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Abstract

In a previous paper, we classified and obtained the exponential generating
functions for the large class of bivariate linear recurrences proposed by Graham,
Knuth, and Patashnik. In this paper, we obtain general Rodrigues—like formulas
for the corresponding univariate row generating polynomials. We make special
emphasis on two-parameter generalizations of the Fulerian numbers <Z> and
<<Z>> In these cases, starting from the exponential generating function, we
achieve a complete solution to the problem: i.e., closed formulas for these
numbers. Finally, we briefly discuss some other applications of combinatorial
interest.
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1 Introduction

In a previous paper [1] (we will hereafter refer to it as Paper I), we studied in a
systematic way (using exponential generating functions) a problem originally posed by
Graham, Knuth and Patashnik (GKP) [15, Problem 6.94, pp. 319 and 564] concerning
the solution for a class of two-parameter linear recurrences. The statement of this
problem is:

Question 1.1 Dewvelop a general theory of the solutions to the two-parameter recur-
rence

= (an+Bk+7) i

n n—1
k
n—1

+ (@'n+ B’k +4) E_ 1

‘ + [n=k=0], fornk>0, (1.1

assuming that m =0 whenn <0 ork <0.

This recurrence produces a triangular array of numbers: i.e., it takes non-trivial
values only for 0 < k < n (for any n > 0, Z‘ =0 for any k£ < 0 and & > n). As
shown in Paper I, many combinatorial numbers satisfy recurrences belonging to the
class (1.1).

For consistency, we will follow the notation used in GKP [15]. In the second line
of Eq. (1.1), we use Iverson’s brackets [18]:

1 if A is true,
[A] = o (1.2)
0 if A is false,

where the argument A is any statement that can be either true or false. We use the
standard notation for the sets of integer, rational, real, and complex numbers: i.e., Z,
Q, R, and C, respectively. Moreover, the set of positive integers (resp. non-negative
integers) will be denoted as N (resp. Zy = NU{0}). There are two more “bracket”
notations that should not be confused with (1.2) (although it will be clear which one
we are using from the context): 1) [n] for any n € N denotes the set {1,2,...,n} [7,27]
(for n = 0, we define [0] = @ [27]), and 2) [2*]f(z) stands for the coefficient of 2* in
f(2) [15]. The rising 2™ and falling 2™ factorials powers will be defined as in [15] for
an arbitrary number x and any n € Zy. For n > 0, they are defined as follows:

" = zwr+1)(z+2)--(z+n—-1), 1.3a)
2 = z(z—1)(x—-2)--(x —n+1), (1.3b)
while for n = 0, we define 2° = 2% = 1, as empty products are defined to take the
value 1 (and empty sums take the value 0). Finally, to simplify the notation for partial

derivatives, we will use a slightly different notation as in Paper I: given a function
f(x1,2z9,...,2,), we use f; as a shorthand for %.
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In addition to the thorough study of many particular cases of combinatorial in-
terest of Question 1.1 in the literature [2,3,7,15,24, and references therein|, there has
been (to our knowledge) only a few recent attempts to study general sub-families of
Question 1.1. In particular, Neuwirth [22] found the solution to the recursion (1.1) for
the particular case o/ = 0 by using Galton arrays. A few years later, Spivey [25] found
explicit solutions (using finite differences) for three particular cases: 1) a = —f; 2)
f =0 =0;and 3) a/f = a'/B +1. Both works focused on finding closed expressions
for m in terms of simpler combinatorial numbers for the above particular cases.

In Paper I, we used exponential generating functions (EGF)

Flz,y) = Y

n,k>0

n| . y"

to solve Question 1.1 in a more systematic way. We found that:

e The dependence of the solutions to (1.1) on the parameters v, is rather trivial.
Thus, we defined families of solutions using the other parameters («, 3; o/, 5').
For instance, the “binomial family” corresponds to (0, 0;0,0).

e The algebraic structure of the EGF for (1.1) depends strongly on the parameters
B, 3'. Actually, what really matters is whether these parameters are zero or non-
zero. Therefore, we find four “types” of solutions to Question 1.1.

For future reference, it is convenient to label these four types of solutions in the same
way as in Paper I:

Definition 1.2 The solutions to Question 1.1 are classified in four different types
according to the values of the parameters 3 and 3':

Type 1: 85" # 0.
Type I1: 3 #0 and ' = 0.

Type II1: =0 and ' # 0.

Type IV: 5= =0.

Let us summarize the main results and definitions of Paper I to make the present
paper as self-contained as possible. We first proved that solving Question 1.1 was
equivalent to solving?

Question 1.3 Find the EGF F(x,y) (1.4) with the initial condition F(x,0) =1 that
satisfies the partial differential equation (PDE)

a(xz) Fy + b(z,y) Fo = c(x) F, (1.5)

!Please, recall that we use a slightly different short-hand notation for the partial derivatives of a
function.



where the polynomials a, b, c are given by

a(z) = —(B+p52)x, (1.6a)
b(z,y) = 1—ay—duzy, (1.6b)
c(r) = a+y+ (@ +5+9)x. (1.6¢)

For Type I solutions, it is convenient to make the change of variables (x,y) —
(X,Y) defined by:

/

r =0 % T, where o = sgn(83'), (1.7a)

Y = py. (1.7b)

5/
X = |=
5

Then, the function F'(x,y) (1.4) is given in terms of a new function F(X,Y’) through

the relation: )

F(z,y) = F(X,Y) = F(a%x,ﬂy) : (1.8)

We then proved that solving Question 1.3 for a Type I problem was equivalent to
solving

Question 1.4 Let us assume that B3 # 0. Find the solutions F(X,Y) (1.8) with
the initial condition F(X,0) =1 to the PDE

AX)Fi+B(X,Y)Fy = C(X)F, (1.9)

where the polynomials A, B, C" are given by

AX) = —(1+0X)X, (1.10a)
B(X,)Y) = 1—-rY —-0r"XY, (1.10Db)
C(X) = s—0sX, (1.10c)

and the new parameters r,r', s, s' are defined as:
O/ _l_,y/
g

a a
r=—, s = +7, s’ = -1-

B B

(1.11)

The main result for solutions of Type I is given by the following?

Theorem 1.5 (Theorem 3.3 of Paper I) The solution F to Question 1.4 is given

b
y Fox = (TR Y)))S (rroeme Y)))M > 0B

ZNotice that in Theorem 3.3 of Paper I, we used a slightly different notation: Q. »(X) [resp.
Qg)r,)a(X)] was written as Q(r,r’;0; X) [resp. Qo(r,r’';0;X)]. This change of notation will make
our formulas more compact and easier to understand. We will make similar changes of notations in
Theorems 1.6 and 1.7.



EX,Y) =YX (1+oX) " +GH(X), (1.13)
and
GH(X) = &X,0) = Qrro(X), (1.14a)
Qrro(X) = Q. (X)+[r€Z)o" (_1 T T) log X, (1.14b)
T r
—1 =747\ Xk
0 _ k
r,r’,cr(X) - Z g ( k ) k —’f” (1140)
k€Zo\{r}
for0 < X < 1.

For problems of Types II-1V there is no need to perform a similar change of variables.
The results of Paper I can be stated as follows:

Theorem 1.6 (Theorem 3.5 of Paper I) When 5 # 0 and ' = 0, the solution F
to Question 1.3 1s given by

Fle.y) = (M)WW exp (_O‘/ +7 (- G(g(:c,y)))) . (L15)

T B
where
E(zy) = ya/Pe P 4 G (x), (1.16)
and
Gl e) = €@,0) = 5 Pa (), (1.172)
P.(z) = P° (2)+] eZ](_V)ul (1.17D)
v\ L - [7%7 z H 0 ,U' ogzT, .
0 _ (—v)F ahn
P,u,,u(x) - Z k! k—,u’ (117C)
k€Zo\{u}

for any x > 0.

Theorem 1.7 (Theorem 3.6 of Paper I) When 5 =0 and ' # 0, the solution F
to Question 1.3 is given by

where
E(a,y) = ya @/ e L G (), (1.19)



and

G7lx) = &(2,0) = 7 s (@), (1.20)

BB
—1-v
_ o H

Ru,y(l’) = RMV(LU) + [—V S N] m logx, (121)

k
0 B 7 1 1
Ryuu(2) = = Z K k+ 1+ v gttty (1.22)
keZo\{—1-v}

for x > 0.
Theorem 1.8 (Theorem 3.7 of Paper I) When 5 = ' = 0 the solution F to
Question 1.3 is
I e L
N ’ a+a © . ’
Y if (a,a') = (0,0).

