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Abstract

The main aim of this study is to examine the spectral analysis of g-difference equation with point interaction. We first find Jost solution and
Jost function of this problem. Next, we establish the resolvent operator, continuous spectrum and discrete spectrum of the problem. At last,
we demonstrate that the quantum boundary value problem with point interaction has finite number of eigenvalues and spectral singularities
with finite multiplicities under certain conditions.
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1. Introduction

Spectral analysis of discrete equations with spectral singularities have been investigated intensively by many mathematicians [1],[13], [14],
[15], [16], [17], [18], [19], [25], [28], [33]. In recent years quantum calculus has received a lot of attention because it has wide applications
in several mathematical areas such as orthogonal polynomials, number theory, combinatorics, fractal geometry, basic hypergeometric
functions, mathematical physics [28], [37], [39]. Quantum calculus does not use the concept of classical limit. Hence the functions that
are not differentiable in the classical sense can be quantum differentiable and it also provides some physical applications which consist
some definitions and theorems of g-calculus, we refer the readers to [20], [21], [23], [26], [27]. Note that spectral analysis of quantum
difference equations has been investigated by some researchers [2], [3], [4], [5], [6], [8], [9], [10], [38]. On the other hand, spectral analysis
of g-difference equations with spectral singularities and point interactions has not been investigated yet. There are also only a few papers
about the scattering analysis of g-difference equations with point interactions [7], [8], [9], [10], [11] which are related to scattering analysis.
As is well known, difference equations with point interactions serve as basic models to study the dynamics of processes that are related to
sudden changes in their states. These changes are so short as to be negligible when compared to the whole duration. In order to explain these
processes mathematically, some conditions are applied to the discontinuous points. These points are called impulsive conditions or some
other names such as jump conditions, interface conditions, point interactions and transmission conditions. The theory of difference equations
with point interactions depends on the theory of differential equations with point interactions. They have been extensively studied in the past
several years; see [12], [29], [32], [35], [36] and the references cited therein. In this paper, we shall investigate the spectral analysis of a
discrete quantum Sturm-Liouville problem with point interactions in terms of Jost solution, Jost function, resolvent operator and continuous
spectrum. We will present a condition that guarantees the finiteness of eigenvalues and spectral singularities of the problem with finite
multiplicities. The set up of this paper is as follows: The next section features some introduction and notations on the g-difference problem
with point interactions under consideration. In Section 3, we present some auxiliary results about the Jost solution and Jost function of the
problem. Section 4 contains the resolvent operator and continuous spectrum which are needed in the proof of our main results in Section 5
with the results given in Section 3 together. The main results are related to the qualitative properties of eigenvalues and spectral singularities.
In Section 6, we make some conclusions.

2. Preliminaries

Notation 2.1. Let g > 1, N and N denote the set of the natural numbers and the set of nonnegative integers, respectively. Moreover, use the
notations

¢ ={¢":neN} ¢Vo:={g":neNy}.
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A g-difference equation is an equation that contains q-derivatives of a function defined on ¢™°. The g—derivative of a function f : g™ — C
is defined by

flgt) = f(1)
Kt)

where W (t) = (q— 1)1 is the graininess function [20].

AOES

)

Let ¢, (qNO) be the Hilbert space of all complex-valued functions with the inner product

<fg>g= Y, u@)f(1)g(t), fg:qg" =T

teqho

and the norm

1

2

Ifly=| X u@r@e’| . f:d°—c

teqho

for all € ™. Consider the following g-difference problem with point interactions (QP). For this problem, we will consider a second order
g-difference equation

t t
qa(t)y(qt,z)+b(t)y(t,z)+a (5) y (;,z) =Ay(t,2), 1eq™\ {qmo*l,qmn,qm‘)“} 2.1)
with the boundary condition
y(1,2)=0 (22)
and the point interaction
y(g™ 1, 2) y(g™'.2) 5 5
_ B:{l } 2.3)
) 6 )
Ay (q’"““,z) Uy ((]m0717Z) o] 4

where A = 2,/qcosz is a spectral parameter, detB # 0 for i = 1,2,3,4 and 0; are complex numbers. /A denotes the backward difference
operator, 3/ denotes the forward difference operator and defined by

t
Ay(t,2) =y(t,2) -y (;,z)
and
Uy (t,2) =y(qt,2) =y (1,2),
respectively. Throughout this study, we will assume that the complex sequences {a (#)},c v and {b(t)},¢ v satisfy the following condition

