COMBINATORIAL IDENTITIES INVOLVING THE
CENTRAL COEFFICIENTS OF A SHEFFER MATRIX

Emanuele Munaring

Given m € N, m > 1, and a Sheffer matrix S = [sn,k]n,k>0, We obtain the ex-
ponential generating series for the coefficients (a'*'a(f;i)”)7lsa+(m+1>n,a+mn.
Then, by using this series, we obtain two general combinatorial identities,
and their specialization to r-Stirling, r-Lah and r-idempotent numbers. In
particular, using this approach, we recover two well known binomial iden-
tities, namely Gould’s identity and Hagen-Rothe’s identity. Moreover, we
generalize these results obtaining an exchange identity for a cross sequence
(or for two Sheffer sequences) and an Abel-like identity for a cross sequence

(or for an s-Appell sequence). We also obtain some new Sheffer matrices.

1. INTRODUCTION

A Sheffer matriz [2, 26] is an infinite lower triangular matrix S = [y, k]n,k>0
whose columns have exponential generating series

n k
)= Y s =90 e

n>k

for two exponential series g(t) = >, <o 9n tn—", and f(t) = >,50/n tn—n!, with gg = 1
and fo =0, f1 # 0. In this case, we also write S = (¢g(t), f(t)) and we say that the
pair (g(t), f(t)) is the spectral representation of S, or simply the spectrum of S.

Given m € N, m > 1, and a € N, the m-central coefficients of S are the
(m)

entries ¢n ' = S(m+1)n,mn, While the shifted m-central coefficients are the entries
(a,m) _
Cn - 5a+(m+1)n,a+mn-
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A Sheffer sequence with spectrum (g(¢t), f(t)), [2, 4, 8, 29, 32, 33, 34, 36,
37], is the polynomials sequence {s, (x)},en of the row polynomials of the Sheffer
matrix S = (g(t), f(t)), with generating exponential series

(1) S su(@) ’; (1) et O

n>0

An s-Appell sequence [26], with s # 0, is a Sheffer sequence with spectrum (g(t), st).
For s = 1, we have the ordinary Appell polynomials [3] [32, p. 86] [34].

Several classical combinatorial sequences, such as the binomial coefficients,
the Stirling numbers of the first and the second kind and the Lah numbers, form a
Sheffer matrix. Similarly, several classical polynomial sequences, such as the falling
and rising factorial powers, the generalized Hermite polynomials, the generalized
Laguerre polynomials, the generalized Bernoulli and Fuler polynomials, the expo-
nential polynomials, the actuarial polynomials, the Cayley continuants, the Abel
polynomials, form a Sheffer sequence.

The theory of Sheffer matrices (or sequences) provides a powerful tool for
studying and deriving combinatorial identities [25, 26, 39]. In this paper, we start
by deriving the exponential generating series for the coefficients

a+ (m+1)n _1c(a’m) _(a+(m+1
a-+mn " o a-+mn

(2)

(Theorem 1). Then, by using this result, we obtain the spectral representation
of the Sheffer matrix generated by these coefficients (Theorem 2) and two general
combinatorial identities (Theorems 3 and 5). In particular, we specialize these
identities to some combinatorial families of numbers, such as the r-Stirling numbers
of the first and second kind, the r-Lah numbers, the r-idempotent numbers. In
particular, using this approach, we recover two well known binomial identities,
namely Gould’s identity [16, 17] and Hagen-Rothe’s identity [35, 21]. Moreover,
we generalize the results obtained for the r-idempotent numbers by determining an
exchange identity for an arbitrary cross sequence (Theorem 18) or for two Sheffer
sequences (Theorem 19), and an Abel-like identity for an arbitrary cross sequence
(Theorem 20) or for an arbitrary s-Appell sequence (Theorem 21). These Abel-like
identities generalize the classical Abel’s binomial identity [1] (see formula (28)).
Finally, we also obtain some new Sheffer matrices.
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n
) Sa+(m+1)n,a+mn

2. MAIN RESULTS

We start by determining the generating series for the coefficients (2).

Theorem 1. Let S = [spilnken = (9(t), f(t)) be a Sheffer matriz, and let

Csla;m) o

= Sat(m+1)n,at+mn b€ the shifted m-central coefficients. Let F' = [fn k]nken =
(1, f(t)). Then, we have the exponential generating series
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where

f(m-‘rl)n—l,mn tm
(4) p(t) = Z (m+Dn—1y !
n>1 ( n—1 ) :

is the unique invertible exponential series satisfying the equation
(5) p(t)™ =t ()™ .

