz) > N/2 on [z1,21 + n]. Again, by Taylor’s formula, we have

y(or+n) = ylon) + (@) + 570" (©), €€ (4

As in Case (i), we find y(z1 +7) > —M + Nn?/4 > M, provided N > (8M/n?),
which is a contradiction.

From this contradiction, we conclude that there exists a 1 < x93 < 21 + 17
such that y”(z2) = N/2. Since, y”(x) is positive up to x2, we can assume that
xo is the first point such that y”(z2) = N/2. Thus,

1 2M
y/(xg) > §N+ ﬁ——a on [xl,xg).
Now assume that
1 2M
y (z) > §N—|— i a on [x2,T2 +n).

Then, it follows that

y(r2 +n) = y(r2) +ny'(§), €€ (z2,72+1n)
oM

1
>—-M+ —nN —_—
+277 +n6—a

1 1
=-M+_nN+-M
+277 +4

> M,

provided N > (7M/2n). But, this implies y(z2 +n) > M, which is a contradic-
tion.
From this contradiction, there exists a 2 < x3 < x2 + 1 such that

and we take x3 to be the first such point, i.e.,

1 2M
yl(x) > §N+ ﬂ——a, on [1‘2,1‘3).
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So, y'(z) is decreasing on [x2, x3). Thus, y”(x3) < —N/2. This implies that in a
right neighborhood of x3, ¥”(z) < —N/2 and y'(z) is decreasing. Assume that

0<y(@) < N+ e on [,

Then, by Taylor’s formula
_ / (553 - 6)2 "
y(xs) = y(B) + (zs — By (B) + —5 Y (&), &€ (z3,0).

Since in the above relation the second term in the right side is nonpositive, in
view of (8 — x3) > (8 — «)/4, it follows that

y(zs) < M — %(6 —a))N<-M

provided N > M /n?. But, this leads to the contradiction that |y(z3)| > M.
From this construction we conclude that

0<y(z) < N+62fM on [r3,03)

is false. Thus, in conclusion y'(x¢) = 0, for some x5 < g < 3.

Theorem 4.5 ([12]). If the differential equation (1.1) is of third order and
satisfies conditions (A), (C) and (Ds3), then (1.1) also satisfies condition (E).

Proof. Suppose that the result is not true. Then, since |y, (z)] < M on [c,d]
for n > 1, it follows from Theorem 2.1 that |y, (z)| + |yi, (z)| — oo uniformly
on [¢,d]. Let ¢ < a1 < az < az < ag < d be such that ag —ay < §(M), where
0(M) is as defined in Lemma 4.1. By Lemma 4.4 there is a K > 0 such that, if
max{|y,,(z)|, |y (z)|} > K for each x € [c, d], then y,, (z) has a zero on (a1, az),
on (ag,as) and on (as, as). Furthermore, we can assume that K > 1. Now from
the fact that |y,,(z)| + |y, ()] — oo uniformly on [¢,d] we can conclude that
there is a positive integer mg such that max{|y,, (), [ym, (z)|} > K on [c,d].
Let ay < 1 < az < x3 < az < 3 < a4 be such that y,, (z;) =0 for i = 1,2,3.
Then, [y, (x:)| > K > 1 for i = 1,2,3. Now we need to consider the following
two cases:

If Yo (23) = Yo (x5) With z; < x;, then ym,, () is the solution of the differ-
ential equation (1.1) together with the two-point boundary conditions y(z;) =
Y(xj) = Yme(x:), V' (z;) = 0. However, since z; — x; < (M), it follows from
Lemma 4.1 that [y;, (z)] <1 and |y, (z)] <1 on [z;,x;], which is a contradic-
tion to |y, (zi)| > K > 1.

If Yo (@i) # Ymo(xj) for x; # xj, then it suffices to assume that yn,,(21) <
Ymo (T2) < Ymy(x3). In fact, the same argument applies to the other orderings
of the values of Y, (z;), i =1,2,3. If y,,, (v2) > K, there is a t1, x1 <t; < 22,
such that Yo, (t1) = ym, (22). If y;,, (z2) < —K, there is a t3, 2o <ty < w3, such
that Ymg(t2) = Ym, (z2). In either case Lemma 4.1 is again applied to obtain a
contradiction.

Hence, the sequence {y,,(x)} contains a subsequence converging uniformly
on [c, d] along with its first and second order derivative sequences.
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5 Weak Compactness Condition

It seems very difficult, if not impossible, to extend the method of Theorem 4.5 to
equations of higher orders. Here, we shall show that for equation (1.1) of arbitrary
order n, conditions (A), (C) and (D,,) do imply a weaker type of compactness
condition for the solutions of (1.1). For this we shall need the following:

Theorem 5.1. (Banach Indicatrix Theorem, [9, p. 271]) If h € Cle,d] N
BV|e,d], then

Vi) = [ Ni(a)da,
where

Card{z € [c,d] : h(x) =}, if this set is finite,
Np(a) =
400, if the above set is infinite,

and where the above integral is in the Lebesgue sense.