Y () + b))} <o 2.4)

regh Ing

anda(t) #0foralls € g™, Furthermore, we will denote by T the g-difference operator generated in £, (qN ) by the g-difference expression

)0 =@y +o03wa+al L )y(L) e {gmtgmgmt)

with the boundary condition (2.2) and the point interactions (2.3).
Let us define two semi-strips

3
H+;:{ze(C:Imz>0, fgﬁRezﬁ 77:}
and

H::I‘I+U{—ﬂ 3”}

272
We will show the fundamental solutions of (2.1) forz € ITand ¢ € {Lq, 4, ... 7qmo*l} by R(t,z) and Q (¢,z) satisfying the initial conditions
R(1,z)=0 , R(g,z)=1

and

Q@@:RL . 0(g.2) =0,
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respectively. The Wronskian of two solutions y = {y (t,A)},¢ v and u = {u(t, )}, n, of (2.1) is defined by

szvu} (t) :.u'(t)a(t) {y(tvl)u(qtzl)_y(qtvl)u(%l)}? teqNO

It follows from that W [R (t,z) ,Q (t,z)] = —1 for all t € ™0, Tt is easily seen that R (¢,z) and Q (z,z) are entire functions of z. On the other
hand, (2.1) admits another solution

e ]““‘[/Z jlnr . N,
et,))=p(t)——= |1+ Y A(t,r)e'mi® |, 1eq
/J'([) regh

satisfying the condition

Int

—i—z

hmetz Ing \/u@t)=1, zeT,

where p (¢) and A (¢, r) are expressed in terms of {a (¢)} and {b(7)} [2]. Moreover, under the condition (2.4), A (¢, r) satisfies the following

inequality

Ar)<C )Y {lt=a(s)[+ b ()]} 2.5)
sE [tq \-%J ,oo> NgN

here C > 0 is a positive constant and { In J is the integer part of zl?n' . Therefore, e(t,z) is analytic with respect to z in C; :=

{z € C:Tmz > 0} and continuous in C := {z € C : Tmz > 0}. From the definition of Wronskian, we easily obtain that

W[e(t,z),e(ufz)]=f%sinz, 16{ z 3”}\{0 ).

moy+1

Also, there exists an unbounded solution of the equation (2.1) in {q Jgmot2 } denoted by e (#,z) fulfilling the condition

Int
llmetz Ing’ Vu()=1, zeCs.

By using the bounded and unbounded solutions of (2.1), we get the Wronskian of these solutions as

~ 2i =
W[e(t,z),e(uz)]:fﬁsmz, zeCy, te{qm°+l7qm°+2,...}.

3. Jost Solution and Jost Function of 7

In this section, we will obtain the Jost solution and the Jost function of 7. Let us define the solutions of QP (2.1)-(2.3) by ij and y}f,
Jj=1,2,3, respectively

- yi 2) = RR(t,2)+ A (2)Q(t,z) , te{lqg....g™ '}
¢1(1,2) =
1 (62 =Mt (Re(t,2)+ N T (R)e(t,—2) , 1€ {gmt! gt ..}
for z € I,

¥, (1,2) =K~ (2)R(1,2)+L™ (2)Q(1,2) , 1€{l,q,....¢"™ "}
¢ (t,2) =

y3 (t,2) =K (2)e(t,2) + LT ()e(t,—z) , t€{gm gm ..}

n 3n
forz e [—5,7} \{0,7} and

y; (t,2) =P~ (9)R(t,2)+S (2)Q(t,2) te{l,q,...,qmo’l}

¥i(t,2) =PT (2)e(t,2)+5t (x)elt,n) , te{gmt gmt? ..}

for z € IT\ {0, }. If we consider the solution @ (z,z) firstly, we get the following equation with the help of condition (2.3)

(P3(t>z):

M M
—u 7 @3.1)
N N
where
Un(z) Up(z)
U:= =H 'BD (3.2)

Ui (z) Un(2)
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such that
R(g™™'2)  0(¢™)
VR (g™ 'z) w0 (g™ 2)
and
Vau (¢ Y a (gt Ne(gmth —z)  —e(qmT!, —2)

