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Abstract

Hahn introduced the difference operator D, f(t) = (f(gt + w) - f())/(tlg - 1) + w) in
1949, where 0 < g < 1 and w > 0 are fixed real numbers. This operator extends the
classical difference operator A, f(t) = (f(t + w) — f(1))/w as well as the Jackson
g-difference operator Dgf(t) = (f(qt) - f(1))/(t(g - 1)).

In this paper, we study the theory of abstract linear Hahn difference equations of
the form

Ao(t)D] X(B) + A (DD o X(0) + - - - + An(0)x(1) = B(2),

where Band A; are mappings from an interval / into a Banach algebra X, i=1,...,n.
We define the abstract exponential functions and the abstract trigonometric
(hyperbolic) functions. We prove they are solutions of first and second order Hahn
difference equations, respectively. Also, we obtain an integral equation corresponding
to the second order linear Hahn difference equations which is known as the Volterra
integral equation. Finally, we present the analogs of the variation of parameter
technigue and the annihilator method for the non-homogeneous case.

MSC: 39A13;39A70
Keywords: Hahn difference operator; Jackson g-difference operator

1 Introduction and preliminaries
Hahn introduced his difference operator, which is defined by
[flatro)-f(1) ift 40,

D ) = tlg-1)+ow ’
aaf () 76), ift=0,

where 0 < g <1 and w > 0 are fixed real numbers, 6 = w/(1 — g); see [1, 2]. This opera-

tor unifies and generalizes two well-known difference operators. The first is the Jackson
g-difference operator defined by

(qt) —f(2)

qu(r):ft(q_l) , t#0.

Here f is supposed to be defined on a g-geometric set A C R for which g¢ € A whenever
t € A; see [3—11]. The second operator is the forward difference operator

flt+)=f(0)

w

Awf(t) =
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see [12—15]. Hahn’s operator was applied and used in a lot of fields, especially in the con-
struction of families of orthogonal polynomials and in investigating some approximation
problems. For more details, see [16—18]. Contrary to the g-difference operator and the for-
ward difference operator, the Hahn difference operator did not generate any interest until
Annaby et al. gave a rigorous analysis of the calculus associated with D, in [19]. There-
after, Hamza and Ahmed proved the existence and uniqueness of solutions of Hahn dif-
ference equations and studied the theory of linear Hahn difference equations; see [20, 21].

This article is devoted to the study of the theory of Hahn difference equations in Banach
algebras. We define the abstract exponential functions and the abstract trigonometric (hy-
perbolic) functions. We prove they are solutions of first and second order Hahn difference
equations, respectively. Every choice of the Banach algebra gives a wide class of Hahn dif-
ference equations. For instance, this study allows us to consider equations with solutions
with values in the Banach algebra B(X), the Banach space of all bounded linear operators
from a Banach space X into itself. As special cases, our study includes finite and infinite
systems of Hahn difference equations.

In our study we need the function 4(t) = gt + w, which is normally taken to be defined
on an interval /, which contains the number 6. The sequence

Wt = ¢t + wlk],, tel,

is the kth order iteration of /(), which uniformly converges to 6 on I, and [k], is defined

by
1-— qk
[k]g = I .
-9
Throughout this paper, X is a Banach space, X is a Banach algebra with a norm || ||, and

I is an interval including 6. Now, we will introduce some basic definitions and theorems
that will be needed in our study.

Definition 1.1 Assume that f : / — X is a function and let 4, b € I. The ¢, w-integral of f
from a to b is defined by

/ﬂ bf () dgot = /9 bf (t) dgt — /9 ’ O dyot,

where
fg SO dyot = (50— - 0) Y (W), xel,
k=0

provided that the series converges at x =4 and x = b.

Definition 1.2 For certain z € C, the g, w-exponential functions e, () and E,(t) are defined
by
o (2(t(1 - q) - ) 1
e(t) = Z 'q = o0 x
pars (@ @)« [T - 24" (t(1 - q) - )

(1.1)
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and

E(6)= ZW

k(k— 1

1.2
(q q)k gl+zq t(l q) - a))) (1.2)

where e,(f) and E,(¢) are the solutions of the first order Hahn difference problems
Dyoy) =zy(t),  y6)=1, (1.3)
and
Dyoy(t) =-zy(gt +w),  y(0)=1, zteC, (1.4)

respectively; see [19]. For a fixed z € C, (1.2) converges for all £ € C, defining an entire
function of order zero. For the proofs of the equalities in (1.1) and (1.2), see Section 1.3 in
[22] and [23]. Also, we can prove these equalities using the method of successive approx-
imation; see Section 4. Here the g-shifted factorial (b;q), for a complex number b and
n € Ny is defined to be

[TL(-bg™), ifneN,

b;q), =
i) 1, ifn=0.

By replacing the complex fixed number z by a complex function p(¢) which is continuous
at 6 in (1.3), we obtain the exponential functions e,(t) and E, (%),

1

- , 15

&) [Tr2o @ = p(r*(£))g* (£(1 - q) - w)) 1.5)

E,0) =[[(1+p(H®)d" (t0 - 9) - »)), (1.6)
k=0

whenever the two products are convergent to a nonzero number for every ¢ € I; see [21]. It
is worth noting that the two products are convergent since > ;- | p(H* (1)) 14t - q) — w)
is convergent; see [6].

The following lemma gives the g, w derivative of sum, product, and quotients of g, w-
differentiable functions, with values in X.

