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In this dissertation we develop a fractional difference calculus for functions on a dis-
crete domain. We start by showing that the Taylor monomials, which play a role
analagous to that of the power functions in ordinary differential calculus, can be ex-
pressed in terms of a family of polynomials which I will refer to as the Pochhammer
polynomials. These important functions, the Taylor monomials, were previously de-
scribed by other scholars primarily in terms of the gamma function. With only this
description it is challenging to understand their properties. Describing the Taylor
monomials in terms of the Pochhammer polynomials has made it easier to understand
their behavior, as we demonstrate in this work. We then use the Taylor monomials
to define a fractional operator, V¥, which generalizes the standard backward differ-
ence operator, V. We show that these fractional difference operators have a very
simple composition rule and act nicely on the Taylor monomials. We then describe
the Riemann-Liouville and Caputo fractional difference operators, V¥ and V¥ , in
terms of this more general fractional operator and use the properties of the general
fractional operator to derive the composition rules for all such operators. Finally,
we apply this theory to study a nonlinear boundary value problem described using
a Caputo fractional difference and show how to obtain a sequence of approximate

solutions which converges quadratically to the unique solution to this problem.
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Chapter 1

Preliminaries

1.1 Notation and Terminology

For a given real number a we identify the following sets:

N, :={a,a+1,a+2,---}

Zg:={+,a—2,a—1la,a+1,a+2,---}

By R% := {f : Z, — R} we denote the R-vector space of functions from Z, to R
under pointwise addition.
We will make use of the following linear operators that take RZ — RZe. For any

f € R% we define:
e the left shift operator, L : RZ — RZ= by (Lf)(t) := f(t+ 1) for all t € Z,
e the right shift operator, R : R? — R%* by (Rf)(t) := f(t—1) for all t € Z,
e the identity operator, [ : RZ — RZe by (If)(t) := f(t) for all t € Z,

e the nabla difference operator V : RZ — R%« by V := I — R, so explicitly,
(VA) = f(t) — f(t—1) for all t € Z,.



For k € Ny we define L¥, R¥ and V* recursively. That is, for T € {L, R, V}, T® := I
and for k € Ny we define (T*f) by (T*f) := T(T*"'f). Explicitly, for f € R* and

k € N, we have:
. Lk::573775;772;3}hence(ka)@)::jKt%—k)
o<Rk::?€g?557737§,hmue(f%f)@)::f@——k)
oVk:%oV5~oﬁJmmMVWX®:§(%W@ﬁ@—w

=0

This expression for V¥ f follows formally from the Binomial Theorem since

vk =T —-R) -~ IR =3 (k) [*(—R) =% (1) (k) R

1

The regressive function, p : Z, — Z, is defined by p(t) .=t — 1.
For f :Z, — R, the support of f on Z, is spt(f) := {t € Z, : f(t) # 0}.

1,ifte A
For A C R, the characteristic function on A is 14(t) =

0,if t ¢ A.

For ¢,d € Z, with ¢ < d, we use the notation:

N .= [¢,d] N Z,

[

Throughout, we will often use Greek letters to represent variables that may assume
any real value and Latin letters to represent variables that assume only integer values.

In particular, we will use:
e « and 7 to represent any general real numbers,

e m and n to represent nonnegative integers, and



e 1 and v to represent nonnegative real numbers (For these, we will often let

M := [p] and N := [v], where [-] is the ceiling function.).

We define the nabla definite integral of f : Z, — R for ¢, d € Z, by

’ Fet D)t fle+ )+t fd—1)+ f(d), c<d
JECE
¢ 0

3 CZd

Sometimes we will also use the following notation to represent this same quantity:

/ Fvs= [ 16¥s= 3 f= 3 )= 3 16)
c c,d ]

s€(e,d SeNngl s=c+1

Remark Note that if ¢ > d, then (¢,d] = {s e R:c < s < d} = (). Thus,

f(s)Vs = /f(s)Vs =0.
(c,d] 0

This is one reason for defining the nabla definite integral to be 0 when ¢ > d.
Suppose f € R% and A C Z,. We say:

e f is increasing on A, provided z,y € A and z <y = f(z) < f(y)

e f is strictly increasing on A, provided z,y € A and x <y = f(z) < f(y).
Similiarly, we say:

e f is decreasing on A, provided z,y € A and z <y = f(x) > f(y)

e f is strictly decreasing on A, provided z,y € A and z <y = f(x) > f(y).



1.2 Basic Facts

Gamma Function

In this dissertation, we assume the following five facts regarding the Gamma function:
(1) the Gamma function is analytic (and therefore continuous) on R\{0, =1, —=2,--- },
(2) the Gamma function has no zeros,

(3) For n € Ny, tgr(rin)if(t) = +oo for even n and tgr(rin)if(t) = Foo for odd n.

(4) F'(z+1) =2I'(z), zeR\{0,—-1,-2,---}, and

(5) I'(n+1)=n!, neNy.

Gamma function

=7

Figure 1.1: Gamma Function

Note: (3) implies that for all n € Ny, 0 = tl_i)l(rinﬁﬁ = tl_i){rian = lim

Thus, (1)-(3) together imply f(x) := ilmﬁ € (—o0,00) for all z € R.
—z



Theorem 1.1. (Fundamental Theorem of Nabla Calculus) (See [5, Theorem
8.87]). If ¢,d € Z, with c < d and f : N¢ — R, then

/ (VHE)Vs = £(s)| = f(d) — (o). (1.1)

Theorem 1.2. Suppose c,d € Z, with ¢ < d.
If (VH)(t) >0 on [c+ 1,d] N Z,, then f is increasing on [c,d] N Z,.

t

)

If (VF)(t) >0 on [c+ 1,d] N Z,, then f is strictly increasing on [c,d] N Z,.
) <0 onlc+1,dNZ,, then [ is decreasing on [c,d] N Z,.
) <

(V)
(V)
(VI
IfF(VI)(t) <0 on [c+1,d) N Z,, then f is strictly decreasing on [c,d] N Zq.

1.3 Pochhammer Polynomials

In Section 1.4 we will define and describe the fractional Taylor monomials, which play
an important role in the theory of fractional differences. But, before we do that it will
be useful to introduce the so-called Pochhammer polynomials and to review some of

their basic properties.

Definition 1.3. For d € Z and x € R, we define the Pochhammer polynomial

of degree d to be:

(
$<$+1)(x+2)~~(x+d) , for d e Ny
x+d
Pd(x):( d >: 1 , ford=0
0 , for d € 7.\ Ny.
\
So, for d > 1, Py(x) is the polynomial with d distinct zeros at z = —1,—-2,--- , —d

normalized so that P,;(0) = 1.



Example 1.4.

<%@)-—(233)-—%@HJXx+2Xx+$ =
FM—U:(Jgg)zgﬂw+UuHQXx+$ =0
133(—4):(_43+ 3) = %(:c—i— 1)(x +2)(z +3) = ~1.

Theorem 1.5. For d € Ny and k € Ny,

Proof. To see this equation holds, notice

&G%%:%G%+&X—h+m~«—k+®
= (-1) (k= 1)k~ 2) - (k— d)

1
d!

:@4w-%«k—d—1y+nak—d—1y+m.~«k—d—1y+@

:«4w.0k—dgn+d)

:(_D¢<k;1>

(k—d)(k—(d—=1))---(k=1)

Theorem 1.6. Ford € Ny, Pyi(x) = Py(x) - %ﬂfl-



Proof. Clearly the claim is true when d = 0. If d > 0, then

Pyyi(x) m(az:+1)(ac+2)~-(aa+d)(az:+(d+1))
(D)@ +2)-(x4d) (x4+d+1)
a d! d+1

1.4 Taylor Monomials

We introduce two kinds of fractional Taylor monomials. Both will be useful. E E|

Definition 1.7. For all v € R, and all s,t € Z,, we define:

- T(t —
H,(t,s) == lim (t=s+y+e)

d H(t,s) = Hy(t,s) Lioot).
Eol(t—s+el(y+1lte) () (1) Ls,o0) (1)

Remark Recall the Gamma function has no zeros, so the denominator in the expres-
sion for ]’-vlv(t, s) is never 0. In the next two theorems we show the limit used to define
]A%“[,Y(t, s) always exists in R and so f[w(t, s) is, in fact, well-defined for all v € R, and

all s,t € Z, as claimed.

In 5] (see |Definition 3.56, page 186]) Goodrich et al define the fractional Taylor monomials,
for v #—-1,-2,-3,---, by

_ (t—a7  T(t-a+79)
H,(t,a) = I'(y+1) T(t—a)l(y+1)

for values of ¢ and 7 such that the right-hand side of this equation makes sense. IA{iﬁ,(t, s) as defined
above therefore extends and clarifies the domain of the fractional Taylor monomial as defined in [5].
The ~ is intended to remind the reader of this fact.

2 The ~ is also intended to remind the reader that H. 4(t,s) is an extens1on" of the second kind

,5)
of Taylor monomial, H,(t,s), in the sense that spt(H,(-,s)) spt(H. +(-,5)) when v =n € Ny (as
we will show).



Theorem 1.8. For s,t € Z, witht < s and v € R,

- 0, when v € R\ Ny
H.(t,s) =

(—1)”(“73'), when v =n € Ny.

n

Proof. Put d =d(t,s) :=—(t —s) = |t — s| € Ny.
Case 1: v € R\ N,.

~ , I't—s+~v+e)
H.,(ts):=1

v(,8) E%P(t—s+e)F(7+1+s)
[(—=d+v+¢)
=0 N(=d+e)l'(y+1+¢)

1 . D(=d+v+e) (=d+y+e)---(0+7+¢)

= lim

1
= li
=0 I'(—d + ¢) sli%(—d+7+s)---(0+7+s)
1 1

sii%r(—dJre) (=d+7)-(0+7)
1 1

Cds7) - (0+7) BT (—dro)
=0.

=0

Case 2a: v = 0.

~ I't—s+0+¢)
Hy(t,s) : =1l

olt,5) sli%F(t—s+5)F(O+1+5)
) 1 1 1
m-—-——=— =
—0['0+14¢) 0

— (_1)0(|t 6 S').

=0 I'(—d+e¢) 230 L(y+1+¢e) (=d+v+e)---(0+y+¢)



Case 2b: v =n € Nj.

~ , Ft—s+n+e)
H,(t,s):=1
(t,5) al—I>I(1)F(t—S—|—5)F(n+1+€)

I'(=d+n+e¢)

1 . I(=d+n+e) (wd+e)---(=d+n—1+¢)

:1‘
sl—r}(l)F(n—i—l—i—g)sl—l?(lJ I'(—d+¢) (—d+¢e)---(—d+n—1+¢)
1 . (—d+¢)---(—d+n—1+¢)

T T(n+ 1) 1
:i(_l)nhm(d—s)---(d—n+1—5)
n! e—0 1
(="

-l @@= (- 1))

]

The reason for introducing the Pochhammer polynomials in the last section is that

they are closely related to the Taylor monomials, as the next theorem shows.

Theorem 1.9. For s,t € Z, witht > s and v € R,

Hy(ts) = Py () - (1.2)



10
Proof. Put d=d(t,s+1) :=t—s—1€N,. [J

~ , IF't—s+v+¢)

H.,(ts):=1

A A v P gy
Fd+14+~v+¢)

E%F(d+1+e)l“(7+1~l—e)

_ lim 1 ime+1+7+@_W+1+@'~W+d+@
=0 (d+1+¢e)e=0 T(y+1+¢) (v+1+e)---(y+d+e)
1 . I'(d+1
= lim ( +7+€)'(7+1+5)~~(7+d+5)

F(d4+1)es0T(d+14v+¢)

= D)+ d)

= Pa(y) = Bisa(7):

O

Remark 1.10. Theorem and [1.9 combine to give us the following formula and
complete picture of ﬁv(t, s) for ally € R and all t,s € Z,. (See F@'gure below. )

() = Pros (1) 4 (—1)7 ('t } S') L, (1)L (8) (13)

Remark Recall that by Definition P;(z) = 0 whenever d € Z \ Ny, so the first
term in equation is 0 whenever t < s.

Remark The labelled values in Figure can be obtained either: (i) directly from
this formula (as in the case of those values that appear in the II quadrant) or (ii) by
combining this formula and Definition with the results of Theorem [1.5| (as in the

case of those values that appear in the I and IV quadrants).

3In this proof d(t, s + 1) is the integer-valued distance between t and s + 1. It is also the degree
of the relevant Pochhammer polynomial.
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PN . ' '
o lo | L 1030 0 0 F 7T e
304030 40,1 0 0 0 O T e
] ] ] é é t

o N o= oo+
SN— SN— SN— SN—

[\]
]
1
L
~~ ~ ~ —

o w

L T T e
B LT T T T T e ———

e .
ceeeede-i@e-@---@--

T T(t—s+v+e)
HW(t’ S) T llg%l‘(tfs+s)I‘('y+1+s)

Figure 1.2: (Extended) Taylor Monomials

A very nice symmetry in Figure is reflected in the formula for [:f,y(t, s) given

in the next corollary.

Corollary 1.11. For ally € R and all t,s € Z,

(

P s 1(7), fort>sandy €eR
H,(t,s) = P,(t—s—1), fort <s andy=mn¢e N

0, fort <s and~y € R\ Ny.

\

Proof. Theorems and give us formulas for Ffﬂ/(t,s) when t < s and ¢ > s,
respectively. Looking back at these, the only thing new here is the formula for H,, (t,s)

when t < s and v = n € Ny. To verify this formula recall the result of Theorem [1.§
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That is, for t < s and v = n € Ny recall that

n n!

) = (1) = Sl e s = s el = - 1)
= Sl s (= sl + 1) (ot = 5]+ (0= 1)
:%(t—s)(t—s—i—l)---(t—va(n—1))
:%(zﬁ—s—1+1)(t—s—1+1+1)---(t—8—1+1+(n—1))
:%((t—s—1)+1)((t—s—1)+2)---((t—s—1)+n)

=P, (t—s—1).

]

Note that the second term in ([1.3)) is often 0. In fact, it is only nonzero when

v € Ny and t < s. The next two corollaries follow from this fact.

Corollary 1.12. For all s,t € Z, and all v € R,

H,(t,s) = P_s_1(7) . (1.4)

Proof. Recall that, by Definition (1.3, P;(z) = 0 whenever d € Z \ Ny. Thus, if ¢ < s,
by definition, both the left- and right-hand sides of equation (1.4]) are 0. If ¢t > s,

Theorem [1.9] gives us

def 77 77
H’Y(t7 S) = Hv(t? S) ) 1(5,00) (t) = H’Y(tv S) = Pt—s—1(7)~
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Corollary 1.13. For all v € R\ Ny, and all s,t € Z,,

H,(t,s) = H. (L, 5). (1.5)

Proof. By hypothesis v ¢ Ny and so the second term in ((1.3)) is 0. Thus, by equations
(1.3) and (|1.4), we have [Aﬂ(t, s)=Pi_s_1(7)+0=H,(t,s) . O

Thus, for almost every value of v the two kinds of Taylor monomials introduced

are the same. It is only when v =n € Ny (and ¢ < s) that they differ.
Remark 1.14. For all s,t € Z, and all v € R,

(i) Hy(s+1,s) = H,(s+1,5) =1

(i) Ho(t,s) =1

Proof. Both of these facts follow quickly and directly from the definitions.

. def 77 T I'(14+~+e) _ 1 _
To see (i), note H (s +1,s) = Hy(s+1,s)-1= lg%m =rp = L

To see (i), note Ho(t,s) = ll—%% = % =1. O

Theorem 1.15. (Power Rule EI) For p € R and fized s € Z,,

- H, 1(t,s), when0#peR
VH,(t,s)=

0, when p = 0.

Proof. For p = 0, using Remark (i), we have VHy(t,s) = V1 = 0.

4We refer to this theorem as the Power Rule since it is the analogue of the Power Rule from
calculus which describes how the power functions, P, behave under differentiation.
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For p # 0, starting with the definition of ﬁp(t, s), we obtain

~ I'(t— r'e—-1-

Vit s) = lim— s tpEe) g stpte)
=0t —s+e)l(p+e+1l) —=0T(t—1—s+e)l(p+e+1)

 lim t—l—s—l—p—l—e_l F't—1—s+p+e)

Tl t—1—s+4¢ MNt—1—-s+e)l'(p+e+1)

. pTit—1—s+p+e)

= lim

—0['(t—s+e)(p+1+¢)

p-Tt—1—s+p+e)

= lim

=0 (p+e)l(t—s+e)l(p+e)

. P . Tt—s+p—14¢)
= lim - lim

=0 (p+e) e=0l(t—s+e)'(p+e)
- p—l(ta S)'

Theorem 1.16. (Log Rule]) For p € R and fized s € Z,,
VH,(t,s) = H,1(t,s).

