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University of Nebraska, 2018

Adviser: Allan C. Peterson

Lyapunov inequalities have many applications for studying solutions to boundary
value problems. In particular, they can be used to give existence-uniqueness results
for certain nonhomogeneous boundary value problems, study the zeros of solutions,
and obtain bounds on eigenvalues in certain eigenvalue problems. In this work, we
will establish uniqueness of solutions to various boundary value problems involving
the nabla Caputo fractional difference under a general form of two-point boundary
conditions and give an explicit expression for the Green’s functions for these prob-
lems. We will then investigate properties of the Green’s functions for specific cases
of these boundary value problems. Using these properties, we will develop Lyapunov
inequalities for certain nabla Caputo BVPs. Further applications and extensions will
be explored, including applications of the Contraction Mapping Theorem to nonlin-
ear versions of the BVPs and a development of Green’s functions for a more general

linear nabla Caputo fractional operator.
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Chapter 1

Introduction

In his 1695 letter to Leibniz, L’Hopital posed the question, what does it mean to take
a half-derivative of a function? This question is said to have launched fractional
calculus, which has since developed many ways of extending derivatives to be of any
complex order. Fractional calculus has been applied to fields ranging from signal
processing to hydraulics of dams, temperature field problems in oil strata, diffusion
problems, and waves in liquids and gases [11]. Fractional differential equations have
also been used in modeling porous materials, which is extensively studied in [9]. Also,
fractional differential systems have been used in 3D printing and oil drilling [55].
In [44,54], the authors study a thermostat model by means of a fractional boundary
value problem.

Additionally, fractional calculus has been applied in biophysics and blood flow
phenomena. For example, the authors in [59,60] model CD4*T cells’ infections with

a fractional system given by

.

D (T) =s— KVT — dT + bl

D*(I) = KVT — (b+6)I

D:(V) = N6I — ¢V,
\



where D% ¢ = 1,2, 3 are fractional derivatives with «; > 0; T, I and V represent the
concentration of uninfected cells, infected cells, and free HIV particles in the blood
respectively, and the parameters represent physical phenomena.

Discrete fractional calculus consists of studying fractional derivatives of functions
defined on a discrete domain. Applications of discrete fractional calculus include

modeling tumor growth, which is explored by Atici and Sengul in [§].

1.1 Background for Nabla Fractional Calculus

1.1.1 Nabla Whole Order Differences and Integrals

In the setting of discrete fractional calculus, functions are defined on a discrete do-

main, namely either

Na = {a,a+1,a+2,...} OI‘NZ = {a7a+17"'7b}7

where a,b € R such that b — a is a positive integer. There are two main ways of
defining a difference of a function, f : N, — R: the delta, or forward, difference,
and the nabla, or backward, difference. Both of these approaches are presented by
Goodrich and Peterson in [29].

One undesirable peculiarity of the delta fractional difference operator is that the
resulting function’s domain has empty intersection with the domain of the original
function. The issue of shifting of domains is not as problematic in the case of the
nabla fractional difference [29, p. 149].

In this work, we will focus on the nabla difference. The nabla difference of a

function f : N, — R is defined to be

V()= f(t) = ft = 1),



for t € N,y1. We also define the backwards jump operator, p : N, — N,, to be
p(t) := max{a,t — 1}. We define nabla differences of any higher order N € N
recursively; i.e.,

VVF(t) .= V(VYT (1), t € Nopw.

Additionally, we take by convention VOf(t) := f(t).
The discrete nabla counterpart to the definite integral in single variable calculus is
the nabla definite integral of a function f : NzH — R, which, for ¢,d € N, is defined

to be

0, d<ec.

Many results of single variable calculus have analogous counterparts in the whole
order discrete case. In particular, the Fundamental Theorem of Nabla Calculus,
which is given below, provides a relationship between the nabla difference and the
nabla definite integral.

Theorem 1.1 [29, Theorem 3.37, Goodrich and Peterson] (Fundamental Theo-
rem of Nabla Calculus) If f : Ngﬂ — R and F 1s any nabla antidifference of f
on N° (i.e., VE(t) = f(t), for t € N2, ), then

b
/ F(HVt = F(b) — Fl(a).

Next, we will develop a nabla fractional sum which directly leads to a nabla frac-

tional difference.



1.1.2 Nabla Fractional Sums and Differences

The whole order sum of a function f defined on N4, denoted by V" f where n € Ny,

is defined by repeated integration; namely,

t Tn Tn—1 T2
s [ [ [ 9 v

Moreover, we define V_°f(t) := f(¢). The —n in this operator signifies that we are
performing an operation reverse of taking a difference n times. Later, we will state a
result that condenses this repeated integration into an expression involving a single
integral, which allows us to generalize to a sum of any positive order. We will then
define a fractional difference in terms of this fractional sum.

The expression for a fractional sum involves a nabla Taylor monomial, so we will
first introduce nabla Taylor monomials, which are analogous to the Taylor monomials
in continuous whole order calculus. The Taylor monomials in the nabla fractional
context are defined in terms of the rising function, which, in turn, is defined in terms
of the Gamma function.

Definition 1.2 [29, Definition 1.6] The Gamma function is defined by

[(z) = / e e,
0

for z € C such that Re(z) > 0. The Gamma function can then be extended to be an
analytic function on C\ {0, —-1,—-2,-3,...}.
We have the following useful property of the Gamma function.

Proposition 1.3 [29, p. 3] For z € C\ {0,—1,—-2,-3,...}, we have

[(z+41) = 2I'(2).



The rising function for x,r € Ny is defined to be

- — 1!
x" :_m(x+1)"‘(x+r—1)——(x(l_il)!> : (1.1)
This definition of the rising function is generalized for x,r € R using the Gamma
function, which extends the factorial function using Proposition 1.3.
Some conventions involving the Gamma function are given in the remark below.

Remark 1.4 [29, p. 4, 152] Let n and N be nonnegative integers. Then,

v NI
T(—N) =07

Also, if ¢ is a nonpositive integer and ¢ + r is not a nonpositive integer, then, by

convention,
Lt+r)
L -

Motivated by (1.1), we define the generalized rising function as follows.
Definition 1.5 [29, Definition 3.4] The generalized rising function is defined by
o L(t+r)

ST
for values of t and r so that the given expression is defined, following the conventions
given in Remark 1.4.

Definition 1.6 [29, Definition 3.56] For v € R, the v-th order nabla Taylor mono-

mial, based at s € N, is defined to be

Hy(t,s) == % (1.2)



for t € N,, using the conventions in Remark 1.4 when appropriate. In particular, if
t <sand v #0, then H,(t,s) =0.

The following generalized power rules show that rising functions can be thought
of as the discrete counterpart to power functions from single variable calculus.

Theorem 1.7 [29, Theorem 3.5] The following equalities hold for values of t,r, and

a such that the expressions make sense:

V(t+a) =r(t+a),

V(e —t)" = —r(a—pt) "

Next, we state several properties of the nabla Taylor monomials.

Theorem 1.8 [29, Theorem 3.57] Fort € N, and u € R,
(i) for w#0, Hy(a,a) =0 and Hy(t,a) = 1;
(ii) VH,(t,a) = H,_1(t,a);
(iii) for p# =1, [, Hu(s,a)Vs = Hypa(t,a);
() for u# —1, fat H,(t,p(s))Vs = H,41(t,a);
(v) fork €Ny, s€{a+n|neZ}, andt € Ngypi1, H i(t,s) =0;

provided the expressions above are defined.

The following proposition gives a formula for the n-th order sum, which motivates
the subsequent definition of a nabla sum of a function of any arbitrary positive order.

Proposition 1.9 [29, p. 185] Let f : N,u1 — R and n € N;. Then,

V() = / oot p(5)) F(3)Vs,



for ¢ S Na+1.
Definition 1.10 [29, Definition 3.54, 3.58] Let f : N,.; — R and v > 0. Then, the

nabla fractional sum of f of order v, based at a, is defined by

VU f(t) = / H, 1 (t,p(s)) f(5)V's. (1.3)

for t € Nyy1. Also recall, we define V0 f(¢) := f(t).

The Caputo fractional difference is defined in terms of the fractional sum.
Definition 1.11 [29, Definition 3.117] Let f : N,_ny41 — Rand v > 0. Let N := [v];
i.e., N is the ceiling of v, or the smallest integer greater than or equal to v. Then,

the v-th order nabla Caputo fractional difference of f is defined to be
Vo () =V VIV (1), (1.4)

for t € N,11. By convention, V¥, f(t) =0 for t € {a — k | k € Ny}.

Note that, for N € Ny and t € N, 1,
Vaf(t) = VOOV f(1) = VOV f(1) = VN (1),

by Definition 1.10.

Remark 1.12 Note that the operator V%, takes functions defined on N,_y; as input
and outputs functions defined on N, ;. We will use the notation V¥, z(t) throughout
to mean (V2 ,x)(t); i.e., t is the argument of the nabla Caputo fractional difference
of the function z. To avoid ambiguity, we will at times use the notation V¥, [z(-)](¢)

to mean the nabla Caputo fractional difference of x evaluated at t. Likewise, in the

case of the whole order nabla difference, Va(t) means (Vz)(t) = V[z(-)](t).



We note here an alternative definition of a fractional difference as given in [29, Def-
inition 3.61]: the Riemann-Louiville fractional difference is defined with the operators
in the reverse order from the Caputo difference, meaning the (N — v)-th order sum is
followed by the N-th order nabla difference. Namely, if f : N,.; — R and v > 0, we

have the well studied nabla Riemann-Louiville fractional difference of f defined to be
VYF(Et) = VIV f(4), € Noynn,

where N := [v]|. However, defining a fractional difference in this way results in
nonzero fractional derivatives of constant functions, which is resolved with the Caputo
definition.

The next proposition gives a binomial formula for the N-th whole order difference
and will be used frequently when expanding the nabla Caputo operator.

Proposition 1.13 [29, p. 190] Let f: N, — R. Then,

V) = 3 (V)ete-0.

1=0

for t € Ny, n.

In this work, we will be considering fractional difference equations and boundary
value problems which involve the nabla Caputo difference operator.
Remark 1.14 The nabla Caputo difference operator is a linear operator.

Next, we will state some composition rules involving fractional operators.
Theorem 1.15 /29, Lemma 3.108, Corollary 3.122, Theorem 3.109] Let k € Ny,
w,v >0, N:=[u], and f: Nypy — R. Then,

VUV FF() = VYR f(t), and, in particular, VEV " f(t) = VEHf(1); (1.5)



VEVL(t) = Vi f(t), (1.6)

fort € Nyyy. Moreover,

V, NI = f(2), (1.7)

fort e Ngyq.
A variation of constants formula for a nabla Caputo initial value problem is given
in the next theorem.

Theorem 1.16 [29, Theorem 3.120] Consider the IVP

V2. a(t) = h(t), t€ Nops
(1.8)

VEz(a) = e, ke N

where v >0, N := [v], h: Ngy1 — R, and ¢, € R for k € NY™'. Then, the unique

solution to the IVP (1.8) is given by
z(t) =Y Hy(t,a)er, + V;"h(t), t € Ny ny1.

By comparison, consider the corresponding variation of constants formula for the
integer order case.
Theorem 1.17 [29, Theorem 3.51] Assume h : Nyp1 — R and n € Ny. Consider the

IVP

Vra(t) = h(t), t€ Nop
(1.9)

Vkz(a) = ¢, keNy,
where ¢, € R for k € NI™'. Then, the unique solution to the IVP (1.9) is given by

n—1

2(t) =Y Hp(t,a)ep + V. "h(t), t € No_py1.

k=0
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Notice that the whole order IVP (1.9) and the Caputo fractional IVP (1.8) have
practically the same formula for the respective solutions. This is a nice property of
the Caputo fractional difference, which results from taking the whole order difference
first, and then the fractional sum. Because of the similarity between the solutions
to the IVPs for the nabla whole order case and the nabla Caputo fractional case,
we can develop analogues for BVPs in the nabla Caputo fractional case that closely
resemble the whole order continuous case, as will be seen in the development of
Green’s functions for two-point boundary value problems in Chapter 2.

The next theorem gives generalized power rules for the nabla Taylor monomials.
Theorem 1.18 /29, Theorem 3.93] Let v,n € R, and v > 0 such that p,v + p, and

1 — v are not negative integers. Then, fort € N,
(i) V;VH,(t,a) = H,4(t,a);
(i) VVH,(t,a) = H,_,(t,a),

where V¥ is the nabla Riemann-Louiville fractional difference.
We will also state the following Leibniz formula, which is useful when showing that
integral expressions satisfy nabla difference equations.
Theorem 1.19 /29, Theorem 3.41] (Nabla Leibniz Formula). Assume
f Ny xNyyp = R. Then, fort € Nyiq,

v (/:f(t,f)vf) - /: V. f (£, T)VT + f(p(t), 1), (1.10)

1.2 Lyapunov Inequalities

Lyapunov-type inequalities are useful tools for studying solutions to boundary value

problems. In particular, they can be applied to give nonexistence results for certain



11

homogeneous boundary value problems and to give existence-uniqueness results for
corresponding nonhomogeneous boundary value problems. They can also be used to
obtain bounds on eigenvalues in certain eigenvalue problems and to consider oscilla-
tion and stability criteria of solutions.

In addition, the “zeros” of solutions and in particular, the distance between con-
secutive “zeros” of solutions may be analyzed using Lyapunov inequalities. In the
discrete case, a solution changing sign or being zero is analogous to solutions in the
continuous case having zeros. Adopting the terminology in [45], we can say that
y : N2 — R has a generalized zero at ¢ € N, provided y(c)y(p(c)) < 0 and
y(p(c)) # 0. The concept of generalized zeros can be used to study disconjugacy
for the discrete case and is considered for systems involving the whole order delta
difference in [47].

Lyapunov inqualities have been extended and generalized in a variety of directions
due to their many applications. For example, see [4], in which Lyapunov inequalities
for differential equations of higher order are considered. See also [16] and [17] for
generalizations to fractional BVPs involving the Riemann-Louiville derivative and
extensions including fractional BVPs with solutions defined on multivariate domains.
In [22] and [31], Lyapunov inequalities for fractional differential equations involving

the continuous Caputo fractional derivative are investigated.

1.2.1 Ordinary Differential Equations Case

The original Lyapunov inequality result [39] can be stated as follows.

Theorem 1.20 Let q : [a,b] — R continuous. If the boundary value problem

" +q(t)x =0, t€]la,b
(1.11)
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has a nontrivial solution; i.e., x(t) Z 0, then

’ 4
t)|dt .
[ latwia > =

If the BVP (1.11) has a nontrivial solution such that x(t) # 0 for allt € (a,b), then

b 4

—Qa

where gy (t) :== max{q(t),0}, fort € [a,b].
Further developments in Lyapunov inequalities for higher integer order differential
equations have been made in [4]. These involve third order linear differential equations

with three-point boundary conditions.

1.2.2 Recent Developments in Lyapunov Inequalities for the Fractional

Case

In fractional order differential equations, a number of recent developments have been
made involving Lyapunov inequalities, which are similar to the original Lyapunov
inequality in Theorem 1.20. We will cite and name a few of these developments
here. In [16], boundary value problems involving the equation (D%.z) (t) + q(t)z =
0, for 2 < a < 3, are studied and several Lyapunov-type inequalities are derived.
Here, D%, x denotes the continuous Riemann-Louiville fractional derivative of x. The
same equation is also studied in [17] under different boundary conditions. Additional
work on Lyapunov inequalities has been done for fractional differential equations
in [22,31, 32,41], which all involve the Caputo fractional derivative. In [31] and
[32], fractional equations of order between one and two are considered under Robin

boundary conditions and Sturm-Louiville boundary conditions, respectively. In [22],
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conjugate boundary conditions for fractional equations of order between one and two
and applications of Lyapunov inequalities to zeros of a Mittag-Leffler function are
considered. Also, [41] involves fractional equations of order between two and three
and applications including a Mittag-Leffler function and an eigenvalue problem are
discussed.

In particular, we will make note the following result from [17]. The methods used
to obtain this result with be adapted to the nabla Caputo fractional case in Chapter
4.

Theorem 1.21 [17, Theorem 2.1] Assume
(Dgx) (1) +q(t)z =0, 2 <a <3,

where g € C([a,b],R), has a nontrivial solution x(t) satisfying either of the boundary
conditions

z(a) =0 and 2'(a) = 2'(b) =0

or

z(a) = z(b) =0 and 2'(a) = 0,
and x(t) does not change sign on [a,b]. Then,

’ (@ —1)*'T(a)
R e

In discrete fractional calculus, Lyapunov-type inequalities for two-point conjugate
and right-focal boundary value problems involving a delta fractional difference equa-
tion of order between one and two are considered in [23]. In [26], Lyapunov inequalities

for delta fractional equations are used to study disconjugacy and oscillation of solu-
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tions. In the nabla Riemann-Louiville case, a Lyapunov inequality for a boundary
value problem of order «, where 2 < o < 3, is given in [1]. There still remains much
to be explored in Lyapunov inequalities for fractional difference equations, and we

will develop some results in the nabla Caputo fractional case in Chapter 4.

1.3 Green’s Functions for Nabla Fractional Boundary Value Problems

Green’s functions were first named by Riemann after the mathematician George
Green, who introduced the idea in his 1828 mathematical physics paper [19]. In the
context of ordinary differential equations, fractional calculus, or discrete fractional
calculus, a Green’s function is used to give a formula of a solution to an equation of
the form (Lu)(t) = h(t) subject to given boundary conditions, where L is a general
linear difference or differential operator, assuming that the solution to a boundary
value problem is unique. Since the Green’s function does not depend on the non-
homogeneous term h(t), in some sense, it can be thought of as an “inverse” to the
operator L, and the solution, u, is given by an integral equation where the Green’s
function is the integral kernel [14]. In Chapter 2, we will consider the case where L

is the nabla Caputo operator.

1.3.1 Role of Green’s Functions in Lyapunov Inequalities

Green’s functions play an essential role in deriving Lyapunov inequalities for bound-
ary value problems. A general method of obtaining Lyapunov inequalities involves
converting a given boundary value problem to an equivalent integral equation involv-

ing a Green’s function and then using bounds on the Green’s function [24].
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1.4 Further Reading

For other related results, see [2,5-7,10,12, 14, 18,20,21,25, 28, 30, 33, 35-37,40, 46, 48,
50-53,56,58,61-63]. In particular, [37,51,52] are general texts in continuous fractional
calculus, and [53] provides an introduction to fractional order operators with engi-
neering applications. Also, [48] provides a survey and history of Lyapunov inequalities
in the whole order continuous setting, and a survey on recent developments in Lya-
punov inequalities is given in [56]. For a view of Lyapunov inequalities in the context
of time scales, see [12]. In [6], Lyapunov inequalities for nonlinear ordinary differ-
ence equations are studied. For results involving Lyapunov inequalities in continuous
fractional calculus, see [5,18,21,25,30,40,46,50]. Other results involving boundary
value problems in continuous fractional calculus include [10, 36, 63]. Discrete frac-
tional boundary value problems are studied in [20,28]. Lyapunov inequalities in the
delta whole order case are considered in [58,61,62]. For results involving the nabla
Riemann-Louiville fractional difference, see [2,7]. Linear fractional nabla difference

equations are considered in [33].
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Chapter 2

Green’s Functions for Two-Point Boundary Value Problems

Involving a Nabla Caputo Operator

In this chapter, we will consider the Green’s functions for several cases of (k, N — k)
boundary value problems, including those involving conjugate and right-focal bound-
ary conditions. Analogous Green’s functions in the ordinary differential equations
context are given in [35, Chapter 6], and the formulas for the Green’s functions in
terms of determinants are strikingly similar in the nabla Caputo fractional case. The
boundary value problems studied in this chapter have more general boundary con-
ditions at the right endpoint than those given in [35, Chapter 6] for the differential
equations case. Considering the boundary conditions in this way allows us to ob-
tain a result in Theorem 2.12 which gives a single explicit expression for Green’s
functions encompassing the cases of conjugate, right-focal, and even more general
boundary conditions. In Subsection 2.3.2, we obtain the Green’s functions considered
in [27, Theorems 3.9, 4.6] as special cases of Theorem 2.12.

The results for the more general version of the boundary conditions at the right
endpoint, with suitable adjustments, may also be employed to give counterparts in
the ordinary differential equations setting or the continuous fractional setting. The

authors in [14] use methods similar to those in [35, Chapter 6] for the ordinary dif-
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ferential equations case with general two-point boundary conditions of the form

n—1
> alyD(a) + BiyP (b) =y, i €NY,
5=0
where a;'-, Bj and ~; are real constants, and they develop an algorithm to compute
Green’s functions for n-th order linear differential equations with constant coeffi-
cients by solving an n X n linear system using the existence of n linearly independent
solutions to the homogeneous differential equation. In this chapter, we will use a
related approach for the nabla Caputo fractional case, using closed form expressions
of N linearly independent solutions in terms of nabla Taylor monomials to the nabla

Caputo difference equation V¥, z(t) =0, t € Ny.

2.1 Preliminaries

In the following theorem, we will establish a form for a general solution to V¥ z(t) =
h(t) in terms of Taylor monomials based at modified points. This form will be useful
when considering (k, N — k) boundary value problems.

Theorem 2.1 Let v > 0 and N := [v]. A general solution to

VY x(t) = h(t), t € Ny (2.1)
s given by
N-1
z(t) = cpHy(t,a — N +p) + V_"h(t), (2.2)
p=0

fort € Ny_n41, where ¢, forp € NN~ are arbitrary constants.

Proof. First, we will show that x(t), given by (2.2), satisfies the equation (2.1) on

Ny11. We will use the notation from Remark 1.12 to avoid ambiguity about domains.
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For t € N, 1, consider

N-1

Vet = V2 | S e Hy(a— N 4 p) + Va0 | (0
=S VA, (a — N4 p)l(t) + VLV ()]0,

where we have made use of the linearity of the operator V¥, . Note that, for ¢t € N,

and p € Név_l,

VYIH,(a— N +p)t) 2 Vi IVNH, (a0 — N +p)(1)

=V, WVIGNPIIgPH (o — N+ p)](t)

=V, IV (L a — N +p)](t)

=V, IVl (1)

=V, N IyN=P-lg = 0, (2.3)

where in the second equality, the operator VYN =P=1VP+! makes sense because p <

N — 1, and the third equality follows by repeated applications of Theorem 1.8, part
(ii). Also,

Ve Vh(t) B v gN g e g

LD ), (2.4)
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for t € N,11. Hence, by (2.3) and (2.4) we have that
N-1
Z CPVZ* [Hp(t7 a—N +p)] + vZ*vgyh@) = h(t)v
p=0

for t € Nyp1. Thus, z(t) is a solution to (2.1) and is defined on N,_ ;.

