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QUANTUM ALGEBRAS SUg(2) AND SUg(1,1) ASSOCIATED WITH CERTAIN
@-HAHN POLYNOMIALS: A REVISITED APPROACH*

JORGE ARVESU'

Abstract. This contribution deals with the connection of g-Clebsch-Gordan coefficients (g-CGC) of the Wigner-
Racah algebra for the quantum groups SUgq(2) and SUq(1, 1) with certain g-Hahn polynomials. A comparative
analysis of the properties of these polynomials and sugq(2) and sugq(1, 1) Clebsch-Gordan coefficients shows that
each relation for g-Hahn polynomials has the corresponding partner among the properties of g-CGC and vice versa.
Consequently, special emphasis is given to the calculations carried out in the linear space of polynomials, i.e., to the
main characteristics and properties for the new g-Hahn polynomials obtained here by using the Nikiforov-Uvarov
approach [29, 30] on the non-uniform lattice z(s) = q;__ll. These characteristics and properties will be important
to extend the g-Hahn polynomials to the multiple case [7]. On the other hand, the aforementioned lattice allows
to recover the linear one x(s) = s as a limiting case, which doesn’t happen in other investigated cases [14, 16],
for example in z(s) = ¢2°. This fact suggests that the g-analogues presented here (both from the point of view
of quantum group theory and special function theory) are ‘good’ ones since all characteristics and properties, and
consequently, all matrix element relations will converge to the standard ones when ¢ tends to 1.

Key words. Clebsch-Gordan coefficients, discrete orthogonal polynomials (g-discrete orthogonal polynomials),
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1. Introduction. The theory of quantum groups is a very fascinating subject at the bor-
der of many areas, mainly group theory, differential and difference equations and special
function among others. Consequently, many techniques have been developed and are avail-
able; therefore there is some productive competition between various approaches to the sub-
ject. The crucial role that the group representation theory concepts play as effective tool to
unify independent areas of Physics and Mathematics such as the Quantum Theory and the
Special Function Theory (Orthogonal Polynomials) is magnificently presented in [44, 45].
This role has inspired the main goal of this contribution, i.e., the study of the interrelation
between these two areas by constructing a g-analogue of the Hahn polynomials using the
Nikiforov-Uvarov approach. In such a way, a useful and fruitful parallelism for the study of
g-Clebsch-Gordan coefficients and g-Hahn polynomials is established (see Section 4). More-
over, the construction presented here for the g-Hahn polynomials is a very simple one and
it corresponds to the standard theory of orthogonal polynomials i.e., the orthogonality con-
ditions are considered with respect to a regular linear functional [15]. Indeed, the regularity
condition for certain modifications of the linear functionals [5] is the corner-stone that will
allow the extension of the quantum algebras studied here.

During the last years the study of g-discrete analogues of the classical orthogonal polyno-
mials and the connection with the representation theory of quantum algebras in relation with
several applications has received an increasing interest (see for instance [6, 9, 17, 23, 27] as
well as [39]-[40]). The notion of quantum groups and algebras (Hopf algebras [ 18]) appears
as a consecuence of the study of solutions of the Yang-Baxter equation [26] and the devel-
opment of the quantum inverse problem method [19]. Their applications in quantum and
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statistical physics were practically immediate [43], especially for the study of the g-deformed
oscillator [9, 27], description of the rotational and vibrational spectra of deformed nuclei
[10, 12, 32] and diatomic molecules [3, 11, 13]. As a consequence, a big amount of mate-
rial can be gathered under the title ‘quantum algebras’, and therefore, any communication
on this topic that serves both as a survey and research paper -like this communication- must
necessarily be summarized. This partially answers to the question about the dedicatory of
this contribution, since here are summarizing some ideas of both Researches. Despite the
contributions of other authors we have focused the attention of the reader in the techniques
and methods developed by A. F. Nikiforov and Yu. F. Smirnov. However, a suitable list of
references is included.

The knowledge of CGC, Racah coefficients (65 symbols) and 95 symbols is essential for
understanding the corresponding quantum physical problem since all matrix elements of the
physical quantities are proportional to them (see [36, 37]). Based on this well known fact we
investigate the relation between the Clebsch-Gordan coefficients —also known as 35 symbols—
[42] for the quantum algebras suq(2) and suq(1, 1) with g-analogues of the Hahn polynomials
on the non-uniform lattice z(s) = %. Although several authors have investigated the
connection between different constructions of the Wigner-Racah algebras for the g-groups
and g-algebras and the polynomials orthogonal with respect to discrete measures (see [4,
16, 22, 25, 28, 33, 34, 45]), the resulting properties for such polynomials could not have in
return classical analogues. For instance, the connection of CGC with some g-analogue of the
Hahn polynomials for z(s) = ¢2° was studied in [16], however to recover the parameters
involved in different characterizations for these polynomials as well as their connection with
standard group representation is not possible as a simple limiting case (¢ — 1) since many
of these parameters under this limiting operation disappear (go to zero); consequently the
corresponding physical relations lose sense (see Section 5). The same could happen with
some g-analogues of the Kravchuk and Meixner polynomials for z(s) = ¢2° in connection
with the Wigner D-functions and Bargmann D-functions for su4(2) and sug(1,1) algebras
that was established in [14]. These questions should be study in forthcoming publications.

Therefore a natural question appears: What g-analogues in connection with physical
problems should be constructed? Recently, in [2] based on the Charlier case the authors show
that the lattice z(s) = ¢° is not a proper choice in the sense that to recover the linear ones
z(s) = s is not possible by taking limits as we have already mentioned. Instead, a good
choice is z(s) = %, such that when g tends to one we recover the classical linear lattice,
and the constructed polynomials are ‘good’ g-analogues of the classical ones. Moreover, all
characteristics related to such g-polynomials will tend to the classical ones for the aforemen-
tioned limit case (¢ — 1). This fact, is crucial when we are dealing with physical concepts
instead of mathematical ones.

