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GREEN’S FUNCTION INEQUALITIES FOR TWO-POINT
BOUNDARY VALUE PROBLEMS

P. W. BATES AND G. B. GUSTAFSON

Simple inequalities are obtained for the Green’s function
G(t,s) of a two-point boundary value problem for a k‘® order
linear ordinary differential equation. The constants appear-
ing in the inequalities are best possible. Each estimate has
right side a product of a function of ¢ and a function of s.
Illustrations are given for %©=2,3,4 and certain k*® order
constant coefficient operators.

1. Introduction. The purpose of this paper is to obtain a
separable inequality of the form

(1.1) 1G(¢, 9)| = Ei_‘{ D)) xz (8, 5), (¢, 5) € [a, B] X [a, B],

for the Green’s function G(t, s) of the two-point boundary value
problem

1.2) Kv = f(t), v"(a) = v9(0) =0,0<i<1—-1,0<j<k—1—1.

The linear ordinary differential operator K has coefficients smooth
enough to define its adjoint operator K*, the operator K is assumed
disconjugate on [a, b] (see Section 2), E,U E, = [a, b] X [a, b], E,NE, =
¢, and f e C[a, b]. For non-smooth coefficients, see Section 6.

The motivation for this kind of inequality is in the study of the
linear integral operator

TF = SiG(t, 8)f(s)ds

associated with problem (1.2). Indeeed, (1.1) provides a practical
estimate for || T'||x in various Banach spaces X, and allows very tight
manipulations with the integral equation v = TYf.

The demands that we make on (1.1) is that it be an identity
for k=2, and that it cannot be improved for k=38, in the sense
that

G(t, s) _ - 19).
PO (s)’ ¢=12

The main result is Theorem 3.1, in which we prove the two-point
inequality
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This takes the form of (1.1) for appropriate definition of E, and E,.
The functions are positive on (a, b) and satisfy Kv = Kw = K*v* =
K*w* = 0, plus certain boundary conditions at a and b [see (3.1) and
(3.2)].

The proof of (1.3) appears in §3, with suitable preparation being
done in §2.

Illustrations of inequality (1.8) appear in §§4 and 5, and appli-
cations are discussed in § 7. In particular, we obtain the Ostroumov
inequality [9] for K = (d/dt)* (see (4.2) infra).

A general discussion of constant coefficient operators appears in
§5. Illustrations are given to show the nonspecialist how to find the
interval of disconjugacy and the functions v, v*, w, w* in (1.3).

2. Preliminaries. Consider the linear ordinary differential e-
quation

2.1) Kv = 0; Kv = v® + gpi(t)v“" .
The adjoint equation is defined by
2.2) Kou = 0; K*u = (=)!u® + 3% (—Li(pa)® .

Throughout the paper, p, e C¥a, b], whenever K* is defined.
The two-point boundary-value problem

2.3) Ku=fiu@)=u(b)=00<i<l—-1,0<;<k—1—1.

is assumed to have a Green’s function G(t, s), so that

ul(t) = S:G(t, $)f(s)ds .

Let us make the stronger hypothesis that K is a disconjugate
operator on [a, b]. This means that the only solution of Ku = 0 with
k zeros, counting multiplicities, is # = 0. Then K* is also discon-
jugate; see Sherman [10].

The hypothesis of disconjugacy on [a, b] is known to be equivalent
to the factorization of K on [a, b] into first-order operators:

Ku = b7(- - (07" (07 0)) ---) .

The functions b, are positive on [a, b]. This is called the Libri-
Frobenius-Mammana factorization; see Willett [11], Libri [8].

Let {u%.(t)} be the set of solutions of Ku = 0 satisfying u}”(b) =
¥ (@) = 0, uF’(@) = 8, P ®) =0, 0=34,¢=1-1,0=14 p=
k—1—1, and put
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U(e) = [uso(®), « - +5 uduo(®), udio(®), -+, uleea(@)]

Let W(t) be the Wronskian matrix generated by U(t), and let
V(s) = diag [Xz,(5), <+, Xz,(5)s Xz,(8)s ++ -, Ar,(s)], With I spaces occupied
by xz,.9), E;, = {a}, E, = [a, b], V(s) being &k X k.