Now we will show that x(t), given by (2.2), is a general solution to (2.1). First,
suppose y(t) is any solution to V¥ y(t) = 0. Then, y(t) is determined by its initial
values, V¥y(a) for k € NJ'™*, by Theorem 1.16. Let the initial values of H,,(t,a—N+k)

for p € Név_l be given by the vector
v, 1= (Hy(t,a— N+k)|t=a, VH,(t,a— N+E)|i=a, . . ., VN H, (t,a— N+k) |1=a). (2.5)

Then, for k € Név_l,

Vka(t,a — N +0p) = »—k(a,a — N +p), by Theorem 1.8, part (ii)
(N—p)P=F _ (N—k—1)! .
_ (pfk)! - (N—-p-D)(p—k)I itk <p
0, if &> p,

by Theorem 1.8, part (v). Hence, the first p coordinates of the vector (2.5) are
nonzero, and the remaining N — p are zero. Therefore, the vectors vg, vy, ..., vy_1 €

R are linearly independent, giving a basis for R"V. Hence,

N-1
<y(a>7 Vy(a), te 7VN71y(a)> = CpVp;
p=0
N-1
for some ¢, € R, for p € N7, Tt follows that y(t) = > c,H,(t,a — N +p).
p=0

Next, suppose w(t) is a solution to (2.1). Since V_"h(t) is a particular solution
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to (2.1), as shown in (2.4), and by the linearity of the Caputo difference, we have

w(t) — V,Vh(t) is a solution to V¥ y(t) = 0. Then, by the above argument, w(t) —

N-1 N-1
V.Vh(t) = > c,Hy(t,a— N +p). Thus, w(t) = > ¢,Hy(t,a — N +p) + V_"h(t),
p=0 p=0
so (2.2) gives a general solution to (2.1). O
Remark 2.2 In the continuous case, for each p € N, z,(t) := (t_p—‘!l)p is a solution
to the equation z(™ = 0 satisfying the initial conditions z()(a) = 0 for i € Nj ",

In particular, we say z,(t) has a zero of multiplicity p at ¢ = a. In an analogous
way, for each p € N, H,(t,a — N + p) is a solution to V”,x(t) = 0 satisfying
Viz(a — N +p) = 0 for i € Nb~". Moreover, H,(t,a — N +p) has p consecutive zeros
on the domain N, yy;att=a—-—N+1,...;a— N +p.

Next, we get a form of any solution z(t) to the homogeneous equation V¥ x(t) = 0
which satisfies & homogeneous initial conditions, for any fixed k¥ € N~ with N :=
[v].

Lemma 2.3 Let v > 1, N := [v], k € NV7! and suppose © : Ny_n41 — R is a
solution to the equation

Vg*x(t) = O, t e Na+1. (26)

Moreover, assume that x satisfies the conditions

Viz(a— N+k)=0, i € N;~*.

Then,

where ¢, Cgt1,---,cn—1 € R.
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Proof. Let z(t) be a solution to (2.6). Then, by Theorem 2.1, we have

N-1

x(t) = Z cpHy(t,a— N +p), t € Ny_nga,

p=0

1

where ¢, for p € NY~! are constants. Note that V'z, for i € NA! is defined on

Ny_ni1+i, and we have a — N +k € N,_ny14;. Let 1 € ng_l and consider

N-1
Viz(a— N+ k) = o V'Hy(t,a— N 4 D) |t—a—n+k
p=0
N—1
= cpHy,_i(a — N+ k,a— N +p). (2.7)
p=0

Note that

k
H, (a—N+ka—N+p) = —

Also,
Ik — i) 0, ifp—i+1<0
T(p—i+1) .
v ) U ifp—i+1>0,
and
1 0, ifk—p<0
T(k—p) .
m, lf l{? — P > 0

Hence, H, i(a — N +k,a— N +p) # 0 if and only if p < k and p > i — 1. From the
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conditions Viz(a — N + k) = 0 for i € Nf ' and (2.7), we then have

i

k—1

B (k—i—1)! B
2 cpHy_i(a—N+k,a—N+p)= pzz;cp(p—i)!(k‘ T 0, (2.8)
for each i € Ny™'. Lettingi = k—1, k—2, ..., 0in (2.8) with the given order
N-1
implies ¢y_1 = ¢j—92 = -+ = co = 0. Hence, z(t) = > ¢,H,(t,a — N +p). O
p=k

2.2 Green’s Functions

Next, we give an existence-uniqueness result for two-point boundary value problems
involving the operator V¥,. This type of existence-uniqueness result is often referred
to as Fredholm’s Alternative Theorem [14]. The standard argument of the proof
can be found in [35] for the ordinary differential equations case, in [3] for a nabla
fractional self-adjoint equation, and in [27] for (N — 1,1) right-focal BVPs involving
the equation V¥ x(t) = 0. The argument could also be formulated more generally for
linear fractional differential or difference operators under general multipoint boundary
conditions.

Theorem 2.4 (Eristence-Uniqueness Theorem) Let v > 1, N := [v], k € NV 71,

and h : NZH — R. Furthermore, let j,, € NY™' for m € NN=F with j; < ja <

Js <+ < JN—k, and assume b — a € Npayx1jy_—N+k+1}- Then, the homogeneous
(k,N — k) BVP ’
Vey(t) =0, te NI;H
Vigla— N +k) =0, ieNk! (2.9)
\ijy(b) =0, m e Ny F
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has only the trivial solution if and only if the nonhomogeneous (k, N — k) BVP

(

Ve w(t) = h(t), te N,
Viw(a — N+ k) = 4;, ie N1 (2.10)

m e NVF,

m?

\

for all choices of A; and B;,,, where A;, B, € R, forie NF and m € NY 7% has a

mJ

unique solution.

Proof. By Theorem 2.1, a general solution to V¥ y(t) = 0 is given by

y(t) = coHo(t,a — N)+c1Hy(t,a— N+ 1)+ +en 1 Hy 1(t,a—1).

Fix k € NY'7! and let o := a — N + k. Then, y satisfies the boundary conditions in

(2.9) if and only if

coHo(a,a — N)+c1Hi(o,a— N+1)+ - +cen1Hyq(a,a—1) =0

coVHy(o,a— N)+caVHi(a,a—N+1)+---+cny1VHy 1 (,a—1) =0

coV* ' Ho(o,a — N) + et VF ' Hi(o,a = N+ 1) + -+ + en o Vi Hy 1 (0,a — 1) = 0
and

coV/' Hy(b,a — N) + e,V Hy(bya — N + 1) + -+ ex1 V' Hy_1(bya — 1) = 0

oV Hy(b,a — N) + 1 V2H (b,a = N+ 1) + -+ ey 1 V2Hy 1 (ba—1) =0

CQVjN_kHo(b, a — N) + ClvjN_kHl(b, a— N+ 1) + -+ CN_1VjN_kHN—1(ba a— 1) =0.



24

Let x,(t) :== Hp(t,a — N + p). This linear system is equivalent to the vector equation

xo(a) z1 () e rn-1(a) o 0

Vo) Vzi(a) -+ Vay_i(a) G 0

VFlzg(a) VFlz(a) - VFlzy () Ch—1 0

Vitxg(b)  Vitzy(b) -+ Vizy_(b) Ck 0

vaZE()(b) V‘jZl’l(b) e V‘le’N_l(b) Ck+1 0

v.ijkl»O(b) VIN—k g, (b) . vijkl'N—l(w CN_1 0
7 S

Since, by hypothesis, the homogeneous BVP (2.9) has only the trivial solution, the
above vector equation has only the trivial solution ¢ = 0. Since det M # 0 if and
only if the vector equation has only the trivial solution, this implies that det M # 0.

Now suppose w is a solution to the nonhomogeneous equation V¥ w(t) = h(t).

Then, by Theorem 2.1, we have

w(t) = doHo(t,a — N) +diHy(t,a — N + 1)+ -+ dy_1Hy_1(t,a — 1) + V. "h(t),

for some constants dy,dy, ...,dy_1. Then, the boundary value problem (2.10) has a
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solution if and only if the vector equation

Ap — V’h(a — N + k)

Ay — VR IVh(a — N + k)

Md = . ,
Bj, = V'V h(b)
Bijk - vjN_kV;Vh(b)
do
dy
where d := , has a solution. Since det M # 0, this vector equation has a
dn-1

unique solution d, so the BVP (2.10) has a unique solution.

Conversely, suppose the boundary value problem (2.10) has a unique solution.
Since (2.10) has a unique solution for the particular homogeneous case h(t) = 0,
A; =0, and B;,, = 0in (2.10), we have that (2.9) has a unique solution. Since the
trivial solution satisfies the boundary conditions and the difference equation in (2.9),

we have that the homogeneous BVP (2.9) has only the trivial solution. O

Remark 2.5 Note that, from the proof of Theorem 2.4, a necessary and sufficient
condition for the nonhomogeneous BVP (2.10) to have a unique solution is det M # 0,

where M is given as above.
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Let o :=a — N + k. In the remainder of this section, we let D :=

VitHp(b,a) V3 Hp(ba+1) - VHHy_y(bya—1)
Vj2Hk(b, Oé) VjZHk+1(b,a+ 1) VJZHN_l(b,a— 1)
(2.11)
VjN—ka(b’ @) VjN—ka+1(b’ a+1) - VjN—kHNil(bj a—1)

Theorem 2.6 A necessary and sufficient condition for uniqueness of solutions to the

nonhomogeneous BVP (2.10) is det D # 0, where D is given by (2.11).

Proof. By Lemma 2.3, a solution to V%, x(t) = 0, for ¢t € N°_ |, which satisfies the

conditions Viz(a — N + k) = 0, for i € NE~! where k € N~ is fixed, is given by

z(t) = cxHiy(t,a — N+ k) + g1 Hpr1(t,a— N+ k+ 1)+ -+ ey 1 Hy_1(t,a — 1).

Using the boundary conditions at ¢ = b in (2.9) in the last equation, we get the vector

equation
Ck 0
Ck+1 0
D = ,
CN-1 0

where D is given by (2.11). This vector equation has only the trivial solution if and
only if det D # 0. It follows by Theorem 2.4 that the nonhomogeneous BVP (2.10)

has a unique solution if and only if det D # 0. O

The next theorem follows directly from Lemma A.1 and Lemma A.2, given in
Appendix A.

Theorem 2.7 The matriz D, given by (2.11), has a nonzero determinant.
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By Theorem 2.6 and Theorem 2.7, we get that the nonhomogeneous BVP (2.10)
has a unique solution, which is stated in the next theorem.
Theorem 2.8 The nonhomogeneous BVP (2.10) has a unique solution.

As a special case of Theorem 2.8, we get that the nonhomogeneous (N —1,1) BVP

¢

Ve x(t)=h(t), teN:

Viz(a—1)=A;, i€ N2

Viz(b) = B,
\

where v > 1, N := [v], b—a € Ny_1, j € NY ! is fixed, h : Nb., = R, and A;, B
e R fori € Név ~2_ has a unique solution, which confirms [27, Theorem 4.3].
The next example shows that two-point boundary value problems involving the

operator V!, need not always have unique solutions.

Example 2.9 Let v > 3, N := [v], and fix k € NY~*. For any co,c; € R,
z(t) =co+ e Hi(t,a— N+1), teNo_

is a solution to the equation V¥ z(t) = 0. One may verify that z(t) satisfies the N

boundary conditions

Viz(a— N+k)=0, icN:!
Viz(b) = 0, j € Ny=F+3,
The function G : NJ_y ., x N2, — R given in the next theorem is called the

Green’s function for the homogeneous BVP (2.9). Note that the Green’s function is

used to find the unique solution to the nonhomogeneous BVP (2.10).
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Theorem 2.10 Let v > 1 and N := [v]. Assume k € NY7' 4, € NJ7! for
m € NVF with j, < jo < -+ < jn_p, andb—a € Niax{1,jy_x—N+kt1}- For each fized

s €N, ., let u(t,s) be defined as the solution to the BVP

p
V¥ u(t,s) =0, te NZH

Viu(a— N +k,s) =0, i€ Nit (2.12)

Vimu(b,s) = =VImH,_1(b, p(s)), m & NY=F
(

Define

G(t,s) == ulh,8), ¥t < pls) (2.13)
v(t,s), if t > p(s),

where v(t, s) :==u(t,s) + H,_1(t,p(s)) and (t,s) € Nb_ | x NP . Then,

is the unique solution to the nonhomogeneous (k, N—k) BVP (2.10) with A;, B;,, = 0.

Note that in the case t = p(s), we have u(t,s) = v(t, s).

Proof. By Theorem 2.8, the BVP (2.12), for each fixed s € N ,, has a unique
solution, so u(t,s) is well defined. Let G(t,s) be defined as in (2.13) and w(t) :=

fab G(t,s)h(s)Vs. First, for t € Nb,

w(t) = / G(t, s)h(s)Vs + /t G(t, s)h(s)Vs
:/ v(t,s)h(s)VsqL/t u(t, s)h(s)Vs
¢ b
:/ [u(t,s)+H,,_1(t,p(s))]h(s)V8+/t u(t, s)h(s)Vs.
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Hence,

/bu V8+/Hl, L( p(5))h(5) Vs
)/ ult, 5)h(s) Vs + Vo vh(t).

Now for the case when ¢ € N~ |, note that G(t,s) = u(t,s) by (2.13), since s €
Nt ;. Hence, in this case, we have w(t) = fb u(t, s)h(s)Vs. Noting that V_"h(t) =0
for t € N}, by convention, we have that w(t) = f; u(t, s)h(s)Vs+ V,Vh(t) holds

forall t e N?_ ..

We have
b
VY w(t) = V. l / u(t, $)h(s)V's + Vh(t)
Z \% h(s) + V2.V h(t)
s=a+1
(212), (24) ht).
Since V,"h(a — N + 1) = --- = V_,”h(a) = 0 by convention, in particular, we get

V{(V;"h)(a — N +k) =0 for i € Ni~*. Thus,

b
W(t)|t=a—N1k = / V'u(a — N + k,s)h(s)Vs + V' (V,"h)(a — N + k)

=0

for ¢ € N'g_l, since, for each fixed s € NZ+1, u(t, s) satisfies the boundary conditions
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at t = a — N + k given in (2.12). Moreover, for j,, € N)'™!, m € NV~*,

Vi (t) oy — / "Gl h(s)Vs| 4 vin [ / H p(s))h(s)Vs}

t=b

b
(19 / Vimu(t, s)h(s)Vs

t=b

vl [ VL Hya (1, p())H() Vs + Hyr (0(0), ol
/Vj’” (t,s)h(s)Vs
o) / Vinu(t, s)h(s)Vs

t=b

# o | t Vi 1 )5V

t=b t=b

t=b

N {ij—2 / V2H, (1, p(s))h(s)w+VtHV_1(p(t),p(t))h(t>] .

b
= / Vimu(t, s)h(s)Vs
a t=

S R EE

a

t=b

t=b

(110) /b Vimu(t, s)h(s)Vs
T [ [ VLA ) + 9 o), p(t»h(t)}

t=b

212 / I [Hy(t p(s))] | (s)Vs

t=b

b
/ Vi [H 1 (t, p(s)

O

The proof of the following corollary is standard and follows in a straightforward
manner from Theorem 2.10.
Corollary 2.11 Assume that the hypotheses of Theorem 2.10 hold. Also, let h :

N, — R, G(t,s) be as defined in Theorem 2.10, and w be the unique solution to the
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Ve w(t) =0, te N,

Viw(a — N+ k) = 4;, ie N (2.14)

m e NVF,

m?

Vj"LUJ(b> = B]
\

Then, the unique solution to the nonhomogeneous BVP

s given by

;

Viy(t) = h(t), te NZ—H

Viyla— N +k)=A4;, i€ N

Viny(b) = By, m € NV~

y(t) == w(t) +/ G(t,s)h(s)Vs,

where w(t) satisfies the homogeneous equation and the nonhomogeneous boundary

conditions in (2.14).

Theorem 2.12 Assume that the hypotheses of Theorem 2.10 hold. Then, the Green’s

function for the (k, N — k) BVP (2.9) is given by (2.13), where u(t,s) =

0 Hk(t,Oé) HN,l(t,a—l)
ViH, 1(b,p(s))  VIHp(b,a) - V7Hy 1(b,a—1)
1 , . ,
5| VEHoa(bp(s)  VEHk(ba) o VEHya(ba—1) |, (2.15)
Vin-tH, (b, p(s)) Vix-kHy(b o) -+ VN-+Hy_1(ba—1)

for (t,s) € Nb_y 1 x N\ with 8 := det D, where D is given by (2.11), v(t,s) :=

u(t,s) + Hy,_1(t,p(s)), and o := a — N + k.
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Proof. Let u(t,s) be given by (2.15). By Theorem 2.7, 8 # 0, so u is well defined.
Then, expanding u(t, s) along the first row, for each fixed s, u(t, s) is a linear combina-
tion of Hy(t,a—N+k), Hyy1(t,a—N+k+1),..., Hy_1(t,a—1). Hence, for each fixed
s, u(t, s) is a solution to V¥, z(t) = 0. To show Viu(a—N+k,s) = 0 for each i € NE~!,
it suffices to show Vi Hy(a— N +k,a—N+k) =V'Hy(a—N+ka—N+k+1) =
o =V'Hy_1(a— N +k,a—1) =0 for each i € N;~*. Consider, for r € Ny~ !,

V'H.(t,a — N+ 7)|—a-nix = Hr—i(a — N +k,a— N +r)

_ (l{:—r)m
L(r—i+1)
I'(k—1)

T T(k—r)D(r—i+1)
=0,

since k —i > 0 and k —r is a nonpositive integer. Hence, we have that u(t, s) satisfies
the boundary conditions at t = a — N + k given in (2.12).

Next, define z(¢, s) :=

H, 1(t, p(s)) H(t, «) e Hy_1(t,a—1)
ViH, 1(bp(s))  V2H(b,a) -+ Vi*Hy_i(bya—1)
1 , , 4
3 V2 H, 1(b, p(s)) V2 Hg(b,a) -+ V2Hy_q(b,a—1) |,

VjN*’“Hu—l(l% p(S)) vijka(ba O{) T VjN?kHN—l(l% a— 1)




where a = a — N + k. Expanding z(¢, s) along the first row, we have z(t,s) =

leHk<b, Oé)

V2 Hy (b, o
%Hmt,p(s)) 0. )

0
VIt (b, p(5))
1 ,
+5 | ViHL - (0.p(5)

Hence, we have

V7 Hy (b, o+ 1)
V2 Hpp(b,a + 1)

VjN*ka(b, Oé) Vijka_H(b’ o+ 1)

Hk:(tv Oé)
leHk(b, Oé)
vaHk(b, Oé)

Vin-kH, 1(b,p(s)) ViN-rH(b,a)

leHN,l(b,a — 1)
VjQHN_l(b,a — 1)

VjN*kHN_l(b, a — 1)

Hy-1(t,a—1)

leHN_l(b, a — 1)
VjQHN_l(ZL a — 1)

VjN*kHN_l(b, a — 1)

2(t,s) = Hy,_1(t, p(s)) + u(t, s).

Next, for m € NV =% Vimz(b, s) =

Vi H, 1 (b, p(s))
VI H, (b, p(s))
Vi H, (b, p(s))

™| =

ijHk(b, Oé)
leHk(b, Oé)
VjQHk(b, Oé)

ijHN_l(b,a — ]_)
leHN_l(b,a— 1)
VjQHN_l(b,a — 1)

vjN_kHVfl (b7 p(S)) vjN_ka(bu Oé)

VjN_kHNfl(b, a — 1)
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Hence, the first row in the determinant will be the same as the (m + 1)-st row, giving

Vimz(b,s) = 0 for each m € NV But since z(t,s) = H,_1(t, p(s)) + u(t, s), this
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means for each m € NV,

VI Hy, -1 (b, p(s)) + V" u(b, s) = 0;

ie.,

VImu(b, s) = =V H, (b, p(s)).

Hence, we have that u(t, s) satisfies the boundary conditions at t = b in (2.12). Thus,

the result follows by Theorem 2.10. O

2.3 (k,N — k) Conjugate and Right-Focal Cases

In this section, we will focus on Green’s functions for the special cases of conjugate
and right-focal BVPs, which have signficant analogues in the ordinary differential
equations context. We begin by introducing the following definition of a Wronskian
in order to make the analogues with the ordinary differential equations case explicit.
An analogous determinant for the delta case is referred to as the Casoratian and is
given in [34, Chapter 3.

Definition 2.13 For functions z; : N,_y11 — R, 7 € N’f, we define an analogue

version of the Wronskian of x1, zs, ..., x; for the nabla case to be
x1(t) xo(t) e x(t)
Vi (t) Vao(t) -+ Vag(t)

W(t) = Wilzy, zg, ..., 21)(t) == : : . : ’

VFELp (t) VFlae(t) - VFlag(t)

for t € No_naix-

The next two theorems give the cases of (k, N — k) conjugate and (k, N — k)
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right-focal boundary conditions, respectively, and follow from Theorem 2.12.

Theorem 2.14 Let v > 1, N := [v], b—a € N, k € NYV7', and consider the

homogeneous (k, N — k) conjugate BVP

(

Va.a(t) =0, teNoLy

Viz(a— N+k)=0, ieN;! (2.16)

Viz(b) = 0, j € NYy=F-1,
\

Then, the Green’s function for the BVP (2.16) is given by (2.13), where u(t,s) =

|

0 Hk(t,a—N—i—k) HN,l(t,a—l)
H, 1(b,p(s)) Hi(b,a— N + k) Hy_1(b,a—1)
VH, (b, p(s)) VH(b,a— N + k) e VHy_1(bya—1) |,
VNFH, ((b,p(s) VYN 1Hy(bya— N+k) -+ VVN*1Hy ((bya—1)

and v(t,s) := u(t,s) + H,_1(t, p(s)), for (t,s) € N°_y. x Nb_,. In this case, B =

WIH(-,a— N +k),Hepi(,a— N+ Ek+1),...,Hy_1(-,a — 1)](b), noting  # 0.

Theorem 2.15 Let v > 1, N := [v], b—a € Ny, k € NV7' and consider the

homogeneous (k, N — k) right-focal BVP

(

Ve x(t) =0, teNb,,

Viz(a— N+k)=0, iec N (2.17)

Viz(b) =0, j € NN
\
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The Green’s function for the BVP (2.17) is given by (2.13), where

0 Hk(t,a—N—i—k) HN,l(t,a—l)
VFH, (b, p(s))  VFHp(b,a—N+k) --- VFHy_1(bya—1)
1
u(t, s) = 3 VU, (b, p(s)) VFHUHR(b,a — N+ k) --- V¥ Hy_(ba—1)];
VNH, 1(b,p(s)) VN 1Hy(b,a—N+k) -+ V¥ 1Hy ((bja—1)

and v(t,s) = u(t,s) — H,_1(t, p(s)), for (t,s) € No_y.1 x NP, |. In this case, 3 :=
WI[V*H(,a — N + k), V*Hp1(,a— N+ k+1),...,.V¥Hy_1(-,a — 1)](b), noting
B#0.

2.3.1 (N —1,1) Right-Focal Case

In the next corollary to Theorem 2.15, we see that the Green’s function matches the

one given in [27, Theorem 3.9] for the homogeneous (N — 1, 1) right-focal BVP

.

Ve x(t) =0, te N,

Viz(a—1) =0, icN)? (2.18)

VN=lz(b) = 0,
\

where v > 1, N :=v,and b —a € Ny_;.
Corollary 2.16 Assume v > 1, N := [v], and b — a € Ny_;. Then, the Green’s
function for the (N — 1,1) right-focal BVP (2.18) is given by

—Hy(t,a = 1) H, n(b, p(s)), if t < p(s)
G(t,s) =

_HN—l(taa - I)HV—N(t’p(S)) + HV—l(b7 :0<S))7 ift > p(s),
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for (t,s) € NZ—N—H X NZ+1~

Proof. We will apply Theorem 2.15 in the case k = N — 1. In this case, we have

8=V Hy \(ta— 1)y

= Ho(b, a — 1)
and
0 Hy 1(t,a—1
u(t, s) = l v )
BN, (b, p(s)) VNHy_1(b,a—1)
0 HNfl(t, a — 1)
Huflf(Nfl)(l%p(S)) 1

=—Hy_1(t,a—1)H,_n(b, p(s)).

2.3.2 A More General (N — 1,1) Problem and (N — 1,1) Conjugate Case

Let v > 1, N := [v], j € N)™! be fixed, and consider the (N —1,1) BVP

Ve a(t) =0, te N,

Viz(a—N+k)=0, ieN)?2 (2.19)
Viz(b) = 0.

