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Abstract: It is known that the Stirling numbers of the second kind are related to normal ordering in the Weyl
algebra, while the unsigned Stirling numbers of the first kind are related to normal ordering in the shift
algebra. Recently, Kim-Kim introduced a A-analogue of the unsigned Stirling numbers of the first kind and
that of the r-Stirling numbers of the first kind. In this article, we introduce a A-analogue of the shift algebra
(called A-shift algebra) and investigate normal ordering in the A-shift algebra. From the normal ordering in
the A-shift algebra, we derive some identities about the A-analogue of the unsigned Stirling numbers of the
first kind.
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1 Introduction

The Stirling number of the first kind S;(n, k) is defined in such a way that the unsigned Stirling number of
the first kind [ :] = (-=1)""*Sy(n, k) enumerates the number of permutations of the set [n] = {1, 2, 3, ...,n},
which are the products of k disjoint cycles.

The unsigned r-Stirling number of the first kind [ Z ] is the number of permutations of [n] with exactly k
r

disjoint cycles in such a way that the numbers 1, 2,..., r are in distinct cycles.

In [1], Kim and Kim introduced a A-analogue of the unsigned Stirling numbers of the first kind [ : ]/1 and
that of the unsigned r-Stirling numbers of the first kind [ : ] v respectively, as a A-analogue of [ : ] and that
T,

of[:]r (see (8) and (9)).

The Stirling numbers of the second kind appear as the coefficients in the normal ordering of the Weyl
algebra (see (10) and (11)), while the unsigned Stirling numbers of the first kind appear as those of the shift
algebra S (see (12) and (13)).

The aim of this article is to introduce the A-shift algebra S, (for any A € C), which is a A-analogue of S
(see (14)), and to investigate the normal ordering of the A-shift algebra. In addition, from the normal
ordering of the A-shift algebra S;, we derive some identities about the unsigned A-Stirling numbers of
the first kind.
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The outline of this article is as follows. In Section 1, we recall the A-falling factorial numbers, the falling
factorial numbers, the A-rising factorial numbers, and the rising factorial numbers. We remind the reader of
the unsigned A-Stirling numbers of the first kind and the A-r-Stirling numbers of the first kind. We recall the
Weyl algebra and the normal ordering result in that algebra. We remind the reader of the shift algebra and
the normal ordering result in that algebra. Finally, we define the A-shift algebra as a A-analogue of the shift
algebra. Section 2 is the main result of this article. We derive normal ordering results in Sy in Theorems 1 and
2, where [ Z ]/1 and [ ": : ]r A appear, respectively, as their coefficients. We obtain three other normal ordering
results in Theorem 3. In Theorem 4, we obtain a recurrence relation for the unsigned A-Stirling numbers of
the first kind. In Theorem 6, we obtain another expression of the defining equation in (8) in terms of the
A-shift operator (see (30)). In Theorem 7, we show a A- analogue of the dual to Spivey’s identity (see Remark
8). Finally, we conclude this article in Section 3. For the rest of section, we recall what are needed
throughout this article.

For any A € C, the A-falling factorial sequence is defined by:

(or =1, (Ona=x(x—-A)x-(m-DA), (n=1)(seell,2]). o))
In particular, the falling factorial sequence is given by:
o=1 Op=xx-D-x-Mm-1), (n=1). (2

Note that limy_,;(X)p2 = (Op-
For any A € C, the A-rising factorial sequence is defined by:

or =1 Onr=x(x+A)-x+m-DV), (=1 (see[L,2]). 3
Especially, the rising factorial sequence is given by:
=1 Oh=xx+D-x+Mm-1), @®=1. (4)
Observe that limy_1(X)p1 = (X)n.

