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Abstract

We provide a description of unlabelled enumeration techniques, with complete proofs, for graphs that can
be canonically obtained by substituting 2-pole networks for the edges of core graphs. Using structure theo-
rems for toroidal and projective-planar graphs containing no K3 3-subdivisions, we apply these techniques
to obtain their unlabelled enumeration.
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1. Introduction

We are interested in non-planar (finite, simple) graphs that can be embedded on the torus or
the projective plane. By Kuratowski’s theorem [10], a graph G is planar if and only if it contains
no subdivision of K5 or of K3 3, and, by Wagner’s theorem [14], a graph G is planar if and only
if it has no minor isomorphic to K5 or K3 3. Here, we restrict our attention to the graphs with
no K3 3-subdivisions. Since K3 3 is a 3-regular graph, it is possible to see that the graphs with
no K3 3-subdivisions are precisely the graphs with no K3 3-minors. Therefore we may refer to
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them as to K3 3-free graphs. Characterizations of K3 3-free toroidal graphs in terms of forbidden
minors and forbidden subdivisions are given by Gagarin, Myrvold and Chambers in [6,7].

In [4,5], we have established structure theorems characterizing the classes of non-planar K3 3-
free 2-connected projective-planar graphs (denoted by F) and toroidal graphs (denoted by 7") in
terms of a special substitutional operation G 1 N, where 2-pole networks of a given class N
are substituted for the edges of graphs from a class G. Moreover, we have used these structure
theorems to enumerate the labelled graphs in F and in 7 .

In the present paper we concentrate on the more difficult problem of their unlabelled enu-
meration. Our approach is based on Walsh’s method [16] for the unlabelled enumeration of
three-connected and homeomorphically irreducible two-connected graphs, together with species
theory techniques. The paper is organized as follows. The techniques and theorems are presented
in Sections 2 to 5. The proofs of the main results appear in Section 6. In Section 2, we recall
the definition of the composition operation G 1 N and review the structure theorems of [4,5] for
2-connected non-planar K3 3-free projective-planar and toroidal graphs.

In Section 3, we introduce what we call the Walsh index series of classes of graphs and net-
works. These are similar to the cycle index series of graphs except that the edge cycles induced
by graph automorphisms are also taken into account. We first give their basic properties, in par-
ticular, the enumerative formulas related to classes of structures of the form G 1 A/, and then
proceed with their formal definitions.

In Section 4 we calculate the necessary Walsh index series for the projective-planar and
toroidal cores. These are the basic graphs into which planar networks are substituted to form the
graphs in F and 7. There is an infinite family H of toroidal cores, called toroidal crowns, whose
Walsh series involves matching polynomials for paths and cycles (homogeneous Tchebytchev
polynomials) and an extension of the substitution formulas for G 1 A/ -structures to the case
where G represents graph structures with two sorts of edges.

Some numerical results are given in Section 5. In particular the number of unlabelled toroidal
crowns and of toroidal cores according to the number of vertices and edges is given, up to 64
vertices. However, the enumeration of unlabelled non-planar 2-connected K3 3-free projective-
planar or toroidal graphs requires the computation of some enumerative series for planar net-
works which are still unknown in general. Results for small sizes can be obtained by generating
these networks by hand or by computer algorithms. Tables 2 and 3 cover unlabelled non-planar
2-connected K3 3-free projective-planar graphs on up to 9 vertices and non-projective-planar
toroidal graphs on up to 12 vertices.

Finally, in Section 6, we provide complete and detailed proofs of the basic enumerative formu-
las, in particular Theorems 3 and 4 below. This involves redefining the Walsh series Wg and the
tilde generating series G, for the unlabelled enumeration of G, in terms of labelled enumeration
of associated structures consisting of pairs (G, o), where G is in G and o is an automorphism
of G, with weights, in a typical species theory way. In other words, we transform the desired for-
mulas into equations between exponential generating functions of classes of labelled structures.
These formulas are then much easier to establish.

2. Decomposition and structure theorems

By convention, the graph K3 is considered as a 2-connected (non-separable) graph in this
paper. A 2-pole network (or simply a network) is a connected graph N with two distinguished
vertices 0 and 1, such that the graph N U 01 is 2-connected, where the notation N U ab is used
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Fig. 1. Example of a (P4 1 N)-structure (G, Gy).

for the graph obtained from N by adding the edge ab if it is not already there. The vertices 0 and
1 are called the poles of N, and all the other vertices of N are said to be internal.

We define an operator 7 acting on 2-pole networks, N + t - N, which interchanges the poles
0 and 1. A class AV of networks is called symmetricif Ne N = 7-NeN.

Definition. Let G be a class of graphs and N be a symmetric class of networks. We denote by
G 1 N the class of pairs of graphs (G, Gy), such that

(1) the graph G is in G (G is called the core),

(2) the vertex set V(Gy) is a subset of V(G),

(3) there exists a family {N,: e € E(Gg)} of networks in N (called the components) such that the
graph G can be obtained from G by substituting N, for each edge e € E(Gy), identifying
the poles of N with the extremities of e according to some orientation.

An example of a (G 1 NV)-structure (G, Gg), with G = Py, the class of path-graphs of order 4,
and ) is the class of all networks, is given in Fig. 1.

We say that the composition G 1 N is canonical if for any structure (G, Gg) € G 1 N, the
core G € G is uniquely determined by the graph G. In this case, we can identify G 1 N with the
class of resulting graphs G.

A network N is called strongly planar if the graph N U01 is planar. Denote by Np the class of
strongly planar networks. In [4] we prove the following structure theorem for projective-planar
graphs with no K3 3-subdivisions whose proof is based on structural results of [3].

Theorem 1. The class F of 2-connected, non-planar, K3 3-free and projective-planar graphs is
characterized by the relation

F=Kst Ny, ()
the composition being canonical.
In order to describe a similar result of [5] for toroidal graphs, we need the following defini-

tions. Given two disjoint K5-graphs, the graph obtained by identifying an edge of one of the Ks’s
with an edge of the other is called an M-graph (see Fig. 2(i)), and, when the edge of identifica-
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(1) (i)

Fig. 2. (i) The graph M, (ii) the graph M*.

(i)

Fig. 3. (i) A K5 \ e-network, (ii) a toroidal crown.

tion is deleted, an M*-graph (see Fig. 2(ii)). A network obtained from Ks by selecting two poles
0 and 1 among the vertices and by removing the edge 01 is called a Ks5\e-network (see Fig. 3(1)).