Theorem 5.2 ([16]). Assume that the differential equation (1.1) satisfies the
conditions (A), (C), and (D,,). Further, assume that [c,d] is a compact subinter-
val of (a,b) and {ym(x)} is a sequence of solutions of (1.1) which is uniformly
bounded on [c,d]. Then, the sequence {V3(ynm)} of total variations of the func-
tions ym () on [c, d] is bounded, i.e., there exists an N > 0 such that V. (y,,) < N
for all m.

Proof. Assume the assertion is false. Then there is a sequence of solutions
{ym(z)} of (1.1), a compact interval [c,d] C (a,b), and an M > 0 such that
|ym (7)| < M on [c,d] for all m, but such that V.4(y,,) — oo, as m — oo.

We claim that 37"} 1y (x)] — oo on [c,d] as m — oo, ie., given R > 0,
there exists a L > 0 such that 37} 1y (x)] > R, on [c,d] for all m > L. If the
claim is false, then there exists a § > 0 and a subsequence {y,,,(;)(x)} such that

S |y7(z)(j) (z;)] < B, for all j > 1, and where {z;} C [¢,d]. Now by choosing
successive subsequences and relabeling, we obtain points {x,} and solutions
{yp(z)} such that {z,} and {y,(f) (zp)}, 0 < i < n—1 all converge. Thus, by
Theorem 2.1 there exists a further subsequence {y,;)(x)} such that {yz(f()j)(x)}
converges uniformly on [¢,d], 0 < ¢ < n — 1. This implies that {y}’j(j) ()} is
a uniformly bounded sequence on [c,d]. Now since each y;, . (x) is absolutely
continuous, it follows that

d
Vi) = / 1y (@)

Hence, the sequence {Vcd(yp(j))} is a bounded sequence, which is a contradiction.

Thus, Y7 y$ (2)] — oo on [e,d] as m — oo.
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We shall now apply Corollary 2.4 with No = M and Ng =0, 1 <i<n-—1,
so that there exists a §(M) > 0 such that for any a with || < M and any
points ¢ < a1 < -+ < a, < d with a, — a1 < 4, and with w(z) = « so that
w®(z) =0, 1 <i < n — 1, the boundary value problem for (1.1) satisfying
y(a;) = o, 1 <i < n has a solution y(z) with |y (z)| < N; + 1 on [ay, a,] for
0 < i < n — 1. In particular, the boundary value problem has a solution y(x)
with |y(z)] < M + 1, and |y (z)| <1, 1 <i <n—1on [a,a,]. Further, for
such a solution, we have Z?:_()l |y (x)| < M + n on [a, ay).

Now let Lg be such that Z?:_Ol |y§fl) (z)] > M 4+ non [c,d] for all m > Lo. It
follows that given m > Ly and «, with |a] < M the solution y,,(z) intersects
the line y = o at most n — 1 times in any closed subinterval of [¢, d] of length
less than . For if, there are points ¢ < z1 < -+ < x, < d, z, —x1 < I such
that ym(z;) = @, 1 <i <n where |a]| < M and m > Ly, there is also the above
mentioned solution y(z) by Corollary 2.4 satisfying y(z;) = a, 1 < i < n. By
(Dn), ym(z) = y(z) on [z1, z,]. But, then Z?:_Ol |y (x)| < M+non [a1,a,] and
Z?:_Ol |y§2) ()] > M+non [a1,ay] is not possible. Thus, for every m > Lg, ym ()
intersects each line y = «, |a| < M at most n— 1 times in any closed subinterval
of [¢,d] of length less than §. So, for all m > Ly,

Nyl < =) (|55 41). it el s a

and N, (o) =0, if || > M. Thus, by the Banach Indicatrix Theorem it follows
that for m > Lo,

Vi) = [ A; N,..(a)da
(5] )
= 2M(n—1) ({dgc} +1>.

But, this contradicts V.4(y,,) — oo, as m — oo. Hence, {V(y,,)} is a bounded
sequence.

Theorem 5.3. (Helly’s Selection (or Choice) Theorem, [22, p. 398]) If
{ym(x)} is a sequence of functions on [c,d] such that for some M, |ym,(x)] < M
on [c,d] for all m > 1, and such that |V&(y.)| < H, for all m > 1, and some
H >0, then there exists a subsequence {ym,;)(z)} which converges point-wise on
[e,d]. Moreover, the limit function is of bounded variation on [c,d].

