KRAGUJEVAC JOURNAL OF MATHEMATICS
VOLUME 46(3) (2022), PAGES 369-381.

SPECTRA OF THE LOWER TRIANGULAR MATRIX
B(ry,...,7;81,...,50) OVER ¢

SANJAY KUMAR MAHTO!2, ARNAB PATRA!, AND P. D. SRIVASTAVA?

ABSTRACT. The infinite lower triangular matrix B(ry,...,7;81,...,8y) is consid-
ered over the sequence space ¢y, where [ and I’ are positive integers. The diag-
onal and sub-diagonal entries of the matrix consist of the oscillatory sequences
7 = (Pk(mod 1)+1) and 8 = (Sk(mod 1/)+1), respectively. The rest of the entries of the
matrix are zero. It is shown that the matrix represents a bounded linear operator.
Then the spectrum of the matrix is evaluated and partitioned into its fine structures:
point spectrum, continuous spectrum, residual spectrum, etc. In particular, the
spectra of the matrix B(ry,...,74;81,...,86) are determined. Finally, an example
is taken in support of the results.

1. INTRODUCTION

The study of the spectrum of a bounded linear operator has received much attention
in recent years due to its wide application in functional analysis, classical quantum
mechanics, etc. Let A be an infinite matrix that is bounded and linear in a Banach
space U. Then many dynamical systems can be reformulated as the system of linear
equations Axr = Ax, where ) is a complex number and x is a nonzero vector in U.
The stability of this system can be explained by the spectrum of A. In this course,
spectrum localization of an infinite matrix over a sequence space is viewed as an
important problem by many authors [10,14-16,23,26]. An extensive study of most of
the research done in this direction can be found in the review articles [25] and [17].
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For a sequence x = (xy), the backward difference operator A is defined by Ax =
T — Tp—1, where x_; = 0. The matrix representation of this operator is as follows:

1 0 0
1 0
A=1¢9 -1 1

- O OO

In short, A is an infinite matrix whose diagonal entries and subdiagonal entries are the
constant sequences (1,1,...) and (—1,—1,...), respectively. Akhmedov and Bagar
[1] determined the spectral decompositions of this operator over bu, (1 < p < 00),
whereas Altay and Bagar [3] evaluated the spectra of the same operator over the spaces
c and ¢p. Altay and Bagar [4] then considered the difference operator B(r, s) over ¢
and ¢, which is a generalization of the operator A. The diagonal and subdiagonal
entries of B(r, s) contain the sequences (r,r,...) and (s, s,...), where r and s # 0 are
real numbers. Furkan and Bilgic studied B(r, s) in the same direction over ¢, and bu,
in [6]. For more study, we refer [2,7,8,12,13,18,19,22,24] etc. Now if one considers
the more generalized difference matrix whose diagonal and subdiagonal entries are
the oscillatry sequences (71,72, ...,7,71,...) and ($1, Sa, ..., Sy, S1,...), where [ and
I are some positive integers, then the number of limit points of both the sequences
will be different and it will be interesting to study the spectral property of the matrix.

In this paper, we have determined the spectra and fine spectra of the generalized
difference matrix B(rq,...,7;81,...,5r) in which the diagonal entries consist of a
sequence whose terms are oscillating between the points r1,7s,...,7; and the sub-
diagonal entries consist of an oscillatory sequence whose terms are oscillating between
the points sq, s9,...,sy. Furthermore, the spectra and fine spectra of the matrix
B(ry,...,74;81,...,5) are also discussed.

2. PRELIMINARIES

Let U and V be Banach spaces. Then the space of all bounded linear operators
from U into V is denoted by B(U,V). If U =V, then the space is denoted by B(U).
Let L € B(U) and U* be dual of U. Then the adjoint L* € B(U*) of L is defined by
(L*f)(t) = f(Lt) for all f € U*. Let J: D(J) — U be a linear operator defined over
a subset D(J) of U. Then the operator (J — AI)~! is called the resolvent operator of
J, where X is a complex number and [ is the identity operator.