Denote by C;, i > 3, acycle graph on i vertices. A foroidal crown H is a graph obtained from
acycle C;, i > 3, by substituting K5 \ e-networks for some edges of C; in such a way that no two
unsubstituted edges of C; are adjacent in H (see Fig. 3(ii)). Denote by H the class of toroidal
CIrOWnS.

A toroidal core is defined as either K5, an M-graph, an M*-graph, or a toroidal crown. Denote
by 7Z¢ the class of toroidal cores. In other words, 7¢c = K5 + M + M* 4+ H. The following
structure theorem is the basic result of [5], obtained by refining the structural and algorithmic
results of [3].

Theorem 2. The class T of 2-connected non-planar K3 3-free toroidal graphs is characterized
by the relation

T =17c 1t Np, 2
the composition being canonical.
3. The Walsh index series of species of graphs and networks

A species is a class C of labelled combinatorial structures (for example, graphs) which is
closed under isomorphism. Each combinatorial structure has an underlying set (for example, the
vertex set of a graph), and any isomorphism is induced by a relabelling along a bijection between
the underlying sets. Examples of species arise from classes of graphs which are closed under
isomorphism and also from classes of networks, where the underlying set of a network consists
of its internal vertices.
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A species C is said to be weighted if each structure s of C is assigned a weight w(s) taken
from a commutative ring such that the weight function s — w(s) is invariant under isomorphism.
For example, given a graph G, we can define the weight wo(G) = y™, where m = |E(G))] is the
number of edges in G and y is a formal variable acting as an edge counter.

We write C = C,, to denote a weighted species C with weight function w. Given a weighted
species C = C,,, we use two generating functions corresponding to the weighted enumeration of
labelled and unlabelled C-structures: the exponential generating function

Cux) = Y letm], > 3)

n>0

where C[n] denotes the set of all C-structures with underlying set [n] = {1,2,...,n} (labelled
structures) and where, for a weighted set S, the fotal weight |S|,, is defined by

NFESIRION

seS

and the ordinary generating function

Co(x) =) _|Cnl/~| X", )

n>0

where C[n]/~ denotes the set of isomorphism classes of structures in C[n] (unlabelled struc-
tures), often called the tilde generating function. For example, for a species G of graphs weighted
by the function wo(G) = y™, the generating functions (3) and (4) take the following form:

G(x.3) = Gy () = Y 80 (). 5)

n>=0

with g, (y) = Zm>0 gn.my™, where g, ,, is the number of graphs in G over the set [n] of vertices
and having m edges, and

G(x.y) = Guy(@) =Y gnly)x", ©6)

n=0

with g,(y) = Zm>0 8n.mY™, where g, ,, is the number of isomorphism classes of graphs in G
having n vertices and m edges.

Similarly, for a species A/ of 2-pole networks weighted by the function wo(N) = y™, the
generating functions (3) and (4) take the form:

N e, 3) =N () = Y 0 0) . 0

n>=0

with v, (y) = Zm>0 Vu.m ™, where v, , is the number of networks in N over a set of  internal
vertices and having m edges, and
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N, y) =Ny = oa(y)x”, ®)

n=>0

with v, (y) = Zm>0 Un.my™, where Dy, is the number of unlabelled networks from A having
n internal vertices and m edges. Note that unlabelled 2-pole networks are isomorphism classes
of networks, where any isomorphism ¢ : N = N’ is assumed to be pole preserving, i.e. ¢ (0) =0
and ¢(1) = 1. In particular, any automorphism of a network N should be pole-preserving.

We say that a species N of networks is symmetric if the opposite network 7 - N of any net-
work N in N is also in N, where the opposite network T - N of a network N is obtained by
interchanging the poles 0 and 1 of N. We also need to consider the subclass N; of AV consisting
of T-symmetric networks, that is, networks N such that T - N is isomorphic to N.

Suppose we are given a species G of graphs and a symmetric species N of networks. In [4]
we have shown, following Walsh [15], how to compute the exponential generating function
(G 1 N)(x,y). In fact, we have

G 1 N)(x, ) =G (x, N(x, ). ©)

Note that isomorphisms of (G 1 N)-structures (G, Go) are defined as core-preserving graph
isomorphisms. In the present paper we describe and extend the method of Walsh [16] for comput-
ing the tilde generating function (G 1 N)(x, y) for unlabelled (G 1 N)-structures. The method
involves special cycle index series

Wg(ab;e), W{(aibie) and Wy (a;b;c)
in variables a = (a1, ap,...),b= (b1, b>,...) and ¢ = (c1, ¢2, . ..), which we call the Walsh index
series. These series are defined below (see Definitions 1 and 2). We first state several properties
and theorems indicating their importance and application to the enumeration of graphs.

Proposition 1. Let G be a species of graphs. Then the following series identities hold:

G(x,y)=Wg(x,0,0,...;9,0,0,...;0,0,0,...), (10)
Gx,y)=Wg(x, x% 6%, .y vy oy yE 3 ). (11)

Proposition 2. Let N be a species of networks. Then the following series identities hold:

N(x, y) = WI/(x, P SN U S RUNER L S .), (12)
./\7}(x, y) = WX/—(x,xz,xz', 3y, yz, y3, ey, yz, y3, .. ) (13)
Denote by
(W) = (W), @b o) = Wik(ak, agk, -5 br, bk - -5 ¢is ks - ) (14
and by
(Wx) = (Wap), @i bs ©) = Wip(ax, axk. -5 bic, baw, - ¢ ok - ). (15)

Then we have the following basic theorem.
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(1) (i)

Fig. 4. (i) Cylindrical edge cycle, (ii) Mobius edge cycle.

Theorem 3. Let G be a species of graphs and N be a symmetric species of networks. Then the
Walsh index series of the species G+ N is given by

W@ bs ) = Wg(ar,az,...; (W) ;s (Wir)ae oo s (W) s (Wir)pe o). (16)

As a corollary, we obtain the generating function (G 1 N)™(x, ). This is stated in the follow-
ing theorem.