In the present paper we will deepen our understanding of the results of Paper I. In
particular, we obtain the one-variable row generating functions associated with the
EGF F(z,y) (1.4):

n

Pu(z) = nlly")F(z,y) = 3

k=0

n

L z* . (1.24)

These polynomials can be obtained for each of the four types discussed above.
The main contributions of this paper can be summarized as follows:

e We have obtained Rodrigues—like formulas for the row polynomials for all types
of families of Question (1.1). In particular, when the functions @, ,, (1.14b),
P,, (1.17b), and R, (1.21) are elementary functions, the row polynomials are
given in terms of derivatives of elementary functions.

e For problems of Type IV, we have obtained closed formulas for the row poly-
nomials and used them to derive the numbers }Z} obtained by Spivey [25, The-
orem 9.

e For two-parameter generalizations of the Eulerian <Z> and second-order Eulerian
() numbers (see e.g., [15] and [23, entries A173018 and A008517]), we have
obtained closed formulas for both the row polynomials and the coefficients.
These formulas are (to our knowledge) new.

The plan of the paper is as follows. In Section 2 we will compute the row polyno-
mial generating functions (1.24) for each of the four types of solutions to Question 1.1.
In Section 3, we will apply the preceding general results to some Eulerian families,
which include the ordinary and second-order Eulerian numbers, and generalizations of
them. In Section 4 we discuss a short selection of applications of our general method
to some other families of combinatorial interest. Finally, in Appendix A we will prove
some technical results stated in the main text.



2 Polynomial generating functions in one variable

The purpose of this section is to study the one-variable polynomials P,(x) (1.24)
for the four types of solutions to Question 1.1 as defined in Definition 1.2, and obtain
useful expressions of Rodrigues type for them. We will obtain these polynomials
from the corresponding EGF F(z,y) (1.4) (given by the theorems quoted in the
Introduction) by employing complex-variable methods based on contour integration
and the Hadamard formula (see e.g., [7, p. 85|, [16]). We will start with the most
general case (Type I), and will work out the proof of the main theorem with great
detail. For the other cases, the corresponding proofs are very similar, so we will skip
most of the common parts for the sake of brevity.

2.1 Typel case

When g # 0, it is convenient to work with the variables X,Y introduced in
(1.7), and define the auxiliary polynomials

P.(X) = n![YF(X,Y), (2.1)
so that )
P.(z) = 8" Py (o%x) : (2.2)

An important idea that we will use in this section is to write P,(X) as a contour
integral by using Cauchy’s theorem, rewrite it in a convenient form by an appropri-
ate change of variables, and finally compute the resulting integral with the help of
residues. As we will show, in many occasions this procedure provides simple expres-
sions for P,(X). The possibility of employing this procedure depends crucially on
the analyticity properties of the generating functions F(X,Y) (1.8) that, in turn,
hinge upon those of the function G(Z) [cf., (1.14)]. These can be studied by using
the complex implicit-function theorem [19], and taking advantage of the explicit form
of the function &(X,Y’) (1.13). Our result can be summarized in the following

Theorem 2.1 The polynomials P, (X) (2.1) corresponding to the Type-I EGF F(X,Y)
(1.12) are given by

(1 + O.X)n(r—r’)—l—s—l—s’

P"(X) Xstrn
' o gs—r—1 7 X n+1
X Zh—l}}( aZn (1 + O'Z)n <Qr,r’,a(z) - QT’,T’/,U(X)) ] 9 (23)

wheren =s+ s + 141" —r, orin the following alternative form if r € Zy:

(1 + O.X)n(r—r’)-i-s-i-s’ ) —1 = 4 —n—1)
P”(X) = Xs+7"n U( +1) r
o Zs—r—l(Z _ X)n-l—l VA @\O(Z) —n-t
% lim < (2.4)
Z—X 02" (14oZ)n X Q(X)




The function Q°(X) is a short-hand for

QB,W,AX))) | 25)

@O(X) = €Xp (W

T

where Q°,, (X)) is given in (1.14c).

!
ror! o

PROOF. Let us pick X € C\{0} contained within the convergence disk of Q° (| X| < 1;
cf., (1.14c)). Because Q" contains a term X", when 7 is a non-integer number, we
should treat the origin with care, as it can be a singular point (either a pole or a
branch point). We now consider the function

A UCC — C: (X1, X0, X3) = A(X1, X0, X3) = £(X1,Xs) — €(X5,0), (2.6)

where U C C3 is an open neighborhood of (X, 0, X) and £(X, X,) is given by (1.13).
Now, as A(X,0, X) =0, and its partial derivative w.r.t. X3 at (X,0, X) is given by

(14 0X) "1+
Xl-‘,—r

A3(X707X) = _gl(Xvo) = = # 07 (27>

for all X € C such that 0 < |X| < 1, there exist open neighborhoods U; C C? and
Uy, C C of (X,0) and X, respectively, with U; x Uy C U, and a unique holomorphic
function 6: U; — U, such that

ATHO)N (U, x Uy) = {((X,Y),0(X,Y)): (X,Y) €U} . (2.8)
An important consequence of this result and the definition of G [cf., (1.14)] is that
GE(X,Y)) = G(E(O(X,Y),0)) = O(X,Y). (2.9)

The results just proved for the analyticity of # imply that there exists an open
neighborhood €2 of the origin of the complex Y—plane such that, for every X € C
satisfying 0 < |X| < 1, the function Y — F(X,Y) given by (1.12) is analytic in €.
By using Cauchy’s theorem we can then write

. 1 GEX,Y))® 1+o0X sty
v = o [(F57) (emrry) ver @0

where I' is a simple closed curve of index +1, contained in €2, that surrounds the
origin Y = 0 and no other singularity of the integrand.
A natural change of variables, suggested by the form of (2.10), is to put [cf., (2.9)]

Z = GEX,Y)) = 0(X,Y), (2.11)

so let us consider the one-parameter family of holomorphic maps (ms denotes the
projection onto the second argument)

Zy: m(({X}xC)NU) CC = C: Y — Zg(Y) = GEX,Y)).  (2.12)
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They satisfy

dZx

Zx(0) = i

(0) = 62(X,0) = X(1+0X) £ 0, (2.13)

for all X € C such that 0 < |X| < 1. This equation is proven by differentiating
E(X1,Y) —€(6(X1,Y),0) = 0 with respect to Y, and evaluating the result at (X, 0)
to get the following condition:

(remember that 6(X,0) = X). Now using the fact that for 0 < |X| < 1,

§(X,0) = X' (1+oX)H £ 0, (2.15a)
£(X,0) = X T(1+0X)™" 40, (2.15b)

we immediately obtain (2.13). Notice that Z%(0) # 0 implies that Zx(I'), the image
of the original integration contour I', will be also a closed, simple curve of index +1,
contained in Zx(£2) and surrounding the point Z = X in the complex Z-plane. In
Figure 1 we show the neighborhood Zx(2) of the complex Z-plane, and the contour
Zx(I') € Zx(Q2) surrounding the point Z = X. Notice also that, given any open
neighborhood Vx of Z = X, it is possible to choose the original integration contour
" in such a way that Zx(T") C V.

It is now straightforward to rewrite the integral in (2.10) as a contour integral on
Zx(I"). In practice one needs to compute [cf., (1.14a)]

g(Xv Y) = G_I(Z> = g(Zv 0) = Qr,r’,cr(Z)v (216)
that can be written as
VX" (1+0X)" +Qro(X) = Quro(2) (2.17)

and leads to the following expression for Y in terms of Z (X should be considered as
a parameter here):

Y = X" (1+0X)"" (Qrro(Z) = Qrro(X)) . (2.18)

By using (1.13)/(1.14b)/(1.14c), we also find

£(X,0) = X" (1+oX)™, (2.19a)
Qoo 2) = Z7'7"(1+o2)7 7, (2.19b)

so that

X" (1+oX)'
Zl-‘,—r (]_ + 0o Z)l—i—r’—r

dY = X"(1+0X)" 7" Q.. (2)dZ =

!
ror! o

dz. (2.20)



Im(Z)

Zx(2)

Zx(T')

Re(Z)

Figure 1: Integration contour in the complex Z-plane. The gray area is the set Zx (2),
i.e., the image under Zx of the neighborhood €2 of the origin of the complex Y -plane.
F(X,Y) is analytic in © as a function of Y (for any fixed value of X satisfying
0 < |X| < 1). The contour Zx(I') is the image under Zx of the contour I" appearing
in the contour integral (2.10). While I" encircles the point Y = 0, Zx(I") encircles the
point Z = X, where the integrand of Eq. (2.21) has a single pole of order n + 1.

