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Abstract

We study three operations on Riordan arrays. First, we investigate when the sum of
Riordan arrays yields another Riordan array. We characterize the A- and Z-sequences
of these sums of Riordan arrays, and also identify an analog for A-sequences when
the sum of Riordan arrays does not yield a Riordan array. In addition, we define the
new operations ‘Der’ and ‘Flip’ on Riordan arrays. We fully characterize the Riordan
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arrays resulting from these operations applied to the Appell and Lagrange subgroups
of the Riordan group. Finally, we study the application of these operations to various
known Riordan arrays, generating many combinatorial identities in the process.

1 Introduction

Riordan arrays are lower triangular matrices, extending infinitely to the right and downward,
whose columns encode generating functions. They were first introduced by Shapiro et al.
[16] as a generalization of Pascal’s triangle.

In general, a Riordan array R(d(t), h(t)) is characterized by a pair of formal power series
d(t) and h(t), satisfying d(0) # 0 and h’(0) # 0. Riordan arrays form a group under matrix
multiplication known as the Riordan group, which has been extensively studied [2, 15, 16].
However, Riordan arrays are not in general closed under matrix addition. In Section 3 we
investigate the sums of Riordan arrays, and determine in Theorem 14 when the sum of two
Riordan arrays is again a Riordan array, namely, when they share the same h(t). Riordan
arrays can also be described in terms of a pair of sequences A and Z. When two Riordan
arrays can be added to form another, we characterize the A- and Z-sequences of their sum
in Theorem 16. Although the matrix sum of two Riordan arrays is not a Riordan array in
general, we call the resulting arrays Riordan sumrays and show in Theorem 26 that they
satisfy a second order recurrence.

In Section 4, we introduce two new operations on Riordan arrays which we call deriva-
tives and flips. For a Riordan array R(d(t),h(t)), derivative and flip are the following two
operations respectively.

1. Der: R(d(t), h(t)) — R (¢), td(t));
2. Flip: R(d(t), h(t)) s R(h(t)/t,td(t)).

An important observation is that Flip is an involution, and that Der maps the Appell sub-
group of the Riordan group to the Lagrange subgroup, and vice versa. In the case of Appell
and Lagrange subgroups, we fully characterize their derivatives in Theorem 37.

There is a large literature on Riordan arrays showing their use in obtaining combinatorial
identities [9, 16, 17, 19]. In the spirit of the pioneering work of Shapiro, we highlight this
feature of Riordan arrays throughout the article. The new operations Der and Flip have
proved especially fruitful by revealing surprising connections with known sequences, as well
as leading to the discovery of new identities. These identities arise primarily from viewing
a Riordan array R as the transformation of a sequence (a;)2, to a sequence (b;)32, via the
product R -(a;)72, = (b:)32,. In Section 5, we apply our results about Der and Flip to various
Riordan arrays including the Fibonacci array, Pascal array, Catalan array, and Shapiro array.



Name Sequence Generating Function
1
Fibonacci (E)zoio == (]_, ]_, 27 3, 5, 8, ]_3, .. ) F(t) == W
1—+v1—4t
Catalan | (Cy)2, = (1,1,2,5,14,42,...) C(t) = Y
1—t—+1-—2t—3t?
Motzkin | (M;)2, = (1,1,2,4,9,21,...) | M(t) = 572
14+t—+1—2t—3t2
Riord R)>X,=1(1,0,1,1,3,6,15,...) | R(t) =
fordan | (Ri)i%, = )| R) e

Table 1: The recurring sequences in this article and their generating functions.

These are respectively the Riordan arrays

1t
Cat == R(C(t),tC(t)), Sha == R(C(t),tC*(t)),

Fib == R(1,t + t?), Pas ::72( ! ! ) ;

where C(t) is the generating function for the Catalan numbers (see Table 1). As a conse-
quence we obtain several known combinatorial identities in new ways, along with identities
that we have not found in the literature (Identities 11, 13, 52, 53, 54, 56, 59, 60, and The-
orem 55). For several of the identities obtained we also provide new combinatorial proofs
(Identities 11,13, 53, 54, 60). Furthermore, for any Riordan array in the Appell subgroup,
the operation Der can be interpreted as giving a Riordan array involving weighted integer
compositions (see Theorem 40). A summary of the relationships between sequences obtained
using various Riordan arrays is given in Table 2.

2 Background and examples

We begin by providing the necessary background on Riordan arrays.

Definition 1. A Riordan array D = R(d(t),h(t)) is an infinite, lower triangular array
defined by a pair of formal power series (d(t), h(t)) where d(0) # 0, h(0) = 0, and A'(0) # 0.
The (n, k)-entry of D is given by

Ay = [t"] d(t)R(t)*,n, k >0, (1)

where [t"] a(t) = a, is notation to extract the coefficient a, from an ordinary generating
function a(t) = ano a,t™. In particular, note that doo = d(0) and dy; = 0 for k > 1.



Riordan array R Sequence (a;)5%, Product R - (a;)$2,
I RO+ 11) A000012, (1), A040000, (1,2,2,...)
2 A007598, (F2)%, A001519, (Fy)%2,
3 | Fib:=DerT =R(1,t+12) | A000012, (1), A000045, (F})%2,
4 | Jac:=Der® T = R(1,t + 2t*) | A000012, (1)$2, (A001045(i + 1)),
5 15 (Cm_l t) A000045, (Fl)l 0 A000108, (C),
6 LR A000007, (1,0,0,...) | (1,1, A067324(7)%°,)
7 RUM() 1 1.1) A000012, (1), (A086615(7) + 1) _,
8 A005043, (R:), A001006, (M;)22,
9 . A000012, (1), A152163, (—F;)°
R:=R (= %) -
10 A000027, (i), (A029907(7))%2,
g n ( ., ) A000012, (1), (A052952(7))%2,
12 (=12 127 A000027, (i + 1), | (2-A001629(7))%,
1B | g A000012, (1), (A001350(7))%2,
14 A000027, (i 4 1), | A045925
15 | Flip Der(Pas) A000012, (1)$2, A001519, (F%)2,
16 | Der?(Pas) A000012, (1), A001906, (Fpip1)2,
17 | Der®(Pas) A000012, (1), A004146
18 | Der*(Pas) A000012, (1), A033453
19 | Der’(Pas) A000012, (1), A144109
20 | Der?(Pas) + Der®(Pas) A000012, (1), A027941, (Fyiyy — 1),
21 A000012, (1), A001700
22 | Der(Cat) A000027, (20)22, A000302, (4)2,
23 A005408, (2i + 1), | (A129869(i))2,
24 | Flip Der(Cat) A000012, (1), A026737
25 | Der?(Cat) A000012, (1), A026671
26 | bey (Sha) A000012, (1), A002054
27 A000027, (222, A008549

Table 2: A summary of the relationships between sequences appearing in this article.
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For example, choosing d(t) = 1/(1 —t) and h(t) =t/(1 — t) gives the Pascal array

1 0 0 0 0

1 10 00

1 12100

Pas =R _t’l_t - 1 3310
1 4 6 41

We will encounter more examples in Section 2.2. First, however, we review the main
theorems on Riordan arrays.

2.1 The main theorems

As mentioned in the introduction, Riordan arrays have been used in the literature to investi-
gate combinatorial identities. These results often exploit the following theorem, often called
the fundamental theorem of Riordan arrays or “FTRA” [2].

Theorem 2. (FTRA) [16, Eqn. (5)], [17, Thm. 1.1]

Let D = R(d(t),h(t)) be a Riordan array, and let f(t) := >,-, fst" be the generating
function for the sequence (fy)io. If D maps the sequence (fi)rso, to the sequence (gi)r>o,
then the generating function g(t) = >~ git" for the sequence (gi)r>o is

d(t) f (h(t)).

We will provide several examples of using the FTRA to obtain combinatorial identities
in Section 2.2.

An important fact about Riordan arrays is that they form a group known as the Riordan
group. This is encapsulated in the following theorem.

Theorem 3. [16] The Riordan arrays form a group with respect to matriz multiplication. If
Ry = R(di(t), hi(t)) and Ry = R(ds(t), ho(t)) are Riordan arrays, then

RiRy = R(dy(t)dz(hi(t)), ha(ha(2))).

The inverse of R = R(d(t), h(t)) is

=R (d(ﬁlw ).

where h(t) denotes the compositional inverse of h(t), i.e., h(h(t)) = t = h(h(t)). The
identity of the group is R(1,t).

The following are well-known subgroups of the Riordan group.
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The Lagrange subgroup {R(1,h(t)) | K'(0) # 0} (also called the Associated subgroup).

The Appell subgroup {R(d(t),t) | d(0) # 0} (also called the Toeplitz subgroup).

The Bell subgroup {R(d(t),t-d(t)) | d(0) # 0} (these are also called Renewal arrays or
Rogers arrays).

e The deriative subgroup {R(R'(t),h(t)) | A'(0) # 0}.
e The hitting time subgroup {R(th'(t)/h(t),h(t)) | h'(0) # 0}.