With the notation in (2), the Stirling numbers of the first kind are defined by:

On = Y Sin, kXK, (n = 0) (see [3-6]). ©)
k=0

In addition, the unsigned Stirling numbers of the first kind are given by [ :] = (-1)"*Sy(n, k), (n, k = 0).
The Stirling numbers of the second kind are defined by:

S n
X" = Z{ }(x)k, (n = 0). (6)
o | K
Recently, with the notation in (1), the A-Stirling numbers of the first kind, which are A-analogues of the

Stirling numbers of the first kind, are defined by:

(Ona = Y. Sian, kxk, (2 0) (see [1]). )
k=0

In addition, with the notation in (3) the unsigned A-Stirling numbers of the first kind are defined by:

(Xma =) [n] Xk, (n=0) (see[l]). (8)
oL k a
Note that limy_,1S;.4(n, k) = Si(n, k) (see (5)); lim,lﬂl[:]/1 = [:]

For r € N U {0}, the A-r-Stirling numbers of the first kind, which are A-analogues of the r-Stirling
numbers of the first kind, are defined by:

o= Y[ X (nz0) (seelt) ©)

oLk +r
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k+r k+r k+r
introduced by Broder (see [7]) and given by (see (4))
n
n+r
X+71)y,= ,gzo[k+r

Note that lim/\_ql: n r] = [" T ], where ['” r] are the r-Stirling numbers of the first kind, which are
T,

]rx", (n = 0).

The Weyl algebra is the unital algebra generated by letters a and a' satisfying the following commu-
tation relation:

aa’ - ala=1 (seel1,5,8-23]). (10)

Katriel proved that the normal ordering in Weyl algebra is given by (see (6))

n

(@ay =Y {Z}(a*)kak (see [10,11,12]). (11)

k=0
From the definition of the Stirling numbers of the second kind and (11), we note that
(aHna" = (a'a), = a'a(a’a - 1)---(@a-n+1), @n=1).

The shift algebra S is defined as the complex unital algebra generated by a and a' satisfying the following
commutation relation:

aa® — a'a =a (see[22]). (12)

A word in S is said to be in normal-ordered form if all letters a stand to the right of all letters a.
From (12), we note that the normal ordering in the shift algebra S is given by (see (11))

(a'a)y" =) [n ](a*)"a” (see [22]). (13)

k=0 k

For any A € C, we consider a A-analogue of the shift algebra S, which is defined as the complex unital
algebra generated by a and a' satisfying the following commutation relation (see (12))

aa’ - a'a = Aa. (14)

The A-analogue of the shift algebra S is called the A-shift algebra and denoted by S;.

2 A-analogues of normal ordering in the A-shift algebra

Let S; be the A-shift algebra defined in (14). A word in S, is said to be in normal-ordered form if all letters a
stand to the right of all letters a'.
In S;, by (14), we obtain

(a'a)? = (a'a)(d'a) = d'(aa")a = a'(Aa + a'a)a = a'(A + a")a? = (a"), a2,

(a'a)? = (a'a)(a'a)(a'a) = a'(aa")(aa")a
=d' (A + aDaA + aNa? = a'(A + a")(aA + aah)a?
=da'(A + a)(Aa + d'a)a? = a'(a" + N(a" + 20)a?
=(a"sa.
Continuing this process, we have

(@a) = (aYnaa", (n>1). (15)

Thus, by (8) and (15), we obtain (see (7), (11), (13))
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(@'t =) [ n] (ahkan. (16)

k:okfl

Therefore, by (16), we obtain the following theorem.

Theorem 1. In S, the unsigned A-Stirling numbers of the first kind appear as the coefficients of (a'a)" in
normal-ordered form, as it is given by:

n

(@'ayt =) [Z]A(a*)ka".

k=0

For r > O, by (14), we obtain

((a" + Na)? = ((a" + Na){(a" + r)a) = (a" + r)(aa’ + ra)a
=(a" + r)d'a + Aa + ra)a = (a" + r)(d@ + r + N)a?
=(d" + ry\a®

and
(@' + na)* = (@ + Na)(a" + Na)(a" + r)a)
=(a" + Nala + A +r + aHa?
=@ +rA+r+a)ald +r+a)a?
=(a" + r)(a" +r + V)(Aa + ra + aa")a?
=(a" + r)a" +r+ )@ +r+20)a = (a" + r)3, .

Continuing this process, we have
(a" + ryat = {a" + ryya?,  (n=1). 17)

From (9) and (17), we obtain

T n _ T n _ c n+r Nk 4n
(@ +rna)t={(a" + r\a* = ga[k+r]r,/t(a) a". (18)

Therefore, by (18), we obtain the following theorem.

