Available online at www.sciencedirect.com

. . DISCRETE
ScienceDirect MATHEMATICS

ELSEVIER Discrete Mathematics 308 (2008) 54075427

www.elsevier.com/locate/disc

On the arithmetic product of combinatorial species

Manuel Maia?, Miguel Méndez"*

a Escuela de Matemdtica, Universidad Central de Venezuela, A.P.: 20513, Caracas 1020-A, Venezuela
b Departamento de Matemdtica, Instituto Venezolano de Investigaciones Cientificas, A.P.: 21827, Caracas 1020-A, Venezuela

Received 25 May 2005; received in revised form 12 August 2007; accepted 30 September 2007
Available online 20 February 2008

Abstract

We introduce two new binary operations on combinatorial species; the arithmetic product and the modified arithmetic product.
The arithmetic product gives combinatorial meaning to the product of Dirichlet series and to the Lambert series in the context of
species. It allows us to introduce the notion of multiplicative species, a lifting to the combinatorial level of the classical notion of
multiplicative arithmetic function. Interesting combinatorial constructions are introduced; cloned assemblies of structures, hyper-
cloned trees, enriched rectangles, etc. Recent research of Cameron, Gewurz and Merola, about the product action in the context of
oligomorphic groups, motivated the introduction of the modified arithmetic product. By using the modified arithmetic product we
obtain new enumerative results. We also generalize and simplify some results of Canfield, and Pittel, related to the enumerations
of tuples of partitions with the restrictions met.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Informally, a combinatorial species F (see [4,15]) is a class of labelled combinatorial structures that is closed by
change of labels. Being more formal, F is a rule assigning to each finite set U, a finite set F[U]. The elements of
F[U] are called F-structures on the set U. The rule F not only acts on finite sets but also on bijections between finite
sets. To each bijection ¢ : U — V, the rule F associates a bijection F[o] : F[U] — F[V] that is called the
transport of F-structures along o . In other words, F is an endofunctor of the category B of finite sets and bijections.
A natural transformation k : F — G between F' and G as endofunctors of B is called an isomorphism of species, and
the species F' and G are called isomorphic if there exists such a natural transformation (see [4, p. 21]). In this paper
the two isomorphic species are considered equal.

When F[o]f = f/ we will say that f and f’ are isomorphic F-structures and that o is an isomorphism from f to
I

For two species of the structures F' and G, other species can be constructed through combinatorial operations;
addition F + G, product F - G, cartesian product F x G, substitution F o G (also denoted F(G)) and derivative F’
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(see [4] for details). To each species F are associated three main series expansions. The exponential generating series,

F(x) = Z|F[n]|— )
n>0
where | F[n]| is the number of F-structures on the set [n] = {1, 2, ..., n}. The isomorphism type generating series,
F(x) =Y |Fn]/ ~ Ix", )
n>0

where F[n]/ ~ denotes the set of isomorphism types of F-structures on [n]. The cycle index series,

Zp(x1, X2, ...) :Z > fix Flolx}'x3 (3)

n>0 ! o€ES,
Here S,, denotes the symmetric group on n symbols, fix F[o] := |FixF[o]|, where FixF[o] is the set of F-structures

on [n] fixed by the permutation F[o], and oy is the number of cycles of length k of o. An alternative form of (3) is

Ul 02

Zr(xixy, )= 30 3 fix Fla] ™t xt( - o)
n>0 akn
where fix Fla] is the number of F-structures on [n] fixed by F[o], o being any permutation of cycle type
o = (01,07, ...)and aut(e) = 1916712%2075! - - -
Let F be a species of the structures and n a non-negative integer. Unless otherwise explicitly stated, we will denote
by F, the species F concentrated in the cardinality n,

_[FIUY, if|U|=n,
FalUl= {@, if |U| # n, )

where U is a finite set. We will also denote by F_. the species of F-structures over non-empty sets,

_JFLIUL iU =1,
F Ul = {@, it U] = 0. ©

Let us denote by X the singleton (or singular) species,

o= [ Y=
Consider the operation of addition and product of two species:
(F+G)U]:=F[U]+G[U], ®)
(F-G)Ul:= Y FIU]lxG[Ul, ©)
Ui +Up=U

where the sum means disjoint union of sets. X", the product of the singleton species by itself n times, is the species
of linear orders on length n;

{l|l : [n] - U,labijection}, if |U|=n,

2, if |U| # n. (10)

X"U] = {

A subgroup G of S, acts on the elements of X"[U] as follows; g - I = [ o g7". We will denote by X2 the

species concentrated in # that assigns to a n-set U, the set of orbits of the linear orders on U under the action of G.

A molecular species is one that is indecomposable under addition, or equivalently, one where all its structures are
isomorphic. When M is molecular, there exists a non-negative integer n and a subgroup G of S, such that M = G

Yeh [24,25] established the relationship between operations on actions of finite permutation groups and operations

on species (product, substitution, cartesian product and derivative), via the decomposition of a species as a sum of
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molecular species. For example, if M and N are molecular, there are permutation groups H < §,, and K < §,, such

that M = Xﬁm, and N = an We have that

xm xn Xm+n

H K HxK’
where the direct product H x K acts naturally over the disjoint union [m] 4 [n] = [m + n], in what is called the
intransitive action. There is another natural action H x K : [m] x [n], the product action, without an operation on
the species counterpart. Some enumerative problems have been solved by Harary [12] and by Harrison and High [14]

using the cycle index polynomial of the product action.
We can define the arithmetic product of two molecular species by the formula

1)

Xm Xl’l an

R vy e ,

H K H x K
where the action of H x K over [mn] = [m] x [n] is the product action. Then we can extend this product by linearity.
But, in order to have a set-theoretical definition for the arithmetic product like formula (9) for the ordinary product,
we need a notion of decomposition of a set into factors. In other words, a set-theoretical analogous of the factoring of
a positive integer as a product of two positive integers. In this way we arrived at the concept of rectangle on a finite
set. This concept was previously introduced in another context with the name of cartesian decomposition [2], and is a
particular kind of what is called in [19] a small transversal of a partition.