Associated with a Riordan array are two sequences, its A-sequence [14] and its Z-sequence
[11]. The A-sequence A = (ag # 0,ay,as,...) provides a way to recursively construct each
row of the array from the previous row, via the generating function A(t) = > ., ant", as
follows. -

drg1er1 = Qodpe + ar1dy ey + agdyeyo+--- ) 720, (2)

On the other hand, the Z-sequence, Z = (zy, 21, 29, . . .), with generating function Z(t) =
> nso #nt", allows the Oth column to be (uniquely) constructed using

d’r—i—l,O = Zodr,o + Zldm -+ Zer,Q 4o (3)

Note that since Riordan arrays are lower triangular, the sums in equations (2) and (3) are
finite. Results of Rogers [14], He and Sprugnoli [8, Thm. 2.1, Thm. 2.2], and Merlini et al. [11]
imply that a Riordan array can be completely characterized by the triple (doo, A(t), Z(t)).
In the case of the Riordan array Pas, A = (1,1,0,0,...) and thus A(tf) = 1 + ¢, so that
equation (2) reduces to the familiar Pascal recurrence d, 1141 = dye + dyeyr. Similarly,
Z =(1,0,0,...) and Z(t) = 1 = do gives, using equation (3), d,+10 = 1.

Theorem 4. ([8, Thm. 2.1], [11, Thm. 2.2/, [14])
If R="TR(d(t),h(t)) is a Riordan array, then the A-sequence is determined by:

t
h(t) =tA(h(t)) <— A(t) = =—.
(1) = 1AB() = A) = o
In particular, the A-sequence and the function h(t) determine each other. Furthermore,

At) =1 < h(t) =t

and the Z-sequence is determined by:




The A- and Z-sequences for a product of Riordan arrays have been completely determined
as follows.

Theorem 5. [8, Thm. 3.3, Thm. 3.4] For the Riordan arrays R; = R(d;(t), hi(t)),i = 1,2
with respective A-sequences and Z-sequences A;(t), Z;(t),i = 1,2, the A-sequence A(t) and
the Z-sequence Z(t) of the product R = Ry Ry are given by

A(t) = Ay(t) A, (ﬁ(t))

2(t) = (1 - i@)zz(t)) Z <f(t)) A <f@)) Zo(t).

We will also need the following result, obtained by Lagrange inversion [21].

Theorem 6. [9, Thm. 2.2] Let R = R(d(t),h(t)) be a Riordan array. Then the inverse
Riordan array R™' has (n, k)-entry equal to

and

W(t)
d(t) <@) n+1"°

For more on Riordan arrays and the Riordan group we refer the reader to Shapiro et al.
[16], as well as Sprugnoli [17].

("]

2.2 Examples

Obtaining combinatorial identities using the FTRA is straightforward. Here, we give three
examples, with combinatorial proofs. The first identity, Identity 8, and its proof, are well
known. To the best of our knowledge, the other two examples and Identities 11 and 13 do
not appear in the literature.

Example 7. Let F; denote the ith Fibonacci number. Let (f,,),>0 be the sequence of squares
of Fibonacci numbers, i.e.,

(f)nso = (F2)ry = (1,1,4,9, 25,64, 169, .. .),
and let (g,)n>0 denote the even-indexed Fibonacci numbers, i.e.,
(gn)n>0 = (Fon)oeg = (1,2,5,13,34,89,233,...).
The sequences (f,)n>0 and (g,)n>0 have generating functions
ft) = t1—1) M,
(1+6)(1—3t+2) (1—3t+ )
respectively. Observing that g(t) = (1+t) f(t), the FTRA gives that D = R(1+¢,t)(fn)n>0 =

(gn)n>0, which yields the following well-known identity (see, for instance, Benjamin and

Quinn [3, Sec. 1.5]).

and g(t) =



Identity 8. For n > 1,
Fl 4 Foy = Fanga. (4)

A combinatorial proof (mentioned by Benjamin and Quinn [3]) is given below, for com-
pleteness.

Proof. We use the fact that the Fibonacci number Fj is the number of ways to tile a strip
of length k with squares and dominoes [20]. Thus, the right-hand side of (4) is the number
of ways to tile such a strip of length 2n + 2. If the middle two cells with numbers n + 1 and
n + 2 are tiled with a domino, we can tile the rest of the board in F? ways. If they are not,
we have 2, ways to tile the entire board. ]

We record the following general proposition, obtained from the FTRA.

Proposition 9. Let (f,)n>0 be a sequence with generating function f(t) of the form 1/p(t)
where p(t) is a polynomial. Let (gn)n>0 be a sequence with gy # 0 and generating function

g(t). Then
D it Y PiGie; = G, (5)
i=0 =0

with the understanding that g = 0 whenever k < 0.

Proof. Suppose we have a Riordan array R(d(t),t) which transforms (f,,)n>0 to (gn)n>0, i-€.,
R(d(t),t))(fi)2o = (9i)32y. Then FTRA tells us that

dt) = g(t)/ [(t) = g(t)p(1),
and the result follows. O

As a specific example, we relate the Fibonacci numbers to the Catalan numbers.

Example 10. Let (C,);2, denote the shifted Catalan sequence without the leading one.
That is, the sequence (C,)p%, = (1,2,5,14,...), with nth term given by C,, = C,41,n > 0.

The generating function for (C,,)7%, is thus

- 1—-2t—+1—-4t
C(t) = 572

Note that the generating function for (C,,),>o is tC(t) +1 = (1 — /1 —4t)/(2t), see Sec-
tion 5.3. Since the Fibonacci sequence has generating function F'(t) = 1/p(t) with p(t) =
1 —t —t*, the Riordan array transforming (F;)2, to (C;)52, is
s C(t)
RCEH) - (1=t —8),t) =R —=5,¢
€1 -t-.0 =R (5H)

where the kth colump has k zeros followed by the sequence ((jz- —Ciq — C’i_z)‘iﬁo, with the
understanding that C; = 0 when ¢ < 0. This is sequence A067324 with two initial ones.
Equation 5 simplifies to the following identity.

8
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Identity 11. For n > 3,

Z (C_'i —Ciq — éi—Q) Foi1oi=Cy—F, — F,_1. (6)

i=3
A combinatorial proof of Identity 11 follows.

Proof. Tt is well known that C,, counts the number of Dyck paths, that is, paths from (0, 0)
to (2n,0), consisting of steps U = (1,1) and D = (1, —1), which never go below the x-axis.
On the other hand, F,,;; is the number of Dyck paths from (0,0) to (2n,0) consisting only
of UD and UUDD segments. Thus, the right-hand side, C,, — F, — F,,_; = C,, — F,41, is
the number of the remaining Dyck paths which contain at least one segment different from
these two. To interpret the left-hand side, note that the number of Dyck paths of length
2i, which do not end in UD or UUDD, is precisely C; — (C;_1 + C;_5), since the number of
paths ending in UD is C;_; and the number of paths ending in UUDD is Cj_,. Thus, the
ith term of the sum on the left is the number of Dyck paths from (0, 0) to (2n,0), such that
they have a prefix ending at (2i,0), not finishing with UD or UUDD, but the rest of the
path, from (27,0) to (2n,0), is comprised of these two segments. It remains just to note that
the possible values of ¢ are from 3 to n. O

Example 12. Consider the Motzkin numbers (M,)5, = (1,1,2,4,9, 21,51,...) and the
Riordan numbers (R,)2%, = (1,0,1,1,3, 6,15, 36,...), along with their respective generating
functions M(t) and R(t) (see Table 1).
One can check that M)
—==tM(t)+1 7
T = (0 + 1. )
and that the Riordan array R(tM(t) + 1,t) below maps the sequence of Riordan numbers
to the sequence of Motzkin numbers.

Equation (7) is equivalent to

which gives the following identity.

Identity 13. Forn > 1,

n—1
> R M, ;=M,—R,. (8)
=0

A combinatorial proof follows.

Proof. Recall that a Motzkin path of length n is a lattice path in the plane from (0, 0) to (n,0)
never going below the z-axis, which consists of up steps U = (1, 1), down steps D = (1, —1),
and horizontal steps H = (1,0). The Motzkin number M,, counts the number of Motzkin
paths of length n. On the other hand, the Riordan number R, counts the Motzkin paths of

9



length n with no horizontal steps of height 0 [6, Sec. 2]. Therefore, the right-hand side of (8)
is the number of Motzkin paths of length n, which have at least one horizontal step of height
0. Let the first such step be step i. Before this step, we must have a path of length ¢ — 1
without horizontal steps of height 0. The number of these paths is R; ;. After this step, we
can have any Motzkin path of length n — ¢ and thus we have M,,_; such paths. Summing
over the possible values of ¢ gives the left-hand side. O]

3 Sums of Riordan arrays

Although Riordan arrays form a group under multiplication, the sum of Riordan arrays is not
necessarily a Riordan array, as has already been observed in the literature [10, p. 172]. In this
section we examine the summations of Riordan arrays more closely. We first determine when
the sum of Riordan arrays yields a Riordan array (Theorem 14). We then consider the case
of summing arbitrary Riordan arrays and show that it satisfies a recurrence (Theorem 26).

3.1 When addition of Riordan arrays is closed

The following theorem specifies exactly when the sum of Riordan arrays is again a Riordan
array.