\

Note that the boundary conditions in (2.19) are not of the form for (k, N — k)

right-focal or (k, N — k) conjugate boundary conditions when j € NY¥ 72,
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In the next theorem, we apply Theorem 2.12 to the the special case of the BVP
(2.19), which confirms [27, Theorem 4.6].
Theorem 2.17 Letv > 1, N := [v], j € N~ " be fized, and b—a € Nyaxg1 53 Then,
the Green’s function for the BVP (2.19) is given by

Hy_1(ta—1)Hy_j_1(byp(s)) .
- 1Hij—1(b7;—i) =, if t < p(s)

G(t,s) =

Hy_1(t,a—1)H,_;_1(b,p(s .
— e D OO 4 H, (8 p(s)), it > p(s),

for (t,s) € NZ—NH X NZH-

Proof. By Theorem 2.12, we have

0 Hy 1(t,a—1
u(t,s) := w-1l )

|~

ViH, 1(b,p(s)) VI Hy_1(b,a—1)

0 HN_l(t,CL— 1)

H,_j1(b,p(s)) Hy—j-1(b,a—1)

|

[—Hn_1(t,a—1)H,_;_1(b, p(s))]

==

and v(t,s) = u(t,s) — H,_1(t, p(s)). In this case, we have

6 = VjHN_l(b,CL - 1) = HN_j_l(b,a - 1)

O

Corollary 2.18 Let v > 1, N := [v]|, b — a € Ny, and consider the conjugate
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(N—1,1) BVP

(

Ve x(t) =0, te N,

Viz(a—1)=0, i€ N)? (2.20)

x(b) = 0.

The Green’s function for the BVP (2.20) is given by

Hy_1(t,a—1)H,_1(b,p(s)) )
_Hy 1HN_1(b,a—i) £ts) if t < p(s)

G(t,s) =

Hy_1(t,a—1)H,_1(b,p(s ,
_Hy ILN,lib,a_S 2D 4 H, i (tp(s),  ift > p(s),

for (t,s) € ND_n g x NO .
Note also that j = N — 1 in (2.19) gives the (N — 1,1) right-focal boundary
conditions, and the formula for the Green’s function given in Theorem 2.17 with

J = N — 1 matches the one in Corollary 2.16.

2.4 Further Work

Example 2.9 provided two-point boundary conditions under which BVPs involving
the operator V¥, do not have unique solutions. Naturally, a next step would be to
consider additional two-point boundary conditions which can guarantee uniqueness
of solutions to BVPs involving the operator V¥ .. Moreover, one may develop an
analogue in the nabla Caputo context of the general two-point boundary conditions
considered in [14] for the differential equations case which were stated at the beginning
of this chapter. It can then be investigated whether a complete classification on these
analogous general two-point boundary conditions giving unique and nonunique solu-
tions to BVPs involving the operator V¥, can be attained. Another possible direction

for future work could be to explore multipoint boundary conditions. For example,
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Green’s functions for k-point focal BVPs in the ordinary differential equations case
are studied in [57].

Additionally, more general linear operators involving the nabla Caputo fractional
difference may be considered, and one could search for Green’s functions for two-
point boundary value problems involving these more general operators. A start in
this direction will be explored in Chapter 5, where we will consider the operator
Lox(t) := Vaa(t) + cx(t) = 0 with |¢|] < 1. Yet another possibility is to consider
Green’s functions for the nabla Riemann-Louiville fractional difference operator under

two-point boundary conditions.
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Chapter 3

Properties of Specific Green’s Functions

In this chapter, we will focus specifically on Green’s functions for (N —1, 1) boundary
value problems and examine properties and bounds of these Green’s functions. In
particular, since we have the eventual goal of using these bounds to establish Lya-
punov inequalities for nabla Caputo boundary value problems involving the equation
—V¥ x(t) = q(t)z(t — 1) in Chapter 4, the Green’s functions in this chapter will give

solutions to boundary value problems involving the equation

—V" 2(t) = h(t), t € Noy1,

as opposed to the equation V¥, x(t) = h(t) from Chapter 2. Note that if G : NJ_ | X
Nt — Ris the Green’s function for the boundary value problem (2.9), then —G(t, s)

is the Green’s function for the boundary value problem

(

—VZ*I(t) = 07 te NZ+1

Viz(a— N+k)=0, icN!

Vimg(b) = 0, m e NV=F,
\
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where v > 1, N := [v], k € NV j,, € NV for m € N7 such that j; < j, <

J3 <+ < JN-k, and b — a € Niyax(1,jy_ - N+kt1}-

3.1 Green’s Function for an (N — 1,1) Conjugate BVP

In this section, we will focus on the Green’s function for the (N — 1,1) conjugate

BVP,

.

-Vrx(t)=0, te NZ+1

Viz(a—1) =0, icN)? (3.1)

where v > 1, N := [v], and b — a € Nj.
The next theorem follows by Theorem 2.10 and Corollary 2.18.

Theorem 3.1 Consider the nabla Caputo (N — 1,1) conjugate BVP

.

—Vix(t) = h(t), teN,,

Viz(a—1)=0, ieN)? (3.2)

withv >1, N:=[v], h: Nt -5 R, andb—a € Ny. Then, z : N._ ., - Risa
solution to the (N —1,1) conjugate BVP (3.2) if and only if x(t) satisfies the integral

equation

$(t):/ G, (t,s)h(s)Vs, (3.3)

fort € Nb_ .\, where G, : Nb_y. | x Nb, — R is the Green’s function for the
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homogeneous BVP (3.1) and is given by

Hy 1 (t.a—1)Hy_1(b,p(s))
a— Y t S p(S)
G, (t,s) = Hxa(bay) (3.4)
Hpy_1(t,a—1)H,_1(b,p(s
walba D 100D 1, (2, p(s)), £ > pls).

For comparison, we make note of the Green’s function for the analogous BVP in
the whole order continuous case. It follows by [29, Example 6.21 on p. 293] that the

Green’s function for the BVP

2(b) =0
is given by
(t—a)t(0—s)"! a s
Gt,s) =4 b=t (n=17 ) <t<s<b
U bosr Uosf acs<i<t
(b—a)1 (n—1)! (n—1)! ) <

To see the similarity more explicitly, note that the Green’s function for the nabla

Caputo fractional case may be rewritten as

(t=p(a)V ' (b—p(s) ! <
Go(L,s) = (b_p(a))i (Nfl!iv - t < p(s)

(t=p(a)™ ! (b—p(s))V "' _ (t—p(s))" !

(b_l:;(a))fl (?V—l r (lJ)V—l)! ;= p(s),

where (¢t,s) e Nb_ ., x NP .
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3.1.1 TheCasel<v<2

The following corollary is a special case of Theorem 3.1 for 1 < v < 2, where N :=
[v] = 2.

Corollary 3.2 Consider the nabla Caputo BVP

VL) =h),  teN:
o (3.5)

z(a—1)=x(b) =0,

withl <v <2, h:N,, >R, andb—a € N;. Then, u:N._, — R is a solution to

a

the BVP (3.5) if and only if x(t) satisfies the integral equation
b
o(t) = / G (t, 5)h(s)Vs, (3.6)

fort € Nb_,, where G, : No_; x Nb | — R is given by

a—1’

B (b, p(s) £< ol
a v—1\0, p\S)), = p(Ss

L, (b, p(s)) — Hya(t p(5)), 2 pls)

Example 3.3 will use Corollary 3.2 to find the solution to a specific case of the
BVP (3.5).
Example 3.3 Consider the BVP (3.5), where a = 1, b =6, v = 1.9, and h(t) = 1;
ie.,

~Vidz(t) =1, teN§
(3.8)
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By Corollary 3.2,

t
Crat.s) = §H0~9(6; p(s)), t < p(s)
6H0.9(6, p(s)) — Hoo(t, p(s)), t = p(s),

for (¢,s) € N§ x N§, and the solution to the BVP (3.8) is given by

3:(25):/1 G1o(t,s)h(s)Vs

¢ 6
= / G1o(t,s)Vs +/ Gio(t,s)Vs, for t € N§ fixed
1 ¢

:/t<éH09(6 p(s)) — Hoolt, p(s ))) v5+/ ~Hoo(6,p(s))Vs

/H096p Vs—/Hogtp

= —H1.9(6, 1) — Hyo(t, ) y Theorem 1.8, part (iv)

for t € N§.

Using the last expression for z(¢) above, we obtain a graphical solution to the BVP
(3.8), as shown in Figure 3.1.

The next theorem shows that when v = 2, the Green’s function is of constant sign.

This is not always the case for all v such that 1 < v < 2.
Theorem 3.4 Forv =2 in (3.7), we have G,(t,s) > 0 for all (t,s) € No_; x NP,

In this case,

(t—a+1)(b—p(s))
T b—arl t < p(s)
Gaolt,s) = bratt (3.9)

—a+1)(b—p(s
(et DO2) — (£ — p(s)), > p(s).
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1 2 3 4 5

o e

Figure 3.1: A solution to the BVP (3.8).

Proof. For t < p(s), Go(t,s) > 0 since t > a — 1 and p(s) < b. Next, for t > p(s) and

s € Nb_, fixed,

thg(t, S) _ Vt (t —a-+ 1)(b - p(S)) o (t . p(s))

b—a+1
_b—s+1
S b—a+1
< 0,

where the last inequality follows since 0 < b —s+1 < b—a + 1. Hence, f is a

decreasing function of ¢ for ¢t > p(s), so

Gso(t, s) > Ga(b, s)

(b—a+1)(b— p(s))
= SR (- p(s) = 0.

O

The following example shows that, in general, the Green’s function for the BVP



(3.5) need not be of constant sign.
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Example 3.5 Consider the BVP (3.5), where a = 1, b = 9, and v = 1.5. In this

| H,(t,0)
Grs(t,s) = Hy (9, 0)H°'5(9"0 ()); t < p(s)
H,(t,0) Hy5(9,p(s)) — Hos(t, p(s)), p(s) <t,

H,(9,0)

for (¢,s) € Nj x NJ. Then,

G15(3,2) = Zig 8; Ho5(9,1) — Hy5(3,1)
1 (3B
T T(1.5) ( g~ @ )
1 (T(85)
T I(15) ( 3.7 F(2'5))
75-6.5-55-45-35-25-1.5
— —1.5
3.7
927
-

However, it is always the case that when ¢ < p(s), we have G,(t,s) > 0, since

%Hy,l(b, p(s)) > 0 follows from the next proposition.

The following proposition will be used in the subsequent lemmas. We will make

frequent use of the fact that I'(t) > 0 for t > 0, and I'(t) < 0 for —1 < ¢t < 0.

Proposition 3.6 Let o > —1 and s € N,. Then, the following hold:

(i) If t € Ny, then Hu(t, p(s)) > 0, and if ¢t € N, then H,(t, p(s)) > 0.

(ii) If t € Ny and a > 0, then H,(t,p(s)) is a decreasing function of s, and if

t € Ny and —1 < o < 0, then H,(t, p(s)) is an increasing function of s.

(iii) If t € Ny and a > 0, then H,(t,p(s)) is a nondecreasing function of ¢, and

if « > 0 and t € Ny, then H,(t,p(s)) is an increasing function of ¢. Also, if
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t € Ngyp and —1 < a < 0, then H,(t, p(s)) is a decreasing function of .

Proof. (i) First, consider

(t—p(s)*
['(a+1)
L(t—p(s) + )

= T ps)a 1 1) (310)

Ha(t, p(s)) =

If t = p(s), then H,(t,p(s)) = 0. Otherwise, if t € N, then t — p(s) + o > 0,
t —p(s) >0,and a+ 1> 0. By (3.10), H,(t, p(s)) > 0.

(ii) Next, consider

(t—p(s)*
['(a+1)
(t+1—3s)"
* T(a+1)

VisHa(t, p(s)) = Vs

= —a(t +1}(a i(ii) , by Theorem 1.7
_ —(t+1—p(s)!
[(a)
Frt+1-s+1+a—1)
T(t+1—s+ )I(a)
I't—s+1+a)

T T({t—s+2)0(a) (3:11)

First, suppose t € Ny and o > 0. Then, t —s+1 > 0,s0t—s+2 > 0, and
t —s+ 14 a>0. Thus, from (3.11), we have V H,(t, p(s)) < 0, and it follows that
H,(t, p(s)) is a decreasing function of s when o > 0 and ¢t € N,).

Now let —1 <a<0Oandt e N,. Then,t —s+2>t—s+ 1+ «a >0, so in this
case Vo H,(t, p(s)) > 0.
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(iii) Lastly, consider

ViH,(t,p(s)) = Ho-1(t, p(s)), by Theorem 1.8, part (ii)

(3.12)

When a =0, H,(t, p(s)) = 1 is nondecreasing in t. Now let a > 0, and first consider
the case t € N,. Then, t — p(s) +a—1=t—s+a>0and t— p(s) > 0. Hence, by
(3.12), VH,(t, p(s)) > 0, so H,(t, p(s)) is an increasing function of t. Next, letting

t=s—11in (3.12),

_ Tla—-1)

- T(0)I(a)
0, ifa#1
1, ifa=1,

using the conventions involving the Gamma function stated in Remark 1.4. Hence, we
have V H,(t, p(s)) > 0, so Hy(t, p(s)) is a nondecreasing function of t when ¢t € N,
and a > 0.

Now suppose —1 < o« < 0 and t € Ngyq. Then, t —p(s)+a—-1=t—s+a >0,
since t > s+ 1. Then by (3.12), V. H,(t,p(s)) < 0, so H,(t, p(s)) is a decreasing

function of ¢. O

The next theorem will give sufficient conditions on a, b, and v, where 1 < v < 2,
so that G, is nonnegative for all (¢,s) € No_; x N0 .

Theorem 3.7 Suppose 1 <v <2 and fir s € N? ;.
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(i) Ifv> =% +1 and t € N5, then G, (t,s) > 0.

(i) Ift € N3_,, then G(t,s) > 0.
Proof. (i) Fix s € NI, and let ¢ € N, ;. We will show that G, is decreasing with

respect to ¢ for t € N°, ;. Then, since G,(b,s) = 0, it follows that G,(¢,s) > 0 for

t € N?,,. Consider

VG, (t,s) = ﬁ[{yl(b, p(s)) — H,_s(t, p(s)). (3.13)
Note that
Hy 1 (b, p(s)) = %

_ Lb—p(s)+v—1)
I'(b— p(s))L'(v)
C(b=p(s) +v=2)I'(b—p(s) +v—2)
I'(b—p(s)(v —HI'(v —1)
(b—p(s) +v—2)(b—p(s)"?
v—1 v —1)
(b—p(s) +v—2)

= U—1 HV—Q(bvp(S))‘

Then, from (3.13), we have

(b—p(s) +v—2)

thV(t’ 8) = (b —a+ 1)(V _ 1>Hl/*2(b7 p(S)) - HV*Q(t>p<S))' (314)
Since v > b:il + 1, we have
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Since 0 <b—s+v—1<b—(a+1)+1=b—aforseN_ jand0<v—1<1,it

follows that

b—s+v—1 b—a
b—at -1 -at)w-1)

Hence,
b—p(s)+v—2

V< et D=1

< 1. (3.15)

By Proposition 3.6, part (iii), H,_»(¢, p(s)) is a decreasing function of ¢ for t € N?_,.

Also, H,_5(b, p(s)) > 0 by Proposition 3.6, part (i). Hence, for t € N°_ |,
0 < Hy s(b,p(5)) < Hyalt, p(5)). (3.16)

Then, from (3.14),

(b—p(s)+v—2)
b=t 2bpls) = Hoalt pls))
(416 (b — p(s) +v —2)
(b—a+1)(v—1)

(3.15)
< 0.

thV(t, S) =

Hy5(b, p(s)) = Hy—a(b, p(s))

This shows that G, is decreasing with respect to t for t € N° 41, which implies
G,(t,s) >0 fort € No, .
(ii) Note that, for t < p(s), we have G, (t,s) > 0. Next, suppose s = t. Then, for

b
te Ny,
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ViGult et 2 [ B0, 0(6) — Hoalt )|,
= (b (1) — Ha(t (1)
I B (R )
b—a+1 I'(v)
_ 1 F(b—p(t)—i-l/—l)_l
b—at 1 T(b—pt)l(v)
1 r'b—t+v) L (3.17)

Tb—a+1T0(b—t+ 1))
Now fix ¢ € N’ . By the property of the Gamma function given in Proposition 1.3,

1 rb—t+v) b—t—1+v) v

b—a+1T(b—t+1)I(v) (b—a+1)(b—1)

B b—t—14+v b—t—2+v b—t—34+v v
U b—a+1 b—t b—t—1 2

(3.18)

Note that 0 < %242 < 1, 0 < 200 <1 0 < 23 < ] and 0 < § < 1

i.e., each factor in the product (3.18) is strictly between zero and one. Hence,

1 r'b—t+v)
b—at1T(b—t+ 1))

—1<0,

so we have VG, (t, s)|s=¢ < 0. Thus, G,(t,t) is a decreasing function of ¢. This means

that G, (t,t) > G, (b,b), so
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Gultyt) = T Hy 1 (b, (1)) — Hya(t, (1)
Ct—a+1(b—p(t) ! .
b—a—+1 ['(v)
b—a+1(b—p(b))ﬁ_1
“b—a+1 ['(v)
Therefore, we have G, (t,s) > 0 for all (¢,s) e No_; x NP . O

Example 3.8 Recall that in Example 3.3 we had a = 1,b =6, and v = 1.9. Then,

b—a 6—1 5
19> 7% g _ %78 L q_2.
v=l92 gt =g Tt
~ 1.8333,

so the condition in Theorem 3.7, part (i) is satisfied. Thus, in this case, we have
Gio(t,s) > 0 for all (t,s) € N§ x N§. Fixing s = 5, a graph of the Green’s function

is given in Figure 3.2.

3.2 Green’s Function Bounds for More (N —1,1) BVPs

The next theorem follows by Theorem 2.10 and Theorem 2.17. When j = 0 in the
theorem below, the result corresponds to Theorem 3.1, and when j = N — 1, (3.19)

is the (N — 1, 1) right-focal boundary value problem.
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Figure 3.2: Green’s function as a function of ¢, with a = 1,0 = 6, and v = 1.9, and

s = 5 fixed.

Theorem 3.9 Consider the nabla Caputo (N —1,1) BVP

(3.19)

with v > 1, N := [v], j € N fired, b —a € Niax{1,}, and h : N | — R. Then,

z:Nb_yy1 — Ris a solution to the (N —1,1) BVP (3.19) if and only if z(t) satisfies

the integral equation

b
m(t):/ G,(t,s)h(s)Vs,

fort e Nb_ .y, where G, - Nb_ .\ x NP | — R is given by

G,(t,s) =

Hy_1(t,a—1)H,_;j_1(b,p(s)) t < p(s)

Hyn_j-1(ba—1) ’

Hyoa(ta=DHy—in o) _pp (3 0(s)), t> p(s).

Hy_j-1(ba—1)

(3.20)

(3.21)
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The following two propositions will be used in the next theorem, which gives a
bound on the Green’s function given by (3.21). The statements of these propositions
were communicated by Scott Gensler.

Proposition 3.10 Let f, g be real-valued functions on a set S, such that f(t), g(t) >
0 for all t € S. Moreover, assume there exists sp,s; € S where max f(s) = f(so)

seS

and max g(s) = g(s1); i.e., f and g attain their maximum in S. Then, for each fixed
s€

tes,

[F(t) = g(8)] < max{f(t),g(t)}

< max{max f(f), max g()}.

Proof. Lett € S be fixed, and consider the case f(t) > g(t), somax{f(t), g(t)} = f(t).
Then,

£ (&) —g()] = f(t) = g(t) < f(1),

since f(t),g(t) > 0. Hence, |f(t) — g(t)| < max{f(t), g(t)}. Switching the roles of f
and ¢ in the above argument gives the proof for the case g(t) > f(¢).

Finally, since for each fixed t, f(t) < max f(t) and g(t) < max g(t), we have
€ €

max{f(t),9(t)} < max{max f(t), maxg(t)}.

Proposition 3.11 If 0 < v < p, then
H,(t,a) < H,(t, a),

for each fixed t € N,,.
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Proof. Consider 0 < v < p and t € N, fixed. Note that H,(a,a) = H,(a,a) =0, so

H,(t,a) < H,(t,a) holds in the case t = a. Now suppose t € N,;;. Consider

_ (t—a)”
H,,(t,a) = m
I'(t—a+v)
M=)l £ 1) (322)
and
(t—a)
H,(t,a) = m
_ Tt—a+p) (3.23)

I(t—a)l(p+1)
Hence, to show H,(t,a) < H,(t,a), from (3.22) and (3.23), it suffices to show that

I'(t—a+v)

I(t—a+ u)
I'(v+1) '

I(p+1)

<

_ P(t—a+v) _ T(14v) _ t—a+p) _ T(A+p) _ . .
Ift =a+1, then 5755 = 5775 = 1 and F(u+1§ = F(u+l{) = 1, so the inequality

holds. For each fixed t € N, consider

Dt — — —1)--- D(v+1
(t—a+tv) (t—atv-1---w+ DI+ ), by Proposition 1.3
T(v+1) F(v+1)

=(t—a+v—-1)---(r+1) (3.24)

(& J
-

t—a—1 factors

and similarly,

L(t—a+p)

t—a—1 factors

Now since v < pu, each of the t — a 4+ 1 factors in the product (3.24) is less than or
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equal to each of the corresponding factors in (3.25). It follows that

(t—a+v—1)---(v+1)<(t—a+p—1)---(p+1),

so H,(t,a) < H,(t, a). 9

The following theorem will give bounds on the absolute value of the Green’s func-
tion given by (3.21). These bounds will be used in the next chapter to derive Lyapunov
inequalities.

Theorem 3.12 Let G, be as in (3.21). Then,

|GL(t,s)| < Hy_1(b,a — 1),

for (t,s) € Nb_ 1 x Nb_\. In particular, when j =0 in (3.21), we have

|G,(t,s)| < H,_1(b,a).

Proof. Let s € Nl be fixed. From (3.21), for ¢t € N?,

Hy_1(t,a —1)H,_;_1(b, p(s))

|Gl/(t7 S>| = HN_j_l(b, a — 1)

— Hy1(t, p(s))] - (3.26)

Hy_1(t,a—1)Hy—;_1(b,p(s
Hy_j_1(ba—1)

First, we will show ) >0 and H,_1(t,p(s)) > 0. By Proposition

3.6, part (i), the following hold:
1. H, 1(t,p(s)) >0, for t € N;
2. H,_j_1(b,p(s)) >0,sincev—j—1>v—N > —1;

3. Hy_1(t,a—1) >0, for t € N’
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4. Hy_j_1(b,a—1) >0, since N —j—1>0.

Hy_1(t,a—1)H,_;_1(b,p(s
Hence, =X 1(HN7jzl(b7;_i§ 25D > 0 and H,_(t,p(s)) > 0 for t € Nb. From (3.26),

using Proposition 3.10, we have

|GV(t7 S)'
Hy-1(t,a—1)H,_;_1(b, p(s))
< max { max , max H,_1(t, p(s . 3.27
- teND Hy_j_1(b,a —1) teND 1t p(s)) (3:27)
seNt seNt,
Now we will find an upper bound on max 22 ‘I(Ij,’a*l,)H“b’jj(b’p ) " For the case
teNg ijfl( g )
56N5+1

v—73—1>0,

H, ;j_1(b,p(s)) < H,_j_1(b,a), by Proposition 3.6, part (ii)
< Hyn_;_1(b,a), by Proposition 3.11
< Hy_j_1(b+1,a), by Proposition 3.6, part (iii)

= Hy_j_1(b,a—1). (3.28)

Note also that if v — j — 1 = 0, then (3.28) still holds. Hence,

HN_j_l(b, CL)
Hijfl(bv a — 1)

Hy_1(tya = 1) H,_;_(b,p(s))

< Hyx_1(b,a—1
Hy aba—1) = e

< Hy_1(bya—1). (3.29)

If v—j5—1<0, then v < 5+ 1. Therefore, we must have j = N — 1 because

j € NY~'. Since —1 < v—N < 0, by Proposition 3.6, part (ii), max H, n(b,p(s)) =

seNG 4
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H,_n(b, p(b)) = 1. Therefore,

Hy_1(t,a—1)H,_n(b,p(s)) < Hy_1(b,a—1)H,_n(b, p(b))

S HN—l(baa - 1)

Thus, in the case v — j — 1 < 0, (3.29) also holds.
Also, since H,_1(t, p(s)) is an increasing function of ¢ and decreasing function of

s by Proposition 3.6, part (ii) and part (iii),
Hy-1(t,p(s)) < Hy-1(b, a). (3.30)
Thus, from (3.27),
|G, (t,s)| <max{Hy_1(b,a—1),H,_1(b,a)}.