Proof. 1If t < s, then by definition H,(t,s) = H,(t —1,s) = 0 just as H,_1(t,s) =0

(since 1(5,00)(t) = L(s00)(t — 1) = 0 when ¢ < s). Thus,
VH,(t,s)=Hy(t,s)—Hy(t—1,5) =0—-0=0= H,_(t,s).

If t > s+2, then by definition H,(t,s) = H,(t,s) and H,(t—1,s) = H,(t— 1, s) just

SWe refer to this theorem as the Log Rule since one of the (very important) things it says is that

VHo(t,s) = H_1(t,s) = H_(t, s). This is the analogue of the fact from calculus that the derivative

of In |z| is the power function x~!.
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as H,_1(t,s) = H, 1(t,s) (since L(s,00)(t) = L(s00)(t = 1) =1 when ¢t > s + 2). Thus,

VH,(t,s) = Hy(t,s) — Hy(t — 1,s)

Hy(t,s) — Hy(t —1,s)
\Y%

Hp(t7 S) = Hp—l(tv 8) = Hp—l<t’ S)' \/

It remains to show that the theorem holds when ¢ = s + 1. In this case, by the
definition and Remark (i),

VH,(t,s)=Hy(t,s) — Hy(t —1,s)
= Hy(s+1,s) — Hy(s,s)
= Hy(5+1,8) - Lisooy(5 + 1) — Hy(5,5) - Lis.00)(5)
=1-0=1

=H, 1(s+1,5) = Hy1(t, ). v

]

We conclude this section with a corollary and a theorem that is easy to prove
using it. The corollary records the fact that the Taylor monomials only depend on
the difference between the values of ¢t and s. Hence the same amount may be added

to or subtracted from both arguments without changing the output.

Corollary 1.17. If y € R and s, t,w,x € Z, andt — s = x — w,

H.(t,s)=H,(x,w) and H,(t,s)=H,(z,w).
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Proof.
~ . Ft—s+~v+e¢) _ ez —w+~v+¢) ~
H.(t,s) =1 =1 =H
() E%F(t—s+6)F(7+1+5) e50 [z —w+e)l(y+1+¢) (2, 0)
and so
H,(t,8) = Hy(t,5) - Lso) () = Hy(@,w) - Liw,o0)(7) = Hy(2, w).
O

The next theorem gives us a formula for the nabla difference of a Taylor monomial

taken with respect to the second variable. It is quick to prove using the last corollary.

Theorem 1.18. For p € R and fixed t € Z,,

_ H, 1(t,s), when0#peR
VH,(t,s) = —H,1(t,p(s)) and V H,(t,s)=

0, when p = 0.

Proof.

VsHy(t,s) = Hy(t,s) — Hy(t,s — 1) = —[H,(t,s — 1) — H,(t, s)]

R [Hy (5 — 1) = Hy(t = 1,5~ 1)]

—Hy i (t, p(s)).

Thm [16

= ~VH,(t,p(s))

The proof of the second equation follows from the same argument with H,(¢,s) re-

placed by }NL,(t, s). O
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1.5 Convolution Product

In this section we define a binary operation on a certain vector subspace of R%:. The
operation we define could perhaps be extended to a larger subspace of R% but we

will only have cause in this dissertation to use it on the subspace V' identified below.

Definition 1.19. For T € Z, we define

Vr:={f:Zy > R: f(t)=0 forallt <T}

={f:Zs = R:spt(f) C[T,0)}

and
V.=UV,,
>0 a—1
= U W
Tca—N T

={f:Zs—>R:f(t)=0 forallt <T for someT =Ty € Ly}

Notice that V is a real vector spacelff]

Definition 1.20. For f,g € V we define f*xg:Z, — R by

(Frg)t): = / " f(t— s+ a)g(s)Vs

A nice way to visualize this convolution product is to think of the two functions
f and g as extending horizontally to the right. f is then rotated 90° counterclockwise
about the value t = a and ¢ is rotated 90" clockwise about the value t = a. f is then

translated down (¢t — @) units. The values that appear next to each other after these

6The convolution operation we define next will make it into an algebra, however we will have no
explicit need to use this fact.
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two rotations and the translation are then multiplied and the resulting products are
summed to yield (f % g)(t).

Considered from this perspective, it is probably clear that x : V' x V — V is a
well-defined binary operation. We prove that it is well defined in Theorem below.
The proof also yields a formula for the convolution product in terms of a finite sum.

Sometimes it is easier to work with this finite sum than with Definition [[.20l
Theorem 1.21. The convolution operation x : V x V. — V is well defined.

Proof. Suppose f,g € V. Then there exist Ty and T}, € Z, such that f € Vp, and
g€V, Put M = M(f,g) :=max{a—Ts,a—T,0} € Ngand T := min{T},T,,a} €
Zo SoT=a—Mand f,g € Vr ="V, p and so for all t < (a — M), f(t) = g(t) = 0.
Thus,

Case 1: (t<a—2M—1)

(frg)t): 2 / (- st a)g(s)Vs

= (/:M_1 + /:OM1> f(t=s+a)g(s)Vs

_ /a_ . f(t—s—f—a)g(s)Vs—i—/oo f(t—s+a)g(s))Vs

J—o0 Ja—M-1 ,,
=0 (since g(s):(?frc;r all s<(a—M)) =0 (since f(r):(??or all 7<(a—M))
t<a—2M—1 b=s<—-M-1

Reason =
—s < —(a— M) tl—s+a<a—M-1<(a—M)

T
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Case 2: (t > a—2M)

(Feg®: = [ (- s+ a)g(s)Vs

L s

_ /_ ) flt—s+a)g(s)Vs + N f(t—s+a)g(s))Vs

[e%¢) t+M
N

=0 (since g(s):O‘?or all s<(a—M)) =0 (since f(‘r):()‘gor all 7<(a—M))
t+M
—I—/ f(t—s+a)g(s)Vs
a—M-1
—s<—-t—M

Reason: s >t+ M =
t—s+a<(a—M)
——

T

= [ st atovs

—M-1

= X f(t—s+a)g(s).
S\

In summary,

[ f(t—s+a)g(s)Vs, t>a—2M

a—M-1
(f*g)(t) =
0, t<a-—2M
or simply
t+M
(Fea)t) = [ ft=s+alg(s)Vs
a—M-1
if we recall that, by definition, fab h(s)Vs = 0 whenever b < a. O

Remark 1.22. From the proof of the last theorem we have the useful formula for the
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convolution product:

Gro= [ fe-srageVs= 2 ft-srae) 00

where M = M(f, g) € Ny is sufficiently large that for allt < (a—M), f(t) = g(t) = 0[]

Before providing some examples it will be convenient to define a single variable
function H,(t) by fixing s = p(a) in the Taylor monomial H.,(t, s) as given in Defini-
tion [L7)

Definition 1.23. For v € R we define H., : Z, — R to be:

H.(t) == H,(t, p(a)), for all t € Z,.

Remark 1.24. Other expressions for the single variable function H,(t) in terms of

the Pochhammer polynomials and the standard combinatorial choice function include:

Defn
H’Y(t = H p(a), oo)<t> (17)
oY), fort>a
Thmm )=p(a) (18)
0, fort <a
(1.9)

"Notice that if f,g € Vai1, then (Lf)(t) := f(t+ 1) € V. If we now consider (Lf x g)(t), then
here we have M = M(Lf,g) = 0 and so

Lfsg)t) = S (LNH({-s+a)gls)= % f(t—s+a+1)g /ft— TON

seN? seEN?

This last expression is the definition of the convolution product used by Goodrich et al in [5]. (See
[5, Definition 3.77].)
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Figure 1.3: Single-Variable Taylor Monomials

(1.10)

- Pt—a (7)

;

(y+ (t—a)), fort >a

v+ +2) -

1

(t—

(1.11)

=a

1, fort

0, fort <a

(1.12)

)

Y+t—a
Example 1.25. Hy(t) = 1j4,0)(t).

t—a

Proof. By Definition [1.7| and Remark [1.14] (ii),

Ho(t, p(a)) - L(p(a),00) () = Lfa,e0)(t)-

Ho(t, p(a))

(t)

Hy
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Example 1.26. If n € Ny then by Corollary[1.13,

H,(t) = Ha(t, p(a)) = Fi—pia)-1(n) = Pi—a(n)

The next example

(

0, fort <a

1, fort=a

(t—la)!(n +1)(n+2)---(n+(t—a)), fort>a.

\

is important and will be referenced later. (See Theorem [2.2])

Example 1.27. If n € Ny then again by Corollary[1.19 and Theorem[1.5,

H_,(t) = H_,(t,p(a)) = Pt—p(a)—1<_n> = Pi_o(—n)

\

0, fort<a

17 fort:a

(A D(=n+2) - (mnt (t—a)), fort>a
0, fort<a
1, fort=a

(—1)(t=a) m—1)(n-2)---(n—(t—a)), fort>a

0, fort <a
1, fort=a

(D)2, fort > a.

t—a



Example 1.28. In particular, for v = —1,—-2,—3, and — 4, we have:

H_i(t)

The next two examples suggest a result we will prove in Chapter 2.

1, fort=a
0, fort>a
1, fort=a
-1, fort=a+1
0, otherwise
1, fort=a
-2, fort=a+1
1, fort=a+2
0, otherwise
1, fort=a
-3, fort=a+1
3, fort=a+2
-1, fort=a+3
0, otherwise.

23
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Example 1.29. Let g € V. Then (H_ 5% g)(t) = g(t) — g(t — 1) = Vg(t).
Example 1.30. Let g € V. Then (H_3xg)(t) = g(t) —2g(t—1)+g(t—2) = (V3g)(t).

In Theorem — Theorem we show that V' equipped with the operations

of + and * is a commutative ring
Theorem 1.31. V' is commutative with respect to *.

Proof. Suppose f,g € V. Then there exist Ty and T}, € Z, such that f € Vr, and
g €V, Put M = M(f,g) :=max{a—Ts,a—T,0} € Ngand T := min{T}, T,,a} €
Zo (SoT =a— M and f,g € V=V, )

Now, fix t € Z,. Recall the formula for f % g from Remark and consider:

(frg)t): "™ s s+ a)g(s)

t+ M
seN_ T,

et s f(r)elt -7+ a)

t+M
TeN, "\,

= Y glt—14a)f(1)

t+M
TeN, T,

= (9= )

]

Recall that in Section 1.1 we defined the right-shift operator, R : R% — R%e by
(Rf)(t) := f(t—1) for all t € Z, and for k € Ny, we defined R* recursively so that
(REf)(t) = f(t — k). L and L* were defined similiarly.

Theorem 1.32. For f,g eV and k € Ny,

(RFf=g)(t) = RE(f = g)(t) = (f x g)(t — k).

8 Actually more is true, (V,+,*) is isomorphic to R((z)), the formal Laurent series, and as such
is, in fact, a field. (See [8], p.238). However, we shall not need this fact.
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Proof. Fixt € Z, and k € Ny, let M = M(f, g) := max{a—T},a—1T,,0} and consider

(RMf = g)(t)

Def k _
X (R s+ )
a—M
= Y ft—s+a—k)g(s)
SGNZJ[%I
= D ft—k—s+a)g(s)
SENZtJJV\Z_kUNEI%—kH
= S (t—k—s+a)g(s)+ i T (t—k—s+a)g(s)
a—M SSN M k41

J/

=0 (since f(T):[;?OI‘ all 7<(a—M))
—s<—-t+k—-M-1
Reason: S >t —k+ M +1 = t—s—kta<a—M—1<(a—M)
e

-

= xS =k) =s+a)g(s)

SENEf:AI})JrM

= (fxg)(t—k)=R(f=g)®).

The commutativity of V' under * gives us the following corollary.

Corollary 1.33. For f,g € V and m,n € Ny,

Proof. Consider

(R™f* R"g) = R™™"(f x g).

Thm [32

(R™f*R"g) R™(f* R"g)

T R (R« )

=  R"™(R"(g*[))

B T
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Lemma 1.34. V, is associative with respect to x. That is, if f,q,h € V,, then

fx(g*h)=(fxg)*h.

Proof. If f,g,h € V, then for all t < a, f(t) = g(t) = h(t) = 0. Fix t € Z, and

consider
(Fxlgxm)®: = % ft-uta)g=h
Def U£Zf<t_“+a)s£gg(u_ s+ a)h(s)
= B, B0 utaglu—s+ah(s)
= B S uta)lu—stahls)
I A
w(U)Z;u-era > h(S) » f(t _ (w + 5 — a) -+ a)g(w)
su=w+s-a  seNE weNiste
_ S h(s) % f((t—s+a)—w+a)gw)
SENE, weNL e
= B (ea)t— s+l
= ((f *g) xh)(2).

The next theorem extends the result of Lemma [[.34] to all functions in V.
Theorem 1.35. V s associative with respect to *.

Proof. Suppose f,g,h € V. There exist T}, T,, and T, € Z, such that f € Vr,,g €
Vi,, and h € Vp,. Put M = M(f,g,h) := max{a — Ty,a — Ty,a — T3,0} € Ny
and T := min{Ty,T,,Ty,a} € Z,. SoT =a— M and f,g,h € Vp = V,_p which
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implies that for all t < (a — M), f(t) = g(t) = h(t) = 0 which, in turn, implies that

(RMf), (RMg), (RMh) € V,. Thus, by Lemma [1.34]

RMfx (RMg+ RMh) = (RM f + RMg) x RMh.

But, by Corollary [1.33],

RMf 5 (RMgx RMh) = RM f x (R*M (g + h))

= RM(f (g% h)).
On the other hand,

(RMf * RMg)  R"h = (R*(f x g)) * R™h

=RM(fxg)xh).
Thus,
R¥YM(fx(gxh)) = R*™(fxg)*h).
Applying the injective operator L3 to both sides of this last equation yields,

frlgxh) = (f*g)xh.

Finally, we can justify our claim that (V) 4, %) is a commutative ring.

Theorem 1.36. (V,+,*) is a commutative ring.
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Proof. The fact that V' is commutative and associative with respect to * has already
been shown. (See Theorem and Theorem |1.35], respectively.) It remains to show

distributivity holds.

frlg+h) = 3 ft=s+a)og+h)s)
— S flt—s+a)lg(s)+h(s)

t+ M
seN_ T,

— S f(t—s+a)g(s)+ f(t—s+a)h(s)

t+M
seN T,

= X f(t—s+a)g(s)+ X f(t—s+a)h(s)

t+M t+M
seN_ T, seN_ T,

= fxg+fxh.

]

We conclude this section with a theorem that tells us what the convolution product

of H, and H, is for any p,nu € R, but first we need a lemma.

Lemma 1.37. For xz,y € R and all k € N,

Eo(rx+k—1d\ (y+i r+y+14+k
by ) ) = )
i=0 k—1 1 k

Proof. We first prove the claim for the special case where x = m and y = n, where

m,n € N. Fix k, m, and n € N; and consider
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Ful@) = s = (1= 20
=F (2)=(m+1)(1—-2z)"™72 = F/(0) =(m+1)

:>F(k)(z):(m+1)...(m+k)(1—z)_m_2:>F7(,f)(0)=(m+1)...(m+k)

m

= (m+1)F

Similiarly,
1 n+k
r — F® () = !
n(Z) (1 _ Z)n+1 = n (O) < k )k
Notice,
1 1
Fm . Fn — Fm . FTL = .
(Fu- F)(2) = Ful?) - Ful2) = gt 7= gy
B 1
o (1 _ Z)((m+n+1)+1)
= F(m+n+1)(z)-
And so
dr (k) (m+n+1)—|—k
w(Fm F,)(0) F(m+n+1)(0) = ( I )k‘!.



But, by repeated application of the Product Rule, we get:

dk

eFne B = FPE)-F)+ ()0 F) 4

And so we also have

d* k (k
im0 = 5 (Y)ro0)- mo)
dz i=0 \ 7
_ (k)(m+ k, ) k—i)!-(”ﬂ)u
i=0 \ 7 k — )
k _
_ & M(m#—k‘- z)(n+z)
i=0 k—1 1
_ ok % (m+k—z)<n+z)
i=0 k—1 7

Since these two expressions for £ (F - F,)(0) must be equal, we have:

k!§] m+k.—i n+2 o (m+n+1)+k
i=0 k—1 1 k
E fm+k—1\(n+1 m4+n+1+Ek
> ) ) = )
i=0 k—1 7 k

Thus, the claim holds whenever (z,y) = (m,n) € N x N.

or
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Now, to see that the claim holds for all (z,y) € R x R, notice the expression on the

left-hand side of the original claim is a k-degree polynomial in x and and a k-degree

polynomial in y, as is the expression on the right-hand side of the original claim. So

their difference is also a k-degree polynomial in both z and y. And, we have shown
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that this difference is 0 whenever (z,y) = (m,n) € N x N.