Recall that the substitution of a species G, satisfying G[@] = &, into an arbitrary species F, is defined by the

formula

F(GWI= Y FIzlx []GIBl, (13)

nell[U] Berm

12)

where the sum (disjoint union) runs over the set of set-partitions on U, II[U]. An assembly a of G-structures on a
finite set U is a family {gp}per, Where 7 is a partition of U and gp € G[B] for each block B of 7. An element of the
set defined in (13) is a pair (f, a) where a is an assembly of G-structures on U and f € F[r], = being the partition
subjacent in the assembly a. These pairs are usually called F-assemblies of G-structures.

The most interesting combinatorial construction associated to the arithmetic product is the assembly of cloned
structures. Informally, an assembly of cloned G-structures is an assembly of G-structures in the above sense, where
all structures in the assembly are isomorphic replicas of the same structure. Moreover, information about ‘homologous
vertices’ or ‘genetic similarity’ between each pair in the assembly is also provided. The structures of F [ G have
some resemblance with the structures of the substitution 7 (G). An element of F [ G can be represented as a cloned
assembly of G-structures together with an external F-structure (an F-assembly of cloned G-structures). Because
of the symmetry F [0 G = G [J F this structures can also be represented as G-assemblies of cloned F-structures.
For example, if L4 denotes the species of non-empty lists, the structures of F [J Ly could be thought of either as
F-assemblies of cloned lists, or as lists of cloned F-structures.

There is a link between oligomorphic groups [5] and combinatorial species, implicit in the work of Cameron,
and which we hope to have made explicit here. To each oligomorphic group G we can associate a combinatorial
species Fg. There is a correspondence between operations on oligomorphic groups and operations on species that is
very similar to that established by Yeh between finite permutation groups and molecular species. For example, the
intransitive product action of two oligomorphic groups translates to the ordinary product of the respective species and
the wreath product to the operation of substitution. Recently, Cameron, Gewurz, and Merola have studied the product
action of oligomorphic groups (see [6,10,11]). This have motivated us to introduce the modified arithmetic product
in order to have the appropriated correspondence between operations. We have made use of this operation to obtain
many new enumerative results. Using a simple manipulation of generating series (the shift trick) we simplified and
generalized some results of Canfield [7], and Pittel [20].

2. The arithmetic product

Definition 1. For a finite set U, we say that an ordered pair (7, 7) of partitions of U is a partial rectangle on U when
m At = 0. If moreover m and t are independent partitions (every block of = meets every block of 7) we call it a
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Fig. 1. (a) A partial rectangle, (b) a rectangle on the same set.
rectangle. More generally, a partial rectangle of dimension k, or a k-partial rectangle is a tuple (71, 72, ..., mx) of
partitions such that 1 A my A -+ A . = 0. It is called a k-rectangle if,
|[BiN---NBi|=1, forall B € my,..., By € 7. (14)

This definition of the rectangle is equivalent to the “cartesian decomposition” of Baddeley, Praeger and
Schneider [2]. If (, ) is a rectangle on U, we can arrange the elements of U in a matrix whose rows are the
blocks of 7 and whose columns are the blocks of . Two matrices represent the same rectangle if we can obtain one
from the other by interchanges of rows or columns. The same can be say about the partial rectangles except for the
fact that some of the entries of the matrix could be empty. Fig. 1 shows an example of partial rectangle and rectangle
on a set with 12 elements (the symbol * means an empty intersection).

If (7, 7) is a rectangle on U obviously |U| = |x||t|. The height (ht) of a rectangle (i, t) is defined to be |r|.
Naturally ht(sr, 7) divides |U|. For |U| = n, we denote the number of rectangles of height d with the symbol {Z} Lt
is not difficult to see that

{Z} T (Z!/d)!' (15)

Consider R the species of rectangles, that is, for U a finite set,
RIU] = {(m, 1) | (m, 7) is arectangle on U} . (16)

If n > 1, we have

Rrimi=Y"{"}. a7)

d|n

In an analogous way, for the species R, of k-rectangles, we have

n
IR®[n]| = { } ’ »
d1d§k=n dy,do, ..., dy
where
n n!
il 19
{d15d29~--,dk} dl'dZ‘dk' ( )

Definition 2 (Arithmetic Product of Species). Let M and N be species of structures such that M[@] = N[D] = @.
The arithmetic product of M and N, is defined as follows

MEN U= Y MlxlxNtl, (20)
(m,7)eR[U]

where as usual the sum means disjoint union and U is a finite set. In other words, the elements of (M [ N) [U] are
tuples of the form (=, 7, m, n), where (7, 7) isarectangleon U, m € M[n]andn € N[t]. Recall that given a bijection
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Fig. 3. An (C [0 Ly )-structure on a 12-set.

o : U —> V and a partition 7 of U, o transports 7 to the partition 7’ = o (7) = {0 (A) | A € 7} of V. Therefore,
o induces a bijection 6™ : w1 —> 7/, which sends A to o (A), for every A € 7. Similarly for the partition t.
The transport along a bijection o : U — V is carried out by M [1 N as follows:

(M B N) [61((, T, m, n)) = (z, 7', M[o™1(m), N[o"1(n)) . @1)

In Fig. 2 an (M D N)-structure on a set with 12 elements is represented. The capital letters (except M and N) are
the labels for the blocks of the two partitions constituting the rectangle.