A complex number A is said to be a regular value [11] of a linear operator J :
D(J) — U if and only if the operator (J — AI)~! exists, bounded and is defined on a
set which is dense in U. The set of all regular values of the linear operator J is called
resolvent set and is denoted by p(J). The complement o(J) = C — p(J) is called
the spectrum of J. The spectrum o(J) is further partitioned into the following three
disjoint sets.
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(a) o,(J) = {\ € C: (J — X)~! does not exist}. This set is called the point
spectrum (discrete spectrum) of the operator J. The members of this set are
called eigenvalues of J.

(b) 0.(T), which is defined as the set of all complex numbers X for which (J—AI)~*
exists and defined on a set which is dense in U, but it is not a bounded operator
in U. This set is called continuous spectrum of J.

(¢) 0,(T), which contains all those complex numbers for which (J — AI)~! exists,
defined on a set which is not dense in U. This set is called the residual spectrum

of J.
Let R(J — AI) denotes the range of the operator J — AI. Goldberg [9] has classified
the spectrum using the following six properties of R(J — AI) and (J — AI)~%:
(1) R(J — M) = U;

(I1) R(J — M) # U but R(J — M) = U;

(ITl) R(J —XI) #U
and
(1) (J — M)~! exists and it is bounded:;
(2) (J — M)~! exists but it is not bounded;
(3) (J — AI)~! does not exist.
Based on the above six properties, the Goldberg’s classification of the spectrum can
be given as shown in the Table 1.

TABLE 1. Subdivisions of spectrum of a bounded linear operator

(@ (1) (I11)

1 p(J, U) — JT(Ju U)
2| 0.(J,U) o(J,U) o.(J,U)
310,(L,U) o,(J,U) 0,(J,U)

Theorem 2.1 ([21]). Let L be a bounded linear operator on a normed linear space U.
Then L has a bounded inverse if and only if L* is onto.

Lemma 2.1 ([20]). An infinite matriv A = (an) € B(co) if and only if

(a) (ank)x € 41 for all n and sup,, > |ank| < 00;
(D) (ank)n € co for all k.

Moreover, the norm || A|| = sup,, >k |@nk]-

Throughout the paper, we denote the set of natural numbers by N, the set of
complex numbers by C and Ny = NU {0}. We assume that z_,, = 0 for all n € N.

3. MAIN RESULTS

Let [ and I’ be two natural numbers. Suppose that H is the least common multiple
of land I'. Let r;, 1 =1,...,0,and s; 20,7 =1,...,I', be complex numbers. Then
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the matrix B(ry,...,7;81,...,s¢) is defined as B = (b;;); j>0, where

Tj(mod 1)+1, When i = j,

(3.1) bij = { Sj(mod 1')+1, Wheni=j+1,
0, otherwise.
That is
o -
S1 - O
B = ' g
O Sy

If the matrix B transforms a sequence = = (xy) into y = (yx), then

[e.9]

(32)  yp =D bejmj = bpr—1Zk—1 + bekTr = S(k—1)(mod 1)+1Tk—1 + Th(mod 1)-+1Tk,
=0

for all k£ € Ny.

Theorem 3.1. B € B(c) and ||Bll,, < max{|r;| +|s;[: 1 <i<[,1<j<I}.
i.j

Suppose that a is an integer and n is a natural number. We denote, by [a,], the set
of all non-negative integers x for which n divides x — a. Then a(mod n) is the least
member of [a,]. Let @ and § be the mappings which are defined on the set of integers
as follows:

a(k) = k(mod 1) + 1
and
B(k) = k(mod I') + 1.

Without loss of generality, we assume that sgu)sgi1) - Sg+s) = 1 and (ra(k) —
N (Tate1y = A) -+ (Ta@rtj) — A) = 1, when k + j < k. If X is a complex number such
that (B — AJ)~! exists, then the entries of the matrix (B — AI)™' = (z,x), n > 0, and
k > 0, are given by

)m/l

(=1)""sp0) - Spkrcr—1) (s1...80
(o~ M-ty ~ ) {1 =N (e~ F

m

(sl .. .Sl,)l/

X , when n > k,
(3.3) znk = {(ri= Ao (r = AT
1
_ when n = k,
Ta(k) —A
0, otherwise,

where (, (" and (" are the least non-negative integers such that
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n—k=mH+(,
(3.4) (=m'l+(,
C — ml/l/ ‘l’ C”
for some non-negative integers m, m’ and m”.
Lemma 3.1. If (A —r| - [A = )Y > (|sy]| -+~ [sp|)VY, then (B — M)~ € B(cy).