Now, a polynomial in two variables that has zeros at all (m,n) € N x N must be
identically 0. That is, it must be the 0 polynomial. Thus the difference polynomial
is the 0 polynomial.

Hence we conclude that the two polynomial expressions in the original claim must
both represent the same polynomial function in z and y. As such, they must be equal

everywhere. And so, the claim must hold for all (z,y) € R x R. O
Theorem 1.38. For p,v € R, H,* H, = H, 1.

Proof. Fix u,v € R.

If t < a, then

[e.o]

(H, * H,)(t) D:d/ H,(t—s+a)H,(s)Vs

—0o0

p(a) 00
= / Hu(t—sqta)H,,(s)VsqL/ H,(t—s+a)H,(s)Vs
(a)

—00

TV
=0 (since Hy (s ) 0 for all s<a) =0 (since H,(7)=0 for all T<a)

If t > a, fix t and put k := (t — a) € Ny, then consider:

(H, = H,)(t) et /_oo H,(t—s+a)H,(s)Vs

/ Hu(t—s—l—a)HV(s)Vs—I—/t H,(t—s+a)H,(s)Vs

=0 (since H, ’T') 0 for all 7<a)

/ H,(t—s+a)H,(s)Vs

=0 (since Hy (‘r) 0 for all T7<a)
= ¥ H,(t—s+a)H,(s)

seNt,

J/
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2 (R 0)
. (,uzt(az;—)k:) —S) (1/+8—a)

seNth a+kK)—Ss s—a

QARG

N i .
()

i=0 k—1 7

<u+u+1+k) ki—t-a ((u+u+1)+t—a)

k - t—a

H#+V+1<t)'
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Chapter 2

Fractional Nabla Operators (V?, V¢, V¥))

In many treatments of the subject, V¥ and V¥, are thought of as operators on func-
tions that take N, or N,_y5 to R. In this paper we define a more general fractional
nabla operator V” that acts on functions taking Z, to R, and show how V? and V¥,
are both manifestations of this more general operator under different circumstances.

One advantage of this perspective is the domain issues one encounters in working
with the fractional delta operators and, to a lesser extent, when working with the
fractional nabla operators whose domains only extend to the right disappear. All
functions under consideration have exactly the same domain, 7Z,, both before and
after they are operated on by a fractional nabla operator.

A second advantage of this perspective is that many of the known properties of
these operators follow very simply and directly from three facts about: convolution,

the Taylor monomials, and the fractional nabla operator. Namely:

e convolution is commutative and associative over V' (Theorem [1.36])

e H,xH,=H i, 1 (Theorem [1.38)
o Vif=H_, 1xf (Theorem

A third advantage is that many of the known properties of fractional nabla opera-
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tors can be extended, so the results we obtain via this approach require fewer caveats
than previously established results.

Finally, after realizing that V! and V!,  are both different manifestations of V*,
it becomes clear that the difference between these two operators is simply the convo-

lution of a Taylor monomial and a short sequence. (See Theorem [2.21])

2.1 The General Fractional Operator V”

Recall that in Definition we defined the vector space V' and in Definition we
defined the single variable function H,(t) := H,(t,p(a)) € V for all v € R. We now

use this function to define the general nabla operator V7.

Definition 2.1. For all f € V and each v € R we define the general fractional

nabla operator of order v, V' :V =V by V'f :=H_, | *f.

The first thing we will do is check that we have not made a poor choice of notation.
Since there is already a meaning for the operator V¥ when + € N, the first thing we
will do is confirm that this new operator is precisely the previously defined (i.e.

iterated) nabla difference operator when v € Ny and f € V.
Theorem 2.2. If N € Ny and f €V, then H_y_, x f = VIV .

Proof. Fix t € Z, and consider

Hom D@ 2 [ Hot s+ af6)7s
Bxample L2 [\ ((t—s+a)—a) (N+1)_1) s)Vs
2 [ ) (N0 e

- [ ey (t]_v S)ﬂs)w

- (s

SEN%,N t—s
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[]

Thus, when v € Ny, the general fractional operator corresponds to the standard
(iterated) nabla difference operator when v = n € Ny.

In the next theorem we show the 1" order nabla fractional sum (as defined by
Goodrich et al in [5] (see Appendix A, Definition can be obtained from the
general fractional operator of the same order by first replacing every value of f at a

and below with 0.
Theorem 2.3. If v < 0 and we put v := —y >0, then V" f = V7 (1(4,00)f)-

Proof. Starting with the right-hand side of the above equation we have:

Def

(V" (L g f))@E) = (Hyo1 * Liaoo) f)(t)
_ /_ Hyos(t — 5+ a)(Liaoo ) (5) Vs

=S Hoa(t—s+apa)f(s)

s=a+1

S H, (L, p(s))(5)

s=a+1

_ /Jﬂqﬁmﬁ»ﬂﬂVT

AR O]

Corll

]

At this point we could repeat the above argument for v = v > 0 to show that

(V" (Do) (&) = [T Hoyos(t, p(r) f() V7 258 (72 £)(). However, with the
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results we have already established concerning convolution and the Taylor monomials

we can get the desired identity more directly via the method in the proof below.
Theorem 2.4. If y=v>0andy=v ¢ N, then V,f = V"(Lg,0)f)-

Proof. Starting with the left-hand side of the above equation we have:

vif B VNTI f where N = [v]

Thm 23] VNV_(N_V)(ﬂ(a,oo)f)

Def21] H_(n+1y * (Hy—v-1 % (La00)f))
T (H_y Hyyr) * (Lo f)
TholLats Hn iy (v—v-1)11 * (L(a,00) f)

= H_(y41) * (L(g,00 f)

Def 211

vV(-ﬂ(a,oo)f)'

]

The previous two theorems combine to tell us that for all v € R\ Ny, VIf =
V7 (1(a,00)f)- Since we have not previously defined the operator V7 for the case when
v = N € Ny, we are free to define VY f := V¥(1(, ) f), so that the result holds all

v € R. So we make this definition and record the result in the following corollary.

Corollary 2.5. For allyv € R and all f €V,

Vif =V (1) f) -
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Remark 2.6. Note that if f € Vo, then f = 1(400)f and so for v > 0:

V7Vf=V,"f and

VY f=V'F .

That is, the general nabla operator is, in fact, a generalization of the nabla fractional
sum and the nabla fractional difference as defined by Goodrich et al in [3]. That is,
both of these sum and difference operators can be realized as a special case of this

more general fractional operator.

2.2 The Action of Nabla Operators on Taylor Monomials

In this section we will show that the operators V* and V¢ and V¥, act nicely on
the Taylor monomials. Recall that the operators V¢ and V§ were introduced in
Section 2.1. In [5] Goodrich et al define, for v > 0, the Caputo nabla fractional
difference operator, V¥, : RZe — R% by V¥ := V" NVYV (where N := [v]). (See
5, Definition 3.117].) [

We begin with a few quick facts concerning the single variable function Hpz(¢)

which was defined in Section 1.5.
Fact 2.7. If o, 8 € R, then V*Hg = Hg_,.

Proof. This fact follows from Theorem [1.38]

a Def 211 Thm 38
\Y HB = H_, 1% HB = H(—a—l)-l—ﬁ-l—l = Hﬁfa .

!For the convenience of the reader we have recorded several definitions and results from [5]
in Appendix A. This definition of the Caputo nabla fractional difference appears in Appendix A,

Definition



38

Fact 2.8. For all p € R,
RHg(t) = Hﬁ(t,a).

Proof.

RHy(t) = Hy(t — 1) "5 Hy(t — 1, p(a) “ 5 Hy(t, ).

Theorem 2.9. For a,f € R and v > 0,

VoHg(t,a) = V*Hg(t,a) = Hp_o(t,a) and

VZ*Hg(t, CL) = Hg_,j(t, a)‘

Proof. This corollary follows from Theorem and Corollary [1.33] Since

Hs(t,a) € Voy1, we have

VO Hs(t, a) "SR eyt a)
(VO (RH)))(1)
= (Hoar * RHy)(1)

CLBRH oy * Hy)(1)

PEER(H ocrip)(1)
= RHg (1)

Fact 2.8
S ().

The second equation follows from the first. To see this put N := [v] and note that,
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by the first equation we have

VY Hs(t, a) NN (4 a)
= VZ_Nﬂﬂ—N(tv a) = Hﬁ—N—(V—N) (tv CL)

= Hﬂ—l/(t’ a’)' \/

Corollary 2.10. Fora € R, 5 € R\ Ny and v > 0,

VeHg(t,a) = V*Hs(t,a) = Hs_o(t,a) and

VY, Hy(t,a) = Hs_,(t,a).

Proof. This follows immediately from Corollary , since for 5 € R\ Ny, by Corollary
1.13, Hy(t,a) = Hs(t, a). O

It remains to consider how the various operators act on the extended Taylor

monomials, ﬁk(t, a), when k € Nj.

Corollary 2.11. For a € R and k € Ny,
VOH(t, a) = Hy_a(t, a).
Proof. This follows from Corollary [2.5| and Corollary [2.9] since

VeH(t, a) IV (1 oy Hi(t, a)) "DV H(t, 0) P H, (1, ).
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When considering how the general operator V® acts on H k(t,a) we must exercise
a bit of caution since when k € Ny, f[k(t,a) ¢ V. So, in general, it does not make
sense to apply V to H k(t,a). However, if « = n € Ny, it still makes sense to apply
the iterated operator V" to f[k(t, a). In this situation, by repeated application of the
Power Rule (Theorem [1.15)), we get:

_ Hi_y(t,a), (k—n)>0
VnHk(t, a) =

0, (k—n) <0.

Thus, we have the following corollary.

Corollary 2.12. Forn,k € Ny and v > 0,

~ ﬁk—n(tua)7 (k - TL) >0
V”Hk(t,a) =
0, (k—n) <0
and
~ Hk—l/(tva)7 (k - V) >0
VZ*Hk(taa) =
0, (k—v) <.

Proof. The first equation results from repeated application of the Power Rule (Theo-
rem [1.15)). The second equation follows from the first. To see this put N := [v] and
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consider

.

_ _ Ve NH n(ta), (k—N)>0
VY. H(t,a) = VZ_NVNHk(t, a) =

vrNo, (k—N)<0
\
(

H’C—N—(V—N)(t7a>7 (k_N> >0

0, (k—N)<0

Note the last two steps follow from Corollary Corollary and the fact that

(k—v)>0 <= k>v < k>|[v| < (k—N)>0. O
We summarize the main results of this section in the following remark.

Remark 2.13. Ifk,n € No, o, 3,7 € R, v > 0, and N := [v], the following describe

how the various operators act on the Taylor monomials (for all t € Z,). E|E|

VYHg(t,a) = Hg_(t,a) where VI e{V* Ve V.}

2Recall that if k € Ny and o € R\ Ny, then Hy(t,a) ¢ V and so V*Hy(t, a) is not well-defined.
3For the convenience of the reader we have recorded the main results from this section, section
2.3, and section 3.2 in Appendix B.



VeH,(t,a) = Hj ot a)
(
N Hi_n(t,a), (k—n)>0
VnHk(t, a) =
0, (k—n) <0
”
~ kau<ta CL), (k—y) >0
VZ*Hk(tv CL) -
0, (k—v) <.
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2.3 Composition Rules

We begin this section with a theorem that identifies one of the very nice properties
of the general fractional operator V7. The proof follows quickly and easily from the

three very important properties mentioned at the beginning of this chapter.
Theorem 2.14. If o, B € R, then VOV f = Vetlf = VPvef.

Proof. For fixed a, 5 € R,

vavﬁf Deﬁgition H_a_l % (H_ﬁ_l « f)
BB g s H o)k f

Thm [[38]
= H o 1)1(—p-1)41 % f

= Hf(oHrB)fl * f
Deﬁgtion Va+’8f
Relabelling o and (3 in the above argument yields the other equality in the claim. [

Thus, general fractional operators commute.

Next we state and prove a lemma that will help streamline the next few proofs.
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Lemma 2.15. ForyeR, feV,T € Z,, and N € Ny:
(i) L) VI (Lizoo) f) = V(100 f)
(i1) L—oor+ V™ (Lo f) = VNV (L (coo,r1f)
(111) Li1,00) VN (Lcoonf) = L,00) VY (Lr-nyf) = Lrram VY (Lir—n,r) f)

Proof. Proof of (i). Clearly, when t > T', the claim holds. To see that (i) also holds

when t < T', note

Def Def
(V’Y(H(T,OO)JC)) (t) = (H—'y—l * l(T,W)f) (t) = H ., q(t—s+ a)ﬂ(T,OO)(S)f(S)VS
Za
= H_ ., 1(t—s+a)f(s)Vs=0.
(T,OO)\ b
0
The reason the integrand is 0 here is that
t <T and t <T and
= =t—s+a<a—-1=H, (t—s+a)=0. /
s>T+1 —s<-T-1

Proof of (ii). In this proof we will require a fact that has not yet been proven.
Fact *: For k € Ny, H_;(t) =0forallt > a+ k.

Reason: Fix k € Ny and supposet > a+k >a =1t —a > k. Then,

H_(t) = H_y(t, pla) = Pral(—k)

:(t_l )|(_k+1)(_k+2)"-(—k’+k)'--(—k+(t—a)):0. Y
a): .

Returning to the claim, clearly, when ¢ < T + N, the claim holds. To see that (ii)
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also holds when t > T 4+ N, fix t > T+ N + 1, and consider

(VYoo ) (8) = (Honos # Loy f) () 2 [ Hoy it — s+ a)L—oory(s) £(5) Vs

Za

= / H_(ni1)(t =5+ a)f(s)Vs =0.
(_OO»T}

(& J/
-~

0

The reason the integrand is 0 here is that

t>T+ N —+1 and t>T+ N+ 1 and
= =>t—s+a>N+1+a,

s<T —s > =T

and so, by the fact just given, we have H_(ny1)(t —s+a) =0. /
Proof of (iit). Clearly, when ¢t < T, the first equality in the claim holds. Suppose

t>T+1, then

(Lo VY (L coon f)) () = (V¥ coom ) () = (H-n-1* Voom f) (1)

D:ef/ H_n_1(t—s4a)l(—em(s)f(s)Vs

_ / H_ iy (t — 5+ a) f(5)Vs
(7007T]

~~

= / H (niy(t—s+a)f(s)Vs (%)
(=00, T—N] Y

+/ H_(niny(t —s+a)f(s)Vs
(T—N,T]



The reason the integrand in (x) is 0 is that

t>7T+1and t>T+1 and
= =t—s+a>N+1+a,

s<T-—N —s>-T+ N

and so, by Fact * again, we have H_(n,1)(t —s +a) = 0.
Thus,

(]1(T7OO)VN(1(_OO,T]]”)) (t) = / H_(ny1)(t —s+a)f(s)Vs

(T—N,T)

= H_N_l(t — s+ a)]l(T,N,T}(s)f(s)Vs
La

— (H,N,l * ]1(_oo,T}f) ()

=V Taonm /().

So the first equality in (iii) holds. The second equality in (iii) follows from

Lrrsm VY (Lr-naf) = Liroo ]]-(—oo,T-I—N]VN(l(—oo,Tll(T—N,oo)f)

(41)
= Li100) VY (Lo L(r— N 00) f)

= IL(T,OO)VN(IL(T—N,T]f)' v

This completes the proof.

Corollary 2.16. If a, 3 € R, then VOVP f = Votbf = VAVf.

45
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Proof. Consider

2.0l

ngaﬁf - va(]]-(a,oo)vﬁ(ﬂ(a,oo)f))
Lem i) o
B 90 (V2 (Lo 0))
Thm 2.14] a
- \Y% +B(£(a,oo)f)

Vot f

Relabelling o and 3 in the above argument yields the other equality in the claim. [

Corollary 2.17. The following composition rules hold for all o,y € R, v € [0, 00),
N :=v|, and k € Z:

(i) (a) VIVE =Vt (i) V2. N* = Vvt (whenever v+k > 0)
(b) ViV = vy

(¢) Vo. Vg =V
Proof. To see (i)(a) note:

2.0l

VIvef = VIV (Lia00) f)
B g (1, 00 f)

varef Vv

The proof of (i)(b) was given above in Corollary V
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To see (i)(c) note:

vevep P g (NngNge

(i):(a) v—(N—u)viV+af

a

(7’417) vz—i—a \/

To see (ii) note that, by assumption, we have 0 < (v+k) < [v+ k| = [v]|+k = N+k.