Put A(t, s) = U)W (s)e, ¢ = (0, ---0, 1)*. The function k(t, s) is
the solution of Ku = 0 satisfying hY(s, s) = 0; ,_.(Cauchy function).

The Green’s function G(t, s) for problem (2.3) is given by (see
Gustafson [5]) the vector-matrix identity

2.49) G(t, s) = Ut)[e(t — s)I — V(s)] W (s)e

where &(t —s) =1 for ¢t — s> 0, e(t — s) = 0 otherwise. The form
of (2.4) to be used most often is the scalar identity

g uak’j(t)h’(j)(a” S) y S é t,
(2.5) G(t: S) = kil_-—l

— 2 ul {0, 8), t=s.

The following lemmas are singled out for later use. The first,
on continuity of (¢, s) — G(¢, s), does not require that p,e C'la, b],
nor is disconjugacy needed; it follows immediately from (2.5). The
second is a consequence of the Peano identities (Hartman [7], p. 95).

LEMMA 2.1. The Green’s function G(t, s) for the two-point bound-
ary value problem (2.8) is continuous on the square [a, b] X [a, D].

LEMMA 2.2. Let W, s) be the solution of Ku = 0, u”(s) = 0, -1
Assume that K* 1s defined, then:

(2.6) K*[h'9(t,, 8)] = 0 for each fixed t,.

@.7) [;S—Th""(x, ¥)=0 for i+ji<k—1,

2.8) [_;”S—Thw—l-“(x, 2) = (—1) .
LemMMA 2.3. Let

(2.9) Pi(s) = 3 utP @@, ),

(2.10) ¥ils) = Sz Oh@, ) -

Then ®, has k—p —1 zerosata, l<p=k—1,and ¥, hask—r—1
zeros at b,k —l<r=<=Fk—1.
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Proof. First, we record that A(t, s) = U(t) W(s)e.

After a short calculation with the basis U = (ufq, -+, u¥i_i1_),
one finds that

det @y(s)

() = detW(s) ’

where @(s) is the matrix with successive rows U(s), - -+, U* ?(s) and
last row (ud(B), - - -, ui"y(d), 0, - -+, 0).

Differentiating this relation and using the Liouwville identity [7]
we obtain

det @.,(s)

detW(s) Pi-i(8)V.(s)

Pi(s) =
where @(s) is the same as @,s), except we must replace U* 2(s) by
U%*Y(s). By induction,

« det D, (s) , & ;
(a) — @ . (%)
VO = gy @)
where f,, has k — @ + ¢ continuous derivatives, and 9,(s) has the
same last row as @s), the same first £k — @ — 1 rows as Dys), but
the next rows are U%* (s), .., U*(s).

For 0<a=<k—r— 2 each @,0) has the block matrix form

&+

E|F

where E has two equalrows, I = (k — I) x (k — [) identity. Therefore,
det @,(b) = 0. This proves that +, has k —r — 1 zeros at b, k — I <

r<=k-—1
The proof for @, is similar, and will be omitted.

REMARK. In the notation of Gustafson [5], the function ®, has
a zero of order (k — »p — 1,1) at {a, b}, and +, has a zero of order
(k—1,k—r—1). These functions collectively form a basis for
K*u = 0.

3. The Green’s function inequality. Let v(t), v*(s), w(t), w*(¢),
be defined by the following relations:

3.1) Kv = K*v* =0, v and v* have zeros of order ({,k —1 — 1)
and (k—1—1,1) at {a, b}, resp., with v*77() = (—1)*** and

’U* (k—l—l)(a) — 1'

3.2) Kw = K*w* =0, w and have zeros of order ( — 1,k — 1)
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and (k — I, — 1) at {a, b}, resp., with w* (a) = 1, w*"* (b)) = (—1)".
The functions defined in (8.1), (8.2) are positive on (a, b) because
of the disconjugacy of the operators K and K*.

