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Abstract. The group of the almost-Riordan arrays with exponential gen-
erating functions is defined. The subgroups of the exponential almost-
Riordan group are presented. Also, some isomorphisms between the expo-
nential almost-Riordan group and the exponential Riordan group are con-
sidered. Then, the production matrix for the exponential almost-Riordan
array is obtained.
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1. Introduction

Generating functions are a very useful tool in combinatorics, analysis, and
other areas of mathematics. By using the properties of generating functions,
some combinatorial identities can be obtained more easily.

For the integer sequence {a, }n>0, the formal power series

f(x):a0+01$+02$2+a3$3+....

represents an ordinary generating function. The coefficient of ™ in the formal
power series f(x) is

an = 2]/ (@) (L1)
n [12]. Additionally, the following identities are valid:
[2"](2" f(x)) = [2"7*]f(2) (1.2)
and
[2"]f'(x) = (n+ D[z" "] f (2) (1.3)

W Birkhiuser


http://crossmark.crossref.org/dialog/?doi=10.1007/s00025-024-02193-5&domain=pdf
http://orcid.org/0000-0002-4146-7374

173 Page 2 of 27 Y. Alp and E. G. Kocer Results Math

in [18]. The detailed information regarding the generating functions and coeffi-
cient extraction can be found in [6,12,17,18,23,27]. Also, the following power

series
2 3

T
g(z) = agp +a1:c+a2 T tasoy 3'

represents the ordinary generating functlon of the sequence {4 },>0. This
generating function is known as the exponential generating function of the
sequence {ay, }n>0. Then, the coefficient a,, of ™ in g(z) is denoted by

an, = nl[z"]g(x) (1.4)
in [6]. Sometimes, the properties of the ordinary generating function of the
sequence {a,}n>o can be complex. In such cases, we can consider the gener-
ating function of the sequence { %4 },,>0. For instance, the ordinary generating
function of factorial numbers sequence is as follows:

o0

S —t
Z nla™ = / ° .
n=0 1 —tx

n=0

The exponential generating function of factorial numbers sequence is given as
= |x” 1
E nl— = .
nl 1—=x
n=0

Obviously, the exponential generating function of factorial numbers sequence is
simpler than the ordinary generating function for factorial numbers sequence.
Similarly, the ordinary generating function for the first kind of Stirling numbers
sequence is complicated and divergent. However, the exponential generating
function of the same sequence is more useful than the ordinary generating
function.

Riordan arrays play a crucial role in deriving combinatorial identities
and solving combinatorial sums. Renzo Sprugnoli has contributed significantly
to the utilization of Riordan arrays in computing combinatorial sums [21,22].
Also, Sprugnoli has investigated sums involving binomial coefficients and Stir-
ling numbers by using the fundamental theorem of Riordan arrays in [20].
Riordan arrays are infinite lower triangular matrices defined by ordinary gen-
erating functions. There are many studies about Riordan arrays in literature,
and some of these can be found in [6,8,11,13-16,19,23,26].

We consider the following formal power series:

2 23

+933 +.

9(x) = go tqir+gagy

and
22 3

flz) = f0+f1$+f2 Jrf3

with g9 # 0, fo = 0 and f; # 0. The functlons g(x) and f(x) represent
the exponential generating functions of the sequences {g,}n>0 and {f,}n>0,
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respectively. The exponential generating function of the kth column of the
exponential Riordan arrays is defined as follows:

g(x)f(;)k, k=0,1,2,....

Additionally, the exponential Riordan arrays are denoted as pairs of expo-
nential generating functions, represented as [g(x), f(x)]. The multiplication
operation between two exponential Riordan arrays is defined as follows:

l9(z), f(@)][h(x), 1(z)] = [g(x)h(f(x)),1(f(2))] (1.5)

The set of exponential Riordan arrays is a group with the multiplication oper-
ation defined in (1.5). This group is known as the exponential Riordan group.
The identity element of the exponential Riordan group is defined as

I=1[1,1] (1.6)
and the inverse of [g(z), f(x)] is given by
-1 _ 1 —- z
o(0). S = | s o) (1)

where f(z) is the compositional inverse of f(x) in [10].
Let R be the exponential Riordan matrix. Then, we have

P=R'R (1.8)

which P, R~ and R represent the production matrix of the matrix R, the
inverse of the matrix R and the version of the matrix R with the Oth row
removed, respectively in [10]. The characterization and production matrices of
exponential Riordan arrays are provided in [6,10,11].

Proposition 1.1 [11]. Let D = (dpi)n k>0 = [g9(z), f(x)] be an exponential
Riordan matriz with go # 0, fo # 0. Let

cy)=cotay+ey’+..., r(y) =ro+ry+ry’+... (1.9)
be two formal power series such that

r(zf(z)) = (zf(x))',

g'(z) (1.10)
c(xf(x)) = .
(nsla) = 24
Then
dpi10 =Y ilcidn., (1.11)
i
1 .
dnt1,k = Todn k-1 + 7l ZZ!(Ci—k + kriok+1)dn,i (1.12)

i>k
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or, defining c_1 =0,

1 .
dn-‘rl,k = g Z Z!(Ci—k + kri_k+1)d,b7i. (113)
Conversely, starting from the sequences defined by (1.9), the infinite array
(dnk)nk>0 defined by (1.13) is an exponential Riordan matriz.