So,
VZ*ka Detn v(;(ny)vakf
Thm 2.74] v;(Nfz/)vNJrkf
_ v;(N—&-k—u—k)vN—HCf
_ vg(N—&-k—(u—i-k))vN—i-kf
_ vg([u+k1—(u+k))vN+kf
Defn

= Vit Vv

]

Part (ii) of the last corollary gives a nice formula for what happens when we first
apply an iterated nabla diference and then apply a Caputo fractional difference. Next
we look at what happens when we apply an iterated nabla difference and then apply

a Reiman-Liousville fractional nabla operator.

Theorem 2.18. For f € R% and for all « € R and n € Ny:

VeV = Ve =S [(VE) (@) Hi(-a) | (2.1)

1
k=0
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Proof. The proof is by induction on n.
Base Case: (n=1)

In this case we have:

(vgvlf)(t) = vg (V ([:H-(a,oo) + ]]-(—oo,a]] f))
= v?;Vl:ﬂ-(a,oo)f + nglﬂ-(—oo,a}f

Cor 23] o «
="V (]l(a,oo)vlﬂ(a,oo)f) +V (ﬂ(a,oo)vl]l(foo,a]f)

Lem [2.19]

VYV Ligoo f) + V*(Ligar) V' L am1,0.f)
B (et )+ V(L [0 — f(0)])
CER (T ) + VO (- (@) ()

= (Ve ) + V[~ f(a)]VHo(-, a))

= (Vo' f) + V (V[ f(a)| Ho (-, a))

= (Ve ) + VU (= f(@)] La0) Ho(, a))

= Vi If = f(@]Ho(a)] v

With the base case established, we proceed by induction.
Induction Step:

Assume the claim holds for some ny € N and consider:

(Vav ) (t) = (Vav™ v f)() = (TaV(V £)) (0
— (Ve (V) ~ VS (VYN @) Vi Ho(ta)

= (Ve f)(t) — Vo™ [f(a)] Vo Ho(t, a)

= v S (VE V) (@) VO Ho (1, a)
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= (VAL f)(t) = Vo[£ ()] Ve Ho(t, a)

= (Ve (1) — v R (9 ) (@) VI Ho(ta)

Thus, the claim holds for all n € N. n

Theorem 2.19. Suppose f : Z, — R. Then, for all a,y € R, p,v € [0,00),
= [u], N := [v], and m,n € Ny we have the following[}}:
(i) (a) VIVE =VTe
(b) Vovg =vi
(c) Vi Ve = Vit
(ii) (a) VINV" =Vt
) Vi =V | 1= (VD @A)
(¢) V" = Tt
(i) (a) VYL = V5 | 1= 5] (9 D@l a)
(b) VaVe.f = V'V f
(¢) VaNVa.f =VIVLf

Proof. Equations (i)(a)-(c) are just a restatement of the facts proven in Corollary

2.17] (i)(a)-(c), (ii)(a) is a special case of Theorem [2.14] and (ii)(b) is the result of

theorem , and (ii)(c) is a restatement of the fact given in Corollary (ii).
)

4Setting v = 0 in (iii)(a) gives us a formula for the Caputo fractional difference in terms of the
Riemann-Liousville fractional difference.
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To see (iii)(a) note:

VIVYf = VIV NN
gy =S (9 @0

v 18 ()| v

Note that if we set v = 0 in (iii)(a) we get:

VLS = Ve |- S (@) 22)

We can obtain (iii)(b) by applying V¢ to both sides of equation (2.2)) and then
using (i)(b) and (iii)(a). That is,

AR A AT A

W -5 @0 2 7Ly

Similiarly, we can obtain (iii)(c) by applying V¢, to both sides of equation [2.2| and
then using (i)(c) and (iii)(a). That is,

VLV, = VLV 8 (D@l

W g -5 (D@ C0)] L L
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2.4 The Difference between the Riemann-Liouville and the
Caputo Fractional Difference Operators
In this section we take a closer look at how the Caputo fractional difference and the

Riemann-Liouville fractional difference differ. The next definition makes it easier to

state the main theorem of this section (Theorem [2.21]).

Definition 2.20. For all f € V and all N € Ny, we define N:V—o>V by

N(f) F = II‘((Z,CL‘FN}(VN(JC]‘(G,*N,(Z]))
0, fort<a
= (VY flg—na)(t), forte Ny

0, fort >a+ N +1

\

and refer to ]/\\f(f) as the N sequence derived from f. Note that ]Vf has, at most,

N nonzero values.

Example 2.1 For N = 3 we have the 3 sequence derived from f,

3(F) = Laass) (V2 (f L(a=3a)

(O, fort<a
(V3 fLl(a—sq)(a+1), fort=a+1
=9 (V3 f1lsq)(a+2), fort=a+2
(V3 fLla—sq)(a+3), fort=a+3

0, fort>a+4

\



0,

—3f(a) +3f(a—1) = fla—2),
=\ 3f(a) = fla—1),

_f(a’)7

0,

\

Theorem 2.21. For allv >0 and f €V,

fort<a
fort=a+1
fort=a+2

fort=a+3

for t > a + 4.

VU f=V'f+H_ *Nf

where N := [v]and e := N — v and N is as defined above.

Proof. Consider

VZ*f Deﬁgtion v;(N_V) va

= v_eﬂ(a,oo)vN(l(—OO@]f + ﬂ(“’oo)f>

= V‘eﬂ(a,oo)VN(ll(_ow]f) + V_E:H-(apo)vN(]]-(a,OO)f)

= Vo)V (Lcsoa f) + VTV (Ligo) f)

=V Do) V(I oo ) + V(L ao) f)

= V_6:[]-((1,(1JrN]VN(:H-(foo,a]f) + vZf

= V_6:[]-((1,(1JrN]VN(:H-(CLfN,a]f) + vZf

Deﬁrgtions He_l % ]’\}f + VZf

52
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Corollary 2.22. For allv >0 and f €V,
(Ve f=Vif)(t) =0, ast — oo .

Proof. This corollary follows from the fact that N f (t) = 0 for all but at most N
values of ¢ and the fact that H._1(t) — 0 as t — oo. (We have deferred the proof of

this second fact until chapter 3 (Thm [3.5)).) To see that the claim holds put

M:= max |(Nf)(t)|. Then, from Theorem [2.21| we have:
tela+1,a+N]

(Vo f=Vif) O =|(HoxNf)(®)] < N-M-|H_i(t-N)| — 0.

(for tz_a—&-N) (as t—o0)

The following corollaries are immediate consequences of Theorem

Corollary 2.23. If ]/\7f =0 (or equivalently, if f(t) =0 for allt € (a — N,a]), then
Vol =Vaf .
Corollary 2.24. If f = ¢ for some c € R, then
VYf=—H._1xNf .
Corollary 2.25. Ife =0 (or equivalently, if v = N ), then

Vi f=Vif+Nf.
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Chapter 3

More about Taylor Monomials and Pochhammer Polynomials

3.1 Additional Properties of Pochhammer Polynomials

In this brief section we provide an example that deomonstrates how it is sometimes
advantageous to work with the Pochhammer polynomials instead of working directly
with the Taylor monomials. Compare the statement and proof of the following theo-

rem with that given in Theorem 3.96 from [5].
Theorem 3.1. For allm € Ny, d € Z, and 7 € R, V" Py(1) = Pj_p, (7).

Proof. Step 1: The claim holds when m =1 for all d € Z and all 7 € R.

First, note that if d € Ny, then VP,(7) = P;_1(7), for all 7 € R since

Vpd(T) :Pd(T)—Pd(T—l)
(DT +2) . (rHd) (=14 1) (7 —=1+2)...(T—1+d)

d! d!
_ (T+1)(t+2)...(tr+d-1) [(T+d)—(7):|
(d—1)!-d 1
_(r+DE+2).(r+d-1) d
B (d—1)! d

= Pd_l(T).
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Second, note that if d = 0, the claim holds, since in this case we have Fy = 1
which implies VFy(7) =0 = P_(7).

Third, note that if d = —k € —Nj, the claim also holds, since in this case we have
P_j, = 0 which implies VP_,(7) =0 = P_;_1(7).

Conclusion: The formula VP,(7) = P;_1(7) holds for all d € Z and 7 € R.

Step 2: Fix dy € Z and proceed by induction on m. For m = 0, the claim is true
(since VY is the identity operator). Also, we have shown in Step 1 that the claim
holds for dy when m = 1. Now, suppose M € Nj for which the claim holds when
d = dy. That is,

VMP, (1) = Py_m(7), forallT € R.

Taking the nabla difference of both sides of this equation yields

VVM P, (1) = V Py (7)

(by the above)

vM—HPdo (7-) (do—M)—1<T>

since (do—M)€Z

- Pdo—(M‘H)(T)

Thus, by induction, the claim holds for all m € Ny (when d = dy). But since dy was

arbitrary in Z, we have that the claim holds for all d € Z, m € N, and 7 € R. O

By setting 7 = v—N and d = t—a—1, the following calculation shows Theorem [3.1]
implies and is a bit more general than Theorem 3.96 in [5] as there are no restrictions

on v or N.
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Corollary 3.2. Forv,N e R, m e N, and t € Z,

Hettatm) =8 04 (] ) Hoxoatta)

Proof. Put d = d(t,a+ 1) =t —a — 1 € Z. From Theorem [3.Thnd Corollary [1.12]
Pd_m(l/—N) = vad(V—N
Pim(v=N) = % (-1

Hyy(d—m+1+aa) = 3 (~1)F

Hyont—a—1-m+l+aa) = % (—1)F
~( c; m+1+a,a) XZJ( )

H, _y_ilt—a—1+1 ,
Nk( (Cll + +aa)

H, n(ta+m) = 5 (=1 )H,_y_i(t.a).

)
)
)HV_N_k(d ltaa)
)
)

]

Remark Recall H,(t,s) = Iflw(t, s)if v ¢ Ny or if t > s. (See Corollary and /or
Definition [1.7}) Thus, if v — N ¢ Ny (which implies v — N — k ¢ N for all k € NJ")

or if d > m (which is equivalent to having t > m + a + 1), we also have
~ m (TN =
H,,,N(t,a+m) =X (_1) Hqufk(ta (Z),

The following fact is often used to simplify sums of the given form.

Corollary 3.3. Forn € Ny and s,t € Z, witht > s,

ZHk(tv S) = Hn(t + 173)'
k=0

Proof. The proof follows from Corollary [1.12] the Fundamental Theorem of Nabla



Calculus, and Theorem [3.1]

ZHktS

This result extends to sums of extended Taylor monomials of this form.

= Fis(n) = bis(=1)

=0 when t#s

=H,(t+1,s).

Corollary 3.4. Forn € Ny and s,t € Zy,,

ZHkts H,(t+1,s).

57

Proof. If t > s, Hy(t,s) = Hy(t, s) for all k and the result follows from Corollary .

Ift=s,

ZHktS

+ZHkss H,(s+1,s).

Ift <s,thent <t+1<sandso by Corollarywe have Hy(t,s) =

Pk(t—s—l)

and H,(t +1,s) = Pyt +1—s—1) = P,(t — s). Thus, by the Log Rule and the
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Fundamental Theorem of Nabla Calculus,

S Huts) =Y Pt —s—1) “EES H,_(atk+ 1)
k=0 k=0 k=0

= / Hy s 1(7,a)VT
(a,a+n+1]

a+n+1
= H; 4(7,a) =H; s(a+n+1a)— H; 4(a,a)
’ =
= P,(t—s)
= H,(t+1,s).

3.2 Additional Properties of Taylor Monomials

Theorem 3.5. For fized v >0, H_,(t,a) — 0 as t — oc.

Proof. By a theorem (see Rudin [6], Theorem 15.5, page 322), whenever 0 < u,, < 1,

S u, < oo if and only if i (1—wu,) >0.

n=1 n=1

So, by the contrapositive of this theorem, we have that

S Uy = 00 if and only if i (1 —wu,)=0.
n=1

n=1

Let N := [v] and put 0 < u,, == &, <1 for all n € N;. Thus,
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which therefore implies

00 o (N+n v © N4+n-—v ©  j—v
nl;Il( tn) nl;II (N+n N—l—n) n=1 N+mn j=N+1 ]
Hence,
00 — U N — 0o _
S (55
j=1 J 7=1 ] R j=N+1 ] g
0
And so,
o0 — k —
0 g j v = hm H v
i 1—v 2—v k—v
= lim e
DAL iy Py(—v)
k—o00
ol ymH (a+1+ka) TS mH (4 a).
k—00 t—o0
That is, lim H_,(¢,a) = 0. O
t—o0

Theorem 3.6. For fited v >0, H,(t,a) — o0 as t — oo.

Proof. By a well known result (see Apostol [7], Theorem 8.52, page 208), whenever

a, >0,
i (14 a,) <oo if and only if S a, < co.
n=1 n=1

Put t := a + k where k € N; and notice

H,(t,a) = H,(a +k,a) = Po_1(v) = <V—1f-1> <u+2) <M>
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So,

lim H,(t,a) = klim H,(a+k,a)
—00

t—o00

k—1 1%
— lim I (1+—)

—1I <1+5).

n=1 n

Thus,

lim H,(t,a) = II (1 + 5) <oo ifandonlyif % (5> < o0.

t—00 n=1 n n=1 \T

But, S (2)
n=1

=F

(1 + %) = 00, as well.

n=1 1

” ( %) = 00, and so lim H,(t,a) =
t—o00
]

Corollary 3.7. Forv >0, H,(-,a) is strictly increasing and without bound on N,.

Proof. Note that for d € Ny, Py(z) = 5 (z+1)(z+2)--- (x+d) > 0 whenever z > —1.

Thus, by the Log Rule (Theorem |1.16]) and Corollary [1.12]
VH,(t,a)=H, 1(t,a) = P._4_1(v —1) >0 whenever v > 0 and ¢t € N,;.

So, by Theorem H,(-,a) is strictly increasing on [a, 00) N Z, = N,. The previous

theorem shows that this increase is without bound. OJ
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Theorem 3.8. (P-Integrals)

¢

0 , whenever p > 1
/ H_p(t,a)Vt= {1 , when p=1

oo , whenever p < 1.

\

Proof. The proof follows from Theorems [3.5] and [3.6] and the Fundamental Theorem
of Nabla Calculus.

00 b

/ H_,(t,a)Vt = blim/ H_,(t,a)Vt
a — 00 a
b

= lim [ VH_p(t,a)Vt

b—oo J,

= lim | H_,+1(b,a) — H_,11(a,a)

b—o0 N’
=0

(

0, whenever —p+1<0
=931,when —p+1=0

oo , whenever —p+1 > 0.

\

O
Theorem 3.9. For 0 <v ¢ Ny and t € Z,,
(
=0 whent<a
(VIH-(a)) () > 0 whena <t < a+ 2] +1 (3.1)
\<0 when a+ [5] +1 <t




62

Forv=neNyandt € Z,,

(
=0 whent<a

>0 whena<t<a+3+1
(VIH.,(a)]) () § =0 when t =a+ 2 +1 (3.2)
<OQwhena+45+1<t<a+n+1

=0 whena+n-+1<t.

\

Proof. Recall that

(VIH-, (-, a)[)(t) = [H_,(t, a)| = [H_,(t = 1,0)]

= |Pr—aci(=0)| = |Prmi—acr (—0)].

Clearly the claim is true when ¢ < a, since by Theorem [I.8| |H_, (¢, a)| = 0 whenver

t <a. Also, if t = a + 1, the claim holds since in this case we have

a<a—|—1:t<a—|—g+1 and

(VIH_,(a))(a+1) = [H_,(a+1,0)| — |H_(a,a) =1 —0=1>0. /

Next, we consider the case t = a+2. In order to show the claim holds in this situation
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we must show:

(

< 0 when v <2

(VIH_,(-;a)[)(a+2) § = 0 when v = 2

> 0 when v > 2.
\

Doing the computation we get:

(VIH_,(-,a)|)(a +2) = [H_,(a+2,a)| = [H_,(a+ 1,a)|
= |Pi(=v)| = |Po(—v)]

=|-v+1l-1=]1-v|-1
4

<0Owhen 0 <v <2

=0 when v =2

< 0 when 2 < v, as desired.

\

Finally, for t > a + 3,

(VIH_,(-;a))(t) = [Ho,(t, a)| = [H-,(t = 1, a)]

= [Prea-1(=V)| = [Pi=1-a-1(=7)|

ez 2zt (E—a—2)] -+ (t—a— 1)
(t—a—1)!