Theorem 14. Let R = R(dg(t),hr(t)) and S = R(ds(t), hs(t)) be two Riordan arrays.
Then R4S is a Riordan array if and only if hg(t) = hs(t) = h(t), say, and dgr(0)+ds(0) # 0.
In that case R+ S is the Riordan array R(dg(t) + ds(t), h(t)).

Proof. Suppose hr(t) = hg(t) = h(t) and dg(0) + ds(0) # 0. By definition,
R, = [t"] dr(t)h(t)°

and
Sne = [t"] ds(t)h(t)".
Hence
Ryc+ Sne=[t"] dr(t)h(t)® + ds(t)h(t)°
= [t"] (dr(t) + ds(t))h(t)".

Since dr(0) + dg(0) # 0, this gives that R+ S is a Riordan array.

Conversely, suppose R+ is a Riordan array. Hence there are series dg, s(t), hrys(t) such
that R+S = R(dg4+s(t), hrys(t)). From Equation (1) it is clear that drys(t) = dr(t)+ds(t).
By Theorem 2 we thus obtain

dris(t)f(hrs(t)) = dr(t) f(hr(t)) + ds(t) f(hs(l)).

10



Equivalently, since Equation (1) implies that drys(t) = dg(t) + ds(t), we have

dr(t)f(he(t) +ds(t) f(hs(t))

f(hrys(t) = dr(t) + ds(t)

Applying this to the polynomial f(t) = t*, k = 1,2, and suppressing the t’s for clarity,
gives
dphp +dshs ., dgh%+ dgh}

dp+ds = P dptds

This in turn implies that (hg — hg)? = 0, thereby finishing the proof. [

hris =

Remark 15. Let Gy denote a subgroup of Riordan group consisting of the Riordan arrays
R(d(t), h(t)) for a fixed h(t). Although the array of zeroes R (0, h(t)) is not a Riordan array,
the set G,y U{R(0, h(t))} admits a ring structure under matrix addition and multiplication.

We can now give an analogue of Theorem 5, characterizing the A- and Z-sequences
formed by the sum of Riordan arrays with a common h(t).

Theorem 16. Let R = R(dg(t),h(t)) and S = R(ds(t),h(t)) be two Riordan arrays with

the same h(t), such that dgr(0)+ds(0) # 0. Then R, S, and R+ S have the same A-sequence
t

At) = = The Z-sequence of R+ S is given by

h(t)

dr(0)Zg(t) + ds(0)Zs(t) — drys(0)h(t) Zr(t) Zs(t) ()
dr1s(0) — h(t)dr(0)Zs(t) — h(t)ds(0) Zr(t)

This expression can also be written in several equivalent ways as follows. We have

_ [dr(0)Zg(t) + ds(0)Zs(t)]A(t) — tdrys(0) Zr(t) Zs(t)

Presll) = T g (0 A() — Hdr(0)Z5(0) + ds(0)Zr()] 1o
dr(t) +ds(t) — dr(0) — ds(0)
t(dr(t) +ds(t)) ’

and finally a symmetric expression as a weighted average of the individual Z-sequences:

ZRys (t) =

Zrys(h(t)) = (11)

 dn(R(8) Zalt) + ds(R(H) Zs(2)
Zres(t) = = ) 1 ds (R D) (12

that R, S, and R + S have the same A-sequence. By Theorem 4, this is A(t) = %
From Theorem 4 we also know that
_ dgr(0 — ds(0
dn() = —0 g my) - —=O__
1 — h(t)Zg(t) 1—h(t)Zs(t)

11



and

N drys(0)
drys(h(l)) = T h() Znes(l) (13)

Since dgis = dg + ds by Theorem 14, we have (suppressing the ¢’s for clarity) that

drss(0) _ dr(0)  ds(0)
1—hZp.s 1—hZp 1—hZg
_ drys(0) — h dr(0)Zs — h ds(0)Zg
(1 —hZgp)(1 —hZs) .

Hence we have
dr1s(0)(1 — hZp)(1 — hZs) = [dr4s(0) — h(dr(0)Zs + ds(0)Zg)| (1 — hZR+s).
The left-hand side equals
drys(0) — h [dris(0) (Zr + Zs) — dris(0)RZRZs] .

The right-hand side equals

dr15(0) — h(dg(0)Zs + ds(0)ZR) + [drys(0) — h(dr(0)Zs + ds(0) Zr)|(—hZR+s)-
It follows that
—h [dr(0)Zg + ds(0)Zs — dp+s(0)hZrZs] = [dr+s(0) — h(dr(0)Zs + ds(0)Zr)](—hZRs)
again using dr.s = dg + dg, and hence

dr(0)Zr 4+ ds(0)Zs — drys(0)hZrZs = [drys(0) — R (dr(0)Zs + ds(0)Zr)]| Zr+s.
This gives (9). Now using h(t) = t/A(t) gives (10).

Replacing t with h(t) in (13) and rearranging gives the expression (11) for the composition

Zpr+s o h in terms of only the d(t)’s. Finally, since d(t) — d(0) = td(t)Z(h(t)) by Theorem 4,
we can also write the composition Zryg o h as a symmetric expression in d(t) and Z(t):

dr(t)Zr((1)) + ds(t) Zs(h(t))

Zrys(h(t)) = dg(t) + ds(t) 7

from which Equation (12) follows. O

In the next example, we demonstrate how the summation of Riordan arrays can be used
to obtain combinatorial identities.

12



Example 17. Let R = R (=5, %) and § = R (z3p, 7z ). We have that

~1 t
R_R(l—t2’1—t2)’

with general term given by

We also have that

2 t
$=% (=)

with general term given by

S = (1+ (_1)n+k)((n+k+2)/2>'

E+1

The sum R + S is then computed to be

2 +1 t
R+S—R<W_1V1_ﬁ>_

OO WO
O O RO
OO = OO
- O = O OO
RO O OO

with general term given by

(R + S)n,k =

1+ (=1)"* n+1/(n+k)/2
2 'k+1( ki )

The row sums of R are the negative Fibonacci numbers (—F;)2, = (—1,—1, —2, —3,
—5,...), while the row sums of S are given by 2(a;)2, = 2F;,1 — 1 — (=1)""!, where (a;)
is the sequence A052952. The row sums of R + S give the associated Mersenne numbers
1,1,4,5,11,16,29, ... A001350, with the ith term given by L;;; — 1 — (—1)"L.

As a consequence, we have

—F+2F 4 —1— (—1)"" = Liyn — 1 — (-1)"*,
from which we obtain the following identity A000032.

Identity 18.
2F, 1+ Fy = Ly
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We observe that R-(1,2,3,4,5,...)" = (—1,-2,—4,—8,—15,—28, —51,...)". This is the
negative of a shift of the sequence A029907, and its nth term is given by —i((n + 5)F, +
2(n+1)F,_1). Using the FTRA, its generating function can be verified to be dg(t) f(hr(t)) =
(1—t%)/(1 —t—t*)? with f(t) =1/(1 —t)>.

Similarly, we observe that S-(1,2,3,4,5,...)" = 2(1,2,5,10,20,38,71,...)", which is twice
the convolution of the Fibonacci sequence with itself, ie., 23" FyF,_;. Furthermore,
it is easy to check that (R + S) transforms the sequence (1,2,3,4,5,...) to the sequence
((n + 1)F,)22,, which is A045925.

n=0>

Thus we have that
1 n
—E«n+5ﬂg+%n+DE%ﬁ+2§:Ejh%:(n+UE”
k=0

which simplifies to the following expression for the convolution of Fibonacci numbers with
themselves.

Identity 19. For n > 0,

- 3n+5)F, )F,_

k=0

This identity is closely related to an identity given in A001629.

3.2 Sums of arbitrary Riordan arrays

Let R = R(dgr(t),hr(t)) and S = R(ds(t), hs(t)) be two Riordan arrays where hg(t) may
not equal hg(t). The matrix sum R + S is not necessarily a Riordan array but does have
some interesting properties in its own right. We call such an array a Riordan sumray and

use the notation

to specify it. Note that the (n, k)-element of R(dg(t),ds(t), hr(t), hs(t)) is the coefficient of
t" in dp(t)(hg(t)" + ds(t)(hs(t))".

Example 20. From the Riordan arrays R = R (%_t, %_t) and S =R (%_t, 12—_tt) we have the
Riordan sumray:

S W O
o O
o O O
o O OO

S OO OO

I—t'1—t"1—t"1—t 12 30 36 17

2
>
9

Rg(l 1 t2t>:29159
2
2 15 50 90 85 33
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Our goal in this subsection is to derive an interesting second order recurrence for an
arbitrary sum R +.S. We begin with some notation and preliminary lemmas.

Definition 21. Let A := (a,),>¢ be any sequence. We define A to be the infinite matrix

whose (i, j)-entry is
Aj—j, i Z ja
0, otherwise.

In particular, A is a Toeplitz array; it is lower triangular with constant entries along the
main diagonal and its parallel subdiagonals, where the nth term of the sequence fills the
subdiagonal formed by {(i,j) : i —j = n}. Note that the jth column of A is simply the
sequence (a,)n>o shifted down by j spaces.

Remark 22. Note that if the sequence from Definition 21 is an A-sequence A := (ag #
0,a1,as,...), one has A = R(A(t),1).