Theorem 4. Given a species G of graphs and a symmetric species N of networks, the generating
Sfunction (G 1+ N)(x, y) of unlabelled (G 1 N)-structures is given by

G ANY (e, y) = Wg(x, 2%, s N, ), N (620, o Ne (e, ), N (02, 52), ). )

We now proceed to the formal definition of the Walsh index series Wg(a; b; ¢) for a species
G of graphs. Let G = (V(G), E(G)) be a graph in G. A permutation ¢ of V(G) which is an
automorphism of the graph G, induces a permutation o ?) of the set E(G) of edges whose cycles
are of two possible sorts: if ¢ is a cycle of 0@ of length [, then either ol(a) =a and ol b)=">b
for each edge e = ab of ¢, in which case c is called an orientation preserving (or cylindrical)
edge cycle, or else o!(a) = b and ¢'(b) = a for each edge e = ab of c, in which case c is
called an orientation reversing (or Mobius) edge cycle. For example, the automorphism o =
(1,2,3,4)(5,6,7, 8) of the graph of Fig. 4(i) induces the cylindrical edge cycle (15, 26, 37, 48)
and the automorphism o = (1,2, 3,4,5,6,7, 8) of the graph of Fig. 4(ii) induces the Mobius
edge cycle (15, 26,37, 48).

Let Aut(G) denote the set of automorphisms of G. For o € Aut(G), denote by o} the number
of cycles of length k of the permutation o, by cyl; (G, o) the number of cylindrical edge cycles
of length k of G induced by o, and by moby (G, o) the number of Mobius edge cycles of length
k of G induced by o. Given a graph G € G and an automorphism o of G, we define the weight
w(G, o) of such a structure as the following cycle index monomial:

w(G,0) = a?lag L biyll(G’G)bgylz(G’J) o Crln6b1 (G,G)C;néibz(G,a) e (18)

Definition 1. The Walsh index series Wg(a; b; ¢) of a species G of graphs is defined as



58 A. Gagarin et al. / Advances in Applied Mathematics 39 (2007) 51-75

1

ARG > wG.o). (19)

oeAut(G)

Wg@hbio= Y

GeTyp(9)

where the notation G € Typ(G) means that the summation should be taken over a set of represen-
tatives G of the isomorphism classes of graphs in G.

We now define the Walsh index series Wj\r/— and W of a species N of 2-pole networks. Let
o € S[U] be a permutation of the underlying set U of a 2-pole network N. We can extend o to

two permutations on U U {0, 1}, 0™ =(0)(1)o and 0~ = (0, )o. If N is a 2-pole network of N
with internal vertices U, denote by N the corresponding graph on U U {0, 1}. Then we denote by

Autt(N) = [o € SIUT | o € Aut(N))} (20)
and
Aut”(N)={o e S[U]|o" € Aut(ﬁ)}. 21

Remark that Aut™ (N) = Aut(N).
For N e N[U] and o € Aut™ (N), we assign the weight

N,o*t
w(N, o) =20 (22)
@
and for N ¢ N[U] and o € Aut— (N), we set
w(]l\]\,of)
w(N,o)=—"-2=. (23)
a

In other words, only the internal vertex cycles are accounted for.

Definition 2. For a species of networks N, we define the Walsh index series W/QL[ and W, by
the formulas

1
Wi a;b;c) = _ w(N, o), 24
A ) Z |Aut™ (V)] Z ( ) 24)
NeTyp(N) oeAutt (N)
and
1
Wir(a;b;c) = _ N,o). 25
N@bio= D, e 2w )
NeTyp(N7) seAut™(N)

Let B be a species of 2-connected graphs containing K». Denote by By ; the species of 2-pole
networks that are obtained from the graphs of B by removing an edge and by relabelling the
extremities O and 1 in one or two possible ways. For example, for the class K5 of complete graph
with five vertices, we obtain the class (Ks)o,1 of K5 \ e-networks. Also denote by N the class
of networks obtained by taking all networks in By ; except the trivial network 1 consisting of
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two isolated vertices 0 and 1, and networks of the form N U 01, where N € By ;. Note that for
the labelled enumeration, we have (see [4] and the proof of Proposition 3 in Section 6)

0
x*Bo1(x,y) = 25%, y) (26)
and

Np(x,y) =1+ y)Bo1(x,y) — 1. 27

Proposition 3. (See [16].) Let B be a species of 2-connected graphs containing K». Then the
Walsh index series of the associated species of networks By 1 and N can be computed as fol-
lows:

Wi (a;b;e)= 29 Wg(a; b; ¢) (28)
BO,] ) ) _— a12 abl 8 ) ) )
W’('b')—zaW('b') (29)
BO,] av ’c - (,12 86‘1 B av ’c ’
Wi, @bie) = (1+ bWy, (aibie) — 1 (30)
and
Wi, @be)=0+c)Wg (a;bie) — 1. G

4. Walsh index series for toroidal cores

Here we calculate the necessary Walsh index series for the toroidal and projective-planar cores
of Theorems 1 and 2. These index series will be used later to count the unlabelled toroidal and
projective-planar graphs with no K3 3’s by using Theorem 4.

First, let us consider the projective-planar and toroidal core graph Ks. Its Walsh index series
is given in the following proposition.

Proposition 4. (See [16].)

Wks(a;b;¢) =W(ay,az,...;b1,b2,...5¢1,02,...)

1 1
Im Z w(KS,O')=§ZLU(K5,0')

oeAut(Ks) T oeSs
1
= §(a15b]10 + 10a3azb3b3ct + 15a1a3b5c? + 20alazbi b3
+20a2a3bsbecy + 30ajashicr + 24ashs). 32)

The corresponding Ks \ e-network has the following Walsh index series, using (28):
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Corollary 1.
W;S\e(a; b;¢) = %%Zb&) = %(afb? +3aiarbibict + 2a3b3) (33)
i !
and
Wi @b;e) = j—z%zbc) = %(afb?bg +3ajaxbyey + 2azbsbg). (34)

Proposition 5. The toroidal core graph M has the following Walsh index series

1
Wy(a;b;¢) = ——— w(M, o)
|Aut(M)| Geg;w)

= [ 01 + abarblhict + 6(adarbl*bict + atasbibic?)
(alazbsbzcl + alazbzcl) + 6(a1agb1b2 + a b2C1)
(afa b10b3 +a1a2a3b b2b3b6cl)
+ 12(a1 aazbib3bict + aia3asbybsbec?) + 4(ataibibs + araiblbicy)
(al a2a4b1b2b4cz + a2a4b2b4c1cz) + 12(a1 a6b1b6 + a2a6b6c1)] 35)

and the toroidal core graph M* has the Walsh index series

1

Wi @b o= ——0 Y M,

me (@b €)= ) WM, o)
oeAut(M*)