Example 3. It is easy to see that the species R of rectangles satisfies the combinatorial equation R = E4 [0 E4,
where E is the species of non-empty sets.
Using Eq. (15) it is easy to prove the following proposition.

Proposition 4. Let M and N be the species of structures such that M[J] = N[Q] = &. Then the exponential
generating series of the species M 1 N is

m e =331 vt o (22)

n>1 dln

Example 5 (Regular Octopuses [4, p. 56]). Consider the species C of oriented cycles and L of non-empty linear
orders. Fig. 3 represents a (C [J L4 )-structure on a set with 12 elements. Since |C[n]| = (n — 1)! and |L4[n]| = n!,
we obtain

I((CELy)[n]|

> {0 btz ma

d|n
=o(m)(n—1)!,
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where o (n) is the sum of the positive divisors of n. Its exponential generating series is then

COLY)E) =Y om)(n— 1)!%

n>1

xn
= Za(n);.

Example 6 (Ordered Lists of Equal Size). Since |L[n]| = n!, the number of (L4 [0 L, )-structures on a set of n
elements is

(s DLl = Y| L dlL 0/l
d|n

=d(n)n!,

where d(n) is the number of positive divisors of n. Then, we obtain the generating series

(Le DL)E) = Y nldw)—

n>1

= Z dm)x".

n>1

Example 7. Let S be the species of non-empty permutations. It is clear that
(S+ESH)() = (Ly D L)@ =) dma".
n>1

The structures of (S [ S4)[U] are rectangles enriched with permutations on each side. Formally, they are tuples of
the form (7, 7, o1, 02), where (7, ) € R[U], 01 € S4+[r], and 0 € S;[7]. By the definition of rectangle, for each
element b € U there exists a unique pair of sets (Ap, Bp) € m x 7 such that b € Ap N By. The pair (o1, 02) induces
the permutation oMoy € S+ [U], which sends the element b € A, N By, to the unique element in o1 (Ap) N o2(Bp)
(see Fig. 4). Let R be the species defined as follows

ﬁ[U] ={(m,t,0) | (m, 1) € FixR[o], o € S[U]}. (23)
The function

My : (S O0S)[U] — RIU]

(m,7,01,02) > (7, 1,01 X07) @

is a natural bijection with the inverse (7, 7,0) > (7, 7,0", 07), where 6™ and 0¥ denote the permutgtion induced
on by o and t respectively. The family {Xy }y<p, defines a species isomorphism X : Sy 0 Sy — R.

Proposition 8. Let M, N and R be species of structures such that M[2] = N[&] = R[D] = &, and X the singular
species. The product [ has the following properties:

MAON=NGOM, (25)
MBO((NGOR)=(MEN)DR, (26)
MOWN+R =MAN+ MER, (27)
MOX=XOM=M, (28)
(MEN)* =M°*EN®, (29)
MBOX"=MX"), (30)
MGL, = ZM(X”). O (31

n>1
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Fig. 4. A structure of S [0 S+ and induced permutation.

The properties above are not difficult to prove. In particular, the reader may verify that both sides of Eq. (26) evaluated
at a set U, are naturally equivalent to the set

M[m] x N[m2] x R[m3]. (32)
(1,12, 13)ERP[U]

In general, for a family {M,~}f.‘:1 of species with M;[&] = &, we have

k
() M)IU] = > [ [ mitmil. (33)

(1,712, ..., ) ERO[U] i=1

Also observe that by Eq. (31), the structures of M [0 L may be thought of as M -assemblies of lists of equal size.

2.1. The arithmetic product and generating series

Definition 9. For any two monomials x” and x™ we define the arithmetic product x” [J x* := x""". Extend this
product by linearity to exponential formal power series with zero constant term.

We easily obtain that

(Zan§)5<2bn%> =ch’;—r:, (34)

n>1 n>1 n>1

where

e =" aabusa (35)
din

The exponential formal power series with the arithmetic product form a ring with identity x. The substitution

X"« %, makes it isomorphic to the ring of modified formal Dirichlet series,

>
nlns’

n>1

This motivates the following definition.

Definition 10. Let M be a species of structures satisfying the condition M [&] = @. Then the modified Dirichlet
generating series of M is

M
Du(s) =Y Min]] (36)
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Thus, for the species E, Ly, C and S, we have:

1
D, (s) = ; s (37)
1
Dr(s)=) — =), (38)
n>1
1
DC(S)=ZW=§(S+1), (39)
n>1
1
Dy, (s) =) — =¢(s). (40)

n>1

We have not found previous references of the modified Dirichlet series as tools in enumerative combinatorics or in
analysis.
From Proposition 4 we obtain the following proposition.

Proposition 11. For species of structures M and N with the condition M (] = & = N [D], we have:
(MBN)(x)=M(x)EN(x), 41
and
Dyan(s) =Du(s) - Dy(s). O (42)
For a formal power series R(x) we have
x" O R(x) = R(x"). (43)
Thus we have the generating series identity

|M[n]|

(MEN)(x) = ; - N(@&x™M). (44)
n=
In particular
n X x"
x" = 45)

1—x  1—x"’

and we obtain that the generating series of M [0 L is the Lambert series (see for example [8, pp. 161-162])

M) X
(M T Ly)(x) _,; T (46)
By (31) we also have
(MOL)(x) =Y ME". (47)

n>1

Using the previous two equations we get

x" 1 o) ,

nx=1 n>1

(see [8] and [23] for more properties of Lambert series). This identity translates to Dirichlet generating series as

Demr, () = £+ DEs) = Y G,(Tn)”_ (49)

n>1
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By Eq. (44) we also obtain:

(CEM)(x) = lnl_[ <

n>1

IMMH

) ; (50)

[M{n]]|

E(CBM)(x):H( ! ) . 51)

— yn
nzllx

Let M be a species of structures. To describe the compatibility of the product [J with the transformation M — Zy,
it is necessary to define a product [ for two cycle index series (see [12]). First we have the following lemma.

