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ABSTRACT. In this paper we derive precise asymptotic estimates for
the number of simple labeled K3 3-minor-free and maximal K3 3-
minor-free graphs on n vertices. Additionally, we establish limit laws
for parameters in random K3 3-minor-free graphs, as for instance the
expected number of edges. To establish these results, we translate
a decomposition for the corresponding graph class into equations for
generating functions and use singularity analysis.

1. INTRODUCTION

In this paper we are interested in the number of simple labeled K3 3-
minor-free and maximal K3 3-minor-free graphs, where maximal means that
adding any edge to such a graph yields a K3 g-minor. It is known that there
exists a constant ¢, such that there are at most ¢"n! K3 s-minor-free graphs
on n vertices. This follows from a result of Norine, Seymour, Thomas, and
Wollan [11] which states that every proper subclass of all graphs which
is closed under isomorphism and taking minors has at most ¢"n! graphs
on n vertices. Obviously, this gives also an upper bound on the number
of maximal K3 3-minor-free graphs as they are a proper subclass of K3 3-
minor-free graphs.

In [9], McDiarmid, Steger and Welsh give conditions where an upper
bound of the form ¢"n! on the number of graphs |C,,| on n vertices in graph
class C yields that (|C,|/n!)# — ¢ > 0 as n — oo. These conditions are
satisfied for K3 3-minor-free graphs, but not in the case of maximal K3 3-
minor-free graphs as one condition requires that two disjoint copies of a
graph of the class in question form again a graph of the class.

Thus we know that there exists a growth constant c¢ for K3z s-minor-
free graphs, but not its exact value. For maximal K3 3-minor-free graphs
we only have an upper bound. Lower bounds on the number of graphs
in our classes can be obtained by considering (maximal) planar graphs.
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Due to Kuratowski’s theorem [8] planar graphs are K3 3- and Ks-minor-
free. Hence, the class of (maximal) planar graphs is contained in the class
of maximal K3 3-minor-free graphs and we can use the number of planar
graphs and the number of triangulations as lower bounds. Determining the
number (of graphs of sub-classes) of planar graphs attracted considerable
attention [1, 5, 6, 2, 3] in recent years. Giménez and Noy [6] obtained
precise asymptotic estimates for the number of planar graphs. Already
in 1962, the asymptotic number of triangulations was given by Tutte [13].
Investigating how much the number of planar graphs (triangulations) differs
from (maximal) K5 3-minor-free graphs was also a main motivation for our
research.

In this paper we derive precise asymptotic estimates for the number of
simple labeled K5 3-minor-free and maximal K3 3-minor-free graphs on n
vertices, and we establish several limit laws for parameters in random K 3-
minor-free graphs. More precisely, we show that the number g,, ¢,, and
b,, of not necessarily connected, connected and 2-connected K3 3-minor-free
graphs on n vertices and the number m,, of maximal K3 3-minor-free graphs
on n vertices satisfy

T _n

gn ~ Qgn 2Py nl,
_7 _

Cn o~ acn 2 p. " nl,
_7

b, ~ ayn” 2 p, " nl
1 _n

My ~ aymn 2 p " nl

where and o, = 0.42643 - 1075, o, = 0.41076 - 107°, a, = 0.37074 - 1075,
Q= 0.25354 - 1073, p71 = pgl = 27.22935, p{l = 26.18659, and p,} =
9.49629 are analytically computable constants. Moreover, we derive limit
laws for K3 3-minor-free graphs, for instance we show that the number of
edges is asymptotically normally distributed with mean xn and variance An,
where k£ = 2.21338 and A = 0.43044 are analytically computable constants.
Thus the expected number of edges is only slightly larger than for planar
graphs [6].

To establish these results for K3 3-minor-free graphs, we follow the ap-
proach taken for planar graphs [1, 6]: we use a well-known decomposition
along the connectivity structure of a graph, i.e. into connected, 2-connected
and 3-connected components, and translate this decomposition into rela-
tions of our generating functions. This is possible as the decomposition for
K3 s-minor-free graphs which is due to Wagner [14] fits well into this frame-
work. Then we use singularity analysis to obtain asymptotic estimates and
limit laws for several parameters from these equations.
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For maximal K3 3-minor-free graphs the situation is different, as the de-
composition which is again due to Wagner has further constraints (it re-
stricts which edges can be used to merge two graphs into a new one). The
functional equations for the generating functions of edge-rooted maximal
graphs are easy to obtain but in order to go to unrooted graphs, special
integration techniques based on rational parametrization of rational curves
are needed. In this way we can derive equations for the generating func-
tions which involve the generating function for triangulations derived by
Tutte [13].