Lemma 1.3 Let A:1 — X and B: I — X be q, w-differentiable at t € I. Then:
(1) Dgw(A + B)(t) = DgoA(t) + Dy, B(t),

(1) Do (AB)(E) = Dy (A(D)B(H(E)) + A(6)Dy B(E) = Do AD)B(E) + A((£)) Dy, BLE),

(iii) for any constant ¢ € X, Dy, (cA)(t) = cDy(A(2)),

(iv) Dyw(A ™)) = —(A(h(£))) ™ (Dy,wA0))(AR)) ! provided that for every t € I, (A(¢))™

exists,

(v) Dyw(AB™)() = Dy At)(B(h(2))) ™ — A(£)(B(h(¢))) ™' Dy, B(t)(B(£)) ™ provided that

foreverytel, (B (t)) L exists.

The following theorem is important and will be used later on.
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Theorem 1.4 [19] Assumef :I — R is continuous at 0. Then the following statements are
true.
(i) {f((sq") + wlkly)}ken converges uniformly to f(0) on I.
(i) Do dFIf (sg* + wlkly)| is uniformly convergent on I and consequently f is
q, w-integrable over 1.
(iii) Define

X
F(x) := / f()dgwt, xel
6
Then F is continuous at 0. Furthermore, D, F(x) exists for every x € I and

Dy F(x) =f(x).

Conversely,

b
/ Dyof ®)dgot =f(b)—f(a) foralla,bel.

This paper is organized as follows:

In Section 2, we introduce some existence and uniqueness results from [20]. At the end
of this section, we apply these results to obtain the required conditions for the existence
and uniqueness of solutions of linear Hahn difference equations

Ao(t)Dy ,x(2) +A1(t)DZ,_w1x(t) + -+ Au(t)x(2) = B(t),

Df;ix(@) =y;eX, i=1..,n
where A;, B: I — X. In Section 3, we present the Hahn Wronskian in Banach algebras. We
establish its properties. It is an effective tool to determine whether the set of solutions is a
fundamental set or not. Finally we give Liouville’s formula for Hahn difference equations
of the second order. In Section 4, we define the abstract exponential functions. We prove
they are the solutions of the first order linear Hahn difference equations. At the end of this
section, we establish their properties. Section 5 is devoted to the abstract trigonometric
(hyperbolic) functions. We prove that they are solutions of second order linear Hahn dif-
ference equations. Some of their properties are established. In Section 6, we exhibit the
variation of parameters method and the annihilator method for non-homogeneous Hahn

difference equations.

2 Existence and uniqueness results
Inspired by the work of Hamza and Ahmed [20, 21], we can obtain the required conditions
for the existence and uniqueness of solutions of linear Hahn difference equations of the

form

Ao(O)D) ,x(1) + Ar(ODlyix(t) + - + A (Dx(0) = B(2),
D;—lx(e) =y € X, i=1,...,n,

)

(2.1)

where A;: I - X,i=0,1,...,m,and B: I — X.



Hamza and Abdelkhaliq Advances in Difference Equations (2016) 2016:161 Page 5 of 25

As usual, we denote
S(xo,b) = {x € X |lx —xo || < b}
and
R=10,0 +a] x S(xg,b),

where a, b are fixed positive numbers.
First, we mention the following results from [20], which will be needed to establish the
main results of this section.

Theorem 2.1 Assume that f : R — X satisfies the following conditions:
(i) f(t,x) is continuous at t = 6 for every x € S(xo, b).
(i) There is a positive constant V such that the Lipschitz condition
If @& x) —f &I < Vix =yl for all x,y € X is satisfied.
Then there is h > 0 such that the following Cauchy problem:

Dq,wx(t) :f(trx):
x(e) = X0,

(2.2)
has a unique solution x(t) on [0,0 + h].

As a direct consequence of Theorem 2.1, they proved the following result.

Corollary 2.2 Let I be an interval containing 0, fi(t,x1,%2,...,%,) : I X ]_[:’:1 Siyib) > X
such that the following conditions are satisfied:
(i) Forx; € Si(yib:), 1 <i<n,fi(t,x1,%,...,%,) is continuous at t = 0.
(ii) There is a positive constant V' such that, for t € I, x;, %, € S;(y;, b;), 1 <i < n, the
following Lipschitz condition is satisfied:

n
Ifit, 1, %2, .o 0) = fi (6,80, ) || < VZ||x,~ -
i-1

Then there exists a unique solution of the initial value problem

Dq,wxi(t) :ﬁ(t)xl(t);xZ(t)»~ .. 1xn(t))) 1 =< i =nte I: (2 3)
x,(@) =Y € X. ’
The Cauchy problem
7 _ -1
quyl)x(t) —f(t,x(t),l?q,wx(t), oDy x(t)), (2.4)
DL x(0)=y;, 1<i<n,

is equivalent to the first order system (2.3) in the sense that {¢;(£)}", is a solution of (2.3)
if and only if ¢ (¢) is a solution of (2.4). Here,

Xitls 1<i<n-1,

’(tvxl’---)x ) =
A T fx. k), i=n
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As a consequence of the above results, they deduced the following theorem.

Theorem 2.3 Let f(t,x1,...,%,) be a function defined on I x []"; Si(y;, b;) such that the
following conditions are satisfied:

(i) Forany values of x, € S;(yr, b;), f is continuous at t = 6.

(ii) f satisfies Lipschitz condition

n
|V(t,x1,...,xn) —f(t,x’l,...,x/n) ” < VZ”x,'—x;H V., %, € S, (v, by), t €1,

i=1

where V > 0.
Then the Cauchy problem (2.4) has a unique solution which is valid on [0,6 + h].

Now, we are ready to establish the required conditions for the existence and uniqueness
of solutions of the Cauchy problem (2.1).

Theorem 2.4 Assume that A;j:1 — X, 0 <j<mn, and B: 1 — X satisfy the following con-
ditions:

(i) Aj(t), 0 <j < nand B(t) are continuous at 0 and Ao(t) is invertible, t € I.

