Proyecciones Journal of Mathematics
Vol. 32, N° 1, pp. 31-46, March 2013.
Universidad Catdlica del Norte

Antofagasta - Chile
DOI: 10.4067/S0716-09172013000100003

Comparison theorems on fractional order
difference equations

J. Jagan Mohan
VIT University, India
G. V. S. R. Decekshitulu
JNTU Kakinada, India
Received : November 2011. Accepted : December 2012

Abstract

One of the most efficient methods of obtaining information on the
behaviour of solutions of difference equations, even when they cannot
be solved explicitly, is the comparison principle. In general, the com-
parison principle is concerned with estimating a function satisfying
a difference inequality by the solution of the corresponding difference
equation. In the present paper, we shall establish various forms of the
principle for fractional order difference equations.
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1. Introduction

Fractional calculus has gained importance during the past three decades
due to its applicability in diverse fields of science and engineering. The
notions of fractional calculus may be traced back to the works of Euler,
but the idea of fractional difference is very recent.

J. B. Diaz and T. J. Osler [8] defined the fractional order difference by
the rather natural approach of allowing the index of differencing, in the
standard expression for the n'” difference, to be any real or complex num-
ber. Later, R.Hirota [9], defined the fractional order difference operator
V¢ where « is any real number, using Taylor’s series. Atsushi Nagai [10]
adopted another fractional order difference operator by modifying Hirota’s
[9] operator. Recently, G.V.S.R.Deekshitulu and J.Jagan Mohan [2] mod-
ified the definition of Atsushi Nagai [10] for 0 < o < 1 in such a way that
the expression for V¢ does not involve any difference operator.

The comparison principles and the nonlinear finite difference inequali-
ties which provide explicit bounds on the unknown functions are the most
important and effective tools in the study of nonlinear finite difference equa-
tions. In the past few years many new comparison theorems and nonlinear
finite difference inequalities have been investigated in order to study the
behaviour of solutions of such equations.

In a paper published in 1973, Pachpatte [11] proved the following finite
difference inequality which provides the key to the proof of the many basic
comparison theorems on finite difference equations.

Theorem 1.1. Let f(n,7) be any function defined forn € N§, 0 < r < oo,
and nondecreasing with respect to r for any fixed n € N{. Let v(n) and
w(n) be two functions defined on € N§ and u(0) < v(0).

Assume further that

(1.1) Vo(n+1) < f(n,v(n)),
(1.2) Vw(n+1) > f(n,w(n))
for alln € Nj. Then

(1.3) v(n) < w(n)

for alln € Ny

In the present paper we present various comparison theorems on various
classes of nonlinear fractional order difference equations.
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2. Preliminaries

In this section, we introduce some basic definitions and results concerning
nabla discrete fractional calculus. Throughout the article, for notations
and terminology we refer [1].

Definition 2.1. The extended binomial coefficient (1), (a € R,n € Z) is
defined by

T'(a+1)

a Ta—n+DTry 12> 0
(2.1) T)=41 n=0
0 n < 0.

In 2003, Atsushi Nagai [10] gave the following definition for fractional
order difference operator.

Definition 2.2. Let a € R and m be an integer such thatm — 1 < a < m.
The difference operator V of order «, with step length ¢, is defined as
Ve gy (n)] = e S () (< 1V u(n — ) a >0
Veu(n) = ¢ u(n) a=0
e~ Z;‘:—Ol (‘;)(—1)Ju(n —7J) a < 0.

The above definition contains V operator and the term (—1)7 inside the
summation index and hence it becomes difficult to study the properties of
solutions of fractional difference equations. To avoid this, G.V.S.R.Deekshitulu
and J.Jagan Mohan [2] rearranged the terms in Atsushi Nagai’s [10] defi-
nition as follows, for e = m = 1.