Lemma 23. Let A := (ay)n>0 and B := (by)n>0 be any two sequences. Then the matrices
A and B commute.

Proof. The (i, j)-entry of the product AB is the convolution
Z ai—kbk—j .
k>0

This is nonzero if and only if ¢ > k > 7, and then it equals

Z ai,kbk,j = ai,jbo + &1;1;161 + -+ agbi,j = Z apbq.

k=j p,q>0
pHg=1—J

Clearly the latter convolution is symmetric in A and B. O]

Lemma 24. Let R = R(dg(t), hg(t)) be a Riordan array, and let Ag be its A-sequence. Let
R? denote the array obtained from R by deleting the first row and the first column. Then

1. R? is the Riordan array R(dr(t)hgr(t)/t,hr(t)), and hence has the same A-sequence
AR;

2. the matriz equation R° = R Ag holds.

Proof. Note that the coefficient of t" in (dg(t)hg(t)/t) - hr(t)* equals the coefficient of
t" 1 in dp(t)hg(t)k*t, which is precisely the (n + 1,k + 1)-entry of the Riordan array
R =TR(dg(t), hg(t)), from Equation (1). But this is also the (n, k)-entry of R for n,k >0,
and the first part of the first statement follows. The A-sequence is preserved since it depends
only on hg(t) by Theorem 4.

15



Let d,, ; denote the (n,k)-entry of the Riordan array R. For the second statement, the
definition of the A-sequence gives (Equation (2)) for n,k > 0,

i1 k41 = E Ay fyit; = E Ay Qi k-

i>0 §>0

But the right-hand side is the (n, k)-entry of the matrix product R Ap, by Definition 21,
while d,,41 41 is the (n, k)-entry of R?. The claim follows. O

Remark 25. Part (1) of Lemma 24 also follows from Theorem 3 and Theorem 4 since

R (dr(t), hr(t)) R (A(t),t) = R(dgr(t),hr(t)) R (E;:(t)’t)
hr(t)

=R (dR(t)m, hR(t))
~R (dR(t) th“) : hR(t)) :

A similar argument appears in Sprugnoli [18, Proof of Theorem 5.3.1].

We can now establish a recurrence relating the sum of any two arbitrary Riordan arrays.
This recurrence for Riordan sumrays is an analog of the typical A-sequence.

Theorem 26. Let R = R(dg(t),hr(t)) and S = R(ds(t),hs(t)) be two Riordan arrays
with respective A-sequences Ag, Ag. Then the Riordan sumray R+ S satisfies the following
recurrence.

(R+S)°7 = (R+ S)7(Agr + Ag) — (R+ S)ARAs.

Equivalently, the entries d,, ;, of the sum R+ S satisfy the following recurrence:
Ao jyo = Z dpi1,j+1Bj 1 + Z ket Ciks
§=0 5=0

where B = Ar + Ag, and C = —AgrAg, and thus Bix = (ARr)j—k + (Ag)j—k and Cjj =
- Z p,q>0 k<AR)p(AS)fI'

pra=j—

Proof. Note that, by using Part (2) followed by Part (1) of Lemma 24,
R°7 = R°Apo = R% Ag.

Similarly, . .
S77 = S7Age = S7 Ag.

16



Since (R + S)7 = R? + 57, we have:
(R—I'_ S)O'O' — RO'U _|_ SO'O'
— R7Ap + 57 Ag
= (R*+ S%)(Ag + Ag) — R7Ag — S“ Ay,
= (R”+ S°) (A + Ag) — RARAg — SAgAp
= (R+5)7 (A + Ag) — (R+ S)ARAs,
since A r and flg commute by Lemma 23.

Let d,, ,n,k > 0, denote the (n, k)-entry of the sum R + S. Then the (n, k)-entries of
(R+ S)7 and (R + S)77 are respectively

Apyi k41 and dpqoppo

for n, k > 0. Writing out the corresponding equation for the matrix entries gives, for n, k > 0,
[o¢] o0
pyo k2 = Z dpy1,j+1Bjk + Z dy +5C s
5=0 5=0

where B = /IR + 1213, and C = —ARAS. [l

Example 27. Consider Example 20 within the context of this theorem. The A-sequences
for the Riordan arrays whose sum produces this Riordan sumray are (1,1,0,0,...) and
(2,1,0,0,...). Therefore, the matrices B and C' are:

30000 —2 0 0 0 0
2300 0 -3 -2 0 0 0
02300 -1 -3 =2 0 0
B=10 0 2 3 0 C=1l0 -1 -3 —2 0
0000 2 0 0 -1 -3 =2

The Riordan sumray R = RS (ﬁ, %, ﬁ, %) then satisfies the second-order recur-
rence:

R’ = R°B + RC

The previous example illustrates the recurrence in terms of array multiplication. We can
also use this recurrence to calculate specific entries d,, 5, as shown in the next example.

17



Example 28. Consider the Pascal array Pas = R (ﬁ, ﬁ) and the Shapiro array Sha =
R (1—«/1—4t 1—2t—\/1—4t>
2 2t :

bl

10000 1 0 0 00
1100 0 1 1 0 00
12100 2 3 1 00
Pas=17 3 3 1 0 Sha=15 9 5 1 0 :
146 4 1 14 28 20 7 1
and _ _
2 0 0 0 0
2 2 0 0 0
3 5 2 0 0
Pas+Sha:61182O
15 32 26 11 2

The A-sequences for Pas and Sha are Ap,s = (1,1,0,0,...) and Agp, = (1,2,1,0,0,...).
We check that the entries d,49 542 for n,k > 0 of Pas+ Sha satisfy the formula given by
Theorem 26. For instance, the following calculation gives us the ds 5 entry:

8 = d372 = Z d2,j+1Bj,0 + Z dl,jCJ}O

=0 j=0
= dy 1By + daoBio+ di0Cop + di1Chyp
=5(2) +2(3) +2(—1) + 2(=3),

where
Boo = (Apac)oo + (Aswadoo  Coo = = ((Apa)oo(Asnaloo)

By = (APas)l,O + (ASha)l,O Cio=— ((APas)l,O(ASha)O,O + (APas)l,l(AShahp) .

When hg(t) = hg(t), R+ S is itself a Riordan array with Az = Ag = A, and the
recurrence from Theorem 26 specializes to

(R+5)77 =2(R+ S)7(A) — (R + S)A?
2(R+ S)(A)(A) — (R + 5) A
= (R+ S)A?,

as expected.
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Example 29. Consider the Riordan arrays Pas = R (ﬁ, ﬁ) and S =R (ﬁ, ﬁ) We

have that
(2 0 0 0 0 -]
32 000
23t t 5 5 2 00
PaS+S:R<1—3t+2t2’1—t): 9 10 7 20
17 19 17 9 2

Under the Riordan sumray definition, Pas+S = RS (15, 7257, 755+ 75 )-  These have
shared A-sequence (1,1,0,0,...). Then

1 000

2100

2_l1 210

01 21

Thus - -

2 0 0 0

7T 2 0 0

(Pas+5)A%2 = |17 9 2 0 = (Pas+5)77.
36 26 11 2

4 The operations Der and Flip

In this section we present two new operations on Riordan arrays. These are the derivative
and the flip, which we define as follows.

Definition 30. Let R(d(t), h(t)) be a Riordan array. The derivative and flip are the following
two operations respectively.

1. Der: R(d(t),h(t)) — R(h'(t),td(t));
2. Flip: R(d(t),h(t)) — R(h(t)/t,td(t)).
The following observations are immediate.
Lemma 31. The operations Der and Flip satisfy the following.

e Flip is an involution.
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e Flip(Der(R)) = R(d(t),th'(t)).
e Der(Flip(R)) = R(d(t) + td'(t), h(t)).
e Both Der and Flip map the Appell subgroup to the Lagrange subgroup, since

Der,Flip
—

R(d(t), 1) R(1, td(t)).

e Both Der and Flip map the Lagrange subgroup to the Appell subgroup, since

Der(R(1,h(t))) = R(K'(t),t), Flip(R(1,h(t))) = R(h(t)/t,t).

e Der maps the Deriwative subgroup to the Bell subgroup, since
Der

R(K(t),h(t)) — R(K(t),th'(t)).

e Flip fizes an array R(d(t), h(t)) if and only if it is in the Bell subgroup (when h(t) =
td(t)), and here Der is the map

Der

R(d(t),td(t)) — R(d(t) + td'(t), td(t)).

e Der fizes an array R(d(t), h(t)) if and only if h'(t) = d(t) = h(t)/t, i.e., if and only if
h(t) = ct for some nonzero constant c.

e Der(R) = Flip(R) if and only if h(t) = ct for some nonzero constant c, in which case
both operations fixr R, and R = R(c, ct).

O
From the definitions of Der and Flip, we have

Proposition 32. Let R = R(d(t), h(t)) be any Riordan array. The (n,k)-entries of Der and
Flip are
Der(R), ;. = [t""] ' (t)d(t)*, Flip(R),, = [t" ¥ h(t)d(t)".

O

For an array d,, i, the row sum of the nth row is the sum ), d, x, while the alternating
row sum of the nth row is the signed sum Y . (—1)¥d, .