(ii) Ag'(2)A;(t) is bounded on 1.

Then, for any elements y,, equation (2.1) has a unique solution on a closed subinterval
J C I containing 6.

Theorem 2.1 is called a local existence theorem because it guarantees the existence of a
solution x(¢) defined for ¢ € I which is ‘close to’ the initial point 8. On the other hand, a use-
ful result which is concerned with global results was given in [20], which means that the
solution exists on the entire interval I = [0,6 + a]. One can see that a Lipschitz condition

of f satisfied on a strip
S=100,0 +a]l x X

rather than on the rectangle R which is given in the beginning of this section implies the
existence and uniqueness of the solutions on the entire interval I = [0,6 + a]; see [20].
This can be stated in the next two theorems.

Theorem 2.5 Let f be continuous on the strip S and suppose there exists a constant V > 0
such that ||f(t,x) — f(t,y)|| < Vx -yl for all (t,x),(t,y) € S. Then the successive approxi-
mations given in

¢0(t) = X0,

t 2.5
br(8) = x0 + [, f(5,P(5)) dgs, k>0, @5)

exist on the entire interval [0,0 + a] and converge there uniformly to the unique solution

of (2.2).

Theorem 2.6 Let f be continuous on the half-plane

[6,00) x X.



Hamza and Abdelkhaliq Advances in Difference Equations (2016) 2016:161 Page 7 of 25

Assume that f satisfies a Lipschitz condition

lf &%) - ft,9)] < Loallx -yl
on each strip
Spa={(t,x) €I x X:t€[0,0 +al,||xl| < o0},

where Ly , is a constant that may depend on 0 and a. Then the initial value problem (2.2)
has a unique solution that exists on the whole half-line [0, 00).

3 Fundamental set of solutions and Hahn Wronskian in Banach algebras
In this section, we consider the homogeneous linear Hahn difference equation in a Banach

algebra,
Ao(t)DZywx(t) +A1(t)DZ,_wlx(t) +---+ A, (0)x(t) = 0. (3.1)

The coefficients A;(t) € X, 0 <j < n are assumed to satisfy the conditions of Theorem 2.4.
Here X is a commutative Banach algebra with a unit element ¢. We present the Hahn
Wronskian in Banach algebras. We establish its properties. We determine whether the
set of solutions is a fundamental set or not according to the Wronskian being invertible
or not. Finally we give Liouville’s formula for Hahn difference equations of the second

order.
Definition 3.1 X is called a Banach algebra with unit e if:

(i) Xisa Banach space.
(i) There is a multiplication X x X — X that has the following properties:

(xy)z = x(yz), (x+y)z=az+yz, x(y +2) =xy + xz;

c(xy) = (cx)y = x(cy)
for all x,y,z € X, c € C. Moreover, there is a unit element ¢, i.e.
ex=xe=x forallxeX

(iif) [efl = 1.
(V) llxyll < llxllly[l for all x,y € X.

Lemma 3.2 If x,(t) and x,(t) are two solutions of equation (3.1), then c1x1(t) + coxy(2) is

also a solution where ¢, and ¢y, are constants in X.

Definition 3.3 We say that the solutions ¥ (£),..., ¥,(£) are linearly independent if

ijwi =0, thenx;=0foreveryj=12,...,n
j=1
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As usual [4(2),...,¥,(8)] is called a fundamental set of solutions of equation (3.1) if they

are linearly independent and every solution v (£) has the representation

I/I(lf) = ijlﬂ/(f): Xj € X.

Jj=1

Definition 3.4 A matrix B € M,,,,(X) is said to have an inverse C € M,,,,(X) if

BC=CB=1,
where
e O 0
0 e 0
1= .
0 0 ¢

We follow the proof of [21] to get the following result.

Theorem 3.5 Let b; € X, i,j € {1,...,n}, and for each j, V;(t) is the unique solution of
equation (3.1) which satisfies the initial conditions

D;_llﬁj(g) =b,‘]', i,j=1,...,l’1.

W

Then {wj(t)};’=1 is a fundamental set of equation (3.1) if and only if the matrix [by] is invert-
ible.

Theorem 3.6 Let v/ (t) be any solution of equation (3.1) and {;,1 < j < n} forms a funda-
mental set for equation (3.1) valid in J. Then there are unique constants c; € X such that

V() =cayn(®) + - +cuhu(t) Vie]. (3.2)

Now we define the abstract Hahn Wronskian and prove some of its properties. In the
rest of this section, unless we mention otherwise, X is a commutative Banach algebra with

a unit e.

Definition 3.7 We define the g, w-Wronskian of the functions x1,...,x, : I = X, by

() o x(0)
Dq,wxl(t) cee Dq,wxn ®
Wq,a)(xl;uwxn)(t) = . . .
Diox(t) -+ Dyx(0)

provided that x1,...,, are g, w-differentiable functions # — 1 times.

We write W, instead of W, (x1,...,%,) unless there is ambiguity.
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Lemma 3.8 Let x1(t),x5(2),...,%,4(t) : [ - X be q, w-differentiable n times. Then, for any

tel,t#0,
x(h(e) - xn(h(t))
Dq,wxl (h(t)) e Dq,wxn(h(t))
D, Wq,o(t) = . (3.3)
Di2xi(h(8) - D 2x,(h(t))
Dg,wxl(t) e Dg'wx,,(t)
Proof See [9]. O

In the rest of this section, / is a closed subinterval of the interval / containing 6.

Theorem 3.9 If x1,...,x, are solutions of equation (3.1) in ], then their q, w-Wronskian
satisfies the first order Hahn difference equation

Dq,qu,w(t) = _R(t)Wq,w(t) Ve E]\{Q}; (34)
where R(t) = Y125 (£ — h(£))FAG () Ar 1 (2).