Theorem 2. Let r be a non-negative integer. In S, the A-r-Stirling numbers of the first kind appear as the
coefficients of ((a" + r)a)" in the normal-ordered form, as it is given by:
n
n+r
a +ra)n =
( 2 Z [k +r

k=0

] (aHkan.
r,A
From (14), we note that

a™a’ = a" Yaa") = a" Y(a" + ANa
= (@™ 'aNa + Aa™ = a"%(a'a + Aa)a + Aa™ (19)
=(a™2a"a® + 2Aa™ = ---=(a" + mA)a™

and

a(af)n — (aa‘r)(a’r)n—l — (}l + a‘r)a(a‘r)n—l
= + a)aa)(@" 2= @A + aH2alaH? = (20)
=+ a")™laa’ = (A + aH)"a.

By (19), we obtain
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am(a‘r)n — (ama‘r)(a‘r)n—l — (a’r + m/\)am(af)n—l

= (a' + m\)(a™a")(a")"? = (a' + mA)(a" + mA)a™(a")"2 (21)
= = (a' + mA)"a™.

Therefore, by (19), (20), and (21), we obtain the following theorem.

Theorem 3. For m,n € N and A # 0, we have in Sy the normal orderings given by:
aa’ = (@ + mA)a™, a(a)" = (@ + D)'a, a™a")" = (a" + mA)"a™.

Now, we observe from Theorem 3 that

(a‘ra)ml _ (a‘ra)(a‘ra)n =ad'a z [ n ] (a‘r)kan
par W

" a(aHkan = a > [ n] A + a"kaan
_k_/l k=0 k A

1k
=a Z Z(I;)Ak—j(a’r)jaml 22)

JA j=0

n n k
=yy n N-i(ah)i+igntt
k j

j=0k=jL ¢ 44

:nﬂ i [Z]A( k )Akﬂj (a"iar.

j=1\k=j-1 j-1

~ S

On the other hand, by Theorem 1, we obtain

n+1 n+1

(ata)r*! = Z n ;— 1] (a@"iam! = Z n + 1] (@yam. (23)
j=0 A A

j=il

Therefore, by (22) and (23), we obtain the following theorem.

Theorem 4. Letn, j € Z withn > 0 and j > 1. In Sy, the unsigned A-Stirling numbers of the first kind satisfy the
following recurrence relation:

[ n ] k A+

Lk )\j-1

[n;lL - él[zL(f’—(l)W—i: [iillL &

Forn > 1, by (15) and (17), we have the A-analogues of Boole’s relations in the A-shift algebra given by:

M=

=
Il

(@a)" = (aYmaat, (@ +na)y =(a" + rmaat

Now, we define the A-analogues of n! as (see (8))

Op =1, (! = s = Z[Z] CES)) (24)
k=0 A

Note that limy_,(n),! = n!.
From (8) and (9), we note that

1( logd -\ S[n] t
E(_ A ):gk[k]ﬂ ®)

and
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1( log(1 - )lt))k( 1 )3 S [n + r] tn
—[- - Ly 26
k!( A 1-At g;{ k+rhin (26)

where k is a non-negative integer.
Thus, by (25) and (26), we obtain

00 n 1 k
S o)
aolk+1l,nt \1-At) K

< 1)1)\ 1 [ ]
Z R @

1=0
oo (n-k n n-l in
= n=k(1=2(:)( ; )(1)1,/1[ X :IAJF

Comparing the coefficients on both sides of (27), we obtain

n+1 "Xin n-1I
[k+1]1,A_Z(I)<1>M[ k ]A' )

=0

From (9) and (28), we note that

1+ My = Z[Z: 1] ZZk( )<1>1,A[”,; ’]Amw

k=01=0

(29)
n ( n-1 _ n n n
z Z[ ] mkA ( )(1>1,A = Z( )(1>1,A<m/l>n4,/\-
I=o\ k=0 i ! o\ 1
Therefore, by (29), we obtain the following theorem.
Theorem 5. For n > 0, we have
= (n
A+ M)y = Z( l )<1>1,A<mA>n,1,A.
1=0
We note that
Z(n
1+ m)y = lim (1 + mAy,, = Z( )u<m>n_,.
A1 i\ 1
For any a € R, we define the A-shift operator 6 by
8 00) = fx + Aa). (30)

Then, we see that
6AX - XSA = A(S,\,

where 8) = 61, and x denotes the “multiplication by x” operator.
In the A-shift algebra S, a concrete representation is given by the operators a’ — x and a — &;. From
Theorems 1 and 3, we note that

6xS = (x + rd)s6;

and

sy =y [ ”] X%, (n = 0). 31)
par R
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Now, we observe from (30) and (31) that

n
e = $[ 1] wte - $[ 1] e

k=0

By (8) and (32), we obtain
n
e~ (M+0)(x 5 )eX = (Xyp = z [ n] xk
k=0 k Ix
In particular, for x = 1, we have (see (24))
eI (x)e Ly = Z [ ] = (.
Therefore, by (33) and (34), we obtain the following theorem.