In [11], the production matrix P of the exponential Riordan matrix D is
given as follows:

Co To 0 0 0

1leq %(Co + 7“1) 0 0 0

2ley %(cl +712)  ZH(co+2r1) 70 0

P = 3les %:(CQ + 7“3) %E(Cl + 27‘2) %(Co + 37“1) o
4!C4 4*5(03 +7’4) 12%(02 +27"3) %;(Cl +37’2) %(CQ +4T1)

(1.14)

The detailed information about the exponential Riordan arrays can be
found in [2-4,6,9].

Subgroups in group theory are significant topic, and there has been ex-
tensive research on the subgroups of the Riordan group. The subgroups of the
Riordan group are investigated and isomorphisms among these subgroups are
given by Jean-Louis and Nkwanta in [15]. Some generalization of the Riordan
arrays are examined. The generalized Riordan arrays are defined using the
generalized generating functions, and their properties are investigated in [26].
The generalization forms of the Riordan subgroups are defined in [8,16].

Another generalization of the Riordan arrays is the almost-Riordan ar-
rays. Let’s now present the definition and some properties of the almost-
Riordan arrays, as introduced by Barry in [5].

Let’s consider the following formal power series:

a(x) = ag + arx + agx® + ...,

g(x) = go + g1 + gox® + ...

and
f(@) = fo+ hio+ for® + ...
with ag # 0, go # 0, fo = 0 and f1 # 0. The notation for first order almost-
Riordan arrays is (a(z)|g(x), f(x)). The generating function of the kth column
of a first order almost-Riordan array is
a(x), for k=0, (1.15)
zg(x)(f(x)*1,  for k=1,2,3,.... (1.16)
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Additionally, the multiplication of two almost-Riordan arrays is defined
as follows:

(a(@)|g(=), f(2))(b(@) (@), U(x)) = ((a(2)lg(x), f(2))b(x)|g(x)h(f (@), l({l(fi)%)
where the operation (a(x)|g(zx), f(x))b(x) is given as .

b(f(x)) — bo

fl@)

The set of the first order almost-Riordan arrays is a group with the
multiplication defined in (1.17). The identity element of this group is

I=(11,z) (1.19)

and the inverse of the almost-Riordan arrays is given as follows:

(@lgte) s = (o (1 s D= | ).
ao g(f(x))  flx) 9(f(x))
(1.20)

The sequence characterizations of the almost-Riordan arrays are provided
in [1]. The pseduo-involutions and involutions in the almost-Riordan arrays are
studied in [7,25].

Based on the preceding studies, we introduce the exponential almost-
Riordan arrays. Also, we examine the subgroups of the exponential almost-
Riordan group and provide some isomorphisms among them. Furthermore,
the production matrix of the exponential almost-Riordan arrays is presented
in this paper.

(a(x)lg(x), f(x))b(z) = boa(x) + xg(x) (1.18)

2. Exponential almost-Riordan arrays

In this section, we define the exponential almost-Riordan arrays and give some
row sums of them. Additionally, we introduce the exponential almost-Riordan

group.

Definition 2.1. Let’s consider the following exponential generating functions:

2 23
a(x):ao—l—alx—l—agj—i—agg—}-...,

22 x>
g(x):90+91$+92§ +93§+~~

and
2 3

f($)=f0+f1$+f2%+f3%+...

with ag # 0, go # 0, fo = 0 and f; # 0. The notation for the exponential
almost-Riordan arrays is [a(x)|g(z), f(2)]. The exponential generating func-
tion of the kth column of the exponential almost-Riordan arrays is defined as
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follows:
a(xz), for k=0, (2.1)
1 xr
— ) fE () dt k=1,2,3,.... 2.2
G | s e for k=123 (22)
Ezample 2.2. The exponential almost-Riordan array [ﬁ|ﬁ,ln(ﬁ)] is given
as
1 0 0 0 0 0 0 0
1 1 0 0 0 0 0 0
2 1 1 0 0 0 0 O
6 2 3 1 0 0 0 O
24 6 11 6 1 0 0 O
120 24 50 35 10 1 0 0
720 120 274 225 85 15 1 0
5040 720 1764 1624 735 175 21 1

where the column Oth is composed of the factorial numbers which is the se-
quence A000142 in OEIS [24].