In the case t < p(s) and s € N2, note that from (3.21)

< HN—l(b - ]_,CL - 1)7

since Hy_1(t,a—1) =0fort € N_y.,, and Hy_1(t,a —1) < Hy_4(b—1,a — 1)
for t € Nggﬂ and s € N2, . Also, we have that % < 1 follows from (3.28).
Hence, for (¢,s) e No_ ., x N2, G,(t,s) < max{H,_(b,a), Hy_1(b,a — 1)}.

We will now show that H,_;(b,a) < Hy_1(b+1,a), from which the first result will

follow. Since 0 < v —1 < N — 1, from Proposition 3.11,

H,\(ba) < Hy_1(b, a), (3.31)
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and from Proposition 3.6, part (iii), we have

HN_l(b, CL) S HN_l(b+ l,a). (332)

Thus from (3.31) and (3.32), it follows that H,_1(b,a) < Hy_1(b+ 1,a).
For the case j = 0, we can improve the bound on |G,(t,s)|, so we will con-
sider this case separately. In the case j = 0, Hy_j_1(t,a — 1) = Hy_1(t,a — 1)

is a nondecreasing function of t, for t € N, 1, by Proposition 3.6, part (iii), so

% < 1. Also, using conventions, Hy_1(t,a —1) = 0, for t € NZ_.,. It
follows that max [HNA(Ht’;jzfgjgb’p(s)) < H,_1(b, p(s)). Thus, from (3.26) with

b
€Ny _ N1

7 = 0 and Proposition 3.10,

|G, (t,s)| < max {max
teN?

[HN_I(t, a—1)H, (b, p(s))}

Hy_1(b,a—1) ymax [H, (t, ﬂ<8))]}

teN?d

S HI/—l(b7 p(S))

(3.30)
Hy_l (b, CL) .

Also, when t < p(s) for the case j =0,

HNfl(t, a — 1)Hz/71(b7 p(S))
HNfl(b, a — 1)

G, 5)] =
< [Hy-1(b, p(s))|

S |Hl,_1(b7 a)|

Hence, we have that |G,(t,s)| < H,_1(b,a) for all (¢,s) € No_, ., x NP, | when

j=0. 0
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3.2.1 The Cases 1 <v <2and2<v<3foran (N—1,1) Right-Focal BVP

Much work for the specific cases 1 < v < 2 and 2 < v < 3 of the BVP (3.19) where
j = N — 1 has been done in [27]. We will expand on that work involving bounds of
the Green’s functions for the specific cases in this section.

We will now consider the Green’s function for the BVP

—Vv.x(t) =0, te N
o (3.33)
z(a —1) = Vz(b) =0,
where 1 < v < 2.
From Theorem 3.9, the Green’s function for the BVP (3.33), is given by
Hl(tv a— 1)H1/*2<b7p(5))7 t< p(S)
Gy(t,s) = (3.34)
Hl(tv a— I)HV—Q(b7p(S>) - HV—l(tap(S))7 t> p(S),
and (t,s) € NJ_; x Nl_;. In particular, we consider the case 1 <b—a < ;1.
Theorem 3.13 Letl <v<2andl1<b—a< ﬁ Then,
0<Gy(t,s) <b—a, (3.35)

where G, is given by (3.34).

Proof. From [27, Theorem 3.11], it follows that

max G,(t,s) = G,(p(s),s),

b
teNb_,
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for each fixed s € N2 ;. From (3.34), we see that

Gu(p(s),s) = Hi(p(s),a — 1) Hy5(b, p(s)), (3.36)

for s € N’ ;. From Proposition 3.6, since —1 < v —2 < 0, we have that H,_5(b, p(s))

is an increasing function of s for s € N2 |, so H,_o(b, p(s)) < 1. Then,

Gy(t,s) < Hi(p(s),a— 1)
<H((b-1la-1)=b—a.
It follows directly from [27, Theorem 3.11(i)] that G, (¢, s) > 0. O

We will now consider the Green’s function for the BVP

/

—Ve,x(t) =0, t €Ny
z(a—1)=Vz(a—1)=0 (3.37)
V2z(b) = 0,

\

where 2 < v < 3. In particular, we will consider bounds on the Green’s function for
the BVP (3.37) for the case g <v<3and2<b—a< 3_% Note that we obtain a
better bound than the one given in Theorem 3.12 for the case N = 3.

Theorem 3.14 Let g <v<3and2<b—-—a< ﬁ Then, the Green’s function,

G, :Nb_, x NV, | = R, for the BVP (3.37) satsifies the inequality

—1 (3.38)

for all (t,s) € Ny_o x No_ ;.
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Proof. From [27, Theorem 4.2], it follows that the Green’s function G, (t,s) for the

BVP (3.37) satsifies G, (t,s) > 0 and max G,(t,s) = G, (b, s). We will now calculate

teNb
max G, (t,s). Note that it follows from Theorem 3.9 that
teNt_,
SENG
Hy(t,a —1)H,_5(b, p(s)), t < p(s)
Gy(t,s) = (3.39)
Hy(t,a — 1)H, 3(b, p(s)) — Hy1(tp(5)), ¢ > p(s).
Hence,

Gy(ba S) = H2(bv a— 1)H,,_3(b, p(S)) - HV—l(b7 p(S))
Now for s € Nb_,, H,_3(b,p(s)) > 0 and H,_1(b, p(s)) > 0, by Proposition 3.6, part

(i). Then, for s € NZH,

G,(b,s) < Hy(bya —1) (max H, 5(b, p(s))) — min H, 1(b, p(s)). (3.40)

b
s€Ng 4y SENG 11

Since —1 < v — 3 < 0 by Proposition 3.6, part (ii), H,_3(b, p(s)) is an increasing

function of s for s € N°_ . Hence, max H,_35(b,p(s)) = 1. Also, H,_»(b,p(s)) is a

s€ a+1
decreasing function of s, so min H,_5(b,p(s)) = 1. Then, from (3.40), we obtain
SENOH»I
Gy(t,s)§H2(b,a_1)_1:W_l' o

3.3 Further Work

The formula given in Chapter 2, Theorem 2.12 for computing a Green’s function can
be used to examine more cases of Green’s functions and establish their properties. For
example, we can consider (N — 2,2) boundary value problems and the corresponding
Green’s functions or investigate more general results for (k, N — k) BVPs. There

remains to be found a sufficient condition for which any particular (N —1, 1) Green’s
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function from this chapter is of constant sign for general v. In Theorem 3.7, we
have a sufficient condition for which the Green’s function for the conjugate case when
1 < v < 2 is of constant sign. However, we continue to seek improvements on
this condition. Having the Green’s function be of constant sign is useful in obtaining
Lyapunov inequalities that give information regarding sign change of solutions. Since,
in the discrete case, a solution changing sign can be viewed as the analogue to solutions
in the continuous case having zeros, the concept can be used to study disconjugacy
for the discrete setting. Also, applying fixed point theorems often heavily relies on
the Green’s function being of constant sign, as in the case of Contraction Mapping
Theorem used in [3] and Krasnoselskii’s Theorem in [27]. In [15], an alternative
approach using spectral theory that does not require computation of the Green’s
function is used for finding conditions under which Green’s functions are of constant
sign that perhaps could be considered in the nabla Caputo context.

Additionally, improvements can be made on the bounds on Green’s functions, with

the hope of eventually obtaining sharp bounds.
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Chapter 4

Lyapunov Inequalities for Nabla Caputo Boundary Value

Problems

In this chapter, we will give Lyapunov inequalities for (N — 1,1) boundary value
problems using the results of the previous chapter. In particular, using the Green’s
functions for the equation —V¥ x(t) = 0, we will obtain integral equations for solu-
tions to BVPs involving V¥, x(t) 4+ ¢(t)z(t — 1) = 0. We will also consider boundary
conditions distinct from the (k, N — k) boundary conditions from Chapter 2 and ob-
tain Lyapunov inequalities for 2 < v < 3 using a method similar to the one used
in [16]. We will then show how to generalize this method for higher order BVPs. In
the last section, we will state and prove Lyapunov inequalities for a nabla Caputo
self-adjoint equation, as studied in [3] and [27]. Throughout this chapter, we assume

v>1.

4.1 Initial Value Problems and Boundary Value Problems Involving

Ve (t) +q()x(t = 1) = f(1)

In this section, we will show some standard results that apply in the context of the
equation VZ, x(t)+q(t)x(t—1) = f(t). These results include uniqueness of solutions to

IVPs, existence of N linearly independent solutions, where N := [v], and representing
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general solutions as a linear combination of the linearly independent solutions. These
results lead to existence-uniqueness results for BVPs. Note that the second term in
the last equation involves z(t — 1) instead of z(t) to ensure uniqueness of solutions to
initial value problems without imposing restrictions on ¢(t).

Theorem 4.1 Let v > 1, N := [v], and f : Noyy — R. Then, the initial value

problem

Ver(t) + ()t —1) = f(1), t € Napa

zla—N+1)=An_1, 2(a—N+2)=An_9, -+ ,x(a—1) = A, z(a) = Ay

has a unique solution defined on N, _ 1.

Proof. By the initial conditions in (4.1), x(t) is uniquely defined for ¢t € Ni_5_ ;. We
will show by induction on k, where ¢t = a + k, that x is uniquely defined for ¢t € N, ;.

Expanding the operator V¥, gives

Ve a(t) =V, N IvNa(t)

ZHNultp

" ( ) o

Hence, the equation in (4.1) is equivalent to

N

Z Hy_,_1(t, p(s Z ( ) (s —1)+qt)x(t—1) = f(t), t € Noyq. (4.2)

s=a+1 =0
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For the base case, letting t = a+ 1 in (4.2), we get

Z(—l)i (]Z\,f)x(a +1—4)+qla+1Dx(a) = fa+1).

Plugging in the initial values given in (4.1) and solving for z(a 4+ 1) in the above

equation gives

zla+1)=— Z(—ni(]D Aior —qla+1)Ag+ fla+1).

Now for the strong inductive hypothesis assume that x is defined for t = a — N +
1,...,a,...,a+k. We will show that from (4.2), we can compute z(a+k+1) uniquely.

Letting t = a+ k + 1 in (4.2), we get

( > Hy_pala+k+1,p(s)> (-1) (];])x(s - i)) +qla+k+Dz(a+k)

s=a+1 =0

= fla+k+1).  (43)

Solving for z(a + k + 1) in (4.3) gives

rla+k+1)=— Z Hy_y1(a+Ek+1,p(s)) Z(_D%(Zj)x(s —1)

s=a+1 i

—q(a+k+1)x(a+k)—Z(—l)i@[)x(ajtkjtl—z’)+f(a+k+1).

i=1
Hence, x is uniquely defined on N, 1. O

Theorem 4.2 Let N := [v]|. Then, there exist N linearly independent solutions to

VZa(t) +qt)a(t —1) =0, t € Nopy (4.4)
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defined on N, _ny1.

Proof. For k € NY™! let 2;, be defined to be the unique solution satisfying V%, x(t) +

q(t)xz(t — 1) =0, for t € N,y and the initial conditions

0, ifk#i
rla—N+1+41) =

1, ifk=1,

for i e Név ~! which is guaranteed to exist by Theorem 4.1. Then, suppose there exist

co,*++ ,cn—1 € R such that

coxo(t) + -+ ey_1xy_1(t) =0 (4.5)

for all t € N, 1. Letting t = a — N + 144 in (4.5) for each fixed i € N)' ™! gives

coxola = N+1+4d)+---+crila—N+1+i)+ - +eyxzy_1(a— N+ 1+14) =0,

which implies ¢; = 0 for each fixed ¢ € Név ~1. Hence, we get that the solutions x;, for

k € N)~! are N linearly independent solutions to (4.4) on Ny_y1. O

The argument in the proof of the following theorem is standard and is also used
in [27, Chapter 3.
Theorem 4.3 Suppose xg,--- ,xy_1 are linearly independent solutions to (4.4) on

No-ni1. Then, x(t) := cozo(t) + -+ - + ey_1xn-1(t) is a general solution to (4.4).

Proof. By the linearity of the Caputo fractional difference, we get that z(t) :=
coTo(t) + -+ + cy_1xy_1(t) is a solution. Now suppose we have that y(t) is a
solution to (4.4) and define Ay = y(a), - ,Ay_1 = yla — N + 1). Note that

plugging ¢t = a,---,a — N + 1 into z(¢) and setting it equal to y(¢) evaluated at
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t=a,---,a— N + 1, respectively, we get the system of equations

coxola) + -+ +en1zn_1(a) = Ag

C()(L’(](CL + ].) + -+ CN_1{EN_1<CL + 1) = Al

corola—N+1)+---+ceygay1(a—N+1) = Axn_;.

This system is equivalent to the vector equation

ZE()(G) s ZL‘N_l(CL) Co A[)
zo(a+1) o xy_q(a+1) a [ | A (46)
rola= N+1) -+ zy_q(a—N+1) CN_1 An_q

We claim that since zy, for k € Név ~1 are linearly independent, the determinant of
the above matrix is nonzero. Suppose for contradiction that the determinant is zero.
Then, we can write one column as a linear combination of the other columns; i.e.,

without loss of generality,

zo(a) rn_2(a) rn_1(a)
xo(a+1) ry_o(a+1) ry_1(a+1)
Qg _ T+t aN—2 _ =
xo(a—N+1) LL'N,Q(G—N—I—l) $N,1(G—N+1)
for some «q,aq,--- ,ay_o € R. In particular, aq,...,an_o are not all zero, since
otherwise z_1(t) = 0, contradicting that x, ..., zy, are linearly independent.

Define Y (t) := apzo(t) + cnz1(t) + - -+ + ay_sxy_2(t) for t € N,_n.1. Then, note
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that Y'(¢) and xy_;(t) both solve the IVP

VZ*'lU(t) = 0, te Na+1

w(a —1i) = xy_1(a—1), €Ny

Therefore, by uniqueness of solutions to IVPs, xy_1(t) = agzo(t) + arzy(t) + -+ +
an_oTN_o(t), fort € N,_ni1. Hence, agzo(t)+arzi(t)+ - +ay_osxy_o(t)—axn_1(t) =
0 for all £ € N,_pny1. This contradicts that g, ..., zy_1 are linearly independent, so

we must have that

zo(a) e xy_1(a)
zola+1) -+ aya(a+1) L0,
rola— N+1) -+ ay_1(a—N+1)
Hence, we can uniquely solve for cg,---,cy_1 in (4.6), which shows that y(t) =

coxo(t) + -+ + eny_1xn_1(t) for some ¢; € R, so z(t) = cowo(t) + -+ + en_1xn_1(t) is

a general solution to (4.4). O

Corollary 4.4 A general solution to the nonhomogeneous equation (4.1), defined on
No-n+1, is given by x(t) = cozo(t) + -+ - + en—1xn-1(t) + 2p(t), where zo, -, TN
are linearly independent solutions to the corresponding homogeneous equation, (4.4),

and x, is a particular solution to (4.1).

Proof. By linearity, x(t) is a solution. Suppose y(t) is any solution to the nonho-
mogeneous equation, (4.1). Then, using linearity, y(t) — x,(t) is a solution to the
homogeneous equation (4.4). Hence, from Theorem 4.3, y(t) — x,(t) = coxo(t) +- - - +

en_12Nn-1(t) for some ¢; € R, and the result follows. O
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4.1.1 Existence-Uniqueness of Solutions to BVPs

The theorems in this subsection give versions of Fredholm’s alternative for boundary
value problems involving the equation V¥ x(t) 4+ q(t)z(t — 1) = f(t). The proofs use
Theorem 4.3 and Corollary 4.4 and are nearly identical to the proof of Theorem 2.4,
so they are omitted. The Lyapunov inequalities developed in this chapter will give
sufficient conditions for the homogeneous BVPs to have only the trivial solution.
Then, using the theorems below, the same conditions give sufficient conditions for
the nonhomogenous BVPs to have unique solutions.

Theorem 4.5 Let v > 1, N := [v], j € NY™! be fired, b — a € Nmax{1,;} and

q:N°. | — R. If the homogeneous BVP

(

Vor(t) +q(t)a(t —1) =0, teN,

Viz(a —1) =0, i€ Ny~

Viz(b) = 0,
\

has only the trivial solution, then the nonhomogeneous BVP

(

Ver(t) +at)z(t —1) = f(t), teN;,

Viz(a—1) = A, i€ Ny 2

Viz(b) = B,

\

where f : Nt — R and A;, B € R fori € NY 2, has a unique solution defined on

b
Na—N-‘rl .

Theorem 4.6 Let ¢ : N, - R, v>2, N:=[v], b—a € Ny_y, and r € {1,2} be
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fized. If the homogeneous BVP

(

Vix(t) +q(t)a(t —1) =0, t € Ng
V¥ 22(a—1) =0

VN2 (b) = 0

Viz(e) =0, i€ N3,

\
where ¢; € {a — 1,b}, has only the trivial solution, then the nonhomogenous BVP

(

Vaa(t) +qt)z(t —1) = f(t), t€ NG,
VN=2z(a—1) = Ay

VNirZL'(b) = By

VZ.CC(Cl) = CZ 1€ Néng,
\

where f : NZH — R and Ay, By, C; € R fori € N3, has a unique solution defined
on NZ—N-H'
Corollary 4.7 Let q: Nl | - R, 2 <v <3,b—a €Ny, andr € {1,2} be fivred. If

the homogeneous BV P

Vya(t) + q(t)a(t —1) =0, te N,

Va(a—1) =0, V'z(b) =0, z(c) =0,

where ¢ € {a — 1,b} has only the trivial solution, then the nonhomogenous BVP

Vex(t) +q)a(t —1) = f(t), t €Ny,

Va(a—1) = Ay, V'z(b) = By, z(c) = Cy,
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where f:Nb. | — R and Ay, By, Cy € R, has a unique solution defined on Nb_,.
Theorem 4.8 Let ¢ : N°,, - R, v > 3, N := [v], and b —a € Ny_y. If the
homogeneous BVP

(

Vi x(t)+qt)x(t—1) =0, te N2,
VN SBz(a—1)=0, V¥ 2z(a—1)=0

VN=lz(b) =0

Viz(e) =0, i€ Ny
\

where ¢; € {a — 1,b} fori € Név"l, has only the trivial solution, then the monhomo-

geneous BVP

(

Ver(t) +at)z(t — 1) = f(t), t € NG,y
VNSBz(a—1) = Ay, VV22(a—1) = A,

VN_11’<b> = BO

Vzm(cz) B Ci, 1€ Név_4,

\
where f : NZH — R and Ay, A1, By, C; € R fori € NY™*, has a unique solution

defined on Nb_ ;.

4.2 Lyapunov Inequalities for (N —1,1) BVPs

4.2.1 Conjugate BVP

The following theorem gives a necessary condition for a boundary value problem
with (N — 1,1) conjugate boundary conditions to have a nontrivial solution. This
means that from the contrapositive statement of the theorem, we obtain a sufficient

condition for the BVP to have only the trivial solution. With Theorem 4.5, this gives
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a sufficient condition for a corresponding nonhomogeneous BVP to have a unique
solution.
Theorem 4.9 Letv > 1, N :=[v], ¢: N, = R, and b —a € Ny. Consider the

conjugate boundary value problem

;

Ve x(t)+q(t)x(t—1)=0, te NZH,
Viz(a—1) =0, ie NN-2 (4.7)

z(b) = 0.

\

If the BVP (4.7) has a nontrivial solution x : No_ .| — R, then

/a la(5)[Vs > F(Fb(f; i)z(f)l). (4.8)

Proof. From Theorem 3.1, we have that a solution = : N’_, , — R satisfies the

integral equation

b
x(t) = / G,(t,8)q(s)z(s —1)Vs, t € NC_ ., (4.9)

where G, (t, s) is given by (3.4). Assume that = is a nontrivial solution to the BVP
(4.7). Then,

| (t)] S/ |Gt s)lla(s)lla(s = 1)|Vs, ¢ € No_y..
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Let M := max |x(t)|. Then, in particular, if ¢ = ¢y such that |z(¢y)| = M, we have

b
teNy N

b
|z (to)| < / |G (Lo, 8)llg(s)|[x(s = 1)[Vs
b

= Y [Gulto, s)llg(s)l (s — D).

s=a+1

Note that x(a) # 0 since otherwise, by the uniqueness of solutions to IVPs shown in
Theorem 4.1, we would have that x is the trivial solution. Thus, x is not identically

zero on N°71and b — a € N; implies N°~! = (), so the inequality

[2(to)] < ) 1Gulto,s)lla(s)|M

s=a+1

holds, noting that |z(s — 1)] < M for s — 1 € N2_,. Hence, we have

b
M < [t s)la(s) s

ie.,

1s/Nme@ma®w5

"Th—a+v—1)
< | St e

by the bound on |G, (¢, s)| given in Theorem 3.12. Thus, we have

b I'(b—a)l'(v)
l|¢ﬂszFw_a+y_n.

O

Corollary 4.10 Let 1 <v <2 and q:N°, | — R. Assume b—a € Ny. Consider the
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second order conjugate boundary value problem

Vor(t) +q(t)a(t —1) =0, teN,

(4.10)
z(a—1) =xz(b) =0.
If the BVP (4.10) has a nontrivial solution x : N°_| — R, then
b ['(b—a)l(v)
> . 4.11
[ tatonvs > mrm s (a.11)

Using the Lyapunov inequality in Theorem 4.9 along with Theorem 4.5, we get
the following corollary.
Corollary 4.11 Let v > 1, N :== [v], and ¢ : N°,; — R. Assume b —a € Nj.

Consider the nonhomogeneous boundary value problem

(

Vi) +qt)z(t —1) = f(t), teN,,

§ Viz(a—1) = A;, i€ N2 (4.12)

where f:Nb_ | — R. If q(t) satisfies

[ latorve < et

then the BVP (4.12) has a unique solution defined on N°_ ;.

For the case 1 < v < 2 in (4.7), the results of Theorem 3.4 and Theorem 3.7 give
sufficient conditions such that the Green’s function does not change sign. We use this
property to obtain another Lyapunov inequality. These results involve a sufficient

condition for a nontrivial solution to the BVP to change sign on its domain or, in
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other words, have a generalized zero.

Theorem 4.12 Assume b — a € Ny. Suppose either 1 < v < 2 and v > bf;il +1

holds; or v = 2. If the BVP (4.10) has a nontrivial solution which does not change

sign on N°=1 then we have

b L'(b—a)l(v)
/a a+(5)Vs = 'b—a+v—1)

Proof. A solution, x : N° | — R, to the BVP (4.10) satisfies the integral equation

where G, (t, s) is given by (3.4). Assume, without loss of generality, that =(¢) > 0 for

t € No71 and let M = max x(t). Since G, > 0 by Theorem 3.7 and Theorem 3.4,
teNg !

b
1(t) < / G, (t, 5)q (s)3(s — 1)V,
for t € Nb=1. Let t = ¢, such that z(to) = M. Then,
b
£(to) < / G, (to, $)qs (s)a(s — 1)Vs.