Theorem 6. Forn € N, in S;, we have

e (x§) )eX = (X = Z [n] Xk,
A

k=0

In particular, for x = 1, we obtain

e C(xGp)"e¥ | oy = Y. [ Z] = (o
A

k=0

From Theorem 6, we note that

e—(x+(m+n)/\)(x6/1)m+nex |x:l — (m + n)/I!-
On the other hand, by (31), we obtain

(™ = (xS = Y [ r]n ] > [ Z ]Ax"(S}l"x"(Sf

j=0 A k=0

-y [ ’7] y [Z]Axf(x + mAkST,

j=0 A k=0

From (36), we have

m n r
(xGmnex = Y [ m ] > " ] X(x + mAYkST e
i )) A L k A

j=0 k=0
m nr

— Z [ m] Z Yl] Xj(X + mA)kex+(m+n)/l.
ol J hhiolk

Thus, by (37), we obtain

r n
e—(x+(m+n)/1) X6y )M+neX — m [n] Xj X + mA k_
() z}.]ﬂ;,”( )

j=oL

From (35) and (38), we have
(m + n)/l! — e—(x+(mJrn)/l)(x(sﬂ)rwmex|X:1

:i["f] Z[Z] (1 + m)k

J 13 =0

(32)

33)

(34)

35

36)

@37

38)

39)
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By Theorem 5 and (39), we obtain

(m + ! = Z[’}”] 1+ My = Z['}"] Z(Z)<M>n_k,A<1>k,A. (40)
A

j=0 j=0 A k=0

Therefore, by (40), we obtain the following theorem.

Theorem 7. For m, n > 0, we have

(m+ny!=Y [ m] A+ mlppp =Y ) [ m] (n)<”m>n—k,}t<l>k,/l-
j=oL J Ix j I\k

j=0k=0

Remark 8. (a) Taking the limit as A — 1, we see from Theorem 7 that

(m + )t =lim(m + mpt = 3, Y [ ']" ](Z)(m)nkk! (see [19]).

j=0k=0

This was discovered by Mez6 in [19], which is dual to Spivey’s identity (see [22,24,25]).
(b) As the identities in Theorem 7 are obviously symmetric in m and n, we obtain the following
symmetric identities:

["7] 1+ mhyy = Y '7] (1 + Ny,
il il

j=0

>y [ m L(Z)(rrwnk,um -yy [ ’ L(’If)wmk,ul»(,A.

) j=0k=0

3 Conclusion

In this article, as a A-analogue of the shift algebra S, we introduced the A-shift algebra S), which is defined
as the complex unital algebra generated by a and a' satisfying the followig commutation relation:

aa’ - a'a = Aa.

The unsigned A-Stirling numbers of the first kind[ : ]A and the A-r-Stirling numbers of the first kind [ ner ] )

k+r 1y
were introduced, respectively, as a A-analogue of the unsigned Stirling numbers of the first kind and a
A-analogue of the r-Stirling numbers of the first kind. We showed that those numbers appear as the
coefficients in the following normal ordering results in S;:

Ty — ¢ [ 7 Nk 4n t n_ S
(@) go[k]A(a)a, @ +nay - Y|

k=0

n+ )’] (a‘r)kan_

k+rla

In addition, from those normal ordering results, we derived some properties about the unsigned A-Stirling
numbers of the first kind.

There are various methods that can be used to find some results on special numbers and polynomials.
These include generating functions, combinatorial methods, umbral calculus, p-adic analysis, differential
equations, analytic number theory, probability, statistics, operator theory, special functions, and mathe-
matical physics.

It is one of our future projects to continue to explore various A-analogues and degenerate versions of
many special numbers and polynomials with these tools.
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