In the subsequent sections, we proceed as follows. First, we turn to
maximal K3 s-minor-free and K3 z-minor-free graphs in Sections 2 and 3
respectively. In each of these sections, we will first derive relations for the
generating functions based on a decomposition of the considered graph class
and then apply singularity analysis to obtain asymptotic estimates for the
number (and properties) of the graphs in these classes.

Throughout the paper variable x marks vertices and variable y marks
edges. Unless we specify the contrary, the graphs we consider are labeled
and the corresponding generating functions are exponential. We often need
to distinguish an atom of our combinatorial objects; for instance we want
to mark a vertex in a graph as a root vertex. For the associated generating
function this means taking the derivative with respect to the corresponding
variable and multiplying the result by this variable. To simplify the for-
mulas, we use the following notation. Let G(z,y) and G(z) be generating
functions, then we abbreviate G*(z,y) = 22 G(z,y) and G*(z) = 2.2 G(z).
Additionally, we use the following standard notation: for a graph G we de-
note by V(G) and E(G) the vertex- and edge-set of G.

2. MAXIMAL K3 3-MINOR-FREE GRAPHS

Already in the 1930s, Wagner [14] described precisely the structure of
maximal K3 s-minor-free graphs. Roughly speaking his theorem states that
a maximal graph not containing K3 3 as a minor is formed by gluing planar
triangulations and the exceptional graph K5 along edges, in such a way
that no edge glues two different triangulations. Before we state the theorem
more precisely, we introduce the following notation (similar to [12], see also
Section 3.1).

Definition 2.1. Let G1 and G3 be graphs with disjoint vertex-sets, where
each edge is either colored blue or red. Let ey = (a,b) € E(G1) and e; =
(c,d) € E(G3) be an edge of Gy and Go respectively. For i = 1,2 let G} be
obtained by deleting edge e1 and coloring edge e blue if e; and es were both
colored blue and red otherwise. Let G be the graph obtained from the union
of G} and G by identifying vertices a and b by ¢ and d respectively. Then
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we say that G is a strict 2-sum of G1 and Go. We say that a strict 2-sum
is proper if edges e; and es are neither red.

Theorem 2.2 (Wagner’s theorem [14]). Let T denote the set of all labeled
planar triangulations where each edge is colored red. Let each edge of the
complete graph Ky be colored blue. A graph is mazimal K3 z3-minor-free if
and only if it can be obtained from planar triangulations and K5 by proper,
strict 2-sums.

Let A be the family of maximal graphs not containing K3 3 as a minor.
Let H be the family of edge-rooted graphs in A, where the root belongs to
a triangulation, and let F be edge-rooted graphs in A, where the root does
not belong to a triangulation.

Let To(x, y) be the generating function (GF for short) of edge-rooted pla-
nar triangulations (the root-edge is included), and let Ko(x,y) be the GF of
edge-rooted K35 (the root-edge is not included). Let A(z,y), F(z,y), H(x,y)
be the GF's associated respectively to the families A, F,H. In all cases the
two endpoints of the root edge do not bear labels, and the root edge is ori-
ented; this amounts to multiplying the corresponding GF by 2/22. Notice

that . X
2 0 T xf
Ko= — — 104 — 97.

07 22 0y <y 5! ) Y%

Since edge-rooted graphs from A are the disjoint union of H and F, we have

(2.1) H(z,y)+ F(z,y) = %y ({Méz’y)
The fundamental equations that we need are the following:
(2.2) H = Ty(z,F)

(2.3) F = yexp(Ko(z,H+F))

The first equation means that a graph in H is obtained by substituting every
edge in a planar triangulation by an edge-rooted graph whose root does not
belong to a triangulation (because of the statement of Wagner’s theorem).
The second equation means that a graph in F is obtained by taking (an
unordered) set of K5’s in which each edge is substituted by an edge-rooted
graph either in ‘H or in F.