Lemma 12. Let (t, T, 01, 02) be an element of (S+ L1 S4)[U] and 0 = o1 Koy € S[U]. If the cycle type of o, o,
and o3, are respectively o, B and y, then we have

Z G, DBy, k=1,2,...,[d, n/d), (52)

[i,l]=

where d = ht(m, 1), [i, l] denotes the least common multiple of i and |, and (i, l) the greatest common divisor.
Proof. Analogous to the proof of proposition 7(b) in ([4] p. 74). O

We will say that « = B X y when they satisfy the Eq. (52). Now define the operation [J on monomials by
n ﬁ m /S ( l) nm
i Vi AU «,
(l—[xi ) g (l—[xl[) l_“_[ xin =" (53)
i=1 =1 i=1l= k=1
where o = Z[U]:k (i, DBiyi = (B X y)i. Equivalently
X Ox’ = xR, (54)
Finally extend linearly this operation to polynomials and formal power series. Note that xi o x{ = xij as in
Definition 9.

Definition 13. For «, 8, and y as above, define the coefficient

o aut(o) By —
{ } — L atBanyy’ PRV = (55)
/3’ 14 0’

otherwise.

Lemma 14. Let o be a permutation on a finite set U with cycle type a. For B and y as above, let S"_y be the set of
tuples (7, T, 01, 02) € (S+ O S)[UL, such that o1 Koy = o, and the cycle types of o1 and oy are respectively B and
y. Then

)

Proof. Denote by Aut(o) the group of permutations commuting with o. Aut(o) acts transitively on Sg’y in the
following way

n- (1,1, 01,02) = @), n(0), n” 1) ", "o ) (n € Aut(0)). (57)

The order of the group fixing each element of Sg’ v is clearly aut(B)aut(y). O
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Proposition 15. Let M and N be two species of structures. Then, the cycle index series and the type generating series
associated to the species M [ N satisfy the identities:

Zyony (X1, x2,..) = Zy(xy, x2, .. ) O Zy(x1, x2, ...), (58)
MONx) = M(x) D NG). (59)

Proof. Using standard computations with formal power series it is not difficult to deduce the second identity from the
first. Following Eq. (54) we obtain

o o
Z L0z = fix M[Blfix N . 60
m(X) B Z (x) Z > {M} x MIBIfix NIy | oo (60)
BXly=a
Then, all we have to prove is that
fix(M & N)[a] = [Fix(M I N)[o]]| = Z { * }ﬁxM[ﬂ]ﬁxN[y], (61)
ﬁ'Z)/:Ot ﬂy
where o is any permutation on a finite set U, with cycle type «. Since
Fix(M O N)[o] = {(r, 7, m,n) | (x,7) € FixR[o], m € FixM[6™],n € FixN[o"]}, (62)
we have
fix(M & N)[a] = Z |FixM[o” |||FixN[o ]| (63)
(m,7)eFixR[o]
= Z |FixM[o]||FixN[o2]]. (64)
(m,7,01.00)e(S+ S U]
o1Xopr=0

The last identity is obtained from bijection (24) in Example 7. Classifying the permutations o and o> according to
their cycle type, we get

fix(M @ N)[a] = Z Z fix M[B1fix N[y]. (65)

By (w.t.01.02)€S85 ,,

By Lemma 14 we obtain the result.

2.1.1. The cyclotomic identity
There are various bijective proofs of the cyclotomic identity

1 1 An(0)
1— 0x :n<l—x”) ’

n>1

where A, (0) := % > din w(d)e™ e, being the classical Mobius function. See for example: Metropolis—Rota [18],
Taylor [22], Bergeron [3], Labelle-Leroux [17] and Domocos—Schmitt [9]. We propose here a very simple one, as an
application of the combinatorics of the arithmetic product.

Let C be the species of O-colored cycles, or necklaces, following the terminology of Metropolis and Rota
(see [18]). The elements of CP[U] are pairs of the form (o, f), where 0 € C[U] and f : U — A is an arbitrary
function assigning colors (letters) in a totally ordered set A (alphabet) with |A| = 8, to the labelled beads of the cycle
o. Denote by S the species of assemblies of necklaces. It is clear that

C(Q)(x)=1n< ! ) (66)

1—06x

(67)

SO (x) = .
™) =T"%x
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3 o<e
\ / \ J

Fig. 5. The isomorphism C?) = C [ c®.
Let (0, f) be a necklace in C@[U], where |U| = n. The integer
d=min{l <k <n| fook=f}

is called the period of (o, f). When d = n, the necklace is called aperiodic. The flat part C© of C®) (see [16]) is the
species of aperiodic necklaces.

Let (o, f) be an aperiodic necklace. To each of the n possible presentations of the cycle o as an ordered tuple
o = (ay,as,...,ay) corresponds a different word f(ay) f(az)--- f(a,) in the alphabet A. The lowest of them in
the lexicographic order is called a Lyndon word. The ordering o = (ay, aa, . . ., a,) such that the corresponding word
w is Lyndon will be called the standard presentation of o. Thus, the necklace (o, f) can be identified with the pair
(w, 1), where w is a Lyndon word, and [ a linear order on U. It is the standard presentation of the cycle ¢. The number

of Lyndon words on A is well known to be A,,(6). Then, the decomposition of C()) as a sum of molecular species is

CO =" 1,0)X". (68)

n>1

Proposition 16. We have the identities:
CO =cmc®, (69)
SO = ECmc®). (70)

Proof. Eq. (70) is immediate from (69).