Equivalently, ¢(t) is the exponential series whose compositional inverse is

N gl t \"
©) °0) = Fm =1 (f(t)) |

Proof. Consider the bivariate series

H(t,u) = Z H, j t"u®

n,k>0
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whose diagonal series is

(a +mn)!
h(t) = Hnntn: at+(m n,a mntn
®) 7;) ' T;)n!(a—i-(m%—l)n)lsﬂ +hnat

By Cauchy’s integral formula [11] [22], we have

b = g f et S =k fao (12 ] et £
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Let z = o(w), where ¢ is the unique invertible exponential series® defined by
equation (5). Then w = Jfg; = 3(2), (@)m =55y = LSJ‘J)’ @ = (7“05;)"))1/7”7

I Notice that equation (5) implies ¢(0) = 0 and ¢’(0) = f* # 0.



o) = 5 ot O (W)a/mg<so<w>> dv.

27i o(w) w w

Since the Hadamard product [11] of two ordinary series a(t) = > - a,t™ and
b(t) =), byt™ is given by 2

o) U0 = S auba " = 5= Fati/2)2) L.
n>0
then we have /
e ey
o) =0 | 2L (20 g(so(t»]

Hence, if we set

oy <0 (FEOY™ 5,

then we have
t" t" t"
_ (a,m) _ _
h(t)=e" ¢ (t) = E o E Cp i E Cy CIE
n>0 n>0 n>0

and consequently
(a + mn)! clam) _ Cy

nlla+ (m+Ln)! ™ (n!)?
from which we obtain
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This proves identity (3). Finally, by the Lagrange Inversion Formula [40, p. 38|,

we have
() = ~ ("] (j)n Ly (f(tt))mn

n o(t) n
= (mn)' [t(m+1)n—1] f(t)mn — (mn)' f(m+1)n71,mn
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This proves identity (4).

As an immediate consequence of Theorem 1, we have the following result.



Theorem 2. Let m € N, m > 1. Let S = [spk|nken = (g(¢), f(t)) be a Sheffer
matriz, and let p(t) be series (4). Then, we have the Sheffer matriz

Proof. Let k € N and a = mk. Then, by series (3), we have the identity

(7)
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This means that we have the Sheffer matrix (7). O

Another consequence of Theorem 1 is the next property, giving our first main
identity.

Theorem 3. Let a,b,m € N, m > 1. Given two Sheffer matrices

S1 = sy )nken = (g1(t), f(t))
52 = [S/ri)k;]nJCGN = (92(t)’ f(t)) 5

let cga’m)(t) and cgb’m) (t) be the respective exponential generating series defined by
(3). Then, we have the relation

a,m bm ,m a+b,m
(8) () e (1) = M (1) T (1)

or, equivalently, the identity

Z": 1\ Sat(mtD)k.atmk Sho(m+1)(n—k)bim(n—k)
k (a+(m+1)k) (b+(m+1)(n7k:)) -

k=0 a+mk b+m(n—k)
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_ " /n 82m+1)k7mk: Sg+b+(m+l)(nfk)7a+b+m(n7k:)
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>
Il

Proof. By Theorem 1, we have

(a-+b) /m

e € = (O (LY sty
b (t) p(t) O (Om) py (atbm)
- Ae) SD(t(t) aa(ip()) = €2 (8) £ 1)

This yields identity (8).



To prove Theorem 5, we need the following result.

Lemma 4. Let S = [spilnken = (9(t), f(t)) be a Sheffer matriz and let F =
[frklnken = (1, f(t)). Let p(t) be the exponential series defined by equation (5).
For every a € N, a # 0, we have the exponential series

(10) QD(t) . _ Z fma+(m+1)n,ma+mn a ﬁ
t (ma+(m+l)n) a+n n!’
n>0 ma-+mn

Proof. By applying the Lagrange Inversion Formula [40, p. 38], we have

a ma-+(m-+1)n f(t)m(aJrn)
= (m(a + n))! [tmetm+D) ]7(m(a—|—n))!
a fma+(m+1)n,m(a+n)

T a+n (m(a+n))! (ma + (m+ 1)n)!

a nl(m(a + n))! 1
a+n (ma+(m+1)n)! fma+(m+1)"’m(a+")ﬂ
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ma+mn

This proves the claim.

Now, we can prove our second main identity.