Two-point Inequality Theorem

THEOREM 3.1. Let p,€ Cila,b] 0= ¢ <k — 1) and assume K 1is
disconjugate on [a, bl, v, v*, w, w* are given by (3.1), (3.2). Then the
Green’s function G(t, s) for problem (2.8) satisfies the imequality

1 . 1 )
Ty OO T w @)

for a =t,s £b. The constants are best possible.

(33). 16, )| < min]

COROLLARY 3.2. Omn the upper triangle a <t < s < b,

(3.3), G2, 9)| < —L—w(t)v*(s)
v"(a)
and on the lower triangle a < s <t <0b,
1 ¥
(3.8). [G(¢, s)| = mw(t)w (s) -

Both (3.3), and (3.3). hold on the entire square [a, d] X [a, b].
Inequality (3.8), is of the correct order of magnitude, in the sense
that |G(¢, s)|/[The RHS of (3.8),] — 1 as (¢, s) — d([a, b] X [a, b]); see
Lemmas 3.2, 3.3, 3.4, infra.

Proof of Theorem 3.1. The proof of (3.3). on [a, b] x [a, b] follows
in the same way as (3.3),, so it will be omitted. For convenience,
let us put w(s) = v*(s) hereafter.

The theorem will be proved by the sequence of lemmas to follow.
To introduce notation, let

G(t, s)
3.4 k(t, s) = 2222 t, b.
(3.4) (, s) o) <ts<

Then inequality (3.3), on the open square is the same as (—1)*'k(t,s) <
1/v®(a). Here we have used the fact that (¢ — a)!(t — b)*'G(t,s) > 0
on the open square (see Coppel [3], p. 108).

For k = 2, one can easily verify (8.3), because in this case

_o06)
X0, i<

_v(s)v*(t)
V@ s=t.

(3.5) G, s) =
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The inequalities (3.3) hold on the entire square because w(t) = v*(¢),
w*(t) = v(t), and v(z)v*(y) < v(y)v*(x) for x < y.
For k = 3, the theorem follows from (3.4), (3.9), (3.11), (3.13).

The problem with the function (¢, s) given in (3.4) is that it is
not defined on the boundary of the square. If one examines the
Green’s function for the (2, 1)-problem for K = [d/dt]*:

'[b—t L t—a b—1ta—s)
b—a b—a b—al 2

(3.6) Gt s) =] 4 (t—a)(z_t)(a"‘s) , s=t,
—a
Lime e s

then we seen that k(¢, s) has a jump discontinuity at (@, @) and (b, b).
In fact, on the upper triangle, k(¢, s) ~ (b — a)/2 near (a, ) and (b, b),
but on the lower triangle k(¢, s) ~ 0.

Most of our work below is aimed at settling upon the correct
boundary values for k(¢, s). It turns out that k(¢ s) will assume
only two values on the boundary. Then we show that sup |k| must
occur on the boundary, and write down the answer. The reader
will find (3.6) useful for interpretation of the various arguments to
follow.

LEMMA 3.2. The quotient k(t, s) can be defined on the upper
triangle 7, = {(t, s):t < s} so as to have the following properties:

3.7 k(t, s) is bounded on 7,
(3.8) k(t, s) is continuous on .7 \{(a, a), (b, b)}

3.9) k(t,s)=%% on Q,=1{ts):t=a or s=Db.

Proof. Define k(t, s) on 2, by relation (3.9). It will be shown
that (8.8) is valid. We use below the Landau symbol “O”, defined
by F(t) = O(g(t)) iff for some M > 0, |f(t)| < M|g(t)| as t — w.

The first step of the proof is to assemble with the help of (2.7),
(2.8), (3.1), (8.2) the following order relations:

R9b, 8) = O(ls — b[* )0 =7 =k — 1), 770, 5)
= (b~ s) + O(1b — s["™), [u(s)]™*
=0[ls—b|""] as s—b;

[u(s)] ™ = O(ls — a|™**™) as s—a;

[v@] =0t — a|™) as t—a;
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[v(@®] = 0(]¢ — b|****Y) as t—b;
wift) = 0(t — blf) as t—b;
U moa(t) = (1)) .