To prove (69) observe that the structures of C [ C®) are regular octopuses where each tentacle (linear order) is
decorated with the same Lyndon word. Join the decorated tentacles following the external cycle of the octopus to
obtain a necklace whose period is the common length of the tentacles. Conversely, given a necklace of period d, there
is a unique way of cutting it into pieces of length d such that the word on each piece is Lyndon (see Fig. 5). It is easy

to see how to get an element of C & C® out of this sliced necklace. See for example [21, pp. 4-5], where a similar
bijection is used to count ordinary octopuses. [

Eq. (70) can be interpreted as the cyclotomic identity lifted at a combinatorial level. By Eqs. (50) and (51), we get:

1 )\n(e)
— X

n>1

(9) 1 1 )»,1(9)
S =—= . 72
) I —ax g(l—x”) (72)

3. Assemblies of cloned structures

In this section we will see that an (M [0 N )-structure can be interpreted as an “M-assembly of cloned N-structures”.
The intuition behind this is the following: an element of (M [ N)[U] consist of a rectangle (i, t) on U enriched with
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Fig. 6. A C-assembly of cloned rooted trees.

an M-structure m on one side (;7) and an N-structure n on the other side (7). Because 7 has the same number of
elements as any block of 7, we could lay an isomorphic copy (clone) of n on each block B of &. Those copies of n
together with the “external structure” m € M[x] form an M-assembly of cloned N-structures.

To make this definition precise we need some formalism. Two elements of U belonging to the same block of 7 will
be called homologous. For example let A be the species of rooted trees. In Fig. 6 we represent in two ways a structure
of C A as a C-assembly of cloned rooted trees. In both of them homologous elements are represented with the same
color (pattern). Roots of cloned trees in the right-hand side are connected like the original cycle on 7 in the left-hand
side, the rest of homologous elements are connected with closed segmented curves.

We now express conveniently the relation among homologous elements. Let B € w and b € B. It is clear that there
is only one block C € t such that {b} = B N C. For (B, B’) € m x m, we define the bijection

B— B’
br+— b,

T .
QSB,B’ :

where b’ is the unique element of B’ N C. In other words, @g B sends each element of B to its homologous in B’. It
is easy to verify that:

6] @Ig,B = Idp and

(ii) @p pro Pp = Py py. forall B, B', B” e .

Definition 17. Let U be a finite set and M, N two species of structures such that M[Z] = N[D] = &. An M-assembly
of cloned N-structures is a triple ({ng}per, T, m), where:

() (m,7) € RIUJ,
(ii) {np}Bexr is an assembly of N-structures (np € N[B], for each B € ), along with the condition

N[®p plng =np, (73)

for every pair (B, B') € # x 7,
>iii) m € M[r].

Proposition 18. Let be M and N be two species of structures. Then the species M [1 N and the species of M-
assemblies of cloned N -structures are isomorphic.

Proof. Let U be a finite set and assume that (77, 7, m,n) € (M I N)[U]. Foreach B € m, let ¥; p : T — B be the
bijection that sends each block C € 7 to the unique element » in C N B. For (B, B") € & x 7, we have

O = Wr oW} (74)
Let Ty be the function
Ty : (MO N)[U] —> M-assemblies of cloned N-structures on U, (75)

that sends (r, T, m, n) to ({ng}pex, v, m), where np = N[¥; pl(n), for each B € m. From Eq. (74) condition (73)
is satisfied.
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Fig. 7. Element of H . Homologous elements according to 74, Ta; » Ta, are linked with different kinds of lines.

Now let ({np}per, T, m) be an M-assembly of cloned N-structures on U. From condition (73) and Eq. (74), the
N-structure n € N[t], wheren := N|[ WT_ 113](;1 B), remains the same independently of the block B € m that we choose.
It is easy to check that 7 has as inverse the function that sends ({np}per, T, m) to (;w, T, m, n).

The family of bijections { Ty }yp is the desired isomorphism.
3.1. Hyper-cloned rooted trees

The species of R-enriched rooted trees could be defined by the implicit combinatorial equation
Agr = X - R(AR) (76)
(see [4, p. 165]). When |R[2]| = 1 Eq. (76) becomes
Ar =X+ X - R4 (Ag). X))

By changing the operation of substitution of species by the arithmetic product in Eq. (77) we obtain the combinatorial
implicit equation for a new kind of structures, the R-enriched hyper-cloned rooted trees (R-enriched HRT’s)

Hr =X+ X -(Ry @Hp). (78)

This equation leads to the following recursive definition: an H g-structure on a set U is either a singleton vertex (when
[U| = 1), or is obtained by choosing a vertex in @y € U(the root) and attaching to it an R-assembly of cloned
‘Hg-structures on U \ {ap}. To give an explicit description of this kind of structures we need some previous notation.

Let ty be an R-enriched rooted tree on U. We denote by U™ the set of elements of U that are not leaves of 7.
Fora € U™, we denote by D, the set of descendants of a in t, by 7, the partition of D, induced by the forest of
R-enriched trees that are attached to a, and by {t§} ey, such a forest. A vertexa € U T is said to be of level one if all
the elements of D, are leaves of fyy. A branch of i is a path ag, ay, .. ., ax on ty, from the root ag, to a vertex ay of
level one (see Fig. 7).

Definition 19. An R-enriched HRT on a finite set U is an R-enriched tree ¢y together with a family of partitions,
{ta}acu+, Ta € Par[U,], satisfying the conditions:

(i) Forevery a € U™, (74, T,) is a rectangle on U,

(ii) For every pair B, B’ € m,,
(a) 95;" g -ty —> tg is an isomorphism of R-enriched trees,
(b) If qs;; g(@) =a" witha’ € BNU™, then gbf; 5 (Ta) = Tar.