1z 42zt (t—a=2) (t—a-1)

(t —a—2)! (t—a—1)

T=—V

r=—v

_ | Il=v+1 v+ (t—a—2)
= P 1~{|—V+(t—a—1)‘—(t—a—1)}.

1 11

Note that the first factor, I, is always greater than or equal to 0, while the second



(

factor , I1,is { =0 when t —a — 1 =

>0whent—a—-1<

<0Owhent—a—1>%.

NI

IR

2
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\
Reason: To see this quickly consider, for v > 0, the graphs of the real-valued functions

f(z) = |z —v| (the absolute value function shifted v units to the right) and g(z) = z.

It is clear that f(z) — g(z)

\
that I is positive, 0, or negative when (¢

than £, respectively. Thus, the second term, I7, is

(

> 0 when z <

=0 when z =

< 0 when z >

[NJAN

[NJAN

[NJAN

(

\

And so, in this case (i.e. for a + 3 <'t) we have

(VIH-,(-;a))(?)

;

>0whent<a+3+1

=0whent=a+ % +1

<Owhena+3+1<t.
\

Summarizing, so far we have shown that for 0 < v and t € Z,,,

(V|H—V('7 (l)|) (t)

(

=0whent<a
>0whena<t<a+g+1
:Owhent:a+%+1

SOWhena+%+1<t.

\

>0whent<a+4+1
:0whent:a+§+1

<Owhent>a+4+1

So, setting x = (t —a — 1) gives us

— a — 1) is less than, equal to, or greater

(3.3)
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Note that for 0 < v ¢ Ny, since t € Z,, t # a + 4 + 1. Furthermore, the inequalities
in equation are strict in this case since v ¢ Ny implies [ is strictly positive and
also that /7 is nonzero (as t € Z, implies (t —a—1) € Zandsot —a—1# %). The
statement in follows.

Ifv=neNy, Iis0forallt>n+a+ 2 and strictly positive when t < n +a + 1.
Also, I is only 0 when t = £ +a+1 < n+a+ 1. Thus, the statement in
follows. O

Definition 3.10. For v > 0, we put N := [v| and define
t,=sup{t €Z,:t <a+ N and (V|H_,(-,a)]) (t) > 0}.
Corollary 3.11. For all v > 0,
@=a+{%J+L
|H_,(-,a)| is increasing on (—oo,t,] and decreasing on [t,,o0). Therefore, H

1, if 0<v<?2
V(@)oo = [H (b 0)] = [ Plojas (<) =
(v=1)--(v—[v/2])

Lo/ , if 2<uw.

Furthermore, if:

o v € (0,00) \ Ny, then |H_,(-,a)| is strictly increasing on |a,t,| and strictly

decreasing on [t,, 00),

e v=n€ N\ (2Ny), then |H_,(-,a)| is strictly increasing on [a,t,] and strictly

decreasing on [t,,a +n + 1],

nteresting fact: The function f(v) := |[H_,(-,a)||~ is continuous and increasing on [0, o0).
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o v =n € 2Ny, then |H_,(-,a)| is strictly increasing on |a,t, — 1] and strictly

decreasing on [t,,a +n+ 1].

Thus, for any 0 < v, |H_,(-,a)| is always strictly increasing on [a,t, — 1| and always

strictly decreasing on [t,,a + N + 1].

Proof. Recall that if (Vf)(t) > 0 on [c + 1,d], then f is increasing on [c¢,d] and
that similar statements hold to give us intervals on which f is strictly increasing,
decreasing, and strictly decreasing. (See Theorem ) Thus, the formula for ¢, and
the statements concerning the monotonicity/strict monotonicity of |H_, (-, a)| are an
immediate consequence of the previous theorem. The formula for ||H_, (-, a)||~ follows

from

14
IH_,/(t,/,CLN = ]—I—V(a+ LEJ + 1,&)‘ = ’PLV/ZJ(_V)‘
O

A second important time associated with the function |H_, (-, a)| is the latest time

for which |H_,(t,a)| > 1.

Definition 3.12. For v > 0, we define
T, =sup{t € Z, : |H_,(t,a)| > 1}.

Note that by Corollary , |H_,(-,a)| is increasing on (—oo,t,] and a+1 < t,, thus
we have 1 = |H_,(a + 1,a)| < |H_,(t,,a)|. Also, by Corollary and Theorem
B35 |H_,(-,a)| decreases to 0 on [t,,o0). Thus we are guaranteed such a time, T,
exists and that 7, > t,. The next few theorems lead to Corollary which gives a

formula for T}, in terms of v.
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Theorem 3.13. Forv=n € N; andt € Z,,

;

=0 whent<a

=1 whent=a+1
|H_,(t,a)| = |H-n(t,a)| { > 1 whena+1<t<a+n
=1 whent=a+n

=0 when a +n < t.

\

Proof. Fix n € N;. The fact that H_,(t,a) = 0 when ¢t < a and H_,(a+ 1,a) =1
has already been shown. (See Theorem [I.8 and Remark|[1.14]) Note that by Theorem
[I.5) when t = a + n we have

o] = i) =0 (1) = e =

By Corollary (3.11} |H_,(-,a)| is increasing on (—oo,t,] and decreasing on [t,, 00),
where t, =a+[5|+1 € [a+1,a+n] (sincea+1 < a+ ng +1 < a+n). Therefore,

——
tn

|H_,(t,a)| > 1 on [a+ 1,a + n]. Finally, when t = a + n + 1 we have

Hn(a+n+1,a):Pn(—n):%(x+1)--~(x+n) —0.

r=—"n

So the fact that |H_,(-,a)| is decreasing on [t,,00) implies |H_,(-,a)| is decreasing

on [a+n + 1,00) which, in turn, implies |H_,(t,a)| =0 for all t > a +n + 1. O
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Theorem 3.14. For v € (0,2) \N; and t € Z,,

(
=0 whent<a

|[H_,(t,a)| § = 1 when t = a+1

<1 whena+1<t.
\

Proof. The fact that H_,(t,a) = 0 when t < a and H_,(a + 1,a) = 1 has already
been shown. (See Theorem and Remark [I.14]) By hypothesis, 0 < v < 2 and so
t, =a+ 1. Also, v ¢ Ny so, by the first bullet of Corollary above, |H_,(-,a)| is
strictly decreasing on [t,,00). Thus, whent >t, =a+1, |H_,(t,a)| < |H_,(t,,a)| =
1. [

Theorem 3.15. For v € (2,00) \N; and t € Z,,

)
=0 whent<a

=1 whent=a-+1
|H—V(taa')|
>1whena+1<t<a+|v]

< 1 when a+ |v| < t.

\

Proof. That H_,(t,a) = 0 when ¢t < a and H_,(a + 1,a) = 1 have already been
shown. (See Theorem [1.8 and Remark [1.14]) So we just need to verify the theorem

for t > a + 1. Toward that end, put N = [v] > 3. Note that in this case, since

a+1<a+LgJ+1<a+LuJ+1=a+M=a+N

———
tn

we have a +1 < t, < a+ N —1 = a+ |v|. By the first bullet of Corollary
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3.11} [H_,(-,a)| is strictly increasing on [a + 1,t,] and strictly decreasing on [t,,00).

Therefore, to complete the proof it suffices to show that

\H_(a+ N — l,a)‘ >1 (3.4)
and
\H_,(a + N, a)) <1 (3.5)

To see (3.4) put e :=v — (N —1) € (0,1) and note

Hosla N = 1,0)] = [Pva()] = | (F55) (F52) - (Pt ‘
B —y+1 —v+2 —v+ (N —-2)
-7
=1 v=2 v—(N-2)
a N—Q‘ N—s"” 1 '
| N—-2+€||[N-3+¢ _"‘l—l—e -
N—2 N -3 1 '
>1 1 1

To see (3.5)) note

—v+1 —v+2 —v+N-1
ool | (2 (52 (2427
B —1/—|—1 —v+2| —v+(N-1)
B N -2 1
v—1|| v— v—(N-1)
= . 1
N—l‘ N—2’ 1 =
1 e <1

Theorems [3.13] 3.14] and [3.15 give us the following formula for 7.
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Corollary 3.16. For v > 0 and T, as defined above,

a+1, O<rv<l
T, = a+max{|v],1} =

a+|v], 1<w.

Proof. The statements of Theorems [3.13] [3.14], and [3.15] together give us the largest

value of ¢ for which |H_,(t,a)| > 1 for any v > 0. This value is summarized by the

given formula. [

Theorem 3.17. For v € (0,1) and t € Z,,

0, t<a
sgnf_,(t,a) =91, a+1<t<T,=a+1 (3.6)
1, T,+1<¢t
Forve (1,00)\N; and t € Z,,,
0, t<a
sgnH_,(t,a) = { (—1)t-(a+1), a+1<t<T, (3.7)
(_1)(Tu+1)—(a+1) Tz/ + 1 é t

\

Forv=neNyandt e Z,,

(

0, t<a
sgnf_,(t,a) = < (—1)t-(+) | 4 1<t < T, (3.8)

0 T,+1<t.

\
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Thus sgnH_, (-, a) alternates on [a + 1,T,] and is constant on [T, + 1,00). That is,
(

1, when v € (0,1)
sgnt_,(t,a) = c for allt € Nr, 11, where ¢ = ¢ (=1)T=2 when v € (1,00) \ N

0, when v € Ny.

\

Proof. Whent < a, H_,(t,a) =0and whent=a+1, H_,(t,a) = H_,(a+1,a) = 1.
So the content of this theorem is that equations (3.6)), (3.7]), and (3.8)) hold for t > a+1.

Recall that for ¢t > a + 1,

Hta) P () <—y1+ 1) <—y2+ 2) (_VJ_@@__&J 1))

and so

sgnH_,(t,a) = sgn (—1/1—|— 1) . (—u2+ 2) - sm <_V(j—(ta_—a1; 1))

=sgn(—v+1)sgn(—v+2)---sgn(—v+(t—a—1))

= H sgn(—v +1). (3.9)

=1

Case 1: First, we consider the case where v > 2. (So (|v] —1) > 1.) (The situation
when 0 < v < 2 will be considered in three special cases at the end.)
From equation (3.9) whent —a —1> |v| +1 (that is, for t > a+ |v| +2 =T, +2),

lv]-1 t—a—1

sgnH_,(t,a) = H sgn(—v + 22 sgn(—v + |v|) H sgn(—v+1)| (3.10)

7

VvV .
=1 =—lor0 i=v]+1 =41

The first factor of equation (3.10)) contributes (—1)"1=1 = (—1)Tv—a=1 = (—1)Tv—(a+1),
The second factor is 0 or -1, depending on whether v € N; or not. The third factor

(—1)T =@+ D+ when v ¢ Ny
is 1. Thus, for t > T, + 2, we have sgnH_,(t,a) =

0 when v € Nj.
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If t =T, + 1 we just lose the third factor from equation (3.10) which does not change

the output. Hence, for t > T, + 1, we have

(—1)@+)=(+) when v ¢ N;
sgnH_,(t,a) =

0 when v € Nj.

These are the third conditions in equations and , respectively.

The middle conditions of equations and follow from the fact that when
t—a—1<|v]—1. (Thatis, fora+1<t<a+ |v] =1T,), the second and third
factors of equation never appear. And so, in this case equation is simply:

t—a—1

sgnH_,(t,a) = H sgn(—v +1) (3.11)
paiey \___—er__/

Thus, for t > T, + 2, we have sgnH_,(t,a) = (—=1)"771 = (=1)=+1) a5 desired.
Case 2a: If v € (0,1), then sgn(—v + i) = 1 for all i > 1. So, equation gives
sgnH_,(t,a) =1 for all t > a + 2. Thus, equation holds.

Case 2b: If v = 1, equation gives sgnH_,(t,a) = 0 for all ¢ > a + 2. Thus,
equation holds when v =n = 1.

Case 2c: If v € (1,2), then sgn(—v + 1) = —1 and sgn(—v + i) = 1 for all i > 2. So,

equation (3.9) gives

sgnH_,(t,a) =sgn(—v+1) = —1, when t = a + 2
and
t—a—1
sgnH_,(t,a) =sgn(—v+1)- H sgn(—v +1i) = —1, when t > a + 3.
7 i=2 7

Thus, equation ({3.7)) holds when v € (1,2). This completes the proof. O
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The next few results show that iterated and fractional differences can be taken
term-by-term.
Theorem 3.18. Suppose that for a sequence of functions {f, : Zqs — R}, > fu(t)
n=0

converges for each t € Z, and f(t) =Y fu(t). Then, for each k € Ny,
n=0

0 =) (V)
n=0

Proof. The proof follows from the fact that convergent sums can be multiplied by a
constant and added term-by-term, hence linear combinations of convergent sums can
be taken term-by-term (which justifies (*) in the calculation below). Fix k € N; and

t € Z, and consider,

i (5) nf‘;fnu 0+ 0 (}) fj Fult =1+
() b

=> " (VFE) (1)
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The next theorem shows that, provided we have a sequence of functions all of
which are in Vi for some T € 7Z,, then a general fractional difference can be taken

term-by-term as well.

Theorem 3.19. Suppose that a sequence of functions {f,} C Vp for some T € Z,
and that for each t € Z,, > fu(t) converges. Then, if f(t) => fu(t), f € Vi and
n=0

n=0
(V1) =3 (V)
n=0

Proof. This proof also follows from the fact that convergent sums can be multiplied
by a constant and added term-by-term, hence linear combinations of convergent sums
can be taken term-by-term (which justifies (*) in the calculation below). Put M =
max{a — 1,0} so for all t < (a — M), f(t) = fu(t) = 0. Fix t € Z, and consider,

(V1) (@) = (Hoya % ) (1)

t+M
Rl BN H_ (- s+ a)f(s)
s=a—M
t+M
Z H*’Y 1 t—s—i—a an
s=a—M
t+M

S SS B (st a)fuls)

n=0 Ls=a—M

B (1 f) (0

o0

=" (V)

]

Corollary 3.20. Suppose that, {f,} € RZ S f.(t) converges for each t € Z, and
n=0
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f(t) :i fn(t). Then, for all a € R and v € [0, 00),
n=0

o0

(Ve ( f: Vel ( and
n=0

n=0

Proof. To see the first equation holds,
(vgf) (t) = V* (]]-(a,oo)f) (t) =V (J]-(a,oo) Z fn) (t)
n=0

Z 1 aoo)fn (t) Thm: E (val(a,oo)fn) (t)
n=0

S Va+1
o0

=Y (Vafa) (1)

The second equation follows from the first and Theorem 3.18] since if we put N := [v],

(V) (8) = (Ve "V F) (1) = (VZN v Z fn> ()

Thm 51§ (vy N Z Van> (Z Vo Nvan> ( )

=Y (Vi fa) ().

[]

Corollary 3.21. Ifv € R and a € R and (a,) is a sequence of real numbers such

that f(t) =3 anH. sn(t,a) € R for allt € N°_,, then (VL)) =3 anHyin_alt, a).

n=0 n=0

Proof. Set f,(t) = a,H.,4,(t,a), apply Corollary and recall that VS H., 1, (t,a) =

H,y+n_a(t7 a). O
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Chapter 4

Boundary Value Problems (BVPs) Involving VZ,

Theorem 4.1. When 1 < v and N := [v] and a < b € Z,, the Green’s function for

the boundary value problem:

(

—(V¥,x)(t) =0, forte NZH

(%) xla—1i)=0, for1<i<N-1

15 given by

Gt ) [%} Hy1(b, p(5)) — Hyr (£, p(5)) (4.1)

for all (t,s) e No_y . x Nb_ .

Proof. First, note that the bounary conditions at a imply

#(a) = (Va)(a) = -+ = (V') a).
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Then, note that by setting v = 0 in (iii)(a) of Theorem we have

(Vea)0) = 2 [ol)= S (@]t o)

=92 ol 5] (@]t o)

since Hy(t,a) = Hy(t,a) for all t € Noy1. And so if z is a solution to the boundary

value problem
.

—(Vrx)(t) = f(t), forteN’

a*

() xla—i)=0, for1<i<N-1
\ x(b) =0
then
~(Voa)(t) = Vi [o(0)= S [(V*a)(a))Hilta)] = F(0), fort €N,
which implies
Vifr- 3, (Va@lta)] = ~f(). forteN,,

Applying V_ " to this last equation and isolating x(t) yields

v(t) = 5 (Vo) (@) Hilt,a) — (V" F)(0), (4.2)

k=0

The boundary conditions at a tell us that all of the coefficients in the sum are equal

to z(a) and so we get



78

By Corollary , the sum simplifies to H ~—1(t + 1, a) which gives us
() = [p(a)] Hy 1 (t +1,0) = (V. (D). (4.3)
Applying the boundary condition at b yields

0 =a(b) = [z(@)| Hy1 (b + 1,a) = (V;"f)(b).