Proof. Since (A — 7| |A=r )Y > (|s1] -+ [sy])" and sy, 89, ..., sy are non-zero,
therefore A # r; for all © = 1,2,...,l. Then the matrix B — A/ is a triangle and
hence (B — AI)™! = (z,z) exists, which is given by (3.3). We first consider a row
of (B — AI)~! which is a multiple of H, that is n = mH for some m € Ny. Now,
let k = mH for m = 0,1,...,m. Then (3.4) implies that n — k = (m — 7m)H and
m'=m" == =(¢"=0. Thus, from (3.3), we have

(=t { (51 s0)F }mm
Znk = H )

Ta) = A [ {lrs = A) -+ (n = A)}T
for all m =0,1,..., m. Therefore,
H J
(Is1---[se )7
Z |Z7lk| Z{ H )
ke[0g] |7"a (k) — {Ire = Al = A}

where [0g] denotes the set of all non-negative integers which are multiple of H. For
the same row, if we consider k£ = mH+ 1 form =0,1,...,m —1, then n — k =

(m —1m — 1)H + H — 1. Let m} and mf] be quotients and (] and ¢} be remainders
when H — 1 is divided by [ and I’ respectlvely, that is

H—1=mil+(,
H—-1=mll'+¢.
Then, from (3.3), we obtain that

"

i (=1)" s -~ Sp0+cr-1) (s1---sp)™
T (ramy = A ey — A {lr = A) - (= AP

" { (s1-- sz')bf . }%ml,
{0 =2 (= )7

forall m =0,1,...,m — 1. Hence,
>zl = |36(k)| “|8pkrcy -1 (Is1]- -« su)™
heliu] Taty = Al Irageecy = Al {lre = Al = A}

~ H J
S (sl dse?
H )
375 U = A = AR
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where [14] denotes the set of all nonnegative integers x such that H divides x — 1.
Similarly, for k =mH + 2,...,mH + H — 1, we have

S el = sl -~ Issaeecy—n| — (sa]-.-[su])™
kel2y] Ty = Al [Tagery = Al {lre = Al fre = AP
m e J
% Zl (Isa]---Ise])7
H )
im0 (lr = Al = Al}7
S ] ol b0l (sl sl
kel(H-1)L] Patk) = Al Tageacy,_) = AL {lre = A=+ re = A}

~ J
S B G L)
=0 (lre = Al [ = AT

for some integers (!, ¢!, m; and m! for all i € {2,3,..., H — 1}. Thus,

(st - lse®
>l = Z{{m Az }

= Al

. S S

{lre = Al--- Jro = Al

where

[ssl -~ Issgercr—n| — (sa]- - [sw])™
Tatk) = Al [Pagey — AL {lre = AL+ o= A}

|sa)] - [98k4cy—1)] . (Isq] - -« [sp|)™a
Pamy = Al [rawagy_ = Al {lre = Al fre = AP

M =

Let My = max{ —2—, M ¢. Then
7o (ky = Al

oo 2Mo(|ry — MJra — Al | — AT
k=0 (Jre = Mlra = Al [re = AT — (|sa]|s2] - - - |sr])

Therefore, sup,,c(o,,] 5o |2nk| < 00. Similarly, we prove that

q -
G

o
sup Z |2nk| <00,
n€(lu] k=0

o
sup Z |20k | <00,
n€2m] k=0
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o0

sup Y |zak] <oo.
nel(H-1)u] k=0

Thus,
o0
sup Z |znk| = max{ sup Z |Znk |5 sup Z |Znkl, .-, sup Z |an|}
" k=0 n€[0n] k=0 n€[ly] =0 n€[(H-1)H] k=0

This implies that sup,, Y52 |2nk| < 00. Likewise, for an arbitrary column of (B —

A)~! adding the entries separately whose rows n belong to [0g], [1x],...,[(H —1)#]
respectively, we get Y00 |zu| < o0o. Therefore, lim, o |2,x] = 0 for all & € Np.
Hence, by Lemma 2.1, the matrix (B — A\I)~! € B(cp). O

Consider the set § = {A€C: (]A=r|---|\=n|)T < (|si| -+ |sy[)7}. Then we

have the following theorem.
Theorem 3.2. o(B,¢y) = S.