Condition (ii)(b) reflects the fact that each of the bijections qﬁ;‘" g-a €U *, have to preserve the partitions ),
a’ € BN U™, as parts of the structure of the R-enriched HRT’s attached to a.

By condition (ii)(b), the family {z,},cy+ is completely determined by the partitions {74, 74, ..., Tq,} ON any
branch ag, aj, ...,ar € Ut of ty.
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Table 1

The first ten coefficients |H g [n]|

n 1 2 3 4 5 6 7 8 9 10
[HEg[n]| 1 1 2 3 10 11 192 193 3554 10080

From Eq. (78) we get the recursion:
IHr[1]] =1, (79)

el + 10 = Y_ {7 }IRWHRIn/dl 0= 1, (80)
d|n

In particular, M, is the species of rooted achiral trees (see [13]). The first ten coefficients of the sequence |H g [#]|
are shown in Table 1.

4. Multiplicative species

We have a notion of multiplicative species, the “categorified” analogous of a multiplicative arithmetic function in
analytic number theory (see [1]).

Definition 20. Let M be a species of structures satisfying the condition M [@] = &. We say that M is multiplicative
if,

M,s = M, O M, (81)
whenever (r, s) = 1.

For example, since L,, = XTn, and C, = )C(—:, using the isomorphisms of groups {1} >~ {1} x {1}, C,y =~ C, x C;
when (r, s) = 1, we obtain that the species Ly and C are multiplicative. The following three propositions can be
proved straightforwardly.

Proposition 21. Let M and N be two multiplicative species of structures. Then the species M® and M [J N are
multiplicative. [

Combining the above examples and the above proposition, we find that the species of regular octopuses C [J L is
multiplicative.

Proposition 22. Let M be a species of structures. Then M is multiplicative, if and only if, My = X, and, for n > 2,
My = Mo Mo B OO M o, (32)

where n = ]—[le p?i is the canonical prime factorization of the integer n. [

Proposition 23 (Euler Product Formula). Let M be a multiplicative species of structures. Then
M:Dpep(X+Mp+Mpz+~--), (83)

where P denotes the set of prime numbers. O

The following corollary follows immediately by taking generating series in the previous proposition.

Corollary 24. Let M be a multiplicative species of structures. Then:

M(x) = Bpep (x + Mp(x) + Mp(x) +...), (84)
M k
mm:HO+Z%%®, (85)
peP =1 PP

Zy(x1,x2,...) =0pep (X1 +Zy, (x1,x2,...) + Zu, (x1,x2,...) +-- ) . O (86)
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Example 25. For the multiplicative species C of cyclic permutations we have the identities:

xpk xP\U
C(x) =pep x+ZF = [pep <x—7) , 87)

k>1
—(s+1) -
D) =¢6+D =[] (1-p7) ", (88)
peP
P
Ze@i,xa,. ) =0pep | (1= p H Y DL |, (89)
i=0k=; P

where in Eq. (87), the exponent [—1] means inverse with respect to the arithmetic product of formal power series.
5. Oligomorphic groups and species

Let A be an at most countable set, and U a finite set. Denote by AY and by (A)y the set of functions and injective
functions from U to A respectively. A permutation group G on the set A is called oligomorphic if G has only finitely
many orbits on AV for every finite set U.

For h € AY denote by ker(h) the partition of U whose blocks are the non-empty pre-images of elements of A by /.
Recall that each function f € AU can be identified with a pair (7, fz), where m = ker(h) and h € (A)y is the injective
function fz(B ) := h(b), for every B € m, b being an arbitrary element of B.

Definition 26. Let G, A and U be as above. Define the species of structures F; by Fi[U] = AY /G, the (finite) set
of orbits of AV under the action of G. For a bijection o : U — V, define the bijection

Filol: FGIU] FEIV]
Gl tel T Te (90)
fr— foo~l.

This bijection is well defined since ¢ commutes with the action of G over AV. In an analogous way we define the
species Fg of G-orbits of injective functions.

Recall that for a finite set A and a species M, the species of M-enriched functions is denoted by M*4 (see [15]).
Observe that when A is finite and G is the identity subgroup of S4, FG[U] = Ay is isomorphic to (I + X)4 and
F[U] = AY is isomorphic to EA.

l}gmark 27. Cameron [5] has studied the following three counting problems: how many elements in (a) Fg[n], (b)
Fgn], (¢) F ("; [7]? Equivalently, how many G-orbits in (a) n-tuples of distinct elements, (b) n-sets, (c) all n-tuples?
Proposition 28. We have the following combinatorial identity

F§ = Fo(Ey). oD

Proof. L_et h € AY, since the action of G (ioes not affect the kernel of &, the orbit / of 4 can be identified with the

pair (7w, fz), where m = ker(h). Obviously he Fglr]. This defines a natural bijection from FE’;[U] to Fg(EL)[U].
O

5.1. The modified arithmetic product

Let G and H be two oligomorphic groups of permutations on the sets A and B respectively. In [6] Cameron et al.
deal with the enumerative problem in the remark above for the product group G x H acting over A x B. We now
introduce the analogous problem in the more general context of species of structures.
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Definition 29 (Modified Arithmetic Product of Species). Let M and N be two species of structures. Denote by Pg the
species of partial rectangles. We define the modified arithmetic product of M and N by

(MEN)[U] := Z M[r] x N[t], (92)

(m,7)ePR[U]

where the sum represents the disjoint union and U is a finite set. For a bijectiono : U — V, the transport (MEN)[o ]
is as in Definition 2.

Some of the properties of the arithmetic product in Proposition 8 have their analogous in this context.