Corollary 5.4. Assume that the differential equation (1.1) satisfies the condi-
tions (A), (C) and (Dy,). Then, if [c,d] is a compact subinterval of (a,b) and
if {ym(2)} is a sequence of solutions of (1.1) which is uniformly bounded on
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[c,d], there is a subsequence {ym(;)(x)} which converges point-wise on [c,d] and
2(x) = iMoo Ym(j) () is of bounded variation on [c,d] (as a consequence z(x)

has finite derivative almost everywhere, and also fcd z(x)dx exists).
Proof. The result follows from Theorems 5.2 and 5.3.

Remark 5.1. In conjunction with Corollary 5.4 we remark that Schrader [19,20]
has proven that, if {y,,(x)} is a uniformly bounded sequence of functions on a
compact interval [c,d], and if the functions y,,(z) satisfy only the uniqueness
condition (D) on [c, d], then there is a subsequence of {y,,(x)} which converges
point-wise on [c, d].

6 Generalized Solutions

To prove the Proposition now we shall follow another possible approach. For this,
if the differential equation (1.1) satisfies (A) — (D,,), then it is straightforward
to show that the compactness condition (E) is equivalent to the following:

(E*) If {ym(x)} is a sequence of solutions of (1.1) which is monotone and
bounded on some compact subinterval [¢,d] C (a,b), then lim,, oo ym(x) is a
solution of (1.1) on [c,d].

Thus, to prove the Proposition it suffices to show that the conditions (A) —
(D;,) imply that the limit of a bounded monotone sequence of solutions of (1.1)
is also a solution.

Definition 6.1. A function ¢(z) defined on an interval J C (a, b) is said to be a
generalized solution of (1.1) on J if for each set of points a; < as < - -+ < a, con-
tained in J and any solution y(x) of (1.1), the inequalities (—1)"*% [y(a;) — ¢(a;)]
< 0,1 < i < nimply that y(z) < ¢(x) on JN[an,b) and (—1)"[y(z)—p(z)] <0
on J N (a,a1], and the inequalities (—1)""* [y(a;) — ¢#(a;)] > 0, 1 <i < n imply
y(z) > ¢(x) on J N [an,b) and (—1)"T[y(x) — ¢(x)] > 0 on J N (a, a1].

Theorem 6.1 ([13,17]). Assume that the differential equation (1.1) satisfies
conditions (A) - (Dy), and that lim,,— e ym(z) = ¢(x) on J C (a,b), where
{ym(x)} is a sequence of solutions of (1.1). Then, ¢(x) is a generalized solution
of (1.1) on J.

Proof. Assume that for a1 < as < --- < a, contained in J there is a solution
y(z) of (1.1) such that (—1)"*[y(a;) — ¢(a;)] < 0 for 1 < i < n, but that
also y(ag) > ¢(ag) for some ag > ay, in J. Then, since lim,,— oo ym(x) = ¢(2),
there is a solution y,, () of (1.1) such that (—1)"*% [y(a;) — ym(a;)] <0 for 1 <
i <n and y(ag) > ym(ao). This contradicts the condition (D). The remaining
inequalities can be proved in a similar way.

Thus, the limit of a bounded monotone sequence of solutions {y,(z)} of
(1.1) satistying (A) — (Dy,) is a generalized solution.
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Lemma 6.2. Assume that the differential equation (1.1) satisfies condition (A)
and that ¢(x) € C"Vc,d], where [c,d] is a compact subinterval of (a,b). As-
sume that M > 0 is such that |V (z)] < M on [c,d] for 0 < j < n — 1,
Then, there exists a § > 0 such that, for any ¢ < a1 < as < - < a, < d
with a, —ay < 4, (1.1) has a solution y(x) with y(a;) = ¢(a;), 1 <i < n and
|y (x)] < 2M on [a1,a,) for 0 < j < n—1. Furthermore, § can be chosen in such
a way that, for each fized set a1 < as < --- < a, satisfying the above conditions,
there is an € > 0 such that for any y;, 1 < i <n with |y; —d(a;)| <e, 1 <i<n,
(1.1) has a solution y(x) satisfying y(a;) = y;, 1 < i < n, and |y (z)] < 3M
on a1, an] for 0 <j<mn-—1.

Proof. The proof follows from Corollary 2.7.

Theorem 6.3 ([13,17]). Assume that the differential equation (1.1) satisfies
conditions (A) and (Dy), and that lim, oo ym(z) = ¢(z) on [¢,d] C (a,b),
where {ym(x)} is a sequence of solutions of (1.1). Then, if ¢(x) € C= Ve, d],
() is a solution of (1.1) on [c,d] and lim,— y(J)( ) = U (x) uniformly on
[e,d] for each 0 < j <mn—1.