Proposition 2.3. Let D = (dy, k)n k>0 = [a(x)]g(x), f(x)] be an exponential
almost-Riordan array. Then, the elements of D are as follows:

dp i =nl[z"]a(x), for k=0, (2.3)
dnk —EZ - B: 2" Mg (x) ¥ (), for k>1.  (24)

Proof. From (1.4) and (2.1), the equation (2.3) is clear. Considering (1.4) and
(2.2), we have
n!

dnk = m[m"]F(m)
where F(x) = [ g(t)f*~*(t)dt. From (1.3), we get
(21 F () =~ (@) = o) 4 )
Then, we obtain
o = (ol o) £ @),

Ezample 2.4. Let’s take the following exponential almost-Riordan array:

D= [ae‘” — BeT
a—

s )]
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where a = % and = 1_7\/5 From (2.3), we have

ae®® — Bebr > "
oy = ") (ST ) = )Y B
n=0 :

Using (1.4), we obtain d,, g = Fj,11 that F, is the nth Fibonacci number. By
using (2.4), we get

n—1)! n—1 x -1
dp i = Ek—l;![x Je(1 + z)z*~L.
From (1.2), we have
dp ) = EZ_ B: (2] (e® 4 z€).

Considering the formal power series of e”, we obtain

which is the sequence A093375 in OEIS [24]. The matrix D is given as follows:

10 0 0 0 0 0 O
11 0 0 0 0 0 O
2 2 1 0 0 0 0 O
3 3 4 1 0 0 0 O
p=1|95 4 9 6 1 0 0 O
8§ 5 16 18 8 1 0 O
13 6 25 40 30 10 1 O
21 7 36 75 80 45 12 1

Proposition 2.5. Let [a(x)|g(z), f(x)] be an exponential almost-Riordan array,
and let h(xz) be an exponential generating function of the sequence {hy}n>0.
Then,

lgle). S@hte) = haate) + [ g (F)de (25)
where h'(x) is the first order derivative of h(zx).
Proof. If we consider the product of [a(x)|g(z), f(x)] and h(z), we obtain
la(z)lg(), f(z)]h(z)
: . P
— hoalz) + hl/o o(t)dt + h2/0 o) F(t)dt + hg/o oy e+
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Then, we have

la(2)lg(x), F(@)]h(z) = hoa(z) + /O "o (hl Fhof (1) + hy? 2(!“ + > dt

— hoala) + / " g (1))t

For example, let’s consider [e2®|e®, x] and h(x) = €%, we have

x 1
(€27 |e”, x]e” = e*" —|—/ e*dt = 5(362‘70 —1).
0

The sequence of this exponential generating function is A003945 in OEIS [24].

Proposition 2.6. Let D = (dn x)nr>0 = [a(x)|g(x), f(x)] be an exponential
almost-Riordan array, and let h(x) be the exponential generating function of
the sequence {hy}n>0. Then,

n x
> dushi = hoa, + nla"] [ gl (42t (2.6)
k=0 0

Specially, taking h(x) = e” in (2.6), we obtain the row sums for the
exponential almost-Riordan array. Similarly, taking h(z) = e™* in (2.6), the
alternating row sums for the exponential almost-Riordan array are obtained,
as stated in the following corollary.

Corollary 2.7. The row sums and the alternating row sums for an exponential
almost-Riordan array D = (dy k)nk>0 = [a(z)|g(z), f(x)] are given by the
following expressions:

> dn g = an +nl[z"] / g(t)e®at (2.7)
k=0 0

and
n

S (=1)*dn e = an — l[a") / (B~ O, (2.8)
k=0 0

Ezample 2.8. Let’s consider the exponential almost-Riordan array D = [1]|2 —
€®, z]. The matrix D is given as

10 0 0 0 0 0 0
0 1 0 0 0 0 0 0
0 -1 1 0 0 0 0 0
0o -1 =2 1 0 0 0 0
p=1]0 -1 -3 =3 1 0 0 0
0 -1 -4 -6 —4 1 0 0
o -1 -5 -10 -10 -5 1 0
0 -1 -6 -15 -20 —-15 -6 1
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Firstly, let’s find the row sums of the matrix D = (dy x)n k>0. Using (2.7), we
have

Z dp k. = apn + nlz"] / (2 — eh)eldt.
k=0 0

Then, we obtain

Zdnk_an+nq ]<zzn’:_;z2’:j">.

Hence, we have

i:d 1, n=>0
k=2 -92nl >
k=0

where is the sequence A122958 in OEIS [24].
Now, let’s find the alternating row sums of the matrix D = (d,, k)n k>0-
By utilizing the equation (2.8), we obtain

n

Z(—l)kdmk = a, — nl[z"] /01(2 —ee tdt.

k=0

Considering the formal power series of e™*, we find

n 1, n=20
S (-Drdpp =9 -1, n=1.
k=0 2(—1)",n > 2

Specially, if we take h(z) = e®(x + 1) in (2.6), we obtain the weighted
row sums for the exponential almost-Riordan array. Similarly, taking h(x) =
e *(1 — z) in (2.6), the alternating weighted row sums for the exponential
almost-Riordan array are obtained as stated in the following corollary:

Corollary 2.9. The weighted row sums and the alternating weighted row sums

for an exponential almost-Riordan array D = (dni)n k>0 = [a(z)|g(z), f(x)]
are given as follows:

zn:(k + 1) dp g = an + nl[z"] /Z(f(t) +2)g(t)ef Dat (2.9)
k=0 0

and

Eod
-
o
—
|

+ 1) dp g = an + nl[z"] /OI(f(t) —2)g(t)e P a. (2.10)
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Ezxample 2.10. Let’s consider the exponential almost-Riordan array given by

_ 1
D_|:1—ac

eT2,2x} . The matrix D is obtained as

1 0 0 0 0 0 0 0

1 1 0 0 0 0 0 0

2 0 2 0 0 0 0 0

6 2 0 4 0 0 0 0
p_|24 o 12 0o 8 0 0 o0
120 12 0 48 0 16 0 0

720 0 120 0 160 0 32 0

5040 120 0 720 0 480 0 64

Let’s calculate the weighted row sums of the matrix D. Using (2.9), we have
n T

Sk + g = an -+ 02" / (2 + 2)e™ 21t

k=0 0

m2+297

Considering the formal power series of e , we find the weighted row sums

of the matrix D as follows:

1, n=20
> (kD = {n! td,n>1
k=0
where {d,,} is the sequence A000898 in OEIS [24].
Now, we find the alternating weighted row sums of the matrix D. If we
use (2.10), we get
2(71)% + 1)dn ik = an + nl[z"] / (2t — 2)e!" 2tat.
k=0 0

z? -2z

From the formal power series of e , we obtain the alternating weighted

row sums of the matrix D as follows:

- k o 1, n=2~0
’;J(_l) (k + 1)dn,k - {’ﬂ' 4 (_1)ndn7 n Z 1

where {d,,} is the sequence A000898 in OEIS [24].

The multiplication operation of two exponential almost-Riordan arrays
is defined as follows:

[hoa(x) + /01 g(t)h'(f(t))dt‘g(ff)h(f(x)% l(f(x))] : (2.11)

Ezxample 2.11. Let D1 and Dy be the exponential almost-Riordan arrays as
follows:

|

2—6”,:10] and Dy = [1‘1—35,90(1—;)} .

1—=x
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Then, we have

DiDy = [1156‘(2 —e")(1—2),x (1 - ”2”)} .

Namely, the matrix

1 0 0 0 0 0 0 0
1 1 0 0 0 0 0 0
2 -2 1 0 0 0 0 0
6 1 -5 1 0 0 0 0
DDy = | 24 2 9 -9 1 0 0 0
120 3 2 33 — 14 1 0 0
720 4 -5 =40 85 - 20 1 0
5040 5 —21 —-30 —245 180 -27 1
is equal to
1 0 0 0 0
1 1 0 0 0
2 -1 1 0 0
6 -1 =2 1 0

120 -1 -4 —6 —4
720 -1 -5 —-10 -10 —
5040 -1 -6 —-15 —-20 —15

SHIPF OO OO oo
_— o OO oo oo

1 0 0 0 0 0 0 0
0 1 0 0 0 0 0 0
0 -1 1 0 0 0 0 0
0 0 =3 1 0 0 0 0
0 0 3 —6 1 0 0 0
0 0 0 15 -10 1 0 0
0 0 0 -15 45 —15 1 0
0 0 0 0 —-106 105 -21 1

Theorem 2.12. The set of the exponential almost-Riordan arrays is a group
with the multiplication defined in (2.11), and denoted by R2.
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Proof. The set R? is closed and associative for multiplication in (2.11). The
identity element of this set is [1|1, z]. Additionally, the inverse of the exponen-
tial almost-Riordan arrays is defined as follows:

[a(z)]g(x), f(2)] ™" = Llo (1 - /0 ’ jg((:)))) dt) ‘g(fl(x)),f(x)} (2.12)

where f(x) is the compositional inverse of f(z). O

Ezample 2.13. Let’s consider an exponential almost-Riordan array

D= {1‘1 -, (1 — g)} The matrix D is given as

1 0 0 0 0 0 0 0
0 1 0 0 0 0 0 0
0 -1 1 0 0 0 0 0
0o 0 -3 1 0 0 0 0
p=10 0 3 —6 1 0 0 0
0 0 0 15 —10 1 0 0
0 0 0 -15 45 —15 1 0
0 0 0 0 —-105 105 —-21 1

Using (2.12), we have D~1 = [1 L_ 1—/1—2z|. The matrix D! is as

Vi-2z’
follows:
1 0 0 0 0 0 0 0
0 1 0 0 0 0 0 0
0 1 1 0 0 0 0 0
0 3 3 1 0 0 0 o0
p-1-10 15 15 6 1 0 0 0
0 105 105 45 10 1 0 0
0 945 945 420 105 15 1 0
0 10395 10395 4725 1260 210 21 1

3. Subgroups and isomorphisms

In this section, we consider the subgroups of the exponential almost-Riordan
group R¢ and provide the isomorphisms between these subgroups.