Definition 2.3. The fractional sum operator of order (o € R) is defined
as

n—1 /. _ " (n—F4+a—
(22)Vu(n) = 3 (7 “;,‘ 1) un—j) =3 ( fzfj 1>u(j)
j=0 J=1

and the fractional order difference operator of order a (« € R and 0 < a <
1) is defined as

n—1 .
(2.3) V%(n) = Z (‘7 B oz) Vu(n — j)

i=o\ 7
(2.4) - > (“_i:j”)um— (";?[l)um).
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Theorem 2.1. Let u(n) and v(n) : Nf — R; a, B € R such that 0 <
a,B,a+ B <1 and c, d are scalars. Then

1. VAV Yu(n) = VA7u(n).

2. Vo eu(n) + dv(n)] = cV*u(n) + dVeo(n).

3. V=oVe(n) = u(n) — u(0).

4. VOV~ u(n) = u(n).

5. Vou(0) = 0 and Vu(1) = u(1) — u(0) = Vau(1).

In the following sections we present some basic comparison theorems which
can be used as powerful tools in the study of various classes of fractional
order difference equations.

3. Fractional Order Difference Equations

Definition 3.1. Let f(n,r) be any function defined forn € N§, 0 < r <
oo and consider a nonlinear fractional order difference equation of order «,
0 < o <1 together with an initial condition as

(3.1) Veu(n +1) = f(n,u(n)), u(0) = up.

A function v(n) defined on N is said to be an under function with
respect to the initial value problem (3.1) if

(3.2) V*(n+1) < f(n,v(n)).

Similarly any function w(n) defined on N is said to be a over function
with respect to the initial value problem (3.1) if
(3.3) Vew(n+1) > f(n,w(n)).

The present section deals with a nonlinear fractional order difference
equation of the form (3.1) where f(n,r) is a nonnegative and nondecreasing
function with respect to r for any fixed n € N{.

Theorem 3.1. [2] Let v(n) and w(n) are under and over functions with
respect to the initial value problem (3.1).
Then v(0) < w(0) implies

(3.4) v(n) < w(n)

for alln € N(f.
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Remark 1. We note that the conclusion of Theorem 3.1 remains valid if
we replace (3.2) and (3.3) by

(3.5) V¥ (n+1) = f(n,v(n)) < V*w(n+1) — f(n,w(n))

If we assume that u(0) < v(0) in Theorem 3.1, the equality in the
conclusion (3.4) must be dropped. We also note that the conditions given
in (3.2) and (3.3) can also be written in the form

(3.6) vn) <v(0)+ 3 | —j—1

n-! (n—j+a—2
=0

)f(j,vu))

n—1 .
(BT wm) > w(©)+ Y (” e 2) 70 w(i)
=0\ "7J
and
n—1 . n—1 .
v(n)—v(0)+> (" e 2>f(j,v(3)) < w(n)—w(0)+Y_ (” e ?
J=0 n=J J=0 n=J
(3.8)
respectively.

Theorem 3.2. [2] Let v(n) and w(n) are under and over functions with
respect to the initial value problem (3.1) such that v(0) < u(0) < w(0).
Then

(3.9) v(n) <u(n) <w(n)
for all n € N

Remark 2. The relations v(n) < u(n) and w(n) > u(n) remain valid for
n € N§, when the inequalities (3.2) and (3.3) are replaced by

(3.10) Va(n+1) < f(n,v(n)),
(3.11) Viw(n+1) > f(n,w(n))
for n € N, provided the solution of (3.1) exists for all n € N§.

Theorem 3.3. Let g(n,r) be any function defined forn € N§, 0 < r < oo.
Then, if an inequality
(3.12) lg(n, )| < f(n, |r])
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is satisfied, there holds an inequality

(3.13) [z(n)| < y(n),

n € N§ provided |zo| < yo, where z(n) and y(n) are the solutions

(3.14) Ve(n+1) = g(n,z(n)), z(0) = zo,
(3.15) VA% +1) = f(n,y(n)), y(0) = o,
respectively.