Proof. Let M > 0 be such that |¢\)(z)] < M on [c,d] for 0 < j < n —1. By
Lemma 6.2 there is a 6 > 0 such that, if c < a1 < a2 < --- < a, < dis a
fixed set of points with a,, — a; <, there is an € > 0 with the property that
lyi — @(a;)| < e, 1 < i < n implies that (1.1) has a solution y(z) satisfying
y(a;) = yi, 1 <i<nand|yY)(z)] <3M on [a1,a,] for 0 < j < n—1.It follows
that there is an N > 0 such that m > N implies |ym(al) ¢dla;)| <e, 1 <i<n.
Hence, by condition (D,,) and the choice of ¢, |ym ()] < 3M on [ay,ay] for
0<j<n-—1and all m > N. From this the conclusion follows.

Now let ¢(z) be a real valued function defined on (¢, d). At a point z¢ € (¢, d)
where ¢(z) has a finite right limit ¢(z¢ + 0), we define

D'¢(zo+0) = lim ¢(x) — P(xo +0)

w—»wg' T —To

provided the limit exists. The left derivative D'¢(zg — 0) is similarly defined.
Likewise, if ¢(zo + 0) and D'¢(x¢ + 0) exist and are finite, we define

D?g(ay +0) = lim {L [6(2) — 6(zo +0) — D'é(x0 + 0)(a —xoﬂ}

T ({E - {IT())2

provided the limit exists. In general, if the limits defining ¢(x¢+0) and D7 ¢(zo+
0), 1 <j<k—1 exist and are finite, we define

DF¢(xo + 0) =
k-1
lim {—(x k; " [@b(x) @(zo + 0) — ZDJ¢ x0+0 (z = 2o)’ ]}
fc—>rc0+ — 40

j=1
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provided the limit exists. The left derivatives D¢ (xo — 0) are defined corre-
spondingly.

Theorem 6.4 ([13,17]). Assume that the differential equation (1.1) satisfies
conditions (A) and (D,,), and that ¢(z) is a bounded generalized solution of
(1.1) on (¢,d) C (a,b). Then, ¢(x) has right and left limits at each point of (¢, d)
and D¢(xg — 0) and Dr¢(zg + 0) exist in the extended reals for all zo € (c,d).
Furthermore, if at a point xo € (c,d), DI¢(xg + 0) exists and is finite for each
1 <j<k—1<n—2, then the limit defining D*¢(zo+0) exists in the extended
reals. The same assertion applies to the left derivative D*¢(xq — 0).

Proof. Assume that for some zg € (¢,d), lim ianHISr ¢(z) < lim SUD, ;¢ o(z)
and choose a real number r such that lim inwawar o(r) <r <lim SUP, .t o(z).
Then, there exist sequences {t,, } and {z,} in (¢, d) such that lim¢,, = limx,, =
xo, To < tmy1 < Ty <t for each m > 1, lim ¢(¢,,) = lim SUp,, ¢ ¢(x), and
lim ¢(xy,) = lim inf‘rﬁrg ¢(z). let y(z) be a solution of (1.1) satisfying the initial
conditions y(zo) = r and y¥) (z0) = 0, 1 < j < n — 1. This solution exists on
[xo, o + d] for some & > 0, and since lim,_,,, y(x) = r, there is an N > 0
such that m > N implies that zo < tp, < 20+ 9 and ¢(tm) > y(tm), ¢(zm) <
y(m). This contradicts the fact that ¢(x) is a generalized solution on (¢, d). The
existence of ¢(zg — 0) can be proved similarly.

Now assume that for some z¢ € (c,d) the limit defining D ¢(xg + 0) does
not exist in the extended reals. Then, choose the real number r such that

é(x) — Pp(xo +0) ¢(r) — p(wo +0)

lim inf < r < limsup .
i f T

If y(x) is a solution of (1.1) satisfying the initial conditions y(z¢) = ¢(zo +
0), ¥'(x0) = r, and y¥)(29) = 0, 2 < j < n — 1, again sequences {t,,} and
{zm} can be chosen so that lim¢,, = limx,, = 2o, To < tmt1 < Tm < by for
each m > 1, and @(tm) > y(tm), ¢(zm) < y(zm,) for all sufficiently large m.
This again contradicts ¢(x) being a generalized solution. Thus, D¢ (z¢ +0) and
D'¢(xg — 0) exist in the extended reals for all zq € (c, d).

