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On Ore-Stirling numbers defined by normal ordering
in the Ore algebra
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Abstract. Normal ordering in the Weyl algebra is related to the Stirling numbers of the second kind, while
normal ordering in the shift algebra is related to the unsigned Stirling numbers of the first kind. The Ore
algebra — this name was introduced recently by Patrias and Pylyavskyy — is an algebra closely related to
the Weyl algebra and the shift algebra. We consider a two-parameter family of generalized Ore algebras
which comprises all algebras mentioned by specializing the parameters suitably. Analogs of the Stirling
numbers — called Ore-Stirling numbers — are introduced as normal ordering coefficients in the generalized
Ore algebra. In the limit where one parameter vanishes they reduce to the Stirling numbers of the second
kind or the unsigned Stirling numbers of the first kind. Choosing the parameters appropriately, a one-
parameter family of Ore-Stirling numbers interpolating between Stirling numbers of the second kind and

unsigned Stirling numbers of the first kind is found. Several properties of the Ore-Stirling numbers as well
as the associated Ore-Bell numbers are discussed.

1. Introduction

The Weyl algebra ‘W is the (complex) unital algebra generated by letters D and U satisfying the commuta-
tion relation DU — UD = I, where I denotes the identity. A word w in the letters D, U can always be brought
into normal ordered form where all letters D stand to the right of all the letters U. Upon normal ordering,
certain combinatorial coefficients appear, the normal ordering coefficients. The most famous example due
to Scherk from 1823 [31] (see the discussion in [1, 25]) concerns w = (UD)" where one has

(UD)" = Z S(n, k)UDF, 1)
k=0

where S(n, k) denotes the Stirling numbers of the second kind (A008277 in [37]). The numbers S(n, k) count
the number of set partitions of a set of n elements into k nonempty disjoint subsets and are among the most
important combinatorial numbers, see, e.g., [12, 24, 25]. In fact, Scherk considered the representation in
terms of the multiplication and differentiation operator on smooth functions of a real variable, U — X, D

D, where (X )(x) = xf(x) and Df)x) = %(x). Due to this connection to operational calculus, normal
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ordering in the Weyl algebra (and certain variants of it) has been studied closely, see, e.g., [1, 25, 33] and
the many references therein. A related algebra is the shift algebra S which is the (complex) unital algebra
generated by letters D and U satisfying DU — UD = D. This algebra has also been considered from the
perspective of normal ordering, see, e.g., [25, 33] and the references therein. The analog of (1) is thatin S
one has

(UDY" = Y Is(n, HIUFD", )

k=0

where [s(n, k)| denotes the unsigned Stirling numbers of the first kind (see A008275) in [37]). The numbers
Is(n, k)| count the number of permutations of n elements with exactly k cycles, see [12].

Recently, Patrias and Pylyavskyy [30] considered the Ore algebra O as the (complex) unital algebra
generated by letters D and U satisfying the commutation relation DU — UD = D + . Thus, in a certain
sense, it combines the Weyl algebra and the shift algebra. It is natural to introduce two parameters A, u € C
and consider the family A, , of generalized Ore algebras generated by D and U satisfying

DU - UD = AD + pl. 3)

By choosing the parameters appropriately, one recovers ‘W, S and O from above. Now, it is natural to define
in A, analogs of the Stirling numbers — called Ore-Stirling numbers — as normal ordering coefficients of
(UD)" in A, (where D, U satisfy (3)) and consider their properties and their connection to S(n, k) and
Is(n, k)|. This is what we start in the present paper. Let us point out that Levandovskyy et al. [22] considered
the following four-parameter family of algebras given by letters x, y (their notation) and commutation
relation

yx—gxy =ax+py+y. (4)

The algebra satisfying (4) was said to be of type (q,a,8,7). They showed that there exist exactly five
isomorphism classes. The representatives of theses classes were called model algebras. The algebras ‘W and
S are model algebras while A, ;, — which is of type (1,0, A, u) - is not a model algebra, but belongs to the
isomorphism class of S. In Table 1 of [22], one can find the corresponding isomorphism and some basic
normal ordering results, which we will use in the following. Since our main motivation is to study the
Ore-Stirling numbers and their connection to the conventional Stirling numbers, we restrict to the family
A, mentioned above.

By considering the normal ordering coefficients of other words in D, U in the Weyl algebra ‘W, many
generalizsations of the Stirling numbers of the second kind have been considered, see [1, 25, 33]. For
example, if 7,5 € IN, then considering (U"D*)" leads to the generalized Stirling numbers of the second kind
Sis(n, k) (with r = s = 1 reducing to (1)), considering (UD)(UD — A)---(UD — (n — 1)A) leads to degenerate
Stirling numbers Sy(n, k) [15], and considering (mUD + r)" leads to the r-Whitney numbers W, (1, k) [23].
Recently, by using normal ordering techniques in the Weyl algebra (represented by boson operators),
properties of degenerate r-Stirling numbers [17], degenerate r-Whitney numbers [18] and degenerate r-Bell
numbers [19] have been studied. See also [20] for further applications of normal ordering in this context
and [16] for further properties of degenerate -Whitney numbers and their relatives. Basic information and
combinatorial interpretations for the numbers mentioned can be found in [29].