144[ 8b18 + a1a2b6b2 + 6(a1a2b11b§c1 + ai‘a%b%b%cl)

ala3bibict + ajazbiel) + 6(ajaz by + asbh3)

2

( 4
14
(afa3b9bg + a1a2a3b3b2b3b6) + 12( 1a2a3b2b2b3cl + a1a2a3b2b3b6c1)
+4(afadbs + axaibib?) + 18(atarasbibicr + ajasbsbics)

a

+ 12(a1a6b6 + a2a6b6)]. (36)

To obtain the Walsh index series Wy, of the class H of toroidal crowns, we will use a variant
of Theorem 3 where the K5 \ e-networks are substituted into some edges of a cycle C,, (n > 3)
selected in such a way that no pair of unsubstituted edges are adjacent. In other words, the
unsubstituted edges should form a matching of C,,.

Recall that a matching p of a finite graph G is a set of pair-wise disjoint edges of G. We
introduce the homogeneous matching polynomial of G as

Mg(y,2) = Z ylulzm—lul’
neM(G)
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where M(G) is the set of matchings of G and m = |E(G)|. In particular, we have the homo-
geneous (Tchebytchev) matching polynomials U, (y, z) = Mp, (v, z) and T, (y,2) = Mc,(y, 2),
where P, denotes the path graph and C,,, the cycle graph over the set of vertices V ={1,2,...,n}
(see [5,8]). They satisfy the recurrence relations

Un(y,2) = yzUn—2(y,2) +z2Un-1(y, 2), 37

T0(y,2) = y22Un—2(y, 2) + 2Un (3, 2), (38)

for n > 3 with the initial values Uy(y,z) =1, Ux(y,z) =y +z and T1(v,2) =z, T2(y,2) =
2yz + z2. A useful convention is to also set Up(y,z) = 1/z. Notice that (37) and (38) are then
also valid for n = 2. These polynomials can also be computed by using their generating functions:

Proposition 6. The ordinary generating function for the homogeneous matching polynomials
U, (y,z) and T, (y, z) of paths and cycles, respectively, are given by

Y U = (39)

= (1 —xz—x%yz)z

and

xz 4 2x%yz
ZT (y Z)x = 17_)] (40)
n>1 xz —x%yz

Given a graph G = (V, E) with a matching p, the edges are partitioned into two sorts, say
Y and Z, depending on their membership in u (sort Y) or not (sort Z). Let G™ denote the
species of matched graphs, that is of pairs (G, u), where G is a graph in G and u is a matching
of G. Isomorphisms of matched graphs are matching-preserving graph isomorphisms. Let N be
a species of 2-pole networks. We denote G™ 1z N the class of graphs obtained by substituting
networks of A into the edges of sort Z, i.e. the edges not belonging to the matching p of the
graph G. Our goal is to compute the Walsh index series Wgm4 , o7 of a class of graphs of the form
gtz N

In order to do this, we introduce an extension ng of the Walsh index series to the matched
graphs as follows. Notice that an automorphism o of a matched graph (G, p) is an automorphism
o of G which leaves the matching fixed, i.e. o (i) = p. It will induce cylindrical and M&bius

edge cycles of sort Y, counted by the variables by, by, ... and ¢y, c2, . . ., respectively, and cylin-
drical and Mobius edge cycles of sort Z, counted by the variables B1, 82, ... and y1, 2, ...,
respectively.

Let w” (o) denote the following cycle index monomial:

wh (o) = l—la l—[bcylk y (o) 1—[ ]r(nobk y (@) l—[ ﬂcylk (o) 1—[ moby, Z(o‘)
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where cyl; y (o), moby y (o), cyly z(o) and moby, 7z (o) denote the number of cylindrical and
Mobius edge cycles of length k and of sort Y or Z, respectively. Then we set

Wiabepy= Y oo YT who

GeTyp(G) oeAut(G) ueFix™ (o)

where Fix™ (o) denotes the set of matchings u of G which are fixed by o.
The following result can be seen as a corollary of Theorem 3. Recall the plethystic notation
(14) and (15) for (W/J\?)k and (WK/)/C, respectively.

Proposition 7. The Walsh index series Wgmy, £ (@; b; ¢) can be obtained from the extended
Walsh series Wg‘(a; b; ¢; B;y) by performing the substitutions By := (Wp)k(a; b;c), yx =
(WX[)k(a; b; ¢). In other words,

Wgns, n(asb; 0) = Wén(a; b: ¢; (WJJ\F/)V (WX/)z* e (WK/)V (W/(/)z’ . )

Our main application of Proposition 7 is in the case where G = C = Zn>3 C,and N = Ks\e.
Indeed, by definition, for the species H of toroidal crowns, we have

H:CmTZKS\ev

so that

Wag(a: b €) = WEas bt €5 (W) (Wit (W) (W) n)e 4D

Thus we need to compute the extended Walsh series W‘CI; (a; b; ¢; B; y) for matched cycles of
size n, n > 3. But first, as an example, we give the extended Walsh series Wg:, for matched paths
of sizen > 1.

Proposition 8. The extended Walsh series Wg:, (a; b; ¢; B; v) of matched paths of sizen > 1 is
given by

m 1 n
Wp (a;b;c; B y) = 5% Un (b1, B1)

n—1
1| a1ay” BoUn-1 (b2, B2), n odd,
+3 ’ (42)

a; Uy (02, B2) +c1p2Un2 (b2, B2)),  n even.

Proof. Assume that the vertex set of P, is [n] = {1, 2, ..., n} and that the edges are of the form
{i,i+1}fori=1,2,...,n— 1. Then Aut(P,) = {id, t}, where id is the identity mapping of [n]
and 7 is the reflection (1,n)(2,n — 1) . ... For the identity mapping, any matching u is left fixed
and the edges of sort Y (i.e. in n) become cylindrical cycles of length 1, counted by by, and
the edges of sort Z give rise to cycles counted by B;. This gives the first term %a{’ U, (b1, B1).
The second term corresponds to T-symmetric matchings. These are entirely determined by their
restriction on the first half {1, 2, ..., L%J }, and special attention has to be given to the parity of .
Details are left to the reader. O
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We now move on to the matched cycles C', n > 3. First, we give the Walsh index series for
cycles Cp,, n > 3, which is a refinement of the usual cycle index polynomial of C,.