Theorem 3.10 The g, w-Wronskian of any set of solutions {\;(¢)},, valid in ], is given by

[ee]

-1
W0(t) = |:H(e +q"(t1-q) - a))R(hk(t))):| W,o(0), te], (3.5)

k=0

provided that the product has an inverse.

An interesting result which can be deduced directly from Theorems 3.9 and 3.10 is the
following.

Corollary 3.11 Assume that the product in (3.5) has an inverse. Let {;}, be a set of so-
lutions of equation (3.1) in J. Then W, ,(t) has two possibilities:
(i) Wyo(t) is invertible in ] if and only if {y;}1, is a fundamental set of equation (3.1)
valid in J.
(ii) Wyo(t) is not invertible in ] if and only if {\;}}., is not a fundamental set of
equation (3.1).

4 Abstract exponential functions and first order linear Hahn difference
equations
Let A : I — X be continuous at . We define the exponential functions e,4(¢) and E,4(t) by

ealt) = |:ﬁ(e ~A(H*(0) " (tQ - q) - w)):| 7 (4.1)

k=0

and

oo

Ex0) =] [(e+ A(H () 4" (t0 - @) - ), (4.2)

k=0



Hamza and Abdelkhaliq Advances in Difference Equations (2016) 2016:161 Page 10 of 25

provided that the products in (4.1) and (4.2) are convergent and the first product has an
inverse. Our aim in this section is to prove that e4(¢) and E_4(¢) are the unique solutions

of the first order Hahn difference equations
Dy ,x(t) = A)x(2), x(0)=¢

and
Dy x(t) = —A()x(qt + w), x(0) =,

respectively.
We need the following lemma.

Lemma 4.1 Let X be a Banach algebra with a unit ¢ and (B}, S X. If > o2 1Bkl is
convergent, then [ [~ (e + Bi) converges to an element P € X. Moreover, if P has an inverse
and (e + By) is invertible for every k, then P~ = [ 72 (e + By)™.

Proof Assume Y ;- ||Bk|| is convergent to a number M.
Let By be the sequence of partial products. One can see that

By = ((1+1Boll) -+~ (1 + Bwll)) < ellFole+IBnD
and

Hence [;2,(1 + ||B«l|) is convergent. This implies that ) .-, |B«|| is convergent; see [24].
We define the two sequences P; and I}'j by
J _ J
Py =]]t+Bo) and By=]](1+IBxl).
k=0 k=0

For M,N € N, one can see that
Py = Pyl < 1Py = Py |-

Thus the convergence of the sequence Py implies the convergence of the sequence of Py.
Assume that Py — P as N — oo.
This leads to the desired result. The mapping g : J — J, where J = {P € X : P! exists},
defined by g(P) = P!, is continuous.
Since
lim PN =P

N—oo

we have

N 1N
Py = (H(e + Bk)> =[Je+Bo™ > P,
k=0 k=0

which completes our proof. d
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It is worth noting that the products in (4.1) and (4.2) are convergent, by Lemma 4.1,
since

Y lA(H @) 4 (-9 - o)

k=0

is convergent. In the rest of the paper, we assume that

(e-A(H0)d" (t0-q) - w))

has an inverse, k € Z=°. Consequently, again by Lemma 4.1 we have

|:ﬁ(e—A(hk(t))qk(t(1—q)—w } ﬁ A(H0) g (¢ - g) - )™

We will need the following lemma in the next theorem.

Lemma 4.2 Assume that
ADA(H D) = A(H®)A®), k=12,.... (4.3)
Then A and E_, commute.
Proof Assume that (4.3) holds. Then
A (e + A(H ()" (tQ - q) — ) = A@®) + AQA(H 1)) 4" (t(1 - @) — w)
= (e + A(H@®)q" (t1 - 9) - w))A(2).

Consequently,

A |:li[(e + A(H @) g (1 - q) - w))] = |:li[(e + AR @) g (1 - q) - a))):|A(t).

k=0 k=0

From the continuity of A(£), we conclude that

A(t)|:ﬁ(e+A(hk(t))qk( (1-q)- ] |:ﬁ (e+A(H®)q" (t1-q) - a)))i|A(t).

k=0

Therefore, A(t)E_4(t) = E_4(£)A(%). O

Theorem 4.3 Assume A(t) and A(W*(t)) commute for every k. The q, w-exponential func-
tions ey (t) and E_4(t) are the unique solutions of the initial value problems

D, x(t) = A(2)x(t), x(0)=c¢ (4.4)
and

Dy x(t) = —A()x(qt + w), x(0) =e. (4.5)
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Proof First, e4(t) is a solution of equation (4.4). Indeed, we have, for £ #0,

Dypeat) = h(t)l— . [H(e - A(hk(t))qk (t(l -q) - a)))f1
k=1

oo

~TT(e-A(F®)d (0 - q) - ) 1}

k=0

o]

) h(t)1 —t [g(e — AW (1 - @) - ) (e ~A(HO) g (t1 - ) - )

—

(e = A(H )" (t0 - ) - w))_1:|

k=0
_ 1 5 k -1
_h(t)_t( —A@)(t H A(H*(0) " (tQ - q) - o))
L AO=D-0),
= A()ea (o).

Second, we see that e,4(£) is unique. If x(¢) is another solution, then we have

Dyo(€x (9%(8)) = Dy (E-a(8))x(t) + E_s (1(£)) Dygr (x(2))
= —A@)E_4 (h(£))x(2) + E_a (h(£))A(2)x(t)
=0.