In a similar fashion, generalized Stirling numbers of the first kind were introduced recently by one of the
authors [35] as normal ordering coefficients of (U"D?)" in the shift algebra S (with r = s = 1 reducing to (2)).
Considering the word (UD)" where D, U satisfy the closely related commutation relation DU-UD = hU™ led
to the introduction of generalized Stirling numbers [26, 27] which turned out to be a particular subfamily of
the generalized Stirling numbers of Hsu and Shiue [13], see also [2-4]. Using a similar approach, generalized
Stirling numbers were defined recently as normal ordering coefficients in the n-th Weyl algebra [6, 8]. A
beautiful combinatorial interpretation for the normal ordering coefficients of arbitrary words in the n-th
Weyl algebra was given in [9, 10], providing, in particular, a combinatorial interpretation for the generalized
Stirling numbers introduced in [6, 8]. Finally, we want to point out that normal ordering in the Weyl algebra
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has also been studied intensely in the physics literature since the commutation relation is the same as the
one of a single bosonic degree of freedom, see [25] and the references therein.

The structure of the paper is as follows. In Section 2, the generalized Ore algebra A, , is introduced and
the Ore-Stirling numbers S ,,(1; j, k) as well as the associated Ore-Bell numbers B, ,(1) are defined. Also,
some more context is given and some basic normal ordering results from [22] are recalled. In Section 3, the
Ore-Stirling numbers are examined and basic properties like the recurrence relation and explicit expressions
are derived. A connection to rook numbers and file numbers is drawn in Section 4. In the final Section 5,
some conclusions and a list of avenues for future research are presented.

2. Definitions and basic results

As mentioned in the Introduction, we are interested in a particular two-parameter family of algebras
generalizing the Weyl algebra ‘W and the shift algebra S simultaneously.

Definition 2.1 (Generalized Ore algebra). Let u,v € C. The generalized Ore algebra A, , is the complex
unital algebra generated by letters D and U satisfying the commutation relation

DU -UD = AD + ul, )
where I denotes the identity (in the following, xI will also be identified with x).

We will be interested mostly in the case (A, i) € [0,1] X [0, 1] since all combinatorial consequences appear
already here. Noting that Ay = C[D, U], the commutative ring of polynomials in two variables, the family
Ay, with (A, u) € R X R can be nicely interpreted as a two-parameter deformation of the polynomial ring
C[D, U] (see Figure 1):

e The algebra Ay, is the first Weyl algebra ‘W where DU — UD = I.
o The algebra Aj o is the shift algebra S where DU — UD = D.
e The algebra A; ; is the Ore algebra O (as defined in [30]) where DU — UD = D + 1.

lu/\
W[ -0 HAn
o .
co,ul s A

Figure 1: The family of generalized Ore algebras A, ;.

Observe that for 4 = 1 — A one has a one-parameter family of algebras A, 1-y which “interpolates” for
A € [0,1] between the Weyl algebra ‘W (A = 0) and the shift algebra S (A = 1):

W=HAp1 — Arp-a — Aip =S. (6)

This corresponds to the dotted arrow in Figure 1.

Recall from the Introduction that the Stirling numbers of the second kind 5(#, k) can be defined as normal
ordering coefficients of (UD)" in ‘W = A1, and that the unsigned Stirling numbers of the first kind [s(, k)|
are normal ordering coefficients of (UD)" in S = Ay . This motivates the following definition.
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Definition 2.2 (Ore-Stirling numbers). The Ore-Stirling numbers S, ,(1; j, k) are defined as normal ordering
coefficients of (UD)" in Ay, i.e., by

UDY" =Y Sy uln; j,YUDY, 7)

=0 k=0
where D and U satisfy (5). The associated Ore-Bell numbers are defined by

Biu(n) = Z Z St /K.

j=0 k=0
Clearly, for most of the vertices of the unit square of Figure 1 the Ore-Stirling numbers are known:

® So0(1;j, k) = 6;k0n (Kronecker delta). The associated Ore-Bell numbers are trivial,

n n

Bo,o(n) = Z Z OjkOnx = 1.

=0 k=0

® So1(n;j, k) = 6;xS(n, k). The associated Ore-Bell numbers are given by the conventional Bell numbers
(A000110 in [37]),

Boa(n) = ) S(1,k) = By
k=0
® S510(1; j, k) = O nls(n, j)|. The associated Ore-Bell numbers are given by factorials (A000142 in [37]),

Bio(n) = ) Is(n, )l = n!

=0

The case S1,1(n; j, k) corresponding to the Ore algebra O remains to be determined. From (6), one obtains
a one-parameter family of Ore-Stirling numbers Sy 1-1(; j, k) interpolating between Stirling numbers of the
second kind and unsigned Stirling numbers of the first kind:

S(n, K)ok = Soa(n; j, k) — Saa-a(1; j, k) — S1,0(1; k) = Is(n, )IOk,n- (8)
Turning to the associated Ore-Bell numbers, one obtains a one-parameter family of Ore-Bell numbers

B 1-1(n) interpolating between Bell numbers B,, = By,1(n) and factorials n! = By o(n).

Remark 2.3. Recall from the Introduction that in the Weyl algebra ‘W = Ay and in the shift algebra S = Ao
generalized Stirling numbers are defined as normal ordering coefficients of (U"D®)" where r,s € IN. Clearly, in the

same fashion one can introduce generalized Ore-Stirling numbers S(Ar’;)(n; j, k) as normal ordering coefficients of

(U'D¥)" in Ay . In particular, the normal ordering coefficients of (U*D)" in ‘W are given by (unsigned) Lah
numbers (A008297 in [37]), so the case r = 2,s = 1 might also be particularly interesting in A, ,,, yielding Ore-Lah

numbers S(AZ: )(n; k).