Proposition 30. Let M, N and R be species of structures. The product ® has the following properties:

MEN = NEM, (93)
M®(NER) = (MEN)®R, (94)
M®E(N + R) = MEN + MR, 95)
XEM = M., (96)
ME(+X)=(X+ DEM =M, CH)
ME( + )" = M1+ X)), (98)

Proof. We will only prove the identity (98). An eleiment of (MB(1 + X)["H[U] is of the form (r, T, m, f ), \A)vhere
(, 7) is a partial rectangle on U, m € M[x], and f : T — [n]is an injectivAe function. Recall that the pair (7, f) can
be identify with a function f : U — [n] whose kernel is t. Since = A T = 0, the restriction fp qf f to each block B
of 7 is injective. Conversely, if all the functions in a family { fp}pe, are injective, then m A T = 0, T being the kernel
of f := Uper fB. Then, the correspondence
Qu : (MB( + X)) [UT— M1+ XU
(JT, T,m, f) I ({fB}Ben, m)7
is a natural bijection. O

Like in Eq. (33) the product of a family {M,'}f“:1 of species of structures is given by

k
(B}, M)IU] = > [T Mitmi1. (99)

(11,702, ) PR (U] =1

where P;é‘) is the species of k-partial rectangles.
We have the following theorem.

Theorem 31. Let G and H be two oligomorphic groups acting on sets A and B respectively. Then
Feoxy = FGHEFy. (100)

Proof. Let h : U — A x B be an injective function. Let i1 : U — A and hy : U — B be its components, i.e.
h(u) = (hi(u), ho(u)) foru € U. Let = ker(hi) and T = ker(hy). It is clear that ker(h) = ker(h1) A ker(hy) =
T A 7, and since A is injective, TAT = = 0. Then h can be 1dent1fy with the tuple (7, 7, h] , hz) and its orbit under

the action of G x H with (7, T, hl, hz) where h1 € Fg[m] and hz € Fpg[t]. This defines a natural bijection between
FoxulU]and (FGB®Fg)[U]. O

Take A = [m], B = [n], and G, H being the identity subgroups of S, and S, respectively. We obtain the
isomorphism

A+ )@+ XM = (1 4 x>, (101)
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The exponential generating series of the modified arithmetic product of species of structures is not as
straightforward to compute as in the arithmetic product case. However, the identity

FGyp(x) = Fg(x) x F(x), (102)
proved in [6], provides a device to compute this series,
(FcBFy)(x) = Foxn (x). (103)

It has motivated the following general combinatorial identity.
Theorem 32. Let {M; }5‘: | be a family of species of structures. Then we have

(B M) (Ex) = x{_ Mi(E4), (104)
where X is the operation of cartesian product of species,

(M x N)[U]= M[U] x N[U]. (105)

Proof. It is enough to prove the identity for k = 2. Consider the species Par of set partitions. For a finite set U, let
<y be the refinement order on Par[U]. For n € Par[U], let C,, be the set of elements of (Par[U], <7) greater than or

equal to n. Forr € C, and B € 7, let B = {Cen|CCBland7r = {I§ | B € w}. Clearly, 7 is a partition of 7,
and it is easy to see that the correspondence

C) — (Par[n], <)

T — 7

is an order isomorphism. Then the partition ¥ A T = 7 is an element of C,, if and only if (7, 7) is a partial rectangle
on 7. The right-hand side of (104), for k = 2, evaluated in a set U is equal to

(Mi(E1) x Ma(E1))[U] =< > Ml[n]> x( > Mz[ﬂ) (106)

mePar[U] tePar[U]
= > Mi[r] x Malr] (107)
(rr,t)ePar[U]xPar[U]
= Y Y Milx]lx My[r]. (108)

nePar[U] T AT=n

For any partition ¢ in C,), let f, , : © —> 0 be the bijection sending each block B of o to B. The family of bijections

ay - Z Z Mi[r] x Ma[t] — Z Z M[7] x M;[7] (109)
nePar[U] T AT=n nePar[U] (#,£)e Prn]
ayi= Y D Milfay] X Malfey] (110)

nePar[U] T AT=n
defines a natural transformation

o Mi(E4) x Ma(Eq) — (M{EM)(E5). O (111)
Taking exponential generating series and cycle index series in identity (104), we obtain the following corollary.
Corollary 33. Let {M,-}i.‘:1 be as above. Then the following generating function identities hold:

@i M) (e — 1) = X[ Mi(e* — 1), (112)

Zg_ o, (X * ZE, (X) = Xi_ 1 (Zu, (%) % Zg, (X)), (113)
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where X means coefficient-wise product or Hadamard product as in [4], x means plethystic substitution, and

Zi, (X) = exp (Z 2-”) ~1. O (114)

n>1

Using Eq. (112) with M; = E,fori =1, ..., k, we recover the first identity of Theorem 1 in [7],

PR — 1) = (" = Z(BM’;—':, (115)

n>0

where B, is the nth Bell number, the number of partitions of the set [x].
In order to have the identity (MBEN)(x) = M (x)®N (x) for two species of structures M and N, following (112)
we make the following definition.

Definition 34. For two formal power series F (x) and G (x) define the product 8 by

F@BG(x) = (F(e* — 1) x G(e* — 1)) o (In(1 + x)). (116)

It is easy to see that this product is commutative and distributive with respect to the sum,

(F(x) + Hx))BG(x) = Fx)BG(x) + HX)EG(x). (117)

5.2. The shift trick

Sometimes the Eq. (116) is too clumsy to make computations. We will provide a more efficient method. Previous
to that we need the following lemma.

Lemma 35. Ler F(x) be a formal power series. For m and n non-negative integers we have the identities:

FOBEA+x)'=F(1+x)"=1), (118)
(I+0)"EA+x)" =0+ x)™. (119)

Proof. Eq. (118) follows from identity (98). Eq. (119) follows from (118) or by taking generating functions in (101).
O

From this lemma we recover the following result of Pittel [20].

