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Uniqueness implies existence for discrete fourth
order Lidstone boundary-value problems *

Johnny Henderson & Alvina M. Johnson

Abstract
We study the fourth order difference equation

u(m +4) = f(m,u(m),u(m + 1),u(m + 2),u(m + 3)),

where f : ZxR* — R is continuous and the equation us = f(m,u1,uz, us,
u4) can be solved for u; as a continuous function of uz, uz, u4, us for each
m € Z. It is shown that the uniqueness of solutions implies the existence
of solutions for Lidstone boundary-value problems on Z. To this end we
use shooting and topological methods.

1 Introduction

For notation, R denotes the real numbers, Z denotes the integers, N denotes the
natural numbers, and given a < b in Z, intervals are used to denote discrete sets
such as [a,b] = {a,a+1,...,b}, (a,b] ={a+1,...,b}, [a,+00) = {a,a+1,...},
etc. This paper is devoted to establishing the existence of unique solutions of
the fourth order finite difference equation,

u(m+4) = f(mau(m)au(m+1)au(m+2)7u(m+3))a (1)

satisfying boundary conditions

u(my) U1,
APu(mg) = ug, (2)
Au(ms) = us,

u(mg) = ug,

where m; € Z and u; € R for 1 <i <4, and m; <mg <mg—2<my —4.
Such boundary-value problems are called Lidstone boundary-value problems
because of their analogy to Lidstone problems in the continuous case.
We assume throughout that the following condition holds:
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64 Uniqueness implies existence

(A) f(m,x1, T2, 23,24) : Z x R* = R is continuous and the equation,
x5 = f(m,x1,x2, T3,24) can be solved for z; as a continuous function of
XT2,X3,T4,T5-

Remark 1.1 We note that (A) implies solutions of initial value problems for
(1) are unique and exist on all of Z.

The problems which will be considered will be classified as 2-point, 3-point,
and 4-point. Unique solutions are obtained by using a shooting method. It will
be clarified later as to what is meant by uniqueness of solutions.

Uniqueness of solutions implying their existence for boundary value prob-
lems for ordinary differential equations enjoys quite a history. Motivation for
considering a uniqueness result is that this result may imply the existence of
solutions of the boundary-value problem. In the case where n = 2, Lasota and
Luczynski [12] have shown that with respect to the ordinary differential equation

y " = f(z,y,y,...,y"Y), (3)

if the following conditions are satisfied, then each right (1, 1)-focal point boundary-
value problem has a solutionon I = {z € R|a < z < b}:

(i) f(z,y1,v2,-..,yn) is continuous on I x R™.

)
(if) Solutions of initial value problems for (3) are unique.
(iii) Solutions of initial value problems for (3) extend to I.
)

(iv) Each right (1,1,...,1)-focal point boundary value problem for (3) on I
has at most one solution.

In regard to k-point conjugate boundary-value problems, 2 < k < n, for (3)
on I, Hartman [2] and Klaasen [11] have proven with conditions (i) - (iii) and
the following conditions that each n-point conjugate boundary-value problem
for (3) has a solution on I:

(v) Each n-point conjugate boundary valued problem for (3) on I has a most
one solution.

(vi) If {yx(x)} is a sequence of solutions of (3) and K is a compact subinterval
of I such that {yx(z)} is uniformly bounded on K, then there exists a
subsequence {yy,(z)} such that {y,(c? ()} converges uniformly on K, 0 <
1 <mn-—1.

Hartman [3] has also proven that if equation (3) satisfies conditions (i)—(iii) and
(v), and if each n-point conjugate boundary-value problem for (3) has a solution
on I, then all k-point conjugate boundary-value problems, 2 < k < n, for (3)
have unique solutions. Henderson [7, 8] also proved uniqueness implies existence
for solutions of right focal boundary-value problems.
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For finite difference equations of arbitrary order, Henderson [5, 6, 9] showed
that uniqueness of solutions implies their existence for conjugate boundary-value
problems as well as for right focal boundary value problems. Then in a very
recent work, Davis and Henderson [1] obtained uniqueness implies existence
results for fourth order Lidstone boundary-value problems for ordinary differ-
ential equations. It is these later works which are the primary motivation for
this paper.

In Section 2, all preliminary results will be stated. These results include
the discrete Rolle’s theorem by Hartman [2], the Brouwer invariance of domain
theorem, two compactness conditions, and a continuous dependence on initial
values result. A definition of generalized zero is also stated.