Proposition 9. (See [16].) The Walsh index series of n-cycles C,, is given by

n=1 n—1
n on aja 2 b 2 cy, l’lOdd,
We, (a: b: ¢) = qu(d) ;bd+— 2o s 43)
o 2((12219 2 cl—l—afaz2 b,* ), neven

where ¢ is the Euler ¢-function.

By combining the counting approaches of (42) and (43), we can compute the extended Walsh
series for C}', n > 3, as follows. Notice that we use the homogeneous matching polynomials
U,(y,z) and T, (y, z) given in Proposition 6. The proof is left to the reader.

Theorem 5. The extended Walsh series Wa is given, for n > 3, by the formulas

1
WE (asbie Biy) = 5 qu(g)ag Ta(bs. 1)

dln
1 nzt
+ Sa1a, : (ﬂzlen (b2, /32)+,3201Un 3 (b2, B2)). (44)

for n odd, and
Wa(a;b;c;ﬂ;y)— Zd)( )aan(b Br)+ [a1a2 ,BZUn 2 (b2, B2)

a3 (U3 (ba, o) + 2171 BoUn2 (s, B2) + HB2Ucs (b2, ) ], (45)
for n even.

It is then possible to obtain the generating function 52“ (x, v, z) of unlabelled matched cycles,
for n > 3, where the variables y and z are edge-counters of sort Y (in the matching) and Z (not
in the matching), respectively: set a; := xt, b= yi, ci = yi, Bi = Z, Vi = Z! in (44)—(45) for
all possible values of the index i. Then we have the following corollary.

Corollary 2. The tilde generating function 5{1“ (x, ¥, z) of unlabelled matched cycles, for n > 3,
is given by the following formulas:

~ 1 n n n
Cm(-xv Y, Z) = Zd)(_)‘and(yJ’Zz)
" 2n T d
1
+§x"(z3Un;1(y2,z2)+z4yU% (v 2%)), (46)

2

for n odd and
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~ n n 1
Clx,y,2) = Zqﬁ( )x Ta(ya,20) + 3 [x" (U2 (%, 2%)

+22Us (3% 2%) +2yz3U%( )+yzz4UT4 (*.2%)], (47)
for n even.

Finally, we can compute the Walsh index series Wy (a; b; ¢) of the species H of toroidal
crowns by using (41), with W' = 2,123 ngl and W1—<~_5\e and WES\E given by (33) and (34).

5. Numerical results

We used Maple IX software to do all the computations. First we give the first terms of the
tilde generating function H(x, y) of unlabelled toroidal crowns, by setting a; := xK, by = vk,
cx := yF into (41):

ﬁ(x,y)—y19x9+y20x10+y27x12+y28x13+y29x14+y30x15—|—y36x16+y37 17+2y38x18

3919 46 .21

+ 3P 4 (10 4+ y¥)x20 4 yH0x2T 429V

48 .23

+2y™°x +(y +y )24

6526 4 3y57x 2 4 (3y%8 4y B 4 (»¥ + ) ¥

+ (50 4+ y¥)x* + 3y
( +3y ) +4y66 31 (4y67+y72)x32+(3y68+y73)x33

+(y6 +4y )x +(y +5y75)x35+(8y76+y81)x36+(5y77+y82)x37

+(4y78+4y83) 38+(y79+7y84)x39+(y80+10y85+y90)x4()

+(10y86+y91) 41—|—(7y87+5y92)x42+(4y88+8y93)x43

+(y8 +l6y )x44+(y90+16y95+y100)x45+(16y96+5y101)x46

+(8y97+10y102) (5y98+20y103+y108)x48+(y99+26y104+y109)x49

+(y100+26y105 +6y110) 50+(20y106+12y111)x51

+(10y107+29y112+y117)x52+(5y108+38y113+y118)x53

+(y109+50y114+6y119)x54+(y110+38y115+14y120)x55

+(29y116+35y121+y126)x56+(12y117+57y122+y127)x57

+(6yl +76y123 _|_7y128)x58+(yll9+76y124_|_16y129)x59

+(

+(

120

y -|-57y125

130+y135)x60+(35y126+79y131+y136)x61

14y127+126y132+7y137) 62 (6y128+133y133+19y138).x63

+ 47y

+ ())129+ 126y134 +56y139+y144)x64+-~-
Recall that 7¢c = K5 + M + M* + H. It suffices to add to the above series the terms

x5y10+(y 4! )
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Table 1
The number #¢ (n) of unlabelled toroidal cores (having n vertices)
n 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

tcr) 1 0 0 2 1 1 0 1 1 1 1 1 1 2 1 2 1 2 2 2

n 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44
tcr) 2 3 3 4 2 4 4 5 4 5 6 9 6 8 8 12 11 12 12 18

n 45 46 47 48 49 50 51 52 53 54 55 56 57 58 59 60 61 62 63 64
tc(m) 18 21 18 26 28 33 32 40 44 57 53 65 70 89 93 106 115 147 158 184

Table 2
The number of unlabelled 2-connected K3 3-free non-planar projective-
planar graphs with n vertices and m edges

n m Jnm n m Jnm n m Snm
5 10 1 8 13 7 9 14 17
6 11 1 8 14 21 9 15 76
6 12 1 8 15 34 9 16 197
7 12 3 8 16 28 9 17 272
7 13 5 8 17 10 9 18 234
7 14 5 8 18 2 9 19 120
7 15 1 9 20 40
9 21 6

corresponding to K5, M and M*, to cover all toroidal cores with up to 64 vertices. By setting
y = 1, we obtain the numbers 7¢(n) of unlabelled toroidal cores with n vertices, presented in
Table 1.

To count unlabelled toroidal graphs with no K3 3’s, it is necessary to know the generating
functions for unlabelled strongly planar networks A/p and T-symmetric networks Np ;. It is still
an open problem to give these power series in general. We have enumerated planar networks with
up to six (four internal) vertices by hand. The corresponding generating functions are:

Np,y) =y + A +0[y2x+ (0% +3y* + )22 + (v* + 8y + 1550 +9y7 +3y%)3
+ (y° + 16y +66y7 + 112y% +97y? +47y'0 4 9y )xt 4. ], (48)

and

Np e, )=y + 0+ + (03 +y* +37)x2 + (0 +20° +3)° +3)7 +)8)a?
+ (7 + 40+ 8T + 128+ 13y + 7y 3y )t 4 ], (49)

Tables 2 and 3 present the corresponding results for the classes F and 7 — F of non-planar
2-connected K3 3-free projective-planar and non-projective-planar toroidal graphs. Table 2 gives
the number of graphs in F, and Table 3 gives the number of graphs in (7 — F). Recall that
F=Ks1Npand T =7¢ t Np. Therefore (T — F) = (I¢ — Ks5) t Np.