2isinz —Ne(gmtlz)  e(gmtlz)

H'=—

In accordance with (3.2), the components of U are given by

(@) a (gt [ Ae@ T [BR(g ) + & VR ()]

2isinz

Uni (t,2) =
+e (g™ 2) [B3R (¢™ 7 2) + & VR (™ 2)]

and

() a(gnt) [ Al T [Be g s s v et

Un(t,2) = i
2isinz +e(qgm,2) [0 (g™ 1 2) + 847 Q (¢ ,2)]

Now, we will define the following function using the solution ¢; (¢,z)

MR+ A (20 1z) , te{lgq*....q" "}
F(t,2) =
e(l,z) , te {qmoJrl’qmoJrZ’“ }

for z € I. % (t,z) is the Jost solution of QP (2.1)-(2.3). Since the function .% (¢,z) is the Jost solution of (2.1)-(2.3), we find
MY (Z)=1, N T(z)=0.
If we apply the point interaction (2.3) to .% (t,z), we obtain

=200 g

U (1)
detU ’

detU

By using the boundary condition (2.2) and (3.5), we can write the Jost function of (2.1)-(2.3) as follows:

U (t,2)
apdetU *

F(2):=F(t,7) =
. . . . T 3n
Then, we will consider the following solution of (2.1)-(2.3) forz € |— 5 \{0, 7}

R(t,2) o ref{lig, g™}
G (t,z) =
Kt (2)e(t,2) +LT (2)e(t,—z) , te{gm gm*2, .. }.

Since the solution ¢ (¢, z) satisfies the boundary condition (2.2), we get

By the help of (2.3), we also find

K+(Z):U11(taz)7 L+(Z):U21 (I7Z)'

3
Lemma 3.1. Forz e {fg, 7”] \ {0, }, the Wronskian of the solutions F (t,z) and ¥ (t,z) is given by
u(l) + 2 my—1
— L reql g
ol @ o re{lad. g™
WIF (1,2),9 (1,2)] = ,
2ising

Lt (Z) , te {qmoJrl’qmoJrZ’“.}'

(3.3)

3.4)

(3.5)

(3.6)

(3.7)
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Proof. By the help of the definition of Wronskian, we obtain

Wiz e gwa=sman | G U

fort € {1,q7q2,.4.,qm071}. Since R(1,z) =0,R(¢,2) =1,0(1,2) = and Q(q,z) =0, we find

i
a(l)
WIF (1,09 (1,0 = g ()4~ (2).

In view of (3.6) and (3.7), the last equation can be arranged as

W[F (t,2),9 (t,2)] = _%L+ (), te {17q7q27m7qm071}_

The Wronskian of these solutions also given by
_ 2isinz I+
Vva

fort € {q'"“*l g2 } in a similar way. O

W[Z (t,2),9 (t,2)] = (2)

4. Resolvent Operator and Continuous Spectrum of 7

In this section, we will present the resolvent operator of (2.1)-(2.3) firstly and then, we will give the continuous spectrum of QP (2.1)-(2.3). It
is necessary for us to define another solution .57 (t,z) of (2.1)-(2.3) for z € IT\ {0, 7}

R(1,2) . te{lq.q* ... .q™ "}
H(t,2) =
Pt (Re(t,2)+ST ()e(r,z) , re{gm™ g™ ...},

where €(t,z) denotes the unbounded solution of (2.1) given in Section 2. Similar to solution ¢ (¢,z), it is possible to write P~ (z) = 1,
S~ (z) = 0 by using the boundary condition (2.2) and to find the coefficients P™ (z), ST (z) uniquely. By using the point interaction (2.3), we
get

Pt (Z) 1 R(qmg—l7z)
=Y 'B ,
S+ (Z) vR (qmofl,z)
where
>( ,mo+1 _( mo+1
pot__Var (@™ a(gm ") pe(gmtlz) o —e(g™tz)
2ising —Ae(qm°+l7z) e(qm°+17z)
and it gives
pt (o= VAR )algm ) [ Ae(qn2) [BIR (¢ 2+ & VR (¢ 2)] @.1)
BT (g 2) (SR (g iy R )] ‘
and
S+(Z): \/éu(qmo+l)a(qVHO+l) Ae(quH,z) [(SIR(qu_l,Z)+82VR(qmo_l,Z)] “42)
2isinz —e(qm,2) [BR(qm ) + & VR (g™ 2)] S '

respectively. From (3.3), (3.7) and (4.2), it is seen that ST (z) can be written as L™ (z), i.e.,
ST (z)=L"(2). (4.3)