In Section 3, the existence of the unique solution of the 2-point problem is
established. Shooting methods are used in conjunction with topological methods
involving the connectedness of the real line. In Section 4, each of the 3-point
problems will be considered. We make use of the solution of the 2-point problem
obtained in Section 3 and employ shooting methods again. In Section 5, the
existence of a solution of the 4-point problem will be established. The existence
of solutions of the 3-point problems will be used in obtaining the unique solution
of the 4-point problem. Again, shooting methods are used.

2 Preliminaries

In this section, we state a definition and auxiliary results which will be funda-
mental in the development of later sections. The definition extends the idea of
a zero of a function, and was introduced in Hartman’s [4] landmark paper.

Definition Supposeu : Z — R. Then u has a generalized zero (g.z.) at mg € Z
if u(mo) = 0, or if there exists j € N such that (—1)7u(mo — j)u(mg) > 0, and
if > 1,
ufmop—j+1)=---=u(mg—1)=0.
Hartman [4] also proved the following discrete Rolle’s Theorem.

Theorem 2.1 If u(m) has a g.z. at a and at b (a < b) in Z, then Au(m) =
u(m+ 1) —u(m) has a g.z. on [a,b).

In view of the above definition, we now state our fundamental uniqueness
assumption on boundary-value problems for (1).

(B) For any mi, ma,ms,mq € Z, if ¢(m) and ¢(m) are solutions of (1) such
that ¢(m) — ¢(m) has a g.z. at my, A(¢(m) —1(m)) has a g.z. at ma,
A%(p(m) — 1(m)) has a g.z. at mg, and A3(¢(m) —(m)) has a g.z. at
my, then ¢(m) = 1p(m) on Z.

Remark 2.2 If (B) holds, we say that (1) is disfocal on Z. It follows from
(B) and repeated applications of Theorem 2.1 that solutions of any conjugate,
right focal, or Lidstone boundary-value problems are unique when such solutions
exist.
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Many of our future results rely on continuous dependence arguments. The
next theorem from Hurewicz and Wallman [10] provides a powerful tool in those
arguments.

Theorem 2.3 (Brouwer Invariance of Domain) Suppose G C R™ is open
and ¢ : G — R™ is continuous and one-to-one. Then ¢(G) C R™ is open and
¢ : G — ¢(Q) is an open mapping; that is, ¢ is a homeomorphism.

The next two theorems from Henderson [7] are also essential in the contin-
uous dependence arguments.

Theorem 2.4 Assume that with respect to (1), conditions (A) and (B) are
satisfied. Given a solution u(m) of (1) on Z, points s1 < sz < s3 < s4 belonging
to Z, an interval [s1,b], where b > sy, and € > 0, there exists a solution v(m) of
(1) satisfying v(s;) = y;, 1 <i <4, and |v(m) —u(m)| < e, for all m € [sq1,b].

Theorem 2.5 Assume that (A) and (B) are satisfied and suppose that given
m1 € Z and for some ma,...,my € N, there exist unique solutions of (1)
satisfying

u(si) =y, 1<i<4,

where s = mq, S = S1+ma, S3 = Sa+m3, sS4 = Sz+my. If there exist a sequence
{yr(m)} of solutions of (1) and an M > 0 such that |yx(s;)] < M, 1 <i <n,
for all k € N, then there exists a subsequence {yx,(m)} that converges pointwise
on Z. In particular, for this subsequence, if lim; yr,(s:) = yi, 1 < i < 4, then
{yr,(m)} converges pointwise on Z to the solution of the conjugate boundary
value problem for (1) satisfying

y(si) =y, 1<i<4.

In addition, from uniqueness of solutions of initial value problems for (1),
we also have continuous dependence of solutions on initial values. The proof of
the following is straightforward.

Theorem 2.6 (Continuous Dependence on Initial Values) Suppose f(m
u1,u, us,ug) : Z x RY — R is continuous. Let u(m;mg,uo,ur1,usz,us) be the
solution of (1) satisfying the initial conditions,

u(mg) = o,
ulmo+1) = wu,
u(mo+2) = ug,
u(mo+3) = us,

on Z where mg € Z, u; € R for 0 < i < 3. Then given € > 0, k € N, there exists
a 0(e,mo, k, ug, u1, uz,us) > 0 such that if |u; —v;| <6, 0 <i <3, then

|u(m;mo, ug, w1, ug, usz) — u(m; mo, v, v1, V2, v3) |< €,

for every m € [mg, mo + k.
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3 Existence of Two-Point Problems

In this section, we consider the two-point problem for (1) satisfying
u(my) = uy, A%u(my) = ug, A%u(mz) = us, u(ma) = ua, (4)
where my < mo — 2.