Finally, if we assume that for some zo € (c,d), D/¢(zo + 0) exists and is
finite for each 1 < j < k —1 < n — 2, then by considering a solution of (1.1)
satisfying the initial conditions y(x¢) = ¢(xo + 0), ¥y (2¢) = D’ ¢p(xo + 0) for
1<j<k—1, y®(x) =7 and y(zg) =0 for k+1<j <n—1, we can as
above prove that the limit defining D*¢(x + 0) exists in the extended reals.

Corollary 6.5. Assume that the differential equation (1.1) satisfies conditions
(A) and (D,,), and that ¢(x) is a bounded generalized solution of (1.1) on (c,d) C
(a,b). Then, ¢(x) has a finite derivative ¢'(x) almost everywhere on (c,d).

Theorem 6.6 ([13,17]). Assume that the differential equation (1.1) satisfies
conditions (A) — (Dy,). Let {ym(x)} be a sequence of solutions of (1.1) on (¢,d) C
(a,b) such that {ym(x)} s uniformly bounded on (¢,d) and limy,,(x) = ¢(z) on
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(¢,d). Then, if for some xq € (c,d) the derivatives DI¢(xo+0), 1 < j <n—1 all
exist and are finite, or the derivatives DIp(xg —0), 1 < j <n —1 all exist and
are finite, it follows that there is a subsequence {yy,;)(x)} such that {yffl)(J)(x)}
converges uniformly on each compact subinterval of (a,b) for each 0 <i <mn—1.

Proof. Assume that for some zg € (c,d) the derivatives D7 ¢(zg +0), 1 < j <
n — 1 exist and are finite. Let p(x) be the polynomial

n—1 j o j
p(a) = Blag +0) + 3 LAz L 0w~ 7o)
i=1 4
then, it follows from the definition of D" 1¢(zo + 0) that given any ¢ > 0 there
is a 0 > 0 such that xg + d < d, and
e(x —xo)" !
ple) = ofa)| < T4
for g < = < zo + 6. Let dy be a fixed number satisfying o < dy < d. By
Lemma 6.2 there is a §p > 0 such that for 29 < 21 < 22 < --- < z, < dp
with z; — z;1 = n < §p for each 1 < i < n, (1.1) has a solution y(z) with
y(x;) = p(z;) for 1 < i < n and [y¥)(z)] < 2M on [x1,2,] for 0 < j <n—1
where [pU)(z)| < M on [zg,do] for 0 < j < n—1. Furthermore, there is an g9 > 0
such that, if |y; — p(z;)| < o for 1 < i < n, then (1.1) has a solution y(z) with
y(x;) = y; for 1 < i <nand |yY)(z)| < 3M on [z1,2,] for 0 < j <n — 1.1t is
not difficult to show that with equal spacing n between the z}s a suitable g has
the form eg = Mh,n""!, where h,, is a fixed constant depending on n. Now as
noted above, if we choose € = Mh,,/(2n"~ 1), there is a 1, 0 < 1 < &y such that
xo < x < g + nn implies

e(z —xo)"~ € 5
TR TR

For such a choice of n > 0, we have |[p(x;) — ¢(z;)| < eo/2 for 1 < i < n where
x; —xi—1 = n for 1 < i < n. Consequently, if N > 0 is such that m > N
implies |y (z;) — ¢(z;)| < €0/2 for 1 < i < n, then |p(z;) — ym(z:)| < o for
m > N and 1 < ¢ < n. It follows from our construction and condition (D,,) that
|y§£) ()] < 3M on [z1,2,] for 0 < j <n—1 and all m > N. The conclusion of
the theorem now follows.

Thus, we see that, in order to prove that conditions (A) — (D,,) imply the
compactness condition (E), it is sufficient to prove that, if ¢(z) is the point-
wise limit of a bounded sequence of solutions of (1.1) on (¢,d) C (a,b), then
there is at least one zo € (c,d) at which either Di¢(xg +0), 1 < j<n—1or
Di¢(zg —0), 1 <j<n-—1 are finite.
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7 The Case q =0

As we have remarked in Section 6 for the differential equation (1.1) the com-
pactness condition (E), under the assumptions (A) — (D,,), is equivalent to (E*).
This observation is used in the following result to establish the Proposition for
the case ¢ = 0.

Theorem 7.1 ([17]). If the differential equation (1.1) with ¢ = 0 satisfies con-
ditions (A) — (Dy,), then (1.1) with ¢ =0 also satisfies condition (E*).