Theorem 5. Let S = [spklnken = (g(t), f(t)) be a Sheffer matriz and let F =
[fr.klnken = (1, f(t)). Then, for every a,b € N, b # 0, we have the identity

i n Sa+(m+1)k,a+mk fmb+(m+l)(n7k)7mb+m(n7k:) b _
k (a+(m+1)k) (77Lb+(m+1)(7L—k)) btn—_k =
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- (a+mb+(7n+1)n)
a+mb+mn

In particular, if g(t) =1, then

Xn: <7’l> fa+(m+1)k,a+mk fmb+(m+1)(n7k),mb+m(n7k) b -

k (a+(m+1)k) (mb+(m+1)(n—k)) bin_k =

a+mk mb+m(n—k)

(12)  *=°
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Moreover, if g(t) = f'(t), then

Zn: ( ) fat (ma 1)k 1,atmbt1 Smbt (m+1)(n—k) mbtm(n—k) b

a+(m+1)k mb+(m+1)(n—k) _
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_ fa+mb+(m+1)n+1,a+mb+mn+1
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Proof. By series (3), we have

b , (a+mb)/m
c(a,m) (t) (@Eﬂ) _ ti(g) (@Eﬂ) g(go(t)) — c(a+mb,m) (t) )

By Theorem 1 and Lemma 4, this equation is equivalent to identity (11). In par-
ticular, if g(t) = 1, then s, , = fnr and we have identity (12). If g(¢) = f'(¢), then
Snk = fnt+1,k+1 and we have identity (13). O

3. EXAMPLES

In this section, we exemplify the identities obtained in Theorems 3 and 5 by
considering some specific Sheffer matrices of combinatorial interest. In some cases,
we also give explicitly the spectral representation of the Sheffer matrix obtained in
Theorem 2.

3.1 r-Stirling numbers of the second kind

The 7-Stirling numbers of the second kind [5, 13] are the entries of the Sheffer

matrix
S(T) = |:{’I’L} :| = (e”,et — 1) .
k rdn,k>0

Equivalently, they have exponential generating series
$ n)| t" (e 1)
— =t
k) n! k!
n>k T
In particular, for r = 0 and r = 1, we have the ordinary Stirling numbers of the

second kind [11, p. 310] [30, p. 48] [38, A008277): {}}, = {}} and {}}, = gi}

The row polynomials are related to the actuarial polynomials [32, p. 123]

Theorem 6. For every a,b,r,s,m,n € N, m > 1, we have the identities

En:( ) {a+a(lnntzi)k} b+bfn:(17z(nk k)}s _ Z( ){(rn+1)k} {a+abrbfg(1n(nk k)}s
k (a+(m+1) ) (b+(m+1)(n k)) pa k (m+1) ) (a+b+(m+1)(n k))

k=0 a+mk b+m(n—k) mk a+b+m(n—k)
n a+(m+1)k mb+(m+1)(n—k) ad+mb+(m4+1)n
Z { a+mk) } { mb+m(n—k) b o { a+mb(+mn) }T (b 7& 0)
a+(m+1)k) (mb+(7n+1)(n k)) b+n—k - (a+mb+(m+1)n) .
=0 a+mk mb+m(n—k) a+mb+mn



Proof. If S; = S) and Sy = S, then identity (9) yields the first identity. Simi-
larly, if S = S, then F = S and (11) yields the second identity. O

REMARK 7. In particular, for r = s = 0, we have the identities
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a+mk b+m(n—k) a+b+m(n—k)
n a+(m+1)k mb+(m+1) k) a+mb+(m+1)n
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and, for r = s = 1, we have the identities

n {a+(m+1)k+1} {b+(m+1)(n k)+1 n {(m+1)k+1} {a+b+(m+1)(n—k)+1
n a+mk+1 b+m(n—k)+1 _ Z n mk41 a+b+m(n—k)+1
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3.2 r-Stirling numbers of the first kind

The r-Stirling numbers of the first kind [5, 23] are the entries of the Sheffer

matrix ) )
o[l (et
k rdn,k>0 (1 - t)r I—t

Equivalently, they have exponential generating series

S 5= ot (o)

n>k

In particular, for r = 0 and r = 1, we have the ordinary Stirling numbers of the first
kind [11, p. 310] [30, p. 48] [38, A132393, A008275]: [}], = [1] and [}], = [}1].