Timothy Walsh has extended the series (48) and (49) to eight internal vertices with the help of
Brendon McKay, author of the software “plantri” (available on the web, see [2]) who supplied a
list of all the 3-connected planar (embedded) graphs and their automorphisms and by using tech-
niques of [16]. Consequently, Tables 2 and 3 have been extended to n = 13 and 16, respectively,
and are available from the authors. Further extensions are possible.
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Table 3
The number of unlabelled 2-connected K3 3-free non-projective-planar
toroidal graphs with n vertices and m edges

n m fn.m n m Sfn.m n m Sn.m
8 18 1 11 21 67 12 22 277
8 19 1 11 22 245 12 23 1361
9 19 3 11 23 419 12 24 3274
9 20 5 11 24 396 12 25 4598
9 21 3 11 25 204 12 26 4061

10 20 17 11 26 50 12 27 2295

10 21 39 11 27 7 12 28 823

10 22 44 12 29 195

10 23 24 12 30 21

10 24 3

Since vertices of degree two are uninteresting for graph embeddability questions, we plan to
count the corresponding homeomorphically irreducible graphs in a future work.

6. Proofs

Our principal goal in this section is to prove Theorems 3 and 4. We also provide proofs of
the other results and formulas of Section 3. The proof given by Walsh of his Proposition 2.2
(see [16]), which implies Theorem 3, is rather sketchy. It is based on a result on the cycle index
polynomial of wreath products used by Robinson to prove his composition theorem for graphs
(see [11]). Walsh gives two examples to show how the approach of Robinson can be adapted to
prove his proposition.

Here we provide complete and detailed proofs based on the methods of species theory (see
for example, [1, Section 4.3]). To achieve this, we reformulate the Walsh index series Wg and
the (tilde) generating function G™ (x, y) in terms of labelled enumeration of associated weighted
species. Following an idea of Joyal [9], we introduce the auxiliary weighted species G*" = G2
For any finite set U (of vertices), G*"'[U] is defined as the set of graphs in G[U] equipped with
an automorphism o, i.e.

G"[U1={(G,0) | G eG[U], o € S[U]: o -G =G},

where S[U] is the set of all permutations of U. The relabelling rule of G**-structures along a
bijection B:U — U’ is defined as follows:

B-(G.o)=(B-G.Booop™"),

where 8 - G is the graph obtained from G by relabelling along 8 and the composition o is taken
from right to left. It is easy to verify that G&" is a well-defined weighted species, where the
weight function w(G, o) is the cycle index monomial defined by (18). Recall that |G*[n]],,
denotes the total weight of Ql‘}j“‘-stmctures over the vertex set [n] :={1,2,...,n},ie.

G, = Y, w(G, o).

(G,0)€Gi"[n]
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We will also use the weight function wg defined as wo(G, o) = y™, where m is the number of
edges in G. As the following two propositions show, the Walsh index series Wg(a; b; ¢) and the
generating function G(x, y) appear as special cases of the usual exponential generating function
of weighted species

Gy = Y16 ], =

n=0
with the weight functions w as above, and w = wy, respectively.
Proposition 10. Using the exponential generating function of labelled G3"-structures, we have
Gt () |=1 = Wg(a; b; o). (50)

Proof. The number of distinct graphs on [n] obtained by relabelling a given graph G with n
vertices is given by |A+(!G)|. Therefore formula (19) gives:

1
Wg(a;b;c)zz Z TG Z w(G, o)

n>0 GeTyp(Gn) oeAut(G)
1 n!
= — _ w(G,o
Z ! Z |Aut(G)| Z ( )
n>0 GeTyp(Gn) oeAut(G)

DI NP MRS

n20  GeGln]oeAut(G)

=Z% Z w(G, o)

n20"" (G,0)eG[n]

1
= g, = G ler O

n>0

Proposition 11. Using the exponential generating function of labelled g&‘f}t—structures, we have

Gu(x) = G(x. ). (51)

Proof. Itis easy to see, using Burnside’s Lemma (alias Cauchy—Frobenius formula, for example,
see [1]), that

gme =y 3 wo(G,of;—"!

n>20(G,0)eG™[n]

=)D ID DR

n>0 " oeS, GeFixGlo]
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=2 2

n20 GeTypG[n]

=G(x,y).
Here the notation FixG[o]={G € G[n] | o - G = G} has been used. O

Proof of Proposition 1. The left-hand side of (10) is the mixed exponential generating function
that counts labelled graphs in G. After the substitution in the right-hand side of (10), following
the proof of Proposition 10, the only surviving permutation is ¢ = idy,], and the weight function
becomes w(G, o) = x"y™, where n is the number of vertices and m is the number of edges in G.
Then we have

Wg(x,0,0,...;,0,0,. )_Z > > wG.o)

n>() " GeGln]ocAut(G)

= Q (x, y).
To prove (11), note that
W(G,0) :=w(G,0)|gyi pmyi cimyi =X Y
and, using Propositions 10 and 11, we have

Wo(r. a2 2, oy yhyd oy L) =0 W hmtwms = G () =G (x,y). O

A similar approach can be used for the Walsh index series WJ‘(/ and W, of a given species of
2-pole networks A/. Denote by

NFTUTI={(N,0) | N e NTU], o € Aut™(N)}
and
NT[UI={(N,0) | N e N[U], o € Aut™ (N)},
where Aut™(N) and Aut™ (N) are defined by (20) and (21), respectively. Then, using the weight

functions given by (22) and (23), N, and \V,; are weighted species whose labelled enumerations
yield by specialization the series W/\f’ Wi J\f (x,y) and Nf (x,y).

Proposition 12. For a species of networks N, the Walsh index series W/“\L/- and Wy, can be
expressed by the formulas

N @) ]x=1 = Wir(a; b; ¢) (52)

and
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Ny (9)]em1 = Wira; b; ©), (53)
respectively.