We can then rewrite the integral (2.10) in terms of Z to obtain the following expression
for the polynomials P, (X):

(1 + O.X)n(r—r’)—i-s—l-s’
Xstrn
" 1 AR dz
2mi Zx(I) (1 to Z)’? (Qr,r’,o(z> - Qr,r’,cr(X>>n+1 7

where n =s+ s + 141" —7r.

The analytic structure of the integrand of (2.21) shows that it is possible to choose
" in such a way that 1) we can avoid the singularity that may appear due to the term
Z57m=1 and 2) the only singularity surrounded by Zx(I') is Z = X. We can, hence,
compute the integral by simply obtaining the residue of the integrand at this point,
that can be immediately seen to be a pole of order n + 1 because Q.. ,(X) # 0 if X
satisfies 0 < | X| < 1. (See Figure 1.) By doing this we get

Po(X) = nl

(2.21)

(1+ O.X)n(r—r’)—i-s—i-s’

P.(X) = n! ot
Zs—r—l 1
xRes 4 =X ,(2.22
((1 + O-Z)n (Qr,r’,cr(Z) - Qr,r’,o(X))n+l ) ( )
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where Res(f(2); z = x) denotes the residue of the function f at the point z. This last
equation leads immediately to (2.3), as claimed.

When r € Zy, it is convenient to explicitly take into account the logarithmic terms
appearing in @, »(Z) and @, »(X) and rewrite (2.22) in the form

P, (X) = nl (1 ™ UX)ﬂ(T_T/)—l—s—i—s, gntr (_1 —r'+ T) -

Xs—l—rn r
s—r—1 QO(Z) -t
xRes — 2 =X\, (223
(140 2Z)n X Q(X)

where we have used the short-hand notation (2.5). Then, from (2.23), we easily obtain
the claimed result (2.4). [ |

Remarks. 1. Notice that the procedure that we have followed above allows us to
partially sidestep the difficulties associated with the impossibility to obtain closed
form expressions for the function G(Z) (1.14); we only need the functions @, »(X)
or 277,,7U(X ) which, in the worst case scenario, can be written explicitly in terms of
hypergeometric functions. Notice that these formulas are valid for every value of the
parameters r,1’, s, s

2. As discussed above, the integrand of (2.21) has a pole of order n+1 at Z = X.
The expressions written above are based on the computation of the residue at this
point and take advantage of the fact that the integrand is a meromorphic function in
an open neighborhood of it. It is possible, however, to consider analytic extensions
of the integrand and move the integration contour to rewrite the integral in more
convenient ways. For instance, if for a particular choice of the parameters (r,7’; s, s)
lor the parameters («, 8,7;a/,3'7')], the singularities of the integrand (other than
the one at Z = X)) are poles, it may happen that their order is independent of n
(though it will generically depend on the above parameters) in which case it may
be possible to obtain closed form formulas for the P,(X) by explicit computing the
corresponding residues (including possibly the one at infinity) because this will only
require the computation of derivatives up to a fixed (i.e., independent of n) order.

3. Formula (2.23) suggest the change of variables: ¢V = ZQ°(Z) and ¢¥ =
X @0 (X). This change leads to simple Rodrigues-like formulas for the row polynomi-
als. We will show some applications of this idea in the following sections.

2.2 Type 1I case

When 5 # 0 and ' = 0, the EGF F(x,y) have the general form given by The-
orem 1.6. In this case we can work with the original variables z,y. Our goal is to
express the one-variable polynomials P,(z) (1.24) as a contour integral by following
the same steps that led to Theorem 2.1.

Using the complex implicit function theorem, we can show (as in the proof of
Theorem 2.1) that there is an open neighborhood 2 of the origin of the complex

11



y—plane where F'(z,y) (1.15) is analytic as a function of y (for every x € C satisfying
0 < |z| < 1). Then, P,(x) can be expressed as a contour integral by using Cauchy’s
theorem:

aty

() = 2 (M)T exp (_O"”' (o G(g(x,y)))) %, (2.24)

%Px x I6;

where I'; is a closed, simple curve of index +1, that surrounds the origin y = 0 and
no other singularity of the integrand, &(x,y) is given by (1.16), and G is given by
(1.17).

As we did in the preceding section, it is convenient now to perform the change of
variables z = G(&(x,y)). The same algebra used in the proof of Theorem 2.1 leads to
the expressions:

1 ,
B NERE (p@ o (2) = P ) 2.25
y = Ga e (Py ()~ Py (@) (2.25)
1 l’a/ﬁ /
_ 1 o (5—2)/8
dy = 5 il © dz, (2.26)
so that
n! g e~ ((n+1)o’ +9")z /B 2V/B—1 o'z
P,(z) = , / dz (2.27)
n ((n+1)a+7)/B Al T
2m v r <Pga7,(z)—Pga7/($)>
A B

where the integration contour in (2.27) is a closed, simple curve of index +1, that
surrounds the point z = x and no other singularity of the integrand. Again, as

P, (x) = a—/Btema"a/B £ (2.28)

e >

o
77

for any = € C such that 0 < |z| < 1, then the integrand in (2.27) has a pole of order
n+1 at z = z. Then, we can compute this integral using residues:

P 2) ’ e—((n+1)a’+v’)x/BR /B ¥ 2/B

z) = nlg" es 2z

" (n+1)a+v)/B P
v (Pyor(2) = Pe ()

a a
BB B’

=z |. (229

The computation of the residue in (2.29) is straightforward. The above discussion
can be summarized in the following

Theorem 2.2 The polynomials P,(x) (1.24) corresponding to the Type-1I EGF (1.15)
are given by

e~ (1o’ +)z /B gn BL 3B (o — gyl

Pn(:c) = p r((n+)a+y)/B8 ll—r{:lc az"< ( ) P ( )>n+l
o \Z) — a o/ \T
77 577

(2.30)
P

Q

|
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2.3 Type 1II case

When § =0 and 8’ # 0, the EGF F(z,y) have the general form given by Theo-
rem 1.7. Again, we can work with the original variables z,y, and our aim is to write
the polynomials P, (z) (1.24) as a contour integral.

Using the complex implicit function theorem, we can show (as in the proof of
Theorem 2.1) that there is an open neighborhood 2 of the origin of the complex
y—plane where F'(x,y) (1.18) is analytic as a function of y (for every = € C satisfying
0 < |z| < 1). Then, P,(x) can be expressed as a contour integral by using Cauchy’s
theorem:

nio = o (5 ’y)))HWeXP (5 (G- ) e @30

where I', is a closed, simple curve of index +1, that surrounds the origin y = 0 and
no other singularity of the integrand, &(x,y) is given by (1.19), and G is given by
(1.22).

As we did in the Section 2.1, we perform the change of variables z = G(&(x,y)).
After some algebra, we arrive at the expressions:

1 ! ! !
_ o/ [B g=a/(F' ) , _ ,
Y ﬁ/ (R%’%(z) R%,&,(x)) ) (2.32)
1z a (1 1
so that
P,(z) dz , (2.34)

n! B eln+ha+y)/(8') / /B =1 o=v/(B'2)
- - 1+((n+1)a+ D ntl
2mi ! r (R '(a:)>

where the integration contour in (2.34) is a closed, simple curve of index +1, that
surrounds the point z = x and no other singularity of the integrand. Again, as
R, (z) = a7@/F=2 /B0 o (2.35)
Ay
for any = € C such that 0 < |z| < 1, then the integrand in (2.34) has a pole of order
n+ 1 at z = x. Then, we can compute this integral using residues:

2R

(2]
B

, elntaty)/ () B =1 gv/(8'2)
Pn( ) 5 F((n+D)o/ ) /8 Res P | =T | . (236)
(Rg &’(Z) — R &/(SL’))
ﬁ/?B/ /6/7,8/

The computation of the residue in (2.36) is straightforward. The above discussion
can be summarized in the following

Theorem 2.3 The polynomials P,(x) (1.24) corresponding to the Type-1I11 EGF (1.18)
are given by

L g VB g 81 /) (o gyt

Pu(z) = ﬁ plt((n+1)e/ +v7)/B8" 0 Ozn (

— (2.37)
Ry o) = Ry g ()
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2.4 Type lV case

This corresponds to Spivey’s case 2 [25]. The EGF F(xz,y) for the families
(v, 0;/,0) are given in closed form by (1.23), so it is not necessary to provide the
integral representation used above. The result is easy to obtain, so we simply quote
it here:

Theorem 2.4 The polynomials P,(x) (1.24) corresponding to the Type-IV EGF (1.23)
are given by

) = T] (bt +ka ++)2). (2:38)

k=1

Actually, the form of the coefficients for this case is also easy to obtain after some
little algebra:

Corollary 2.5 The coefficients m forn >0 and 0 < k < n corresponding to solu-
tions to Question 1.1 of Type-1V are given by

B I [ e

t=0 s=0

n
k

Remarks. 1. A similar formula has been obtained by Spivey [25, Theorem 9].
2. In proving (2.39) for (a,a’) # (0,0), we have used the formula [15, Eq. (6.11)]

n

" = Z {Z] z" for any n € Zy, (2.40)
k=0

where [7] are the Stirling cycle numbers [15].
3. Notice that when a = o/ = 0, the formulas (2.38)/(2.39) reduce easily to those
for the binomial family:

Fo(z) = (v+2y)" =

= (7)o 2.41)

4. For the Stirling cycle numbers [i.e., the family (1,0;0,0) with (v,~") = (=1,1)],
(2.38)/(2.39) reduce to

Pu(z) = ;ii[:(xm) =" = Z - m (2.42)

as expected from (2.40).
5. For the Stirling numbers of first kind [i.e., the family (—1,0;0,0) with (v,7") =
(1,1)], (2.38)/(2.39) reduce as expected to [cf., [15, Eq. (6.13)]]:

P,(z) = I:I(x—k‘) =" = Z = (-1~ * {Z] (2.43)

14



3 Applications: Eulerian families

In this section we will study three types of Eulerian numbers: a) the Eulerian
family with parameters (0,1;1, —1); b) the second-order Eulerian family with param-
eters (0,1;2,—1); and c) the v-order Eulerian family, characterized by the parameters
(0,1;v,—1) for integers v > 2. For each of them, we will consider different choices
for the other parameters (7,7). All these families are of Type I, so we will use Theo-
rems 1.5 and 2.1. Notice that Eq. (1.7) implies that (X,Y) = (z,y) for all of them. In
terms of the parameters r, 7', s, ¢, o [cf., (1.7)/(1.11)], these families are characterized
byr=0,17"=-v#0,s=v ¢ =v++ -1, and 0 = —1, with v € N. Then, the
polynomial generating function P, (z) (2.2)/(2.4)/(2.23) is given by:

~ —n—1
_ \s+s +nv s—1 0
P,(z) = n! Sl i Res - llog © 9 (Z))] ;z=ux|(3.1a)

s (1 _ Z)l—i—s—i—s’—l/

s o azn (1 _ z)l—l—s-ﬁ-s’—u

_ (1 . l.)s-i—s’—m/ i o Zs—l(z _ l.)n—i—l llog Z?O(Z)
z Q" (x)

]" . (3.1b)

where in this case Q°(z) = exp[Q0 _,_1 ()] [cf., (2.5)].

3.1 The Eulerian family

The Eulerian numbers (}) [23, entry A173018], [15, Section 6.2] are defined as
follows:® for n € N, <z> is the number of permutations © = w7y - - - 7, of [n] with k
ascents (an ascent is an index ¢ € [n — 1] such that m 41 > ;). For n = 0, we define
<2> = 0,0 Then, the numbers <Z> are non-vanishing only for 0 < k < n — 1. They
satisfy the recursion (1.1) with («, 5;¢/,8") = (0,1;1,—1) and (v,~') = (1,0).

Now let r be a positive integer. Several authors [24, p. 215], [12, Chapter II,
p. 17], [21], [3, Problems 17 and 18, p. 38] have considered the r-Eulerian numbers®
<Z>T, defined for n € N to be the number of permutations of [n] with k ascents of size
at least r (i.e., indices ¢ € [n — 1] such that m;1 > m; + 7). Indeed, for r = 1, they
reduce to the ordinary Eulerian numbers. Again, we define <2>T = 0. Forr = 2,
these numbers appear in Ref. [23, entry A120434] with a different indexing. It is not
difficult to see that <Z>T = nldg for 0 <n < r, and that, for n > r it is nonvanishing
only for 0 < k < n —r. The r-Eulerian numbers satisfy the recursion [12, Eq. (8)]:

(- e e, s o

3Please, note that we use the indexing and notation of GKP [15], and these differ both from the
traditional indexing [7,24], [23, entry A008292], and the traditional notation A(n,k) = (,",).

4The notation for the r-Eulerian numbers is rather non-standard: e.g., A, (n, k) [21,24], "A,, x [12],
or A(n,k,r) [3]. In addition, the indexing is not always the same, as for the ordinary Eulerian
numbers.
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Owing to this restriction on n, the above recursion does not meet all the conditions
of Question 1.1. However, we can bring the r-Eulerian numbers into the framework
of Question 1.1 by defining the shifted r-Fulerian numbers:

1 <n—|—r—1

<Z>(7«) N '

0 for n < 0.

> for n > 0,
, (3.3)

These numbers satisfy the recursion

<Z>m — (k+r) <”;1>m+(n—k> <Z:1>m+[n=k=0], (3.4)

for any n > 0. Indeed, for » = 1 we recover the ordinary Eulerian numbers <Z>(1) =
(k-

At this point, we can remove the restriction that » € N, by taking the recursion
(3.3) as the definition of the shifted r-FEulerian numbers <Z>(T) and regarding r as an
indeterminate parameter. Then, <Z>(T) is a polynomial in r of degree n — k, with

integer coefficients.

Remark. Carlitz [4,5] and Dillon and Roselle [10] introduced a different gener-

alization Ag’i of the Eulerian numbers. These numbers satisfy the recurrence [10,
Eq. (2.3)], [5, Eq. (2.10)]:

AN = DA b (ke = DAY+ n=k=0],  (35)
where we have adapted their indexing to ours. For » = 1 they correspond to the ordi-
nary Eulerian numbers; for » = 2 they are the ordinary Eulerian numbers with ASLQZL =
1 (rather than 0); for r = 3,4, 5, 6 they correspond to the 2-restricted,. .., 5-restricted
Eulerian numbers in [23] (entries A144696, A144697, A144698, and A144699, respec-
tively). The numbers Aggﬁ belong to the Eulerian family (0,1;1, —1) with (v,7') =
(1,7 — 1), and their EGF is [cf., Theorem (1.5)]:

1 —gell—z

F(z,y) = 0= (%) (3.6)

Let us now introduce a class of “generalized Eulerian numbers” that contains
the shifted r-Eulerian numbers, as well as the generalization by Carlitz, and Dillon
and Roselle (3.5). Let us consider a pair of indeterminates s and ¢, and define the
(s,t)-Eulerian numbers by the recursion

<Z>(s’t) = (k+s) <n ) 1>(S’t) +(n—k+t) <n ) 1>(87t) +n=k=0]. (37
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Then, <Z>(S 9 is a polynomial of degree n in s,t with leading term (Z) s"*t*F . When

(s,t) = (r,0), it reduces to the shifted r-Eulerian numbers <Z>(1~)> and when (s,t) =
(1,7 — 1) to the numbers AgL (3.5).

Remark. Carlitz and Scoville [6] introduced a different 2—-parameter generalization
of the ordinary Eulerian numbers. Starting from the ordinary Eulerian numbers, they
defined the numbers

r+s+1
S

Alr,s) = < > for 7, s > 0. (3.8)

Notice that the s-th row of the square array A(r, s) corresponds to the s-th column of
the triangular array of the ordinary Eulerian numbers, starting at the first non-zero
element. The A(r, s) satisfy the recurrence:

A(r,s) = (s+1)A(r—1,8)+(r+1)AMrs—1)+[r=s=0], (3.9)

for r, s > 0. In general, A(r, s) # 0 when s > r, as for the ordinary Eulerian numbers;
in this case, we use the symmetry relation A(r,s) = A(s,r), which is a consequence
of the well-known symmetry relation for the Eulerian numbers:

g " ., foralln>1land0<k<n. (3.10)
k n—k—1

Clearly, the above recursion (3.9) does not fit into the general framework of Ques-
tion 1.1. The generalized numbers A(r, s|a, §) introduced by Carlitz and Scoville
satisfy the recurrence [6, Eq. (1.9)]:

A(r,sla, B) = (s+a)A(r — 1, s|la, B) + (r+ B) A(r, s — 1]a, §) (3.11)

where «, § are two indeterminates, and A(r, s|a, 8) satisfy the relation A(r, s|a, §) =
A(s,r|8,«). Again, this generalization does not belong to the class of recurrences
defined in Question 1.1.