Theorem 8. For every a,b,r,s,m,n € N, m > 1, we have the identities

n a+(m+1)k [b+(m+1)(n—k)] n (m+1)k [a+b+(m+1)(n—k)]

[ a+mk L b+m(n—Fk) lg ]T atbt+m(n—k) g
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=0
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Proof. If S; = &) and Sy = &), then identity (9) yields the first identity.
Similarly, if S = &), then F = &) and (11) yields the second identity. O



REMARK 9. In particular, for r = s = 0, we have the identities
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k=0 a+mk mb+m(n—k) a+mb+mn

and, for r = s = 1, we have the identities

n [a+(m+1)k+1] [b+(m+1)(n—k)+l] n [(m+1)k+1] [a+b+(m+1)(n—k)+1]
Z n a+mk+1 b+m(n—k)+1 :Z n mk41 a+btm(n—k)+1
k (a+(m+1)k) (b+(m+1)(n—k)) k ((m+1)k) (a+b+(m+1)(n—k)>
mk

k=0 a+mk b+m(n—k) k=0 a+b+m(n—k)
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3.3 r-Lah numbers

The r-Lah numbers [28], defined by |Z|T = (Zi;;:}) Z—!!, are the entries of the
Sheffer matrix

n] _( 1 t )
ki) k>0 1-t)2>’1-t)"

Equivalently, they have exponential generating series

) P N1k
T Q- R\T-t) T Ra—prrE

n>k
In particular, for r = 0 and r = 1, we have the ordinary Lah numbers [11, p. 1506]

(30, p. 44] [38, A008297, A271703 = 7] and [}], = [ H]].
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n
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Theorem 10. For every a,b,r,s,m,n € N, m > 1, we have the identities

at+(m+1)k| |+ (m+1)(n— k?) n

n ‘ (m+1)k ’a+b+(m+1)(n*k)
n at+mk |p b+m(n—k) r a+b+m(n—k) s
Z <k) (a+(m+l)k:) (b+(m+1 )(n— k: Z ( ) (m+1)k:) (a+b+(m+1)(n—k))
k=0 a+mk b+m(n—k) k=0 a+b+m(n—k)
n |a+(m+1)k mb+(m+1)(n— k) ’a+mb+(m+1)n
2 ( ) e L5 1 N (P}
! ”a(fﬂfzi)k) ("l ) b=k ()

Proof. If S; = L") and Sy = L(®), then identity (9) yields the first identity. Simi-
larly, if S = L("), then F = L(®) and (11) yields the second identity. O



Theorem 11. We have the Sheffer matriz
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Proof. Let m = 1. By identity (5), the series ¢(t) associated with the Sheffer
matrix (14) is defined by the equation

to(t)

p(t)? = T p(t)? —p(t) +t=0.

Hence, we have ¢(t) = 1= =4t V2174t and ¢'(t) = \/ﬁ. By Theorem 2, we obtain the
Sheffer matrix (15).

3.4 Binomial coefficients

Consider the Sheffer matrix

1 t
16 Bl — [Bm)} _ ( 7 > 7
(1e) "k k>0 (1 —4t)ey/1—4t" 1 -4t
where -
B(a) — 4nfk n+oa— 1/2 77;' _ (22_2(]:) 2n — 2k nf’
ok n—k )k (T \n—k )k

For oo = 0, we have sequence A048854 in [38] (see also [32, p. 25]) For a =1,
we have sequence A286724 in [38]. For o = 2r — 1/2, we have Bn Y =7 ’ gn=k,
where the coeflicients |Z|T are the r-Lah numbers.

In this case, we have the following result.

Theorem 12. Let «, 3, v and & arbitrary symbols. We have the identities

an Z": (a J;gkﬁ> (7 +T§n—kk)6) _ z": (a + 6k+ kﬂ) (7 — 6:£nk— k)ﬁ)

P k=0
w S () ) e ()

Proof. Let a,b,m,n € N, m > 1. If §; = B(® and S, = B®, then identity (9)
becomes

n (a) (8)
Z B a+(m+1)k,a+mk me+(m+1)(n—k),mb+m(n—k) .
(a+(m+1)k) (mb+(7n+1)(n—k)) -
k=0 a+mk mb+m(n—k)

n B(B)
( > m+1 k,mk — a+mb+(m+1)(n—k),a+mb+m(n—k)
=0

(m+1 (a+mb+(m+1)(n k))
at+mb+m(n—k)



This identity can be simplified noticing that
B a;z n+a—1/2
19 R gn=k (i — k) )

Indeed, after some simplifications, we have

z”:<a+(m+1)kk+a—1/2>(mb+(m+1)rfn_—kk)+ﬁ—1/2) _

k=0

:i((m+1)k+a—1/2>(a+mb+(m+1)(n—k)+5—1/2>.

k n—=k
k=0

Setting A=a+a—-1/2, B=m+1,C=mb+ 8 —1/2 and D = —a, we obtain
the identity

i A+kB\ (C+ (n—k)B 7% A+D+kB\(C—-D+ (n—Fk)B

k n—k N k n—k '

k=0 k=0
For the arbitrariness of the parameters A, B, C and D, this identity is equivalent
to identity (17).