Proof. First, we prove that o(B,cy) C S. Let A be a complex number that does not
belong to S. Then (|A—ry|--- [A—=r|)"/* > (|s1] - |s¢|)"/". In that case, from Lemma
3.1, it follows that (B — AI)~! € B(cp). That is, A ¢ o(B, cy). Hence, o(B,cy) C S.

Next, we show that S C o(B,c). Let A € S. Then, (J]A —ry| - - |A =)Vt <
(|s1] - - [se|)/Y. If X equals any of the r; for all 4 € {1,2,...,1}, then the range of the
operator B — AI is not dense in ¢g, and hence A € o(B, ¢y). Therefore, we assume that
A # 7 foralli € {1,2,...,1}. In that case, B— A is a triangle and (B— X )™! = (z,x)
exists, which is given by (3.3). Let y = (1,0,0,...) € ¢o and let = (z) be the
sequence such that (B — AI)~'y = z. Tt follows, from (3.3), that

(—1) (5182 50) 7 '
3.6 TnH = ZnH,0 = H 5
(3.6) : 7“1—)\{{(7’1—)\)---(77—)\)}1}

for all n € Ny. Since {(r; — A) -+ (r; — A}/ < (51 sl/) the subsequence ()
of x does not converge to 0. Consequently, the sequence x = (xy) ¢ ¢o. Therefore,
(B—X)™' ¢ B(cg). Thus, A € 0(B,cy) and hence S C o(B,cy). This proves the
theorem. O

Theorem 3.3. 0,(B, cy) = 0.

Proof. Let A\ € 0,(B, cp). Then there exists a nonzero sequence z = (x) such that
Bx = Az. This implies that

(3.7) S(k—1)(mod 1) +1Tk—1 + Th(mod 1)+1Tk = AT

Let xy, be the first non-zero term of the sequence x = (x). Then from the relation
(3.7), we find that X = rymod 1y+1. Next, for k = ko + [, (3.7) becomes

S(ko+1—1)(mod 1) +1Tko+1—1 F T(ko-+1)(mod 1)+1Tko+1 = ATkot1-
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That is,
(3.8) S (ko+1—1)(mod 1")+1Tko+1—1 T Tko(mod 1)+1Tko+l = ATkoti-

Putting A = 7 mod 141 in (3.8), we find that

S(ko+1—1)(mod 1)+1Tko+1—-1 = 0.

AS S(ky+1-1)(mod 1)+1 7 0, therefore xy, ;1 = 0. Similarly, using (3.7) for k = ko +1—1
and putting the value xy, ;-1 = 0, we obtain xy,;—2 = 0. Repeating the same step for
kE=ko+1—2ko+1—-3,...,ko+ 1, we deduce that xp, = 0, which is a contradiction.
Hence, 0,(B, co) = 0. O

Let B* = (bj;) denote the adjoint of the operator B. Then the matrix representation
of B* is equal to the transpose of the matrix B. It follows that

Ti(mod 1)+1, ~When i = j,
(3.9) bij = { Si(mod 1)+1, When i+ 1=,
0, otherwise.
That is,
sy -
re . O
B* = sy
0

The next theorem gives the point spectrum of the operator B*.
Theorem 3.4. 0,(B*, ;) = {\ € C: (A =y [A=m|)T < (|ss] -+ |sw])7}.