Proposition 3.1. The set of the elements in the form [a(z)|g(x), z] is a subgroup
of R&.
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Proof. Let [a(z)|g(z),z] and [b(z)|h(x), ] be the elements in the set. Using
(2.11) and (2.12), we have

(a(2)lg(), 2][b(x) 1 x), ] = [boa@c) +f Zg(t)b'(t)dt\g@)h(x),z]

[a(@)lg(z), 2] = [1 (1 -/ C;I((f))dt> g(lx)] |

Therefore, the set of the exponential almost-Riordan arrays in the form [a(z)]
g(x),x] is a subgroup of RE. O

and

For example, an exponential almost-Riordan array belonging to the sub-

1
1—x°

group, denoted as =

.1’:| , is given as follows:

1 0 0 0 0 0 0 O

1 1 0 0 0 0 0 0

3 1 1 0 0 0 0 O
13 2 2 1 0 0 0 0
73 6 6 3 1 0 0 0
501 24 24 12 4 10 0
4051 120 120 60 20 5 1 0
6 1

37633 720 720 360 120 30

where the column Oth consists of the elements of the sequence A000262 in
OEIS [24].

Proposition 3.2. The set of the elements in the form [a(x)|1, f(x)] is a subgroup
of R&.

Proof. Let [a(z)|1, f(x)] and [b(z)|1,1(x)] be the elements in the set. Using
(2.11) and (2.12), we obtain

la(@)[1. f@)]blx) 1, 1(x)] = [boau) - v (F@)ar

@@L, f@)] ™t = [1 (1 [ a’(f(t))dt>

ag

L]

and

1,f(x)] :

Namely, the set constitutes a subgroup of the exponential almost-Riordan
group. O
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For example, an exponential almost-Riordan array belonging to the sub-

group, denoted as [e$|1, ln(ﬁ)}7 is provided as follows:

1 0 0 0 0 0 0 0
1 1 0 0 0 0 0 0
1 0 1 0 0 0 0 0
1 0 1 1 0 0 0 0
1 0 2 3 1 0 0 O
1 0 6 11 6 1 0 0
1 0 24 50 35 10 1 0
1 0 120 274 225 8 15 1

Proposition 3.3. The set of the elements in the form [a(x)|f'(x), f(x)] is a
subgroup of RE.

Proof. Let [a(z)|f'(z), f(x)] and [b(x)[l’(x),l(x)] be the elements of the set.
Using (2.11) and (2.12), we get

[a(@)|f" (), f(@)][b() (x), (z)] = [b(f(af)) + boa(z) — bo

and

F@) (), l(f(x))}

la(@)|f"(x), f(x

), f(z)] 7!
z I
[ 37
ao o SI(f@) /1f(f(x))
Therefore, the set is a subgroup of the exponential almost-Riordan group
RE. g

For example, the exponential almost-Riordan array belonging to the sub-
group, denoted as [eez_l ’ez, e’ — 1], is given as follows:

1 0 O 0 0 0 0 O
1 10 0 0 0 0 O
2 1 1 0 0 0 0 O
3 1 3 1 0 0 0 0
5 1 7 6 1 0 0 O
52 1 15 25 10 1 0 O
203 1 31 90 65 15 1 0
87 1 63 301 350 140 21 1

where the column 0Oth is composed of the sequence A000110 in OEIS [24].

Theorem 3.4. The set of the elements in the form [1]f'(x), f(z)] is a subgroup
of R%, and it’s isomorphic to the associated subgroup of the exponential Rior-
dan group.
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Proof. 1t follows from Proposition 3.3 that the set of the exponential almost-
Riordan arrays in the form [1|f/(x), f(z)] constitutes a subgroup of R%. We
consider the map ¢ such that

e ([Lf (@), f(@)]) = [1, f(2)]-
Let’s show that ¢ is a homomorphism. We get
@ ([Uf' (@), f@)] L (), U2)]) =e([L1f (@) (f (@), 1(f (@)

=[1,1(f(x))]

=1, f(2)][1, U(z)]

=p([L1f"(2), f(@)])e (]l (), l(z)])-
Because ¢ is one to one and onto, ¢ is an isomorphism. 0
Theorem 3.5. The set of the elements in the form [1|1, f(x)] is a subgroup of
RE and it’s isomorphic to the subgroup in the form [1]f'(x), f(z)] of RE.

Proof. 1t follows from the Proposition 3.2 that the set of the exponential
almost-Riordan arrays in the form [1|1, f(z)] constitutes a subgroup. Let’s
consider the map ¢ such that

e([L1f' (@), f(@)]) = [L]L, f(2)]-
Let’s show that ¢ is a homomorphism. We have
o ([ (@), f@)] [ (), U)]) =e([L1f (@)l (f(2)), 1(f (2))])
=[1|1,1(f ()]
=[11, £ (@)][1[1, I(z)]
=p([11f' (@), f(@)])e(]l (), I(z)])-

For ¢ is one to one and onto, ¢ is an isomorphism. O

Proposition 3.6. D = [1|f'(z), f(z)] is an involution if and only if f(x) =
f(=).
Proof. Let D be an involution. Then
= [11f'(2), f(@)][11f" (@), f(2)] = [L]1,2].
Using (2.11), we obtain