Proof.  Suppose that (3.13) is not true. Then there exists a k € N
such that |z(j)| < y(j) for 7 < k and

(3.16) lz(k +1)] > y(k+1).
Now using the monotone property of f, for j < k and (2.3),

a(k+1)| = \(’“ ) k ( 0‘) (k+1— )+ 9, 2(5))
k J

(3o ai

o)
k— k
( . ) +a2 ( ) (k+1—7)+ 0, [z()D)

IN

(' )|x<k+1—.y>\+rg<;, )|

IN

< (W porenats

which is a contradiction to (3.16). Hence the proof. O

) (k+1—3)+ f(5,9())

Theorem 3.4. [2] Let mq(n,r) and ma(n,r) be two nonnegative functions
defined for n € N(f, 0 < r < oo and nondecreasing with respect to r for
any fixed n € N{. Let r(n) be a function defined for n € N§ and that

(3.17) my(n,r(n)) < Vi (n+1) <ma(n,r(n))

for all n € N§. Let v(n) and w(n) be the solutions of the difference
equations

(3.18) Ve%(n+1) = mi(n,z(n)), z(0) = zo,
(3.19) Vey(n+1) = ma(n,y(n)), y(0) = yo
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and suppose that o < 1(0) < yo. Then
(3.20) z(n) < r(n) <y(n), n € N§.
Theorem 3.5. [2] Let h(n,r, s) be a function defined forn € N, 0 < r <

00, 0 < s < oo is nonnegative and nondecreasing with respect to r and s
for any fixed n € N§. Let r(n) be solution of the difference equation

(3.21) Ver(n+1) = h(n,r(n),r(n)), r(0) =ry
for all n € Ng. Suppose that the inequality
(3.22) Ve(n+1) < h(n,z(n),y(n))

is satisfied for all n € N, where the functions z(n) and y(n) are defined
for n € N such that z(0) < ro. Then

(3.23) z(n) < r(n)

for allm € N(f provided
(3.24) y(n) <r(n)

for alln € N0+.

Theorem 3.6. Let y(n), a(n) and b(n) be nonnegative functions defined
forn € N§. If

n—1 .

(3.25) y(n) < a(n) +b(n) (” e 2) u(j)
j=o\ "7J

forn € Nar, then

(3.26) y(n) < a(n) + b(n)r(n)

for n € N§, where r(n) is the solution of the fractional order difference
equation

(3.27) Ver(n+1) = f(n,a(n) + b(n)r(n)), r(0) =0

forn € Nar.
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Proof. Define function z(n) by

(3.28) 2(n) = ni: (” AL 2) ().

= n—j—1
Then z(0) = 0, y(n) < a(n) + b(n)z(n) and
(3.29) Ve%(n+1) = f(n,y(n)) < f(n,a(n) + b(n)z(n)).

By using Theorem 3.4, we have z(n) < r(n). Then y(n) < a(n) +
b(n)z(n) < a(n) + b(n)r(n). Hence the proof. O

4. Fractional Order Difference Equations of Volterra Type

Definition 4.1. Let f(n,r,s) be a function defined forn € Ng, 0 <r <
00, 0 < s < o0 and g(n,m,r) be a function defined for n, m € Nar, m < n,
0 <r < oo. Let u(n) be a function defined for n € N .

Then a nonlinear fractional difference equation of Volterra type of order
a, 0 < a <1 is of the form

n—1
(41)  Vou(n+1) = f(n,u(n), . gln,m,u(m))), u(0) = uo.
m=0

A function v(n) defined on N is said to be an under function with
respect to the initial value problem (4.1) if

n—1

(4.2) V(n+1) < f(n,v(n), Z g(n,m,v(m))).
m=0
Similarly any function w(n) defined on N is said to be a over function
with respect to the initial value problem (4.1) if

n—1
(4.3) Vew(n +1) > f(n,w(n), Z g(n,m,w(m))).
m=0

In this section we deal with a nonlinear fractional difference equation
of Volterra type of the form (4.1) where f(n,r,s) is a nonnegative and
nondecreasing function with respect to r and s, 0 < 7, s < oo for any fixed
n € N and g(n,m,7) is a nonnegative and nondecreasing function with
respect to r, 0 < r < oo for any fixed n, m € Ng.