Proof. Notice that for (52) we have Autt(N) = Aut(N), and, when N € N, then for (53) we
have |Aut™ (N)| = |Aut™ (N)|, since given any ¢ € Aut™ (N), the application o > o o ¢ defines
a bijection from Aut™(N) to Aut™(N). Then, by using Definition 2, the proof is similar to the
proof of Proposition 10. O

Defining the weight function wg as wo(N, o) = y™ for a network N having m edges, we
obtain the following identities.

Proposition 13. Using the usual (exponential) generating function of labelled J\/U'Z)-stmctures
and Nujo -structures, we have

N @) =N, y) (54)
and

Ny () =Ne(x,y), (55)

0

respectively.

Proof. Using the remarks of the proof of Proposition 12, the proof here is analogous to that of
Proposition 11. 0O

Proof of Proposition 2. Notice that

lU(N, O’)'ai:x",bi:yi,q:y" = xnym7

ie.
N o+
w(N’U ) anym
a% ai=xl,bj=y', c;j=y"
and
w(N,o7) oaem
- . . =Xy,
az ai=x',bi=y', cij=y'

where n is the number of internal vertices and m is the number of edges of N. Then the proof is
similar to that of Proposition 1, by using Definition 2. O

Proof of Proposition 3. In order to prove (28), it is sufficient to establish the combinatorial
equality of weighted species

d
2£Baw“‘ =aiX* - By - (56)



70 A. Gagarin et al. / Advances in Applied Mathematics 39 (2007) 51-75

Now, to obtain a Z%B&“t-structure on a set U, we start with a B&“t-structure (B,o) on U,

the operator 23371 is then interpreted as selecting, orienting and putting aside a cylindrical edge
cycle of o of length 1, € = (u, v), where {u, v} C U; it is natural to relabel the vertices u and
v by 0 and 1, respectively, in the graph B. This is equivalent to first selecting and ordering the
two vertices # and v from U and defining o to be the identity on {u, v}, which yields an an 2.
structure, and then selecting a B(J{] w-structure (Bo, 0p) on the complementary set Up = U \ {u, v},
giving the second factor on the r1ght -hand side of (56). The reverse construction consists simply
of setting U = Up U {u, v}, B = By, identifying u with 0 and v with 1, and 0 = o9 U idy, v).
Taking generating functions and setting x = 1 yields

0
2£WB(3 b; c)_a1 WB (a; b; ¢)

which is equivalent to (28). Also, multiplication of BS‘I » Dy b1 corresponds to reinserting the
edge e in B so that we have an isomorphism

Nj,=+bDBg , —1 (57)

which yields (30).
Notice that the same species isomorphisms, with the weight wg, would give (26) and (27).
The proof of (29) and (31) is based on the species isomorphism

2_Baut = a2X - By

dcy 0l,w (58)

which is established in a similar manner. O

For a species of graphs G, we introduce the following notation which will be used in the proofs
of Theorems 3 and 4. Given a permutation o € S,,, we denote by n = (n1, n, ns,...) the cycle
type of o. Notice that ny +2ny 4+ 3n3 + - - - = n < 0o, which we write simply as n < 00, and that
the number of permutations of a given cycle type n is equal to W If G € FixGlo],
denote by k; = k; (G, o) and m; = m; (G, o) the number of cylmdrlcal and Mobius edge cycles,
respectively, of length i induced by o. Notice that the k;’s and m;’s are completely determined
by the cycle type of the automorphism o (for example, see [1,12,13,16]). Therefore we can write
ki =ki(G,n) and m; = m; (G, n). We also set

FixG[n] =FixG[o],

where o is some fixed permutation of type n. Then we have the following alternate expression
for Wg(a; b; ¢):

Wg(a: b; ¢) = Z > wG.o)

n>0 " (G,0)eGut[n]

nl nz bkl kz my _mp
— e C C
z : z : z : 1 =2

n>0 creSn GeFixGlo]

1 n
= 1, n2 ki 1.k my _mo
_ZW Yooaay by G (59)
1: np.--- -
n<0o0 GeFixG[n]
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Example. As an illustration, let us consider the class K,, of complete graphs, n > 1. Its Walsh
index series is given by (see [12,13,16], and also [1]).

n; n;: i—
by — g jpming T 51 DS 1 o
WKn(a,b,c)—ZHimni!Hb[l.,j] [ [ <™. (60)
noi i

i<j i

where the sum is taken over all sequences n = (n1, ny,n3,...) suchthatny +2ny+3n3+---=n
and where [7, j] denotes the least common multiple and (i, j), the greatest common divisor of i
and j. Notice that the substitution a; := a;, b; :== 1+ b;, ¢; := 1 + ¢; into (60) gives the Walsh
index series W, for the species of all graphs on n vertices. In other words, we have

Wg,(a;b;¢) = Wg(a;1+b;14¢), (61)

where G, denotes the species of all graphs and K, the species of complete graphs. As observed
in [16], this can be seen as an application of Theorem 3 since in fact we have

Ga =K 1 Nk,, (62)

where Nk, , denotes the class of trivial networks consisting of either two isolated poles or two
poles joined by an edge.

Given networks N; € N'[U] and N, € N[V], a bijection between the underlying sets (of
internal vertices) ¢ : U — V is a network isomorphism if

(p+ =(pUid{0,1} : ﬁl — ﬁz

is a graph isomorphism, where N denotes the graph on U U {0, 1} associated to the network
N € N[U]. Similarly, a bijection ¢ : U — V is a network anti-isomorphism if

(p7=§0U‘L’:I/\7\1—>ﬁ2

is a graph isomorphism, where t denotes the tranposition (0, 1).
A cylindrical m-wreath of networks is defined as an oriented cycle ¢, of length m of network
isomorphisms

F Ny > Ny (63)

Pm—2
Cm:N] L1 N2 P2 L

Nim—1
where the networks N; are assumed to have disjoint sets of vertices.