The present communication is written in a narrative way without loss of mathematical
rigor. We have stressed simplicity of ideas at the expense of a formal mathematical presen-
tation. Consequently, the customary sequences of definitions, lemmas and theorems will be
omitted; nevertheless a mathematical rigor in all the arguments has been kept. Thus, the pre-
sentation of the results is self-contained and mostly elementary. As a consequence the only
prerequisites are a good understanding of the fundamentals of group theory and orthogonal
polynomials. The structure of the paper is as follows. In Section 2 we summarize some nec-
essary formulas and relations concerning su4(2) quantum algebras and g-analogues of the
CGC. In Section 3 we quickly sketch the more important aspects of the Nikiforov-Uvarov
approach. This will facilitate the willpower of the reader for understanding the next calcu-
lations carried out in Section 4 in order to obtain the main data of the ¢-Hahn polynomials.
It is important to remark that the aforementioned approach is connected with the solution of
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the eigenvalue problem for the second order finite difference equation on a quite general lat-
tice. The solutions for such an equation have several properties similar to the solutions of the
Schrodinger equation. Thus, this approach is close to the standard quantum mechanical meth-
ods since it allows to use rather fruitfully the physical intuition in the analysis of appeared
problems. The Section 4 contains a lot of calculations so the author kindly ask the reader to be
patient during the reading of this section. In fact, a lack in [29] will be covered since in most
of the papers related to the Nikiforov-Uvarov approach the authors did not study concrete
families (up to the papers [2, 4, 33]). Actually, a non-included in [29] expression involving
the difference derivatives of the g-Hahn polynomials with the polynomials itself (difference
recurrence relation) is obtained. Furthermore, a comparative analysis of the properties of the
g-Hahn polynomials and ¢g-CGC is also given. Hence, the interpretation of the representation
theory for su4(2) and su4(1,1) in terms of the g-Hahn polynomials is established. The Sec-
tion 5 is devoted to a brief presentation of the ¢g-Hahn polynomials in the exponential lattice
z(s) = ¢° in order to emphasize the ‘improper’ choice of such a lattice for the construction
of physical g-analogues. Finally, the Section 6 includes some conclusions and remarks.

2. g-Clebsch-Gordan coefficients for the su,(2) quantum algebra. The aim of this
section is to prepare all the necessary results concerning the g-Clebsch-Gordan coefficients
[41] for the comparison with the properties of g-Hahn polynomials given in the Section 4
below.

In [35, 30] the authors define the quantum algebra su,(2) in the standard way using the
three generators Jy, J4+ and J_ with the usual properties

[Jo, Tx] = £Tx, [T+, T-] = [2T]s,
T =T, Ji=UTs

where

(Tv, To) = T — ToTvs  v,v={+,—,%,F,0}, [n];= %’ q=e?,
and
(2.1 kg =q%—q 2.

The above expression [2.75], means the corresponding infinite formal series.
For su4(2) quantum algebra the irreducible representations D7 with the highest weight

3 =0, %, 1,... are determined by the highest weight vector |5j )q, such that
and
m )y = | ()T ), it —j<m <
241415 — m],!

Here we have used the symmetric g-factorial symbol [n],! which can be expressed through the

symmetric ¢-Gamma function fq(s) defined in [29] and that is connected with the classical
g-Gamma function I'y(s) [20, 29]. Indeed, by [29]

_(s—=1)(s—2)
4

Ly(s) = q Ty(s),
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and

( H(]- _ qk+1)

f(3§Q):(1—(I)lfskZO73+k; 0<g<1,
2.2) T,y (s) = 4 [Ha-a%%
k>0
(s—1)(s—2) _
L a2 f(s;q7), g>1

Notice that Ty (s + 1) = [],T;(s) and [n],! = T (n + 1) for nonnegative integer n.
On the other hand, if D7t and D72 denote the two irreducible representation of the quan-
tum algebra su4(2), then the tensor product can be decomposed into the direct sum

4 ' Ji+j2 '
Dt @ D2 = Z @D,
Jj=|j1—jz|

usually known as Clebsch-Gordan series. Its generators (co-products) are given by the ex-
pressions

Fo(1,2) = (1) + Jo(2),
To(1,2) = gF Z(1) + =500 7,.(2).

Taking into account the explicit form of the irreducible representation
<Jml|x70|.7m)q = 5m,m’7

23) Gm!\Telim) g = /1 F mlgli £ m + 1y mi,

as well as the Casimir operator

Co=JT_T4 +[Jo + 112,

2.4 . . o .
@4 Coljm ), = [ + 212 1im ), »

one can define the ¢-CGC in a similar way to the classical case. Thus, for the basis vectors of
the irreducible representations D? we have

ljrga,dm Yy =Y (imujama, jm), [jima ), liama ),

mi,m2
(2.5) C2(12) |jija, jm ), = [ + 117 12, 4m ), s

where (ji1mijama, jm) g denotes the g-Clebsch-Gordan coefficients. Notice that for these
coefficients the following orthogonality conditions

> (imajama, jm), (imijama, j'm'), = 6 i 6mmi,

mi,m2

> (jimajama, jm), (jimh jamd, i), = Smy mt Omg,my-
Jm
hold. Here d;; represents the Kronecker delta symbol.

Using the Casimir operator (2.4) as well as the expression (2.5) the matrix elements
(jimajama|C2(1, 2)|j1725m) , can be computed. From these matrix elements one deduces
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the following three-term recurrence relation in m1, mo for the g-Clebsch-Gordan coefficients
[33, 35]

g~ /[mz — g2 — 1gljz + ma]o[m1 — jilo[r +m1 + g (ima + Ljamz — 1[jm),

+v/[m2 — gelgliz +m2 + 1g[j1 + mulo[ma — g1 — g (jima — Ljama + 1|jm),
(2.6)
+ (a7 2 + ma + Ug[j2 — malq + ¢™2[j1 +ma + g[j1 —malq

+ -+ 17 = [+ 417) g7 27D Guma oo jm),, = 0.
Based on the symmetry property for the g-Clebsch-Gordan coefficients

(2.7) (j1ma jamo|jm), = (=1)"1277 (Gamajima [ jm) -1

the expression (2.6) is invariant with respect to the change j; by jo whereas q is replaced by

q
Following the same ideas used for the computation of (2.6), but in this case for the matrix

element (j1m1 jama| Jo(2) |12, jm) , one gets a similar three-term recurrence relation with
respect to the variable j [38]

[i—m]q[i+m]q[i1+i2+i+1]q[l2—d1+i]q[i—da+i1]e[i1+d2 =541 /. : :
\/J m] [J+mlqJ1+J2 [J2j+1]5[22j111]5[2jf§ J2+ilqli1+i2—J (J1m1_72m2|,]—1m)q

(Jimijeme|j + 1m),

+ [i—m+1]g[j+m+1]q[j1 +i2+i+2]q 2 —d1+i+1]g[F—de+ii+1]g
[25+3]4[251q[25+212 51 +i2—3517 "

27]q[2J142]q—[2]q[J1+J2—34+1]q[F—F1+T2]4 _1¢;s . 1¢s .
+([J] [241+2] [£11[2[§1q[31+3]q] [i—d1+do] (q 2<J+1>[J+m]q_q2(g+1>b_m]q)

2

Lo (@ B[+, — gDy — mllq)) (jrmagoma|jm), = 0.