The (s, t)-Eulerian numbers <Z>(s 9 (3.7) belong to the Eulerian family («, 8; &/, ') =
(0,1;1,—1) with (v,7') = (s,t). Or equivalently, r = 0,7 = —1,0 = —1,s = s, and
s' =t. Then, their EGF is [cf., Theorem (1.5)]:

s(l—z l—xz o
Fz,y) = 0 (m) . (3.12)

Let us now study the (s, t)-Fulerian polynomials defined for n € Z as:

Al () = E<Z> z* . (3.13)
(s.2)
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These polynomials are given by (3.1):
_ s+t+n s—1
N A o
xs 210 Jzory (1 — 2)**
s—1

(1 _ x)s-i—t—i—n >

z —n—1
n e Res <(1 — [og x} , 2 :)3) (3.14b)

_ (1 _ l.)s—l—t—l—n ) an Zs_l(Z _ l.)n—l—l P —n—1
B xs ll—I}:lc 0zn (1 —z)stt [log ;} » (3:14¢)

[log E] - dz (3.14a)

a

where we have taken into account that Qf _, _j(x) = 0 [cf., (1.14c)], and (3.14a)
comes from the proof of Theorem 2.1.

A Rodrigues-like formula for the (s, t)-Eulerian polynomials can be obtained from
the integral (3.14a) by performing the change of variable z = e* and writing x = e’.
After some algebra, we obtain
(1 _ ev)s—l—t—l—n dm es?

A;s,t) (6U> — o % (1 — ev)s—i—t . (315)

Remark. It is straightforward to find, by using (3.15), a relation between the or-
di(nagy Eulerian polynomials A, = ALY and the traditional Eulerian polynomials
Ano’l :

Ap(z) = 2" AV (1)), (3.16)

An equivalent formula for these polynomials can be obtained by using (3.12)/(3.13)
and performing the change of variable y — u = (1 — z)y:

esu

Ags’t) (SL’) _ (1 B x)s-ﬁ-t—i-n n! [UH]W .
— XTe

(3.17)

This formula allows us to obtain a closed expression for ALY by expanding the
denominator in (3.17):

(G

A;s,t) (x) _ (1 _ x)s+t+n n! [un] Z (

Jj=0 j!
= (1 — )ttt Z (st (s+j)"a? (3.18)
= i J : :
j=0

Notice that we have used (—1)7(s + t)7/j! instead of (_Sj_t) because s,t are indeter-
minates, so that s + ¢ can take a non-integer value. From (3.18), we easily obtain

Proposition 3.1 The (s,t)-Eulerian polynomials (3.13) satisfy for any n > 0 and
arbitrary parameters s,t the relation

" g&t) T s k—1 .
(11_4x—)n(-i-s)-|-t = Z((/:j)n! (h+s—1)a. (319)



This proposition generalizes the well-known formula for the ordinary Eulerian
polynomials:

= > k. (3.20)

(1 — )" E>1

A closed expression for <Z>(S p can be obtained from (3.18) by expanding the
binomial (1 — x)"**** and changing variables in the sums:

Agls,t)(x,) _ Z (_1)z (n + S + t)l (S + t)] (S + j>n ]

= i! 7!
- Y Z %(s—l—t) (s+7)".  (3.21)
k>0 7=0

Then, we conclude that

Theorem 3.2 The (s,t)-Eulerian numbers that satisfy the recursion (3.7) are equal

to
<Z><s¢> - klzi; <) (n 5+ 5 (s 1) (s + )" (3.22)
<n

form>0and 0 <k

The following corollary recollects some particular cases of the above theorem. (The
proofs are trivial.)

Corollary 3.3 Letn >0, and 0 < k <n. Then:

e The (s, —s)-Eulerian numbers take the form

SR

o The shifted r-Eulerian numbers (s,t) = (r,0) are given by

<Z>) - %Z’“: () (n+ )= ()" (3.24)

e The ordinary Eulerian numbers (s,t) = (1,0) are given by [15, Eq. (6.38)]:

(- For( s e

J=0
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o The ordinary Eulerian numbers with the traditional ordering A(n,k) [7] are

given by (s,1) — (0,1):
i '("“) (h— )" = <kf1> (3.26)

Remarks. 1. Harris and Park [17, Eq. (10)] generalized the Eulerian numbers by
modifying (3.25) in the following way:

ﬁi (n+1)@—4+ﬁw, (3.27)

for n € Zg and 0 < k < n. The sequence for 6 = 0 corresponds corresponds to the
ordinary Eulerian numbers with the traditional indexing (3.26) [23, entry A008292];
for § = 1 corresponds to our definition of the Eulerian numbers [15], and for § = 2,
corresponds to the entry A180246 in [23].

2. If (s,t) = (0, —1) we obtain also a simple formula for the corresponding (s, t)-

Eulerian numbers:
n n—1
:@4ﬁ< )+m:k:m. (3.28)
<k5 >(o,—1) k=1

To finish this section, we want to obtain useful formulas for the (s,¢)-Eulerian
polynomials when s + t is a non-negative integer s +t € Zy. As the case s+t =0 is
already given by (3.23), we assume in the rest of this section that s+t € N. Let us
now go back to Eq. (3.18), and rewrite it as:

ACD (@) = (1—a) S (-1 (_Sk_ t) (s + k)" at. (3.29)

It is possible to express (3.29) in terms of the Lerch transcendent function defined
by [14, Eq. 9.550, p. 1039

(z,v,w) Z k+w : |zl <1,w#0,—-1,-2,... (3.30)
k:O
In our case, the index v = —n > 0, so we do not need to impose the restriction
w # 0,— .... Therefore, we will use the Lerch function (3.30) evaluated at
w= —n:
s) :i(k‘jts)"a:k = s+x£ HL, x| < 1, (3.31)
prd ox 11—z

®Notice that our arguments for the Lerch function are (z,v,w), while those in the definition
of [14] are (z, s,v). Therefore, the variable v plays a different role in each case.
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which is now valid for any value of s. Notice that ®(x, —n, s) is a rational function
of x with a pole of degree n + 1 at = = 1.

Remark. MATHEMATICA provides two different Lerch functions [28]: HurwitzLerchPhi
coincides with the standard definition (3.30); but LerchPhi gives a slightly different
definition.

Let us now consider the function
= —t—3s
= —1)* k+s)" 2t <1, 3.32
o) = S0 (7T Gearat, e (332

k=0

so that A (z) = (1 — 2)**#"f(z). The power series that defines f(z) is the
Hadamard product of the power series for the functions

1
filz) = A=)yt (3.33a)

fo(x) = ®(z,—n,s), (3.33Db)

defined for |x| < 1. Hence, for |z| < 1 we can use the multiplication formula for
z-transforms [16], [7, p. 85] to get

fa) = — /F R (D) E = - /F A0 S) (g5

2mi z i (z — x)stt

t+s—1 ) _
— Res (z (2, —n, 5) ;z:x) , (3.35)

(Z _ x)s—l—t

where the contour I' is any simple closed curve [of index +1] contained in the region
|x| < |z] < 1 of the complex plane (notice that we are taking s +t — 1 € Z;). We
then get

t+s—1 _
Aﬁf’t)(:c) _ (1 . x)n-i—s-i—t Res (Z (I)(Z’ n, 8) 1z = x) (336&)

(Z _ x)s—l—t

1—=x n+s+t as—l—t—l -
= Ty g () (3.300)

(1 _x)n+s+t as—l—t—l i1 ) n 1
= GO o x5t stag | =) (3.36¢)

The ordinary Eulerian polynomials [15] can be obtained by setting (s,t) = (1,0). In
this case we recover from (3.36) the well-known result

1— :L,)n+1

An(r) = (1—2)""®(z,—n,1) = ( " Li_,(z) (3.37a)
= (1—a)" <1+x8%)n1ix, (3.37h)
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where, for any s € C, Lis denotes the standard polylogarithm [20]:

k
Liy(2) = ZZ— 2] < 1. (3.38)

k>1

Notice that we are interested in those polylogarithms with non-positive integer values

of s = —n < 0 (in the same way as for the Lerch function):
Lin(z) = Y Mk, 2] <1, (3.39)
k>1

so that Li_,(z) is a rational function in z with a pole of order n + 1 at z = 1. In
addition, for (s,t) = (0, 1) we obtain the traditional Eulerian polynomials:

AV () = (1 —2)""®(z, —n,0) = (1 —z)" ' Li_, () (3.40a)

= (1—a)"" (sc%)n ! (3.40D)

1—z

3.2 The second-order Eulerian family

The second-order Eulerian numbers () [23, entry A008517], [13], [15, Section 6.2]
are defined as follows:® for n € N, <<Z>> is the number of permutations of the multiset
{1,1,2,2,...,n,n} that have k ascents and in which, for all m € [n], all numbers
between two occurrences of m are greater than m. (Indeed, the two occurrences of
n should go together.) For n = 0, we define <<2>> = 0p,0. Then, the numbers <<Z>>
are non-vanishing only for 0 < k& < n — 1. They satisfy the recursion (1.1) with
(o, B;0/, 8) = (0,1;2,—1) and (v,7') = (1, -1).