Similar to Lemma 3.1 and by the help of (4.3), we obtain

u(l) + 2 —1
— L 1 g™
ol @ o re{lad g™
W(Z (1.2), 7 (1,2)) =
_2isinz, ) re gt g2 Y
\/é ) b 7

for z € I\ {0, 7}.
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Lemma 4.1. For all z € TI\{0, 7t} with L™ (z) # 0 and t # ¢, we define the Green function of T by

u (2) A (r,2) F (t,2)

_ _ ok
W7, 7 » r=4, keNo
G (2) = 4.4)
u(g)ff(t,z)f(r,z)
. r=t¢f, keN
WI[F, ]

and it gives the resolvent operator T as

R(TVA(t):= Y Gioh(r), het <qN).

regho

Proof. To find the resolvent operator, we need to get the general solution of the equation
t t
wa@y(a +o0y02+a( L)L) -mwa =hea. @s)

where h € {; (qN). Since the solutions of .% (t,z) and .7 (t,z) are linearly independent fundamental solutions of the equation (2.1), we can
write the solution of (4.5) as linear combination of these solutions as follows

g(t,z)=m(t) F (t,2)+n(t) I (t,2),

where m (¢) and n (¢) are coefficients and are different from zero. In order to get the coefficients m (¢) and n (¢), we use the method of variation
of parameters. Then, we have

h(rz) A (nz)p (2)

t)y=m(l)— , "o
m(t) =m(1) L WFA r#q
and

h(rd) Z (n2)u ()
"(t):n_ Z a ’ r§£qm0’
re[qt,oo)ﬂqN W [‘j 7%]

here ILm n(q*) =n and m (1), n are real numbers. It is known that the solution g (7,z) is in £, (qN) and provides the boundary condition
fares!

(2.2). For this reason, m (1) and 1 are equal to zero. It completes the proof, because it gives (4.4) and it is clear to write resolvent operator by

using (4.4). O

Theorem 4.2. If(2.4) holds, then o, (T) = [—2./q,2./q], where 0. (T) denotes the continuous spectrum of T.

Proof. To get the continuous spectrum of 7', we introduce the difference operators 7 and 77 generated by the following g-difference
expressions in ¢, (¢") together with (2.2) and (2.3)

(Toy) (1) = qv(qt,2) +y <é,z) ,

@0 =(a(4)=1)5(L2) 40000+ a(a) - Dytar.)

fort € g\ {g™~1,q™0, g™+, respectively. It is easily seen that T = Ty -+ Tj and T} is a compact operator in £, (') [31]. We also obtain
that Tp is a selfadjoint operator with o, (Tp) = [72\/21, 2\/21] [2]. Then, by using Weyl Theorem [24] of a compact perturbation, we find the
continuous spectrum of the operator 7. O

5. Main Results

In this section, we will obtain the sets of eigenvalues and spectral singularities of 7. Then, we examine the properties of these sets. By the
help of (4.4) and the definition of eigenvalues [34], the set of eigenvalues of T is

04(T)={A€C:A=2/gcosz, z€I;, L* () =0}. (5.1)
Since spectral singularities are the poles of the kernels of resolvent operator, the set of spectral singularities of 7 is defined as follows

T 3® +
oy (T) =342 €C:A=2/qcosz, z € 5 \{0,7}, L™ (z)=0,. 5.2)

Let S; denote the set of all zeros of the function L™ in IT, and S, denote the set of all zeros of the function LT in

T 37 . .
—% 7] It is obvious
that
Sp:={z:z€Ily, L (z) =0}

Sy = {z:ze [—g,%},L+(z):0}.
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Theorem 5.1. The function L™ (z) satisfies the following asymptotic for |z| — oo, under the condition (2.4)
i) If 8, + 0y + 03 + 64 # O, then

LY (z) =" [A+0(1)],
i) If 81 + & + 83+ 84 = 0, then
LY () = [B+o(1)],

where

A= ( 2){(6l+52+53+54)p(qmo+1)}

_au@m)agt)p (") alg™™)
B:= a(q)...a(qm?) O ae)

Lemma 5.2. Assume (2.4). Then

+<52+54)q%}.