Finally, from (2.3) a straightforward calculation leads to

(2.8) (Jimajame|Tx|j1j2, jm), = \/[.7 Fmllj £m+ 1]q (jrmajama|jim), .
3. Nikiforov-Uvarov approach. A polynomial sequence { P, (z)},>0 orthogonal with

respect to a positive measure g on the real line is such that P,, has degree n and satisfies the
conditions

/Pn(m)xkd,u(a:):O, k=0,1,....,n—1, QCR.
Q

This defines the polynomial up to a multiplicative factor. In the case of discrete orthogonal
polynomials, we have a discrete measure g (with finite moments)

N
u:Zpk(ka, pr >0,z € Rand N € {1,2,...} U {400},
k=0

which is a linear combination of Dirac measures on the N + 1 points zg,...,xn. The
orthogonality conditions of a discrete orthogonal polynomial P, on the lattice {z(s) — R :
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s=0,1,..., N} are usually written as

N
> Po(z(s)z*(s)p(s) =0, k=0,1,...,n—1.
s=0

There exist several mathematical methods and approaches to the study of classical poly-
nomials orthogonal with respect to a discrete measure, usually known as discrete orthogonal
polynomials [29]. Nevertheless, for physicists perhaps the more easy method to get in touch
with these kind of mathematical objects (discrete orthogonal polynomials) is via the dis-
cretization of the first and second derivatives y'(z) and y" () involved in the hypergeometric
differential equation [29]

5(@)y"(z) + 7(z) + My(x) = 0,

where degé < 2, deg7 = 1 and A = const. This method is usually known as Nikiforov-
Uvarov approach.
Thus, the corresponding hypergeometric-type difference equation is [29]

A wy(s)
o(s) Ax(s — 1) wvz(s) +7(s) Azx(s)

o(s) = 6(z(s)) — 47(x(s)) Ax(s — ), 7(s) =7(x(s)),

where 7y(s) = y(s) —y(s — 1) and Ay(s) = y(s + 1) — y(s) denote the backward and
forward finite difference, respectively.

Of course, any partition z(s) can not guarantee the existence of polynomial solutions of
(3.1). In [8, 29] it is shown that z(s) should be of the form

3.1

z(s) =c1¢®° +caqg * +c3, (€ RT\{1}) or 2(s) =as®+bs+c,

where ¢, ¢a, ¢3, a, b and ¢ are constants. In fact, the lattice z(s) = ‘f%f belongs to this
class.

The polynomial solutions of (3.1) can be orthogonalized constructing a Sturm-Liouville
problem. First, the equation (3.1) is written in the self-adjoint form

A ) [a<s>p<s>vy‘s’] £ Ap()y(s) = 0,

(3.2 Ax(s—1 vi(s)

for two different polynomial solution of degree n and m, respectively. The function p(s)
(the so-called symmetrization factor of (3.1)) is the solution of the Pearson-type difference
equation [29]

(3.3) ﬁ [o(s)p(s)] = 7(s)p(s) where p(s) Az(s —3)>0,a<s<b-1.

Second, the equation (3.2) for polynomial solution of degree n is multiplied by the other
polynomial solution of degree m of the same equation and vice versa, and then one subtracts
the resulting equations (one from the other). Finally, we sum over a < s < b — 1 for which
we obtain the orthogonality property (see [29, pages 70-72])

b—1
3.4 ZPH(.Z‘(S))Pm(.’E(S))p(S) Az(s—13)= 6n,m||PH||2=
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under additional (boundary) conditions
o(s)p(s)z (s — 7)|S ap =0 k=0,1,...

Since we are interested in polynomial solutions the same procedure could be carried out
for the k-order finite difference of a solution of (3.1), defined by

A A A
= AWy(s),

W(e(8) = Fo s R R V) =

where z1(s) = x(s + %), because this k-th finite difference verifies a difference equation of
the same type (hypergeometric type) [29]

A VYk(8)g Ayg(s)q _
3.5 o(s )Axk(s——) |:V~’L'k( ):| +Tk(8)m+ukyk(s)q_07
being
() = o(s+k)—o(s)+7(s+k)Az(s+k—3) and o = Ay + Z ATm (s)

Axp_1(8)

For (3.5) the symmetrization factor is

k

(3.6) pr(s) = p(s+ k) H o(s+1).

i=1

As a consequence of (3.4) the polynomial solutions of (3.1) and (3.5) verify several
crucial relations that will help us to find the connection between the g-Clebsch-Gordan coef-
ficients for the quantum algebras and the g-Hahn polynomials. Now we will write some of
them (see [29] for more details).

It is well known that the polynomial solutions P, (z(s)) of (3.1) are determined up to
a normalizing factor B,,, by means of the discrete analog of the Rodrigues formula [29, Eq.
3.2.19, page 66]

B ) _ __V v v
pa(s)l, Vi = ;
oo Vo b Ve G @ Ve Ve
where p,,(s) is given in (3.6). Notice that these polynomial solutions correspond to certain

eigenvalues A, (see (3.1)) which can be computed by simple substitution of P, (z(s)) into
the equation (3.1) and comparing the coefficients for the powers of z(s), i.e.,

(3.7) Pa(z(s)) =

1 I
(3.8) An = =[n], (5 (@ '+ )+ l]q%> ;

where (see (3.1)) 6(s) = %”m(s)2 + 5" (0)z(s) + (0) and 7(s) = 7'z(s) + 7(0).
Similarly, for the k-th finite difference the following Rodrigues-type formula is also valid

An Bn n
EmkZn ) 15, (s)] where By,

B9 peala(s) = APP(e(s)) = —HE Vi T A

and

n]q q2(n+m 1) +q 2(n+m 1) &II
(3.10)  Apy = gy 1 H ( 5 F4+n+m—1),
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From (3.7) follows an explicit expression for the polynomials P, [2]

B q —ns+%(n+1) 2 (n— 1)( )m—i—n

> b
m]y![n —m],!
n—m-—1 m—1

X H [o(s =1)] [e(s+D)+71(s+1)Az(s+1-1)],
1=0 1

GAD  Pa(x(s)

Il
<

with the assumption Hz;lo f(1) = 1. Notice that this expression depends only on the coeffi-
cients of o and 7 given in (3.1).