Comparison theorems on fractional order difference equations 39

Theorem 4.1. [4] Let v(n) and w(n) are lower and under functions with
respect to the initial value problem (4.1). Then v(0) < w(0) implies

(4.4) v(n) < w(n)

for all n € Ny

Theorem 4.2. [4] Let h(n,r) be a nonnegative function defined for n €
Ng, 0 < r < oo. Let x(n) and y(n) be any two nonnegative functions
defined for n € N(')F. Suppose that for n € Nar, the inequalities

(4.5) Ve%(n+1) < h(n,z(n))+ Z g(n,m,x(m

(4.6) Veymn+1) > Z n, m,y(m

hold. If for any n € Nar,

(4.7) h(n,z(n)) = h(n,y(n)) < —a(z(n) — y(n))
then x(0) < y(0) implies
(4.8) z(n) < y(n)

for alln € N(f.

Theorem 4.3. [4] Let v(n) and w(n) are lower and under functions with
respect to the initial value problem (4.1) such that v(0) < u(0) < w(0).
Then

(4.9) v(n) <wu(n) <w(n)

respectively for all n € N§.

Theorem 4.4. [4] Let fi(n,r,s) and fa(n,r,s) be two nonnegative and
nondecreasing function with respect to r and s, 0 < r,s < oo for any fixed
n € N§ and g1(n,m,r) and ga2(n, m,r) be a nonnegative and nondecreasing
function with respect to r, 0 < r < oo for any fixed n, m € N{. Let r(n)
be a function defined for n € N§ and that

Zglnmr ) < Ve (n+1) < fa(n,r(n Zg2an
(4.10)
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for all n € N§. Let z(n) and y(n) be the solutions of the difference equa-
tions

(411) Vax(n—i— 1) = fl(nax(n)7 Z_ gl(nvmv‘r(m)))v .II(O) = Zo,

(4.12) VY +1) = fa(n,y(n), Y g2(n,m,y(m))), y(0) = yo.

and suppose that xo < r(0) < yo. Then
(4.13) z(n) < r(n) <w(n), n € Ng.

Theorem 4.5. [4] Let x(n) and a(n) be two nonnegative functions defined
for n € Ng. Let h(n,m) be a nonnegative function defined for n, m € Ny .
If the inequality

n—1 m—1
(4.14)V®z(n+1) < a(n) + Z h(n,m)f ; Z g(m, j,x
m=0 Jj=0

is satisfied for all n € NJ. Then z(0) < r(0) implies

(4.15) z(n) < r(n)

where r(n) is solution of the difference equation

n—1 m—1
Ve (n+1)=a(n)+ Z h(n,m)f , Z g(m,4,7(j))), r(0) = a(0)
m=0 7=0

(4.16)
for alln € N(f.

Corollary 4.5.1. Let z(n), y(n) and a(n) be any nonnegative functions

defined for n € Ng. Let h(n,m) be a nonnegative function defined for n,
m € N . If the inequality

(4.17) Vé(n+1) <a(n)+ Z h(n,m)f(m,xz(m),y(m))

is satisfied for all n € N . Then z(0) < r(0) implies

(4.18) z(n) < r(n)
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provided

(4.19) y(n) < r(n)

where r(n) is solution of the fractional order difference equation
n—1

(42099 (n + 1) = a(n) + 3 hln,m) f(m, r(m), y(m)), 7(0) = a(0)
m=0

for alln € NS‘.

Theorem 4.6. Let y(n) and a(n) be nonnegative functions defined for
neNg. If

(4.21) Voy(n+1) <a(n)+ Y g(n, j,u(y))

for n € Ng‘, then

(4.22) u(n) <r(n)

for n € N§, where r(n) is the solution of the fractional order difference
equation

(4.23) Ver(n+1) = +Zgn],
forn € Nar.

Proof.  Suppose that (4.22) is not true. Then there exists a k € N
such that y(j) < r(j) for j < k and

(4.24) ylk+1)>r(k+1).