Proof. Let {ym(z)} be a monotone, bounded sequence of solutions of (1.1) with

¢ = 0 which converges point-wise to a function ¢(z) on [c,d] C (a,b). Let
c=a1 <as<--+<a,=dand p,(z) be the unique polynomial of degree n — 1
such that pp,(a;) = ym(a;), 1 <i<nand m=1,2,.... Then, p,,(z) converges

uniformly to p(x), where p(z) is the unique polynomial of degree n — 1 such that
pla;) = limpy,— oo Ym(a;), 1 <i < n. Now, since y,,(x) are uniformly bounded on
[e,d], it is clear that M = sup{|f(z,ym(x))| : ¢ < x < d, m > 1} exists. Further,
from the properties of the Green’s function g(z,t), it follows that dg/Jz exists
and is continuous on [¢,d] X [¢,d], and hence |0g/0x| < K for all z,t € [c,d].
Thus, if z # t from the integral representation

d
ym<x>=;Mxx>+l/ o)ty (£)) . (7.1)

which is the same

d
aM@zw@—mmz/g@wmwmw

we find

d
|wm () = wm(s)| é/ l9(z,t) = g(s,D)l|g(t, ym (1)) dt

< MK|z — s|(d — ¢).

Hence, {wp, ()} is uniformly bounded and equicontinuous on [c, d]. Thus, a sub-
sequence and by monotonicity the whole sequence {y,,(z)} converges uniformly
to ¢(z) on [e, d]. Finally, taking limits through (7.1) yields that ¢(z) is a solution
of (1.1) with ¢ = 0 on [¢, d], and hence the condition (E*) is satisfied.

8 The Uniform Convergence

In [3] Henderson and Jackson in there closing remarks have mentioned the va-
lidity of the Proposition for fourth order differential equations. To prove the
Proposition for arbitrary order differential equations we let P, denote the set of
all real-valued polynomials of degree at most n.
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Definition 8.1 ([3]). Given S C [¢,d], x¢ is a bilateral accumulation point of
S, in case ¢ is an accumulation point of both S N [c, zo] and S N [z, d].

Definition 8.2. A function g(x) : I — R, I an interval, is said to be n-convex

(n-concave), on I in case for any distinct points g, x1,. .., 2, in I,
n
Z 2 (<0,
izo ¥
where
n n
w(r) = H(x — 1), so that  w'(z;) = H (z; — ).
=0 i=0,i#]

The following results for n-convex functions are well known.

Lemma 8.1. Suppose g(x) € C™(I). Then, g(x) is n-conver on I, if and only
if, g™ (x) >0 on I.

Lemma 8.2. The function g(x) is n-convez, if and only if, g(x) € C"=2)(I)
and g2 (z) is convex.

Remark 8.1. In Lemmas 8.1 and 8.2, ‘convex’ can be replaced by ‘concave’.

Lemma 8.3 ([3]). Let g(z) € Clc,d] and assume that, for each p(x) € P,, the
set {x : p(z) = g(x)} does not have a bilateral accumulation point in (c,d).
Then, there exists a subinterval I C [c,d] on which g(z) is either (n+ 1)-convex
or (n + 1)-concave.

Theorem 8.4 ([21]). Assume that the differential equation (1.1) satisfies the
conditions (A) — (Dy). Then, (1.1) also satisfies condition (E).

Proof. Let {ym(z)} be a sequence of solutions of (1.1) which is uniformly bound-
ed on some subinterval [¢,d] C (a,b). Then, by Corollary 5.4 there exists a
subsequence {y,(j) ()} and a function z(x) € BV[c, d] such that limjﬁOo Ym () ()

= z(z) point-wise on [¢,d]. Thus, 2'(z) exists a.e. on [¢, d] and f x)dz exists.
We set

Z(z) = / z(t)dt.
Then, Z € C[e,d], and by Lemma 8.3, either one of the following holds.
(i) Z(z) is (n + 2)-convex or (n + 2)-concave on some [c1,d1] C [¢,d], o

(ii)  there exists a p(x) € P,41 such that {z : p(x) = Z(z)} has a bilateral
accumulation point in (¢, d).

Case (i). Let us relabel the sequence {ym(;)(®)} as {ym(z)}. By Lemma
8.2, Z(x) € C™ley,dy] and Z™(x) is convex, (or concave). Thus, Z’'(z) €
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CVey,dy] and Z'(x) = z(z) a.e. on [c1,d;]. Thus, as a consequence of Corol-
laries 2.6 and 2.7 there exists a § = §(Z',d; — ¢1) > 0 such that, for fixed
g <ar<as <---<a, <dy, with a, —a; <4, there exists an €9 > 0 such that
the boundary value problem for (1.1) satisfying y(a;) = Z’(a;) +¢;, 1 < j <n,
where || < g9, 1 < j < n, has a solution y(z). Furthermore, the first n — 1
derivatives of this solution are bounded, with bounds depending on Z’ and
dy — c1. We call these bounds as Ng+1,...,N,_1 + 1.