4. ¢-Hahn polynomials in the non-uniform lattice z(s) = ‘{:_—_11 and g-Clebsch-

Gordan coefficients. It is well known [29] the relation between Clebsch-Gordan coefficient
and Hahn polynomials in the uniform lattice 2(s) = s. Analogously, in [33] is used a rela-
tion (see (4.24) below) for the g-case in the non-uniform lattice z(s) = g?%. In fact, we will
deduce a similar relation but in the lattice z(s) = %. In such a way an useful and fruitful
parallelism between g-Clebsch-Gordan coefficients for su,(2) and g-Hahn polynomials will
be constructed. Therefore, studying in details the relations and properties satisfied by the
g-Hahn polynomials we have the corresponding partner among the relations and properties of
suq(2) Clebsch-Gordan coefficients and vice versa. For such a purpose let first to determine
the g-Hahn polynomials as well as their main characteristics based on the aforementioned
Nikiforov-Uvarov approach. Second, selecting a special choice of s, N, a, 3, and n we will
establish the connection between both mathematical objects.

In [30] has been proved that the most general orthogonal polynomial solution of (3.1) in
the lattice z(s) = ¢1¢® + c¢3 corresponds to the choice

os) = Alg~ = (@™ ~ 1),
“4.1) B
o(s) +7(s) Da(s - 3) = Alg & —1)(g =~ 1).
From (3.8) considering (4.1) the following expression for the eigenvalues of (3.1)
A —3(s1t+624+514%) = _ &
4.2) An = =g 2T nfla t @ -G -G +n -1,

yields. The corresponding weight function is, in this case,

Tg(s —a)Ty(s — &)
(s —a+DI(s—e+1)
Here I';(s) functions are those defined in (2.2).

In this case the corresponding polynomial solution of (3.1) can be represented in terms
of the basic hypergeometric series [2, 31]

4.3) p(s) =

A " e _ )
Pp(z(s)) = Bn 7 —) T (¢ n (@ )n
4.4) ci(q? —q 2)
’ q*n’ q§1+§27§_1 752+n71’ q<1fs s—cqtl
X3P, q<1—<_1,q§1—§_2 3q,9 %2 ) )
A " _3n(n—1) _ . e
P,(z(s)) =B, -« n(s1+s2 <1)(q<1 O
4.5) c1(gz —q72)

S1+62—81—S+n—1 qsffl

q
—c qa",q
x(q*2 ‘1;q)n3902( ’ g1 g ’ 14,4
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where
e k _
a1,az, .. ,ar (a1;Qk - (ar; Dk 2 [ k E(k—l)]” T
VA = _]_ 2 ,
"PP( bibay by L ) 2 T G @ow LD

=0

and
k-1
(@) = [ (1 - ag™).
m=0
Let the end points of the orthogonality interval @ = 0 and b = N. Moreover, ¢; =
—c3 = ﬁ, ie., z(s) = q—l, and
¢ (=)~ _ _
(46) Alz——, ani', §1:0, §2:N+Oé, Clz—ﬂ—]., CQZN—].,
q—1 [n],!

with the restrictions o, # > —1 and n < N. Taking into account this choice of parameters
(4.6) the functions o (s) and 7(s) take the form

o(s) = =" [s]g[N + & = 5],

o(s) +7(s) Ax(s — 1) = —¢°*F T [s + B+ 1] [s — N + 1],

Consequently, from (3.8) or (4.2) the eigenvalues of (3.1) are given by the expression

B+2

M=q" 7 [nlgn+a+ B+ 1],

The solution p(s) of the Pearson-type equation (3.3) is

axa) Ty(s + B+ DIG(N +a —s)

4.7 p(s) = ¢ _ _
©) Ty(s + DE,(N —3)
Notice that the same result can be found if we use (4.3) and the relation 'y (s) = ¢~ == Ty(s).

Considering (4.5) the hypergeometric representation for the g-Hahn polynomials

4.8)
B+1. N+a+B+1. -n n+at+p+1 s+8+1
B (q q)n(q 7q)n q 4 »d .
h&P(s,N;q) = (3 (et BTN (g o 3P, goHL gNrotBel 14,49

yields. From here follows other useful characteristic of the g-Hahn polynomials, i.e., the
value of this polynomials at the end points of the orthogonality interval [0, N — 1]. Indeed,

W0, Nyq) = (—1)n N ZUdTalBHnt1] pnearsinem-n),
[n]g!Tq[B + ][N —n — 1!

[N —1],Ty[e+n +1] in(atN—}(n-1))

hi?(N—1,N;q) = [n] [N — 1 — 1],!T e + 1]

By || P.||? we will denote the square norm of P,,. In [29, Chapter 3, Section 3.7.2, page 104]
the authors show a convenient way to compute it. In fact,

b—n—1

(4.9) ||Pn||2 = (_1)nAn,nB72; Z pn(8) A zp(s —

s=a

M=
~—



ETNA

Kent State University
etna@mcs.kent.edu

suq(2) AND suq(1,1) ASSOCIATED WITH ¢-HAHN POLYNOMIALS 33
TABLE 4.1 R
Main data for the q-Hahn polynomials in the lattice z(s) = qq:llA

Pr(x(s)) heP (s, N3 q)
Interval [0,N —1]
Pl) s (sr+(i i Br Ejz:rf . Oé)_ .
o(s) —q~ 3 a(s)” + g 3[N + a]ya(s)
7(s) —¢" T [a+ B+ 2Aga(s) + TS+ 1),V - 1]
n(s) T () — T 2t a+ B +2,
M 0" nlln ot B+ 1
5, (—[n])q!
PP qM%?WFﬂ%&ﬁwn+a+nfm+ﬁ+)fm+a+B+N+U
"IN [N = — 1), IT,(n+ a + B+ DTy (2n + a + B + 2)
on(8) D+ 3 (a+pn-1+1 e Cy(s +n+ B+ DT(N +a—s)
T, (s + )T, (N —s—n)

Based on (4.9) after some cumbersome calculation we arrive to the expression,

q (Q+B+N)_%f‘ da+n+1)
(N N )
JB+n+1)T m+ﬂ+N+n+n
Tya+B+n+ )T (a+B+2n+2)

|heB (s, N;q)||” =

(4.10)

* '11@

X

Finally, after the calculations of the very basic characteristics of the g-Hahn polynomials
like p(s), o(s), 7(s), Ap, and ||hg’5(s, N;q) H2 we summarize in Table 4.1 the results of the
remaining calculations by using the Nikiforov-Uvarov approach.