To analyze the boundary behavior of k(¢ s), write k(t, s) =
— >k Q4(¢, s), where Q;(t, s) = ui;(t)h'(b, s)/[u(s)v(t)], using relation
(2.5).

Since [b — 8| < |b — t| for (¢, s)e .7, it follows that @,_,—«(¢, s)—
(—=1)*/u(b) and Q;(t, s) > 00 < g <k —1— 2) as (¢, s)—(a, b). There-
fore (3.8) is correct at (a, b).

By virtue of Lemma 2.2, one can write k(¢, s) = (—1)*/u®(d) +
0(ls — b|) uniformly on compact subsets of @ <t < b as s—b. There-
fore, (3.8) is correct along the upper edge of .7,.

To verify (3.8) along the left edge of .7, each u},(¢) is replaced
by its Taylor expansion about ¢ = a in the expression Q,(¢, s), and an
application of Lemma 2.3 gives k(t, s) = —@,(s)/[u(s)vP(a)] + 0(t — al)
as t—a, uniformly on compact subsets of a < s < b.

The functions @, and % have the same zero properties at s =a
and s = b, therefore by the disconjugacy assumption they must be
constant multiples of one another. Using Lemmas 2.2, 2.8 and Green’s
formula (Hartman [7], p. 67) one can establish the following identities:
?i(8) = (=1 u(s); (—1)v®(a) = u(b). Consequently,

k(t, s) = (—1)*/u®(®) + 0(|t —a]) as t—a,

uniformly on compact subsets of @ < s < b. This completes the proof
of (3.8).

To verify (3.7), one only needs to examine small neighborhoods
of (a,a) and (b, b). The details are left to the reader.

LeEMMA 3.3. The quotient k(t,s) can be defined on the lower
triangle 7 = {(¢, 8):t > s} to have the following properties

(3.10) k(t, s) is bounded on .77 .
(B.11) kt,s)=0 on 2,={t s)egit=>b or s=a}.
(8.12) k(t, s) s continuous on 7, .

Proof. The proof proceeds in the same way as Lemma 3.2, with
appropriate use of Lemmas 2.2 and 2.3. The details are left to the
reader.

LEMMA 3.4. Let k(t, s) be defined on 2 = |a, b] X [a,b] as in
Lemmas 3.2, 3.3. Then
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_ _ (=1 1
(3.13) suplk(t s)| = suplk(t s)| = “’(b) o)

Proof. Suppose not, then there exists (¢, s,)€£2 such that
| %(te, So)| > supse | k(¢, s)|. Therefore, (¢, s,) must belong to the in-
terior of 2. Consider the function y(t) = k(¢ s,),a =t <b. This
function is continuous on a <t <b, by Lemmas 2.1, 3.2, 3.3, and
differentiable on a@ < ¢ < b.

The derivative ¥'(t) on @ < t < b cannot vanish. Indeed, suppose
y'(t,) = 0 for some ¢,€(a, d). Then

iy — (), G, 5)
OV = ey T

where W is the Wronskian determinant. Define a = G(¢,, s,)/v(t.),
then the function

2(t) = av(t) — G(¢, s,)

has a double zero at t = ¢t,e(a, b). The function 2(¢) has a zero of
order I at t=a,k—1—1 at t =05, hence k+ 1 zeros in [a, b].
However, the function z(¢) is a solution of the disconjugate equation
Kie=0ona<t<s, and on s,<t =<0b. By the proof of Theorem
11 in Coppel [3], p. 108, it follows that 2(t) = 0,a <t < b. Therefore,

Glts) _ g g<t<b.
0) B

Letting ¢t — b we find that « = 0, which is a contradiction.
This proves that y(¢) is monotonic on [a, b]. Since y(a) =
(=1 u®(db), y(b) = 0, it follows that

[ k(o 80)| = |Ke(a, s0)| = sup 021[k(2, s)| -

This contradicts our original assumption on (¢, s,). Therefore, (3.13)
holds, because the supremum over the boundary is the larger of
0 and (—1)Y/u®(b). The proof is complete.