(1S (@) S (f(@)), f(f ()] = [1]1, 2].
Namely, f(x) = f( ) Conversely, let’s take f(x) = f(). Then, we find

D? = [1]f'(2) f'(f(x)), F(f (2))] = [1]1, ].
O

xjf(g),f(m)} is a

Proposition 3.7. The set of the elements in the form {a(m)

subgroup of RE.
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fl=)
set. Using (2.11) and (2.12), we have

Proof. Let’s take elements {a(m)‘xf/(w) f(x)} and [b(x)

xl/g(f) l(:v)] from the

1] iy

_ o)
= et + [ G P

o) - G 5 /nggii»dt)

Therefore, the set is a subgroup of R. O

A0 51,

o @)

For example, an exponential almost-Riordan array belonging to the sub-
group, denoted as [e*x|1 + 372 (14 5)|, is given as follows:

1 0 0o 0 O 0 0 O

-1 1 0o 0 O 0 0 O

1 3 1L 0 0 0 0 0

-1 -3 2 1 0 0 0 0

1 50 %9 1 0 0 0

-1 —§ 0 6 8 1 0 0

1 L2 0 o0 25 2 1 0

135

-1 =L 0 0 30 ¥ 18 1
Theorem 3.8. The set of the elements in the form [1’1]{(S , } is a sub-
group of R% and it’s isomorphic to the subgroup in the form [1|f'(z), f(x)] of

Ra

z]{é;g)c),f(x)} is a subgroup. Let’s

Proof. From Proposition 3.7, the set of [1

consider the map ¢ such that

e (o

l‘f/(.%‘) . o r
1) 1)) = s s
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 is one to one and onto. Then, we obtain

(7 o] )

@) |1 T
fia
l

(e o]
=[1|f

W (f(x )) 1(f(x))]
= [1f' (@), f@) [ (), l(2)]

(0] o

Consequently, ¢ is an isomorphism. O

[

Proposition 3.9. The set of the elements in the forms [a(z)|g(x), zg(z)] or
[a(z )\f("L) (x)] 1s a subgroup of RE.

For example, an exponential almost-Riordan array belonging to the sub-

goup, denoted as [e‘”’ﬁ, ﬁ}, is given as follows:

1 0 0 0 0 0 0 0
1 1 0 0 0 0 0 0
1 1 1 0 0 0 0 0
1 2 4 1 0 0 0 0
1 6 18 9 1 0 0 0
1 24 96 72 16 1 0 0
1 120 600 600 200 25 1 0
1 1

720 4320 5400 2400 450 36

Theorem 3.10. The set of the elements in the form [1 @7 f(as)} s a subgroup
of R% and it’s isomorphic to the subgroup of the form [1|1, f(z)] of R.

Proof. Considering Proposition 3.9, the set of exponential almost-Riordan ar-
rays in the form [1 f(f ,flx )} is a subgroup of R%. Let’s take the map ¢ such
that

et s = 1| 22, 1)
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It’s clear that ¢ is one to one and onto. Also, we have

([T, £(@)][L[L, 1)) =p([1[1,1(f (2))])

= 1|22 5o

. ] [
=e([LL, f (@) ([1[1, 1(2)]).

X

O

Now, we give the definitions of the stochastic and stabilizer subgroups of
RE.

Proposition 3.11. The following subset of the group R% is a subgroup, known
as the stochastic subgroup.

o~ { |ote)

Proof. Firstly, we show that the row sums equal to 1. Using (2.5), we get

e —a(x)

f(a:)’f(x):| 3(1021,(11 7é1,f0:0,f1 #O}
e

e’ —d(x)

{a(:r) —@ f(sc)] e’ =a(x) + /Ow(et —d'(t))dt = €e”.

Let [a(m) e e_f?ng),f(x)} and [b(m) 3 e_l(bng)

®. Using the multiplication defined in (2.11), we have

,l(m)} be two elements of the set

e — d'(z) ) — ¥(f(x))
ef(x) el(F(x)) vl(f(ﬂf))] .

[boa(x) + /: ee_fig;(t)b’(f(t))dt

If we consider (2.12), we find

e —d(x)

|58 ]

[ [
|-

Thus, the set © is a subgroup of R%. O

© T

@?(1) — a’(

~
—
&
S
=

For example, an exponential almost-Riordan array belonging to the sto-
chastic subgroup, denoted as [e¢" ~!7%|1 — e ~17%(1 — e %), x], is given as
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follows:
1 0 0 0 0 0 0 0
0 1 0 0 0 0 0 0
1 -1 1 0 0 0 0 o0
1 1 -2 1 0 0 0 0
4 —4 3 -3 1 0 0 0
11 3 —16 6 —4 1 0 O
41 =21 15 —40 10 -5 1 0
162 —-10 —126 45 -8 15 -6 1

where the elements of the column 0th is the elements of the sequence A000296
in OEIS [24]. Also, we can see that the row sums of this matrix equal to 1.