By the bound on |G, (t, s)| given in Theorem 3.12, we have

x(tg) < / H, 1(b,a)q;(s)x(s —1)Vs

b
< [ His(ba)an ()09
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SO

b
M < / H,1(b,a)q: (s)MVs.

Since x is nontrivial, z(a) # 0, so M > 0. Dividing both sides of the last inequality
by M gives

b
1< / Hl/—l(b7 a)q+(8)vs7
from which the result follows. O

The following example illustrates an application of Theorem 4.9 to an eigenvalue
problem and is similar to one given in [23] for the delta fractional second order case.
Example 4.13 Assume b—a € Ny. Let ¢(t) = —A € R, v > 1, and N := [v]. Then,
if

Voa(t) =x(t—1), teN;,

Viz(a—1) =0, ie NN-? (4.13)

has a nontrivial solution, we have

['(b—a)l(v)
b—a+v—1)(b—a)

Al >
NN

In other words, any eigenvalue of the BVP (4.13) must satisfy this last inequality.

Proof. By Theorem 4.9, a necessary condition for the BVP (4.13) to have a nontrivial

solution is

b L' —a)l(v)
/a AIVs 2 F'b—a+v—1)
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Since

[ Vs =30 == al.

s=a+1

L'(b—a)l'(v
we must have || > W 0

Ifa=1,06=06,r =12 in (4.13), we must have that any eigenvalue \ satisfies
\| > .135281.

We can also consider a more general, possibly nonlinear, equation for which we
obtain the following result using the same method of proof as Theorem 4.9. A similar
result is given in [41, Theorem 3.1].

Theorem 4.14 Let v > 1, N := [v], and ¢ : N°,, — R. Assume b —a € Ny
and suppose f : R — R and |f(z)| < Blz|. Consider the conjugate boundary value

problem
.

VZ*.’L'(t) + Q(t)f(x(t - 1)) = 07 i € NZ+1:
Viz(a—1) =0, ie N2 (4.14)

x(b) = 0.

\

If the BVP (4.14) has a nontrivial solution x : N)__; — R, then

/a lq(5)|V's > Brr(éb__aafy(y_) I (4.15)

In the next example, we consider a nonlinear BVP and the resulting Lyapunov

inequality.



80

Example 4.15 Consider the following continuous piecewise-defined function:

;

4z, =< —1
fl@)=19423, —1<z<1 (4.16)
4z, x> 1.

\

Then, |f(x)| < 4]z|, so f satisfies the condition given in Theorem 4.14 with B = 4.

Hence, if the BVP (4.14) with f given by (4.16) has a nontrivial solution, then

b I'(b—a)l'(v)
/a 9&)IVs 2 m a1

4.2.2 Additional (N —1,1) BVPs

We obtain the following Lyapunov inequality from the Green’s function bound given
in Theorem 3.12. Note that j = 0 in (4.17) below gives the conjugate BVP, but for
that specific case, we have a stronger Lyapunov inequality in Theorem 4.9.

Theorem 4.16 Let v > 1,N := [v], ¢: N, | = R, and consider the BVP

;

Vi) +qt)z(t—1) =0, teN;,

Viz(a—1) =0, ie NV (4.17)

Viz(b) =0,

where j € Név_l is fized. Assume b—a € Nyaxp1 5y If the BVP (4.17) has a nontrivial
solution x : Nb_ .1 — R, then

(N —1)!

/a 1)V 2 T N T e N 0=t ]) (4.18)
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Proof. A solution z(t) of the BVP (4.17) satisfies the integral equation

x@y_/cguﬁm@n@—1nw, (4.19)

where G, is given by (3.21). Then, by (4.19) and following the same steps as in the

proof of Theorem 4.9, we arrive at

b
1< / G, (b0, $)lla(3)| Vs,

where ¢y is such that max |z(t)] = |z(to)|. Then, from the bound on |G,(t,s)]

teNb_ o)
given in Theorem 3.12,

b
1 < / Hy_1(b,a — 1)|g(s)[ Vs

from which it follows that

b
1
> .
/a 03IV > s

Since

1 !
HNfl(b, a — 1) N (17_‘1‘1’1)ﬁ
L(N)
1

= T arliN-1)
C(b—a+1)I(V)
T(N)[(b—a+1)
" T(b—a+1+N-1)
(N —1)!
b—a+N-1)b—a+N—-2)---(b—a+1)’

(4.18) follows. O
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Using the Lyapunov inequality in Theorem 4.16 along with Theorem 4.5, we get
the following corollary.
Corollary 4.17 Letv > 1, N := [v], and ¢: N2, | — R. Assume b — a € Nyaxf1,5}-

Consider the nonhomogeneous boundary value problem

(

Ver(t) +at)z(t —1) = f(t), teN;,

Viz(a—1) = A, i€ N2 (4.20)

Viz(b) = B,
\

where f: N0 — R and j € N) " is fived. If q(t) satisfies

b (N —1)!
/a |Q<t)|Vt< (b—a—i—N—1)(b_a+N_2)"'(b_a+l)’

then the BVP (4.20) has a unique solution defined on N°_ ;.
Remark 4.18 It follows by the contrapositive of the statement of Theorem 4.16 that,
if
b
(N —1)!
Vs <
/a Vs < G N D —a s N=9) 0= at D)’

then the BVP (4.17) has no nontrivial solution.
Remark 4.18 is used in the next example.

Example 4.19 Suppose a =2, b = 20. First note that

, (N—1)! 1
(i) If 1 < v <2, then N D0 N 3ot — 19 ~ 0.0520.

.. (N-1)! 2
(i) If 2 < v < 3, then TN D0 el k3G e — w19 ~ 0.00526.

(iii) If 3 < v <4, then (V-1 = S ~0.00075.

—a+N—-1)(b—a+N—2)-(b—a+1) _ 21-20-19
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Let q(t) := 105 — m < 0 for t € N5. Then,

[ [ (o)

I 0.0124875
1083 ls=2 '

Thus, for j € N} fixed, the boundary value problem

() + (b — mebay ) 2t = 1) =0, te Ny

z(1) = Viz(20) = 0,

for 1 < v < 2, has no nontrivial solution by (i). Similarly, for 2 < v < 3 and j € N3

fixed, the BVP

() + 1 (7 — o) 2t — 1) =0, te N

z(1) = Vz(l) = Viz(20) =0

has no nontrivial solution by (ii), and, for 3 < v < 4 and j € N3 fixed, the BVP

() + o (5 — oy ) 2t = 1) =0, te N

z(1) = Vz(1) = V2z(1) = V/2(20) = 0

has no nontrivial solution by (iii).

When j = N —1, for certain cases of the BVP (4.17), the Green’s function does not
change sign, and we obtain the following further Lyapunov inequality results. These
results give a sufficient condition for a nontrivial solution to have generalized zeros.

Theorem 4.20 Letl <v <2andl <b—a < ﬁ Assume b—a € Ny and consider
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the BVP

Vor(t) +qt)a(t —1) =0, teN,
(4.21)

z(a—1)=0, Vz(b) =0.
Assume the BVP (4.21) has a nontrivial solution z : N%_, — R which does not change
sign on No=1. Then,

’ 1
/ q+(s)Vs > — (4.22)

Proof. Using the bound on the Green’s function given Theorem 3.14, in a manner

similar to the proof of Theorem 4.12, we arrive at

b
1< [0 (vs

from which (4.22) follows. O

Similar to Theorem 4.20, we also obtain the following theorem for the case 2 <
v <3.
Theorem 4.21 Let% <v<3and2<b—a< 3_% Assume b—a € Ny and consider

the BVP

¢

Vex(t)+qt)z(t—1)=0, €N’

z(a—1)=Vz(a—1)=0 (4.23)

V2z(b) = 0.

Assume the BVP (4.23) has a nontrivial solution x : N°_, — R, which does not

change sign on No~1. Then,

2
b—a+1)(b—a+2)—2

/ab 4+(s)Vs >
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4.3 A Reduction of Order Technique for Obtaining Lyapunov Inequalities

4.3.1 2<v <3 Case

The following lemma gives bounds on an integrals involving a Green’s function and
will be used to obtain Lyapunov inequalities for boundary value problems involving
VY.x(t)+qt)z(t — 1) = 0, where 2 < v < 3, with four distinct boundary conditions.

Throughout this section, we define

A = max {MHQ(b, a— 1), H. (b, a)}

H1 (b, a — 1)
B (b—a)b—a+2) (b—a)T
e { 2(7) Ty +1
:max{l“(b—a+7—1)(b—a+2), Flb—a+7) } (4.24)
2I'(b — a)T'(7) I'b—a)l'(y+1)
Lemma 4.22 Let s € N, and 1 <y < 2. Then, for j =0 in (3.21),
t
/ G, (1,s)VT| < A (4.25)
a—1
and
b
/ G, (7,5)VT| < A, (4.26)
t
and, for j =1 in (3.21),
t
/ G, (7,5)VT| < Hy(b,a— 1) (4.27)
a—1
and
b
/ G, (7,5)VT| < Hy(b,a — 1), (4.28)
t

where G, is defined by (3.21) with N = 2.
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Proof. For (t,s) € N°_, x Nb_, by (3.21),

/) Hy(r,a — 1)H,_;_1(b, p(s))
/ G, TSVT—/ Hy j(b,a—1) VT

+/p: [Hl(f aHl 1])(1;[*;] 1()5 ,p(3)) CH (.l ))] v
_ }}1221;,05 / lea—1V7'—/(s H, (7, p(s))V.

Evaluating the integral from the first term, by Theorem 1.8, part (iii),
t
/ Hi(1,a — 1)VT = Hy(t,a — 1).
a—1
Next, for t > p(s),
t
/ 7 ()97 = (4 p(5)
p(s

Note that if p(s) > t, f H, (1, p(s))VT = 0. Thus,

Hlj(ba )
SO
' (b, p(s))
7]1 pLs
= H -1 H 4.2
/a_lG(TSVT Hy o (ba—1) o(t,a — 1) (t,p(s)) (4.29)
for t € N, and
7]1 )
= H —1 4.
/ G, (7,5)VT| = Hljba o(t,a—1)], (4.30)

for t € N:7}

We will now examine the first term from the right hand side of (4.29) for the case
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j = 0. By Proposition 3.6, parts (i)-(ii), for s € N?_,

0 < Hy1(b,pls)) < Hy (ba), (4.31)

since H.,_1(b, p(s)) is a decreasing function of s. Also, by Proposition 3.6, parts (i)-(ii),

since Ho(t,a — 1) is nondecreasing function of ¢ for t € N

0< Hyt,a—1) < Hy(b,a — 1). (4.32)

Hence, by (4.31) and (4.32),

H’Y—1<b7p(8>> H’Y—l(b’ a’)
0S G o q) Holtia— 1) < ot P Ho(ba —1) (4.33)

Now we consider the second term in (4.29). By Proposition 3.6, it follows that
0 < H,(t,p(s)) < Hy(ba) (4.34)

From (4.29), (4.30), (4.33), (4.34), and Proposition 3.10, for the case j = 0, we obtain

H _1(b, CI,)

¢
< it St R _
/a—1 G, (7,5)V7| < max { H(ba— 1)H2(b, a—1),H,(b, a)} :

so (4.25) holds.
Consider the case j = 1. Then, H, (b, p(s)) in (4.29) is an increasing function of

s by Proposition 3.6, parts (i)-(ii), since —1 < v — 2 < 0. Hence, for s € N},

0 < Hy (b, p(s)) < Hy—2(b, p(b)) = 1.
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Therefore,

0 < H, 5(b,p(s))Ha(t,a — 1) < Hy(b,a —1). (4.35)

Then, by (4.34), (4.35), and Proposition 3.10, we obtain

¢
/ G, (7,8)VT
a—1

Since 1 < v < 2, we have H,(b,a) < Hy(b,a) < Ha(b+ 1,a) = Ha(b,a — 1) by

<max{Hy(b,a—1),H,(b,a)}.

Proposition 3.6, part (iii) and Proposition 3.11, so, in the case j = 1, we have

< HQ(b,(I — 1)

¢
/ G, (7,8)VT
a—1

Thus, (4.27) holds.

Similarly, by (3.21), we consider for (¢,s) € N°_; x N?_ |,

b p(s) _ ,
/ G, (1,8)VT = / M(r,a 1)H'Y*J*1(b’ p(s))vT
t t

H,_;(bja—1)
+/b [Hl(T a[{_l i)(][;]vaj 1()b ,p(8)) — H, (7, p(s ))] \%a
:HVlJJZl;pS /HlTa—1V7'—/p(S (5))VT.

Evaluating the integral in the first term,

b b
/ Hy(1,a —1)VT = Hy(1,a — 1)
t

T=t

= Hy(bya— 1) — Ha(t,a —1).



89

Next, for ¢ > p(s),

Note that, if p(s) > ¢, then f H,_ (7, p(s))VT = 0.

Thus, we have

b , s
/t GW(Tv S)VT = P}[;ljj(z([;’p_(l))) [HQ <b7 a— 1) — Hy (ta a— 1)] - Hw(b,p(s)),
b
/t G (1,8)VT| = };1 J] Zip( ))) [Hy (bya —1) — Hy(t,a—1)] — H,(b, p(s))],
(4.36)
for t € N2, and
/t G (7, 5)Vr| = ]Jl - z(l;p( >)) Hy(b,a—1)— Hy(t,a—1))|,  (4.37)

for t € N*~]. Consider the case j = 0. Noting that 0 < Hy(b,a — 1) — Hy(t,a — 1) <
Hjy(b,a — 1), we obtain

b
/GW(T,S)VT <A
t

from Proposition 3.10, (4.34), (4.36), and (4.37). Hence, (4.26) holds. For the case

J =1, using Proposition 3.11 in a similar manner as above, we obtain

b
/ G (1,5)VT1| < Hy(b,a —1).
t
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Thus, (4.28) holds. O

We will now consider, for 2 < v < 3 and ¢ : NZH — R,

Ve a(t)+qt)z(t—1) =0, teN, (4.38)

subject to one of the following sets of boundary conditions:

z(a—1)=Vz(a—1) =0, Vz(b) =0, (4.39)
Vz(a—1)=0, x(b)=Vax(b) =0, (4.40)
r(a—1)=Vr(a—1)=0, V() =0, (4.41)
Vz(a—1)=0, z(b) = V?z(b) =0. (4.42)

Note that the boundary conditions given by (4.40) and (4.42) are not of the same form
as the boundary conditions considered in Chapter 2. The next theorem uses a change
of variable to reduce the third order fractional boundary value problems (4.38)-(4.39),
(4.38)-(4.40), (4.38)-(4.41), and (4.38)-(4.42) to a second order fractional boundary
value problem, so that the bounds on the integral of the Green’s function from the
previous theorem for the second order boundary value problem can be applied to
obtain a Lyapunov inequality. This method is used in [16] for continuous fractional
BVPs. Since a slight change in boundary conditions can result in a big change in the
Green’s function, this technique avoids the need to determine the existence of and to
compute a new Green’s function for each higher order BVPs, and the same bound
can be used to obtain Lyapunov inequalities for more than one BVP. Establishing

conditions under which Green’s functions are of constant sign is not straightforward,
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so yet another advantage of this technique is that properties regarding sign change
of a lower order Green’s function can be used to derive Lyapunov inequalities which
involve conclusions concerning solutions changing sign in higher order problems.

We will first show in the next lemma that, if there is a nontrivial solution, it is not
identically zero on the domain N2~1.

Lemma 4.23 Let v > 1 and suppose x : NZ_N+1 — R s a solution to the equation
Veat) +qt)z(t—1)=0, te N, (4.43)

where v > 1 and N := [v]. Assume b—a € Ny_y. If z(t) =0 for all t € N271 then

z(t) =0 on No_y ;.

Proof. Expanding the nabla Caputo operator, we obtain

Ve a(t) =V, N IvNa(t)

_ / (b p()) VN 2(5)V's
:/HN,,ltp i () (s —9)Vs

1=

:ZHN,,ltp i ()s—i).

s=a+1 1=
Hence, equation (4.43) becomes

N

> sttt o) S (ot ) aete - =0, very a4y

s=a+1 =0

Assuming z(t) = 0 for t € N®~' we will show by induction on k € NY¥~! that

g) (-1 (M)a(a+k—1i) = 0.

i=k+1
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Since b —a € Ny_1, we have b > a + 1, so for the base case, we consider t = a + 1

n (4.44), giving

é(—ni (]Z[):E(a +1— i) + qla + 1)a(a) = i(_ni (ZDx(a +1-i)=0.

N
Next, assume for the inductive hypothesis that Z(—l)i(]j)x(a +m—1i) =0 =
i=0
N
S (-D)(Y)z(@+m—1i) =0 for m = 1,2,....,k — 1, where k € NY’"'. Since
i=m-+1

b—a € Ny_1, we have b > a + k, so evaluating (4.44) at t = a + k and simplifying

the left hand side, we obtain

a+k N N
> -t kup) S0 )als =)+ afa+ Byala k- )
s=a+1 1=0
a+k—1 N
N
ZHNl,la—i-k:p Z < )ms—i)
s=a+1 1=
N N
st bpla ) (1) (] Jatat k)
i=0 !
Y N
= Hypmslat hpla+ 0) -0 () )ata k=), (4.45)
i=0
at+k—1 N )
where > Hy_,_i(a+k, p(s)) Y (=1)1(7)z(s —i) = 0 by the inductive hypothesis.
s=a+1 1=0
N
Then, by (4.44) and (4.45), it follows that > (—1)'(Y)z(a+k—14) = 0. Since z(t) =0
i=0
N N
for all t € Nt=1, we have > (—=1)'(Mz(a+k—i) = > (=1)'(Ma(a+k—1i) =0,
i=0 i=k+1
Therefore, by induction, we have
N
(N
> (—1)%( ,)x(a—l—k—@'):O (4.46)
i=k+1 !

holds for all k € NY ™. Now we will show that it follows from (4.46) that z(a—N-+1) =
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-~ =x(a—2) =xz(a—1) = 0. First, notice that for k = N — 1, (4.46) gives

Z(—l)i (]Z.V)x(a +(N=1)—i) = (=1)"z(a—1) = 0.

Then, for kK = N — 2 in (4.46), we have that the left hand side of (4.46) is

i]::_l(_l)i (jz.v)x(a F(N—2)—i) = (—1)N! (N]i 1);@(@ D)+ (=1)Va(a—2)

i

= (-1)"z(a—2),

which implies z(a — 2) = 0. Proceeding in this manner, we get z(a — N + 1) =
- =2x(a—2) =x(a—1) = 0. Additionally, we have x(a) = 0, which means by the
uniqueness of solutions to IVPs given in Theorem 4.1, z(¢) = 0 on its entire domain

No_v41- Y

In the remainder of this section, we define

C = min{ Hy(b,a—1) 1 }

HV_Q(b, a)Hg(b, a — 1) ’ Hy_l(b, a)
2 (v — 1)I'(b — a) L(v)T'(b—a) } '

:mm{F(b—a+y—2)(b—a+2)’F(b—a+y—1) (4.47)

We will use in the proof of the next theorem that, with v = v — 1 in A given by

(4.24),

1 1
o Hy_2(b,a)Ha(ba—1
A max { 2[({1 ([3@3(1) ) ) Hufl <b7 a)}

- Hy(b,a —1) 1
= min { H,_5(b,a)Hy(b,a —1)" H,_,(b, a)}

=C.
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Theorem 4.24 Let 2 < v < 3 and C be as defined by (4.47). Assume b —a € Ns.

(i) If the BVP (4.38), (4.39) or (4.38), (4.40) has a nontrivial solution z : N°_, —
R, then

/ab]q(s)|V5 >

i1) If the BVP (4.38), (4.41) or (4.38), (4.42) has a nontrivial solution = : N° , —
( ) f ) ’ a—2

R, then
1

b
/a (9 V> 5

Proof. First, note that for t € N, 1,

vr.x(t) = V,B87IV3(t)
=V, BV Va(t)

= Vv, -2 ya(t)

a

=V (Va()
Hence, we can write (4.38) as
Ve IVa(t) +qt)z(t—1) =0, teN .
Let y(t) :== Vx(t) for t € Nb_,. Then, the BVP (4.38), (4.39) becomes

—Viy(t) =q)z(t —-1), te NZ+1

yla—1) =y(b) =0,
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and the BVP (4.38), (4.41) becomes

~Vity(t) = gzt 1), teNy,

y(la—1) = Vy(b) = 0.

Consider the case of the boundary conditions (4.39) or (4.41). By Theorem 3.9
with NV = 2, we have by (3.21)

y(t) = / Gy (t, 5)q(s)z(s — 1)Vs,

for t € N | where G,_; is given by (3.21) with j = 0 for the boundary conditions
(4.39) and j = 1 for the boundary conditions (4.41). Since Vz(t) = y(t), for t € N?

a—1>

we have

b
Va(t) = / G,_1(t,s)q(s)x(s —1)Vs. (4.48)

Thus, for the BVP (4.38), (4.39) or the BVP (4.38), (4.41), using the boundary
condition from (4.39) or (4.41) for x at ¢ = a — 1 and applying the Fundamental

Theorem of Nabla Calculus given in Theorem 1.1,

x(t) =x(t) —z(a— 1)

= Va(r)Vr

a—1
t b
(448) / / Gyor(7, 8)q(s)x(s — 1)VsVr,
a—1Ja
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for t € N’ . Then,

s=a+1

o) = [ 3 Gunalrshals)als — )V
b

= Z/ Gy_1(7,8)q(s)x(s — 1)VT

s=at+170-1

— Z q(s)z(s —1) /_1 Gy_1(1,8)VT,

s=a+1

where the second equality follows from linearity of the nabla integral. It follows that

b ¢
z(t) :/ q(s)x(s —1) </ Gya(r, S)VT) Vs. (4.49)
a a—1
Similarly, for the BVP (4.38), (4.40), or the BVP (4.38), (4.42), we get from (4.48)
that
—x(t) = z(b) — z(t)
b
= / Va(r)Vr
t
(aa8) [° [P
= / / G, 1(7,8)q(s)x(s — 1)VsVT.
t a
Also,

—x(t) = /t > Gl s)q(s)a(s — 1)V

s=a+1

b b
= Z /t G,_1(7,8)q(s)x(s — 1)VT

s=a+1

= 3 qls)e(s — 1) / Gor(7.5)V 7

s=a+1
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Therefore, in this case,

() = / Cals)e(s — 1) ( /t ’ GV_I(T,S)VT) Vs, (4.50)

Next, it follows by taking the absolute value of both sides of the equations (4.49)

and (4.50) and using Lemma 4.22 with 7 = v — 1 in the case j = 0, that
b
o0 < [ la(s)als — 1)/A7s (4.51)

for all t € N2_,. where A is given by (4.24) with v = v — 1.

Let M := max |z(t)|. Then, in particular, we get from (4.51) that
teN?_,

MS/M@mwAWWs

b
< / lg(s)| MAVs.

Since z(t) is a nontrivial solution, we know M > 0. Moreover, z is not identically

zero on No~! by Theorem 4.23, so the right hand side of (4.51) is nonzero. Hence, we

get
b
1< / 4(s)|AVs.

Finally,

1 b
35 [ v

Thus, we get
b
[ laivs=c (4.52)
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so (i) holds.

Similarly, in the case 7 = 1, we get from (4.49), (4.50), and Lemma 4.22, that

M g/ lq(s)|J2(s — 1)|Ha(b,a — 1)Vs

< [ laloMts(ba - )V

Since x(t) is a nontrivial solution, we know M > 0 and z is not identically zero on

N2~1 50 we get

1 S/ lq(s)|H2(b,a — 1)Vs.

Finally,

1 b
- @ <
Hg(b,a _ 1) — /C; |Q(S)’VS7

so (ii) holds. O

For the case v = 3, we get the following corollary to Theorem 4.24.