As mentioned in the Introduction, Levandovskyy et al. [22] considered the algebra of type (9, ,B,y)
generated by x and y satisfying yx — qxy = ax + fy + ), see (4). The algebras A, , are of type (1,0, A, 1), and
we have the correspondence

xe— U y«—D, e— A, vy 9)

As mentioned in Table 1 of [22], the algebra of type (1,0, A, p), i.e., A, , is isomorphic to the shift algebra S
(as one of the 5 model algebras), given by YX = XY + Y. Indeed, inserting

X=A"U, Y=AD+yu (10)

into YX = XY + Y, one recovers (5).
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Remark 2.4. In S, one has (XY)" = Y1, |s(n, k)| X*Y™, see (2). Inserting (10), one finds in Ay the relation
(UD + A~ D) = Z Is(n, K)IAFUF(AD + ).
k=1
However, UD and U do not satisfy a simple commutation relation in A, , (i.e, (UD)U — U(UD) = AUD + uD), so
it does not seem to be straightforward to expand the left-hand side and obtain a formula for the powers (UD)".

For the convenience of the reader, we present in the following proposition some expansions mentioned
by Levandoskyy et al. [22] in terms of the variables used here, see (9).

Proposition 2.5 ([22]). For m,n € N and A # 0, one has in A, ,, the following expansions

D"U =UD" + mD"  (AD + p), (11)

pu” =% (U + A)"(AD + p) — U™y, (12)
l m ) ) .

DU = ]Zzo" (z?)(-y)m—f(u + jAY(AD + py. (13)

By expanding the binomial and rearranging, we can write (12) equivalently as

=U"D + Z( )A” ‘UiD + A1 p). (14)
From this formula, one can read off that the expansion makes sense for A — 0, too.

3. The Ore-Stirling numbers

In this section, we examine the Ore-Stirling numbers closer and derive some of their properties. Note
that, for givenn € N, there exist (n+1)2 Ore-Stirling numbers S, ,,(1; j, k). For small n, they can be determined
directly from their definition as normal ordering coefficients. For example,

(UD)* = UDUD = U(UD + AD + ul)D = U?D* + AUD? + uUD,

showing 5,,,(2;2,2) = 1,5,,(2;1,2) = A,5,,(2;1,1) = u, and the remaining 6 numbers S, ,(2; j, k) vanish.
In the same fashion, one finds

(UD)* = UD? + 3AUD? + 2A*UD? + 3uU?D? + 3AuUD? + p*UD,

and the resulting Ore-Stirling numbers S, ,(3; j, k) are displayed in Table 1. Observe that for (A, u) = (0,1)
all summands in the expansion of (UD)? proportional to A vanish, implying (UD)? = U°D? + 3U*D? + UD,
in accordance with (1) and So1(1; j, k) = S(n,k)d;x. Thus, in Table 1, we find the Stirling numbers of the
second kind on the diagonal (for 4 = 1). On the other hand, choosing (A, 1) = (1,0), we find (UD)? =
UD® + 3U%D? + 2UD?, in accordance with (2) and S;(1; j,k) = Is(n, /)|6k,. Thus, in Table 1, we find the
unsigned Stirling numbers of the first kind in the last column (for A = 1).

A slightly more cumbersome calculation gives

(UD)* =U*D* + 6AUPD* + 11A%U?D* + 6A°UD* + 6ulPD® + 18AuU?D? + 12A2uUD? + 7p*UD?
+7Ap2UD? + p?UD.
The S, ,(4; j, k) are displayed in Table 2. For (A, u) = (0, 1), one finds (UD)* = U*D* + 6U°D? + 7U%D? + UD,
again in accordance with (1) and So1(1; j, k) = S(1,k)6;x. Similarly, for (A, u) = (1,0), one finds (UD)* =
U*D* + 6UBD* + 11U?D* + 6UD?*, in accordance with (2) and S;(1; j, k) = Is(n, /)|0k,. In Table 2, one can
recognize the Stirling numbers of the second kind on the diagonal and the unsigned Stirling numbers of

the first kind in the last column.
From the first few values of the Ore-Stirling numbers, one reads off the following properties.
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M1 23
1 14 3Au 2A?
2 3u 31
3 1

Table 1: The nonvanishing Ore-Stirling numbers S, ;,(3; j, k).

N1 2 3 4
1 1% 7Au® 12A%u 6A°
2 7u? 18Au  11A2
3 6u 61
4 1

Table 2: The nonvanishing Ore-Stirling numbers S ;,(4; j, k).

Proposition 3.1. Let n € IN. The Ore-Stirling numbers satisfy the following properties.

1. Syu(mn,n) =1,

2. S1,u(m1,1) = ",

3. Sau(n;j,k)=0,if j >k,

4. Sy ,(n;5,k)=0,ifn>2and jk = 0.

Proof. We prove these properties by induction, using (14). Since all properties mentioned hold true for
n < 3 we can assume that n > 3. Writing (UD)"*! = UD(UD)", using (7) as well as the induction hypothesis
for 4, one has

(UD)™! = Z 2 S)u(n; j, OUMDUI)DF,

=1 k=1
Using (14) for DU/, this yields
non -1 .
UDY™ =YY" Syl ) {uf“r)k+1 +y (é)ﬂ-fuf“(D +A71 y)Dk} : (15)
j=1 k=1 =0

From this, one reads off that no summands of the form U/D° or U°D* appear, showing 4. The coefficient
Sau(n+1L;n+1,n+1)of Uu™1D™in (15)is given by S, ,(n;n,n) which equals 1 by the induction hypothesis,
showing 1. Property 3 holds for n < 3, and if it holds true for 7, then (15) shows that it holds true also for
n+1. Finally, to show 2 we determine the coefficient S, ,(n +1;1,1) of UD in (15) tobe S, ,,(11; 1, 1))\1()\‘1y) =
uSa,u(n;1,1) which by the induction hypothesis equals u”, showing 2. [0

After having considered some particular Ore-Stirling numbers, we derive their recurrence relation.