We now introduce a class of “generalized second-order Eulerian numbers” that
generalizes the ordinary second-order Eulerian numbers in the same way as the (s, t)-
Eulerian numbers <Z>(8’ 9 (3.7) generalize the ordinary Eulerian numbers (}) = <Z>(170).
Let us consider a pair of indeterminates s and ¢, and define the second-order (s,t)-
FEulerian numbers by the recursion

el L ¥

H[n=k=0]. (3.41)

Then, <<Z>>(s 9 is a polynomial of degree n in s,t with leading term (Z)s"‘ktk. It

reduces to (1) when (s,t) = (1,0). Notice that the choice (s, ) = (0,1) leads to the
second-order Eulerian numbers with the traditional indexing [23, entry A008517], [13].
The second-order (s, t)-Eulerian numbers <<Z>>(S 9 (3.41) belong to the second-order

Eulerian family (0,1;2,—1) with (v,7") = (s, — 1). Or equivalently, » = 0,7 =

6We remind the reader again that we use the indexing and notation of GKP [15]. Both of them
differ from the traditional indexing [23, entry A008517], [13], and the notation B, j = <<1£1>> used
in [13].

22



—2,0 = —1,s = s, and ' =t. Then, Qo _2-1(x) =logzx — z [cf., (1.14c)], and their
EGF is [cf., Corollary 4.5 of Paper I and Theorem (1.5)]:

T (ev0=2" 71 (x) . s+
F(x, y) - ( T ) (1 - T (6y1(1—x)2 T—l(x))) ’ (3‘42)

where 7' is the tree function, defined as follows [8,9]:

T(z)e T = 2. (3.43)

Equivalently, this function satisfies T7!(z) = ze7, and it is closely related to the

Lambert W function [8,9]: T'(z) = —W(—=z). If z is real, then for 0 < z < 1/e there
are two possible real values of T'(z). We will denote the branch satisfying 7'(x) < 1 the
principal branch of the tree function, and, as we will only use this branch throughout
this paper, we will denote it simply as T'(x). (In the literature, this principal branch
is denoted Ty(x), while the other branch satisfying 7'(z) > 1 is denoted as T_;(z).
When z is a complex variable, then 7'(z) has infinitely many branches [8].) The power
series defining the (principal branch of) the tree function is given by [8,9]:

> n-1
n n
T(z) = g Rl (3.44)
n=1 )

This power series converges for |z| < 1/e, as it has a branch cut on the line [1/e, 00)
[3,9].
Let us now study the second-order (s,t)-Fulerian polynomials B defined for

n € Zg as:
B&b xr) = E " > o 3.45

k=0
These polynomials are given by (3.1):

1— s+t+2n 1 s—1 —z7—n—1
BeO@) = Iz L S llog = } dz  (3.46a)
xs 21 J 7y (1= 2)5H xe "
(1 _ x)s+t+2n Zs—l 26_2 —n—1
= = 1 = .46b
n e Res A= 08— ,z=x | (3.46b)
B (1 _ x>s+t+2n ) an Zs—l(z o l’)n+1 ye % —n—1
_ (e [ . (3.46c)

A Rodrigues-like formula for the second-order (s, t)-Eulerian polynomials can also
be obtained from the integral (3.46a) by performing the change of variables ze™* = e*
and xe™® = e'. Therefore, z = T'(e*) and x = T'(e"), where T is the tree function
(3.44). As the derivative of the tree function is [8,9]:

T(x)

T = sa-1a)

(3.47)
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we obtain, after some algebra, the final result:

1— T(ev))s+t+2n ﬁ T(ev)s
T(ev)s dom (1 — T(ev))s+

BEN(T(e)) = (3.48)

An equivalent expression for the polynomials BS" can be obtained from (3.42)/(3.45)

by performing the change of variable y — u = (1 — z)%y:

(1 — )=t ] (T(T~(x)e")”
(1 =T (T z)em))™
Using this formula is not very difficult to obtain explicit closed form for both the

second-order (s,t)-Eulerian polynomials and the second-order (s,t)-Eulerian num-

bers. We start by expanding (1—7/(£))~¢*" in powers of T'(£), where £ = T}(x) e* =
re Tt

B () = nl

n

(3.49)

xS

B () = nl (1 — z)s+t+on & (s—l—t)j

n

[u"|T(£)57 . (3.50)

s 1l
x —

One important property of the tree function (3.44) is that its powers can be
computed in closed form [9, Eq. (10)]:

2. s s)kt
T(z)* — Z%z”k. (3.51)

k=0

Inserting this expression in (3.50), we obtain after an additional change of variables:

I S Dt 0 e

n s i — N
x el it (p = 3)!
where £ = ze T, After some more straightforward algebra we find that
By(Ls,t) (ZIZ’) _ (1 . l,)s+t+2n Z x_pe—x(p-i-s)
p=0 P!

X Z @9) (s+t) (s+7)(p+ )71 (3.53)

From this equation we easily obtain the following proposition (which resembles
Proposition 3.1 for the (s,t)-Eulerian polynomials A,(f’t)):

Proposition 3.4 The second-order (s, t)-Eulerian polynomials (3.45) satisfy for any
n > 0 and arbitrary parameters s,t the relation

xr Br(z&t)(x) _ Z zk e—x(k+s—l)
(1 = z)2ntott £ (k—1)]

k—1

k—1 ;8 . 5 — ntk—j—2
xZ( ; )(s+t) (s+7)(k+s—1) . (3.54)

1=
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When (s,t) = (1,0), we obtain the following relation for the ordinary second-order
Eulerian polynomials B, (z) = B0 (x):

T Bn(x) kn-ﬁ-k—l

e~ 2 ) (355)

This equation resembles Eq. (3.20) for the ordinary Eulerian polynomials A, (z)
(3.13). The proof of this results makes use of the following

Lemma 3.5 Let n be an arbitrary positive integer. Then:

“/n\ .1
1 = Z(,)]!]MH, (3.56a)

j=0
AN 1
1 = ;(9) (]—I—l)!m. (3.56h)

Remark. The proof of this lemma is postponed to Appendix A. Notice also that
Eq. (3.56b) is obviously true also for n = 0.

If we now expand the exponential e=*®*%) in powers of z in (3.53), and perform
an additional change of variables in the sums, we arrive at:

BO(z) = (1 )+t Z a Z ( )

p=0

X Z ( ) (s+tY (s+4)(p+s)"7" 71 (3.57)

Finally, we have to expand the term (1 — z)**5" in powers of x. After some algebra
and a final change of variables we arrive at

By (w Z Z( ) s+t+2n)’“""zr: <;)(_1)k—p

k>0 : r=0 p=0

X Z( ) (s+ 1) (s+7) (p+ )7L, (3.58)

We then conclude

Theorem 3.6 The second-order (s,t)-Eulerian numbers that satisfy the recursion
(3.41) are equal to

<<Z>>(s,t) - % TZ; (I:) (s +t+ 2n)kizi: (;) (—1)k"

p=0
X Z ( ) (s+ 1) (s+7) (p+ )"+t (3.59)
forn>0and 0 <k <n.
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The following corollary recollects some particular cases of the above theorem; its proof
can be found in Appendix A.

Corollary 3.7 Letn >0, and 0 < k <n. Then:

(a) The second-order (s, —s)-Eulerian numbers take the form

k r

<<Z>>(s,_s) N SZ% <k2—n 7‘) > (;) (D" (p+s)"" (3.60)

r=0 p=0

(b) The ordinary second-order Eulerian numbers (s,t) = (1,0) are given by

() =seo (e e

where the numbers {} are the standard Stirling subset numbers [15].

(¢) The ordinary second-order Eulerian numbers with the traditional ordering B,
are given by (s,t) = (0,1):

e i, o () e

Remarks. 1. In [23, entry A008517] a closed formula is given for the B, x [due to
Johannes W. Meijer (2009) as cited in that referencel:

T S R i

‘ J n—k—j5+1

=

Il
o

where the numbers [7] are the Stirling cycle numbers [15]. (See also Paper I and
references therein.)