Page 12 of 25

Hence, ;' (¢)x(t) is constant, which implies e (£)x(¢) = e;!(6)x(0) = ¢. Thus, x(¢) = e (¢).

Similarly, we can see that E_4(¢) is a unique solution of equation (4.5).

O

In the following, we derive the solution of the first order non-homogeneous Hahn dif-

ference equations of the form

Dy ox(t) = A()x(t) + f(2), x(0) =x9, tel,xgeX

(4.6)

Theorem 4.4 Assume that f : I — X is continuous at 9, and t,t € I, t > t. Then the solu-

tion of equation (4.6) has the form

x(t) = eq(t) (xg + L E_4(gT + w)f(r)dq,wr)

Proof The function x(¢) given in (4.7) solves equation (4.6). Indeed, we have

Dyx(t) = A(t)ea(t)xo + A(t)ea(t) </ E_a(qrt + a))f(r)dq,wr)
6

+ea(h(t))E_algt + 0)f (2)
= A(t)x(t) +f(¢)

(4.7)
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We prove some useful properties of the exponential function e4 (£).
We define &(t) by

E@)=h(t)-t=tlg-1)+w.

Theorem 4.5 Assume that A :1 — X, and B : I — X are continuous at 0. The following

properties are true.
(i) €3 (t) = e_a(eseay1(2).
(ii) ea(t)es(t) = earnrean(t), where e (t) and B(t) commute.
(iil) e4(t)eg (t) = eu_pyesen)1(2), where e4(t), (¢ + §B)™, and B(t) are pairwise
commutative.

Proof (i) From equations (4.1) and (4.2) we have e;‘l(t) =E_4(¢). Then

Dq,w(E—A(t)) = _AE—A (h(t))
=—Ae+EA)E_4(2)
=—Ae + éA)’lezl(t).
Then by Theorem 4.3, (i) is true.
(ii) Let Y (£) = ea(t)ep(t) and e, (¢), B(t) commute. Then
Dy (ea(t)es(t)) = Aea(t)(e + £B)es(t) + ea(t)Bes(t)
= Aea(t)ep(t) + EABea(t)ep(t) + Bea(t)ep(t)
=(A+B+&AB)es(t)ep(t).
Therefore by Theorem 4.3, (ii) is true.
(iii) Let Y (¢) = ea(t)ez' (£) and suppose that e4(t), (¢ + £B)~!, B(t) are pairwise commuta-
tive. Hence,
Dy (eA(t)egl(t)) = AeA(t)eg1 (h(t)) - eA(t)Bezg1 (h(t))
=Aes(t)(e+ EB)_legl(t) — Bea(t)(e + EB)_IBegl(t)

= (A=B)(e +£B)ealt)e (2).
Again by Theorem 4.3, (iii) is true. 0

From now on, we define e4(¢, t) by
ealt, 7) = ea(t)e; (1),

Theorem 4.6 The following statements are true:
(i) ea(®)=eandey(t) =e.
(i) Dyo(€5(0)) = €5 ((O)Dyulea(®)ez(0) =~ HOIAWD) = (e + EAD) AWM 1),
where ey (h(t)), ea(t), (¢ + EA()) L, and A(t) are pairwise commutative.
(iii) ea(t,7) = €3 (7, 0).
(iv) ea(t,s)ea(s, t) = es(t, T).
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Proof (i) is straightforward.
(ii) Let eq (h(2)), ea(t), (e + EA(£))™, and A(¢) be pairwise commutative. We can see easily
that Dy, (e4(t)e;!(¢)) = 0. Hence
Dq,weA(t)egl(t) +ey (h(t))Dq,we;ll(t) =0.
Then

€4 (h(t))Dq,wez\l(t) = _Dq,a)eA (t)e,_ql (t)

This implies that

Dy (€5'(0) = = &' (1) Dyoea(0)e ()
= —e;' (h(£)) A(t)ea(t)ez!(£)
=~ (0)(c + EAWD) A)

= —E_()(c + EA(r)) A®).
So,
Dy (€ (1) = —E_4(0) (e + EA()) A).
Since
ex (h(0) = &3 () + E(ODg0e (0),
we have

e (h(1)A() = e (DAL - E(ODA®)e; (h(2))A(E)
= [e—£AW® (e + EAD) e OA®)
= (e + EA(D) ez (DA(E)

= —Dq,wegl(t).
(iii) We have
X(t) =ea(t, T)ea(t,t) = ea(t)ey (v)ea(r)ey (¢) = e.
This implies
ealt,7) = €, (1, 8).
(iv) Let X(£) = ea(t, s)ea(s, T). So we conclude that

X(t) = ealt, )eals, T)ea(t)er (s)ea(s)ey (T)ea()ey! (v) = ealt, 7). O
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In the next lemma we assume X = L(X), the space of all bounded linear operators from
a Banach space X into itself, with identity operator Ix. Now let A*(¢) : X* — X*, where X*
is the dual of X, be the adjoint operator of A(t) € L(X), t € I defined by

(A*@)f)x) =f(A(t)x) forallf € X* and x € X.

Lemma 4.7
(1) Dyw(A¥) = (DgoA)*.