Proposition 3.2. Let n,m, k € IN with m,k < n. The Ore-Stirling numbers satisfy the recurrence relation
Sauln+1;m,k) =Sy y(;m—1 k—1)+Z j AT AS (05 k= 1) + pSa (3 1,6} (16)
S 7 4 e 7 7 j:m m— 1 e v H s

Proof. Let us consider (UD)"*'. From the definition in (7), one has

n+l n+l

(UD)"™! = Z Z Sau(n +1; ) UD .

=1 k=1
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On the other hand, expanding the right-hand side of (15), one obtains for (UD)"*! the sum

n+1l n+1 n
ZZS/\H -1,k- 1)U1Dk+ZZZ( )S/\u (n; ],k)/\] LU*D 4 A~ [uU[HDk)
j=1 k=1 =1 k=1 =0

Rearranging the summands in the second sum, one has

n n j-1,. n n+l n
) C N7 eIk j—m+17 ik
ZZZ(g)SA,F(n,],k)A utptt=3" Y’ ( )SAH(n,],k DAFHUDE,
j=1 k=1 (=0 m=1 k=1 j=m
In a similar fashion, one may write
ZZZ( )Sw(n j AU D = ( J 1)5M(n; j, AL Dk,
=1 k=1 £=0 p=1 k=1 jom VT

Comparing the two expressions for (UD)"*!, one finds

n+l n+l n+l n+1

Z Z Spu(n+1;m, U"Dk = Z Z Spu(n;m—1,k = 1)U"D*
m=1 k=1 m=1 k=1
+Zi£( )sw(n j k= )AL pk
m=1 k= 1] m

ZZ( )sA o33 1, YA DR,
1 k=

Thus, by comparing coefficients, one obtains the recurrence relation
Spu(n+1;m,k) = Sy u(nym—1 k—1)+Z I N AS (3 k= 1) + pSa u(n; . )
M 7 7 ,‘Ll 4 7 j_m m— 1 ,p. 7 )]s ,y 7 Jr 7

as asserted. [
Remark 3.3. Let us check (16) by considering (A, i) = (0,1). The recurrence (16) reduces to
So1(n+1;m,k) = So1(m;m—1,k — 1) + mSg1(n; m, k)
since only the summand j = m does not vanish. Recalling So1(n; j, k) = 0;xS(n, k), this equals 6,,xS(n + 1,k) =

OmkS(n, k — 1) + md,,xS(n, k), thereby recovering the recurrence relation of the Stirling numbers of the second kind,
S(n+1,k)=Sn,k—1)+kS(n, k). On the other hand, letting (A, u) = (1,0), the recurrence (16) reduces to

Sio(n +1;m,k) = S o(m;m — 1,k — 1+Z( )Slo(n],k 1).

Recalling S10(n; j, k) = 6k nls(n, j)| (and cancelling the factor 6,41 on both sides), one finds

ls(n+ 1, m)| = ls(n, m = 1)| +Z( )Is(n i
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This is not the expected recurrence relation |s(n + 1, m)| = |s(n, m — 1)| + nl|s(n, m)| of the unsigned Stirling numbers
of the first kind, but in the form

n

s+ Lmyi= ) (m]_ 1)|s<n, ) 17)

j=m-1
a well-known identity, see, e.g., (6.16) in [12].

From the above explicit values for S, ,(n; j, k) with n < 4 we see that the dependence on (A, u) can be
separated from a numerical coefficient. This holds true in general.

Proposition 3.4. Let n € IN. The Ore-Stirling numbers can be written, for all j <k < n, in the form
Su(; j,k) = S(n; j, kYA (18)

for some coefficients S(n; j, k). These coefficients satisfy the recurrence relation
Sm+1,mk)=S(mm-1 k—1)+z J {S(m; j,k—1) + S(n; j, k)}. (19)
7 4 7 7 ]:m m _ 1 i 7 )7

Proof. Both claims follow by induction using the recurrence (16). If the factorization (18) holds true for
S),u(1; j, k), then inserting this into the right-hand side of (16) yields an expression of the form A*7/ " +17(. . .)
(inside the brackets there is no dependence on A, u), showing that S, ,(n + 1; j, k) has also the factorized
form claimed. Cancelling the factors A*~/"*1=% on both sides, the recurrence relation (19) results. [

The Ore-algebra O corresponds to the case (A, 1) = (1, 1). In this case, the Ore-Stirling numbers S; 1(1; j, k)
are given by the numerical coefficients S(#; j, k) due to (18) and satisfy the recurrence (19). Using this
interpretation, the Ore-Stirling numbers for arbitrary parameters (A, i) are just scaled versions of the ones
with parameters (1, 1), i.e.,

Su(1; 5, k) = Sy (n; j, k)A Tk, (20)

The values of the Ore-Stirling numbers S 1(#; j, k) for n < 4 were given above (see Table 1 and Table 2).
Let us consider, for 1 < n < 4, the sum of the rows, i.e., consider

Bn, ) =) Sl j, ).

k=1

If we sum also over j, we obtain the Ore-Bell numbers, By (1) = 21]‘1:1 B(n,j). The result is displayed in
Table 3.

Yl\] 1 2 3 4 Bl,l (71)
1 1 1
2 2 1 3
3 6 6 1 13
4 26 36 12 1 75

Table 3: The row sums S(n, j) of the Sy 1(n; j, k) and the Ore-Bell numbers By 1 ().