Furthermore, if $ = L(®, then F = (1, 1) = [|e]4"*]

(11) becomes

k>0 and identity

n (@) mb+(mA)(n—k)| (@)

Z (TL) Ba+(m+1)k,a+mk mb+m(n—k) ’ 4 kb o Ba+mb+(m+1)n,a+mb+mn
a+(m+1)k mb+(m+1)(n—k _ - a+mb+(m+1)n

k=0 k ( a(erk) ) ( mb(—'rm(fz(—k) )) b+n—k ( a+mb(+mn) )

provided that b # 0. Also this identity can be simplified using formula (19) and

noticing that
(%:(n_k)(z:i):(n—k)!(;;)ﬁ (n#0).

In this way, after some simplifications, the above identity becomes

kz":_o (a+(m+1)kk+a—1/2) (mb+(7r::;)(n—k)> mb+(mn-ib1)(n—k) _
_ (a+mb+(m+1)n+a)—1/2>_

Setting A=a+ a—1/2, B=m+ 1 and C = mb, we have the identity
z”: A+kB\ (C+ (n—k)B C _ (A+nB
P k n—k C+(n—-kB n '

For the arbitrariness of the parameters A, B and C, this identity is equivalent to
identity (18). O



Notice that identities (17) and (18) are well known. More precisely, identity
(17) is Gould’s identity [16, 17, 20, 39] [18, p. 41, Formula (3.143)] [24, Formula
(1.3)], while identity (18) is Hagen-Rothe’s identity [35, 21, 16, 17, 9, 10, 20]
[31, Section 4.5] [19, p. 202, Formula (5.62)].

A similar result can also be obtained from Theorem 10. More precisely, from
the first identity we can recover identity (17), while from the second identity we
can derive the identity

Z": a+kB\ (v+(n—k)p y+1 _(aty+nB+1
P k n—k Y+1+m—k)(B—-1) n '
Theorem 13. We have the Sheffer matriz

(47L2—7121c;;€2a) o — 2%k 71' B
(2n—k+a) n—=k )k -
n,keN

n—=k
(20)
(14 T8 (11— yT=T602 1 T =161
-\ 2vI—T16t 8t ’ 8 '

Proof. Let m = 1. By identity (5), the series ¢(t) associated with the Sheffer
matrix (16) is defined by the equation

o(t)? = te(t) or 4p(t)* —p(t) +t=0.

C 1 —dp(t)
Hence, we have p(t) = 1=1=16¢ Vé_mt and ¢'(t) = \/1%&. By Theorem 2, we obtain

the Sheffer matrix (20).

3.5 r-idempotent numbers

We define the r-idempotent numbers as the entries of the Sheffer matrix

J = KZ) (r+ k)”’“] e (e, te?).

For r = 0, we have the idempotent numbers [38, A059297], and for » = 1 we have
sequence A154372 in [38].

REMARK 14. For r € N, the r-idempotent numbers admit the following simple
combinatorial interpretation. An idempotent map f: X — X on a set X is a map
such that f2 = f, i.e. a map where each element of X is a fixed point or is mapped
into a fixed point. If X = {1,2,...,r,7+1,...,n+r} and R={1,2,...,7}, then
the numbers (Z) (r + k)"~% count the idempotent maps f : X — X with r + &
fixed points, where the first elements 1, 2, ..., r are all fixed points. Indeed, an
idempotent map f : X — X with this property is equivalent to a pair (K, ), where
K is a k-subset of X \ R, so that RU K is the set of all fixed points, and ¢ is a
function from X \ (RU K) to RUK. The subset K can be chosen in (}) different
ways, and the function ¢ can be chosen in (r + k)" ~* different ways.



Theorem 15. For every a,b,r,m,n € N, we have the identities
n

> (Z) (a+r+mk)F(b—mk)"F = Zn: <Z> (r +mk)*(a+ b —mk)"*

k=0 k=0

xZ()JJ-ﬁ-mk Yy = mk)" = @+ )"

Proof. Let S; = J") and Sy = J), and apply Theorem 3. Replacing s+b-+mn by
b, we have the first identity. If S = J), then F = J(© and identity (11) becomes

mbz(Z)(r+a+mk)k(m(b+n)—mk)” L= (rta+m@d+n)".
k=
Setting x = r 4+ a and y = m(b + n), we have

e

or, equivalently,

n

(y—mn) Y. (Z) (y — mn +mk)* (@ 4+ mn — mk)"* = (& + )"
k=0

Now, replacing y — mn by x and x + mn by y, we derive the second identity. [

Notice that the second identity is a particular case of Abel’s identity (see
Remark 22).