Theorem 3.12. The set of the elements in the form [1|eI*f(“3),f(x)] is a sub-
group of R%. The map ¢, defined such that

e ([, f@)]) = (1@, (@),

is an isomorphism from the subgroup of the group R¢ to exponential Riordan
group in the form [e*~1®) f(z)].

Proof. 1t follows from Proposition 3.11 that, the set of the exponential almost-
Riordan arrays in the form [1|e*~/(#) f(x)] constitutes a subgroup. Let’s show
that ¢ is a homomorphism. We have

o (TUes ™), @)1e™™@, 1(@)]) =p([1]e™™ D, 11 (@))])

—[e" 0D, 1(f ()]

=[e"~7®), f(@)][e* ™), 1(a)]

—p([1]e"~ 1, fa)e([1e”" @ 1(a)]).
Also, ¢ is one to one and onto. 0

Theorem 3.13. The sets of the elements in the forms [1]f'(x), f(z)] and [1|e*~f(®),
f(z)] are isomorphic subgroups.

Proof. Let’s consider the map ¢ such that
P([LUf' (@), f()]) = [1e” @, f(a)].
Clearly, ¢ is a homomorphism, one to one and onto. O

Proposition 3.14. D = [1|e®=F @) f(x)] is an involution if and only if f(x) =
f(z).
Proof. Let D be an involution.Then

D? = [1]e~1@), f(@)][1]e=~/@), ()] = [1]L,a].
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Using (2.11), we get
[1e” I f(f(2))] = [1[1, 2]
Thus, we have f(z) = f(z). Conversely, let’s take f(z) = f(z), we find
D? = [1]e"~FUED f(f(x))] = [1]1, ].
O

Let h(z) be the exponential generating function of the sequence {hy, }n>0.
A column vector whose elements are determined by the generating function
h(z) must satisfy the following condition in order to an exponential almost-
Riordan array to stabilize it.

[a(2)lg(x), f(x)]h(x) = h(z). (3.1)
Now, we define the stabilizer subgroup of the exponential almost-Riordan

group RZ.

Proposition 3.15. The following subset of the group R% is a subgroup, known
as the stabilizer subgroup.

Proof. Using (2.5), we get

j(@} tap =1,athg # h1,h1 #0, fo =0, fi 790}-

)| )| o) = o) + [ 0400 — o (@)t = (o)
Let [a(m)|%,f( )] and [b(m)|%,l(m)} be two elements of

the set ®B. Using (2.11), we get

[a(m) + /0 ") = hod'(®) by

I (w) = hoa'(x) B (f () — hob'(f(2)) ,

W (f(x)) i@y V@]

W (f(t))

From (2.12), we obtain the inverse as

W (z) — hoa' (z) ) -1
{a(”) W@y )}
L «Gow W) -
-1 W) — hoat () | W @) = hoa (Fa)) )

Thus, the set 9B is a subgroup of RZ. O
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For example, let’s take h(xz) = 2¢* 4+ 1 and [ez| - %ex’em“,ez - 1].
Hence, we obtain

1 0 0 0 0 0 0 0
1 -3 0 0 0 0 0 0
1 0o i o0 0 0 0 0
1 4 _§ -+ 0 0 0 0
1 % 1 —% -3 0 0 0
1 -1 2 -z -3 -1 0 0
1 o_9 8 2% _1 2 1

8 2 2 2 1 1
1 -3 -25 52 10 -2 -L -1

It’s noted that the multiplication of this matrix and (3,2,2,2,...)7 is (3,2,2,
2, )T,

P

4. Production matrix

In this section, we present the production matrix of the exponential almost-
Riordan arrays.

Proposition 4.1. Let D = (dp k)n k>0 = [a(x)]g(x), f(x)] be an exponential
almost-Riordan array and P = (py k)n.k>0 be the production matriz of the
matriz D. Then, we have

dp+1,0 =P0,0dn,0 + P1,0dn,1 + P2,0dn2 + ... (4.1)
dp+1,1 =P0,1dn,0 + P1,1dn,1 +P2,1dn2 + ... (4.2)
Ant1,k+1 =Pk k+19n.k + Dk41,k+18n k+1 + P42, k410 k2 + - - - (4.3)

—~

Proposition 4.2. Let the matriz P be the production matriz of D = [a(z)|g(x),

f(x)]. The exponential generating function of the kth column of the matriz P
s given as follows:
ay ¢ 1 1"0F ﬂa/ 7t
Ae) =2+ [ (000 - R Gap) e ()
9, [T 1 F)) — 90 4 (F
P =2t [ s (/T ) - Lo Ge)) . (a)
and
[Tt (g W)
Pt = [ gy (FEE D+ 1 Gy ) a (1.6)
for k>1.

Proof. Considering (4.1), (2.1) and (2.2), we have

a'(z) = po,oa(z) + p1o /Oz g(t)dt +p2yo /Oz gt)ft)dt + . ...
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Then, we get

a”(x) = pooa’(z) + prog(x) + p2og(@) f(x) + ...