2. In the same reference [23, entry A008517], another closed formula is given
for B, in terms of the Ward numbers t;(n, k) = {{"Zk}}, where the {{Z}} are the
associated Stirling subset numbers [11], [23, entry A134991] (see also Paper I and
references therein):

e = (D, = B (e oo

J=0

Y 0

J=0

This formula is due to Tom Copeland (2011) as cited in [23, entry A008517].
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In the same vein as for the (s,t)-Eulerian polynomials Al [cf., (3.36)], we may
try to use the Hadamard product in (3.53) to obtain useful expressions for the second-
order (s,t)-Eulerian polynomials B,(f’t) when s +t € Zy. However, this procedure is
in general rather involved for s + ¢ € N owing to the appearance of complicated
double series. Therefore, we have preferred to focus on a couple of “easy” (but still
interesting) cases: (s, —s) and (1,0).

Let us start with the first case ¢ = —s. Then, the second sum in (3.53) only has
one contribution from the value j = 0 (due to the term 07). Therefore, we can express
the corresponding polynomial as

B = U () R )t @)
k>0 )
= L ) £ (@) (3.65D)

where T71(z) = ze™®, and the function f is defined as:

flz) = ZM:&. (3.66)

n!
k>0

We now define the auxiliary functions

filz) = Z skt o) b = (MY , (3.67a)

= n! x
folz) = D (k+s)"a" = O(x,—n,s), (3.67h)
k>0

where we have used the definition (3.31) for the Lerch function with negative second
entry ®(x, —n,s), and the expression (3.51) for the s-th power of the tree function
T(z)®. Then, we have that f is given by the Hadamard product

fl@) = —— F<I><E,—n, s) LG (3.68)

271 z 25+l

and therefore,

Bgs,—s)(x) _ (1 —ZL’) " (T_I(I))S 1 /F(I) (T_ (x)’—n7 3) Z;EZ)S dz (3693)

s i > 1
R )N
« Res ( Z(i)l @ (T_;(x) —n, s) o= T_l(:)s)) . (3.69b)



where the contour I is contained in the region |T!(x)| < |z| < 1/e of the complex
z-plane.

The second case corresponds to (s,t) = (1,0), i.e., the ordinary second-order
Eulerian polynomials B,,. Then, the second sum in (3.53) reduces to the form

> (Z;) (+ D) (p+ 1)t (3.70)

J=0

which by using Lemma 3.5 [cf., Eq. (3.56b)] reduces to (p + 1)"*P. Therefore, we
obtain

Byx) = IZOT DT oy i (3.71a)

x = k!
_ (1_? - ‘ f;j (T~ (x))’ (3.71b)
= %f(rl(x)), (3.71c)

where we have made the change of variables k — 7 = k 4 1. The function f is now

defined as
kn+k

fla) => - il (3.72)
k>1
We introduce the auxiliary functions
file) = D B = Li_ga(e), (3.73a)
k>1
kk—l
fo(x) = X * = T(z), (3.73Db)
k>1

where Li, is the standard polylogarithm (3.39). Then, f is given by the Hadamard

product
1 , T-Yz)\ T(z
flz) = o FLI—(n+1)( Z( )) (Z>dz (3.74)
and therefore,
_ p)+2n -1
Byz) = QZo L Li_(ny) (T (x)) @ 4, (3.75a)
T 2T Jp z z
_ p)+2n -1
= % Res |:Li_(n+1) (T Z(x)) Tiz) ,z2=T"Y(z)| , (3.75D)

where the contour I is contained in the region |T!(x)| < |z| < 1/e of the complex
z-plane.
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3.3 The v-order Eulerian family

In Paper I we introduced another family of Eulerian numbers: the v-order Eulerian
numbers corresponding to the family (0, 1;v, —1) with (v,7") = (1,1 —v) with v € N.
We shall denote them as <Z>(V), and they satisfy the recurrence:

<Z>(V) = (k+1) <n;1>(y)+(Vn—k:—|—1—I/)<Z:1>(V)+[n:k:0]. (3.76)

This notation is motivated by the standard notation for derivatives, and the fact that
the ordinary Eulerian numbers <"> corresponds to v = 1 and the ordinary second-
order Eulerian numbers <<Z>> to v = 2. The third-order Eulerian numbers are defined
in [23, entry A219512], and correspond to v = 3. The EGF for the v-order Eulerian
numbers is given by (see Section 5.1.6 of Paper I):

Lz T, (e T, (x))

F = .
(LU, y) r 1-T, (ey(l_x)uTy_l(I')) ) (3 77)
where 7}, is a function given by
T7Hz2) = ze@) (3.78a)
v—1
B v—1Y\ (=2)
Qu(z) = ( k ) - (3.78b)

k=1

Indeed, when v = 1, T, is the identity function; and when v = 2, T, is the tree
function (3.44).

As in the preceding sections, we can generalize these v-order Eulerian numbers,
and define the v-order (s,t)-FEulerian numbers <Z>E:)t) as the solutions to the recur-
rence:

(v) 1\ o\
N Gt (TN pm—ktr =" dp=k=0], (3.79)
K/ s ) k=1/

where (s, t) are indeterminates. These numbers belong to the Type-I family (0, 1; v, —1)
with (v,7') = (s,t + 1 — v); or equivalently to r = 0,7 = —v,0 = —1,s = s, and
s’ = t. Indeed, the ordinary v-order Eulerian numbers (3.76) correspond to the choice
(s,t) = (1,0). The EGF function for the v-order (s,t)-Eulerian numbers is given by
Theorem 1.5:

T, (v =" T () \ 1—a st
Flay) = < z ) (1—Ty(ey(1—r)”T;1(x))) - (380)

Let us now study the v-order (s, t)-Eulerian polynomials defined for n € Z as:

n )

n

Py(z) = <k> z (3.81)
k=0 (s,%)
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We simply use P, to lighten the notation for this section; indeed, these polynomials
also depend on the indices s,¢,v. The polynomials P, are given by (3.1):

_ —(n+1)
(1 =)ttt z51 2e@ ()
— p 7 000 - - -
Fa() " T 210 J 7oy (1 — z)stiti=v log re@v () dz  (3.82a)
_ —(n+1)
(1 _ x)s+t+un »5—1 ZeQu(Z)
= n' T Res m lOg m , =T (382b)
1 — g)stttvn o s=1(, _ ,\n+1 Qu(2) —(n+1)
= (1-2) lim i Gk log = . (3.82¢)
s 2z Ozn (1 _ Z)s—i—t—i—l—u er,,(x)

A Rodrigues-like formula for the v-order (s,t)-Eulerian polynomials can also be
obtained from the integral (3.82a) by performing the change of variables ze@(*) = et
and 79 @) = ev. Therefore, = = T, (e*) and z = T, (e”). As the derivative of T)(z)
is given in closed form by the expression

T!(z) = (3.83)

then we obtain:

(1 _ T,,(6U))S+t+lm ﬁ TV(6U)S
T,(ev)s dv™ (1 —T,(ev))stt"

P(T,(e") = (3.84)

This is the obvious generalization for the corresponding formulas for the (s, ¢)-Eulerian
and second-order (s, t)-Eulerian polynomials.

As in the previous sections, an equivalent representation of P, can be obtained
directly from the EGF (3.80) after performing the change of variables y +— u =

(1—a2)"y:
_ x)s-i—t-i—un [ n] (T,, (eu Ty_l(l’)))s
u .
(1 =T, (v T ()™
Going beyond this point is rather involved, as we need closed formulas for the powers
of the functions 7, (z); e.g., like Eq. (3.51) for the tree function 7'(z) = T3(x). This
might be doable, as one can express the derivative of T,,(z) in the form (3.83). Then,

by following the same steps as in Refs. [8,9], one might obtain a closed formula for
(T, (x))*, and then, a closed formula for the P,(z) and the <Z>E:)t).

Pua) = m U (3.85)

xs

4 Other applications

We further show the power of the methods discussed in the paper by presenting
a small number of examples. In all the cases we will use the integral representations
derived in Section 2 and the residue formulas obtained in terms of them. The actual
computation of these residues gives rise to three slightly different situations:
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dn
e Formulas of the generic type P,(x) = fn(I)%gn(I)

an
e Formulas of the generic type P,(z) = fu(x) =—|  gn(x, 2).

n
oz" |, _,

7

e Formulas of the generic type P,(z) = f,(z) lim P gn(z, 2).
z—x O™

In the previous expressions, f, and g, denote functions depending on the non-negative
integer parameter n. In all cases, we obtain Rodrigues-like formulas for the corre-
sponding polynomials.

4.1 The Lah families

Lah families (see Section 5.2.2 of Paper I) correspond to («, 5; ', 8') = (5, 5;0,0)
with 6 # 0. They belong to Type II, so Theorem 2.2 implies:

, n+y/B8 7'2/8
P,(x) = nlp"e /82775 Res <ﬁ 2= :5) (4.1a)
= p" e~ V'2/B p=/B % (fﬂrv/ﬁ 67’1‘/6) (4.1b)
. n— / /n" n _l_ ’y ﬁ
e
k=0 '
n n—k
_ / n 7
— Zﬁ" (4 (k) (n—l—%) . (4.1d)
k=0

The last two formulas give closed expression for both the row polynomials and the
Lah-family numbers.