REMARK 3.5. The inequality (8.3), is the best result of its kind,
because we may divide by »(t)v*(s) in (3.3), and let (¢, s) —(a, b) to
obtain equality. In (k — 1, 1)-problems, equality holds in (3.3), in the
entire upper triangle. Similar statements hold for (3.3)..

The monotonicity argument of Lemma 3.4 shows that (3.3), is
weakest along the diagonal t =s. For example, the behavior of
(3.6) along ¢ = s is quite usual.

Inequalities of this same type hold for singular boundary-value
problems. However, the application of the Green’s function inversion
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method is more complicated, and is an integral part of the selection
of the space of action of the integral operator. For example, the
singular problem
Yy’ = f(t),
y(0) =0, y(e0) =0,
under ordinary inversion loses the boundary value at . A definitive

statement about the options here will be the subject of a future
paper.

4. The Ostroumov inequality for D*. Consider the problem
41) ¥y =r10),y)=y"(0)=0,0=i=1-1,0=j<k—-1-1,

and denote by G(¢, s) the corresponding Green’s function (see [5]).
The Ostroumov inequality [9] can be obtained from (3.3),:

(t — a)'(b — t)"Y(s — @) (b — s)
sy G = N —1— DI —ay '

It is only necessary to verify by inspection that

_ =) -ty (s—a) b —s)
@) O =3=7"016 o " T i-Dio-o

and then compute

(b — ayi
4.4 W (g) = ,
@4 ) = T T D6 =y

for then (4.2) follows from (3.3),, (4.3), (4.4).
However, inequality (3.3), is a decided improvement over (4.2).
One easily verifies that

w(tyo*(s) _ w(t)w*(2)
o) M T a)]

where

k=1 (t—a)b—s)
M@ 8) === —ae =1

The level set M(¢, s) =1 for k = 2] is the diagonal ¢ =s. For k #
21, the level set M(t, s) = 1 is the curve

L _b—al—k , (b—ayli—k 1
(6 —0) A—% | @k t—a—G-olid—F'

which goes through (a, a), (b, b) and is concave for 2/ — k£ > 0, convex
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for 20 — k < 0.
If we make use of this curve, then we have

t — a)(b — t)F (s — a)s (b — s)
1G(t, )] = T Gl O
+ (t . a)l—l(b . t)k—l(s — a)k—l(b — S)Z—IXEZ(t, 8)

(0 — Dk — DI — a)y—

where ¥ denotes the characteristic function of the set £ and E, =
{(¢, s): M(¢, s) < 13}, E, = {(¢, s): M(¢, s) > 1}.

This shows that (8.3), is better than (3.3). for (¢, s) € E,, where-
as the opposite is true for (¢, s) € F,.

When k = 2[, E, is the upper triangle ¢t < s and E, is the lower
triangle s < ¢.

The advantage of this observation is that

166, 9)1176)1ds = 2O '0(5)| 7(s) 1,5

= v9(a)

w(t b
s | @17 s
Now you can use the definitions of E, and E, to make the right side
the sum of two Volterra operators.

There are other inequalities in the literature which are similar
to (4.2). The most notable is due to Beesack [1], and we refer the
reader to this paper and the references therein.

5. Disconjugate operators with constant coefficients. The con-
stant coefficient operator

k=1
Ky = v + 3 g0
i=o

will be disconjugate on an interval [a, b] iff it is disconjugate on [0,
b — a], because the equation is autonomous.

Due to the theory of extremal solutions, carried out by Sherman
[10], Ku = 0 will be disconjugate on [0, T'] iff the only solution u
with a zero of order [ at 0, order ¥ — 1 at T,u >00n (0, 7), is u =
0, for 1<1<k—1. Together with linear algebra, this gives an
effective way to test the disconjugacy of K. For example, if Ky =
y"" 4+ ', then it is relatively easy to show that K is disconjugate
on [a, b] iff b — @ < 27, because any solution with a double zero at
¢ must be multiple of 1 — cos (¢t — ¢).