These four lines are equal to A079641 in [37]. This sequence is the matrix product of the Stirling numbers
of the second kind and the unsigned Stirling numbers of the first kind, see [21]. In particular, By () counts
preferential arrangements of # objects and is equal to the Fubini number F, (or ordered Bell number), A000670
in [37], see the discussion by Knuth [21] for an interpretation of f(#, j) and a recent different combinatorial
interpretation in [11]. Algebraically, one thus has (1, j) = ZZ:;‘ S(n, k)ls(k, j)| for n < 4. In general, we have
the following result.
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Theorem 3.5. Let n € IN. The Ore-Stirling numbers are given, for 1 < j < k < n, by

S11(n; j, k) = S(n, k)Is(k, 7). (21)
Combining this with (20), one has for arbitrary parameters A, . € C the result

S 1K) = S(n, ls(, HIA*T . (22)

Proof. It only remains to show (21). As discussed above, the relation holds true for n < 4. To show it holds
true in general, we use the recurrence relation (19). Using the induction hypothesis on the right-hand side
for n, the recurrence relation becomes

S11(n+1;m, k) =S(n, k—1)ls(tk —1,m - 1)
+y (m ! 1) (S, k = Disk = 1, )l + S(n, Bls(k, )}
j=m

=S(n, k—=1)ls(tk —1,m —1)|

n

+ S(n, k- 1)[ Z (m ]_ 1)|s(k -1Lpl—lstk—1,m - 1)|]

j=m-1

+S(n,k)[ Y, (m];1)|s(k,j)|—|s(k,m—1)|].

j=m—1
Using identity (17), one obtains
Sian+1Lm k) =S, k—1)(stk —1,m — 1) + |s(k, m)| — |s(k —1,m — 1)|)
+ S5(n, k) (Js(k + 1, m)| = |s(k, m — 1)|)
=S(n, k — 1)Is(k, m)| + S(n, k)k|s(k, m)|,
where we used in the last step the recurrence relation for |s(k + 1,m)|. Using now the recurrence relation

S(n+1,k) = S(n, k—1) + kS(n, k), the last equation becomes Sy 1(n + 1, m, k) = S(n + 1, k)|s(k, m)|, showing the
assertionforn+1. O

Remark 3.6. Above we observed that S(n, k) resp. |s(n, j)| appear as coefficients on the diagonal resp. last column
in Table 1 (n = 3) and Table 2 (n = 4). Note first that (22) implies Sy ,(n; j, j) = S(n, j)u", explaining the first
observation. Similarly, Sy, (n; j,n) = |s(n, ))|A", explaining the second observation.

Note that choosing p =1 — A in (22) gives
Sa1-a(; 1K) = S, R)ls(l, HIATI(1 = A)", (23)

This is the one-parameter interpolation sought-after in (8). Indeed, one easily checks that for A — 0 one has
Sr1-a(m; j, k) — S(n,k)d;x, and that Sy 1-1(n; j, k) — Is(n, j)|6k,n for A — 1.

Let us turn to the Ore-Bell numbers. Using the above expression for S11(7; j, k), we can determine the
Ore-Bell numbers By 1(1) in the Ore algebra O. Patrias and Pylyavskyy [30] already found the connection
to the Fubini numbers F, in the context of dual filtered graphs.

Corollary 3.7 ([30]). Let n € IN. The Ore-Bell numbers By 1(n) are given by the Fubini numbers F,,.
Proof. Inserting (21) into the definition of By (1), one obtains

n

n n k n
Bia(m) =) )" Sn, K)lstk, )l = ka S(n,k) Z; Is(k, )l = ka S(n, k! = F,,
- = -

j=1 k=j

where we used that 21;:1 Is(k, /)l = k! (and the last equation is the defining equation of the Fubini num-
bers). O
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What about the Ore-Bell numbers in general? Using (22), one finds (for Au # 0)
By u(n) = ZZS(n Bls(k, AT+ = ZS(n k) ( ) le(k MAT.
=1 k=j

For A = 1, it is straightforward to continue. Recalling that the Fubini polynomials (or ordered Bell
polynomials) are defined by F,(x) = Y, S(n, k)k!x* (with F,(1) = F,), one finds (for u # 0)

n k
Buu(m = 1Y (k) (%) H=E)
k=1

which reduces for u =1 to By1(n) = F, from above. For y — 0, only the summand k = n survives, yielding
Bip(n) = S(n, n)n! = nl, as mentioned above. In general, we use the expansion of the rising factorial,
X" =Yg ls(n, )Ix! (see, e.g., (6.11) in [12]), to obtain the following result.

Corollary 3.8. Let n € N. For Au # 0, the Ore-Bell numbers are given by

k

n A k 1
Bru(m) = " Y (1K) (;) (X) .
k=1
Remark 3.9. From above, one obtains for the one-parameter family of Ore-Bell numbers that

Bra-a(m) =) Y S(n,Rlsk, HIAT(1 - Ay,

=1 k=j

Using again that A¥/(1 = L)% — &, for A — 0 (resp. &k, for A — 1), one easily checks that B 1-,(n) — B(n) for
A — 0 (resp. n! for A — 1), as expected. However, it would be nice to have a more explicit expression for Bj 1-5(n).