T 3m
i) The set S| is bounded and has at most countable number of elements and its limit points can lie only in {f X 7} .
ii) The set S is compact and L (S) = 0.

Proof. i) Theorem 5.1 proves the boundedness of the sets S| and S,. Furthermore, it is known that L™ is analytic in C, then the set 1 has

T . T 37w
at most countable number of elements, the limit points of the zero of L™ only lie in {— 7
ii) By means of boundary uniqueness theorems of analytic functions, we find that S, is a closed set and Privalov Theorem [22] proves that its
linear Lebesgue measure is zero. O

Let us give the following theorem as a result of (5.1), (5.2) and Lemma 5.2.

Theorem 5.3. Assume (2.4). Then,
i) The set o, is bounded and has at most a countable number of elements and its limit points can lie only in [—2\/217 2\/5}
ii) The set O is compact and its linear Lebesgue measure is zero.

Definition 5.4. The multiplicity of a zero of L™ (z) in I is called the multiplicity of the corresponding eigenvalue or spectral singularity of
T.

Theorem 5.5. If

sup {exp (sm—t)(\l—a(t)\+\b(t)\)} <o, £50, (5.3)

regh Ing
then the operator T has a finite number of eigenvalues and spectral singularities and each of them is of finite multiplicity.

Proof. 1t follows from (2.5) and (5.3) that

€lnr N
A (t <C ———1, ted{l,q}, req’, 5.4
A =cexp(~5ier ). el reg (5.4
where C is an arbitrary constant. For the sake of simplicity, let us define
J(z) = LT (z)2isinz. (5.5)

In accordance with (3.3), (3.7) and (5.5), we write

(Inr
I (@) = —vau (q’"”“) a (q’”"“) H |1+ ) A (qu,r) el<“"f’>Z (5.6)

regh

Inr
il — |z
7\/6“ <qm0+l>a(qmo+l>$ 1+ ZA(quH,r)e <1nq>
regh
where

(81 +8)R (g™ ,2) p (gm0 F2) ellmo+2)

&R (q’"“fz,z) p (qmn+2) eilmo+2)z

(52 +54)R (q’"(‘*z,z) P (qm0+1) ei(mle)z

_Q

W=

+
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and

(81+ 8+ 83+ 84)R (g™ ",2) p (gm0t ellmot 1)z
1 (gmott)

€
By the help of (5.4) and (5.6), we find that the function J has an analytic continuation to the half-plane Imz > — 3 Thus, the limit points

3
of all zeros of the function J in IT can not lie in {— % 7”] . So we find that the bounded sets ¢, (T') and 0, () have no limit points by

€
Theorem 5.3, i.e., the sets S; and S, have a finite number of elements. Analyticity of J in Imz > —— proves that all zeros of J in IT have
finite multiplicity. Consequently, all eigenvalues and spectral singularities of T have a finite multiplicity under the condition (5.3). O

Now, we denote the sets of all limit points of S and S, by S3 and Sy, respectively and the set of all zeros of J with infinite multiplicity in IT
by Ss. By the help of the uniqueness theorem of analytic functions, we obtain that

S1NS5 =0, S3C Sy, S4CS82, S5C 8, $3C S5, S4CSs
and

W (S3) =1 (Ss) = (Ss)=0.

In the following, we will assume that

LIATAT b 0. Loy 5.7
sup yexp | & { (1—a@]+b@))f <o >0, F<y< (5.7)

regh

which is weaker than (5.3). Under the condition (5.7), the function J is still analytic in C; and infinitely differentiable on the real axis.
Before giving our main result, we need following two lemmas.

Lemma 5.6. Under the condition (5.7), the following inequality is provided
‘J(”) (z)‘ <A, z€ll, neNy,
where

()
N
Ap <CA"+Dd"nin \Y

and D and d are positive constants depending on C, € and .