Lemma 33. Let R = R(d(t), h(t)) be a Riordan array. The generating function for the row
sums (respectively, alternating row sums) of

H(t) H(t)

1. Der(R) is 1——td(t) Ttd(t)

);

(respectively,
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).

h(t
(respectively, ; ®)

- . h(t)
2. Flip(R) is ; m

(T td()
Proof. This follows from the fact that the generating function for the row sums (respectively,
alternating row sums) of any Riordan array R = R(d(t), h(t)) is d(t)/(1 —h(t)) (respectively,
d(t)/(1+h(t))), a consequence of Theorem 2 using the generating functions f(t) = 1/(1—t)
(respectively, f(t) = 1/(1+1)). O

The next two lemmas are simply applications of Theorem 4. As before, the bar denotes
compositional inverse.

Lemma 34. If R = R(d(t),h(t)) is a Riordan array, then the A-sequences of Der(R) and
Flip(R) are given by

t
A t) = _,
) td(t)
and the A sequence of Der®(R) is
Alt) = —- .
th (t)

Lemma 35. If R = R(d(t),h(t)) is a Riordan array, then the Z-sequences of Der(R) and
Flip(R) are given by

td(t) - W (td(t))

The following gives the connection between sums, derivatives, and flips of Riordan arrays.
Let Der® (respectively, Flip*) denote the operation Der (respectively, Flip) iterated k times.

Proposition 36. Let Ry = R(dy(t),h(t)) and Ry = R(da(t), h(t)) be Riordan arrays. Then
the following hold:

1. Der®(R; + Ry) = Der®™(R;) + Der®™(Ry), m > 1,

2. Flip*™ (R, + Ry) = Flip®™(R,) + Flip®™(Ry), m > 1,

3. Der(Flip(Ry + Ry)) = Der(Flip(R;)) + Der(Flip(R2)), and
4. Flip(Der(Ry + Rs)) = Flip(Der(Ry)) + Flip(Der(Ry)).

Proof. These are easily checked. Note that for the first two items it suffices to check the case
n=1. O

As noted before, Der maps the Appell subgroup to the Lagrange subgroup and vice versa.
Therefore Der®™ maps the Appell subgroup to itself for any m. We have the following.
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Theorem 37. For a Riordan array R(d(t),t) in the Appell subgroup where d(t) = do+dyt+
dot?> + -+ and m > 0 we have

Der” (Zsm+“+1td ) (Zd P4 1)t )

>0

Der2m+1(R) — R (1’ Z Sm+17i+1ti+1d(i) (t)) — R (1, t Z dz(l _'_ 1)mtz> 9
=0

i>0
where Sp,114+1 is the Stirling number of the second kind, and d?(t) denotes the ith derivative
of d(t).

Proof. For each m > 0, the Der” " (R) case follows immediately from Der®”(R), so it
suffices to show the latter. We begin by showing the first equality. Observe that when
m = 0, we have Der®"(R(d(t),t)) = R(d(t),t). We then proceed by induction, assuming

that -1
Derz(m—1)<R) =R <Z Sm7i+1tid(i) (t), t) .

i>0

Note that by the definition of Der, we have

m—1 (1)
Der™(R) =R (t-ZSmJHtid(i)(t)) 't

120

It remains to simplify as follows.

m—1 (1) m—1
(t : Z Sm,i—&-ltid(i)(t)) = N [Spisi(i + DEAD(E) 4 Spgir D (1))
=0 i=0
m—1
= Smarai+ DEdD (1) + Zsmﬁ d®
i=0
m—1
= Sp1d(t) + Spmd™ (1) + Z[Sm,iﬂ(i + 1) + SptidD(t)
i=1
= Z Sm+1,i+1tid(i)(t)
i=0

The last equality uses the Stirling recurrence Sy,4141 = (¢ + 1)Spi41 + Sm,i» and the fact
that Sm,l - Sm—l—l,l - Sm,m = Pm+lm+l — 1.
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The second equality follows from the observation that

Z Smt1,j+1t d9 Z St1,j41 Z di——
_Zd (Zsm+1]+1 J)'> t'

>0

:Zdiwrlmt’.

>0

For the final equality above, take the well-known identity [20, Eqn. (1.94d)] which counts
functions from a set of size (m + 1) to a set of size (i + 1) according to the size (j+ 1) of the
image, namely

. = i+ 1 (i 1)
(i + 1) = Z ( )Sm+1,j+1 = Z ﬁSerLjer
j=0 j=0 J):
and divide throughout by (i + 1). O

Corollary 38. For any Riordan array R = R(d(t),t) in the Appell subgroup and m > 0, we
have
Deer(R)n,k = dn_k(n —k + 1)m

Corollary 39. If Der®(R(d(t),t)) maps the sequence (a,)n>o to the sequence (by)n>0, then
bn = Z akdn_k(n —k + 1)m
k>0

The operation Der can be given a combinatorial interpretation when applied to an element
in the Appell subgroup.

Theorem 40. Let d(t) = dy + dyt + dot*> + ---. Then Der(R(d(t),t))nx is the number of
weighted compositions of n with k parts, where part i has weight d;_;.

Proof. The following computation yields the result.
Der(R(d(t),t))nsr = R(1,td(t))nk
= [t"] t"d(t)*
= [t"] (dot + dyt® + dot® + - - )F

= [tn] Z Z dcl—ldcg—l R de_ltC1t62 e R

m>0 c1+ca+-+cp=m
C1,C2,. 0y CLELy

- Z d01—1d02—1 te dck—l-

c1tcatFcp=n
€1,C2,..,CLELt
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5 Applications

In this section we investigate applications of the results in Section 4 to well-known Riordan
arrays. In particular, we apply Der and Flip to the Fibonacci array, Pascal array, Catalan
array, and Shapiro array. In the process, we obtain various combinatorial identities.

5.1 The Fibonacci array

We begin with a case in the Appell subgroup. Let T" = R(1 + t,t), and define Fib =
Der(T) = R(1,¢ + t*). The Riordan array Fib is known as the Fibonacci array, as its row
sums give the Fibonacci sequence. Indeed, using Lemma 33, we see that the row sums of Fib
have generating function 1/(1 — ¢ — ¢?), which is the generating function for the Fibonacci
sequence. The (n, k)-entry in Fib is given by

Fib, . = [t" (1 + )" = ( g k)n >k >0. (14)

n —

100000 100000
110000 010000
011000 011000

T—1001100 Fib=R(1,i+£)=0 02100
000110 001310
000011 000341

Furthermore, Der*(T) = R(1 + 2t,t) and Der®(T) = R(1,t + 2t?) are the following Riordan
arrays.

100000 1000 00
210000 0100 00
021000 0210 00

Der®(T)=[0 0 2 1 0 0 -] Jac:= Der¥(T)=|0 0 4 1 00
000210 - 004 6 10
000021 000128 1

Note that by Theorem 2, Der?(7') has row sums (1,3,3,...) with generating function (1 +
2t)/(1 — t), while the row sums of Der®(T) have generating function 1/(1 —t — 2¢?). The
latter is the generating function for the Jacobsthal numbers A001045 (without the leading
zero), which are recursively defined by a, = a,_1 + 2a,_» with initial values ay = a; = 1.
For this reason we define Jac := Der®(T) to be the Jacobsthal array.

We also observe that
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e Flip(Der(T))) = Flip(Fib) = Flip(R(1,t + ¢*)) = T, and
e Flip(Der’*(T)) = Flip(Jac) = Flip(R(1,t + 2t2)) = Der*(T).

Since Jac = R(1, (1 + 2t)), we have that Jac,; = [t"7¥](1 + 2t) = 27%( * ). The
(n + 1)-st Jacobsthal number is thus >_;_,2"* (nf k) On the other hand, the generating
function 1/(1 —¢—2t?) = 1/((1+1t)(1 —2t)) gives the explicit formula J, = 32" + (—1)")
for the nth Jacobsthal number. These identities can be found under sequence A001045.

We give a bijective proof of the following combinatorial interpretation of the Jacobsthal
numbers in terms of pattern avoidance.