4.1. Three-term recurrence relation. A simple consequence of (3.4) is [29]
(41D z(8) Pn(x(s)) = anPpi1(2(s)) + BnPa(2(s)) + YnPa-1(z(s)), n >0,

with P_q(z(s)) = 0 and Py(z(s)) = 1.
Denoting by a,, and by, the coefficients in the expansion Py, (z(s)) = a,x™(s)+b,z" 1 (s)+
- we have the following explicit expressions for the recurrence coefficients [2, 29]

an ﬂ — b_n _ bn+1 — ap—1 ||F)n||2
An41 ’ " Qp Ap+41 ’ " Qp ”-Pn—l”2 ’

(4.12) an =
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TABLE 4.2 .
Three-term recurrence coefficients and leading coefficient for q-Hahn polynomials in the lattice z(s) = %

Coefficient Explicit expression

R [n+1y[n+a+B+1],
Rn+a++242n+a+8+1],

Qn q

a+N+gfl[n+a+IB+1] [n+B8+1y[N —n—2]
2n+a+B8+22n+a+p+1],

NS D} i + o]y + a4 B+ N]o[N — nlyfn],

[2n+a+B+1] 2n +a+B2[2n+a+ B — 1] [N —n - 1],

Bn q

—Nfe_o [n+alg[n + Bly[n + a+ B+ NJy[N —nl,
2n+a+B+12n+a+B22n+a+B—1],

Tn q

nBt2=N f‘q(~2n +a+p8+1)
[n]Lq(n+a+F+1)

Qn

To find the leading coefficient a,, it is enough to note that

Azx™(s) net L AN
o et w0 (o) 6 = Dl

)" Pa(2(s)) = [n]ylan, then using (3.9), [n],lan = By Ap.n, and

On the other hand, ( A2 (3)
taking into account (3.10)

n—1 1(n+k—1) 3 (n+k—1) 5!
qz +q ~ g

Frequently, the computation of b,, as well as f3,, is very tedious, then if we know a, and
Yn, and P, (a) # 0 for all n, we can use (4.11). Indeed,

z(a)Py(a) — anPrii(a) — ynPr_1(a) )

IBTL = P, (a)

See Table 4.2 to find the result of computations for the coefficients (4.12)
4.2. Other recurrence relations. Using the Rodrigues-type formula (3.9) we find [29]
VP (z(s)) _ An
vz(s) [n]e7),
Despite the fact the results shown here are given in [2] we sketch below most of the steps
to obtain the so-called structure relations for the corresponding polynomial solutions of (3.1)

in the non-uniform lattice z(s) = c¢1¢® + ¢3. Thus, the reader could follow easily all the
calculations. For such a purpose we will substitute 7,,(s) as follows

B,
Bn+1

“.13)  o(s) Tn(8) Pr(2(s)) — Prya(z(s))

n

Tn(8) = Tp%n(8) + 7(0) = TLCI%-T(S) + 7,(0) — 7he3(g2 — 1),
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in (4.13). Then, based on the three-term recurrence relation (4.11) we obtain the first structure
relation

P, _ . 3
(4.14) a(s)% =5, Ppi1(x(s)) + T, Py (x(5)) + Ry Pr—1(z(s)),
where
& )\n n _ Bn ~ _i n Tn(O) _ n
Som i [Poem ] T e Y - e <o),
(4.15) "
~ _ /\an’Yn
" [n]q

To deduce the second structure relation we will transform (4.14) with the help of the
identity

AVEa(2(s)) _ APn(2(3)) _ VPa(2(s))

(4.16) vz(s) | Dz(s) vz (s)

Thus, using Az(s — 1) = k4x(8) — ¢34, as well as (3.1) and (4.11), one gets

AP, (z(s))

[o(s) +7(s) Al — ] =747

= SnPny1(2(s)) + ToPo(x(s)) + R Pr1(x(s)),
where
S, = S’n —apAnkq, Tn= Tn — BrAnkq + c3Anky, Rnp = Rn — YnAnkq,

or equivalently, using (4.15),

M | = B, M [ _= 71(0) n
Sn:_ 2on — 3 Tn:_ 2Ppp+ —— —¢ 2 —1 )
e 144" T B i [ B -t -
ATL _% n
R, = 2nd Zn
[n]q

Now we will find a difference-recurrence relation of the form [2]

APy (x(s))
Ax(s)

APy (x(s))
Ax(s)

AP, _1(x(s))
Azx(s) ’

4.17) P, (z(s)) = L, + M, + N,

being L,,, M, y N, constants. Notice that this relation is not include in [29].
Let describe briefly how to prove (4.17). Applying the operator ﬁ(s) on both sides of

(4.14), and using (3.1) as well as ¢~ 2 A z(s) = Az(s — L) one obtains

5700 ] AT o -
| _ 25, ARGl | g ARG | APua((0)

=q25, Atcl(s) + 2T Aus) ¢ R, A.;(s)
Since
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and z(s +1) = qx(s) — c3(¢ — 1) the expression 2;8 is a polynomials z(s) of degree one.

Hence,

[qé Ao(s) T(s)] = Az(s) + B,

where

" "
g

A= %(1 +q)g7 -7/, and B =q20'(0) - 7030%(‘1 = 1) = 7(0).
Thus, (4.18) becomes
i (10 2250 1 ) -
(4.19) 5 AP, 1(2(s)) -~ APy (z(s) = AP, 1(z(s)) EAPTL(HU(S))_

" Ax(s) +in Ax(s) + R Ax(s)  qb Dx(s)

8

Now, if we apply the operator ﬁ(s) on both sides of (4.11) we can eliminate the term
z(s) 226D in (4.19) by using the identity z(s + 1) = ga(s) — c3(q — 1), i.e.,

Az(s)
AP,(x(s)) _  APuy1(x(s)) AP, (x(s))
qx(s)T(s) = anw + [Bn 4+ c3(q — 1)] " As(s)
49 EEED (o)

Finally, multiplying (4.19) by ¢ and using the above equation one gets

(0nd = 435.) AP, (a(s)) | (04 =01 Ba) AP, (a(s))

Pl = "ar e T Aal) T Ao Al
(BuA + csAlg = 1)+ 4B = 3 T0) A, (a(s))
+ (A +qAn) Ax(s)

which is of the form (4.17) if A + g\, # 0. In particular, we have

B=N+4 at+N-—1
2

A=q 7 [a+Bly;, B=[N+alg—q _qa+6+1[ﬂ+1]q[N_1]qa

consequently,

A+ a=¢"7" (la+ 8+ lgln +a+ B +1]).