The (signed) Lah family [24, pp. 43-44], [7, p. 156], [23, entry A008294] corre-
sponds to the choice (—1,—1;0,0) with (v,7') = (1, —1). In this case we have

P,(z) = nl(=1)"xe *Res (7(221;)6;1 2= x) (4.2a)
n —x d" n—1 _x

= (=D)rwe™ o (") (4.2b)

- e (i) (4.20)

It is worth mentioning that the Laguerre polynomials L,(z) = P,(x)/n! and its
well known Rodrigues formula can be obtained from (4.1) by choosing f = 1 and

(v,7) = (0, =1).
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4.2 The t4(n, k) family

This family (see Section 5.2.2 of Paper I) corresponds to (a, 3; ¢/, ') = (2,1;0,0).
They also belong to Type II, so Theorem 2.2 implies:

’ 2n+’*{+1 ’y’z

P.(x) = n!2" e 7% 277 Res (Z—en_ﬂ 12 = x) (4.3a)
(=)
’ an Z2n+»y+1 67,2
_ n+l —~'x —
= 2" e VT oz | _ (z+ x)ntl (4.3b)
n n—k
(v)* Mm—k—0\ 2n+y+1)¢ ol k
. 4.3

kZ:% ( k! ZZ:; n /! B (4.3¢c)

A Rodrigues-like formula for this family can be obtained directly from the integral
representation from which (4.3a) comes:

Po() = nl2n e v/ e (4.4)
() = nl2" eT VT T ——dz. .
2oy (22 — a2y
If we perform the change of variables u = 2z? and write v = 22, then it is straightfor-
ward to get the following simple formula:
! dn !
P (V) = 2me VU2 T (v"ﬂﬂ e’ ﬁ) . (4.5)
/UTL

Equation (4.5) implies

Pu(z) = g (%ﬂ)k jz;(_l)j (’;’) (n—l— V%)E) . (4.6)

The choice (v,7") = (=2,1) corresponds to a generalization of the Stirling subset
numbers and the Lah numbers; see point 12 of Section 2 in Paper I, where they are
denoted t4(n, k).

4.3 Surj(n, k) numbers

The Surj(n, k) numbers [23, entry A019538], [2, Corollary 2.41] correspond to
(o, B0, 8) = (0,1;0,1) and (v,7") = (0,0). Therefore, they are of type I and
Theorem 2.1 implies:

' —(n+1)

L+ 27 )y z(1+2)
n! 1 Z(1+42)\ Y
— Res [ = (log oY) r= 4.7h
1+z es(z<0gz(1—l—z)) ET (4.7b)
n+1
1 I o 1( Z—x >+ (4.7)
= im— - | ——— : Te
L eoe 020\ 2 \log 2]



The flexibility provided by the availability of the integral representation (4.7a) for
the polynomials P, (z) can be exploited to get interesting results. For instance, by
performing the change of variables z/(1 + z) = €" and writing /(1 + x) = €”, we get
the following Rodrigues-like formula for these polynomials:

Pn< < ):(1—ev)ﬁ L (4.8)

1—ev dvom 1 — e?

Notice that, by comparing (4.8) and (3.15), it is straightforward to prove that the
(1,0) and (0,1)-Eulerian polynomials satisfy [7, Theorem E, pp. 244]

A0 () = (1—2)"P, (1_36) Zk'{} (1—az)" 7k, (4.9)

Ap(x) = 2" APV (1/x) Zk"{ } (x —1)"F, (4.10)

where we have used Eq. (3.16).

4.4 Stirling subset family

This family corresponds to (a, 8; ¢/, 5") = (0,1;0,0). It belongs to Type II, so
Theorem 2.1 implies that

1 21 oY (z—2)

Py(z) = nla Sy B (4.11a)

"2 ) (oala))”

: e
= nle 7% 277 Res <W,7Z :Zl'f) (411b)

og(z/x
, n y—1 'z
= e 7%277 lim 0 S 7] - (4.11c)
o 02\ (log(z/2))""

Formula (4.11a) suggests the change of variables z = e and to write x = e”. We
then obtain the Rodrigues-like formula for the row polynomials of the Stirling subset
family:

/v dn ! v
Pn vy — eTvTYE __pyvityen 4.12
(1) = e e (112)

Pua) = <Z () {ip w) . (4.13)

Stirling subset numbers [15], [23, entry A008277] corresponds to (v,7') = (0,1).
In this case P,(x) are Touchard polynomials [26], and equation (4.12) reduces to the
known identity:
o dh
P, (e") = e . 4.14
(@) = e e (4.14)
In entry A008277 of Ref. [23], this identity is cited to be due to Peter Bala (2012).
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A Some proofs

In this appendix we will prove some of the results stated in the text.

PROOF OF LEMMA 3.5.
Let us start with Eq. (3.56b), and define the following function for z > 0

(D < nl gl
Sa(z) = Z() S = Z(n_j)! S (A1)

=0 N =0

Our aim is to prove that S, (n+1) =1 [cf., (3.56b)]. We now introduce a new function
F,

n

R A M ey EC DO S

T )
4 j=0 =0

up to an additive unimportant constant. The last sum can be related to the incom-
plete gamma function I'(a, z) [14, Eq. 8.352-2]:

n

P(n+1,z) :n!e_zzﬁ, n €N, (A.3)
5=0
Therefore,

Fo(z) = —e*T(n+1,2) 2~ (A.4)

again up to an additive constant. We now differentiate this expression w.r.t. z:

an n 1 — 1
(2) _ Salz) _ — =M (n 41, 2) (1_n+ ), (A.5)
dz z z z

where we have used the following formula for the derivative of I'(n + 1,2) w.r.t.
z [14, Eq. 8.356-4]:

dr 1
(nd_; 7Z) — e (A6)
Then, we conclude that
1
Sp(z) = 1—€*2"T'(n+1,2) (1 T ) , (A7)
z
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which, at z =n + 1 is equal to S,(n+ 1) = 1, as we claimed in Eq. (3.56b).
The proof of Eq. (3.56a) is similar. We define a new function for z > 0

S.(z) = i(n)ﬂy;ﬂ _ IZ o L) (A.8)

=0 \J

and we want to prove this time that gn(n) = 1. We now introduce a new function
F,(z) (modulo an additive constant):

Fu(z) = / Suly) dy = —:—;Z% = —:—;Zj—j (A.9)
J=0 j=0
Using (A.3), we conclude that
Fo(2) = —T(n+1,2)e* 27", (A.10)
Differentiating this equation w.r.t. z, we obtain
dFdLZ(d = Sy(2) = 1—€*2 "V (n+1,2)(z —n), (A.11)

which implies that §n(n) =1, as claimed in Eq. (3.56a). This completes the proof of
the lemma. |

Proor or COROLLARY 3.7.

(a) When t = —s, the sum over j is trivial due to the term 07 = ;0- Then,
n s o [k /r
() = o (Her=X () eeraet. @
(s,—9) " or=0 r p=0 p

Now because 2n is an integer, we can rearrange the binomial coefficients and
(2n)E=" to obtain (3.60).

(c) When (s,t) = (0,1), we have that 1/ = j!, and then

<<Z>>(071) W Z( ) 1+ 2n)k=r TO (;)(_1)k_p

p=

X Z( )j jpitrITt (A.13)

By using Eq. 3.56a, we obtain that the last sum is p"*" for any » > 0. Then,
by re-arranging the binomials and (1 + 2n)*=

<<Z>>(01 Zk:% (1 tz:) ; (;) (—1)FPptr (A.14)

r=
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The last sum is related to the Stirling subset numbers [15, Eq. (6.19)]:

{}:kli ()pn, n>0,0<k<n. (A.15)

p=0
After substituting (A.15) into (A.14), we recover (3.62).

When (s,t) = (1,0), we use the relation with the numbers in (c) above: (}) =
<<k11>>(0 1) for n > 1. We then obtain

(i - S () {n;r}. o

Notice that for n > 1, the term with r = 0 contributes with (—1)*+? (1}:31) { } X
On0, due to the Stlrhng number. Therefore, for n > 1, we can start the sum
above at r = 1. But if we do that, then the above formula is also valid for

n=k=0: <<8>> = {1} = 1. Then after changing variables r — r — 1, we recover

This completes the proof of the Corollary. [ |
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