Theorem 41. Let D, (231,132) be the set of derangements of length n avoiding the patterns
231 and 132. If J, denotes the nth Jacobsthal number, then

" k
Jpi1 = Z on—k <n - k) = |Dy42(231,132)].

k=0

Proof. (Combinatorial) First, note that every m € D,,;2(231, 132) must begin with n+2 since
if we have elements both before and after n + 2, then a forbidden pattern will be formed.
Furthermore, n + 2 cannot be at the last position, as 7 is a derangement. In addition, to
avoid 231 and 132, all the numbers preceding 1 in 7 must be in decreasing order and all the
numbers following 1 in 7 must be in increasing order. For example, 53124 € D;(231, 132).
This implies that there is a unique index ¢ > 2, such that m; <7and 7; > jforj =1,...,i—1.
For a fixed 4, we have that the numbers 7y, ..., m;_1 are ¢ — 2 numbers in decreasing order
among 7,7+ 1,...,n+1. Thus, we can select these : — 2 numbers and determine the segment
Ty« M1 In (("Hi):;i*l)) = (":r_zgl) ways. The non-selected numbers in {7, 4+ 1,...,n+ 1}
must be in increasing order at the end of . What remains is to determine the positions
of i —1,...,2,1. Note that if we do this sequentially for each of the listed numbers, every
time we will have exactly two choices for that position - the leftmost or the rightmost
unoccupied position in the permutation. The only exception is the position of 1 for which
we will have only one possible choice at the end. Hence we shall multiply by 22, For
instance, when n = 3 and ¢ = 3, we will have (513) 2! such permutations in D5(231,132):
54123,54213,53124,53214. The number at position 2, i.e., m is determined in (513) =2
ways since it can be 3 or 4. If, for example, my = 3, then the number 4 must be at the last
position, i.e., m5 = 4. Then, we have 2 choices for the position of the number 2 - either after
3 or before 4. The number 1 must be at the last unoccupied position. Note that by following
this simple algorithm for construction of 7, we always obtain a derangement. Summing over
the possible values of i, we get

n+2 . n . n
n+2—14\_,_ n— - . k
|D,12(231,132) = 5 < o )2 2= ( j])23:2 2 k(n—k)

i=2 j=0 k=0

as claimed. 0
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Applying Theorem 40 to R(1 + ct, t) shows that the previous identity is a special case of
the following.

Identity 42. Let a, denote the number of compositions of n using parts 1 and 2, with ¢
available colors for the 2’s. Then
X )]
n —

Proof. There are (nﬁk) compositions of n with &k parts from {1,2} of which n — k are 2’s.

We have ¢"* ways to color these 2’s. Summing over the possible number of parts gives the
result. O

5.2 The Pascal array

The Pascal array Pas and its inverse Pas™' are the Riordan arrays

1 t 1 t
Pas=R| ——, —— and Pas ' =R —,— ).
1—t"1—t 1+t 1+t

Their general terms are given by Pas,, , = (Z’) and Pas;}~C = (=1)"* (Z) respectively.

Recall [12, Sec. 1.3] that the Fulerian number A(n, k) counts the number of permutations
on n letters with exactly k descents, where i is a descent of a permutation o on n letters
if and only if (i) > o(i +1),1 < i < n — 1. Let des(o) denote the number of descents of
the permutation o. The generating function for the Eulerian numbers {A(n, k)}7Z} is the
Eulerian polynomial An(t) :== ) cg. tdes@) = S0 A(n, k)tk n > 1. We define Ag(t) == 1.
Thus A;(t) =1, As(t) = 1+ ¢, Az(t) =1+ 4t + 3, Ag(t) = 1+ 11t + 1142 + 3. !

We have the following recurrence [12, Thm. 1.4] for the Eulerian polynomials:

Ap1(t) = (1 +nt) A, () + t(1 — )AL (¢). (15)
Theorem 43. Let A;(t) denote the ith Eulerian polynomial. For each i > 0, we have

Ai(t) A1)
L=t (1— t)i+1> ’

Der®*+! (Pas) = R ( a _“t;iz i til <)3+1) :

Der®(Pas™!) = R ((Ai(_t,) tA (1) )

1+ t)z—‘rl’ (1 + t)H_l
| Avir(—t) tA(—1)
Der?*(Pas™) = R | =5 )
( ) (14+t)*2 (14¢t)+!
'Note: Stanley [20, Sec. 1.4] and others define the Eulerian polynomial to be Y . titdes(o) —¢. A, (t).

Der*(Pas) = R ( (
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Proof. Using the well-known generating function [12, Cor. 1.1]

ik A
;k th = (1 —t)it+! (16)

we observe that
d A (t)
- k,z—l—ltk 1 _ i+1
dt(l—tl“) Z (1 —¢t)it2

The equations for the derivatives of Pas and Pas™! then follow readily by induction on i. [

Example 44.
(1 0 0 00 -]
2 1 0 00
1 t 3 3 1 00
Der(Pas) = R (m, 1—_25) = 4 6 4 1 0 s
5 10 10 5 1
(1 0 0 00 -]
2 1 0 00
) 1 t 3 4 1 00
Der”(Pas) :R((l—t)Q’ (1—t)2> =4 10 6 1 0 ;
5 20 21 8 1
(1 0 0 00 -]
1 1 0 00
' 1 t 1 3 1 00
th(Der(PaS)) = R (1——t7 (1 — t)2) = 1 6 5 1 0
1 10 15 7 1

We can compute the general terms of these Riordan arrays to be

1 k+1 k
Der(Pas), . = (Zi 1), Der?(Pas), » = <”Z_Z ), Flip(Der(Pas)), » = (”27; )

Using Lemma 33, the row sums of Der?(Pas) and Flip(Der(Pas)) have the generating func-

tions
1 1—t

- d —°
l—st1e MY 131
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respectively. These are well known to be the generating functions for the two bisections of the
Fibonacci sequence, > - Fonq1t™, i€, (1,3,8,21,...), and > ., Fb,t", ie., (1,2,5,13,...).
See also Example 7. -

Similarly, the alternating row sums have generating functions as follows.

For Pas itself, the alternating row sum generating function is 1, reflecting the fact that
the alternating sum of the binomial coefficients in the nth row of Pascal’s triangle is 0 for
n > 1. Note that the alternating row sums of Pas are the row sums of Pas™!.

For Der(Pas), it is 1/(1 — t), i.e., the alternating sum in each row is 1.

For Der?(Pas), it is (1 +¢)/(1 4 %), and hence the alternating sum along the nth row is
S s+ 3 e, it equals

{(_1)Lm/3J’ if m=0,1 (mod 3),

0, otherwise.

For Flip Der(Pas)), it is (1 —%)/(1 + ¢3), and hence the alternating sum along the nth
row equals
(-1)%, if m is divisible by 3,
(—1)"5, if m+ 1 is divisible by 3,

0, otherwise.

Definition 45. [4] Define the INVERT transform of the sequence (a,,),>1 to be the sequence

(bn)n>1 where
L+ bt" = (1= apt")™

n>1 n>1

We have the following interesting relationship between the even derivatives of the Riordan
array Pas and the INVERT transform of the sequence of nth powers of the positive integers
for fixed n.

Proposition 46. Let n be a fized positive integer. Suppose the sequence (by)g>1 is the
INVERT transform of the sequence (k™)r>1. Then the generating function for the row sums
of Der®"(Pas) is

Proof. By definition, we have

— k
SR

From Theorem 43, we have

o A, (t tA,(t npk—1 nk
Der (Pas)—R<(1_t<)3L+1, (1—t<)”)+1> _R<Zk Y TR )

k>1 E>1
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Write fo(t) = > oy k™t*. The generating function for row sums is thus
t_lfn(t) -1 < 1 ) -1 ( k)
e e st e DI Ak
1 — fu(?) 1 — fu(t) =
which equals » ;- bj41t?, as claimed. O

Example 47. The generating functions of the first few row sums of Der™(Pas) for even
values of m, together with the relevant sequences in OEIS, are as follows.

1
Der?(Pas) : ting function —————— (A000225
er®(Pas) : row sum generating function = 3t1+ 27?2 ( 5)
Der?(Pas) : row sum generating function D ++2t2 — t;" (A033453)
1+4t+1¢
Der®(Pas) : row sum generating function o (A144109)

1 — 5t + 212 — 53 + 4
Many other connections appear to hold. For instance, the generating function for the
row sums of Der?(Pas) is

1+t B 1+t
(1—#)(1 =3t +12) 1 —dt+4¢2 — 3’

which is two less than the bisection of Lucas numbers A004146.

The row sums of Der?(Pas) + Der®(Pas) have generating function 2/(1 — 4t + 4t> — %),
and are twice the sequence A027941 of the odd Fibonacci minus one: (Fy, i1 — 1)0°,.

More generally, one can add the (2i)th and (2¢ 4+ 1)th derivatives, since they have the
same h(t). The sum is the Riordan array R(> ", ((€ 4+ 1) + ¢t 3,0, tY), and the row
sum generating function in terms of the Eulerian polynomials is -

(1 =) Ai(t) + Aia(2)
(1 — )2 — tAy(t)

A similar formula can be computed for the row sum generating function of the sum

Flip(Der*" ' (Pas)) + Der"(Pas).

5.3 The Catalan array

Let C(t) denote the generating function ) ., Cyt" for the Catalan numbers. The defining
equation for C(t) is
tC*(t) — C(t)+1 =0,

giving the well-known [22] formula

1—+/1—4t 1—2t—+1—41
C(t) = — and hence also C(t) — 1 = 5 :
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Recall that the Catalan array Cat is the Riordan array defined by
Cat == R(C(t),tC(t)). (17)
Its inverse Cat™' is [9, Thm. 5.2]
Cat™' = R(1 —t,t —t?). (18)

From Luzén et al. [9, Thm. 5.2 and 5.3], we have Cat;}C = (—1)"*k (S:) and hence

E+1(2n—Fk
Cat, = —— .
b,k n+1(n—k)

Theorem 48. For the Catalan array Cat = R(C(t),tC(t)) we have

1 1—+/1—4t
V1—4t’ 2

Der(Cat),, = (2:__]5) )

Proof. We mimic the ingenious method of Merlini and Sprugnoli [10]. Using Theorem 3, we
first calculate the inverse array R = (Der(Cat))™ of Der(Cat). Then we apply Theorem 6
to compute the (n, k)-entry of the inverse of R, which is of course precisely the (n, k)-entry
of Der(Cat).