(11) ezl(t) = efA*(1+§A*)—l (t)

Proof (i) Since A is D, differentiable at ¢ € I, we have

. A(h(t) —A®\"
Pl = (55750

= (Dq,wA)*(t)o
(ii) Putting X(¢) = (€;'(£))*, we obtain

Dq""X(t) = (Dq,we;tl(t))*
(—e;;l (h())Dgwea ey (1)) *
= (~A* (I + £A%) " eas (1))

= A (1 + EAY) X (),

and at ¢ = 6, we have X(0) = (e;'(0))* = Ix. Hence, X(¢) is the solution of the IVP
Do X(t) = —A*(I+ EA")'X(),  X(6)=Ix,

which exactly is X(£) = e_g+(;,£4%)1 (). Therefore, e;l(t) =e O

*
—A*(I+§‘A*)_1 (t)

Now, we return to the first order equation (4.4), when A(t) = z € X, t € I. The unique
solution of the Hahn difference equation

Dy x(t) = zx(t), x(0) =,

where z € X is
0o 1
x(t) = e(£) = [H(e ~zq" (t(1 - q) - w))i| .

k=0

In the following theorem, we deduce the summation expansion of e,(t).

Theorem 4.8 Let z € X. The exponential function e,(t) is given by

o0

(z(t - ) - )"
e(t)=) ————.
kZ:o: (4 D
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Proof Using the successive approximations (2.5) with xg = e,

t
KX (t) =xo +2 / %1 (8) dy,s.
0

We prove by induction on # that

n+l
(=(¢(1 - g) - @))*
Xp1(t) = ¢ E R o (4.8)
1 Py (4 )

Atn=0,
L.H.S. = x,(¢) = ¢ + ze(t - 6)

_( z(¢(1-q) —w)>
=le+ ————
(@91

L (2(t(1 - q) - )
= (5 9

=R.H.S.

Assume that (4.8) holds for n = m.
We want to prove

m+1
(2(t(1 - q) — w))*
X (l) = ) —————)
,g(; (4 9

t 205 02 m(s _ n\m
LH.S. = e+z/ (e+z(t—«9) + Z(t-9) 2"(t=6) > q.wS
0

A-g) A=) -qm
Z2(t-0)% . 2(t-0)3 Y
1-42) (1-40)1-4%

Zm+1(t—9)m o0 . A y
+ I-g)---1-gqm kXZO:q (td" + wlkl, - 0)

=e+z(t-0)+

22(t-0)% N 2(t-0)°
1-4) (1-gH1-4%

o0
P 2" (- 0)" qu(m+l)
1-¢*)---(1-q") =

=e+z(t-0)+

_ '”Zl (=(¢(1 - g) - 0))*

Py (4 )
=R.H.S.
Therefore,
n+1l
2(t(1 - q) — w))¥*?
N GG R
Py (4 D1

which leads directly to our desired result by taking n — oo. O
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In the following theorem we can obtain a summation expansion of e4 () for a general
mapping A : I — X. Similarly, we use the successive approximation method to prove this

theorem.

Theorem 4.9 Let A : 1 — X be continuous at 6. The exponential functions e,(t) can be

written as follows:

t t s1
eA(t) =¢+ / A(Sl)dq,wsl + / A(Sl)/ A(SZ)dq,w52 dq,a)sl
6 0 %
t $1 Si-1
o +/ A(sl)/ Alsg) -+ / A(s) dgwSi -+ dgwS2dgwst- . (4.9)
6 [ 0

5 Abstract trigonometric functions and second order linear Hahn difference
equations

Let A : I — X be continuous at 6. We define the abstract trigonometric and hyperbolic

functions and we study some of their properties.

Definition 5.1 We define the abstract trigonometric functions by

eu(t) —e_i(t)

i = 5.1
sing (¢) oY (5.1)
and
i _ia(t
cos4(£) = M (5.2)
and we define the functions Sing (¢) and Cos4 () by
Eia(t) —E_ja(t
SinA(t) _ IA( ) : 1A( ) (5.3)
2i
and
Eia(t) + E_ju(t
Cosa(t) = )+ Ea®) (5.4)

2

The following formulas can be proved easily:
(i) cosa(t) + ising(t) = €a(?),
(ii) sing(2) Sing () + cosa(t) Cosa(2) =1,
(iii) sing (2) Cosy(£) — cosa () Sing(2) = 0,
(iv) sinj(£) + cos? (¢) = e (t)e_ia(2),
(v) Sini(t) + Cosi(t) = Eiq(£)E_is(2).
Simple computations show that

Dy, sing(£) = Acosy(t), Dy, cosy(t) = —Asing(t)
and

Dy, Sing(t) = A Cosa(qt + w), Dy, Cosu(t) = —ASing (gt + w).
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The next theorem shows that the trigonometric functions satisfy second order Hahn
difference equations.

Theorem 5.2 The functions sing(t), coss(t), Sing(t), and Cos,(t) satisfy the following sec-
ond order Hahn difference equations, respectively:
D;’wy(t) —A(qt + w)A@)y(t) = Dy A(L) cosa(t), Dy,y0)=¢, y(0)=0; (5.5)
D;wy(t) +A(qt + w)A@)y(t) = —Dy o A(2) sing (£), Dgy(0)=0, y0)=¢ (5.6)

D;ywy(t) - A*(gt + w)y(q°t + (q + D) = Dy uA(t) Cosa (gt + ),

(5.7)
Dywy(@) =¢, y(0)=0;
and
D; y(6) + A*(qt + w)y(q°t + (q + o) = =Dy, A(t) Sina (gt + w), 63
Dgwy(0) =0, y(0)=e.
Definition 5.3 We define the abstract hyperbolic functions by
sinhy (¢) = M, (5.9)
coshy (¢) = M, (5.10)
Sinhy(¢) = w, (5.11)
and
Coshy () = M. (5.12)

2

The following formulas can be proved easily:
(i) coshu(t) + sinhy(£) = e4(2),
(if) coshy(¢) —sinhy(£) = e_4 (),
(iii) coshy () Coshy () — sinhy () Sinhy (¢) =1,
(iv) sinhg(¢) Coshy(£) — cosha(t) Sinha(2) = 0,
(v) cosh?(t) —sinh? () = ea(t)e_a(t),
(vi) Cosh?(£) — SinhA(¢) = E4()E_a(2).
As we did before we obtain the following identities:

D,,, sinhy (t) = Acoshy(t), Dy, coshy(£) = A sinhy(2)
and
Dy, Sinhy(t) = A Cosha(gqt + w), Dy, Coshy(t) = A Sinhy (gt + w).