As alternative to the above derivation of the explicit value of S, ,(n; j, k) we can start from (16) and use
generating functions. Define S, ,,(n;m;v) = Y.i_,, Sa,u(n;m, k)ok. Then (16) gives

Spu(m+1;m;v) = 0S, (n;m—1;0) + (Av + p) Z (m ]_ 1))\]‘—"15/\/”(”; j;0).
j=m

Define Sy ,(n;u,v) = Yo Spu(n;m;v)u™. By multiplying with ™ and summing overm =1,2,...,n+1, we
obtain

Sau(n+1;u,0) = uvSy 4 (1;u,0) + (Av + ) Z Z (m ]_ 1)/\f_”’umSA,H(n; j;0)

noj .
= woSy s u,0) + o+ )y Y (m g 1)/\fmu"’SA,H(n; j;0)

j=1 m=1

7Ry o ,
= 10S),(n;,0) + (w0 + ) ;«u + A) = u)Syu(n; ;0)

pu
= uvS)u(n;u,0) + (Uv + —

1 )Sau(m;u+ A,0) =Sy u(n;u,0)).

Define Sy ,(x, u,v) = X,,51 Sa,u(n; u,0)x". The above recurrence can then be written as

Saux,u,v) — uvx = uoxS, ,(x, u,v) + (uo + #Tu)x(SA,y(x, u+A,0) = Syux,u,0),
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which leads to

uox (uo + %)x

+
pux pux
1+A 1+A

Srulx,u,0) = Srulx,u+A,0).

By iterating this equation an infinite number of times, we obtain the following formula,

u+il
S/\‘u(x u, U) —UXZ(UA-F‘LL)X Hm (24)
20 H
For example,

Saulx, u,v) =uvx + uo(uv + vA + [,t)x2 + uv(u0? + 3uv’A + 20°A% + 3uuv + 3uvA + yz)x3
+ uo’® + 6u*0° A + 11uv’A? + 60°A° + 6uuv? + 18uuv’A + 12uv*A* + 7p*uv

+ 700N + i)t 4
Recall that the Stirling numbers of the first, respectively second kind are given by
k-1 k
[Tee+ i =) 0k, = Y s, k.
j=0 a=0 H] 1(1 - =k

Hence,

(0A + p)ixi i li[ wjA +i

A+ uux)i+l Aux .
( H ) i=0 1T+ A+yurl

j+1 by j+1-b,,a—j ina+l
s ubA i(o+ u/A)ix
=0 ) Y N ()" s(j + 1,0)S(, ) H H .

20 ‘aj b=0 (1 + pux/A)1

Spulx,u,v) = /\vxZ

720

By finding the coefficient of x", we have

-1 n-1 j+1

Spp(mu,0) =0 ZZ( 1)""s(j +1,b)S(a, ])( ) brn=toa ) jbons2sagy 42y 1o,

j=0 a=j b=0

3

Thus, by finding the coefficient of 1™, we obtain

,_.

n-1 n—

Syu(;m;0) = UZ (=)™ *%5(j + 1, m+a+1-mn)S(a, j)(” ; 1)Af+1"”y”‘1‘f(v + /Ay,
j=0 a

Il
-

Finally, by finding the coefficient of v¥, we obtain the following result.

Theorem 3.10. Forall 1 < m < k < n, the Ore-Stirling numbers are given by

n-1 n-1 .
Shu(n;m, k) = Z(—l)”’””s( j+Lm+a+1-n)Sa, j)(” ; 1)( L i 1)Ak-m,ﬂ-k.

1P

a=j

Moreover, their generating function is given by (24).
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By comparing the expression given in Theorem 3.10 with the one given in (22), we obtain, using |s(k, m)| =
(=1)*™s(k, m), the following identity,

n—-1 n-1 .
(1)S01 Rtk m) = 3 3 (<15 + Lm o+ a+1=n)S(a, ﬂ( a 1)(kf1)‘

j=0 a=j
Before turning to a combinatorial interpretation of the Ore-Stirling numbers, we consider briefly the
first nontrivial examples of the Ore-Lah numbers S(Az: )(n; j, k) introduced in Remark 2.3. For n = 2, one finds
(UD)? = U*D? + 2AUPD? + 2ul’D + A2U?D? + AulU?D,

showing that one has more nonvanishing Ore-Lah numbers than Ore-Stirling numbers, see Table 4. In
general, one may use an induction and (14) to show that one has an expansion (U?D)" = U?"D" +- - -+ AuU?D,

yielding many nonvanishing numbers S(AZ; )(n; k).

M1 2
2 Au A?
3 21 21
4 1

Table 4: The nonvanishing Ore-Lah numbers SS\Z’: )(2; j k).

4. Concerning a combinatorial interpretation

Due to the simple product structure (22) for the generalized Ore-Stirling numbers S, ,(1; j, k) we are led
to a simple interpretation for S Ml(n; j k) in terms of rook numbers and file numbers. Let us recall some
terminology following [39]. For n € IN, we let [n] = {1,2,...,n}. A board B is a subset of [n] x [m] C 72,
where n and m are positive integers, see Figure 2. Intuitively, we think of a board as an array of squares
arranged in rows and columns. An element (i, j) € B is then represented by a square in the i-th column and
j-th row. We consider the columns numbered from left to right, and rows numbered from bottom to top, so
that the square (1, 1) appears in the left corner on the bottom (note that this is different from [39]). A board
B is a Ferrers board if there is a non-increasing sequence of positive integers h(B) = (I, ho, ..., h,) such that

={(i,j)li <mand h; — h; + 1 < j < hy}. For example, the board in Figure 2 is a Ferrers board with height
vector (3,2,2,1). Given a Ferrers board B, we call a placement of k rooks in B such that there is at most one
rook in each row a file placement of k rooks, or also a k-file placement, see Figure 2 for an example.