Let us now choose points ¢; < a1 < az < -+ < ap < dy, with a, —a; <9
and such that Z’(a;) = z(a;), 1 < j < n. Then, there exists an M such that
|ym (a;) —z(a;)| < eo, 1 <j<nforalm>M. Nowform>Mand1l<j<n,
let €,,(5) = Ym(a;) — z(a;). Then, for m > M,

ym(aj) = Z(&j) +em@G) = Z/(Clj) + Em(j)> 1<757<n

and it follows from condition (D,,) that y,,(z) is the solution referred to above
resulting from Corollaries 2.6 and 2.7. As a consequence, we have for m > M,

|y§2) (x)] < N;+1 on [a1,ay] for each 0 <4 <n —1. Now we can apply Theorem
2.1 to obtain a further subsequence {y,,)(x)} such that {yffl)(e)(x)} converges
uniformly on each compact subinterval of (a,b) for each 0 <7 <n — 1.

Case (ii). Assume that {z,,} | x¢ is such that p(x,,) = Z(x.,), for all m > 1.
Thus, if on some subinterval [z;1,2;], Z'(z) = z(z) > p'(z) a.e., then we have

Tj

2w~ Zlan) = [ s

Tjt1

> / p'(t)dt

=p(x;) —p(@jr1) = Z(xj) — Z(xj41),

so that the inequality is in fact an equality. However, from z(z) — p'(z) > 0, a.

on [zj41,x;], we have f;JH (2(t)=p'(t))dt = 0, we conclude that z(z) —p/(z) =
J

a.e. on [j41,;]. In particular,

Z'(x) =z(x) =p'(z) ae on [zj41,25].

Similarly, if we assume that on some subinterval [z;41,z;], Z'(z) = z(z) < p'(z)
a.e., then we would arrive at Z'(z) = z(z) = p/(x) a.e. on [xj41, xj].

Now that p'(z) € C~Y]e,d], by Corollaries 2.6 and 2.7 there exists a § =
§(p’',d — c¢) > 0 such that for fixed c < a1 < as < --- < a, <d, a, —ay <4,
there exists an g9 > 0 such that the boundary value problem for (1.1) satisfying
y(aj) =p'(aj) + €5, 1 < j <n, where |g;| <eg, 1 <j <n, has a solution y(z).
As in Case (i) this solution has bounds on its first n — 1 derivatives depending
only on p’ and d — ¢; again we call these bounds as Ng +1,...,N,_1 + 1.

Let us choose points ¢ty < Toyn—1 < -+ < @ from {x,,} such that xy —
ZToqn < 0. We need to consider two subcases:
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Case (a). For some 1 <r <n, on [Z¢yr, Xe+r—1] we have z(x) > p'(z) a.e., or
z(x) < p'(z) a.e. From the above arguments we, however, have z(z) = p'(x) a.e.
on [Zgtr, Zetr—1]. We repeat the arguments of Case (i). Choose points xp4, <
a1 < -+ < ap < Tpgpp—1 such that z(a;) = p'(a;), 1 < j < n. Then, there exists
an M such that |ym(aj) — 2(a;)| < e, 1 <j<n, m> M. For m > M and
1 <j <nlet ep5) = ym(a;) — 2(a;). Then, for m > M,

Ym(a;) = 2(a;) + emy = P'(a5) T em@), 1<ji<n

and it follows that, from condition (D,,), ym(z) is the solution referred to the
above problem arising from the Corollaries 2.6 and 2.7. Thus, for all m > M,

WD @) < Ni+1 on ara)

for each 0 < ¢ < n — 1. Then, by Theorem 2.1 there exists a further subse-
quence {Yp,(s)(x)} such that {yffl)(s)(x)} converges uniformly on each compact
subinterval of (a,b), for each 0 < i <n —1.

Case (b). For each 1 < r < n, there exist sets A, B, C [Z¢1r, T¢1r—1], €ach
having positive Lebesgue measure, and z(z) > p/(z) on A,, and z(z) < p'(x) on
B,.. However, since lim,, o ym(z) = z(z), and so there exists a M such that
for m > M, y,,(x) > p'(z), for some A, and y,,(z) < p'(x), for some = € B,.
By continuity, for all 1 < r < n, there exists a, € (%¢4r,Zsyr—1) such that
ym(ar) = p'(ar).