Hence, we have

a"(x) — pood'(z) /
g(a:) _PO(f(x))
Considering (1.8), we find pg,o = Z—; From the previous equation, the equation
(4.4) is obtained.
Using (4.2), (2.1) and (2.2), we obtain

x

g(z) = poa(z) +pia /Ow g(t)dt +p2,1/0 gt) f(t)dt + . ...

Hence,
9'(z) = posd' () + prag() +p2ag(@)f(2) + ...
Then, we have
9'(x) —popd(x) _
B P e Py(f(z)).
Considering (1.8), we find po1 = 22. Therefore, the equation (4.5) is found.
Considering (4.3) and (2.2), we have

g(z) fkk(!x) = Dk kt1 (/Ozg(t) (:__1%)' dt) + Ph+1,k+1 (/Omg(t) f];(!t) dt)
+Pk+2,k+1 (/Oxg(t) /) dt) +....

(k+1)!
Then, we get
g'(x)f*(=) . g(@)f'(x) ¥ (2)
k! (k—1)!

k—1 k k41
= g(z) <pk,k+1m + Pk+1,k+1 ! k(,x) +pk+2,k+1m + .. > .

Thus, we have

@) (9@ 0 N
[0 (L9504 i) = Pt

Hence, the equation (4.6) is clear. O

Corollary 4.3. Let P = (pn.k)n,k>0 be the production matriz of the exponential
almost-Riordan array [a(z)|g(x), f(x)]. Forn > 1,

ai

Pn,o =Cn—1 — —Tn-1, (47)
ag
90

Pn,1 =2n—1 — —Tn—1, (48)
ag
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and for k > 2,

n—1 n—1
= _ _ 4.
Pk </€ i 1) Zn—k + (k‘ N 2) Sn—k+1 ( 9)

where 1y, Cn, zn and sy, are the nth elements of the following exponential gen-
erating functions, respectively.

o o d(F@)

=27 o) o

S, @ (@)

() ; T i) (4.11)
I SRS 05)

Z(x) ; T ) (4.12)

Sta) =3 si = F(T@) (4.13)

s
I
o

Proof. Considering (1.4) and (4.4), we get

Pno = nl[z"] /Ox (c(t) — Z(ﬁr(t)) dt.

Using (1.3), we have

Pro = (n— 1)1z (c(m) - “17«(:@) .

From (1.4), the equation (4.7) is found. By the similar way, the equations (4.8)
and (4.9) are obtained. O

According to Corollary 4.3, the production matrix of the exponential
almost Riordan array [a(z)|g(z), f(z)] is given as follows:

ai 90
o o 0 0 0 0
a g9
Co — af(lJT‘() zZ0 — ﬁTO So O 0 0
c1 — Z’Tl)’l“l 21— %Tl zo + 81 S0 0 0
P=1¢ - Z—;rg 29 — Z—‘;rg 221+ 89 20+ 281 S0 0

c3 — %Tg 23 — %Tg 329 +83 321 +3s2  zp+3s1  So

(4'.14)
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Corollary 4.4. Let D = (dy, )n.k>0 = [a(2)|g(x), f(2)] be an exponential almost-
Riordan array. Then,

ax a
dn+1,0 g + ; (Cil - a()h‘1> dn,i, (4.15)
90 9o
dnt1,1 o + ; (Zi—l - aoTz‘—1> dn,is (4.16)
and
- i—1 i—1
dn+Lk=};%;1<<k__1)%_k%-(k__2>SF%+1>dn¢ (4.17)
for k> 2.

Proof. Considering the Proposition 4.1 and Corollary 4.3, the result is clear.
O

Ezxample 4.5. Let’s consider an exponential almost-Riordan array

D= [111, e " x(l+ ;)}7 the matrix D is given as
1 0 0 0 0 0 0 O
1 1 0 0 0 0 0 O
2 -1 1 0 0 0 0 O
6 1 -1 1 0 0 0 O
D= | 24 -1 0 0 1 0 0 0
120 1 2 -3 2 1 0 O
5 1 0
0 9 1

Now, we find the production matrix of the matrix D. By using (4.10), we

have
oV2EFI-1

"= e T Te

which is exponential generating function of the sequence
1,3,8,25,87,386,1663,11313,39560. . ..
If we use (4.11), we get
2¢V2F1-1
o(x) = ——————
(2—2zx+1)3
which is exponential generating function of the sequence

2,8,30, 122, 548, 2802, 15638, 100760 . . . .
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Similarly, we obtain Z(x) = —1. From (4.13), we find S(z) = v/2z + 1 which
is the exponential generating function of the following sequence

1,1,-1,3,—15,105, —945, 10395, . ...

Then, the production matrix is obtained as follows:

1 1 0 0 0 0 00...
1 -2 1 0 0 0 00...
5 -3 0 1 0 0 00...
2 -8 -1 1 1 0 00...
Pp=197 —25 3 -3 2 1 00...

461 —-87 —15 12 —6 3 10...
2416 —386 105 —75 30 —1041 ...
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