The adjoint operator

k1
Ky = (—1)u® + 3 a(—1)u®
=0
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also has constant coefficients, therefore the possibility of computing
the various functions in inequality (3.3) is close at hand. Indeed,
v(—s) is a solution of K*u = 0, hence also v(—s + ¢) is a solution
for any real ¢. But v(b + a — s) vanishes k¥ — 1 — 1 times at a and
Il times at b, therefore, in the case of constant coefficients,

(5.1) v*() = v + a — 8), w*s) = wbd + a — s) .

On the other hand, one can write down v(t) in terms of any
standard basis {v, ---, v,} for Kv = 0, as follows. Let V{(t) = (v,(?),
<o+, v,(t)), then let @,(¢; T) be the matrix with rows V(0), V'(0), ---,
Ve=(0), W(T), V'(T), ..., Ve i=2(T), V(t). Let ¥ ,(T) be the same
as @,(t; T) except the last row is V*"9(T). Then

(5.2) o(t) = (—1)-1-idet d@;ftw ~(ba;_ ba; Q)
(111 det @, (¢ —a;b — a)
w(t) = (—1) bolt_eb o),

This formula is useful when you can select the basis V so as to
make ¥, close to the identity.
The constants appearing in (3.3) are

det ¥,.,(b — a) .

53) vile) = detTy(b —a) ’
w=ipy — (_1y—1-1det T y(b — a)
wie) = (=1) det T,(b — )

Therefore, in terms of an arbitrary basis v, ..., v, we have the
estimate

1G(t, 5)| < det @,(t — a; b — a)det D,(b — ;b — a)

5.4
(5-4) det ¥, ,,(0 — a)| det T,(b — a)]

i=1-1,1,

valid for any constant coefficient operator K, disconjugate on [a, b].

In the case of lower order operators, k = 2, 3, 4 especially, we
usually try to guess wv(¢), w(t) first, then resort to (5.4) upon failure.
Therefore, we sometimes prefer

69 o) e AN =) smt o0

Let us now turn our attention to (3.3),, and illustrate the results.
The reader can fill in the details for (3.3)..

ExAMPLE 5.1. The operator Kv=1v""+ 9 on [0, T], T < 2.
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The (2, 1)-problem and (1, 2)-problem have Green’s functions G,
and G,, satisfying (5.5), and it is easy to see that

2sin[—t—:lsin[T_ t]
2 2

_ |: sin ¢/2 ] R
sin /21" sin [ _1_‘_] ’
2

Wy (8) = 0,,4(2), Wy 2(t) = v, (T — 1) .

2oine[ Lo [ 22
smb]
tsn[ 4 Jsn[ 15

]Gz,l(ty S) " ] G1,2(t, S)] =
sin? l: T]

Therefore,

I G1,2(89 t) lr ,G2,1(t: S)] é

EXAMPLE 5.2. The operator Ky = 4y — y on [0, T], T < 4.78.

The solution y = sin () — sinh (¢) has three zeros at 0 and is posi-
tive for ¢ > 0. Therefore, the critical value of T is the first positive
double zero T, of z = cosht — cost + C(sinh ¢t — sin t), which is deter-
mined by the identity cos T, cosh T,=1. Solving numerically, 4.7300 <

T, < 4.7301.
The following inequalities follow from (3.3),:

[sinh (¢) — sin (¢)][sinh (T — s) — sin (T — s)]
|Gault, )] = 2(sinh (T') — sin (7))

|Gualt, 8)] < [1 — cosh T'cos T]vz,z(T — )0a(s)

sinh T — sin T
(Guslty 9)] = [ L0 TS Ty oy, (7 ),

where

Voalt) = [ cosht — cos¢  sinht — sint ]
> cosh 7'— cos T sinh T — sin T
(cosh T — cos T)(sinh T — sin T)
2[1 — cosh T cos T

X

These results can be formulated for the operator K,z = 2 — a'z
as well, since z(z) = y(ax). The relations (3.3). are obtained from the
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identities w,(t) = v (T — 1), We,(t) = Vo, o(T — ), Wy,1(£) = 2,2(8)/v5(0)-
EXAMPLE 5.3. The operator K = (D — a)* on [a, b].