:HN,1(bvp(a))21

Thus, z(a) = %. Substituting back into equation (4.3)) yields

(Vo f)(b)

=) = {Hm(b, o(@)

] Hy_1(t+1,a) — (V" f)(t) forte NP vt

Note that by Theorem , Hy_1(t +1,a) = 0 when t € N¢"\.i- As such, for
t € N,_ni1 we have fIN_l(t +1,a) = Hy_1(t + 1,a), so we may drop the ~ in the

last equation if desired to obtain

(V" f)(b)

=) = {HN_mb, o(@))

:| HN_l(t + 1, CL) - (V;Vf)(t) for t S NZ—N—H'

Rearranging slightly (and applying Theorem [1.17)) we get that the solution to BVP
(**) is

Hy_1(t, p(a))

=) = [Hw_mb, o))

] (Vo0 — (Vi H)() forte N yp  (44)

Using the definition of the operator V" and recalling that H. (¢, p(s)) = 0 when s > ¢
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we can rewrite this solution in terms of an integral involving f(t) as follows:

o) = | L] (9 0 - (92 )0
=[BT [y st )95 — [ a6
=[] | et w—/ Al AN
- [t 2(‘;))} Hy a0, p(s)) = Hla (o >>} (5)Vs
-/ Gt 9) f(5)Vs
where G(t, s) is as in the statement of the theorem, equation (&.1)). 0

Theorem 4.2. For 1 <v and N := [v] and a < b € Z,, the Green’s function for the
boundary value problem (*) is the difference of two nonnegative functions. As such,

for (t,s) e D:=Nv_\ x NV |,
G|l := max |G(t, H, 1(b,a) =: M.
1G] (t78)ae>§:)‘ (t,5)| < 1(b; a)

Proof. Recall from Theorem the Green’s function for (*) is

Hy 1 (t, pla))

Hy 1 (b, p(a))] Hy (b, p(5) = Hya(t p(s)), for all (t,s) € D.

G(t,s) = [

So, G(t,s) = G1(t,s) — Ga(t, s) where

i
|—|
=
—
—
=
2
—
N~—
~—
Q
=
(oW

Go(t, s) = Hul(tp())

First, we will show that G; and (G5 are both nonnegative. To see this recall that,
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by definition, H,(t,s) = 0 whenever ¢ < s and note that for d € Ny, Py(z) =

G(@+1)(x+2) - (x+d) > 0 whenever z > —1. So by Corollary m,
H, 1(t,p(s)) = Pr_s(v—1) >0 whenever v > 0. (4.5)

Furthermore, 1 < v = 1 < N = 0 < N — 1. Thus, Hy_1(-, p(a)) is (strictly)
increasing on N, (by Corollary and so

Cor 31
0< Hy_1(t,pla)) < Hy_1(b,p(a)) forallt e No_y., (4.6)
and (since p(a) < a < b)
1= Hy-1(a,p(a)) < Hy-1(b, p(a)). (4.7)

Hence, by equations and we have [%} € [0,1]. Combining this
with equation gives us that all of the Taylor monomials that occur in the formula
for the Green’s function are nonnegative and the denominator in the quotient
is nonzero for all £ and s. As such G(¢,s) and Gs(t, s) are well-defined, nonnegative
functions for all ¢ and s and so the Green’s function is the difference of (these) two
nonnegative functions, as claimed.

Next, recall that since 1 < v < N, we have 0 < v —1 < N — 1 which implies that
H,_1(-,a) and Hy_1(-,a) are strictly increasing on [a, 00) (by Corollary [3.7). Also,

note that when ¢t = b,

G(b,s) =1-Hy,1(b, p(s)) = Hya (b, p(s)) = 0.
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Thus, for all (¢,s) € D,

G(t,s) = G(t,s)-1p (t,s)
= [Gi(t,s) — Ga(t,s)] - 1p_(t,s)

= Gi(t,s) - 1p_(t,s) — Ga(t,s) - 1p_(t,s)

where D_ = NZjVH x Nb,, C D. That is, we may also consider G to be the
difference of the two nonnegative functions G; - 1p_ and G - 1p_. If we can show
that each of these nonnegative functions is strictly bounded above by M on D we
will be done, since then G, as the difference of these two nonnegative functions, must
satisfy ||Glle < M.

To see |Gy - 1p_||eo < M note that

|G1 - 1p_|leo = max Gi(t,s) - 1p (t,s)
s)eD
Hy-1(t, pla))
- 1, (ts) H, (b,
AL )|
el01)
Cor [[.17
< Hy— b, = Hll* b— 1 )
max 1(b, p(s)) [mnax, 1(b—s+1+a,a)

=H, (b—(a+1)+a+1,a)

= V_l(b, (Z) =M.

To see |Gy - 1p_||ec < M note that

|Go - 1p_(t,5)||ec = max Gy(t,s) - 1p_(t,s)
(t,s)eD

= ({g)ae%Hu-l(t,p(S)) -1p_(t, )
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= max H, 1(t—s+1+a,a)-1p (t,5)
(t,s)eD
—H, ((b—1)— (a+ 1) +a+10)

= V,l(b—l,a) <HV,1(b,CL):M.

This completes the proof. n

Green’s functions for boundary value problems involving ordinary differential
equations often have a single sign. We conclude this section with an example that
shows this is not necessarily the case for boundary value problems involving fractional

difference equations.

Corollary 4.3. The Green’s function for the boundary value problem (*) does not
necessarily have a single sign. (That is, it may assume both positive and negative

values.)

Example Suppose v = % = N =2and b =a+9, and G(t, s) is the Green’s function
for the boundary value problem (*).

If (t,5) = (a+2,a+ 1), then G(t,s) = 257 < 0.

If (¢,s) € {b} x Nb_ |, then G(t,s) = G(b,s) = 0.

If (t,s) = (a,b), then G(t,s) = G(a,b) = Gi(a,b) = m > 0.
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Chapter 5

Upper and Lower Solutions to BVPs

It is well-known that fractional difference equations can be used to model many prob-
lems, such as population models, tumor growth models, and so on. In many situations,
fractional difference equations have proved to be better than their counterparts with
integer differences. Therefore, research in the theory of fractional difference equations
has become very important. Previous studies have mainly focused on the theory of
integer-order difference equations, classical results have been established, and we can
refer to the monographs [11 2] etc. Recently, there has been a great deal of interest in
fractional difference equations. The basic theory of the linear and nonlinear fractional
difference equations can be found in [3] 4] B, [, 10, 11]. However, we note that the
qualitative theory of nonlinear fractional difference equations is not complete and the
convergence of approximate solutions plays an important role in the development of
the qualitative theory.

In this section we explore a generalized quasi-linearization method that can be
used to construct approximate solutions for nonlinear problems. There are many
applications of this method. In [I3] - [22] the authors have used this method to
obtain a convergent sequence of approximate solutions to various kinds of differential
equations. Further, in [23], 24], the authors have accelerated the convergence of these

sequences by the Gauss-Seidel method. However, there are few applicable results
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of the above methods to nonlinear fractional difference equations. In [10, 25|, the
authors only discuss the existence and convergence of solutions for nonlinear fractional
difference equations with initial conditions.

In this section, we study the convergence of solutions for a nonlinear Caputo
nabla fractional difference equation with boundary conditions. We obtain quadratic
convergence by a generalized quasi-linearization method when the forcing function
is the sum of a convex and a concave function. Furthermore, we show that the
convergence of the sequences obtained is potentially improved by the Gauss-Seidel

method. Finally, a numerical example is given to illustrate our E] resutls.

5.1 Some Definitions and Basic Theorems

In this chapter we use D,_n41 = {z : N,_yy1 — R} to denote the vector space
of functions from N, xi; to R. We define the operator L, : D,_ni1 — Dyy1 by
(Lox)(t) := V[(V2x)(t+1)], t € Nyyq, for € D, niy1.

Lemma 5.1 Assume v > 0 and N is the positive integer such that N —1 < v < N.
Then a general solution of the fractional difference equation (L,x)(t) =0, t € Nyiq

15 given by
2(t) = coHo(t,a) + c1Hy(t,a) + coHa(t,a) 4 - - - + ey Hy—1(t, a) + cH, (¢, a)

fort € Ny _ny1.

Proof. Put x4x(t) = Hy(t,a) for k € Ny~'. Then, by Corollary we have

IThis chapter is the result of joint work done with Xiang Liu, a visiting graduate student studying
under Professor Baoguo Jia from the School of Mathematics, Sun Yat-Sen University, Guangzhou,
China, while she was visiting University of Nebraska-Lincoln in the Spring of 2018. These results
were recently submitted for publication to the Electronic Journal of Differential Equations in April
2018.
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(V2% (t) = VY Hi(t,a) = 0. So (Lex)(t) = V[(VZa)(t +1)] = VO = 0 for
ke Ny

Also, if we put z(t) := H,(t,a). Then, by Theorem we have (VZ.z)(t) =
VY. H,(t,a) = Hy(t,a). And so, (L,z)(t) = V[(V%Z)(t + 1)] = V[Ho(t + 1,a)] =
V[L(a00)(t +1)] = V[L[a,00)(t)] = 0 for t € Nyqq.

Thus, Ho(t,a), Hi(t,a), -, Hy_1(t,a), and H,(t, a) are all solutions to (L,z)(t) =
0 for all t € Nyq.

Next, we show these solutions are linearly independent. We want to show that if
coHo(t,a) + cHy(t,a) + caHa(t,a) + - - - + exn—1Hy_1(t,a) + cH,(t,a) =0 (5.1)

for all t € N,_n.11, then it must be the case that ¢ = c¢; = --- =cy_1 = c = 0.

Takingt =a,a—1,---,a— (N —1),and a+ 1 in (5.1), we obtain

[ Ho(a,a) Hx_1(a,a) H,(a,a) 17 co | [ 0 ]
Ho(a —1,a) Hy_1(a—1,a) H,(a—1,a) c1 0
Ho(a— (N —1),a) --- Hy_1(a— (N —=1),a) | H(a — (N —1),a) eN-1 0
ﬁo(a—&—l,a) fIN,l(a—i—l,a) H,(a+1,a) 1L ¢ | i 0 i
That is,
1 0 0 0 Co 0
x —1 0 0 c1 0
* o+ .- (=DNTL 0 CN-1 0
SR S * 1 c 0

So, we arrive at ¢cg = ¢y = -+ = ¢y—1 = ¢ = 0. Therefore, we conclude that these



solutions are linearly independent. The proof is complete.
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]

Lemma 5.2 (See [5, Theorem 3.175]). Assume 0 <v <1,a,beR, andb—a € Ns.

Then the Green’s function for the BVP

(Lox)(t) =0, te N Y,
z(a) =0, z(b)=0

s given by

u(t,s), (t,s) e NS x Nb.

S KCDRRUD :

v(t,s), (ts) € Ny x N,
where

_ B-9t-a)
and

v(t,s) = u(t,s) + % =u(t,s) + z(t, s).

Lemma 5.3 (See [5, Theorem 3.177]). Assume 0 <v <1,a,beR, andb—a € Ns.

Then the Green’s function for the BVP

(Lal‘)(t) =0, te Na+17
z(a) =0, z(b)=0

satisfies the inequalities
(1) G(t,s) <0,
.. —Qa F(b—a+1
(ii) G(t,s) > —(%) <W<b_)+u)>
(iii) f G(t,s)|Vs < L fort e N, and

4F(V—|—2)’
(iv) [P|V,G(t,s)|Vs < =2, fort e Nb,,

past

The next corollary is an immediate consequence of [5, Theorem 3.173|.

It relates
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to the nonhomogeneous BVP with homogeneous boundary conditions:

(Lay)(t) = (1), t € Nopy,

y(a) =0, y(b) =0.

(5.3)

Corollary 5.4 (See [5, Theorem 3.173]). Assume 0 <v <1, a,beR, andb—a €
Ny. The unique solution of the BVP (5.3) is given by

b b
y(t):/ G(t,s)h(s)Vs = Y  G(t,s)h(s), tEN,,
a s=a+1

where G(t,s) is the Green’s function of the BVP (5.2)).

Proof. This is a special case of [5, Theorem 3.173], where « =y =1and § =9 =0
in equation (3.115) of that theorem. Note that, by [0, Theorem 3.170|, o« = v =1

and 5 = ¢ = 0 ensure the hypotheses of [5, Theorem 3.173| are satisfied. O

Lemma 5.5 Assume 0 < v < 1. Then the solution of the BVP

(Laz)(t) = 0, t € Ng3i,
z(a) = A, z(b)=DB

(5.4)

15 given by
H,(t,a)
H,(b,a)’

z(t)= A+ (B—A) te N

Proof. Let z be a solution of the fractional difference equation (L,z)(t) = 0. It follows

from Lemma [5.1] that

z(t) = Coﬁo(t, a)+ cH,(t,a) = co + cH,(t,a).
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Using the first boundary condition z(a) = A, we obtain

A=cy+cHy(a,a) = co,

which implies ¢ = A. Using the second boundary condition z(b) = B, we get

B=A+cH,(b,a).

Solving for ¢, we get

Thus, we have

The proof is complete. O

Lemma 5.6 Assume 0 < v < 1, and h : N'} — R. Then the solution of the

nonhomogeneous BVP

B b—1
(Loz)(t) = h(t), te N, (5.5)

18 given by

w(t) = 2(t)+ Y _ G(t,s)h(s), teN,

s=a+1

where G(t, s) is the Green’s function of the BVP (5.2) and z(t) is the unique solution
of the BVP (j5.4).
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Proof. Let
b

y(t) = Y _ G(ts)h(s), teN,

s=a+1
By Corollary , y(t) is the solution of the BVP (5.3) on N2. Let z(¢) be as in the

statement of this theorem. Then, we have

z(a) = z(a) +y(a) = A+ 0= A4,

and
z(b) = z(b) + y(b) = B+ 0= B.
Finally,
(Lax)(t) = (La2)(t) + (Lay)(t) = 0+ h(t) = h(t)
for ¢t € NZ:_ll The proof is complete. ]

Lemma 5.7 Assume 0 <v <1, z: N> = R, and put M := max{z(t) : t € N’}.

If x(ty) = M for some ty € Nerll, then (L,z)(to) < 0.

Proof. To see why this is true, note that for v = 1 we have

(Loz)(to) = (VZ2) (1) t=to41

=x(to+ 1) — 2z(ty) + x(ty — 1)
N N N—|—
<M =2M <M

<M-2M+M=0
In general, when 0 < v < 1, we will use the fact that for any ¢,

(Laz)(t) = w(t +1) = Hopa(t + La)a(a) + ) Hopoalt+1,p(s))z(s) . (5.6)

s=a+1
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To see this note:

(La)(t) = V[(Vg.2)(t + 1] = (VVEx)(t +1)
[Reason: V[(VY z)(t+1)] = (VLVY, z)(t) = (LVVY x)(t).]

2OV (t+ 1)

B (Grgay 41)

Thm 2.I9() (b) A [I(T) + [z(a)]Ho(T, a)]

T=t+1

= (V") (t+ 1) + [2(a)|H_,_1(t +1,a)

Thm (g H_, ot +1,p(s)x(s)Vs +x(a)H_,_1(t + 1, a)
(at+1]

= H_, ot+1,p(8)x(s)Vs+ax(t+ 1) +x(a)H_,_1(t+ 1,a)
(a,t]

=z(t+1)+ Z H_, o(t+1,p(s))x(s) — H_,_1(t + 1,a)z(a). V

s=a+1

Note that for 0 < v <1, —H_,_1(to + 1, a) is positive whenever t, € N,,; and

H_, 5(to+ 1, p(s)) is positive whenever s € N1 Thus, we obtain

(Lox)(to) = x(to+ 1) — H_,—1(to + 1, a)x(a) + Z H_, 5(to+ 1, p(s))x(s)

s=a+1
to—1
= $(t0 + 1) - Hfufl(t(] + 17 a)x(a) + Z Hfqu(tO + 1,,0(8)).73(8)
—_—— - = —~~
<M <M <M
+ H_ 5(to + 1, p(to))z(to)
——
M
B to—1
<M |1-H_,4(to+1,a) + Z H_, o(to+1,p(s)) + H_,—o(to + 1, p(to))
s=a+1

to
=M |1—-H_,(to+1,a)+ > H_ya(to+1,p(s))
s=a+1
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=M |:1 —H_V_l(t0+1,a) + H_V_Q(t0+1,p(8))VS:|

(a,to]

Thm:M |:1 — H_l,_l(t() + 1, a) + [(—H_,,_l(to + 1, to) + H_,,_l(t() + 1, CI,)]:|

=0.