Theorem 16. For any m € N, m # 0, we have the Sheffer matrix

(21) [(Z) (r+ mn)"k] - <1 — cl(mt) (c(gf) >T ’ C(Zt)>
where
(22) c(t) = 7; n””g :

Proof. By identity (5), the series o(t) associated with the Sheffer matrix J() is
defined by the equation o(t)™+! = to(t)™e™?(®) | that is p(t) = te™?*). So ¢(t) =
c(mt)/m = =W (—mt)/m, where c(t) = —W(—t) is the Cayley series [30, p. 12§]
[40, p. 25], giving the exponential generating series for the labeled rooted trees,
and W (t) is the Lambert series [12]. Since

tg't) 11
o) T—mp(t)  T—cmt)’

by applying Theorem 2, we obtain the Sheffer matrix (21).




4. SHEFFER POLYNOMIALS

The results obtained in Subsection 3.5, for the r-idempotent numbers, can
be generalized as follows. Given a Sheffer sequence {s,(x)},en, With spectrum

(g(t), f(¥)), we can always consider the associated cross sequence {sﬁ{“(x)}neN of
index A [32, p.140] defined as the Sheffer sequence with spectrum (g(¢)*, f(¢)).

Lemma 17. Given a Sheffer sequence {sn(x)}nen, with spectrum (g(t), f(t)), we
have the Sheffer matrix

@) (a0 g ) = [ (1) ko)

n,k>0

Proof. The exponential generating series for the kth column is

tk tk tn
g(t)/\exf(t)y g<t)kaesz(t) _ E g(t)/\+kae(w+kz)f(t) Z S(z\—i—ka (1‘ + kz)—'
’ : ! n>0
_ Z n+k SOtka) (« + k=) gtk _ Z n S()\—Hca)(m + kz)ﬁ
k " (n+k)! k) nk n!
n>0 n>k
This implies identity (23). O

Then, we have the next exchange identity for a cross sequence.

Theorem 18. Let {s,(z)}nen be a Sheffer sequence with spectrum (g(t), f(t)).
Then, we have the identity

Z ( ) DD (w34 k) s (y — hz) =

(24)
_ Z ( ) k) 4 ez SR (4 )

Proof. If S1 = (g(t)* e®f®) tg(t)*e* M) and Sy = (g(t)” e M) tg(t)*e*f ), then
identity (9), for m =1 and b = 0, becomes

n

2 < ) L 0z 4 2 4 k) sV (g mz — k) =
=0

= Z ( > +k)a (x + kz) glaag_u+na_ka)(az +y+nz—kz).

Setting A = aa and w = az, and replacing v + na by v and y + nz by y, we obtain
identity (24). O

We also have the following exchange identity for two Sheffer sequences.



Theorem 19. Let {s,, () }nen and {t,(x)}nen be two Sheffer sequences, with spec-
trum (g1(t), f(t)) and (g2(t), f(¢)), respectively. Then, we have the identity

n n

(25) Z (Z) sp(w+x+k2)ty_p(y —kz) = Z (Z) sp(x+k2) tn_p(w+y—kz).

k=0 k=0
Proof. If Sy = (g1 (t) e*/® te*I ) and Sy = (go(t) ¥/ ®) te*/ () then identity (9),

for m = 1, becomes

i( ) (az + @+ kz) tnr(y + bz +nz—kz) =

_Z<> x+k2)ty_rlaz+y+bz+nz—kz).

Setting w = az and replacing y + bz + nz by y, we obtain identity (25). O

Moreover, we have the following Abel-like identity for a cross sequence.

Theorem 20. Let {s,(z)}nen be a Sheffer sequence with spectrum (g(t), f(t)).
Then, for the associated cross sequence, we have the identity

MNz—kz
2 ( ( ))(J} - kiZ) (V"rk)\z) k _ J(ztv)

Proof. Let S be the matrix (23). For A = 0 and x = 0, we have

FH:(lig@f@dugzz[(k> wa%k@}

Hence, by identity (11) with m = 1 and a = 0 (but without loss of generality), we
obtain

= v (03 n)x—Rko b
}:() AR (3 4 kez) s k(®+nﬂ—k@gigjgz

n,k>0

= s+ o) (1 4 (b4 n)z).
Setting y = (b+n)z and p = (b+ n)a, we have bz =y —nz, ay — pz = 0 and
S () e+ ksl = k) P = s ).
k " y—kz
k=0
Equivalently, we have

n (,u na+ko)
1/+na ko) k ( —nz+ kZ) — J(ptv)
(y—nz) EO( > (x4+nz— z) T s (x+4y) .