See Tables 4.3 and 4.4 to find all the recurrence coefficients described in this subsection.

4.3. g-Clebsch-Gordan coefficients. It is relatively easy to verify that the hypergeome-
tric-type difference equation (3.1) for the g-Hahn polynomials is equivalent to the recurrence
relation (2.6) for the g-Clebsch-Gordan coefficients with respect to the projection my or ms
of the angular momentum j; or ja, respectively. For such a purpose let to rewrite (3.1) as a
recurrence relation in s, i.e.,

(4.20) (s)y(s + 1) +m(s)y(s) + C(s)y(s = 1) =0,
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TABLE 4.3

s _
Recurrence coefficients for g-Hahn polynomials in the lattice z(s) = < !

q—1

Coefficient Explicit expression

—(ntedBtl)  [n+1]g[nlqlnta+B+1],

Sn -
a 2n+atf+242n+atBrtil,

B+2—-N

q > [n+a+6+1]q{ [n+a+B8+14n+ B+ 1[N —n-—2]

gt N2n+a+ B+ 2)g[2n+a+ 8+ 1]

1 o
- g 2N A+ +1)}[”+a]q["+a+ﬁ+N]q[N*”]q["]q

n=2
+[2n+a+ﬁ+1]q[2n+a+ﬂ]g[2n+a+ﬁfl]q[anfl]q +ta 2[5l

n atB n n n n
N—n—B-3 (‘1 T [ +8+1]4[% _N+1]q_[§]q[§+N+a]q>
2

2n+a+ B+ 2],

+q

7("4"3_“2_21\{_2) [n+algn+ Blgln+ a+ B+ 1g[n+ a+ B+ NJg[N —n],
2n4+a+B+12n+a+B22n+a+8 - 1],

-l
3

q

"-Faf-i-ﬁ-i-l [n+1]q[nlqn+ a+ B8+ 1]

Sn —
a 2n+a+B+242n+a+B8+1]

[n+a+B+1]gln+ B+ 1]g[N —n— 2]
I—a=N2n+a+ B+ 22n+a+8+1],

B+2-N
2

g ot B+ 1l{

1
+q—§{2N+B+2n+3(a+1)}[n+ alq[n+ a+ B+ N|g[N — nlylnl, B q_nT_m
Rnt+a+pB+1l2n+atBER2n+a+p— LN —n—1],

n atB n nl n
i [7+ﬁ+1]q[5—N+1]q—[5]q[5+N+a]q)

2n+a+ B+ 2],

Tn

N—n—p—-3 (
+q 2

B-a=n_n_i[n+afgn+Blgln+a+B+1g[n+a+ B+ N[g[N —n],
2n+a+B+1gn+a+Bl22n+a+ B — 1],

R, q

TABLE 4.4

s_
Recurrence coefficients for q-Hahn polynomials in the lattice z(s) = < 1

q—1

Coefficient Explicit expression

N-n—B3-2

g 2 [ntllglnta+pB+1qnt+a+ple

L BntatBtaBntathtily(athletmlantatdtily

—a—N-—-n

1 —[n+1]q4 [n+a+B8+1],
([a+Blg+ [nlgln+a+B8+1]y) | 2n+a+B8+1] q#

2n4+a+B8+2]g 2n+a+Bl2[2n+a+ 8 —1]q[N —n—1],

[N+ alq 1 [B4+1]g[N —1], [a+B+2], [”+a+5+1]q[%]q
Mn t 5=~ T atpts —a_NiB - q B n
q 2 q 2 ¢ "2 q 4

[n+B+1N—n=2, ¢V 'ntalyln+a+pB+NN- n]q[n]q}

[t ot B+1l, (W“"iﬁ (348 +10a[3 — N+ 1l — [21a[2 +N+a]q) }

n—N+p5+2
2

q 2n+a+B+2]

n—N

+6-3 -1
—q 2 [n+l]q[n+a]q[n+ﬁ]q[n+a+ﬂ]q [N —n]q
Rn+a+B+1]42n+a+8—1]g ([a+ Blg + [nlg[n+a+ B +1]4)

37
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where
_o(s)+7(s) Ax(s— 1) B o(s)
4.21) £(s) = Az(s— 1) wva(s) C(s) = o= D) T a(s)
n(s) = An — ((s) — &(s).
Let
(4.22) s=j1i—m1, N=ji+j—m+1, a=m+j —jo,

B=m-—ji1+Jj, n=j—m.
Therefore, substituting in the above equations (4.21) the choice (4.22) we have

E(r —m1) = =TI Ry + my + Uglma — ol

NGy —ma) =q™ I 2 (qM2f —m]g[j +m + g + [j1 —mag[in +m1 +1]g

g [Tln2 + 2 + gma — j2lq)

(U —ma) =™ 1Tz —ma]g[ma + 1 + 1.

Consequently, the equation (4.20) for the g-Hahn polynomials becomes
(1 —ma) BITITR (G —my + 1,1+ jo —m + 159)

(4.23) +n(j1 — ma) RS TTITE (Gy —my i+ G — m+ 1 q)
+C(j —my)RETIEMTRNRGy ) — 1,y + jy —m +1;¢) = 0.

hf"H‘jl —J2,m—j1+j2
]J—m

Comparing the recurrence relations (2.6) and (4.23) one deduces
(4.24) (imajamaljm) -1 = (=1)""*\/p(s) & (s — 1)hi? (s, N; q),

where hgﬁ (s, N; q) denotes the orthonormal g-Hahn polynomials and s, N, a, 8, n coincide
with (4.22). To efficiently carry out a comparison between these two recurrence relations we
should consider (4.10) as well as the following useful expressions

pir—ma) [ A malglin —ma + 1] Az(s—13) _
pGr—mi+1) T o —malglia +ma + 1), Ax(s—3) —1

plir—m1) 2 tmalglia —ma+1], Az(s—3) _
pGr—mi—1) L [ —malls +ma+1], Da(s+3)  °

For the ratio of weights we have used (4.7).