The proof is complete. O

5.2 Existence and Comparison Results

Consider the following BVP for a nonlinear Caputo nabla fractional difference equa-

tion
(Lax)(t) = f<t7x(t))> te NZ:-lla
z(a) = A, z(b) = B,

(5.7)

where f : Nerll x R — R is continuous with respect to z, z : N> = R, and 0 < v < 1.

In this paper, we define the norm of x on N° by ||z| = max |z(s)|. Throughout
sENg

this paper, we use the notation f*(¢,z) := % (k=0,1,2...). For convenience,

when aq(t) and fSy(t) are two functions such that ag(t) < Bo(t) on N2, we use the

following sets:
Q= Q(ap, Bo) == {(t,x) € Zy x R: () < < By(t), forall t € NI}, and

S = S(ag, fo) = {z : N> — Rlag(t) < z(t) < Bo(t), for all ¢t N°}.

We will simply refer to the sets 2 and & when it is clear from context what oy and

By are.
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Definition 5.8 The function ay(t) is said to be a lower solution of BVP (3.1), if

(Laco)(t) > f(t,c0(t)), t € Nojy,
apla) < A, ap(b) < B.

(5.8)

If all three inequalities in are reversed, we have an upper solution. Now
we present an existence result relative to BVP , which we will use in our main
results. Since the proof is a standard application of Schauder’s fixed point theorem
we will omit the proof of this lemma.

Lemma 5.9 Assume that

(Hs1) the function f : Nerll X R — R s continuous with respect to x, and for
M >0, define C = C(M) := max{|f(t,x)| : t € N.J}, || < 2M}.

Then the nonlinear BVP has a solution provided there is some M > |z|| =
max{|Al|,|B|}, where z is the unique solution of BVP (5.4)), such that C(M) > 0 and

) AMT(v +2)

S o

In particular, if f # 0 and bounded, then BVP has a solution.
Lemma 5.10 Assume that

(Hs2) the function f : Ngfl x R — R is nondecreasing with respect to x for each
fived t € NI Y.

(Hs3) the functions ap, By : N2 — R are lower and upper solutions respectively of
BVP (5.7).
Then ap(t) < Bo(t) on NP.
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Proof. Let us first prove the lemma for strict inequality. That is, suppose

(Laco)(t) > f(t, a0(t)), €Ny,
ap(a) < A, ag(b) < B.

and

(LaBo)(t) < f(t, Bo(t)), ¢ € Ng3y,

Bo(a) = A, Bo(b) > B.
The boundary conditions immediately give us ag(a) < A < fy(a) and ag(b) < B <
Bo(b). Next, we will show that ag(t) < fo(t) for t € N’2}. If it is not true, then there

exists tg € NU7} such that z(t) := ap(t) — SBo(t) has a nonnegative maximum at .

That is, for some tg € N’;;ll,

x(to) = ao(to) — Bo(te) = max{ao(t) — fo(t), t € Ngji} >0,

But then, z(ty) = max x(t), since z(a) = ap(a) — fo(a) < 0 and x(b) = ay(b) — Fo(b) <

0. Therefore, by Lemma 5.7}, we obtain
(Law)(to) = (Lacto)(to) — (Lafo)(to) < 0.
So, we have
f(to, ao(to)) < (Laco)(to) < (Lafo)(to) < [(to, Bo(to)),

On the other hand, our assumption that z(ty) = ay(to)—Po(to) > 0 = Bo(to) < ap(to)-

By (Hs.), f(t, z) is nondecreasing with respect to x for each t, so this, in turn, implies

f(to, Bolto)) < f(to, ao(to))
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which is a contradiction. Hence, we conclude that ag(t) < Bo(t) on N°71. /
Now, we define ay(t) = ao(t) + e(H,41(t,a) — H,41(b,a)), where ¢ > 0. Then

ao(t) < ap(t) for t € N’2 1. Using the condition (Hjs), we get

(Lato)(t) = (Laco)(t) + (Lag(Hy11 (-, @) = Hypa (b, a)))(t)
= (Lato)(t) +¢
> [t ao(t)) +¢
> [t ao(t)) +¢
> f(t, ao(t)).

Thus () is a lower solution for which strict inequality holds. It therefore follows

from the previous argument that do(t) < By(t) for all ¢t € N2, Note this holds for

all e > 0. Letting ¢ — 0, we get ap(t) < So(t) for all t € Nf;ll Thus, we have

ao(t) < Bo(t) on Nb. The proof is complete. O

Corollary 5.11 Assume that (Hss) holds. If BVP (5.7) has a solution, then it is

UNLQUE.

Proof. Suppose z(t) and Z(t) are two solutions of BVP (5.7)). Since any solution is

both a lower and an upper solution, by Lemma [5.10, we have

x(t) < Z2(t) < x(t) = x(t) = 2(t) on N,

That is, the solution of BVP ((5.7)), if one exists, is unique. By hypothesis a solution

exists, so x = . The proof is complete. O

Next, we consider BVP (j5.7) in the special case where f(t,x) = C(t)z and
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A = B = 0. That is, we consider the BVP
(Lox)(t) = C(t)x(t) for t € NoTL, x(a) =0, z(b) = 0. (5.9)

Corollary 5.12 Assume that
(Hs4) the function C(t) >0 fort € N'7}.
If 2(t) is a lower solution to BVP (5.9), then x(t) < 0 on Nb. If y(t) is an upper

solution, then y(t) > 0 on NC.

Proof. By hypothesis, x(t) is a lower solution and, by inspection, z(¢) = 0 is a (upper)
solution to BVP (5.9). So Lemma guarantees x(t) < 0. Similiarly, y(¢) is an
upper solution and z(t) = 0 is a (lower) solution to BVP (5.9). So Lemma [5.10]

guarantees y(t) > 0. The proof is complete. O

Since x(t) is a lower solution to BVP (5.9)), it satisfies the inequalities
(Lox)(t) > C(t)x(t) for t € NITY, x(a) <0, z(b) <O0. (5.10)

Lemma 5.13 Assume that

(Hss) the functions ap, By : N2 — R are lower and upper solutions respectively of
BVP (5.7) such that ag(t) < Bo(t) on Nb

(Hsg) the function f : Q — R is continuous in its second variable and f % 0 on
Q.

Then there exists a solution x(t) of BVP (5.7) satisfying ao(t) < z(t) < Bo(t) on N°.

Proof. Let P : N} x R — R be defined by P(t,z) = max {ao(t), min{z, 5(t)}}.

Then f(t, P(t,z)) defines an extension of f to N7} x R, which is continuous in its
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second variable, f # 0 and bounded. Therefore, by Lemma [5.9, the BVP
(Lox)(t) = f(t,x) == f(t, P(t,2)) for t € NIT}, x(a) = A, 2(b) = B. (5.11)

has a solution x(t) on N2,

To complete the proof, we just need to show that ap(t) < x(t) < Bo(t) on NE.
Doing so will mean that f(¢,z(t)) = f(t,(t)), which will imply x(¢) is not only a
solution to BVP but also actually a solution to BVP ([5.7). Toward this end,
we first show that ap(t) < z(t) on N2. The boundary conditions immediately give
us that ap(a) < z(a) and ag(b) < z(b). To see that ag(t) < z(t) on NI}, as in
the proof of Lemma [5.10} for £ > 0 define d.(t) := ao(t) + e[H,41(t,a) — Hy11(b, a)).
Then a.(t) < ap(t) for t € N2 and, in particular, a.(a) < ap(a) < x(a), and a.(b) =
ap(b) < z(b). If we can show &.(t) < x(t) on NI}, then letting ¢ — 0, we get
li_r}r(l)&g(t) = ap(t) < z(t) for t € N°7} and we will be done. So, toward contradiction,
assume that for some fixed € > 0 this is not true. That is, assume that for some
fixed ¢ > 0 there exists ¢; € N’7| such that d(t) := &.(t) — z(t) has a nonnegative

maximum at tq, i.e. for this t; € N(l:rll,

d(t)) = @.(t) — z(t;) = max{a.(t) — z(t), t € N:31} > 0.

But then, d(t1) = maxd(t), since d(a) = @.(a) —z(a) < 0 and d(b) = a.(b) —z(b) < 0.

teNd o
And so, by Lemma [5.7, we must have

(Lad)(t1) < 0. (5.12)

On the other hand, our assumption that a.(t1) —x(t1) > 0 = z(t1) < @(t1) < ap(t1)
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and so we have P(t1,x(t1)) = ap(t1). Thus,

(Laco)(t1) = f(t1, a0(tr)) = f(tr, Pty 2(t1))) = (Laz)(t1)

which implies

(Laco)(t1) = (Laz)(t1) 2 0

which, in turn, implies,

(Lad)(t1) = (Latie)(t1) — (La)(t1)
= (Lato)(t1) + (La[Hy1a (-, a) — Hypa (b, a)](t1)) — (L) (t1)
= (Laao)(f1) + &(1 = 0) = (Laz)(t1)
= (Laao)(t1) — (Laz)(t) + &

> 0.

which is in contradiction to (5.12)). Thus, our assumption must be incorrect and it
must be the case that for all € > 0, a.(t) < z(t) on N231. And so, as argued above,
letting ¢ — 0 we obtain our result that ag(t) < z(t) on N2. Similarly, we can show
that x(t) < By(t) on N2, Tt follows that z(t) is a solution of BVP which lies

between aq and fy. The proof is complete. m

Remark 5.14 The proof of the preceding theorem shows that if a function z is a
solution to BVP (j5.11f), then z € § and z is a solution to BVP (5.7). The converse
is also true, since if x is a solution to BVP (5.7) and x € S we have

(Lox)(t) = f(t,z(t)) = f(t, P(t,x(t))) = f(t,2(t)) for all t € N°,].
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We will make use of this equivalence at the beginning of the proof to Theorem 4.1.
Lemma 5.15 Assume that (Hss), (Hss) and (Hsg) hold. Then BVP (5.7) has a

unique solution, x(t). Furthermore, ap(t) < z(t) < Bo(t) on NP.

Proof. By Lemma [5.13] there exists a solution to BVP (5.7) which lies in S. By

Corollary this solution is unique. The proof is complete. O

5.3 Main Results

In this section, we consider BVP in the special case where f(t,z) is increasing
with respect to x and f(t,z) = fi(t,x) + fa(t,x), where fi(t,r) is concave up with
respect to z and fo(¢, x) is concave down with respect to z. We then obtain sequences
of successive approximations by applying the generalized quasi-linearization method
to our nonlinear Caputo nabla fractional difference equation and show that the se-
quences so obtained converge quadratically to the solution. Furthermore, we use the
Gauss-Seidel method to improve the rate of convergence.
Theorem 5.16 Assume that the condition (Hss) holds, and
(Ag1) f#£ 0 and f = f1 + fo where the functions fi, fo: Q2 — R are such that:

(i) fl(i) (t,x), fQ(i) (t,x) (i = 0,1,2) exist and are continuous in the second variable,

(i) fO2) + £Vt y) > 0 for all (t,2), (t,y) € Q, and

(iii) f1(2)(t,x) >0 and f2(2)(t,x) <0 on €.

Then there exist two sequences {a,(t)} and {5,(t)}, which converge monotonically
to the one function x in S(ay, By) which is a solution to BVP (5.7)). Furthermore,

the convergence is quadmticﬁ

2As in R. P. Agarwal et al (see [22, 3. Main Results, Theorem 1]|), we define the quadratic
convergence of two sequences {«, } and {3, } which both converge to a common z, by the condition
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Proof. The proof proceeds as outlined below.

Step 1: Show there exists exactly one function = € S(ag, ) that is a solution to
BVP (5.7).

Step 2: Show how to obtain the sequences {«,} and {3,} and that for all n > 0, the
functions «,, and g, are lower and upper solutions respectively to BVP (j5.7)).

Step 3: Show the sequences {a,} and {5, } are monotonic and converge pointwise to
x.

Step 4: Show the convergence is quadratic.

Step 1: Let P(t,z) and f(t,x) be as in the proof of Lemma [5.13] Since, by
condition (A,;)(ii), we have that f()(¢,z) = fl(l)(t, x) + fz(l)(t,x) > 0, the function
f 2 — R is nondecreasing with respect to x for each t which, in turn, implies
f: Nerll x R — R is nondecreasing with respect to x for each t. Therefore, by Lemma
5.15 BVP has a unique solution, x. By Remark , this function x sits in
S and is also a solution to BVP (5.7)). Furthermore, by the converse mentioned in
Remark[5.14] if 2, € S are two (possibly different) solutions to BVP (5.7), then they
must both also be solutions to BVP (5.11)). However, as the solution to BVP ({5.11)
is unique, this means x = z. Thus, there exists exactly one function z € S(«, o)
that is a solution to BVP ([5.7)).

Step 2: Next, we develop two sequences of successive approximations {«,(t)} and

{B,(t)} that both converge pointwise to the function x that we identified in Step 1.

that there exist constants C;, Cy, C3, and C4 such that for all n > 0,
2 — sl < Cillz — anll* + Col| By — ||

and
|Brs1 — x” < CSHﬁn - 5C||2 + C’4Hm - an||2~
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First, from the condition (A41) (iii), we obtain, for all (¢, ), (t,y) € ,

filt,y) > At )+ V() (y — ), (5.13)

and

fa(t,y) > folt, ) + £V (1 y)(y — 2). (5.14)

Next, consider the following two BVPs where a, 8 : N° — R are fixed functions

(

(Lay) (1) = filt,@) + F (1, B)(y — @) + falt,a) + f50(t, a)(y — a)

= f(t,a) + [Vt 8) + £Vt a)l(y — a)

(5.15)
= F(t,a,By), teN],
| yla) =4, y(b) = B,
and
(La2)(t) = 11t B) + FO 4 B) (2 = B) + folt, B) + F () (2 — B)
= f(t,8) + [Vt 8) + £V (t,a)l(z - B)
(5.16)

=G(t,a,B;2), teN ],

z(a) = A, z(b) = B.

Letting o = ay, = [y in BVPs ([5.15)), (5.16]). We first prove that aq(t) and Sy(t)
are lower and upper solutions of BVP (5.15)), respectively. In fact, from the condition
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(Hs5), we have

(Lov)(t) > fit, o) + falt, an) = F(t, v, fos o), t € szrlp

ap(a) < A, ag(b) < B,

and by using the inequalities (5.13)), (5.14)), it follows that

(Laf3o)(t) < fi(t, Bo) + fa(t, Bo)
< fult, ao) + V(5 Bo) (Bo — ao) + falt, o) + F3V (¢, a0)(Bo — ao)
= F(t, a0, Bo; Bo), t €N,

Bo(a) > A, Bo(b) > B.

These show that oy (t) and [y(t) are lower and upper solutions of BVP (j5.15)). Fur-
thermore, note that F': NZ;ll x R — R is continuous and nondecreasing with respect
to y. Thus, by Lemma m, it follows that there exists a unique solution «y(t) of
BVP (5.15)) such that ag(t) < a;(t) < Bo(t) on NP.

Similarly, using the condition (Hs5), and the inequalities (5.13)), (5.14)), we obtain

(Lac)(t) > fi(t, a0) + folt, o)
> fi(t, Bo) + f1 (¢, Bo) (a0 — Bo) + falt, Bo) + £5” (£, ) (0 — fo)
= G(t,a0, Bo; 0), t € N1,
apa) < A, ag(b) < B,
and
(Lafo)(8) < f1(t, Bo) + fo(t, Bo) = G(t, a0, Bo; Bo), t € NoTY,

Bo(a) > A, By(b) > B.



102

These show that «ag(t) and [y(t) are lower and upper solutions of BVP (5.16]). Fur-
thermore, note that G : Nerll x R — R is continuous and nondecreasing with respect
to z. Thus, by Lemma m, it follows that there exists a unique solution (3 (t) of
BVP (5.16]) such that ag(t) < B1(t) < Bo(t) on NE.

Next, we show that a4 (¢) and S;(t) are lower and upper solutions of the original

BVP (5.7)). Toward this end, using the fact that «;(¢) is the unique solution of BVP

(5.15)), the condition (A4;) (iii), and the inequalities (5.13)), (5.14)), we have

(Laon)(t) = f1(t, a0) + £ (£, Bo)(an — o) + folt, a0) + fSP(E, a0) (a1 — ag)
> fi(t,a0) + [V an)(n — ag) + falt, a0) + 5 (¢, ag) (a1 — ag)
Z f1<t7061) + f2(t7 al)? te Ngj}lh

aj(a)=A, ay(b) = B,
which proves a4 () is a lower solution of BVP ([5.7)). Similar arguments show that

(Laﬂlxt) S fl(t761) + f2<t7ﬂ1>7 te szrllu
Bi(a)= A, pi(b) = B,

which shows that ;(t) is an upper solution of BVP ([5.7)).