Now, replacing v + na by v, p —na by u, y —nx by z, z +nz by y and z by —z,
we obtain the identity

pn—kao) _k
@ Z ( > W k) sV (y + k) = s8I (@ +y)

z—kz

subject to the condition ax — pz = 0. Finally, by setting a = Az and p = Az, we
obtain identity (26). O

Furthermore, we have the following Abel-like identity for s-Appell polynomials
(not necessarily forming a cross sequence).

Theorem 21. Let {a,(z)}nen be an s-Appell sequence with spectrum (g(t), st).
Then, we have the identity

(27) :L'Z <Z>sk (x— k) Ya,_p(y+k2) = an(z+y).
k=0

Proof. Let A =0 and v = 1 in identity (27). Then, we have

xz< ))”U"“Z)an_k@wz):an(wy).

Since 2,5 all (37) % = 57t we have a'') () = (sx)™. Hence al(co) (x — kz) =

sk (z — kx)*, and we have identity (27). O
REMARK 22. For the ordinary powers =", which form an Appell sequence, identity

(27) yields the original Abel’s binomial identity [1] [11, p. 128] [31, p. 18] [32, p.
73]

(28) mZ( ) z— k)P Ny 4+ k)R = (x4 y)"
In this way, we also reobtain the second identity stated in Theorem 15.

Furthermore, we have the following Sheffer matrices.

Theorem 23. Let {s,(z)}nen be a Sheffer sequence with spectrum (g(t), f(t)).
Then, we have the Sheffer matrix

()saena)| -
k n,k>0

_ g(p(t)* ( p(t)
1= 20(t) f(p(t)) — aziath; \tale(D)

- )W (1)



where @(t) is the unique invertible solution of the equation
p(t) = tg(p(t))* I #0).

In particular, if {an(x) }nen is an s-Appell sequence, then we have the Sheffer

matric
Kz) o nz)} - <1g£ijg2) (Cf;t) ):r/z’ C(zt)>

where c(t) is the Cayley series (22).

Proof. For m = 1, the series ¢(t) associated with the Sheffer matrix (23) is defined
(by identity (5)) by the equation o(t) = tg(o(t))*e* ¥1) . Since

b/ (1) _ 1 nd em( 20 )””/Z
P(t) 1= zp() f (1) — ozl tgle®)>) 7

we obtain the first Sheffer matrix, by applying Theorem 2. For an s-Appell se-
quence, we have A = 1, a = 0, f(t) = st, f'(t) = s and ¢(t) = te®***). Hence, we

c(szt)

have p(t) = and, consequently, the obtain the second Sheffer matrix. O]

We conclude with some examples.

Examples

1. The falling factorials 2% = z(x — 1)(z — 2)---(x — n 4+ 1) form a Sheffer
sequence [32, p. 57|, with exponential generating series

n tn x
n>0
Then, after some simplifications, the exchange identity (25) becomes
i w4x+kz\ (y—kz 7% r+kz\ [w+y—kz
— k n—*k) P k n—k '

Notice that, setting « =w+z, 8 = z, v = y — nz and 6 = —w, this identity
becomes Gould’s identity (17).

A similar result can be obtained for the rising factorials, or Pochhammer
symbol, (), = z(x +1)(x+2)---(x+n—1) [32, p. 5].

2. The generalized Hermite polynomials Hy(f) (z) form a 2-Appell sequence and
a cross sequence [14, Vol. 2, p.192] [26], with exponential generating series

Z Hr(ly) (.I) ﬁ — e2mt—ut2 — e—yt2 e2.act )



Then, the exchange identity (24) becomes

> (Z) HOP ) (w424 k) B (y — k) =
k=0
= Z < )H(”Hm (x+kz) H ’\ZV ka)(w—i—y— kz)
k=0

and the Abel-like identity (26) becomes

n (Mz—kz))
n\ H, (z — k2) (y+/\kz)
H kz) = HO#HY) )
wkgo <k> pr— (y+kz) = H " (x +y)

In particular, the Abel-like identity (27) becomes

xZ( > — kz)F~ 1H7(l )k(y+kz) HY (z+vy).
k=0

. The generalized Laguerre polynomials Lgf) (z) form a Sheffer sequence (but
not a cross sequence) [14, Vol. 2, p. 189], with exponential generating series