Corollary 4.25 Letb—a € Ny. Forq: NZH — R, consider

Viz(t) +qt)x(t —1) =0, teN (4.53)
and the boundary conditions

z(a—1)=Vaz(a—1)=0, Vz(b) =0, (4.54)

Va(a—1) =0, xz(b)=Vz(b) =0, (4.55)

z(a—1)=Vz(a—1)=0, V?z(b) =0, (4.56)
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or

Va(a—1)=0, x(b)= V() =0. (4.57)

If the BVP (4.53), (4.54) or (4.53), (4.55) has a nontrivial solution x : N®_, — R,
then

2
>
/)m IWsz o0 —ato)

Also, if the BVP (4.53), (4.56) or (4.53), (4.57) has a nontrivial solution x : N°_, —
R, then

b 2
L’“@“kz(b—a+n@—a+2y

Proof. Using v = 3 in Theorem 4.24 for the boundary conditions (4.54) or (4.55), we

have
mm{ 2I'(v — DI'(b — a) ()b —a) }
F'b—a+v—-2)b—a+2)T(b—a+v—1)
- 20(3 — )I'(b — a) L3 — a)
_mm{Fb—a+3—2b—a+2) @—a+3—n}
:mln{ I'(b—a) r3)r (b—a)}
Fb—a—i— Jb—a+2) T(b—a+2)
B 2I'(b — a) 2I'(b — a)
_mm{Fb—a—i— (b—a+2) F(b—a—i—?)}‘
So,
min{ 2 (v — 1)I'(b — a) L(v)T'(b—a) }
F'b—a+v—-2)b—a+2)Tb-—a+v—1)

_ min{ 21'(b — a) 2I'(b — a) }
B rb—a)b—a)b—a+2)T(b—a)b—a)b—a+1)

—min{ 2 2 }
B b—a)b—a+2) (b—a)b—a+1)
2

b—a)b—at2)
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The statement for the boundary conditions (4.56) or (4.57) follows directly from
Theorem 4.24. O

Using the Lyapunov inequalities in Theorem 4.24 along with Corollary 4.7, we get
the following corollary.
Corollary 4.26 Let ¢ : N2, = R, 2 < v < 3, and r € {1,2} be fized. Assume

b—a € Ny. Consider the nonhomogenous BVP

Via(t) +q(t)z(t —1) = f(t), te N,
(4.58)

Va(a—1) = Ay, V'z(b) = By, x(c)= Cy,

where ¢ € {a —1,b}, f:No | = R, and Ay, By, Co € R. If q(t) satisfies

b
/ 4(t)|Vt < C,

then the BVP (4.58) withr = 1 has a unique solution defined on Nb_,,. If q(t) satisfies

b
1
)|Vt < ——=

then the BVP (4.58) with r = 2 has a unique solution defined on N?_,,.

Note that by the contrapositive of Theorem 4.24, we have a sufficient condition for
the BVP (4.38), (4.39) to have only the trivial solution. The following example uses
the contrapositive of the statement of Theorem 4.24, part (i) to show that a certain
BVP of the form (4.38), (4.39) has no nontrivial solution. In fact, we may replace
the boundary conditions of the form (4.39) in the next example by the form (4.40) to
obtain the same results.

The next example involves the nabla exponential function. Motivated by the ex-
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ponential function in the continuous setting, for py € R such that py # 1, we define

E,,(t,a) to be the unique solution to the initial value problem

y<t) = pOVy(t), t e Na+1

y(a) = 1.

Then, it can be shown that E,,(¢,a) = (1 —py)* " for t € N, and f(f PoEp,(s,a)Vs =
t

E,(s,a) = E,,(t,a)—1[29, p. 153; Example 3.7; Theorem 3.36, part (iv)], which

s=a

will be used in the next example. The nabla exponential function will be defined
more generally in Chapter 5.

Example 4.27 Consider the BVP (4.38), (4.39) with a = 2, b = 10,

q(t) = (0.005)Eq01(t,2) = 0.005(0.99)*>7¢, and 2 < v < 3. We will determine for
which values of v the contrapositive of Theorem 4.24 can be applied. In this case, we

have the BVP

(4.59)

z(1) =Vz(l) =0, Vz(10) =0.

Note that ¢(t) > 0. Then, we have

10 100,01
/ |q(8)|vs - / TEolol(S,Z)vs
2 2

1
= §E0,01(5, 2)

1 1
= §E0.01(107 2) — §E0.01(2, 2)

1 1
= _(1=0. 12710__.
L1 00npo - L

10

s=2



102

hence,

10 1 1
/ lq(s)|Vs = 5(0.99)_8 —5~ 0.0418617. (4.60)
2
Also, in this case we have

2I'(b— a)I'(v — 1) B 2I'(10 — 2)I'(v — 1)
I'b—a+v—2)(b—a+2) T(10—-2+v—2)(10—-2+2)
() (v —1)
~ T(6+v)(10)
(v —1)
506 +v)
1 7!

5v—1)G+v)d+v)B+v)2+v)(1+v)v

Also, we have

L'b—a)l'(v) = T(10-2)I'(v)
b—a+v—1) T(10-2+v-1)
_I'®rw)
L(7+v)
IT'(v)
I'(7+v)
1 7!
S 6+v(+Hv) A+ r)B+v)2+v)1 )

For v € (2, 3], we have that 5(r —1) > 6+ v for 2.75 <v < 3,and 5(r—1) < 6+v

for 2 < v < 2.75. Hence, we have

min{ 2'(b— a)l(v — 1) I'(b—a)l'(v) }
F'b—a+v—-2)b—a+2)T(b—a+v—1)

1 7!
o a2 <V <275

1 7!
5(v—1) (5+v)(4+v)(3+v) (2+v) (1+v)v 275 <v <3
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Define F : (2,2.75] — R by F(v) = 7 - Then, F is a

1
64 (5+0)(d+0)(3+v) 2+v) (1+v)r

decreasing function of v. Hence, to find the largest possible v for which the Lyapunov

inequality in Theorem 4.24, part (i) can be applied, we will solve for v in the equation

F(v) = / 4(3)|Vs:

i.e., we will find v such that

! i ~Lio.99)=_ !
6+y(5+u)(4+y)(3+u)(2+y)(1+y)y_§<' 1

Solving for v in the previous equation via WolframAlpha gives v ~~ 2.44888. Define

V' = 2.44888. Now for 2 < v < v/, since F' is a decreasing function of v,

b
/ 4(6)|VE < F(v).

Hence, for 2 < v < v/, by Theorem 4.24, the BVP (4.59) has only the trivial
solution on N{°. Tt follows that for 2 < v < v/, by Corollary 4.26, for f: N° , — R

the nonhomogeneous BVP

v.x(t) + (0.005)Ego1(t,2)z(t — 1) = f(t), teN°

V(1) = Ay, V(1) = By, Vz(10) = Cy,

where Ay, By, Cp € R, has a unique solution defined on N§°.

Next, define H : (2.75,3] — R by H(v) := 5(V1_1) (5+u)(4+u)(3fu)(2+u)(1+u)u' Then,

notice that H is a decreasing function of v. Hence, to find the largest possible v for

which the Lyapunov inequality in Theorem 4.24 can be applied, we will solve for v in



104

the equation

i.e., we will find v such that

1 7! 1

DT IE TG i e 20T

N | —

Solving for v in the previous equation via WolframAlpha gives v ~ 2.71. Since H is

a decreasing function of v,

/ 4(s)|Vs > H(v)

for 2.75 < v < 3. Hence, for ¥/ < v < 3, Theorem 4.24 gives us no information.

4.3.2 Higher Order BVPs

In this section, we will generalize the method used in Theorem 4.24 to boundary value

problems of higher order.

Theorem 4.28 Let ¢: N, - R, v >2, and N := [v]. Assume b—a € Ny_1, and

consider the BVP (4.43),
V¥ 22(a—1) =0, V¥ 22(b) =0, Viz(eg) =0, i€ NY (4.61)

where ¢; € {a—1,b}. Let A be as defined in (4.24) with v = v— N +2. If the boundary

value problem (4.43), (4.61) has a nontrivial solution, x : No_ ., — R, then

/b|<)|v > 1 :
TS = g N
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Furthermore, consider the BVP (4.43),
V¥ 22(a—1)=0, V¥ 2(b) =0, Viz(e) =0, i€ NY (4.62)

where ¢; € {a — 1,b}. If the boundary value problem (4.43), (4.62) has a nontrivial

solution, x : No_ .| — R, then

b 1 1
> . .
/a la()[Vs = Hoba—1) (b—a+ 1)N-2

Proof. First, note that for t € N, 1,

V7 a(t) () v IgN (1)

— V;(N*l/)v2vN72x(t)
_ V;(Qf(qu+2))v2vN72x(t)

= VroNR2g N2y

where the last equality follows since —1 < v — N <0 implies1 <v— N +2 <2, s0

[v — N + 2] = 2. Hence, we can write (4.43) as
Ve NN 20() + g(t)a(t — 1) =0, t e N°, . (4.63)
Let y(t) := VN"2z(t) for t € No_y 1., Then, the BVP (4.43), (4.61) becomes

=V N Py(t) = qt)x(t — 1), teNg,
(4.64)

yla—1) =y(b) =0,
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and the BVP (4.43), (4.62) becomes

—Ve N2y (t) = q(t)a(t — 1), teN:
(4.65)

y(a—1) = Vy(b) = 0.
Then, by Theorem 3.9, we have
b
o) = [ Gussalt shalals — Vs,

for t € N |, where G,_y.o is given by (3.21) with j = 0 in the case of the BVP

a—1>

(4.64), and j = 1 in the case of the BVP (4.65). Since VN 72z(t) = y(t), we have
b
VY2 (t) = / Gy-ni2(t,s)q(s)z(s — 1)Vs. (4.66)

Applying the Fundamental Theorem of Nabla Calculus, Theorem 1.1, with the

appropriate boundary conditions given by (4.61) or (4.62), for t € N®_,, we get either

VVSBg(t) = VNP2 (t) — VIV B2(a — 1)

t b
[ [ Gl slalals - 1)VsVr
a—1Ja

- /1 ( Z Gu_ni2(7,8)q(s)z(s — 1)) \s

s=a+1
b t
= [ Gl (s — 17
s=at1”a~1
b t
= > 4@l -1 [ Gl Vr
s=a+1 a-1

- /abq(s)x(s —1) (/t_l G na(T, s)v7> Vs, (4.67)
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or similarly

~Vg(t) = VNP2 (b) — VV3a(t)

= / b q(s)z(s — 1) ( /t b Gyna(T, s)VT) Vs, (4.68)

where we have interchanged the order of integration by using linearity of the nabla
integral. Define F(to) := [° G,_n+2(T, s)VT for the case (4.67) or
ft v-N42(7,8)VT for the case (4.68).
Similarly, assuming N > 4, from the boundary conditions, proceeding in this
manner and continuing to integrate, and then taking the absolute value of both sides,

we get

/ / / / / S — 1 (tO)VthOVt1Vt2 cee VtN_3
An_2 JAN_3 Ay J A

(4.69)

for t € Nj_;, where [, denotes 1" if the boundary condition in (4.61) or (4.62) is
Viz(a—1) =0 or j;b if the boundary condition is Viz(b) = 0, for i € NJ'™*. Then,

by (4.69), for t € N°_| we obtain

Bl < / / / / / lg(s)||x(s — 1)| |F(to)| VsVt Vt1 Vi - - - Vin_3
AN—2 VAN_3 As J Ay
b b \
/ / / / / lq(s)||x(s — 1)| |F(to)| VsVto Vit Viy - - Vin_3,
1 a

a—1la—1 a—1a—1

where the last inequality holds since ff lg(s)||z(s —1)| |F(to)| Vs > 0. Let t =t such

that z(t') = max |z(t)|, and define B := z(t’). By Lemma 4.23, since by assumption
teNt_|

T is a nontrivial solution, x(¢) # 0 on N2~!. In particular, B # 0. Letting ¢t = ¢’ in



108

the last inequality, we get
|q Wax(s = )| |F(to)| VsVito Vit Vig - - - Viy_3

‘q ‘B ’F(to)‘ Vthth1Vt2 Vthg,

SO
b b b b b
Bs///// 1q(5)| B |F (to)] VYVt Viy -+ Viy_s,
a—1a—1 a—1a—1 “

which implies

b
1< [
1

b b
a—la—1 a—1

b
b
/ / 4(5)| |F(t)| VsVtsVE Vs - - Viy s,
1 a

a—

For the boundary conditions given by (4.61), |F(to)| < A by Lemma 4.22, where
A is defined by (4.24), so

b b bobo
1§///// 1q(s)|AV sVt Vit Vg - - Vin_s.

a—1la—1 a—1la—1

After integrating the right hand side of the last inequality, we have

1 b
< .
Albb—a+1)N-2 = /a q(s)| Vs

Similarly, for the boundary conditions (4.62), |F(ty)| < Ha(t,a — 1) by Lemma
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4.22. so

1 b
Hy(b,a—1)(b—a+ 1)N-2 =< /a lq(s)|Vs.

O

Using the Lyapunov inequalities in Theorem 4.28 along with Theorem 4.6, we get
the following corollary.
Corollary 4.29 Letq:N.,, - R, v >2, N :=[v], andr € {1,2} be fized. Assume

b—a € Ny_y. Consider the nonhomogeneous boundary value problem

p

Ve x(t)+qt)x(t—1) = f(t), t e N2,

N=22(a — 1) = Ay
v ( D (4.70)

VN_Tm(b) = BO

VZ[E(CZ) =C;, 1€ NéV—S)

\

where ¢; € {a—1,b}, f:Nb_ | — R and Ay, By,C; € R fori € NJ'. If q(t) satisfies

/b| 1)Vt < 1
o A b—atr 1)V

then the BVP (4.70) with r = 2 has a unique solution defined on Ni_y . If q(t)

satisfies

b 1 1
t)|Vt .
/a IVt < Hy(b,a—1) (b—a+1)N-%’

then the BVP (4.70) with r = 1 has a unique solution defined on N°_ .

Employing the same methodology as in the proof of Theorem 4.28, we obtain the
following result using the previously established conditions in Theorem 3.4, Theo-
rem 3.7, and Theorem 3.13 under which the given Green’s functions are nonnegative.

Theorem 4.30 Let q: N2, - R, v>2, N:=[v], andb—a € Ny_;.
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(i) Assume v — N +2 > bf;il + 1. If the boundary value problem (4.43), (4.61)
has a nontrivial solution, z : N°_ | — R, which does not change sign on No™!

then

where A is defined by (4.24).

(it) Assume 1 < b—a < . If the boundary value problem (4.43), (4.62) has a

nontrivial solution, x : No_y ., — R, which does not change sign on N~' then

b 1 1
> . .
/a 14(s)Vs = Hoba—1) (b—a+ 1)V

Example 4.31 Let ¢ : N°, | — R be such that ¢(¢) < 0 for all ¢ € N, | and assume

v—N+2> b:il + 1. By Theorem 4.30, part (i), it follows that any nontrivial
solution to the BVP (4.43), (4.61) must change sign on N>, In other words, under
the given assumptions, any nontrivial solution to (4.43), (4.61) has a generalized zero
on the domain N~1.

We can also exploit the property of the (2,1) right-focal Green’s function being
nonnegative when g <pv<3and2<b—-a< 3_% by Theorem 3.14 to get results
similar to Theorem 4.28 and Theorem 4.30. First, we will give bounds on integrals
involving the Green’s function for the case 2 < v < 3, which can be obtained in a

manner similar to Lemma 4.22.

Lemma 4.32 Let s € N2, and 2 <v < 3. Then,

¢
/ G,(1,8)VT
a—1

< Hg(b,(l - 1)
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and

b
/ G,(1,5)V1| < H3(b,a — 1),
t

where G, is as given in (3.21) with N =3 and j = 2.
Theorem 4.33 Let ¢ : N2, - R, t e N),, v >3, N:= [v], and b—a € Ny_;.

Consider the BVP (4.43),

V¥ 32(a-1)=0, V¥ %z(a—1)=0, V¥ 2(b) =0, V'z(c) =0, i € N4
(4.71)
where ¢; € {a — 1,b}. If the boundary value problem (4.43), (4.71) has a nontrivial

solution, x : N°_ .\ — R, which does not change sign on No~1, then

b 1 1
> . .
/a 4+(5)Vs = Hy(ba—1) (b—a+1)V2

Moreover, if the boundary value problem (4.43), (4.71) has a nontrivial solution, x :

Ne_ i1 — R, then

’ 1 1
> . .
/a Vs 2 a1 bat D

Using the second Lyapunov inequality from Theorem 4.33 along with Theorem 4.8,
we get the following corollary.

Corollary 4.34 Let ¢ : N°, | - R, v >3, N := [v], and b — a € Ny_y. Consider
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the nonhomogeneous boundary value problem

(

Vex(t) +at)z(t — 1) = f(t), t€NG,

VNSBz(a—1) = Ay, VI 22(a—1) = A,
(4.72)

VN_1$(b) = BO

VZ.CE(Q) = Ci, 1€ Név_4,

\

where ¢; € {a—1,b}, f:Nb,, — R and Ay, A1, By, C; € R fori € N7, If q(t)

satisfies

b 1 1
t)|Vi .
/a @IVt < Hi(b,a—1) (b—a+1)N-%’

then the BVP (4.72) has a unique solution defined on N°_ ;.

4.4 Lyapunov Inequalities Involving a Self-Adjoint Equation

In this section, first we will consider for 0 < v < 1, the self-adjoint equation

VV2x(t)+qt)x(t —1) =0, te N, (4.73)

subject to the conjugate boundary conditions

z(a) = z(b) =0, (4.74)

or the right-focal boundary conditions

x(a) = Vx(b) = 0. (4.75)

The following theorems will give Lyapunov inequalities for the boundary value
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problems (4.73), (4.74) and (4.73), (4.75). The technique used in the proofs is the
same as used earlier in the chapter, so proofs are omitted.

Theorem 4.35 Assume the BVP (4.73), (4.74) has a nontrivial solution x : N? — R,
and let b —a € Ny. Then,

[ atolvs = gt (4.76)

, . b—1
Moreover, if x does not change sign on N7, then

+1 (Vs 2 (b—a)?

/b Ab—a)T(v+1) (4.77)

Note that taking ¥ = 1 in the above inequalities gives the right hand side

4(b —a)'T(1 + 1) 4

(b—a)? b—a’

which is the same as in the inequality for the second order continuous case of the
self-adjoint equation in Theorem 1.20.

Theorem 4.36 Assume the BVP (4.73), (4.75) has a nontrivial solution v : N® — R,
and let b —a € Ny. Then,

/ B —

Moreover, if x does not change sign on NZ;II, then

b
/ q+(s)Vs = o

Recall that an essential part of the proof for Lyapunov inequalities makes use of
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bounds on Green’s functions. We give results on Green’s function bounds for the self-
adjoint equation case below. The proof of Theorem 4.35 makes use of the following

bound on the Green’s function, which follows directly from [3, Theorem 61].

Theorem 4.37 The Green’s function G(t,s) for the boundary value problem

(

—VViz(t)=0, teN,

satisfies 0 < G(t,s) < %.
The proof of Theorem 4.36 makes use of the next bound on the Green’s function,

which follows directly from [27, Theorem 5.11].

Theorem 4.38 We have that the Green’s function for the BVP

;

—VViz(t)=0, teN,

satisfies 0 < G(t,s) < ==L for (t,s) € Nb x No .
The next example uses the Lyapunov inequality for the conjugate BVP involving
the self-adjoint equation given in Theorem 4.37.

Example 4.39 Consider the BVP (4.73), (4.74) with a =1, b = 20, v = %; ie.,
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VIVia(t)] + | — ] 2t - 1) =0, € N

z(1)=0

\ (20) =0
Note that ¢(t) = 105 — W, and ¢(t) < 0 for ¢ € N3. Hence, f2 lq(s J —
— 5P - Vs = ks 5= 0124875, Also, AmalT0D SLLNCN
.0461, so f2 s)|Vs < W Thus, the given BVP has only the trivial

solution.
The next theorem, which follows from [3, Theorem 50], demonstrates a useful
consequence of the conclusion in Example 4.39.

Theorem 4.40 Assume (4.73), (4.74) has only the trivial solution. Then, the BVP

(

VVea(t) +a(t)z(t — 1) = f(t), t €N,

has a unique solution.

Example 4.41 By Example 4.39 and Theorem 4.40, the boundary value problem

(

1
VIVia®)] + |5 — ] 2t - 1) = f(8), €N

z(l)=A

x(20) = B.

\

has a unique solution for any given fixed A, B € R and f : N2° — R.

Now we will consider a three-point boundary problem involving the self-adjoint
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equation. The following theorem follows by [3, Theorem 74] and the proof of [3,
Theorem 78§].
Theorem 4.42 Let 0 < v < 1, b—a € Ny, h : N°,, - R, 0 < a < 1, and

ke Ngb_“)_l. The Green’s function for the homogeneous BV P

e

—-VV¥ x(t) =0, te N,

z(b) —ax(a+ k) =0,

\

satisfies

0 < G(t,s) < H,(b,a) {b—ﬁ—v—l}

14

for (t,s) € Nb x N!_,.

Proof. From the proof of Theorem 78 of [3], we have

H, (b, pl(3)) H, ()
G(t, s) < — H,(t, p(s)),
R (,p(5)
for t € N, and s € NI Then, by Proposition 3.6, we have %W >0

and H,(t,p(s)) > 0. Hence, it follows that G(¢,s) < %W for t € N, | and

5 € fo;{t“vb} . Moreover, by the proof of Theorem 78 of [3], we have G(t,s) <

HV(Z/:(_SI)zf;)(t,a) for t € N*~!and s € Nﬁlax{t+17a+2}. Hence, we have

Gt o) < Holbp ) HL (00

H, 1(b,a) ’
for all (¢,s) € Nb x Nb_,. Now by Proposition 3.6, it follows that

H,(b,a)H,(b,a)
G(t,s) < oo H,(b,a) [

b—a+v—1
— |
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O

The next theorem gives a Lyapunov inequality for a three-point BVP using the
bounds given Theorem 4.42.
Theorem 4.43 Let 0 < v < 1, b—a € Ny, h : NZ+2 - R, 0< a <1, and
ke NP7 Assume the BVP

(

Vir(t) +q(t)a(t —1) =0, teN;,

z(b) — azx(a+ k) =0,

\

has a nontrivial solution z : N° — R. Then,

/a+1 1)V 2 G T B )

, - b—1
Moreover, if v does not change sign on N, 1, then

b
v
> .
/a+1 1+(s)Vs = (b—a+v—1)H,(b,a)
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Chapter 5

Some Applications of Contraction Mapping Theorem and
Green’s Functions Involving the Nabla Mittag-Leffler

Function

In this chapter, we present some further applications and extensions of the results in

the previous chapters, which will be elaborated further in future work.

5.1 Applications of Contraction Mapping Theorem to Nonlinear BVPs

In this section, we will use the bounds on Green’s functions established in Chapter 3
to study existence and uniqueness of solutions to nonlinear BVPs. The Contraction
Mapping Theorem has been applied to boundary value problems involving nabla
fractional self-adjoint equations in [3] and [13].

Definition 5.1 [35, Definition 7.2] A contraction mapping, 7', on a complete
metric space, (X, d), is a function, 7' : X — X, which satisfies d(Tx,Ty) < ad(z,y)
where v € (0, 1) is a constant, which is referred to as the contraction constant.
Theorem 5.2 (Contraction Mapping Theorem) If T is a contraction mapping
on a complete metric space (X, d) with contraction constant o € (0,1), then T has a

unique fized point T € X; i.e TT =T.
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a

Remark 5.3 Define X := {z | 2 : N°_, ., — R} and d(z,y) := ||z — y|| where

||z|| = max |z(t)|. Then, note that (X, d) is a complete metric space.
teNafNﬁ»l

Theorem 5.4 Assume b —a € Ny and consider the BVP

(

VZ*x<t) - F(t,l’(t - 1))7 te NZJrl

Viz(a—1) = A, i€ NJ 2 (5.1)
z(b) = B,
\
where v > 1, N := [v], and F : NJ,; x R — R is continuous with respect to its

second variable and satisfies a uniform Lipschitz condition with constant K ; i.e.,

for all (t,x),(t,y) e No ; x R. If

'b—a+v-—1)
I'(b—a)l'(v)

K(b—a) <17

then the BVP (5.1) has a unique solution.