Proposition 36. Let k be a fixed positive integer. The exponential generating series Pr i (x), of the number of partial
rectangles (w, T), with || =k, is

1 1 k
PR i(x) = e l; l ((x + 1) - 1) . (120)

Proof. The required species is Pr ; := Ex®E. Its exponential generating series is

k
1 1 1
(EXBE)(x) = %ex = k—'ex"e@“) = Z —xkmx + D 121)

kle =0 1!

Use Eq. (118) to finish the proof. O
The algorithm to compute the product F (x)E G (x), of two generating series F (x) and G(x), runs as follows:

(1) Express F(x) = Fi(x + 1) and G(x) = G1(x + 1) as power series of (x + 1),
(2) use the distributive property and Eq. (119) to compute

Hx+1)= Fi(x + DEG(x + 1),

(3) express back H(x + 1) as a power series of x.
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Now we obtain some new formulas about enumerating (0, 1)-matrices.

Theorem 37. The number M(m, n,r) of m x n (0, 1)-matrices with exactly r entries equal to 1 and no zero row or
columns, is given by

M(m,n,ry =YY (=1)"""" (d+l/d>< )(zm)(l) (122)

I=r d|l

Proof. The structures of the species X"E X" are the linearly ordered m x n partial rectangles. A structure of

(X"EMX"™)[r] can be thought of as a m x n matrix with entries 1,2, ..., r, without repetitions, zero elsewhere,
and no zero row or columns. Then, M (m, n, r) is the coefficient of x” in the generating series
(X"HX")(x) = x"Hx". (123)

By shifting we get

XA = (x 4+ 1 — D)"®(x 4+ 1 — 1) (124)
= Z (’7)( )( DU (1) TB (x4 D (125)
= Z("?) (7)) (= 1mnmU g 1k (126)
- Jj k
J.k
-y (’") ( ) <]k> (— 1y =Gk (127)
J.k.r J r

Making the change / = jk, we obtain the result. O

Corollary 38. The number | PR, n[r1| of m x n partial rectangles on r elements, is given by

(— 1)m+n*(d+1/d)
|P7amn[r]|—;d2”j{ }(m Do =l (128)

Proof. | PR ,, »[r]l is equal to |(E,,® E,)[r]|, which is the coefficient of ’;—: in the generating series

m n

(En®E,)(x) = — 8 (129)
m! n!

Then,

M(m ", r) ( 1)m+n*(d+1/d)
PRonn = ‘— =
PRl = 7! ;%{ }(m D — 1/~ )T

We now give a very short direct proof of the beautiful formula obtained by Pittel [20].

Theorem 39. The number |P7(§) [n]l, of k-tuples of partitions (71, 7o, . .., ) on [n] satisfying Ty ATa A+ - - AT} = 6,
is given by
®p, 1 _ —k (i1 iK)n
PRIl =e* > FIREAE (130)
i1,00,..,0>1 . )

where (im), =m(m —1)---(m—n+1). O
Proof. By the definition of & -product,
Py = E¥ = E®...BE.
[————

k factors
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The exponential generating series of this species is (¢¥)®X. Following the algorithm, we have ¢* = e~ !¢+ Then

BRIk
EF* () = (e—le(x+1)> (131)
1) 1)k

—et Yy D pltD (132)

i1,02,...,ix>0 - &

4 1)irizeix
—et oy S (ED
iy o D1ti2le i

/ DREEY / n
-y (e* T LURSLIOVI RS (134)

=0 0 iligh---ix! ) n!

As a corollary, we obtain a remarkable identity.
Corollary 40. Forn > 1,
IR® [
|P(k)[ —kZ 1 []'I (135)
I>n ¢ —m!
Proof. Making the change [ = iyi; - - - iy in (130) we obtain
l
PO =Y T '( n (136)
I>n iyip-ix=l i!
I
ok

= FrE— 137
Z(l_ n)! Z il ig! (137)

Tipipeix=l
To finish the proof we recall Eq. (18). O

Theorem 39 is a particular case of the following general result, that can be proved without much extra effort.

Theorem 41. Let {M; }f.‘zl be a family of species of structures whose exponential generating series, M;(x) =
Fi(x 4+ 1), expressed as power series of (x + 1), are given,

A Dt
Mi(x)zFi(x+1)=bel')m, i=1,... k. (138)
= n!
Then,
(1 in | X"
@5 M) = ( > b -bff)%-",) o (139
=0 \i i hs0 itdig!---ix! ) n!
xn
_ao—i—Z(Z (l_n)'[ }(FID DFk)(x)> — (140)
n>1 \Il>n :

where ag = |(B5_ M»)[0]] = [T, IM;[0]]. OO

Finally, as an application of Theorem 41, we obtain four new formulas for the enumeration of (0, 1)-matrices and
partial rectangles.

Example 42. Given the expansions:

1 (x + 1)
Lx)=—— = - (141)
X 2<1 _ )%1> ,; on+l
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Ce) = In =+ 3 S (142)
n

2 (1 — %) n>1
We obtain formulas for:

e The number of (0, 1)-matrices of any size, with n ones, and with no zero row or column,

|(LEL)[A] 1 Z (rs)n (143)

! T 4n! r+s
n! 4n! 550 2

e The number of matrices of any size up to column permutations, with n different elements, zero elsewhere and with
no zero row or column,

1 n
(LBE)n] =5 Y (;fs)' . (144)
r,s>0 '

e The number of linearly ordered k-partial rectangles on [n],

1 (i1 in
Bk _
¥l =5 D S (145)

ipeig>

e The number of cyclic k-partial rectangles on [n],

ICFK[n]| = Z Gr- ik = Dot (146)

i1+ +ik
ipig>1
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