» " e 17
ZL; )(.’1?) ﬁ = (1 _ t)l/+1 :

n>0
The polynomials Lg’fl)(x) form a cross sequence. So, the exchange identity
(24) becomes (replacing p and v by g+ 1 and v + 1, respectively)

n

> (Z) L) (Wt w4 k) LY (y — kz) =
k=0

_ Z ( >L(;¢+ko¢) ) LR R (4 1y k)

while the Abel-like identity (26) becomes

z—kz

n L(/\(ac kz)—1) T — k , L
> (Z) k @R LMy 4 k) = LG D (4.
k=0

Since the sequence is not s-Appell, identity (27) does not hold.

The polynomials L ™™ (x) form a (—1)-Appell sequence and a cross sequence
[14, Vol. 2, p. 189, Formula (19)], with exponential generating series

ny
(a—n) _ a —zt
E Ly (x)n!_(1+t) e .

n>0



Then, the Abel-like identity (26) becomes

n (Max—kz)—k)
n\ L x—kz v+Akz—n TH+v—n
xZ(k) k x—ki )Lifﬁk By +kz) = LI (@ +y).
k=0

In particular, the Abel-like identity (27) becomes

xZ( ) V(@ — k)L (g 4 kz) = L (@ 4 y).

. The generalized Bernoulli polynomials Br(LV)(m) and the generalized Euler poly-

nomials B (z) form two Appell sequences and two cross sequences, [32, p.
93, p. 100] and [14, Vol. 3, p. 252], with exponential generating series

YN t Y .
> B = ()

n>0

tn 2 v
E‘(V) — = act.
> e S = () ¢

n>0

In this case, in addition to the exchange identity (24), we also have the ex-
change identity (25), that becomes

n

> (Z) B (w+z + k) B (y — k) =

k=0

—Z( > B (x + k2) B (w+y — k2).

Moreover, the Abel-like identity (26) becomes

(Az—kz))
By (r —k2) _wsre
B" BQtv)
xEj() P BRIyt k) = B (w4 )

n ()\(x kz))( — k2) (V >\k:z et
mz pra E Ny + kz) = Ey; (x+y)

and the Abel-like identity (27) becomes

n

oY (1) = k) B o k) = B+ )

k=0

~ n _ v v
> (k> (2= k2)" LBY) (y + k2) = EQ (2 +).

k=0



5. The actuarial polynomials agf)(gc) form a cross sequence [32, p. 123] [41],

with exponential generating series
(v) " _vt—z(et=1)
Z ay’ (x) e .
n>0

In this case, the exchange identity (24) becomes

n

> (Z) M (w1t k) al ) (y — z) =

k=0
Z( ) Gtk (1 4 o) ko) (4 4y )

and the Abel-like identity (26) becomes

" a}(j\(:ﬂ—kz))(x _ kz) (Ak2) (o)
xz k: pr— a, "y 4 kz) = ay (z+y).

Also in this case, identity (27) does not hold.
6. The Cayley continuants U (x) form a cross sequence [7, 27], with exponen-
tial generating series
tn 1+¢\7?
(v) v _ 42\v/2
S U =a-ere ()
n>0

In this case, the exchange identity (24) becomes

n

> (Z) U 424 k) UL (g — oz) =
k=0

— Z <Z) U,E”Jrka) (v + k2) UT(L’H,;V ka)(w +y—k2)
k=0

and the Abel-like identity (26) becomes

(A@—k2))
Uy (x — kz) (v 2kz) _ rr(aty)
xE:() R e ) = 00 a4 ).

(v)

7. The generalized rencontres polynomials® Dy’ (x) form an Appell sequence
(but not a cross sequence), with exponential generating series

e(z—l)t

v tn
2 DV@) = A=

n>0

2See [6, 15] for a slightly different generalization of the rencontres polynomials.



So, the Abel-like identity (27) becomes

n n B . ,
"2 <k> (z— k)" DI (y + k2) = DY) ( + ).

8. The Abel polynomials A,(f)(x) = z(z — vn)""! form a Sheffer sequence (but
not a cross sequence) [32, p. 72] , with exponential generating series

y tr L W)
> A @) = e
n>0

where W (t) is the Lambert series. In this case, we have only the exchange
identity (25), that becomes

Z (Z) A,(:)(w +x+kz) Afﬁk(y —kz) =

k=0

= Z (Z) Ag’)(:n + kz2) Anyjk(w +y—kz).
k=0
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