Let KC;,, (V) denote the species of cylindrical m-wreaths of networks. We associate the weights
w(cy) and wo(cy,) as follows. Define the graph ¢, to be the disjoint union of all the graphs Nj
associated to the networks N; appearing in c,,. Also define o to be the graph automorphism
of &, given by

+

o = +

(2

s

1

1

Then we set w(cy) = w(En\l,a“‘)/ai, where the weight w(c,,o™) is given by (18), and
wo(cp) 1= ylEEmL,
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A rooted cylindrical m-wreath of networks is a cylindrical m-wreath of networks c,, where
one network is distinguished from the others. In fact the description (63) of ¢,, includes a rooting
at Nj. In the unrooted case, all the possible rootings are considered equivalent. Let C3, (N)y,
and K}, (N)y, denote the corresponding weighted species of rooted cylindrical m-wreaths of
networks. We introduce the weights (w),, and wg' on N7 -structures (N, o) by

(U))m (Nv 0) = 'LU(N, a)|a,'2=ami,al‘Z:ami,aiizami and w(r)ﬂ (N1 0) = U)()(N, a)m' (64)
We then have, using the plethystic notation (14),

N+

(W)m

W= = (W), and Nl @) =N (x, ™). (65)
Proposition 14. We have the weighted species isomorphisms

KW = NG,y (X™), K2 (N ) g :Nujsﬂ (x™) (66)
and the series equalities

K N)w@) = NGy ("), Ky N () =N (x™,y™). (67)
Proof. Given a rooted cylindrical m-wreath of networks c,, in K3, (N), of the form (63), note
that the composite ¢g = @, © @m—1 © -+ 0 @2 0 @1 is an automorphism of Ny, and we obtain
a N T-structure (N1, o). Moreover the sequence of network isomorphisms (¢1, ..., ¢,—1) can
be encoded in a set of lists of length m (uy,us,...,u,), where u; runs over the underlying
set of Ny and u; 41 = ¢; (u;),i =1,...,m — 1, and we can consider the N/ "-structure (N1, ¢o)
to “live” on this set of lists. In other words, what we have obtained is an N'*(X™)-structure.
Since the isomorphism ¢, can be recovered from ¢y and the other isomorphisms by the rule
Om =00 @, Io 7 Io.io (pnzll, this correspondence is bijective. Finally we can see that the
vertex and edge cycle structure of (Ny, go) is the same as that of (¢,,, ™), except for the fact
that all cycle lengths are multiplied by m in (¢,;, o), and that the number of edges of Nj is
multiplied by m in ¢,,. This proves the two combinatorial identities of (66). The formulas of (67)
then follow by taking generating functions. O

We now define a rooted Mobius m-wreath of networks c, to be a sequence of network isomor-
phisms N LN N> L2N LN Nu—1 Pty N,, of length m — 1 followed by a network anti-
isomorphism ¢, : N,, —> N1. Notice that g9 = ¢, 0o@y—1 0+ - - 0@y 0@ is an anti-automorphism
of N1, and that ¢, = @9 o %—1 o goz_l 0-+-0 ‘/’n_1£1- Define the graph gﬁ: to be the disjoint union of
all the graphs Nj associated to the networks N;. Also define o~ to be the graph automorphism
of gf,‘: given by

m—1
o = U (pl.+ Ug,,-
i=1

Then we set w(c%) := w(c?, o) /a2 and wo(c) := y‘E(",'a;”. Let Ko (N)y and KCpt (V) g

m>
denote the corresponding species of weighted rooted Mbius m-wreaths of networks of .
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Proposition 15. We have the weighted species isomorphisms
Kot Nw =N, (X™), I (N g =Nujgl (x™) (68)
and the series equalities
K N )w@) =Ny (¢7), K Ny () = N (x™, ™). (69)
Proof. The proof is similar to that of Proposition 14. Details are left to the reader. O
Also observe that, similarly to (65), we have
Ny @i = (Wyp),, - and - N () = N (2, 5™). (70)

We are now ready to prove Theorems 3 and 4. It is interesting to note that both results can be
proved by the labelled enumeration of weighted (G 1 N)*"-structures, with the weights w for
Theorem 3 and wg for Theorem 4.

Proof of Theorem 3. Consider a G 1 N -structure (G, Gy), with a core G in G and components
in \V, together with an automorphism o . By definition, o should preserve the core G and in fact
it induces an automorphism og of Gy.

We choose to classify these structures according to the cycle type n = (n1, ny, ...) of the core
automorphism . Also, for enumeration purposes it is preferable to consider the (G 1 N )3Ut-
structures with a selected rooting p of each cycle of ag. Let (G 1+ M) and (G 1+ N )Zu“ denote
the corresponding species. It is clear that -

(G 1 NDY® (@) = 11272 (G N ().

A crucial fact here is that with such a cycle rooting of oy, each edge cycle of (Go, og) inherits
a canonical rooting, i.e. a selection of one of its edges. Each of these selected edges can also be
canonically oriented, for example according to alphabetical order. Then the automorphism o of
G will induce a rooted cylindrical m-wreath of networks in N for each rooted cylindrical edge
cycle of length m of o and a rooted M&bius m-wreath of networks in A/ for each rooted Mobius
edge cycle of length m. Conversely, the data given by (G, og, p) and the associated family of

rooted wreaths completely characterizes the (G 1 N ),alut"—structure (G, g, p). Hence we have

GHNE ) =D (G AN, (x)

n<oo

_ 1 aut,e

n Z 1"12’12...(g TN)’LW (x)

n<oo

3 I (a)™ (¥%ax)™ o Ak e AP
=Y w2 (KOORGSG-)
n< GoeFixG[n]

x (K VD SN2 =) ()
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-y (xap)™ (x*ax)™ - --

1Mn12"2p,! .-

X Z N(w)l(x)kl_/\[(w)z( ) .../\[(;)l(x)ml./\/'(;)z(xz)mz .

GoeFixG[n]

where k; = k;(Go, n) and m; = m;(Go, n), and, using the representation (59) of Wg and the first
equations of (65), (67), (69) and (70), we obtain

Warn(@;b; ©) = (G 1 AR (xX)]x=1

ni

=2 e
1"11’11'2”2}12'

X( S NG, RN, () “.'A/(:U)l(x)ml'/\/(l_ﬂ)z(xz)mz“-)|x=1

GoeFixG[n]

3 Sy W (W) (W)

= 1M1p 12720, GoeFix Gln]
=Wg(a, a2, ...; (W/J\rf)l’ (WJJ\rf)z"'; (W./:/')l’ (WX/)z’ c)- U

Proof of Theorem 4. Although Theorem 4 can be immediately deduced from Theorem 3 by the
specialization (11), a direct proof can also be given, following that of Theorem 3, with the weight
wo instead of w. Details are left to the reader. O
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