Finally, to see that «a;(t) < (1(t) recall that, as we have shown above, for each
fixed t € Nb ap(t) < ay(t),Bi(t) < Bo(t). That is, ay, 1 € S(ag, Bo). As such,
ft,a1(t)) = f(t,a1(t)) and f(t,B:(t)) = f(t,B1(t)) and so o, and B are also lower
and upper solutions to BVP . Since f : Nerll X R — R is nondecreasing with
respect to z and, from Step 1, we know that x is the unique solution to BVP ([5.11)),
we can invoke Lemma [5.10] to conclude ay(t) < z(t) < Bi(t) on Nl. And so, we
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obtain

ao(t) < an(t) < a(t) < Bi(t) < Bo(t) on NE.

Thus, by iteration, we get

ao(t) < ay(t) <--- <an(t) <a(t) < Bu(t) <--- < Bult) < fo(t) on N

where we obtain the functions «,,,1 and §,,1 by the iterative schemes:

p
(LaanJrl)(t) = F(t, Qp, Bn; an+1>7 le NZ;}D

= f(t.an) + AV Ba) + £V (1 )] (s — ) (5.17)

ani1(a) = A, an1(b) = B,

and

7

(Laﬁn—i-l)(t) = G<t7 O‘nyﬂnQ Bn—&-l)? te szrllﬂ
= f(t, 8) + [Vt Ba) + 157, )] (Busr — ) (5.18)

Buti(a) = A, Buia(b) = B.

Step 3: For any fixed ¢ € N°, the monotone sequences {a,(t)} and {8,(t)} are
bounded above/below by z(t). As such, they converge pointwise to some limit func-
tions, p and r. That is, the functions p, r : N’ — R and satisfy

lim a,(t) = p(t) < z(t) < r(t) = lim 5,(1).

n—oo n—oo

By taking the limit as n — oo of the difference equation in BVPs (5.17)) and ((5.18)
we can show that p(t) and r(t) are solutions of BVP (5.7)). Since p(t) and r(t) also

lie in S(ap, fy), it must be the case that p(t) = x(t) = r(t) on N°. Hence a,,(t) and
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Bn(t) both converge monotonically to x(t).
Step 4: Finally, we show that the convergence of the sequences {«a,,(t)} and {5,(t)}

is quadratic. For this purpose, set

Pas1(t) = 2(t) = ani1(t) 2 0, and go41(t) = Bura(t) —2(t) 2 0, t € N,

By Corollary the condition (A41) and the Mean Value Theorem, Lemma , and

Cauchy’s Inequality (respectively), we obtain

Prsa(t) = / G(t, 5)f (s, 2(5)) Vs — / G(t, 5)F (5, 0n(5), Bu(5); s (5)) Vs

N / G(t.s)[fi(s.z) + fals, )] Vs

/ G t S fl S Oén) +f(1)(3>5n)(04n+1 _an)+ o

fa(s, an) + f (37 ) (g1 — )

b [f1(1)<3 /Bn) + f2(1)(8, an)}pn—&-l‘i‘
= / G(t,s) | [fV(s.6) — £V, 8u)pat | Vs
[0 (s.60) = f59 (s, @0) ]

b

< [ G sm)(€ — Bl + £ (s.m) €~ anlp] Vs
b

< [ 1G5 Al + gl + Biloal ]V

< MApall(Ipall + llaall) + M Bilpal®

3 1
= (GMAL+ MBL) [pall* + 5 M Al

where M := maxY"_ o1 |Gt 8)] = 57 u(i)2) an(t) < &(1),&4() < x(t), &(t) <

teNd

mt) < Bat), an(t) < ma(t) < &), [A7 ()] < Ay, |£2(t,2)| < By for t € NS,
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3 1
[Posall < (5241 + MBL) [lpall? + 5 M Al

Similarly, we may obtain

3 1
lguiill < (MAy+ SMB:)llul* + 5 M By lpal

The proof is complete. n

Next, we will apply the Gauss-Seidel method to possibly improve upon the con-

vergence rate of the iterative scheme described in Theorem [5.16]

Theorem 5.17 Let all the hypotheses of Theorem hold. Consider the iterative

schemes given by

and

(

(Lo )(t) = fi(toal) + AVt B2) (kg — o)

+ fo(t, o) + fO (k) (o, — al)

;

\

(5.19)
= F(t, o}, Brian,,), teNTh

L a,1(a) = A, a;,,(b) = B,

(LaBin)(8) = fi(t, B2) + AV (8 B2) (Bigy — B)
+ falt, B5) + SO ) By — B 520

=Gt ok, B BE,,), teNL

B;-‘rl(a) = Aa ﬁ;.t,_l(b) = B.

starting with oy = ap, 85 = Bo on NL. The two sequences obtained via this iterative

scheme{a:(t)} and {B.(t)}, n > 0 converge monotonically to the x(t), the one so-

lution of the BVP (5.7)) which lies between ag and Sy, and the convergence is faster
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than (or equal to) quadratic.

Proof. Initially, we compute aj(t) using the following BVPs

(

(Lac})(t) = fult, ap) + FV (8 B 0 — ag) + folt, ap) + £V (¢, af) (o — af)

= F(t, o}, B5;0), te N,

aj(a) = A, aj(b) = B.
(5.21)

Now, we compute 57(t) using £(t) and a;(t), that is, 5 (t) is a solution of

7

(LoB)(8) = Fi(t, B3) + [V (8 B (Bf — B3) + folt, B) + f37 (¢, @) (B — B3)
=Gt of, 85 87), te N,

Pila) = A, Bi(b) =

(5.22)
It is clear that ag(t) = ag(t) < o (t) and Bi(t) < B5(t) = Bo(t) on NP
Put p(t) := pf(t) — S1(t). Then p(a) = p(b) = 0. Also, we have

(Lap)(t) = [f1(t, B3) + £ (8, B3) (85 — B5) + falt, By) + £ (1, 0) (85 — 35)]
— [£1(t, B0) + £{7 (¢, Bo) (B — Bo) + Falt, o) + £3(t, o) (Br — Bo)]
> fiV(t Bo)(By — B1) + £57 (¢, a) (85 — By)
= [Vt Bo) + 57 (¢, a})p.

So p is a lower solution to a BVP of the form BVP (5.9). Thus, by Corollary ,
we know p(t) < 0 on Nb. That is, 8;(t) < Bi(t) on N°. Using similar arguments we
are iteratively able to show that for all n > 0, a,,(t) < «(t) and 5} (t) < 5,(t) for
all t € N2, Hence the sequences {«(t)} and {3 (t)} must converge at least as fast

as the sequences {a,(t)} and {3,(t)} that were computed using the iterative scheme
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described in Theorem [5.16] The proof is complete. O

Remark 5.18 When the function f(¢,z) is the sum of (n — 1)-hyperconvex and
(n — 1)-hyperconcave functions (i.e. f(t,z) = fi(t,z) + fo(t, z), where f{™(t,z) >0,
and fz(")(t, x) < 0), we can obtain two monotone sequences {a,(t)} and {f,(t)},
whose convergence is of order n (n > 2). The proof is similar to that of Theorem

[5.16], so we omit the details.

5.4 Example

Now, we give an example to illustrate the results established in the previous section.

Example 5.19 Consider the following BVP

(Lox)(t) = —lx?’(t) + le(t) + 2(t), t € N,
3 2 (5.23)

where a =0, v = %
Taking ag(t) = 0, fo(t) = 1, it is quick to verify that ag(t), So(t) are lower and
upper solutions of BVP (j5.23), respectively. Let f(t,z) = f(x) = —%1’3 + 12% + z.

Then f(z) = fi(z) + fo(z) where fi(z) = 32* + z and fy(z) = —32%. Thus,
fVts)y=2s+1>0, fP(t,2)=1>0 on Q=N x0,1],

0 2) = —22 <0, £2(t,2) = —22(t) <0 on Q.
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Table 5.1: Table of three «, [S-iterates of (5.23]).

t)  oa(t) a(t) as(t) Ps(t) Pa(t) Ait)  Bol®)

e
=0

0 0 0 0 0 0
0.007355 0.021545 0.027694 0.028628 0.067598 0.354038
0.025743 0.058914 0.069876 0.071137 0.115480 0.405802
0.087341 0.152969 0.167201 0.168294 0.205791 0.454208
0.295581 0.391591 0.403170 0.403700 0.424171 0.582092

1 1 1 1 1 1

T W N = O
S OO O OO

Table 5.2: Table of three a*, f*-iterates of (5.23)).

~—~
~
SN—

aj () a5 (1) a3 (1) p3(t) ps (1) pi(t)  Bi(t)

o
S

0 0 0 0 0 0
0.007355 0.021572 0.028417 0.028532 0.066598 0.353610
0.025743 0.058982 0.070027 0.070946 0.112921 0.404336
0.087341 0.153110 0.167290 0.168026 0.200221 0.449635
0.295581 0.391971 0.403220 0.403523 0.418531 0.570861

1 1 1 1 1 1

Tl W N~ O
— e e

OO DO O OO

Now, if we apply the iteration scheme of Theorem [5.16] after three iterations we
find the «, [-iterates given in Table 5.1} The graph in Figure|5.1|shows the a-iterates
(with broken line) and the S-iterates (with unbroken line).

If we apply the iteration scheme of Theorem [5.17] after three iterations we find
the o, f*-iterates given in Table 5.2l The graph in Figure |5.2] shows the a*-iterates

(with broken line) and the S*-iterates (with unbroken line).
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Figure 5.1: «a, [-iterates

Figure 5.2: o, f*-iterates
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Appendix A

Select Definitions and Results from Discrete Fractional

Calculus by C. Goodrich and A. C. Peterson

Definition A.1. (See [3, Definition 3.4]). The (generalized) rising function is defined

in terms of the Gamma function by

- T(t+r)

t" = X0 (A.1)

for those values of t and r so that the right-hand side of (A.1]) is sensible.

Definition A.2. (See [3, Definition 3.56]). Let v # —1,—2,---. Then we define the

v-th order nabla fractional Taylor monomial H,(t,a), by

(t—af  T(t-a+v)
Hta) = 1y ~ T —arw 1) (A4.2)

whenever the right-hand side of this equation is sensible. [[

'In this dissertation, we extend the v-th order Taylor monomials by defining

~ —
Hy(t,Cl) ‘— lim (t a+ V—'—g)
e—=0Il(t—a+e)l'(v+1+¢)

for all v € R, and all t € Z,. Since the Gamma function is continuous on (0, c0) and has no zeros,
it is clear that when t > a and v > —1, H,(t,a) = H,(t, a).
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Definition A.3. (Nabla Fractional Sum [5, Definition 3.58]). Let f : N, - R, v >0

be given. Then

(V.2 H) :/ H, 1(t,p(s))f(s)Vs, teN,. (A.3)

Definition A.4. (Nabla Fractional Difference [3, Definition 3.61]). Let f : N, — R,
v > 0 be given, and let N := [v], where [-] is the ceiling function. Then we define

the vth-order nabla fractional difference V¥ f(t) by
(Vo)) = (VN(V T )(), ¢ € Nog. (A.4)

Definition A.5. (Caputo Nabla Fractional Difference [5, Definition 3.117]). Let
f:Nyniy1 — R, v >0 be given, and let N := [v]|. Then we define the vth-order

Caputo nabla fractional difference V¥, f(t) by

(VE () = (VTN O)(E), ¢ € Noyr. (A.5)

a

Theorem A.6. (See [3, Definition 3.61 and Theorem 3.62[). Assume f : N, — R,
v>0,v¢Ny, and choose N € Ny such that N —1 <v < N. Then

Vi = [ CHoy (b ()£ (5) Vs, 1€ Nov (A.6)
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Theorem A.7. (Nabla Leibniz Formula [5, Theorem 3.41]). Assume f : NyxNgypp —
R. Then fort € Ny, q,

V(/:f(t,T)VT) = /at Vif(t, )V + f(p(t),1). (A7)

Also,
V(/atf(t,T)V7'> = /at_l Vif(t, VT + f(t,1). (A.8)

Corollary A.8. (See [5, Corollary 3.122]). Forv >0, N = [v], and h : Noy1 — R,
we have that

(VoY h)(E) = h(t), t € Nop.
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Appendix B

Summary of Results from Chapters 2 and 3

Definition B.1. For all v € R, and all s,t € Z,, we define:

_ , D(t—s+7+¢) Hy(t,s), t > s,
H, (t,s) =1 d H.,(t s):=
1(t:9) 51—1>%F(t—8+5)F(7+1+6) o () 0

t <s.

Y

Corollary B.2. For ally € R and all t,s € Z,

(

P, 1(7), fort>s and vy €R
H,(t,s) = P,(t—s—1), fort <s andy=mn¢eN

0, fort <s andy € R\ Ny.

\

Remark B.3. Theorem[1.§ and[1.9 and Corollary combine to give us the fol-

lowing formula and complete picture of ﬁy(t, s) for ally € R and all t,s € Z,.

FL(t,5) = Pyys(3) + (—1)7 ('t } 5‘) 1, (1)1 oo (1)
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6 —o00 < =— < —1
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s+4 s+3 s+2 s+41 s¥1 SJE-Q 31-3 31-4 31-5
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a4 |©® O e

L1 s6)

[
doe-@---@----@-
~ I/~ oy —

w w

()
(2)
()
()

R I (Y

N— N~—" N~— N—
e

1 L(t—s+v+e)
H,(t,s):= lg%r(t—s—i-e)l“(wﬂ%)

Figure B.1 - H,(t,s) with t, Annotated

Theorem B.4. For fized v >0, H,(t,a) — oo as t — oc.
Corollary B.5. Forv >0, H,(-,a) is strictly increasing and without bound on N,.
Theorem B.6. For fited v >0, H_,(t,a) - 0 as t — oo.

Theorem B.7. (P-Integrals)

p

0 , whenever p > 1

/ H_p(t,a)Vt= {1 , when p=1

oo , whenever p < 1.
\

Definition B.8. For v > 0, we put N := [v] and define

t,=sup{t €Z,:t<a+ N and (V|H_,(-,a)]) (t) > 0}.
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Corollary B.9. (|H_,|« and Monotonicity) For all v > 0,
t,=a+ LZJ + 1.
2
|H_, (-, a)| is increasing on (—oo,t,] and decreasing on [t,, o). Therefore, [|
1H (@)l = [H oot 0)] = [ Plujay (=),
Definition B.10. For v > 0, we define
T, :=sup{t € Z, : |H_,(t,a)| > 1}.

That is, T, is the latest time for which |H_,(t,a)| > 1.

Corollary B.11. Forv > 0 and T, as defined above,
T, = a+max{|v],1}.

Theorem B.12. For v > 0, sgnH_,(-,a) alternates on [a+1,T,] and is constant on

[T, + 1,00). That is, sgnH_,(t,a) = ¢ for all t € Np, 41, where

)
1, when v € (0, 1)
(=)W when v € (0,00) \ Ny
c= 9§ (=) whenv e (1,00)\N; =
0, when v € Ny,
0, when v € Ny

\

nteresting fact: The function f(v) := |[H_,(-,a)||~ is continuous and increasing on [0, c0).
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Remark B.13. Recall that for ally € R, v >0, N := [v], and for all t € Z,:
(VI / H_\ o (t p(s)) f(5) Vs

V00 = [ Holtp DSV = [ I gl F6)Vs = (o = 0

(VoS (1) = (Ve NVY)(0).

Theorem B.14. For k,n € Ny, o, € R, v > 0, and N := [v] the following

equations show how the various nabla operators act on the Taylor monomials. For all

t € L,

VYHg(t,a) = Hg_(t,a) where Ve {V* Ve V.}

N Hy,_n(t, ), (k—n)>0
V”Hk(t a)
0, (k—n)<0
~ kau(tv CL), (k - l/) >0
VZ*Hk(t7a> -
0, (k—v) <0.

Remark B.15. The following operator composition rules hold for all f : Z, — R.

For all o,y €R, p,v € [0,00), M := [u], N = [v], and m,n € Ny: [

(i) (a) V'VG =V
(b) Vive =Vt

(¢) Va.Va = Vi

2Setting v = 0 in (iii)(a) gives us a formula for the Caputo fractional difference in terms of the
Riemann-Liousville fractional difference.




(ii) (a) VIV = V7

) VIS =i | 1= 5 (A @l o)
(¢) V" = Vit
(i) (0) 955 =V 175

1
k=0

[(ka><a>wk<-,a>}
(b) VIVLf = VOV

a

(¢) VoV = VIV

117
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