Theorem 3.1 Suppose that with respect to (1), conditions (A) and (B) are
satisfied. Then given my < mg—2 in Z and given u; € R, 1 < i < 4, there exists
a unique solution of (1), (4).

Proof Let m; < ma —2in Z and uq,us,us,us € R be given. Let y(m) solve
(1) subject to the conjugate boundary conditions,

y(mi) = u,

y(mz) = wug,
Ay(mz) = 0,

A?y(my) = us.

By Remark 2.2, y(m) is unique. Define S C R by

S = {A%v(mq)|v(m) is a solution of (1), and v(my) = y(m1) = uy,
A?u(ma) = A%y(m2) = ug, v(m2) = y(ma2) = ua}.

Note that S # ¢, since A?y(m;) € S.
We first show that S is an open subset of R. Fix any s € S. By the definition
of S, there exists a solution ys(m) of (1) such that

ys(m1) = y(ma),
Alys(my) = s,
A’ys(ma) = APy(ma),

y2(ma) = y(ma).

Let G = R*. Now fix ty € Z. Define ¢ : G — R* by

¢((c1,c2,¢3,¢4)) = (p(ma), A%p(my), A’p(ma), p(m2))

where p(m) is the solution of the initial value problem for (1) satisfying
AT p(t) = ¢, 1 < i < 4.

By Theorem 2.6, solutions are continuous with respect to initial conditions and
so ¢ is continuous. To see that ¢ is also one-to-one, suppose ¢((c1,ce,c3,¢4)) =
¢((d1,da,ds,dy)). Then there are solutions p and ¢ of (1) such that

#((c1,2,¢3,¢a)) = (p(ma), A%p(m1), A%p(mz),p(m2))
(g(m1), Aq(ma), A%q(ms), q(ms))
= ¢((d1,d2,d3,d4))7
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where A" 1p(ty) = ¢; 1 < i < 4, and A" 1q(tg) = d;, 1 < i < 4. But by the
uniqueness of solutions of Lidstone boundary-value problems, p(m) = g(m) for
every m in Z. Then (c1,c2,¢3,¢4) = (d1,d2,d3,ds), and thus ¢ is one-to-one.
Hence, by Theorem 2.4, it follows that ¢(G) C R* is open, and ¢ : G — ¢(G)
is a homeomorphism. Thus ¢! is continuous on ¢(G). So there exists 6o > 0
such that for every ¢, where 0 < || < do, there is a solution ys(m) of (1) which
satisfies

ys(m1) = ys(mi)
A?ys(my) = Ay (mi)+5=s4+96
Alys(mz) = Alyg(mo)

ys(mz2) = ys(m2).

This follows because ¢(G) is open, ¢! is continuous, and (ys(to), Ays(to),
A%ys(tg), Ays(to)) € G. Thus (s — &g, s + dp) C S. Thus S is an open subset
of R.

We next show that S is also a closed subset of R. Assume otherwise. Then we
have the existence of a limit point ny € S\S and a strictly monotone sequence
{nk}32, C S such that ny — no. Assume without loss of generality that
ng T ng. By the definition of S, for each k > 1, there exists a solution yx(m) of
(1) such that

yr(m1) = y(m) =u
A2yk(m1) = Nk
Aka(mz) = A2y(m2) = usg
yr(ma) = y(ma) = ug.