Proof. Let A € 0,(B*, ¢ = £1). Then there exists a nonzero sequence x = (x;) €
¢ such that B*xz = Az. From this relation, the subsequences (zrg), (Trms1),-- -,
(xkmirm—1) of x = (xy) are given by

(31 e Sl,) I

ka:{(()\—rl)...()\;m)zl{ }kxo

(h—n) {((An»--(meﬂ}’“%

TkH+1 =
1 S1 (Sl...sl,)T/
A=) =) =)
TkH+H-1 = H H H_,
Sll/ . Sll/l_lsll//
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) {((A—ﬁ)m()\;n))?}kmo_

(Sl .. .Sl,>T/

Thus,
oo o0 [oe) o0
Z|9€k| =Z|$kﬂ| + Z|ka+1| + -+ Z|$kH+H—1|
k=0 k=0 k=0 n=0
A—r A=r)T A=) T(A=p) T
_ 1+‘ I (Gl L el 12,1 )
81 Sll/ 'Sl/l 18111,

(A=r)-—-(A=m))T

(51 sp)1

00
<D
k=0
v

Clearly, the sequence = = (xy) € ¢; if and only if (|A—r|--- \)\—n])% < (|s1] -+ |se])7.
This proves the theorem. 0]

Theorem 3.5. 0,(B, o) = {\ € C: (|A = 71|+ [\ = )T < (|ss] -+ |su])7}.

Proof. The residual spectrum of a bounded linear operator L on a Banach space
U is given by the relation o,(L,U) = 0,(L*,U*) \ 0,(L,U). Therefore, o,(B,cy) =
o,(B*, ¢) \ 0,(B, cp). Then the proof of this theorem is an easy consequence of the
Theorems 3.3 and 3.4. U

Theorem 3.6. 0.(B,co) = {A € C: (A=r|---[A=r|)T = (|si| - |su[)7 }.

Proof. Since spectrum of an operator on a Banach space is disjoint union of point,
residual and continuous spectrum, therefore from Theorems 3.2, 3.3 and 3.5, we deduce
that

1
[

0e(B,co) = {A€C: (A=r|---|A =)
Theorem 3.7. {ry,ra,..., 7} CIIL(B,c).

Proof. Theorem 3.5 shows that r; € 0,(B,¢y). However, 0,(B,cy) = I11;(B,cy) U
I115,(B,¢p). Therefore, to prove ry € I11,0(B,¢y), we shall show that the matrix
B — r1I has bounded inverse and from Theorem 2.1, it will be sufficient to show that
(B —ryI)* is onto. For this, let y = (y) € ¢1. Then (B — r1/)*x = y implies that

= (|sa| - |su))7} . O

(3.10) (Ti(mod )41 — 1) + Si(mod 1N+1Ti+1 = Yi
for all i € Ny. Solving (3.10) for z = (z;), we obtain that

k—2 k—1

1 1 — Ti(mo ' H Ao

(3.11) BBk = Z 1 (mod z)+1ymH+j 1 YmH+k—1 ’

=0 Sj(mod I)+1 i=j+1 Si(mod 1")+1 S(k—1)(mod 1")+1
fork=1,...,H,and m =0,...,00. Let

1 e Ti(mod 1)+1
Cj = ,

Sj(mod 1")4+1 i=j+1 Si(mod 17)4+1
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for 7=0,...,k—2, and

1
Choy=———"—.
S(k—1)(mod I')+1
Then (3.11) can be written as
(3.12) Tmi+k = CoYma + Cr¥ymus1 + -+ + Com1YmH k-1

Taking summation from m = 0 to oo of the absolute values of x,,5.x, we obtain

(3'13) Z |9UmH+k:| < |Co| Z |ymH| + |Cl| Z |ymH+1| + -+ |Ck:—1| Z |ymH+k:—1|-
m=0 m=0 m=0 m=0

Since y = (yx) € {1, therefore the right hand side of the inequality (3.13) is a sum of
k finite terms. Thus, Y00 o |Zmmik| < 0o for k € {1,2,..., H}. This implies that the
series

(3.14) DLl = lwol + X |wmmaal + D [wmmeel + - + Y [Tmnn]
( m=0 m=0

m=0

is a sum of H + 1 finite terms. Hence, x = (z;) € ¢;. We have shown that for every
y = (y;) € {4 there exists a sequence x = (x;) € ¢; such that (B —r )"z = y. That is,
(B —rI)* is onto. Similarly, we can show that r; € I111(B, cy) for i = 2,... 1. This
proves the theorem. 0

Theorem 3.8. 0, (B, cy) \ {r1,72,...,7} C I11(B, ).