In particular, there are points zpy, < a1 < -+ < ap < ¢ (A, — a1 < ), SO
that, for some M’ > M,

ym(a;) = p'(a;) +emy), 1<j<n

where [g,,(;)] < €0, 1 <j<mnandallm>M.
It follows from condition (D,,) that y,,(x) is the solution referred to before
Case (a) arising from Corollaries 2.6 and 2.7. Thus, for all k > M’,

|y§£)($)| <N;+1 on [dladn]v

for each 0 < i < n — 1. Now an application of Theorem 2.1 leads to a subse-
quence {y,(j)(x)} such that {yfr?(j)(x)} converges uniformly on each compact
subinterval of (a,b), for each 0 < i <n —1.

9 Problems and Comments

The establishment of Theorem 8.4 implies that in the known results on conjugate
boundary value problems the condition (E) is, in fact, superfluous. As an example
we state an important result, which was independently proved by Hartman [0]
and Klassen [17] with the additional condition (E).
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Theorem 9.1. Assume that for the differential equation (1.1) conditions (A)
— (D) are satisfied. Then, each r point boundary value problem, i.e., for any
a<ar <az---<ar <bandany Aj11,;, 0 <75 < ki 1 <@ < r the problem
(1.1), (2.3) has a unique solution.

Problem 1. For the third order differential equations in Theorem 4.5 we have
proved that conditions (A), (C) and (Ds) imply condition (E). It will be inter-
esting to extend this result to equations of arbitrary order, i.e., whether it is
possible to prove Theorem 8.4 without the assumption (B).

In [16] Jackson has indicated that for n-point boundary value problems,
Klassen has used a result he established in [18] to prove the existence of solutions
under the assumptions (A), (C), (D) and (E). Thus, if the answer to Problem 1
is affirmative, then for » = n, Theorem 9.1 holds without the assumption (B).

Let 2 <r <nandlet m;, 1 <1 < r, be positive integers such that Z:Zl m; =
n. Let sp =0 and for 1 < k <7, let s = Zle m;. A boundary value problem
for (1.1) with the boundary conditions

y(ar) =yin, sw1<i<sp—1, 1<k<r (9.1)

where @ < a1 < as < -+ < a, < b is called a right (m, ..., m,)-focal point
boundary value problem for (1.1) on (a,b).

With respect to the boundary conditions (9.1) we replace the condition (D,,)
by the following;:

(Drf)  For any a < a; < ag < --- < a, < b and any solutions y(z) and z(x) of
(1.1), it follows that y=1(a;) = 2=V (a;), 1 < i <n implies y(z) = z(z), i.e.,
the differential equation (1.1) is right (1,1,...,1) disfocal on (a,b).

As an application of Rolle’s theorem it follows that condition (D7) implies
the condition (D,,). Thus, in Theorem 8.4 condition (D,) can be replaced by
(Df). We state this observation in the following result.

Theorem 9.2. Assume that the differential equation (1.1) satisfies conditions
(A) - (C) and (D). Then, (1.1) also satisfies condition (E).

Of course, in Theorem 8.4, we can always replace condition (D,,) by a stronger
condition. The point is now whether it is possible to replace condition (D,,) by
some other condition which does not imply (D,,). The first ‘round about’ result
in this direction is the following;:

Theorem 9.3. If the differential equation (1.1) is of third order and satisfies
conditions (A), (C) and (D2), then (1.1) also satisfies condition (E).

Proof. The proof is similar to that of Theorems 4.5.

Problem 2. A result similar to that of Theorem 9.3 for arbitrary order differ-
ential equations (1.1) remains undecided, i.e., does conditions (A), (C) and (D,)
imply condition (E).
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For arbitrary order differential equations (1.1) Jackson [14] has established
that conditions (A), (B) and (D,,) imply (D,.). A converse of this result for third
order differential equations (1.1) is that the conditions (A), (C) and (Ds) imply
(D3). Jackson’s proof [15] of this converse result uses Theorem 9.3, i.e., under
the assumptions, condition (E) is implied, and then this fact is used to prove
(D3). Thus, if we accept Jackson’s converse result without looking at its proof,
then we can argue that conditions (A), (C) and (D) imply (D3), and therefore
Theorem 4.5 gives condition (E).

Problem 3. The question for arbitrary order differential equations (1.1) which
remains open is whether conditions (A), (C) and (D,.) imply condition (D,,).

Finally, we state one more result which is similar in nature to that of Theorem
9.3.

Theorem 9.4 ([7]). If the differential equation (1.1) is of third order and sat-
isfies conditions (A), (C) and

(Dgf) each right (2, 1)-focal point boundary value problem for (1.1) on (a,b)
has at most one solution,

then (1.1) also satisfies condition (E).

Problem 4. A result similar to that of Theorem 9.4 for arbitrary order differ-
ential equations (1.1) is not known.

The author is grateful to Professor Johnny Henderson for his help in the
preparation of this lecture.
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