Figure 2: A Ferrers board with a 3-file placement which is not a 3-rook placement.

The set of all k-file placements on B will be denoted by F(B), and fi(B) = |F«(B)| will be called k-th file
number of B.

Remark 4.1. Note that due to our convention of drawing the boards we have to consider the rows for a file-placement.
In the literature, one finds another convention of drawing boards and considers then the columns for file-placements,
see, e.g., [5, 32].
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A k-rook placement is a special kind of k-file placement where in addition no two rooks are in the same
column. The set of all k-rook placements on B will be denoted by Ri(B), and rx(B) = |Rx(B)| will be called
k-th rook number of B.

Example 4.2. The staircase board ], is defined by its height vector (n —1,n —-2,...,2,1) (i.e., h1(J,) = n — 1 and
1 (Jn) = hie(Jn) = 1, fork =1, ..., n = 1). It is well known (see, e.g., [5]) that

rn—k(]n) = S(i’l, k)r fn—k(]n) = |S(Tl, k)| (25)

To any word w in letters D, U one can associate a Ferrers board B, outlined by the path I';, associated
to w. The path I',, results by starting in (0,0), and reading the word w from left to right, associating to D
(resp. U) a step to the right (resp. up); the board B, lies above I',,. For example, the board associated to
w = DUDDUDU is shown in Figure 2 (with I', drawn in bold). As another example, if w = (UD)", then the
associated board is the staircase board |, = Bupy:. Thus, inserting (22) into (7) and using (25), we can write

Z Z S(n, k)ls(k, j)IAFT kI Dk

=1 k=

Y kUi ™ fe jOATUIDE, (26)

=1 k=

(ub)*

Introducing ! = n — jand ¢ = k — (n —I), and switching the order of summation, this shows the following
result.

Theorem 4.3. Let the letters D, U satisfy (5). Then the normal ordering coefficients of w = (UD)" in Ay, are given
by

—

n—-1
(un)" = To(nH fio(Jng) A0 U'D"0. (27)

I=0

=

)
il
=}

For A — 0, only coefficients with [ = ¢ do not vanish, implying (with y = 1) in Ag; = W that

[y

n—

(UD)” — ro(]n) u"—eopn—o, (28)

q
I}
=

which is due to (25) the correct result for the Weyl algebra, see (1). Note that one has for arbitrary words w
in the Weyl algebra containing m letters U and n letters D (with m < n) that

m

=) ro(Bu) U"D", (29)
0=0

where B, is the Ferrers board outlined by w, see [39]. Similarly, for u — 0, only coefficients with o = 0 do
not vanish, implying (with A = 1) in Ay = S that

n—-1

(uDY' = Y fiy ur'D", (30)
1=0

which is due to (25) the correct result for the shift algebra, see (2). For arbitrary words w in the shift algebra
containing m letters U and 7 letters D (with m < 1) one has that

w= Z £,(By) U"™D", (31)
o=0
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see [32]. Thus, (27) is the common generalization of (28) and (30). Turning from the particular words
w = (UD)" to arbitrary words, one has the normal ordering result (29) in ‘W and (31) in S, and it would be
interesting to find their common generalization, i.e., an interpretation for the normal ordering coefficients
of w in A, ;, in terms of rook numbers and file numbers of the board B,,. However, as (27) shows, already
in the case w = (UD)" not only the board ], = Bupy is involved, but also some other “derived” boards J,—,.

Remark 4.4. Let us consider the word w = D*U? in A1 = O with associated board B = B, = (2,2). Using (5)
(with A = p = 1) repeatedly, one finds

D*U? = (U? + 4U + 4)D? + (4U + 6)D + 2I. (32)
On the other hand, the rook numbers and file numbers of B are easy to determine,
ro(B) =1, r1(B) =4, 2(B) =2, fo(B) =1, fi(B) =4, »(B) =4.

Let us denote by B° the (unknown) “derived” board from B (i.e., the analog of J,—. in (27)), and let us assume that the
sought-after formula has a similar structure like (27). Thus, one expects

2 2
D2 = )" Y 1 (B) fi-o(BY)UP D>,

0=0 =0
Using r,(B) from above and noting that B = B, this would imply (fo(B) = 1 for any board B)
D?U? = (U? +4U + 4)D* + (4U + 4f,(BY)D + 21 (33)

Comparing (32) with (33) shows that the “derived” board B* should satisfy 4 f(B') = 6 — which is impossible. Thus,
the simple product structure for the coefficients of U?>"'D?~° does not hold true. Presumably, it has to be replaced for
the general case by a sum which reduces for the staircase board to a single summand.

5. Conclusion and avenues for future research

In the present paper, we introduced Ore-Stirling numbers as normal ordering coefficients in the gen-
eralized Ore algebra A , (where Ay is the Ore algebra of [30]), thereby unifying considerations in the
Weyl algebra (W = Ap;) and the shift algeba (S = A ). Several properties of the Ore-Stirling numbers
as well as the associated Ore-Bell numbers were derived. However, many topics were not touched. In the
following list, we mention — with different amount of detail — some natural questions which in our opinion
merit closer inspection.

1. Derive a recurrence relation for the Ore-Bell numbers B, ,(n).

2. As generalization of the last point, derive an analog of Spivey’s formula for B, ,(n). That is, express
B (1 +m) in terms of B, ,(k), Sa.(m; 1, s) and other combinatorial numbers, like binomial coefficients.
The original Spivey identity due to Spivey [38] is the following identity for the Bell numbers, B, =

Yio Lo /" ()S(m, j)By. Equivalently,

n

Bo/l(Tl + m) = Z

m
k=0 j=0

]'”_k(Z)So,l(m; J» DBo, (k).