Eliminating H we get the equation

(2.4) F =yexp (Ko(z,F + Ty(z, F))).

Hence, for fixed =z,

(2.5) ¥(u) =uexp (—Ko(x,u+ To(x,u)) = uexp (—lg)(u + To(z, u))9>
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is the functional inverse of F(x,y).

In order to analyze F using Equation (2.3) we need to know the series
To(z,y) in detail. Let T, be the number of (labeled) planar triangulations
with n vertices. Since a triangulation has exactly 3n — 6 edges, we see that

_ 3n—6ﬁ
T(y) =) Tuy™
is the GF of triangulations. And since
2 0T(z,y)
T = Sy——+
O(:L'a y) 72 Y 8:1] )
it is enough to study 7.
Let now t,, be the number of rooted (unlabeled) triangulations with n

vertices in the sense of Tutte and let ¢(z) = > t,a™ be the corresponding
ordinary GF. We know (see [13]) that ¢(z) is equal to

t=220(1 — 20)
where 6(z) is the algebraic function defined by

0(1 —0)® = z.
It is known that the dominant singularity of 6 is at R = 27/256 and 8(R) =
1/4.

There is a direct relation between the numbers T,, and ¢,,. An unlabeled
rooted triangulation can be labeled in n! ways, and a labeled triangulation
(n > 4) can be rooted in 4(3n — 6) ways, since we have 3n — 6 possibilities
for choosing the root edge, two for orienting the edge, and two for choosing
the root face. Hence we have
The former identity implies easily the following equation connecting the
exponential GF T'(x,y) and the ordinary GF t(z):

or s t(ay?
oL _ o2 ( / )
oy 4 4y

Hence we have 5
2 0T x  t(zy?)
T = Ty =22 )
o(@,y) = v oy V2t oy
The last equation is crucial since it expresses Ty in terms of a known alge-
braic function. It is convenient to rewrite it as
z 1
(2.6) To(z,y) = y*5+5L(z,y)1-2L(w,y)),  where L(z,y) = 0(xy”).
The series L(x,y) is defined through the algebraic equation

(2.7) L(1 - L)3 —xy® =0.
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This defines a rational curve, i.e. a curve of genus zero, in the variables L
and y (here z is taken as a parameter) and admits the rational (actually
polynomial) parametrization

13 t + 2%t
y=£(t) =~ :

3

(2.8) L=\t = 2

This is a key fact that we use later.

We have set up the preliminaries needed in order to analyze the series
A(z,y), which is the main goal of this section. From (2.1) it follows that

22 (Y H(x,t) 22 (Y F(x,t)
A = — — L dt+ — —— = dt.
(z,9) 5 /0 ; dt + 5 /0 ; d

The following lemma expresses A(z,y) directly in terms of H and F without
integrals.

Lemma 2.3. The generating function A(x,y) of mazimal graphs not con-
taining K33 as a minor can be expressed as

(2.9) Az, y) =

2

F ,
% <27(H + F)log <> +10L + 20L2 + 151log(1 — L) — 30F — 5zF5>
y

where L = L(z, F(z,y)), H = H(z,y) and F = F(x,y) are defined
through (2.7), (2.2) and (2.3).

Proof. Integration by parts gives

T2 Y T T 72 22
(210)  A(z,y) = 7/0 H ’t);rF( ) g - o (H + F)log(y) — -1

where
Y
I :/ log(t) (H' (2, 1) + F'(x,1)) dt
0
and derivatives are with respect to the second variable. Because of (2.5),

the change of variable s = F(z,t) gives t = ¢(s) and

23
log(t) = log(s) — 5 (s+To(z,s)%).
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Since H = Ty(x, F') we have H' = Tj(z, F)F’' and so
3

I = /OF <10g(s) - %(5 + To(z, s))9> 1+ T)(z, s)) ds

a3 (F + To(z, F))1°

F
—_ ? !
== 10 +/O log(s) (1 4+ T§(x, s)) ds

= —I—O(H—i—F) log (5) +/()Flog(s) (1+T{(z,s)) ds

where the last equality follows from Equation (2.3).
It remains to compute the last integral. From (2.6) it follows easily that

(2.11) T = 3y2x (1 + (11L>2) .