The Libri factorization Kv = e*(¢ *v)® is immediate from
(D — ayy = e*(e ) ,

therefore K is disconjugate on any [a, b]. This factorization allows
us to verify by inspection that in (3.3).,

wi—py (& — @)(b — )"
k—1~— DI — a)

because of what we know about D*. Then inequality (3.3), is

eIt — a)i(b — t)k—l—l(b . s)l(s _ a)k-—l—l
Uk —1— D10 —a)y"

ExaMPLE 5.4. The operator K = [D* — 2aD + o* + g°* on [0, T1].

v(it) = ¢

1G(t, s)| =

The equation Kv = 0 can be replaced by (D* + 1)y = 0 by virtue
of the relation v(t) = y(Bt)e**. The largest interval of disconjugacy
for (D* + 1))y = 0 is [0, T,], where T, is the smallest positive root of
tan T, = T,. So T, = 4.4916, and 0 < T < 4.49165.

The functions 7, j(t)(¢ + j = 4) given by

_ sint — t cost -
7,.(t) = =0T, — ¢t
3,1( ) sin To _ To cos To 1,3( [ ) )

7. (t) — ¢ — To) sintsin T, + T\t sin (TO — t)
b sin* T, — T?

are related to the desired functions v, ;(¢)(¢ + 7 = 4) by the identity
v,,5(0) = B0, (B, i+7 =4,
where BT, = T.
EXAMPLE 5.5. The operator K = (D — a)(D — B)* on [0, T].

The (2, 2), (3, 1) and (1, 3)-problems satisfy (5.5). Here,

'vz,z(t) = '“|:—AZ"L + —jit + —Aj-e(‘q—“)t + %te‘ﬁ‘““:le“‘
with
=TT — 1), 4= —4,,
4, = [(:8 _ a)T — lle(ﬂ—a)T +1, A4 = glf~oT _ (B . C()T'— 1,
4= 707 — ([(8 — IT] + 2= + 1
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By inspection of DD — 7)}, ¥ = B8 — @, we see that
vo(t) = 2[e”* — ef] + (B — a)t[e™ + €]
" (B — @)yl + (B — a)T)e "
V1,5(t) = [e7*" 0 (T — t)]e** .
On the other hand,

’

wit) = 20w, (1) = (T — ), w,8) = 0. AT — ).
45:(0)

6. The two-point inequality for operators K with coefficients
in C[a, b]. Throughout the preceding sections it was assumed that
the coefficients of K were smooth enough to define the adjoint operator
K*. It will be shown below that this smoothness assumption can be
deleted, and replaced by the usual requirement that the coefficients
belong only to Cla, b].

LemMMA 6.1. Let K= D*+ X2 p,(t)D?, D = d/dt, with p; € Cla, b],
0=5j=k—1. If K vs disconjugate on [a,b], then there exists
€ > 0 such that gq;€la,d],0 <7<k — 1, and max {{p;(t) — ¢;)]:a <
t < b} less than ¢, 0=<j<k—1, implies L = D* + >} =i q(t)D’ is
disconjugate on [a, b].

Proof. Proceed indirectly, using the results in Hartman [7], p. 55.

LEMMA 6.2. Let K = D* + 3= p{(t)D? be disconjugate on [a, b].
I

k—1
K, = D'+ 3, ¢;.(t)D}
2

and q;,—p; as n— o in Cla,b],0 < j <k — 1, then the Green’s
functions G,(t, s) and G(t, s) for the operators K, and K, respectively,
satisfy

lim G,(t, s) = G(t, s) ,
pointwise in [a, b] X [a, b].