Proof. Let X belongs to the set o,.(B, ¢o) \{r1, 72, ..., 7 }. Then (|A=ry|---[A=r|)T <
(Is1] - - \sl/\)%’ and A & r; for all ¢ € {1,2,...,1}. This inequality shows that the series
>0 |znk| in (3.5) is not convergent when n goes to infinity. In that case, B — AI does
not have bounded inverse. Then from Table 1, we find that A\ € I115(B,¢y). Hence
(B, co) \ {r1,7a, ..., 1} CII1(B,c). O

Theorem 3.9. I11,(B,co) = {ri,re,..., 71}

Proof. From Table 1, we have 0,.(B,cy) = I11;(B,co) U I115(,cy) and the union is
disjoint. Then taking complement of the inclusion of Theorem 3.8 in o,(B, ¢),
we obtain that o,.(B,co) \ I11:(B,co) € {ry,re,...,r}. That is, IT(B,cq) C
{ry,ra,...,7}. This inclusion together with Theorem 3.7 implies that I11;(B, cy) =
{ri,ra, ..., 1} O

Theorem 3.10. I115(B, cy) = 0,(B, co) \ {r1,r2,.... 7}

Proof. Taking complement of the result of Theorem 3.9 in 0,(B, ¢y), we obtain that
I11(B,co) = 0,.(B,co) \ {r1,72,...,11} O
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4. FINE SPECTRA OF THE MATRIX B(7,...,74;81,..., S¢)

We consider the matrix

B(ry,...,74;81,--.,56)
[+ O 0 0O O O O O O 1
s; . 0 0 0O O O 0 O
0 s, 3 0 0 0O O O O
0O 0 s3 4, 0O 0 O O O
0O 0 0 s, 0O O O O
=10 0 0 0 s5 1 0 0 O
0O 0 0 0 0 s¢ r3 0 0
0 0 0 0 0 0 S1 T4 0
0O 0 0 0 0 0 0 s nm

Now, consider the following sets:
D={xeC:(IX=ril|]A=ral|A = rs|]A = 7a)7 < (sullsal[ssll5al 53] 56])7 }
Dy ={AeC:(JA=ri|[A—ral|A = rsl[A = ra)¥ < (|s1]|s2llssllsallssllsa])? } .
D, = {/\ € C: (IX = ral[A = ral[]A = rl|]A = ru])5 = (|sa]sa[ss]]alls5]Is6]) }

From the discussion of the previous section, we deduce the following results:
(a B(T‘l, ey T4y 81, .- ,56) S B(C()),

PN

o=

)
)
(c) o(B(ry,...,714;81,...,86),c0) = D;
(d) op(B(rey...,7ra581,.-.,86),¢0) = 0;
(€) op(B(r1,...,ra;81,...,86)%, ¢y = 1) = Dy;
(f) on(B(r1,...,74;81,...,86),C0) = D1;
(g) oc(B(r1,...,74;51,...,56),C0) = Da;
(h)

)
I[[lU(B(Tl, vy T4y 81, . .,86),C0) = {7’1,7”2,7’3,7”4};
(1) I[[QO'(B(?H, ey T4y 81, .,86),C0) = D1 \ {7’1,?”2,7"3,7’4}.
In particular, if we take ry = 1 —14, ro = —i, r3 = —1.5, r, = —i and s; = 1,
so =141, 83 =—-2,8 =—15,s5 =1—1, ss = —1, then the spectrum is given by
o(B(r1,...,ra351, - 56),c0) = {A € C: (A= 1+il|]A+i2[A+ 15])7 <63},

which is shown by the shaded region in Figure 1.

5. CONCLUSIONS

We have studied the spectral decomposition of the matrix B(ry, ..., r;s1,...,8y),
which generalizes the following matrices.

e The backward difference operator A [3] for [ =1,0'=1,r; =1 and s; = —1.
e The Right shift operator for [ =1,1'=1,r; =0 and s; = 1.
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% L S B R
o5k ]

00}

_1sf

20}

25F A

FIGURE 1. Spectrum of B(rq,...,7r4;S1,...,56)-

e The Zweier matrix [5] for [ =1,1'"=1, r; = s and s; = 1 — s for some complex
numbers s # 0, 1.

e The generalized difference operator B(r,s) [4] for . =1, ' =1, ry = r and
s1 = s for some complex numbers r and s # 0.
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