This scheme exploits the fact that the inverse of Der(Cat) involves only simple polyno-
mials, and hence its entries are easier to compute.

From the defining recurrence tC?(t) = C(t) — 1, we observe that

Der(Cat) =R ( ) and (Der(Cat))™' =R (1 —2t,t — %),

and hence

o 1=/1-4t 2 .
(0) tC(t) = =5 = tvrw;

L 4(t0(1) = i

2. the compositional inverse of t C'(¢) is t — t?, and
3. (tC2 (1)) = C'(t).

Hence we have Der(Cat) = R(d*(t),h*(t)), where d*(t) = (v/1 —4t)~" and h*(t) = tC(t),
and therefore h™ (t) = t — t2. Clearly
1 ——x/
d*(t — t?) ®);

and hence the inverse of Der(Cat) is R(d(t), h(t)) where d(t) = 1 — 2t and h(t) =t —t* =
h™(t). Now apply Theorem 6, noting that h(t)/t = 1 —t and d(t) = h'(t) in this case.
Extracting the (n, k)-entry of Der(Cat) can now be done using Definition 1. O
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Example 49. The compositional inverse of tC(t) is t — ¢* from above, and hence by The-
orem 4, the generating function for the A-sequence of both Der(Cat) and Flip(Cat) is

t/(t—t*)=1/(1—1).

Recall [20] that a weak composition of a nonnegative integer m is a finite sequence of
nonnegative integers whose sum is m.

Corollary 50. For each fixed k > 0,
CHt)=vVI—4ty 2 =K e (19)
n>k n ’

or equivalently

)y (25) =3 <2"n_ k) gk, (20)

n>0 n>k

See Stanley [22, Exercise A.32 (a), (b)] for (19) and also for the power series for C*(t).
This gives the following identity.

9 o —
Z(?O)Oilcb...c,-k: ( " k)
1 n

7 0

Identity 51.

where the sum on the left runs over all weak compositions I = (ig, 1, ...1;) of n — k, for
fixed k > 0.

From Theorem 48 we know that Der(Cat), , = (2::: ). Lemma 33 gives, for the row
sums, the generating function

1—V1—4 1 Z (2(n+1)>tn'

o2Vl — At 24\ n+1

In particular, the nth row sum of Der(Cat) is %(2(7;::1)) = "T*Z < Chyt
Another Riordan array related to the Catalan numbers is the Shapiro array [10] Sha =
R(C(t),tC*(t)) = R(C(t),C(t) — 1). We will consider the Shapiro array in more detail in

Section 5.4, but for now we recall [10, 13] the following property of the Shapiro array:
Sha-(1,3,5,7,...) = (1,4,4 4% .. )"

See Merlini and Sprugnoli [10, Thm. 2.1] for a combinatorial proof. We obtain an analogous
result for Der(Cat), as Theorem 2 now tells us that Der(Cat) transforms powers of 2 into
powers of 4:

Der(Cat) - (1,2,22,2%, .. )" = (1,4,4%,4%, .. )"

Hence we have the following.
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Identity 52.
2n — k 2n — k + 2
22k< >:4”:Z(2k+1)( >
= n—=k = n—=k

Proof. (Combinatorial) We can rewrite the first equation as

- 2n —k 2n
k—1 _02n
2;2 ( . )_2 —(n)

Then we can proceed as in the proof of Identity 60. n

Similarly, since the sequence (n+ 1), has generating function (1 —¢)~2, Theorem 2 tells
us that the generating function for Der(Cat) - (1,2,3,4,5,...)" is

1 1-vT—2\ " (1-2)+vI—4 1 2\ .,
m(l_ 2 ) N T _2_t2<(1_2t)z( )t_l)’

and hence the coefficient of ", n > 0, is (2":2). We therefore obtain:

> (k+1) <2:__ng> = (Q(HJ 1)) = (n+1)-Cpna

k>0

Identity 53.

Proof. (Combinatorial) Rewrite the identity as
= 2n —k 2n + 2 2n

een(™ )= () -()

P n n + n
The right-hand side counts all of the subsets of [2n + 2] with exactly n + 2 elements, which
do not contain both 2n 4+ 1 and 2n + 2. Thus, each such subset A contains at least n + 1
numbers in [2n]. Let the (n+1)th largest number in A be 2n—k+1, where k can be between
2”_1‘3) ways and the largest number

1 and n. The smallest n numbers in A can be chosen in ( ,
in A can be chosen in (k + 1) ways. O

Combining the expression for the row sums of Der(Cat) with the preceding sum (simply
using 2k +1 = 2(k+1) — 1) we can conclude that the nth term of Der(Cat)-(1,3,5,7,9,...)"
equals 3;?122 (2;:11), which counts the number of positive clusters of Type D, o [7]. Thus we
obtain the following.

Identity 54.

2n — k 3n+2/2n+1
2k +1 =
Z( N )(n—k) n—|—2(n+1)

k>0
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Proof. (Combinatorial)
Subtracting the previous Identity 53 and using (
to prove the following:

S ) =2 () = G = G

E>1 k>1

2n+2) _ 2n42 <2n+1
n+2/) — n+2 \ntl

), we see that it suffices

Now consider a choice of n 4+ 2 numbers out of 2n + 1 numbers labeled with 1,2,...,2n+1
and let 2n — k + 1 be the second largest label of a selected number. Note that £ > 1. Out of
the numbers with labels 1,2,...2n — k, exactly n must be selected and this can happen in
(Q”H_k) ways. The selected number with the largest label can be chosen in k different ways
since its label can be each of 2n — k +2,2n —k+3,...2n + 1. n

The right-hand side is the sequence A129869. Note that this is also the total number of
all pure descents [1] whereas the right-hand side of Identity 60 equals the total number of
inversions in all 321-avoiding permutations of length n.

Next we apply Der again to Der(Cat), obtaining

1 0 0O 0 0 0

2 1 0O 0 0 0

6 4 10 0 0

Der2<cat>:7z< S ): 0 16 6 1 00
V1I—4t V14t 70 64 30 8 1 0

252 256 140 48 10 1

The Riordan array Der®(Cat) is also of combinatorial interest, as its (n, k)-entries count
certain lattice paths as described by the following theorem. The number of such paths is
given by A026671.

Theorem 55. Let a,, denote the number of lattice paths from (0,0) to (n,n) with steps (0,1),
(1,0) and, when on the diagonal, (1,1). If a, ) denotes the number of such paths with exactly
k diagonal steps, then

k1
Der2(Cat)n k= A = 4n—k (TL 2 )
) ) n — k

and

"o fp kil
n=) 4 2 ).
w3 (i)

Proof. First note that by definition, we have

2 _— 1 (SN S i
Der®(Cat),, = [t""] (\/1 — (\/1 —4t> ) = [t""|(1 — 4¢) ,
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and hence

n—k

which is as claimed, using the well-known formula (*J?“) = (—1)’(

Der®(Cat),x = (—4)"* <_%>

m+‘jfl>
i)
Now we observe that the first column of Der?(Cat) consists of the central binomial coef-

ficients, as it has generating function 1/4/1 — 4¢. The central binomial coefficients count the
number of lattice paths from (0,0) to (n,n) using no diagonal steps, so Der?(Cat), o = a0
We fix n and proceed by induction on k. Assume DerQ(Cat)n,k,l = ayp—1. Then we have,

for k > 1,
1 t F
Der?(Cat),, , = [t" -
er(Cat)n H( T— 4 ( 1—4t)>

. 1 1 o\
=l ]<\/1—4t'¢1—4t'<\/1—4t) )

n—1

— Z aio Der?(Cat), 11

=0

The set of lattice paths with & steps of the form (1,1) on the diagonal can be partitioned
according to where their final diagonal step lies. Let L; denote the set of lattice paths whose
first diagonal step is the step from (7,7) to (i + 1,7+ 1). The lattice paths in L; then consist
of the paths of the form P, DP,, where P, is a path to (7,7) with no diagonal steps, D is the
first diagonal step in the path, and P is a path of length n — 7 — 1 with £ — 1 steps on the
diagonal. The paths in L; are thus counted by a; 0@,,—i—1 x—1. Summing over all ¢ gives a,, j,
as desired. O]

Applying Flip to Der(Cat) yields

1 0 0 000

1 1 0 000

5 3 1 0 00

Flip(Der(Cat)) — R (1 YI=4 1 |5 10 5 1 00
p(Der(Cat)) :

2t V1—dt 14 35 22 7 1 0

9 1

42 126 93 38

The row sums of Flip(Der(Cat)) are given by the generating function
1—4t—1—4t 1—-5t+4t — (1 —5t)/1—4t
2t —/1—4t) 2t(1 — 4t — t2) '
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This is the generating function for A026737, which is the number of permutations avoiding
the patterns {3241, 3421, 4321}.
Noting that

14t — VI 4 1
2%t — 1 4f) @=C0) A=

we can use Theorem 55 to obtain the following identity.