Proof. By means of (2.5) and (5.7), we have

1 Y
\A(t,r)\SCexp(—g (12—;) ), re{l,q}, req. (5.8)

By using (5.6) and (5.8), we obtain

B mo+2Y ,i(mo+2)z S mo+1Y pilmo+1)z \
J)= 2 &p (gm0 ) e (B+8)p (gt )e AR

~ (81+8)p (qn10+2) eilmo+2)z \

(- A@ Y
1 (gm+2)
mo+1Y Li(mo+1)z
iy (81 + 8+ 835+ 8)p (¢™F!) et B(2)M(z).
1 (g

where the polynomial function 7™ (z) is of mo-th degree, Z = \/gu (¢ ) a (¢™*1),

(lnr)
~ il — |z
Alr)=|1+ ZA(qm°+2,r>e Ing ,

regh

(lnr)
1 Z
B(z)= |1+ ZA (qm"ﬂ,r)e Ing ,

regh
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M(z) T ()
g2 [T ald)
=1
and
_ iz+ —iz\mo—3
o= Er g

g3 [T ald)
i=1
In view of (5.9), we get

‘J(n)(z)‘S 4”‘\[“ mo+1)a(qmo+l)‘ <|(51+62)ZO(_q2m0+1)|>X(2)
‘ ,LL(qm°+2)q’"073a(q)...a(qm0*3)‘ !qa(q )|

L #var(gmtalgm)] (@ +80 (4m)]) B2
‘ ,u(q’"ﬁz) m=3g(q)... ( o 3)’

L Alvar(gt)alemt)] <|51+52+53+64p (qmﬁl)')E(Z).
’ w(gmt2)gm—3a(q)...a (g~ 3)’ el

By using (5.8), we arrive at

( Inr > 7
| " 2\ ng
(ﬂ") (z)‘ <c4"+cay (ﬂ> e 8\Ing) =y o gNo,
% \Ing
req
Moreover, if we define
hd ——mY

D, = Z m'e g"

m=1
by using Gamma function, we estimate

o & 2 3(14n)

-t 2Ty 1 1

e a1 (et

0 Ye 7 Y Y

n 1 1 X n
N - Z_ -
Then, using the inequalities (1 + 7) V<eV, (n+1)7  <e¥ andn” < nle", we write
n

- 1_
Dy < Barnn (3 '), neN,
here D and d are positive constants depending on € and 7. O

Lemma 5.7. Assume that the 2-periodic function h is analytic in C., all of its derivatives are continuous in C, and

sup k") (2)

} <Ay neN.
zell

If the set V C [0,27] with Lebesgue measure zero is the set of all zeros of the function h with infinity multiplicity in I1, and if

[ine(s)du(v) =~
0

A
where t (s) = inf nd

C..

and p (V) is the Lebesque measure of the s—neighborhood of V and w > 0 is an arbitrary constant, then h =0 in

Theorem 5.8. If (5.7) holds, then S5 = 0.
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Proof. By the help of Theorem 5.3 since the function J is not equal to zero identically, it is clear that

/lnt(s)d/,t (S5,5) > —oo, (5.10)
0

n
ns

where 7 (s) = inf
neNy n!
Lemma 5.6, we obtain

, L (S5,s) is the Lebesgue measure of the s—neighborhood of S5 and A,, is defined in Lemma 5.6. In accordance with

t(s):IN)exp{—l;ye’l(ds)*fyv}. (5.11)

From (5.10) and (5.11), we get

w

Y
/S_Tyd/,l (Ss,8) < oo.
0

Since 4 > 1, the integral on the left hand-side is convergent for arbitrary s if and only if
K (Ss,s) =0,
i.e., S5 = 0. It completes the proof. O

6. Conclusions

In this study, we examine the spectral properties of the g-difference equation with point interaction given by (2.1)-(2.3). This paper is
important because it is the first study to investigate the spectral properties of a g-difference equation with point interaction. Firstly, we find
the Jost solution and Jost function of 7. Then, we obtain the resolvent operator, Green function and continuous spectrum of (2.1)-(2.3). By
the help of uniqueness theorems, we also discuss the structure and finiteness of eigenvalues and spectral singularities of the problem. In this
study, the main result is to show the finiteness of eigenvalues and spectral singularities of this g-problem under sufficient conditions and to
prove that their multiplicities are finite. This paper prepares a groundwork for many researchers working on spectral analysis. For next study,
one can consider the impulsive condition as a matrix form that will be the general form of this problem.
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