Now we change variables according to (2.8) taking s = £(¢), so that L = A(t).
Let ¢ be the inverse function of £, so that ¢ = ((s). Observe that ((s)
satisfies

42+ ads=0.

Then we have

F
/0 log(s) (1 + T)(z, 5)) ds

_ /OC(F) log(£(1)) (1 + 35(?% (1 s 1A(t))2)> £ dt

After substituting the expressions for £(¢) and A(¢), the integrand in the
last integral is equal to

f(x7t):7 3

4 2
55 (410 +2%) (22° +305+6£°2° + 6% In (t tr t>.

The function f(z,t) can be integrated in elementary terms, resulting in
¢(F) 56 12 3 4 309 4 2
[ o= (528G (G

0 204 228 22 a3 oz 2ab a3
¢ ¢ e ¢t ¢ C3
S5 S 45 45 ,1 >
Tt T2 T T3 T e 28T )
where ¢ = ((F). All terms with ¢ are powers of either of the two forms
¢t+a%
23

=E{C(F) =F,  —= =XMF)) = L=, F),
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so we can write the integral of f(z,t) explicitly in terms of F and L =
L(z, F),

1 3 5 L* L* 7L L log(l-1L)

— L4 L3 L4 L+F |log(F)4+———4—+ -+ — " _F.
(2+2 5L +L+ og()+6 st tet 5

We simplify this expression further using that, according to Equations
(2.2), (2.6) and (2.7),

1 1

(2.12) H =Ty(x, F) = 5 (zF*+ L(1-2L)) = §(—L‘* +3L% —5L% +2L).

Obtaining the final expression for A(z,y) is just a matter of going back
to Equation (2.10) and adding up all terms. O

Summarizing, we have an explicit expression for A in terms of z, v,
H(x,y) and F(z,y) which involves only elementary functions and the alge-
braic function L(z,y). Moreover, note that H(z,y) can be written in terms
of L(z, F) by Equation (2.12). Our goal is to carry out a full singularity
analysis of the univariate GF A(x) = A(x,1). To this end we first perform
singularity analysis on F(z) = F(z,1).

Lemma 2.4. The dominant singularity of F(x) is the unique p > 0 such
that pF(p)® = 27/256. The approzimate value is p ~ 0.10530385. The value
F(p) =~ 1.0005216 is the solution of

273 59\’
2.1 t= 1 .
(2.13) P <6~2563 ( + 51215) )

Proof. The function F'(x) satisfies

$3
(2.14) ®(x, F) = exp (6 (F + Ty(z, F))Q) —F.

Thus the dominant singularity p of F(x) may come from Ty or from a
branch point when solving (2.14). Assume that there is no such branch
point. Then, since L(x,y) = 0(xy?) and the dominant singularity of @ is at
27/256, we have that L(p, F(p)) = 1/4 and pF(p)3 = 27/256. Substituting
on ®(z,F) = 0 we obtain Equation (2.13), where ¢ stands for F'(p). The
approximate value is ¢t = 1.0005216, which gives p ~ 0.10530385, slightly
smaller than R = 27/256 = 0.10546875.

We now prove that there is no branch point when solving ®. If this were
the case, then there would exist p < p such that dp®(p, F(p)) = 0, where

(2.15)
(=3L*+3L+2F +3zF*)2®(2F 42 F* + L —2L*)% —1.

9]
2@ F@) = 1531
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follows by differentiating Equation (2.14), by using ®(z, F(z)) = 0 and
Equations (2.7), (2.11), and (2.12).

Consider 0p®(z, F, L) as a function of three independent variables, where
x>0, F>1and 0 <L < 1/4. Tt follows easily that it is an increasing
function on any of them. Hence

0= 0r0(p, F(5), L(p, F(5))) < Dr®(p. F(5),1/4),

since, by assumption, p < p. On the other hand 0r®(p,t,1/4) ~ —0.9939,
so by comparing this with Op®(p, F'(p), 1/4) we deduce that t < F(p). Since
1= F(0) < t, by continuity of F'(x) there exists a value x € (0, 5) such that
F(z) =t, and by the monotonicity of ®(x, F) for fixed F there is a unique
solution = to ®(z,t) = 0. This solution is precisely = p, contradicting
p<p.