Identity 56. Let b,, denote the number of permutations of length n+1 avoiding the patterns
{3241,3421,4321}. Then

n - n—k—;l n % o 2_%1
bn:2kzzo4 (n_k>—z Coi- Y 4 (Z,_j> .

5.4 The Shapiro array
The Shapiro array is the Riordan array Sha defined as follows.

1 0 0 00
1 1 0 00
2 3 1 00
Sha := R(C(t),tC*(t)) = R(C(t),Ct)—=1)=|5 o 5 1 0
14 28 20 7 1

Its inverse Sha™' is [10, Thm. 3.1]

1 t
hal=R(—\) — .
Sha R<1+t’(1+t)2>
Now Sha,, ; = (—1)"~ k(") [10, Eqn. 3.8] and hence
2k +1 2n
Sha,, = —— :
Ok n+k‘+1<n—k>

Sha-(1,1,2,5,14,...)" is known (see A007852) to give the sequence (a,)n>0 := (1,2,7, 29,
131, 625, 3099, .. .), where a,, is the number of antichains in a rooted plane tree on n nodes.
We obtain the following known expression for a,,.

Identity 57.

2%+1 [ 2n 1 (2n+1\ /2k+1
_Zn+l€—l—1( k)'c’“_ZQnH(n—k)( k )

k>0 k>0
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Let us now consider

1 0 0 00 -]

4 1 0 00

5 5 1 00
Der(Sha) = R(C'(t),t1C(t)) = | 56 21 6 1 0

210 84 28 7 1

Theorem 58. For the Shapiro array Sha = R(C(t),tC*(t)):
Der(Sha) = R(C'(t),tC(t)) and (Der(Sha))™' = R((1 —)*(1 — 2t),t — t?),

and hence

Der(Sha),, , = <2n —k 2).

n—=k

Proof. The proof follows along the lines of Theorem 48. The derivation for the (n, k)th entry
of Der(Sha) is as follows. Let Der(Sha) = R(d*(t), h*(t)) where

, 1—-2t—v1—4t
T1) = C'() = e () = 100).
Now we compute
1 1

— (1 - 121 —20),

t—1) C'(t—12)
and the claims follow as before from Theorem 6. Once more, Equation (21) follows using
Definition 1. O

This implies that, for each fixed k£ > 0,

CF+2(p) = 2\/?2( k:+2> gk (21)

or equivalently

)Y (iﬁ) n=23 (Z”n‘ f; 2) okt (22)

n>0

From (21) and the power series for C*(¢) we then obtain the following.

2 M — k42
Z(Z(J)C C, .._cw:z( ”nf; )

1
T 0

Identity 59.

where the sum on the left runs over all weak compositions I = (ig, i1, ...1542) of n —k + 1,

for fixed k& > 0.
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Using Theorem 2, we see that the product Der(Sha) - (2), gives a sequence whose
generating function is

1 1A VT4 Ct) -1
1—(1—v1—4t)  22(1—4t)  t(1—4t)
Note this is the generating function for the convolution of the Catalan numbers shifted by

one, and the powers of 4, i.e., for the sequence whose nth term is > ,_, Cy414" %, Using
Theorem 58 we obtain the identity

c'(t)

Identity 60.

Z 2F Der(Sha),, , = 4™ — <2n * 3)

e n+1
or

Z2k 277,—]{3—'—2 :4n+1_ 2n—|—3

s n—k n+1

Proof. (Combinatorial) Rewrite the identity in the form

QiQk_l(zn_k+2> _ gt ((2n+2> N (2n+2) N (2n+2)) .

— n+2 n n+1 n+2

The right-hand side counts all of the subsets of [2n 4 2|, which do not have n,n+ 1 or n + 2
elements. We let A denote this set of subsets. We will show that the subsets in A are counted
by the left-hand side. First, note that for each subset in A, either n 4+ 3 or more of the all
2n+ 2 elements are selected or n+ 3 or more of these elements are not selected. The number
of subsets in these two groups is equal, so it suffices to count the subsets ) € A with at least
n + 3 elements and multiply their number by 2.

Let k be the largest number such that [2n + 3 — k] contains n + 3 of the elements in Q).
The possible values of k are between 1 and n. Obviously, the element 2n 4+ 3 — k € () since
k is the largest with this property. Thus, to determine (), we shall select the n + 2 elements
in [2n 4+ 2 — k], which are elements of (). This can be done in (2"_k+2) ways. In addition, @

n+2
can contain any of the 2¥=! subsets of {2n +4 — k,2n+5—k,...,2n + 2}. O

Note that the right-hand side of Identity 60 equals the total number of inversions in all
321-avoiding permutations of length n, as well as the sum of the areas of all Dyck paths of
semilength n [5].

6 Future directions

In this article, we introduced and explored sums, derivatives, and flips of Riordan arrays.
Using these operations, we obtained several combinatorial identities. We only studied the
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effects of these operations on a small subset of Riordan arrays, thereby merely scratching the
surface of possible identities obtainable using these operations. Furthermore, we considered
only ordinary generating functions. A natural future direction is therefore to extend our
results to the setting of exponential generating functions. It would also be interesting to
know if the second order recurrence of Theorem 26 gives rise to combinatorially meaningful
identities.

7 Acknowledgments

This project was carried out as part of the 2021 Graduate Research Workshop in Combi-
natorics. We thank the organizers for their generous support of a valuable collaborative
research experience. We also thank Matt Hudelson for completing the proof of Theorem 14.

Caroline Bang thanks the National Science Foundation for support through grant DMS-
1839918.

References

[1] J. L. Baril and S. Kirgizov, The pure descent statistic on permutations, Discrete Math.
340 (2017), 2550-2558.

[2] P. Barry, Riordan Arrays: A Primer, Logic Press, 2017

(3] A. T. Benjamin and J. J. Quinn, Proofs That Really Count: The Art Of Combinatorial
Proof, American Mathematical Society, 2022.

[4] M. Bernstein and N. J. A. Sloane, Some canonical sequences of integers, Linear Algebra
Appl. 226 (1995), 57-72.

[5] W. Y. Chen, E. Y. Deng, and L. L. Yang, Riordan paths and derangements, Discrete
Math. 308 (2008), 2222-2227.

[6] S. E. Cheng, S. P. Eu, and T. S. Fu, Area of Catalan paths on a checkerboard, Furopean
J. Combin. 28 (2007), 1331-1344.

[7] S. Fomin and A. Zelevinsky, Y-systems and generalized associahedra, Ann. of Math.
158 (2003), 977-1018.

[8] T.X. He and R. Sprugnoli, Sequence characterization of Riordan arrays, Discrete Math.
309 (2009), 3962-3974.

9] A. Luzon, D. Merlini, M. A. Morén, and R. Sprugnoli, Identities induced by Riordan
arrays, Linear Algebra Appl. 436 (2012), 631-647.

38



[10] D. Merlini and R. Sprugnoli, Arithmetic into geometric progressions through Riordan
arrays, Discrete Math. 340 (2017), 160-174.

[11] D. Merlini, D. G. Rogers, R. Sprugnoli, and M. C. Verri, On some alternative charac-
terizations of Riordan arrays, Canad. J. Math. 49 (1997), 301-320.

[12] T. K. Petersen, Eulerian Numbers, Springer, 2015.

[13] C. Radoux, Addition formulas for polynomials built on classical combinatorial se-
quences, J. Comput. Appl. Math. 115 (2000), 471-477.

[14] D. G. Rogers, Pascal triangles, Catalan numbers and renewal arrays, Discrete Math. 22
(1978), 301-310.

. W. Shapiro, Bijections and the Riordan group, eoret. Comput. Sci. ,
15] L. W. Shapiro, Bijecti d the Riord Th C Sci. 307 (2003
403-413.

[16] L. W. Shapiro, S. Getu, W.-J. Woan, and L. Woodson, The Riordan group, Discrete
Appl. Math. 34 (1991), 229-239.

[17] R. Sprugnoli, Riordan arrays and combinatorial sums, Discrete Math. 132 (1994), 267—
290.

[18] R. Sprugnoli, An Introduction to Mathematical Methods in Combinatorics, CreateSpace
Independent Publishing Platform, 2014.

[19] R. Sprugnoli, Combinatorial sums through Riordan arrays, J. Geom. 101 (2011), 195—
210.

[20] R. P. Stanley, Enumerative Combinatorics, Vol. 1, second edition, Cambridge University
Press, 2011.

[21] R. P. Stanley, Enumerative Combinatorics, Vol. 2, Cambridge University Press, 1999.

[22] R. P. Stanley, Catalan Numbers, Cambridge University Press, 2015.

2020 Mathematics Subject Classification: Primary 05A10. Secondary 05A15, 05A19.
Keywords: Riordan array, Catalan number, Dyck path, Fibonacci number, Eulerian polyno-
mial, Stirling number of the second kind, INVERT transform.

(Concerned with sequences A000007, A000012, A000027, A000032, A000045, A000108, A000225,
A000302, A001006, A001045, A001070, A001350, A001519, A001629, A001700, A001906,
A002054, A004146, A005043, A005408, A007598, A007852, A008549, A026671, A026737,
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A027941, A029907, A033453, A040000, A045925, A052952, A067324, A086615, A129869,
A144109, and A152163.)
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