The following theorem shows that the abstract hyperbolic functions satisfy the second
order Hahn difference equations.
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Theorem 5.4 The functions sinh,(t), coshu(£), Sinhy (), and Coshy (t) satisfy the following
second order Hahn difference equations:
D? ,y(£) — A(qt + w)A()y(t) = Dy A(t) cosha(2), Dywy@)=¢, y(0)=0; (5.13)
D2 ,y(t) - Alqt + ®)A@)y(t) = Dy A()sinha(t),  Dgoy(0) =0, y@®)=¢ (514)
D2 y(t) — A% (gt + 0)A@®)y (¢t + (g + 1)w) = Dy, A(2) Cosha(gt + o),
Dyuy0)=¢, y(0)=0;

D; y(t) — A% (gt + 0)A@®)y (¢t + (q + 1)w) = Dy, A(2) Sinha (gt + w),

(5.15)

(5.16)
D, ,y(0)=0, y@0)=c¢,

respectively.

In the following theorem, [a, ] is a closed interval containing 6 and A : [a,b] — X is

continuous at .

Theorem 5.5 Any solution v of the equation
wax(t) +A(t)x(t) =0, tela,b),

satisfies the following relation:

w(t):C1(b—t)+02(t—ﬂ)+g/:(f—ﬂ)fl<%)w(r;w>dqwf

t—a b T—Ww T—w
e ] o))

Proof By direct computations, we get

h(t) _ _
Dy (t) =—c1+cy— bia / 2 (r _a)A( qa))w(TTw) g0t

b
R
b—a Juy q q

+

Then
1 h(t) - w h(t) - w
D200 = - (- a)a (12 ) (1222
1 ") -\ () -
_m(b_h(t))A( q )w( q )
- —AD)Y (). 0

Example 5.6 The second order Hahn difference equation

D} x(t) - A(h(£))A(£)x(t) = DgA(®)sina(t), te€l,  Dgox(6) =0, x(6)=¢,
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has the solution x(¢) = cos4 (), which can be written in the form

T o (@ ()Pt - ) - )
=3 [; (@ 9 }

6 Non-homogeneous Hahn difference equations

In this section, we consider the non-homogeneous difference equation of the form
AoDjy x(8) + ALDly () + -+ - + Ax(t) = B(t), 6.1)

where 4;: I — X, 0 <j < n, and X is a commutative Banach algebra containing a unit
element ¢ and A; are coefficients that satisfy the conditions of Theorem 2.4. We study this
equation and find the general solution of the non-homogeneous Hahn difference equation
(6.1). As in the theory of differential equations, one can see that if () and () are
two solutions of (6.1), then v (t) — ¥»(£) is a solution of the corresponding homogeneous
equation (3.1). Based on the above-mentioned note and Theorem 3.6, we get the following:
if Y1 (2), Yo (2), ..., ¥,y (¢) form a fundamental set for (3.1) and ¥ (2) is a solution of equation
(6.1), then, for any solution of equation (6.1), there are unique constants ¢, ..., ¢, € X such
that

V() = i (t) + - - - + cutfrn(t) + Yo (2). (6.2)

Therefore, if we can find any particular solution ¥(£) of equation (6.1), then (6.2) gives
a general formula for all solutions of equation (6.1).

6.1 Method of variation of parameters
The method of variation of parameters is a method that helps us to obtain a particular
solution. This solution takes the form

Yolt) =Y GO)v;(e). (6.3)

j=1

To determine the functions c,(t), we have to operate by D, after replacing i = # in

Dit(t) = Zc, ODL ), 1<i<n, (6.4)
provided that

Zn:Dq,wc,(t)D‘ LYi(A®) =0, l<i<n-1 (6.5)
We obtain

Dy ,¥o(t) = Xn:(c;(t)DZ,ww;(t) + Dy 6i(0)Dly, i (A(2)) ) (6.6)

j-1
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Since v (¢) satisfies equation (6.1). It follows that
Ao(O)D]) ,Yo(t) + A(E) D ) Yo (8) + - - + Au(£) V0 (8) = B(2). (6.7)

Substitute by (6.4) and (6.6) in (6.7) and in view of equation (6.1), we obtain
n
> Dyuci (6D (1)) = Ag' (6)B(). (6.8)
j=1

Equation (6.5) with (6.8) yields the following system:

Dyoc1()Y1(h() + - - - + Dgwcu(D)¥u(h(2)) = 0,

o n-2 n-2 (69)
Dyt ()Dy ;¥ (h(0) + -+ - + Dg,wcn(£)DG 7 (h(£)) = 0,

§0)

Dywct(OD Y1 (h(2)) + - - - + DgCu(t)Dlr Y (h(2)) = AG* (£)B(2).

§o)

Consequently,
Dyucr(t) =Wy, (h(t))W(;}U(h(t)) x Ag'(t)B(t), tel,

where 1 <r < nand W;yw(h(t)) is the determinant obtained from W, (/(t)) by replacing
the rth column by (0,...,0,¢). It follows that

e (t) = /9 t W2, (h(©) WL (h(0)) x A (OB(®)dyot, 7=1,....n.