From the monotone property of f, for j <k,

y(j) <r() = gk, 5,90)) < g(k, j, ('))

(4.25) = Z (k,7,y(y ngy,

. k—1
y(0) +ay — (Jf“>y<k+1—j>+zg<k,j,y<j>>

J=0

IN

y(k+1) < ( i

Foo1 (j-a L=
r(0) +ad — ( . )r(k+1—y)+29(kayvr(y))

j=0



42 J. Jagan Mohan and G. V. S. R. Deekshitulu

which is a contradiction to (4.24). Hence the proof. O

Remark 3. If the inequality given in (4.21) is replaced by

n—1

(4.26) VeY(n+1) > a(n)+ > g(n,5,y(5))
=0

then the conclusion (4.22) in Theorem 4.6 reduces to y(n) > r(n) for n €
Ng.

Theorem 4.7. Let z(n) and y(n) be solutions of the fractional order dif-
ference equations

n—1

(4.27) Vez(n+1) = ai(n)+ Y g1(n,j,z()))
j=0
n—1

(4.28) Ven+1) = as(n)+ > g2(n,5,y(j))
j=0

where the functions x(n), y(n), a1(n), az(n), g1(n,m,r) and ga(n,m, s) are
defined for n, m € Ng, m <n, 0<r, s < oo and satisfy the conditions

(429) |g1(n,m,7’) _QQ(na m, S)| < g(n7m7 ’T - S|)

for allm, m € N§, m <n, 0<r,s < oco. Let r(n) be any solution of the
fractional order difference equation

n—1

(4.30) Ver(n+1) =a(n) + > g(n, j,r(j))
3=0

forn € Nar. If

(4.31) a1(n) — az(n)| < a(n)

then

(4.32) [z(n) —y(n)| < r(n)

for alln € N0+.
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Proof.  Define a function z(n) by z(n) = |x( ) — y(n)|. Suppose that
(4.32) is not true. Then there exists a k € N such that z(j) < r(j) for
7 <k and

(4.33) 2(k+1) >r(k+1).

Consider

k .
2(k+1) = ‘(k; ) ( ]a> (k+1—4)+ai(k +Zglk:y,

]*1

j—Oé

k .

=0

7j=1

IN
B

k—a
(k ) 0 -

k
+  Jai(k) — az(k)| + Z l91(k, 3,2(5)) — g2(k, 3,9(5))]

k

|
/N
x5
> |
Q
~—
iy
=2
+
Q
]~

(J—a)
k

= rk+1).
which is a contradiction to (4.33). Hence the proof. O

Corollary 4.7.1. [4] Let f be a nonnegative and nondecreasing function
with respect to its arguments. Let r(n) be solution of the fractional order
difference equation

(4.34) Ver(n+) = f(r(n),r(n—1),........ r(n —k))

for all n € N0+. Suppose that the inequality

(4.35) Ve%(n+1) < f(z(n),z(n —1),........ z(n —k))

is satisfied for all n € N, where z(j) (j = 0,1,2....) is a positive sequence
of functions defined for n € Ni such that x(j) < r(j), 7 =0,1,....k. Then
(4.36) z(n) < r(n)

for alln € N(f.

1a) (j;o‘>1x(k+1—j>—y<k+1—j>|

(j . O‘>z(k +1=3) +alk) + 3 g(k.j,2(5)

Jj=0

=N
G LTS S PPN

J=0
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Theorem 4.8. [4] Let f be a nonnegative and nondecreasing function with
respect to its arguments. Let r(n) be solution of the difference equation

n—1 n—2
(4.37) Ver(n+1) = f(r(n), > r(), Y ()
Jj=0 Jj=0

for all n € Ng. Suppose that the inequality

n—1 n—2
(4.38) Vey(n+1) = fly(n), Y y(5), Y y())
7=0 7=0

is satisfied for all n € N§, where y(j) (j = 0,1,2....) is a positive sequence
of functions defined for n € N such that y(0) < 7(0). Then

(4.39) y(n) <r(n)

for alln € Ny
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