Notice that (4.24) constitutes an extension —in this case a g-analog— of the well known
relation between the classical Hahn polynomials and Clebsch-Gordan coefficients. Further-
more, this expression is in accordance with the results obtained in [33] (see also [1] for more
details).

From (3.4) as well as from (4.8) the symmetry property for the ¢-Hahn polynomials

h2B(s,N;q) = (—1)"g"HFFNpS(N — s — 1, N;q7),

holds. It leads as a consequence the corresponding symmetry property for the g-Clebsch-
Gordan coefficients given in (2.7) by a simple substitution of the parameters (4.22). Now, the
substitution of the parameters (4.22) into the expression (3.11) with the help of (4.24) gives
the g-analog of the Racah formula for su,(2) Clebsch-Gordan coefficients

[2j+1]q[F—m]q![+m]g![J1 —malq! [Ja—male![F1+72 =5l 4!
U1+de+i+114 i —g2+351q Ti2—d1 4514 Ti1+male o +mal,!
g1 (mAD)+5 GG+ 451 (1+1) —j2(jz+1))

<j1m1j2m2 |Jm>q = (_l)jl—ml

Sk(G+m+1)[; Wi i I
@425) xS (-1 - q [iv — ma + kJg!lj + j2 — m1 — K],!
k

q'[] —-—m — k]q'[]l —my1 — k]q'[_]g —J7+m — k]q'
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Two particular cases are immediately derived from (4.25):
i) First, when j; = my

[2j+1]q[5+m]q![2]1]q [J2—m2]q![i —j1+F2]4!
U1+ia+i+1g! i1 +i2—dle! i1 =2+l G2 +ma] e —m]e
gt G—m)=3(1+i2—=i) (G=ji+j2-1)

(J1jrjama|jm), =

’

which corresponds to the choice s = 0 for the g-Hahn polynomials.

ii) Second,
. . . [25+1]g![F1+mi]q![j2+ma]lg i1 +i2—7lq!
bimijamalif), | GFmt b — ol =i +ilals ~male = mals!
(—1)jr—m qUFD U1 =m)) =5 (142 i) (i=d1+i2+1)) ’

which coincides with the expression (4.24) for m = j

(Jimajama|jj) s
h6n+j17j2,mfj1+j2( . = (_1) p(s) A x(s - %)

Ji—mi,j1+j2 —m+1;q)

From the Rodrigues-type formula (3.7) and the identity (4.16) it is easy to obtain

at+pB—n

~1.8—1 —-1,5-1
he P N (s +1,N5q) — he P (s, N3 q) = ¢ REE (5, N5 ).

Now, if we put in this expression the above selection of parameters (4.22) and consider (4.23)
we deduce an interesting relation for the g-Clebsch-Gordan coefficients. Indeed,

VO Em)Gr Fm+ 1)g% (imi F Ljama|jm),

+v/ (2 £ma2)(ja Fma + 1)g~ = (jimujoms F ljm), =
VG Fm)([G £m+1) (jimijams|jm + 1),

which can be also obtained from (2.8).

4.4. Relation between the Clebsch-Gordan coefficients for the quantum algebras
suq(2) and sug(1,1). It is well known [21] that the quantum algebra su4(1,1) can be gen-
erated from the operators

[QO’ Qﬂ:] =10, [Q+7 Q*] = _[2Q0]q7

ol =Qp, 9L =0,

where [-, -] represents as in the Section 2 the commutator product.

The description of this subsection is quite similar to the already presented in the Section
2 as well as [1]. Here, to avoid confusion with the Section 2 we use the notation ‘prime’ over
the basic vectors [j'm' ), m' = j' +1,j' + 2,... These basic vectors of the irreducible
representations of the discrete positive series D7+ are determined by |5/’ 4+ 1 ) 4> Such that

Q' +1),=0, Qo li'j' +1), = (' + 155" +1),, ('3 +1i'd +1), =1,

and

o1 _ [le + l]q! m —j =1 ..
|J m )q - \/[], +m,]q![m, _j, _ ]-]q' (Q+) |.7 J + 1 )q .
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Analogously, the tensor product of the irreducible representation D7 1+ and D2t of the
quantum algebra su4(1, 1) can be decomposed into the direct sum

o0
Ditepit= Y oD/t
J'=di+is+1
Its generators (co-products) are given by the expressions

Q0(11,2) = Qo(1) + Q(2),
Q4+(1,2) = 22@ Q4 (1) + ¢~ 221 Q. (2).

The explicit form of the irreducible representation
(3'm!|Qolj'm") , = 8,z
(| Qeli'm'y, = /i F fglm’ & 5 & gb s o
as well as the Casimir operator

Co=—019_ +[Q04[Qo — 1]y,
Calj'm' )y =["lli" + g li'm" )y,

are given in a quite similar form to those presented in Section 2. Analogously, the definition
of the ¢-Clebsch-Gordan coefficients is

(4.26)

b, dm Y, = Y Gimigsmy, '), |iimd ), lismb ),
mfy,mb
(4.27) C2(12) |51 b, 5'm’ ), = [3'lli" + 1 5145, 5'm" ), -

Now, using the Casimir operator (4.26) as well as the expression (4.27) the matrix ele-
ments (jim; j3ms|C2(1,2)|51j3, j'm'),, can be found. From these matrix elements (see [16])
the following three-term recurrence relation in m/ , m), for the g-Clebsch-Gordan coefficients

VImy — 55 — 1a[5h + milam) — 5ilols] +mi + 1]g (jimi + 1zmb — 1]5'm'),

/s = T30 s+ AL, Tl — 7 = Ty (hemh — 1sm + 11'm),
(4.28) , ,
(4™ 4 i+ gl — 8l + 75t + s + gl — i,

1 1 I
H+ 315 = I+ 413) ¢ 2T (i mb | m'), = 0,

yields.
Finally, to conclude this section let establish a useful relation between the g-Clebsch-
Gordan coefficients for the su,(2) and suq(1, 1) algebras, i.e.,

. . . _ -1 1 - 1 -1 I

(4.29) (J1majamy |.7m)suq(2) = (Jimyjama|j'm >suq(1,1) )
where

; m'+ji—jp—1 m, —mh+7, i1 .

1= 12 2 ) my = 1 2 2 =2 y J =)

_ m/ —jitjp—1 my—mi+ji+js+1
)

Jo= ———, my= 5 m=ji+j; +1.