By Theorem 2.1 and the disfocality of (1), it follows that for all £ > 1, we
have A’yyi1(m) > A’yy(m) on (—oo,ms). Since yx(m1) = yrt1(m1) and
yr(Mma) = Yr+1(ma), we must have that yi(m) < yg+1(m) on (—oo, ma]\{m1},
for all k > 1. We also claim that {yx(m)}$2, is not bounded on any finite subset
of Z having at least four points. To see this, assume otherwise. If [¢,d] C (a,b)
and M > 0 are such that |yx(m)| < M for all m € [c,d] and for all k¥ > 1, then
by Theorem 2.5, there is a subsequence {yx,(m)}32; such that {yk,(m)}32,
converges uniformly on each finite subset of Z. Also by Theorem 2.5, we have
that this subsequence converges uniformly on finite subsets of Z to the solution
z(m) of (1) where

= ul

(m1)
A?z(m1) = no

(m2) = wus

( ) = U4.
But this implies that ng € S which is a contradiction. So it must be that
{yx(m)}72, is not uniformly bounded on any finite subset of Z having at least
four points.
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Now, let w denote the unique solution of the conjugate boundary value
problem counsisting of (1) with boundary conditions

w(mi) = yr(m),
Aw(mi) = 0,
A?w(my) = no,
w(ms) = yr(ma).

(We note that A%w(my) > A%y, (my), forall k > 1.) It follows that for every k >
1, w(m) > yr(m) at m = my+1 or m = m; +2. Since {yx(m)}7, is unbounded
above on each finite subset of (—oo,ma)\{m1}, so also is {A%y,(m)}32, at
points of (m1,m2). Then there exists integers o and 8 where m; < a < 8 < mq
such that (w — yz)(m) has a g.z. at B and A%(w — y)(m) has a g.z. at a.
Moreover, it follows from AZw(m;) > A2yi(m;) and Theorem 2.1 that there
exists v € [a,3) such that A(w — yx)(m) has a g.z. at y. Also, there exists
a p € [y,mz) such that A?(w — yx)(m) has a g.z. at p. Thus, we have that
(w — yx)(m) has a g.z. at m; and ms and that A%(w — yx)(m) has a g.z. at
a and p. So it must be that w(m) = yx(m), for all m € Z, by the uniqueness
of Lidstone boundary-value problems. But A2g(m;) = ng > A%y (m;) for all
k > 1. This is a contradiction. Hence S is a closed set.

Since S C R is both open and closed, we must have that S = R. Thus,
choosing uy € S, the corresponding solution is the desired unique solution of

(1), (4). o
4 Existence of Three-Point Problems
In this section, we establish the existence of solutions of the Three-point Lid-

stone boundary-value problems. There are two such problems for (1), those
satisfying either

u(my) = uq,
A2u(my) = ug, (5)
A2%u(ms) = ug,
u(msg) = uq,
where my < mo —2 <mgz —4, or
u(my) = uy,
A2%u(ma) = ug,
A?u(m3) = us, (6)
u(ms) = ug.

where my < mo < mg — 2.
We will make the argument for solutions of only (1), (5).

Theorem 4.1 Suppose that with respect to (1), conditions (A) and (B) are
satisfied. Then, given my < mg —2 < m3 — 4 in Z and given uj, ug, u3, s € R,
there exists a unique solution of (1), (5).



70 Uniqueness implies existence

Proof Let integers m; < mo —2 < mg — 4 be given, and let u1, ug, us, ug € R.
Let y(m) be the solution of (1), (4) given by Theorem 3.1 which satisfies

y(ma) Uz,
Aly(my) = g,
A224(7”"&2) = us,

y(msz) 0.

Define a set S C R by

S = {v(mg) | v is a solution of (1), and v(m;) =
A%2v(my) = A%y(m1) = uz, and A%v(ms) = A%y(ma) = uz}.

Note that S # ¢, since y(ms) € S. Along the lines of the argument in Theorem
3.1, it follows that S is also open.

We next show that S is also a closed subset of R. We assume otherwise. Then
there exist a limit point ng € S\S and a monotone sequence {ny}$2, C S such
that nr — no. Assume without loss of generality that {ns}7>, is increasing.
By definition of S, for k > 1, there exists a solution yi(m) of (1) such that

Yr(my) y(ma1)
APy(my) = A%y(m)
Alyp(ma) = A’y(my)
Yr(ms) Nk

It then follows from Theorem 2.1 and the disfocality of (1) that for every k > 1,
yr(m) < ygs1(m) on (my,00). Also, {yrx(m)}32, is unbounded above on each
finite subinterval of [mg,00)\{ms}. Let w denote the unique solution of the
conjugate boundary-value problem consisting of (1) with boundary conditions

w(mi) = yr(m),
Aw(my) = 0,
AQw(ml) = A2yk(m1),
w(mg) = ng.