On the other hand, one has the “dual Spivey identity”, derived by Mez6 [28], where one has (1 +

m)! =Y ZT:O m"*|s(m, j)|(})k! Recalling n! = By o(n) and |s(m, j)| = S1,0(m; j,m), this can be written
equivalently as

Bio(n+m) = Z Z WH(Z)SLO(W; J,m)Byo(k).

k=0 j=0
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For both identities, one has proofs using normal ordering (for the first identity in the Weyl algebra
W = Ay, [14], for the second identity in the shift algebra S = A ¢ [34]), so one should try to derive
the sought-after identity for B, ,(n + m) using normal ordering in the generalized Ore algebra A, .
For some different generalizations, see [36].
. Derive an analog of the Dobiriski formula for B, (n). Recall that the classical Dobiriski formula for
the Bell numbers is given by B,, = % Yo %, see [25] for more details and some history of this formula,
as well as several generalizations of it.
. Derive properties of the generalized Ore-Stirling numbers mentioned in Remark 2.3.
. Generalize Theorem 4.3 to arbitrary words w € Ay, i€, give an interpretation for the normal
ordering coefficients of w in terms of rook numbers and file numbers of the associated board B,,. As
Theorem 4.3 and the discussion in Remark 4.4 shows, some kind of “derived” boards B, are expected
to be relevant. Note that B, is a subboard of B,, so it can alternatively be interpreted as B, where it is
forbidden to place rooks in some cells (depending on o).
. For the Weyl algebra ‘W, one has a description of normal ordering in terms of contractions, see [24,
Section 10] or [1, Note 1]. Given a word w in letters D, U we call a k-contraction (with k = 0,1,...)
of w the choice of k pairs (D, U) where D precedes U, with subsequent replacement of these letters
D, U by the symbol 0. For example, the word w = (UD)?> = UDUDUD has exactly one 0-contraction
(leaving w as it is), 3 possible 1-contractions (UPDUD, UUDOD, UDUPDD), and one 2-contraction
(U0OOOD). Let us denote the set of k-contractions of w by Ci(w), and let C(w) = UCi(w). If 7 € C(w),
then : 7 : means that all symbols @ are deleted and all letters U are written to the left of all letters D (as
if they would commute). For example, : UDU@PD := U>D?. Then one has the following result (Wick’s
theorem),

w = Z DT

neC(w)

Contractions are closely related to set partitions, see [24]. For example, for w = (UD)" one notes that
s = UMD % if € Cr(w), hence

n-1 n
(UD)" = Y ICUDY) U D" = Y |, (UDYUDY,
k=0 (=1

showing by comparison with (1) that |C,—¢((UD)")| = S(n, {). In the shift algebra S, the result analogous
to (1) is (2) where instead of S(n, k) the |s(n, k)| appear. It would be very nice to have an analog of Wick’s
theorem for normal ordering in the shift algebra. Thus, one should find an analog to contractions
and to the operation : : (the sought-after analogous structure $i(w) should be closely related to
permutations with k cycles for w). Finally, the analog of Wick’s theorem for the Ore algebra O should
be considered, too

. Study g-deformed Ore-Stirling numbers. Recall that the g-deformed Weyl algebra ‘W, can be defined
by letters D, U satisfying DU — gUD = I. The normal ordering coefficients of (UD)" in ‘W, are g-
deformed Stirling numbers of the second kind S7(n, k). Thus, it is natural to introduce the g-deformed
generalized Ore algebra A, ,(q) by the g-deformed variant of (5), i.e., by DU —gUD = AD + ul. Similar
to (7), the g-deformed Ore-Stirling numbers 57\,# (1; j, k) are then defined as normal ordering coefficients

of (UD)" in A, ,(q). For g — 1, they should reduce to S, ;,(1; j, k). The limit g — —1 of SZ y(n; j, k) might
also be interesting.
. Consider the three-parameter algebra A, ,,, generated by D, U with commutation relation

DU - UD = AD +vU + pl.

(This corresponds to an algebra of type (1,v, A, u) in [22], see (4).) For example, A; o1 is the excedance
algebra & where DU — UD = D + U, see [7]. One would then consider the unit cube [0,1]* ¢ R® as
space of parameters (A, u,v). Note that the algebra Ago1 — where DU — UD = U - is essentially the
shift algebra; we denote it by S8*. In a similar fashion, Ay 1,1 — where DU — UD = U + I - is essentially
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the Ore algebra; we denote it by O*. As an extension of Figure 1, we draw the unit cube of parameters
(A, u,v) € [0,1]1 x [0,1] x [0,1] and label the vertices with the corresponding algebras in Figure 3.
Clearly, one can ask questions analogous to the ones considered above. For example, by considering

O ——— A1
e e
S— &
w o
C[D,U] —— S

Figure 3: The unit cube of parameters (A, pi, v) and resulting algebras Ay .-

normal ordering (UD)" in A, ., one can define numbers S, ,,.(1; j, k,I) and study their properties.
Recall that choosing (4,1 — A,0) corresponds to an interpolation between ‘W and S, see (6), hence
between Stirling numbers of the second kind and unsigned Stirling numbers of the first kind, see (23).
In a similar fashion, by letting v = 1 — u, one obtains an interpolation Ay ,,1-, between & = Ay o1 and
O = Ay,10. Normal ordering in the excedance algebra & was considered by Clark and Ehrenborg [7],
and a combinatorial interpretation for the normal ordering coefficients was given by them. They also
established a connection to Genocchi numbers (A001469 in [37]).
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