The relation (4.29) can be deduced by a mere comparison between the relations (2.6) and
(4.28). This result is in accordance with [4, 16].
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TABLE 5.1
Three-term recurrence coefficients for g-Hahn polynomials in the lattice x(s) = q® [1]

Coefficient Explicit expression

mqq_%(“rﬂ“)[n +1)jja+ B+ n+1],

an [a+ B+ 2n + 2] [a+ B+ 2n + 1],
a—fB+N-—1
q 2
TR e s T | Y ke + 8+ 20+
Bn —[N—n— 1](1[" + 1]q[a + B+ 2"]q)
s ([a+ﬂ+N+n+1]q[n+1]q 3 [a+,8+N+n]q[nq> }
[a+ B+ 2n];t [+ B +2n+2);"
o Kgg®+N "2 [a + 1]y [B + nlylo + B + N +n]y[N —n],

[a+ B+ 2n]Ja+ B+ 2n+1],

5. Remark on the g-Hahn polynomials for z(s) = ¢°. Here we will present a brief
description on some basic characteristics of these polynomials from the point of view of
the Nikiforov-Uvarov approach [29], specially, the three-term recurrence relation. The im-
portance of this relation in connection with the ¢g-CGC was already discussed in the above
section. We focus our attention in this relation since when ¢ — 1 the parameters «a,, and
v clearly go to zero as a consequence of the multiplicative factor k4 (see the equation (2.1)
as well as Table 5.1). Thus, this relation loses sense in this limiting case. Therefore, this
comparative analysis reveals that the three-term recurrence relation —for instance— is not a g-
analogue relation because it has not the corresponding partner property for the classical Hahn
polynomials, which does not happen in the investigated case z(s) = ‘5%11 (see Section 4).

The g-Hahn polynomials in the lattice £(s) = ¢® have been studied in [1, 2, 33]. Despite
the fact that we can use the same scheme presented in Section 4 to obtain them, we will omit
it. Below we will summarize few results. Let chose z(s) = ¢°, i.e.,c; = land ¢z = 0. In
this case, with the parameters

_1)"
B,= V"
qfﬁg[n]q!
a=0, @=N+a, G=-B-1, G=N—-1, A=—qgz(N+ta)

we obtain the ¢-Hahn polynomials [24, 33]. Indeed, from (4.4)-(4.5) we have

q%(a+N)(qﬂ+1;q)n(ql—N;q)n o ( g ", q*, gnetAt y q)
&2(¢; q)n 2 Pt gt N e

(P Qn(@V TP ), q ", g AT gntethtL
= g ENFat28 ) o (e ). 3P gPH gNrersrr 0 )
q b)

hﬁ’ﬂ(sa N), =

In addition, for \,, we find

An = @2 0] In + a+ B+ 1,
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6. Conclusions and remarks. The method presented in this paper connects in a precise
way (see equation (4.24)) the ¢-Hahn polynomials with ¢g-CGC, i.e., the Nikiforov-Uvarov
approach and the quantum group representation one. The Pearson type approach to g-Hahn
polynomials used here is based on a specific kind of lattices (). In fact, this approach is very
effective since the lattice z(s) is always the same for each relation used through the paper, i.e.,
the lattice is the same for Pearson-type difference equation, hypergeometric-type difference
equation, structure relation, difference-recurrence relation, and orthogonality relation which
could not occur in other approaches. For example, it could happen that the difference equation
is given on the lattice z(s) = ¢° and the orthogonality relation on x(s) = ¢~ *. Thus, our
approach avoids this and unifies the election of the lattice.

As the reader has observed the limit ¢ — 1 do not transform directly the polynomials
on z(s) = ¢° into the classical discrete Hahn polynomials since a rescaling factor before
taking limits is needed. However, one of the contributions contained in the paper is precisely
to avoid this. In such a way we avoid to answer the following questions: Is the rescaling
factor the same for all the aforementioned relations/characterizations? or different rescaling
factor should be introduced depending on the sEeciﬁc relation for which one is looking for the

_ 4

classical analogue? With the lattice xz(s) = ﬁ proposed in the paper one can avoid this;

therefore the g-Hahn polynomials on z(s) just becomes directly into the classical Hahn poly-
nomials. Moreover, there is also another reason. When one computes all the characteristics
of the ¢g-Hahn polynomials on z(s) = ¢® such as the three-term recurrence relation, structure
relations, etc, and takes the limit ¢ — 1 one realizes that all these formulas becomes zero.
For getting a non trivial result one should use not only a rescaling factor and some times the
higher (usually 2) order Taylor expansion. One can avoid this by using an appropriate lattice.

On the other hand, notice that the g-Hahn polynomials obtained in this paper are new
ones despite the fact they are included in the Nikiforov-Uvarov approach. Regarding this to
avoid confusions let us comment a couple of things. First, any change of variable carried out
to transform the weight (measure) which leads to a non-linear change of the support of the
measure never will produce up to a constant depending on the degree the same polynomials.
For instance, if the orthogonality condition of a discrete orthogonal polynomial P,, are given
on the lattice {z = z(k) —» RT : k =0,1,..., N — 1}, being the support of the measure
the closure of {xk}}cvzo. Then, for such a support the orthogonality condition

i Po(z(s)z*(s) p(s) Ax(s —1) =0, k=0,1,...,n—1,

by replacing s by N — 1 — ¢ leads us to a completely different polynomial family. Notice that
the support is not the set {0, ..., N — 1} to which belongs the variable s.

Second, the g-Hahn polynomials studied in this paper are the solution of the correspond-
ing second order difference equation of hypergeometric type on the non-uniform lattice z(s).
Since this equation is linear one can always make a change of variable to convert the lattice
z(s) = c1¢® + c2 into z(s) = ¢°, in fact if one writes the solution of the equation in terms
of the basic series it looks very similar (see [29], or the paper by Nikiforov and Uvarov [31]).
Actually, this representation does not depend on ca. Nevertheless, the polynomials are quite
different since they are polynomials on different lattice. This means that when one writes the
expansions of P, (s) as polynomials in z(s) the coefficients are completely different, that is
not evident when one compares the basic hypergeometric function —the reason is that in both
cases the polynomial can be expanded in the (¢°; ¢), basis just in the same manner—.

Finally, we would like to point out two remarkable benefits (among others) obtained from
the approach presented in this paper:

1. A unique lattice is involved in all relations.
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2. A simple limit ¢ — 1 without a rescaling factor is computed wherever is needed to

obtain any classical property.
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