(Note that w(ms) > yx(ms), for all k > 1.) Since {yx(m3z—1)}3, and {yx(ms+

1)}72, are not bounded above, but yx(ms) < y(ms) for all k, there existsa k > 1
such that (w —yg)(m) has a g.z. at mg and a g.z. at ms + 1. We also have that

A(w — yg)(m) has a g.z. at mg. Thus, there exists a v € [my, m3) such that

A(w — yg)(m) has a g.z. at v. So there must be an r € [my,v — 1] such that
A?(w—yi)(m) has a g.z. at r. But w(mi) = yr(m1) and A%w(my) = A2y, (m).
Thus, utilizing the points mq,msg + 1, 7, it follows by the uniqueness of 3-
point Lidstone boundary value problems that we must have w(m) = yx(m) for
all m € Z. But w(ms) = ng where ng > yg(ms) for all & > 1. This is a
contradiction. Thus S must be a closed subset of R.
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Since S C R is both open and closed, we must have that S = R. Thus
choosing uy € S, the corresponding solution is the desired unique solution of

(1), (5). ¢
Since the argument for solutions of (1), (6) is completely analogous, we state
the next theorem without proof.

Theorem 4.2 Suppose that with respect to (1) conditions (A) and (B) are sat-
isfied. Then, given m; < mo < ms — 2 and given uy, us, u3, us € R, there exists
a unique solution of (1) satisfying (6).

5 Existence of Four-Point Problems
In this section, we establish the existence of solutions of the Four-point Lidstone

boundary-value problems. We will utilize the result from Theorem 4.1, to obtain
solutions of (1) satisfying

e

) (m ) U1,

Au(msa) = ue,

A2%u(m3) = ug, (7)
(m ) Ug,

where my < mo <mg —2 < my — 4.

Theorem 5.1 Suppose that with respect to (1) conditions (A) and (B) are
satisfied. Then for any integers m1 < mg < mg — 2 < my — 4 and any
u, ug, us, us € R, there exists a unique solution of (1), (7).

Proof Letintegers m; < mg < mgz—2 < my—4 be given and let uy, usz, us, ug €
R. Let y(m) be the solution of (1), (5) given by Theorem 4.1 which satisfies

y(mz) = 0
A?y(mg) = g
A2y(m3) = Us
y(ms) = wug.
Define a set S C R by
S = {v(mq) | v is a solution of (1), and
At(mg) = APy(ma) = uz, A%v(mz) = A%y(ma) = uz, v(ma) = y(ma) = ua}.

Notice that S # ¢, since y(m1) € S. Again S is an open subset of R.

We again show that S is also a closed subset of R. We assume otherwise.
Then there exists a limit point ny € S\S and a monotone sequence {n}2, C S
such that ny — ng. Without loss of generality, assume {ny}7°, is increasing.
By the definition of S, for k > 1, there exists a solution yx(m) of (1) such that
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ye(mi) = g

yk (ma2) = APy(my)
yk (m3) = A2y(m3)
yk(ma) = y(ma).

It then follows from Theorem 2.1 and the disfocality of (1) that for all k > 1,
yr(m) < yr41(m) on (—oo,my). Also, {yx(m)}32 is unbounded above on each
finite subset of (—oo, ma]\{m1}. Let w denote the unique solution of the 3-point
Lidstone boundary-value problem consisting of (1) with

w(imy) = ng
A’w(mg) = A%y(ma) = uy
A’w(ms) = A%y(ms) = us

w(ms) = 0.

(Here w(my) > yr(my), for all k& > 1.) Since {yx(m1 — 1)}, and {yx(mi +
1)}72, are unbounded above, but yx(m;1) < w(m;) for all k, there exists a
k > 1 such that (w — yx)(m) has a g.z. at m; and has a g.z. at my + 1.
Then A(w — yx)(m) has a g.z. at m;. Also, A?(w — y;) has a g.z. at ma
and mg, so there exists an w € (ma, m3) such that A%(w — yi)(m) has a g.z.
at w. Hence, utilizing the points m1,mo, and w, it follows by the uniqueness
of focal boundary-value problems that w(m) = yi(m) for all m € Z. But
w(my) = ng > yr(mq) for all k£ > 1. This is a contradiction. Thus S must be a
closed subset of R.

Since S C R is both open and closed, we must have that S = R. Thus,
choosing u; € S, the corresponding solution is the desired unique solution of

(1), (7).
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