Example 6.1 We calculate the Hahn Wronskian for the following Hahn difference equa-

tion:
D} x(£) = 6D ,x(t) + 11Dg,,x(t) — 6x(t) = 0, (6.10)
where x(£) € X commutative Banach algebra

The functions x;(¢) = e.(t), x2(t) = ez.(t) and x3(f) = e3.(£) are solutions of equation
(6.10), with the initial conditions x;(f) = ¢, D, ,x1(9) = ¢, and Déywxl(é’) =¢, x3(0) = ¢,
Dy x2(0) = 2¢, and Dé,wxz(e) = 4e¢, and for the third solution x3(0) = ¢, Dj,,%3(0) = 3¢, and
D;wag (6) = 9e, respectively.

Here, R(t) = (—6¢£2 + 11¢£ — 6¢), where £ = h(t) — t.

The Wronskian at the initial point 6,

e.(0) ex(6) es.(0)
Wiw(®) = |ec(6) 2e2.(9) 3ese(6)
e.(0) 4ex(0) 9es.(9)

=2e.
Finally, from equation (3.5) we get
o0

1
Woo(t) = 2¢ |:1_[(—6 - 6q3k(t(1 -q)— a))3 + 5q2k (t(l -q) - w)2 - 6qk (t(l -q)— w)):| .
k=0

Page 21 of 25
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Example 6.2 Consider the equation
D;,wx(t) +A(h(t))A(t)x(t) = B(t), (6.11)

where A(h(t)),A(t) € X, are invertible. cos4(t) and sing (£) are the solutions of the corre-
sponding homogeneous equation of (6.11).
Consequently,

cos4(h(2)) sing (h(t))
—A(h(t)) sing(h(2))  A(h(2)) cosa(h(t))
= A(h(2)) (cos (h(2)) + sin (h(2)))
= A(h(t))eiA (h(t))e_,'A (l’l(t))

Wq,w(wl’ 1#2) (h(t)) =

Hence,

W o (W1, ¥2) (1(0)) = A7 (h(D)eZiy (h(8))ers (H(D)).

Also, we have

_|0 sing (h(2)) L
WO =1 Aoy cosatriey| ~ S 00
and
B cos4 (h(t)) o
W) = | yesinatny 1]~ O)
We get

Yo(t) = cosA(t)/@‘ —B(7) sing (]’l(‘L'))A_l (h(r))e:}A (h(t))ei_A1 (h(l')) Ayt

+ sing (2) /tB(f) cosy (h(1))A™ (h(r))eZi (h(T))ep (h(T)) dyot
0
—cosy ()
2i
x €2, (h(r))eps (h(r)) gt

sing (t)
2

x €2, (h(1))ep (h(1)) dgot,

/ BOA () (e (D) - (D))

/6 BA™ (h(0)) (e (h(0)) + e (h(1)))

Wo(t) = - cosa(?) / B(t)A™ (h(x)) Sina (h(r)) dy,0t
6

+ sing (¢) ‘/.tB(t)A‘1 (h(7)) Cosy (h(r)) dgr.
9
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It follows that every solution of equation (6.11) has the form

Y (t) = ¢c1cos4(2) + ¢y sing(£)

—cosu(?) /tB(r)A‘1 (h(7)) Sing (h(7)) dgT
0

+ sing (£) /tB(t)A1 (h(7)) Cosa(h(r)) dyet.
0

6.2 Annihilator method
The annihilator method is based on annihilating the non-homogeneous part by applying
a special differential operator. It is very easy to apply if we have found this operator, but a

lot of cases cannot be solved by it.

Definition 6.3 We say that f : ] — X can be annihilated provided if we can find an oper-
ator of the form

L(D) =A,()D’

po t A,,_l(t)DZ’_w1 +-o 4+ Ao(2)

such that
LD)f(t)=0, tel,
where A;(t), 0 <i < n, are elements in X, not all zero.
Example 6.4 Since (D, — A(t))ea(t) = 0, Dy, — A(t) is an annihilator of e4(t).
Example 6.5 The operator D;w is the annihilator of £2x, since

D;C,)act2 = xD;’w(t +qt + w)
=xDy.,(1+¢q)

=0.
Table 1 indicates a list of some functions and their annihilators.

Example 6.6 We solve the following equation by using the annihilator method:
D} x(£) = 6Dy x(t) + 8x(t) = s (£). (6.12)

Table 1 Some functions and their annihilators

Function Annihilator

xeX Dgw
xt" by
ea(t) Dgew — A

COsgw(A 1) D;,a) + A2
SingwA 0 D, +A?
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Equation (6.12) can be rewritten in the form
(Dq,w - 4'e)(Dq,w - 2e)x(t) = eEe(t)'

Multiplying both sides by the annihilator D,,,, — 5¢, we see that if x(¢) is a solution of (6.12),
then x(¢) satisfies

(Dgw —5¢)(Dgye — 4¢)(Dge — 22)x(t) = 0.
Hence,
x(t) = cre5¢(2) + coeae(t) + c3e2c(2).

In the following example we will assume that X = L(X), the space of all bounded linear
operators from a Banach space X into itself.

Example 6.7 Consider the following ¢, w-difference equations:

D, X(t)=A@)X(t) and X(0)=Ix (6.13)
and

Dy ox(t) = A(t)x(t) and x(0) =xy € X, (6.14)

where {A(¢)} C L(X) satisfies A()A(H*(t)) = A(H*(£)A(2).
By Theorem 4.3, equation (6.13) has the unique solution

Consequently equation (6.14) has the unique solution
X(t) = EA(t)xg.

Asa special case, if A(¢) is the constant operator A(t) = zlx, where z € C, then the unique
solution of equation (6.13) will be

X(t) = ez(t)IX;

where

e(t) = (ﬁ(l —2g"(t1-q) - w))) :

k=0

and the solution of equation (6.14) will be

x(t) = e, (t)xy.
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