Proof. Let U(t) and U,(t) be row vector bases for Ku = 0 and
K,u = 0, respectively, and denote the corresponding Wronskian
matrices by Wy(s) and W,(s). Suppose that U, and U, are chosen
so that the representation (2.4) holds for G and G,. Since V(s)
is the same in each representation, it suffices to prove that U{(¢)
converges uniformly on [a, b] to UP(t) as n— =, 0 <1 =k — 1. This
can be done using the results in Hartman [7], p. 55. The details
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are left to the reader.
To introduce notation for the next lemma, let K be a disconjugate
operator on [a, b] and denote the basis U of §2 by

u¥(t; 1, K) .

Let w(s; !, K) be the determinant of the Wronskian matrix W(s) of
the basis U and denote by w;;(s;l, K) the minor of the element
ufi(s; I, K) appearing in w(s; !, K). Define

. *(l) w1,a’(3; l, K)
(6.1) Pi(s; K) = Z wt(a; 1, K) o LK)

. * (k=D w,,i(s; 1, K)
(6.2) P_i(s; K) = Zu b; 1, K)- _———w(s,l 79)

LEMMA 6.3 Let K, and K be defined as in Lemma 6.2 and assume
that ¢;,,—q; as n—co in Cla,b],0= j <k —1, then P(s; K,)— Pi(s; K)
and P,_i(s; K,) — Yro_i(s; K) as n— co uniformly on a < s < b.

Proof. We argue as in Lemma 6.1 that UP(t) —-U{’(t) as n—
oo uniformly on [a,b],0 < ¢ <k — 1. It follows that the components
in the formula (6.1) with K replaced by K, converge uniformly on
[a, b] to the corresponding components of (6.1), as n— . A similar
statement holds for relation (6.2). The proof is complete.

Suppose that we select K, to converge to K in the sense of the
preceding lemmas, but K, has coefficients of class C* and K has
coefficients that are only assumed to be continuous. By Lemma 6.1
the Green’s function G,(t, s) exists for the operator K, and we can
apply Theorem 3.1 to obtain the inequality

Va(0)03(8), T

(6.3) |G,.(¢, 8)| = min {—V(Z}W * [w (k ”(b)l

w,(wie)} |
n=12 ---.
We let n— o in relation (6.8) and apply Lemma 6.2 and Lemma
6.3 to get the inequality

64 160, 5)| 5 min | 2D P, s w0910

v(a) W )]
where @,(s) = @(s; K) and +,_(s) = rx_i(s; K); indeed, the proof of
Lemma 3.2 shows that v}(¢) = (—1)*''¢,(¢; K,) and similarly it is easy
to show that w}(t) = |v_(t; K,)|-

Inequality (6.4) does not require the existence of K*. The right
hand side of inequality (6.4) is computed directly from the basis U.
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7. Applications There are many immediate applications of
inequality (3.83). The first and most ovbions is the theory of two-point
boundary value problems for k' order nonlinear ordinary differential
equations. Applications amount to finding conditions such that the

mapping
Ty = S :G(t, 8)f (s, Y(8), - -+, y*7"(s))ds + 4(¢)

is a contraction mapping, or maps a closed convex set into itself,
or satisfies certain fixed-point index conditions.

The second application is to intervals of uniqueness for linear
differential operators. This kind of application is illustrated in the
work of Ostroumov [9], and in subsequent work of Hartman [6],
Willett [12], Fink [4].

The sharpness of inequality (3.3) makes it useful for error
analysis. Ramifications in the theory of differential equations in
Banach spaces and in the theory of functional differential equations
should be clear, especially in the conversion of boundary value pro-
blems to integral equations and in the estimation of norms of inverse
operators.

The requirement of disconjugacy can sometimes by checked via
algebraic inequalities involving the coefficients of K; see Hartman
[6], Ostroumov [9], Willett [12], Coppel [3], Gustafson and Bogar
[2]. There is some evidence that this requirement can be dropped
for self-adjoint equations, provided it is replaced by another, more
complicated condition.
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