Proof. Tf z is a solution to (5.1), then, by Corollary 2.11, = satisfies the integral
equation

b
x(t) = w(t) +/ G(t,s)F(s,z(s —1))Vs,

where G : No_ ., x Nb,, — R is as given in Corollary 2.18 and w is the solution
to the homogeneous equation satisfying nonhomogeneous boundary conditions. Let

(X, d) be as defined in Remark 5.3. Define the operator 7" on X by

Tx(t) .= w(t) + / G(t,s)q(s)F(s,z(s —1))Vs.
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Note that T : X — X. We will show that 7" is a contraction mapping. Consider, for

teNb_y., fixed and 2,y € X,

|Tx(t) — Ty(t)| = / G(t,s)F(s,z(s—1))Vs — / G(t,s)F(s,y(s —1))Vs

b
/ G(t,s)[F(s,x(s—1)) — F(s,y(s—1))] Vs

< / |Gt 8)[|F(s,2(s = 1)) = F(s,y(s = 1))[ Vs

b
<K [ 16(5)llats = 1) = yls = |7
where the last inequality follows by the Lipschitz condition on F'. Then,

b
ITe(t) — Ty(t)] < K]j — ]| / G(t,9)|Vs

b
SKHx—yH/ H, 1(b,a)Vs,

by the bound on |G(¢,s)| given in Theorem 3.12. Since t is fixed and arbitrary, we
have

[Ta(t) = Ty(t)| < Kl[z — yl[Hy-1 (b, a)(b - a)

is true for all t € N?_ ., so
1Tz —Ty|| < allz —yl],

where o := K(b— a)%ﬁ < 1. Hence, we have that 7" is a contraction mapping
on X. Hence, by the Contraction Mapping Theorem, T has a unique fixed point

o € X, such that

b
zo(t) = Tao(t) = / G(t,s)F(s,zo(s — 1))Vs,
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for t € N’_ ;. Hence, zo is the unique solution to the nonlinear BVP (5.1). O

The proof of the next theorem follows by Theorem 2.17 and Corollary 2.11, and
it is similar to the proof of Theorem 5.4 with the bound H,_;(b,a) replaced with
Hy_1(b,a — 1) from the Green’s function bound given in Theorem 3.12. Hence, we
omit the proof.

Theorem 5.5 Assume b — a € Npaxq1,5 and consider the BVP

.

Vealt) = F(ta(t— 1)), teN,

Viz(a—1) = A, i€ Ny 2 (5.2)

Viz(b) = B,
\

where v > 1, N = [v], j € N is fized, and F : N, x R — R is continuous with

respect to its second variable and satisfies a uniform Lipschitz condition with constant

K. If

K(b—a) (b_‘jvtji_ 1) 1,

then the BVP (5.2) has a unique solution.

The following theorems give conditions for the existence of positive solutions to
some nonlinear BVPs with homogeneous boundary conditions, using the fact that the
Green’s functions are nonnegative under the given conditions on v. This allows the
operator T' to be defined on X = {z | 2 : N}_,,, — [0,00)}. Note that, in this case,

(X,d) is a complete metric space, where d(z,y) is defined previously.

Theorem 5.6 Let 1 < v < 2 and b — a € Ny. Suppose either v > b:il + 1 and
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1<v<2;0rv=2 holds. Consider the BVP

—Via(t) = Ft,a(t—1)), teNy,,
(5.3)

z(a—1) =0, x(b) =0,

where F: Nb | x R — R is continuous with respect to its second variable and satisfies

a uniform Lipschitz condition with constant K, If

'b—a+v—-1)
K- 1

b=aTg—are) <
then the BVP (5.3) has a unique positive solution.

Proof. If x is a solution to (5.1), then, by Theorem 3.1, x satisfies the integral equation

b
x(t):/ G(t, s)F (s, 2(s — 1))Vs.

where G : N!_| x N’ | — R is as given in Corollary 2.18. Let
X:={z|2:N_y,, —[0,00)} and d(z,y) be as defined in Remark 5.3. Define the

operator 1" on X by

Tx(t) :—/ G(t,s)q(s)F(s,x(s —1))Vs.

Note that 7' : X — X since G(t,s) > 0 by Theorem 3.4 and Theorem 3.7. The

remainder of the proof follows in the same manner as the proof of Theorem 5.4. ¢

Existence of any number of positive solutions to the boundary value problems
considered in the next two theorems is studied in detail in [27] by means of the

Guo-Krasnoselskii fixed point theorem. Although the conditions in [27, Theorem
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3.16] on the the nonlinear term may be less restrictive than being Lipschitz, and the
conclusions in [27, Theorem 3.16] give more information regarding the solution, it may
be more difficult to find examples of a nonlinear term, as can be seen by [27, Example
3.19]. Hence, when only a unique solution is desired, the next theorems may be easier
to apply.

The proof of the next theorem uses the Green’s function bounds in Theorem 3.13
and follows in manner similar to the proof above.

Theorem 5.7 Let 1 <v <2,1<b—a< ﬁ and consider the BVP

—Vix(t) = F(tz(t—1)), teN), (5.4)

z(a—1) =0, Vz(b) =0,

where F' NZH xR — R is continuous with respect to its second variable and satisfies

a uniform Lipschitz condition with constant K. If

1
(b—a)<\/—F,

then the BVP (5.4) has a unique positive solution.
The bound in Theorem 3.14 is used to prove the next theorem.

Theorem 5.8 Let % <v<3and2<b—a< ﬁ Consider the BVP

—Via(t) = Fto(t— 1)), teN,,

zla—1)=Vz(a—1)=0 (5.5)

where F NZ+1 X R — R is continuous with respect to its second variable and satisfies
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a uniform Lipschitz condition with constant K. If

K(b—a) (W—l) <1,

then the BVP (5.5) has a unique positive solution.

5.2 Green’s Functions for BVPs Involving V” xz(t) + cx(t) =0

In this section, we will expand upon the results of Chapter 2 for BVPs involving the
equation V¥ x(t) 4+ cz(t) = 0, where |¢| < 1. The results of Chapter 2 can be viewed

as a special case of ¢ = 0 in this more general context.

5.2.1 IVPs and General Solution Involving V¥ z(t) + q(t)z(t) =0

In this subsection, we present some standard results for the equation V¥ xz(t) +
q(t)x(t) = 0 when 1+ ¢(t) # 0 for all ¢ € N,,1. Note that, in particular, the re-
sults of Theorem 5.9, Theorem 5.10, and Theorem 5.11 will apply for the special case
q(t) = ¢, where |¢| < 1, which will be considered in the next subsection.

The proof of the following theorem uses the same method as the proof of Theo-
rem 4.1. In this case, we must use the fact that 1 4 ¢(t) # 0 to solve for z uniquely
on the domain N,,;. Note that initial conditions given by Viz(a) = A;, i € N) !
are equivalent to having initial conditions of the form z(a—i) = A}, i € NJ'~!, which
can be shown using the binomial expansion of V'z(a) as given in Proposition 1.13.
This fact will be used in the proof of the next theorem.

Theorem 5.9 Let q: N, 1 = R, v >0, and N := [v]. The initial value problem

Vo) +qt)z(t) = f(), t€Non
(5.6)

Viz(a) = A;, i€ Ny



125

has a unique solution defined on N,_ny1 if and only if 1+ q(t) # 0 for all t € Ny, ;.

Proof. Expanding the fractional equation in (5.6) gives

S Hyopa(t, pls)) (Z(—w (" )x<s—j>> +aa(t) = F1), t€Nurs, (5.7)

s=a+1 7=0

as given in the proof of Theorem 4.1, where we now have ¢(t)z(t) in place of ¢(t)z(t —
1). From the initial conditions in (5.6), we have equivalent initial conditions given by
z(a—i) = A, for i € N'"!, so x is uniquely defined on N?_ .. Letting t = a+ 1 in

(5.7), we obtain

z(a+1)+ Z(—l)j (]Z])x(a +1—75) +qla+z(a+1)= fla+1).

Then, we have

zla+1)(1+qla+1)) =— Z(—l)j ({:7) A;,l + fla+1). (5.8)

Jj=1

We can uniquely solve for z(a + 1) in (5.8) if and only if (1 4+ ¢(a+ 1)) # 0. We will
proceed by induction, assuming x is uniquely determined on Ngf’fv 41, In a manner
similar to the proof of Theorem 4.1. We can solve for z(a + k + 1) if and only if
gla+k+1)+1+#0. Hence, we get that x is uniquely determined on N,_ 1 if and

only if 1 +¢(t) # 0, for all t € Ny yq. O

Note that the Lyapunov inequality results of Chapter 4 may be applied to the
equation V¥, x(t) + q(t)x(t) = 0, provided 1+ g(t) # 0 for all t € Ny ;.
The proof of the next theorem follows in the same manner as the proof of Theo-

rem 4.2, so it is omitted.



126

Theorem 5.10 Assume 1+ q(t) # 0 for allt € Noyy. Let N := [v]|. Then, there

exist N linearly independent solutions to

Vix(t)+q(t)x(t) =0, t € Noyy

defined on Ny _pny1.
The same argument for the proof of Theorem 4.3 applies in the case of the next

theorem.
Theorem 5.11 Assume 1+ q(t) # 0 for all t € Noyy. If yo,v1,-..,yn—1 are N

linearly independent solutions to the equation

Var(t) +q)z(t) =0, € Nagy (5.9)

defined on N,_ny1 where N := [v], then a general solution to the equation (5.9) is
given by

y(t) = coyo(t) + cryn(t) + -+ en_1ynv—1(t),

fort € Ny_noy1 where cg,cq,...,cn_1 are arbitrary constants.

5.2.2 General Solution to V” z(t) + cx(t) = 0 in Terms of Nabla Mittag-

Leffler Functions

In the remainder of this section, we will focus on the case ¢(t) = ¢, where |¢| < 1 and
define the operator L,x(t) := V¥ x(t) + cx(t) for t € Nyyq.

In this subsection, we are interested in a general solution to the equation

Lal'(t) = 0, te Na+17
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where |¢| < 1, v > 0 and N := [v]. The general solution will be given in terms of
the nabla Mittag-Leffler function, which is a generalization of the nabla exponential
function. To motivate the definition of the nabla Mittag-Leffler function, we will first
define the nabla exponential function and give its nabla Taylor series.

Definition 5.12 [29, p. 153] For p : N, ; — R such that 1 — p(t) # 0 for t € N,
the nabla exponential function, based at a, denoted by E,(¢,a) and defined on

N, is defined to be the unique solution to the initial value problem

Vy(t) =pt)y(t), t € Nops

Theorem 5.13 [29, Theorem 3.50] Assume |p| < 1 is a constant. Then,

Ep(t7 CL) - Zpka(ta a))
k=0

fort € N,.
Definition 5.14 [29, Definition 3.98] (Nabla Mittag-Leffler Function). For [p| <
1, a>0, R,

Epﬂyﬂ(t? a) = ZpkHakJrﬁ(ta Cl), t e Na.
k=0

Remark 5.15 Let v > 0 and N := [v]. Note that for each i € N)'~!, the domain
of the Mittag-Leffler function E_.,;(t,a — N + ¢), where |¢| < 1, can be extended to
N,_n1 using the fact that for any v > 0, k € Ny, and i € N, H,(t,a — N +1)
is defined on N, _n1.

The authors in [43] study an initial value problem related to Theorem 5.19 and

arrive at a solution using transform methods. In [49], this problem is studied in the
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context of the (g, h)-discrete time scale and also uses transform methods. In contrast,
we will give a direct proof and avoid the use of transform methods, which must
assume a priori that the transform exists. Also, we will make explicit the domain of
the solution. Moreover, the Mittag-LefHler functions here will be based at modified
points, keeping in line with our work in Chapter 2.

For comparison, we will next state the parallel result in the case of the nabla
Riemann-Louiville fractional difference.

Theorem 5.16 [29, Theorem 3.101] Assume N := [v] and |c| < 1. Then,
E—yupilt,pla)), i € NY
are N linearly independent solutions defined on N, of
Vir(t) +cx(t) =0, t € Nopn.

In particular, a general solution to the fractional equation V:(a)x(t) +cx(t) = 0 is

given by
:E(t) = ClE—c,V,V—l(ta P(a)) + CQE—C,V,V—Q(t7 p(a)) + -+ CNE—C,V,V—N(ta P(a))7

fort € N,.
Remark 5.17 Let ¢t € N, _n,; be fixed and ¢ € R such that |¢] < 1. For each
i € NJ'™!, it can be shown using the ratio test that the series io: (—c)*H 1 i(t,a—N+i)
converges absolutely. .

We will use the following remark in the proof of the next theorem.

Remark 5.18 Let f; : N,_ni1 — R for each £ € Ny and suppose > fi(t) is
k=0

absolutely convergent for each ¢t € N, .. Then, it can be shown using properties
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of absolutely convergent series that,

Vi f(t) =D Vi (),
k=0 k=0

for t € Na+1.

Theorem 5.19 Let v >0, N := [v], and |c¢| < 1. Then,
E . i(t,a— N+1i), i e N'7!
are N linearly independent solutions defined on N,_n1 to
VY x(t) +cx(t) =0, t € Nyyq. (5.10)
Also, a general solution is given by
z(t) =coE_cpo(t,a—N)+a1E_cp1(t,a—N+1)+---+ey 1 By no1(t,a—1). (5.11)

Proof. Note that for the case ¢ = 0, we have Ey, ;(t,a— N +1i) = H;(t,a— N +1) for
i € N)'™!, and it follows from Theorem 2.1 that H;(t,a — N +1) for i € N) ! give N
linearly independent solutions to V¥, x(t) = 0.

Now consider |¢| < 1 and ¢ # 0. Let i € N) ™' be fixed. Then,

o0

Vi E_cvilt,a—N+i)=V0> (=) Hyppi(t,a — N +1)
k=0

=D (—o)"ViHyyi(t,a— N +1),
k=0
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by Remark 5.17 and Remark 5.18. Then,

VVE _c,i(t,a— N +1) (=e)" VNIVt a — N +4)

[
< I0ge

N=IGNH,(t,a — N + 1)

o]
k=

+ 3 (=) VNIV Hyp it a — N+ 1)

1

(=)o VIVt a— N +4), (5.12)

NE

T

1

since VNH;(t,a — N +14) = 0 for each i € N)™'. Now, consider ¥ € Ny and i €
Név_l. Next, we will show that vk + ¢ — N is not a negative integer. Note that
v# 4,2, A for any k € Ny since § < 2 < -+ < 8 < N —1 < v for any
k € N;. We have

vk+i—Ne{n|neZandn <0}

if and only if
vk € {n+ (N —1i) |n €Z and n < 0}.

Note that vk & {n | n € Z and n < N —1} because vk > 0 and v # Y=L, 1 for all
k € N;. Then, since {n+ (N —i) | n€Z andn <0} C{n|ne€Zandn <N — 1},
we have vk & {n+(N—i) |n€ Z and n < 0}, sovk+i—N ¢ {n|n € Z and n < 0}.
Thus, by Theorem 1.18, part (i) and since vk +i — N and vk+i— N + (N —v) are

not negative integers,

VQ(N’”)VNHV;{H(@ a—N —+ Z) = V;(Niy) l,kJﬂ;N(t, a—N -+ Z)
= Hyprins(v—w)(t,a — N +1)

= Hypyiw(t,a— N +1). (5.13)
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Then, we have by (5.12) and (5.13),

VVE _cvi(t,a— N +1) (—c)*Hyppi(t,a — N +1)

[M]¢

i
I

[M]#

(—=0)" Hyr-1y1i(t,a — N +1)

i
I

(—c) "M Hyppi(t,a — N +1)

WK

e
Il
o

=—¢> (=0)'Hypyit,a — N + i)
k=0

=—cE_.,i(t,a— N +1),

which shows that E_.,;(t,a — N + i) is a solution to L,x(t) = 0 for each i € NJ'~".
Next, we will show that E_.,;(t,a— N+1), for i € N)'~!, are linearly independent.

Suppose cg, 1, ..., cn_1 are constants such that, for all t € N,_n.1,
C()E_C,Mo(t, a — N) + ClE—c,V,l (t, a—N + ].) +-- 1+ CN—IE—C,ZI,N—1<tJ a— ].) = 0. (514)
Note that letting t = a — N + 1 in (5.14) in E_.,;(t,a — N +1) for i € N) ™" gives

(—c)*Hypri(a — N +1,a — N +1)

hE

E_ ., ila—N+1a—N+1)

B
Il
o

F(vk+1)
(1—-T(wk+i+1)

hE

(0"

il

0

We have N [(vk+1)

F R — 0 fori € NY~! so letting t = a — N + 1 in (5.14) implies
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co=0. Next, ift=a— N + 2,

(—c)*H prila — N +2,a — N +1)

NE

E cpi(a—N+2,a— N +1)

k=0
B i(_c)k L(vk + 2)
e L2 —-i)l(wk+i+1)
Since W2 — ( for i € NY™!, letting t = a — N + 2 in (5.14) implies

(2= (vk+itl)

¢ = 0. Proceeding in this manner by letting ¢t = a — N +3,--- ;a — 1 in (5.14)
implies ¢ = -+ = cy_1 = 0, respectively. Hence, E_.,o(t,a — N),E_.,1(t,a —
N+1),...,E_.,n-1(t,a—1) give N linearly independent solutions to (5.10), and by

Theorem 5.11, it follows that (5.11) gives a general solution to (5.10). O
5.2.3 Development of Green’s Functions

5.2.3.1 Variation of Constants Formula for an IVP

First, we have the following variation of constants formula, giving a particular solution
to the nonhomogeneous equation L,y(t) = h(t).
Theorem 5.20 (Variation of Constants). Assume v > 0 and N := [v]. Then, the

solution to the initial value problem
(5.15)

15 given by

y(t) = / E_cpu-1(t, p(s))h(s)Vs, (5.16)
fort € Ny _ny1.

Proof. The initial conditions Viy(a) = 0, i € N) ! are equivalent to y(a — i) =
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0, i € N)'"!. By the convention on the nabla definite integral, we have that y(t), as
given by (5.16), satisfies the initial conditions y(a — i) = 0 for i € Nj '
Using that > (—c)*H, kv, 1(t, p(s)) is absolutely convergent for each fixed ¢t €

k=0
N,_n11 and s € N, 41, next consider

¢
VZ*/ E,q,,,l,,l(t,p(s))h(s)Vs

-v.. [ (Z(—c>’fﬂuk+u1<t,p<s>>> h(s)Vs

k=0

=V > <Z(_C)kHuk+ul(tap(3))> h(s)

s=a+1 k=0

:Vg* (—C)k Z HVkJrufl(tap(S))h(S)

k=0 s=a+1

= Z(—C)kVZ* Z HVkJerl(t?p(S))h(S)

0 s=a+1

+ 3 (=0)"VE Y Hopor(E p(s))h(s)

k=1 s=a+1

VLR 4 () VY Hukpua(t p(s))h(s)

s=a+1

2D i) + 3 (=)t g / Hopro 1 (5 p(s)h(s)Vs.  (5.17)
k=1 a

B
Il
—

Note that, by the Leibniz formula given in Theorem 1.19, we have

VN/ Hkiv-1(t, p(s))h(s)Vs
=y / Vi Hyis (£ p(5))(5)V5 + Hypos (p(2), p(t)) (1)

t
:VN_l/ ViHkn-1(t, p(s))h(s)Vs.
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So,

vV / Hopro 1 (£ p(s))h(s)V's
= V2 /t ViHkro-1(t, p(8)P(8)Vs + ViH, ey 1 (p(t), p(t))2(t)

t
—y / V2 H w1 (tp(5))h(s) Vs

- / VN Hyooa(t, p(8))h() Vs + VN Hypepsoa (p(0), ()01

= [ O Hute a1 o)AV (5.18)

Then, from (5.17), we have

t
\% / E_cvia (t,p(s))h(s)Vs

= h(0) + 30V [ ot () h(s) Vs
k=1 @

(5.18

19 h(t)

+

S (=) v / VN Horo 1 (t, p(s))h(s)Vs.  (5.19)

k=1

Next, using the definition of the nabla fractional sum, consider for k£ € Ny,

Vo0 [ Ho a1, ()6 Vs
= / Hy—vr(t, p(5)) { / VN Hypersr (5, p(€))h(E)VE| Vs

= Z Z HN_V_1(t,p(S))ViVHVk-i-V—l(Svp(f))h(g)

s=a+1&=a+1

= > > Hyyoa(t, p(8) VY Hopra (s, p(£)R(E),

E=a+1 s=¢
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where in the last equality, we have interchanged the order of summations. Hence,

t
V;(N_V)/ ViVHl/k—i-u—l(t?p(S))h(S)vS

-/ | 5 Hiv o1 (1 () V2 Hopoa (5, oM VSVE. (5.20)

Now we have

/ | g Hy 1 (t, p(8)) VS Hopa (5, p(€))W(E) VsVE

t t
- / BE) [ Hyovr(t p() VY Hypepr (s, p(€)) VVE
a &-1
t
1.3 (N—v
D[ MOV IV o801 VE
N
— [ MOV Huro (0. p(€)VE
¢
= [ HOHups ool ) VE (5.21)
where the second to last equality follows from Theorem 1.8, part (ii), and the last

equality follows from Theorem 1.18, part (i), noting that vk + v — 1 — N is not a

negative integer for k& € N;. Hence, from (5.20) and (5.21), we have

v, V) / VY Hyppo1(t, p(s))h(s) Vs = / h(§) Hur-1(t, p(€)) VE. (5.22)

Therefore,

t
\ / E vy (t,p(s))h(s)Vs

(5.19), (5.22)

SO h(0) + 3 (-0 [ HOHani (b€ VE
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Then, using absolute convergence of the series Z f h(&)Hyi-1(t, p(§))VE for
k=1

each fixed t € N,_n.1 in the next step, we have

t
Vio [ Bt )T

= h(t) —I—/ Z(—C)kHuk—l(taP(f))] h(§)VE
@ k=1
= h(t) —|—/ Z(_C)kJrlHu(k—H)—l(t:p(é))] h(é)Vf
— ht / S (=0 Hypepa (8 p<§>>] h(€)VE
a k=0

= ho)+ (o) [ Byt p(E)REVE.

It follows that

v, / By (£ p(s))h($)Vs + ¢ / E-epr(t, p(s))h(s)Vs

a

— h(t) + (=) / B vy, plE)H(E)VE + / Evpor(t, p(s))h(s) Vs

= n(1).

Thus, fj E_.,,-1(t, p(s))h(s)Vs is the solution to the initial value problem (5.15). ¢

Corollary 5.21 The solution to the initial value problem

Lyy(t) =h(t), te Ny

Viy(a) = A;, i€ N

15 given by
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where w(t) is the unique solution to the initial value problem

Lay<t) = O, te Na+1

Viy(a) = A;, i€ NV

5.2.3.2 Green’s Functions

Throughout the remainder of this section, we will assume v > 1, N := [v], k € NV ™!
is fixed, j, € NY™! for m € NV 7% with j; < jo, < js < -+ < jyg, and b —a €
Nimax{1,jy_p—N+k+1}-

Next, we give an existence-uniqueness result for two-point boundary value prob-
lems involving the operator L,. The proof is practically the same as the proof of
Theorem 2.4, so it is omitted.

Theorem 5.22 (Eristence-Uniqueness Theorem) Let v > 1, N := [v], k € NV 71,
and h : NZH — R. Furthermore, let j,, € Név_l form € N]lv_k, with j1 < jo < J3 <

+ < JN—k, and assume b — a € N1y —N+k+1}- LThe homogeneous (k,N — k)

BVP

(

Lay(t) = 07 te Ng-i-l

Viy(a— N+k)=0, icN:!

Vimy(b) =0, me Ny,

has only the trivial solution if and only if the nonhomogeneous (k, N — k) BVP

Low(t) = h(t), te N,

Viw(a — N +k)=4;, i€ N

N—-k
m) mENl )

\
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where A;, B, € R, has a unique solution.
Remark 5.23 In the remainder of this section, we let z,(t) := E_.,,(t,a — N + p),
for each p € NJ' ™.
Similar to Lemma 2.3, we get the following lemma.
Lemma 5.24 Let v > 1, N := [v], and suppose x : N,_ny11 — R is a solution to

the equation

Lox(t) =0, t € Noy1. (5.23)

Moreover, assume that x satisfies the conditions

Viz(a— N+Ek)=0, i e Ni° 1

Then,

where ¢k, Cpi1, ..., cN_1 € R.

Proof. First, note that from the binomial expansion of V* given in Proposition 1.13,
it follows from Vix(a — N +k) =0, i € Ni™* that (e — N +1) = x(a — N +2) =
-+ =ux(a— N +k)=0. By Theorem 5.19, x(t) = coE_cpo(t,a—N)+c1E_.,1(t,a—
N+1)+---+envaE_cyn-1(t,a—1). Then, from the condition z(a — N + 1) = 0,

we get

coF_cvola—N+1l,a—N)+aE_.p1(a—N+1,a—N+1)

+ e+ CN_lE_CMN_l(a — N + 1,(1 - 1) = 0.

Then, as shown in the proof of Theorem 5.19, we get ¢y = 0. Similarly, as shown in
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aFB_cpila—N+2,a—N+1)+---+eyaF con-1(a—N+2,a—1) =0,

from which we get ¢; = 0. Continuing in this manner, from z(a — N 4+3) = -+ =

z(a — N + k) = 0, we obtain ¢ = ---

N-1
Y B _cup(t,a— N +p).

p=Fk

In the remainder of this section, we let D :=

lexk(b)
ijl’k(b)

V‘jl Tkl (b)
vj2$k+1 (b)

VIN-k l‘k(b) VIN-k That (b)

lel’Nfl(b)
VjQxN_l(b)

VjN—kxNil (b)

= cx_1 = 0, respectively. Hence, z(t) =

(5.24)

Using the previous lemma, we get the following theorem. The proof follows in a

manner similar to the proof of Theorem 2.6, so we omit it.

Theorem 5.25 A necessary and sufficient condition for uniqueness of solutions to

the nonhomogeneous BVP in Theorem 5.22 is det D # 0, where D is given by (5.24).

The next lemma will be used in the following theorem.

Lemma 5.26 Let v > 1 and N := [v]. Suppose j € N, |c| <1, andt € Ny_n1.

Then,

vjE—C,V,V—l(p(t)? p(t)) = 0.

(5.25)



Proof. Consider

t=p(t)
s=t

VjE—c,l/,l/—l (ta IO(S))

t=p(t)
s=t

vi Z(—c)"Hyr+y_1(t7P(S))]

r=0

hE

(—¢)" [V? Hyrina(t, p(s))]

t=p(t)’
s=t

ﬁ
I
o
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where the last equality holds since E_.,,,_1(t, p(s)) is absolutely convergent for each

fixed t € N,_n11 and s € N,.1. Then,

VIE e (b 08| = D () Hurswma—y(p(8). p(1).

which follows from Theorem 1.8, part (ii). Note that, for r € Ny,

Oyr+y— 1—j5

Hyr+u—1—j(p(t)7 p(t)) - m

Twr+v—-1-9)
T (vr +v—j)

=0,

since vr 4+ v — 1 — j is not a nonpositive integer for all 7 € Ny and j € NY'~'. Hence,

(5.25) holds.

O

Theorem 5.27 (Green’s Function Theorem). Assumek € NY ™1, j,, € N7t form €

N{V_k, b—ac€ Nmax{l,ijk_NJrkH}, and that the homogeneous BVP in Theorem 5.22

has only the trivial solution. For each fized s € N° |, let u(t,s) be defined to be the
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solution to the BVP

(

Lau(t,s) =0, te N,

Viu(a— N +k,s) =0, i€ Ny (5.26)

Vimu(b,s) = =VimE_,,,,1(b, p(s)), m e NV7F,

Define

G(t,s) = ulh,2), ¥t < pls) (5.27)

v(t,s), if t > p(s),

where v(t, s) == u(t,s) + E_cpp1(t,p(s)) and (t,s) € Nb_ | x Nb_ . Then,

is the unique solution to the nonhomogeneous (k, N — k) BVP in Theorem 5.22 with

A;, Bj,. = 0. Note that in the case t = p(s), we have u(t,s) = v(t, s).
Proof. By Theorem 5.22, the BVP (5.26) for each fixed s € N°, | has a unique so-
lution, so u(t,s) is well defined. Let G(t,s) be defined as in (5.27) and y(t) :=
f: G(t,s)h(s)Vs. First, for t € Nb_ |,
¢ b
y(t) = / G(t, 5)h(s)Vs + / G(t, s)h(s)Vs
ot b
:/ v(t,s)h(s)Vs—l—/ u(t, s)h(s)Vs
p t b
:/[u(t, s)+E_c,,,,y_l(t,p(s))]h(s)v.s+/ u(t, s)h(s)Vs
ab . t
—/ u(t, s)h(s)Vs—i—/ E_cpy-1(t,p(s))h(s)Vs



142

By Theorem 5.20, fj E_cpu-1(t,p(s))h(s)Vs is a solution to L,y(t) = h(t), so

Loy(t) = L, l / ult, $)h(s)Vs 1 / Bt p(s))h(s)Vs}
b t
= s:za:l Lou(t, s)h(s) + Lq ( / E_epylt, p(s))h(s)Vs)

= h(1),
using the linearity of the operator L, and where L,u(t,s) = 0 by (5.26). We have

b
V(D)o sk — / Viua — N + k, s)h(s)Vs

v (f Bt pe(s) ) Vs

=0,

t=a—N+k

for i € N§ ', since for each fixed s € NY_, u(t, s) satisfies the boundary conditions
att=a— N+ kin (5.26). Also, fat E_c,,-1(t,p(s))h(s)Vs =0, for i € Ny, by
t=a—1

the convention on nabla integrals. Moreover, for j,, € Név 1t me Niv ~* in a similar

manner to the proof of Theorem 2.10,

Vy(Oles = [ V()Y + [ Bt s

(1.10

b
:)/ Vimu(b, s)h(s)Vs

t=b

t=b

" [wm—l / t ViE e (t, p(s)h(s)Vs + E_cp_1(p(t), t)h(t)]

a

t=b

b t
2 / VI u(b, 5)h(s)Vs + [w‘ml / vtEc,y,V1<t7p<s>>h<s>v8}



So,

b t
V()| omp (2 / Vinu(b, s)h(s)Vs + / VI"E ey 1(t, p(s))h(s)Vs
+ VI E 1 (p(t), p()R(2)

(5.25) / ’ Vimu(b, s)h(s)Vs + l / t Vi E_pu-i(t, p(s))h(s)Vs}
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t=b

t=b

t=b

29 / [~V B (b,p(s))] h(5) Vs

b
+ / V" E_epy1(b,p(s))h(s)Vs

O

The proof of the following corollary is standard and follows in a straightforward

manner from the previous theorem.

Corollary 5.28 Assume that the hypotheses of Theorem 5.27 hold. Also, let G(t, s)

be as defined by (5.27), and w be the unique solution to the BVP

(

\

L,w(t) =0,

Viw(a — N + k) = A,

m)

teNoy,
i€ Ni~!

m & NVF,

Then, the unique solution to the nonhomogeneous BVP

4

Lay(t) = h(t),
Viy(a — N + k‘) == Ai7

Vimy(b) = B,

m?

\

b
te NaJrl
i€ Ni~!

m € NV %,
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15 given by

b
y(t) == w(t) +/ G(t,s)h(s)Vs.

Theorem 5.29 Assume that the hypotheses of Theorem 5.27 hold. Then, the Green’s

function for the (k, N — k) homogeneous BVP is given by (5.27), where u(t,s) =

0 k(1) Th41(t) . zn-1(t)
VIE py1(b,p(s))  Vitag(b)  Viag(b) - Viazy_ (D)
1 . 4 , ,
3 V2E o, (b, p(s)  V2xp(b)  V2r(b) - V2zy_,(b) |, (5.:28)
VjN—kEicJ/’yil(b’ p(s)) VjN—kmk(b) VjN—kkarl(b) .. vjN—kxNil(b)

for (t,s) € Nb_ . x N, with § := det D, where D given by (5.24), v(t,s) =

u(t,s) + E_cpu-1(t, p(s)).

Proof. Let u(t, s) be given by (5.28). By Theorem 5.25, 5 # 0. Also, note that each
entry in D and in the determinant given in (5.28) is an absolutely convergent series.
Since the Cauchy product of absolutely convergent series is absolutely convergent, we
have that u is well defined. Then, expanding wu(¢, s) along the first row, for each fixed
s, u(t, s) is a linear combination of z(t), zx11(t), ..., xy_1(t). Hence, for each fixed s,
u(t, s) is a solution to Lz (t) = 0. To show Viu(a— N +k,s) = 0 for each i € N it
suffices to have Vizy(a— N +k) = Vizgy1(a—N+k)=---=Vay_1(a— N+k) =0,
for each i € N§~*. Note that Viz,(a — N + k) = 0 for i € Ni~! is equivalent to
zla—N+1)=---=x(a— N +k) =0. As shown in the proof of Theorem 5.19,
we have E_.,,(a—N+1l,a—N+p)=---=FE_,,(a—N+ka—-N+p) =0,
for each p € N ~!. Hence, we have that u(t, s) satisfies the boundary conditions at

=a— N + k given in (5.26).



Next, define z(t, s) to be

E_cpu-1(t,p(s)) (1) Ty (1)
VIE _y—1(b, p(s)) Vitz(b) Vg, 1(b)
V2E ., 1(b,p(s)) V722, (D) V72z;.,1(b)

|

VINEE 10, p(s)) VIV (D) VIN-kayy (D)
Expanding z(t, s) along the first row, we get

2(t,8) = E_cpu-1(t, p(s)) + u(t, s),

in a similar manner to the proof of Theorem 2.12.

Next, for each m € NY % we have V7" z(b, s) = 0, implying

ijEfc,u,ufl(ba IO(S)) + ijlb(b, S) - O’

ie.,

ijU(b, S) = —ijE—c,u,u—l(b> p(S))
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33]\7,1(25)
vleN_l (b)
ijl’N_l (b)

VIN-k TN_1 (b)

Hence, we have that u(t, s) satisfies the boundary conditions at t = b in (5.26). Thus,

the result follows by Theorem 5.27.

O



146

5.2.3.3 Examples of (N —1,1) Green’s Functions

Lemma 5.30 Let v > 1, N := [v], j € NY™! fired, b —a € Niax{1,53, =1 < ¢ <0,
and h : Nb | — R. Then, the BVP

(

Vi x(t)+cx(t) =0, teN,

§ Viz(a —1) =0, i€ Ny~

Viz(b) =0,
\

has only the trivial solution.

Proof. First, the conditions Viz(a—1) = 0 for 4 € N) ™2 hold if and only if 2(a — N +
1)=---=2xz(a—1) =0. Pluggingint =a— N+1,...,a— 1 into the general solution
x(t) = coE_cpo(t,a — N)+aE_cp1(t,a— N+1)+ - +cenvaE _pnaa(t,a — 1)
implies ¢g = -+ = c¢y_o = 0, as shown at the end of the proof of Theorem 5.19.

Hence, x(t) = cn—1E_cp n-1(t,a — 1). Next, we have

Viz(b) = ey A VIE o,y 1(t,a—1)

t=b
=cCcN_1 Z(—c)pijl,p+N_1(t, a—1)| , using absolute convergence
t=b
p=0
= CN-1 Z<_C>pHVp+N—1—j<b) a— 1)
p=0

-0,
which implies ey_1 = 0 since (—¢)PH,pyn—1—;(b,a — 1) > 0 for p € Ny follows by our
assumption that —1 < ¢ < 0. O

Using the previous lemma, we obtain the following theorem, which applies Theo-

rem 5.29 in the special cases of (N —1,1) BVPs when —1 < ¢ < 0.
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Theorem 5.31 Letv > 1, N :=[v], j € N) " fized, b—a € Nyax1 5y, —1 < <0,
and h: N2, — R. Consider the BVP

(

Vi x(t) + cx(t) = h(t), teN:,

Viz(a—1) =0, ie N2 (5.29)

Viz(b) = 0.

Then, the unique solution to the BVP (5.29) is given by ff G(t,s)h(s)Vs, fort €
Nb_ .1, where G is defined by

7E7€,V,N71(t’ail)E*C,l’,l’f '71(b,P(5)) -
E*C,V,ijfl(b’aflj) ’ th S p<s)

G(t,s) := (5.30)
e Albe DB w0y (8 p(s)), if t > p(s).

E—c,u,N—j—l(b7a_1)

The next example shows that if 0 < ¢ < 1, then the BVP (5.29) need not have a
unique solution.

Example 5.32 Consider the BVP

(

VESx(t) + cx(t) =0, teNi°
2(—1) = Va(-1) =0 (5.31)

z(10) = 0,

\

where 0 < ¢ < 1. Then, x(t) = E_.282(t,—1), t € N'% is a solution to the equa-

tion in (5.31) satisfying x(—1) = Va(—1) = 0. Next, setting E_.252(¢, —1)|t=10 =
Y (—c)PHygpio(t, —1)|t=10 = 0 and solving for ¢ via WolframAlpha gives ¢ ~ 0.0509,
p=0

0.2378, 0.7376. Hence, E_gos500,.2.82(t, —1), E_g.23782.82(t, —1), and E_ 73762.82(t, —1)

are nontrivial solutions to the BVP (5.31).
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Adapting the Lyapunov inequality results from Corollary 4.11 and Corollary 4.17
for the equation V¥ x(t) + cz(t) = 0, we obtain the following theorem, which applies
Theorem 5.29 in the special cases of (N —1,1) BVPs where we do not have to assume
—1<c<O.

Theorem 5.33 Letv > 1, N :=[v], j € N7 fived, b —a € Nax{1,3, le| <1, and

h:N°. | — R. Consider the BVP (5.29).

(1) If || < %, then the unique solution to the BVP (5.29) with j = 0 is

given by fab G(t,s)h(s)Vs, fort € No_\ .., where G is defined by (5.30) with
j=0.

g (N—1)!
(i) If |e| < Geap—arv 1)t as V=2 (—atD)’

(5.29), with j € NV~ fived, is given by fab G(t,s)h(s)Vs, fort € Nb_ |, where

then the unique solution to the BVP

G is defined by (5.30) with the corresponding fized j.

5.3 Further Work

For future directions, one may investigate if the results of Section 5.2 can be gen-
eralized to consider an analogue of the n-th order linear ordinary differential equa-
tion [35, p. 281], 2™ (¢) + p,_1 ()2 V(E) + - + pi(t)2'(t) + po(t)x(t) = h(t). One

such analogue in the nabla Caputo case may be

V2x(t) + pyo1 OV () + -+ pr (VN () + po(t)x(t) = h(t),

where N := [v]. Alternatively, one may consider an “n-th order” linear sequential
equation, where the nabla Caputo operator of order v, for 0 < v < 1 is applied
n times. For the nabla Riemann-Louiville case, sequential difference equations are

studied in [2], and Lyapunov inequalities involving sequential equations in the contin-
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uous fractional case are studied in [25]. In [38], an explicit representation of Green’s
functions for a linear fractional Riemann-Louiville operator with variable coefficients
in the continuous case is given and involves a multivariate Mittag-Leffler function.

To extend the results of Section 5.2 in these cases, linearity of the equation and
uniqueness of solutions to IVPs is essential, so that we may use a suitable set of
linearly independent solutions for the construction of Green’s functions. Moreover,
one must obtain an appropriate variation of constants formula defined in terms of
a suitable Cauchy function, as is done for ordinary differential equations case in
[35, Chapter 6]. In this more general context, the Cauchy function is defined as a
solution to an appropriate initial value problem. As a starting point, the equation
Vy.x(t) +q(t)z(t) = h(t), where 14 ¢(t) # 0 may be considered, utilizing the results
of Subsection 5.2.1.

Another future direction may include studying generalized zeros of nabla Mittag-
Leffler functions using Lyapunov inequalities. In [22], zeros of a Mittag-Leffler func-
tion are considered using Lyapunov inequalities for a conjugate fractional BVP.

Lastly, note that in Theorem 5.29, we have assumed that the homogeneous BVP
has only the trivial solution. In certain cases, in particular when —1 < ¢ < 0, it
may be possible to remove this assumption by showing that det D # 0, where D is as
defined in Section 5.2, using a methodology similar to the proofs given in Appendix

A.



Appendix A

Nonzero Determinant Calculation

Lemma A.1 Let D =

Vi Hy(b,a— N+k)  V'Hp (ba— N+k+1)
V2H(b,a— N+k) V2H, (bja—N+k+1)

Viv-kHp(b,a— N +k) ViN-+Hi 1 (bya— N +Fk+1)

where k € N{V_l is fixed, J1 < Jo < -+ < IN—k, and J, € Névf

det D # 0 if and only if det D # 0, where D=

N—-1 ) ) N—-1 ) ) N—1 ‘ ‘
IT (G—41) [T (i—41) II (i—41)
i=k+1 i=k+2 i=k+3
N-1 ) ) N-1 _ . N-—1 . .
IT (i —jo) [T (i—j2) [T (i—j2)
i=k+1 i=k+2 i=ht3
N—-1 ) ) N—-1 ' ' N—1 ' -
IT G—gnr) Il G—gnvk) TI (G—ins)
i=k+1 i=k+2 i=k+3

j—V[ (i —Jn-k) 1
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leHN,l(b,a — 1)
VjQHN_1(b, a — 1)

VjN*kHNfl(b, a — 1)
(A1)

L form € NV=F. Then,

N—-1 ) )
[T (i—j) 1
i=N—1
1

(i—j2) 1
i=N-—1

1

-1

(A.2)

Proof. Let p € N,f’l and m € N{V’k. Then, the entry in row m and column p —k+1
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of the matrix D is

b—a+ N —pypin T(b—a+N—j
Hp—jm(baa—Ner):( a+N-p) boat N =)

L(p—jm+1) Pb—a+N-pIl(p—jm+1)

Since j,, € Név_l, we have N — j,, > 1. Hence, each entry of D is well defined, and
D =

I'(b—a+N—j1) I'(b—a+N—j1) . I'(b—a+N—j1)
T(b—at+tN—Fk)T(k—j1+1) T(b—atN—k—1)(k—j1+2) T(b—at1)D(N—j1)
L(b—a+N—j2) L(b—a+N—j2) .. L(b—a+N—j2)
T(b—a+N—k)T (k—ja+1) T(b—atN—k—1)[(k—ja+2) T(b—at1)D(N—j2)
L(b—a+N—jn_k) L(b—a+N—j1) L P(b—a+N—jn_k)
F(b—a-ﬁ-N—k)F(k—jN,k-i-l) F(b—a-i—N—k—l)F(k‘—jN,k-i-Q) F(b—a-i—l)F(N—jN,k)

Then,

det D=T0b—-—a+N—-j)I'b—a+N—73)---T'(b—a+ N — jy_i)det E,

where E; :=
1 1 .« .. 1
T(b—a+N—k)T (k—j1+1) T(b—atN—k—1)[(k—j1+2) T(b—at1)D(N—j1)
1 1 o 1
T(b—at+N—k)T (k—ja+1) T(b—atN—k—1)[(k—ja+2) T—at+ DT (N—72)

1 1 1
F(b—a—i—N—k)F(k—]N_k—i-l) F(b—a+N—k—1)F(k—]N_k+2) F(b—a+1)F(N—]N_k)
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_ 1 .
Now, det ) = r—crmmro—ar voimn-To—arn det L2, where By :=
1 1 L 1
D(k—j1+1) I'(k—j1+2) I(N—j1)
1 1 o 1
[(k—j2+1) I'(k—j2+2) I'(N—j2)
1 1 . o1
P(k—jn—x+1) T(k—jn—r+2) I(N—jnN—k)

Note F(bfaJerk)F(bfaikaf1)---F(bfa+1) # 0. Hence, det Fy # 0 if and only if det D #
0. Next, consider the matrix obtained by multiplying row m of the matrix E, by

(N — j,) for each m € Niv_k, which we define to be E5 :=

I'(N—j1) I'(N—j1) . I'(N—j1)
I(k—j1+1) I'(k—j1+2) I'(N—j1)
I(N—js) F(N—js)  T(N—j)
L (k—j2+1) I'(k—j2+2) (N —j2)
P(N—jN—k) P(N—jn—k) ... DLN—jn—k)
Plk—jn—k+1) T(k—jn—r+2) I(N—jN—k)

Then, using the property of the Gamma function given in Proposition 1.3, E3 =

(k+1—=j1)-(N—=1-7) (k+2—=j1)-(N=1=5) - 1

(k+1—ja) - (N—1—jp) (k+2—jo) - (N—=1—jp) -+ 1

(k+1—gng) - (N=1—jnok) (B+2—jnp)(N=1—jng) -+ 1
and D = Ej;. Moreover, det Fj # 0 if and only if det D # 0. O

The next lemma will use the formula for the Vandermonde determinant given
in [42].

Lemma A.2 Let k € NV ™' be fized, j1 < jo < --- < jn_&, and j, € N7, for
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m € NN=F. Then, det D # 0, where D is given by (A.2).

Proof. By the Vandermonde determinant formula [42, p. 17],

(J)N 1 Go¥ 2 g1

)Nk A N
(42) | (42) | | J' I G-

: : - : 1<p<r<N—k
(750 R NS R Jn-k 1
Let F :=

(D)NEGON TR (=N ()N R (=Dj1 1
(_1)N—k—1(j2)N—k—1 (_1)N—k—2(j )N—k—Z (_1)]2 1
o R N R G R () e G O YA |

Next, we will show that the matrix D can be obtained by elementary column opera-
tions on the matrix E.

Denote an entry in the first column of D by f(jm) := 'N]:[l (1 — Jm), for each
m € NV7F Note that f is a polynomial of degree N — k Z—:lirlin Jm, and the co-
efficient of jn, is (=1)¥ 51 Then, f(jm) = (—1)V* 10N %1 + f(jn), where
f is a polynomial in j,, of degree less than or equal to N — k — 2. Hence, we
can write f(jn,) as a linear combination of (—1)N"%2(j, )N=*=2 _ (=1)j,,, and 1;
i.e., the entries in the remaining N — k — 1 columns. Therefore, we can perform
elementary column operations on E to obtain the first column of D. Similarly, de-
noting an entry in the second column of D by ¢(jm), for each m € N¥=* we have

GGm) = (=DNF=2(5, )N *=2 + §(j,), where g is a polynomial in j,, of degree less

than or equal to N — k — 3 and hence can be written as a linear combination of
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(=1)N=F=3(j, )N-F=3 _and 1. Proceeding in this manner, we get that D can be
obtained by elementary column operations on E. Note that, using properties of de-

terminants, det £ =

GO Gy a1
_ (_qy gt )V ()R Ja 1
Gn-i)N 0 GV R2 e gy 1

Hence, det D = det E = (—1)<N7k>($f*ki1> I[I  (p—17r) #0since j; < jo <--- <

1<p<r<N—k
JN—k-
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