O

Proposition 2.5. Let p andt be as in Lemma 2.4. The singular expansions
of F(x) at p is

F(z) =t+ RX? + FBX?+ 0(X?),
where X = \/1 —x/p, and Fy and F5 are given by

[ 12¢(128t + 71) log (t) [ 96+/6 tlog(t)M3/?
2 = Q ) 3 = Q5/2

M =531log(t) + 512t +59,  Q = 9(225 + 512¢) log(t) — 512t — 59.

Proof. To obtain the coefficients of the singularity expansion, including the
fact that F} = 0, we apply indeterminate coefficients F;, L; of X* to Equa-
tions (2.14) and

L(z)(1 = L(x))* — aF(2)° = 0,

where X = /1 — x/p, so that z = p(1—X?). These calculations are tedious,
but can be done with a computer algebra system such as MAPLE. O

Proposition 2.6. Let p and t be as in Lemma 2.4. The dominant singu-
larity of A(x) is p, and its singular expansion at p is

A(z) = Ag + A X? + A X + A:X° + O(X9),
where X = /1 —x/p and Ay, Az, Ay and As are given by
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3C
Ap = — 55 (4608 log(t)t + 531 log(t) + 2560 log(3/4) — 5120¢ + 550)

Ay 4608 log(t)t + 5311og(t) + 30721og(3/4) — 6144t + 542)

=1 (
3¢, ; i

=5 (16Q " log(t) (128t + T1)? + 59 log(t) + 2° (log(1)t — 24+
log(3/4)) + 26)

_ioviC ()

o3t \Q

where C' = 3°/2%5, and M and Q are as in Proposition 2.5.

Ay

5

Proof. We just compute the singular expansion

A) =) AXF,
k>0
by plugging the expansions for F'(z) and L(z) of Proposition 2.4 in (2.9).
O

Theorem 2.7. The number A,, of maximal graphs with n vertices not con-
taining Ks 3 as a minor is asymptotically

Ap ~a-n" Ty,
where v = 1/p ~ 9.49629 and a = —15A5 /87 ~ 0.25354 - 1073,

Proof. This is a standard application of singularity analysis (see for example
Corollary VI.1 of [4]) to the singular expansion of A(z) obtained in the
previous lemma. O

3. K3 3-MINOR-FREE GRAPHS

In this section, we derive the asymptotic number of K3 3-minor-free
graphs and properties of random K33 s-minor-free graphs.

3.1. Decomposition and Generating Functions. Let G(z,y), C(z,y)
and B(z,y) denote the exponential generating functions of simple labeled
not necessarily connected, connected and 2-connected K3 z-minor-free graphs
respectively. We will use the additional variable ¢ to mark the number of
K3’s used in the “construction process” of a K3 s-minor-free graph (see be-
low for a more precise explanation), but we won’t give it explicitly in the
argument list of our generating functions to simplify expressions.

We want to apply singularity analysis to derive asymptotic estimates for
the number of K3 s-minor-free graphs. To achieve this, we first present a
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decomposition of this graph class which is due to Wagner [14]. Then we will
translate it into relations of our generating functions.

As seen in Theorem 2.2 above, Wagner [14] characterized the class of
maximal K3 s-minor-free graphs. As a direct consequence we also obtain
a decomposition for K3 3-minor-free graphs. We will present here a more
recent formulation of it, given by Thomas, Theorem 1.2 of [12]. Roughly
speaking the theorem states that a graph has no minor isomorphic to Kz 3
if and only if it can be obtained from a planar graph or K5 by merging
on an edge, a vertex, or taking disjoint components. To state the theorem
more precisely, we need the following definition of [12].

Definition 3.1. Let G1 and G5 be graphs with disjoint vertez-sets, let k > 0
be an integer, and for i = 1,2 let X; C V(G;) be a set of pairwise adjacent
vertices of size k. For i = 1,2 let G} be obtained by deleting some (possibly
none) edges with both ends in X;. Let f : X; — Xo be a bijection, and let
G be the graph obtained from the union of G and G4 by identifying x with
f(z) for all x € Xy. In those circumstances we say that G is a k-sum of
Gl and GQ.

Now, we can state the theorem as a consequence of Wagner’s theorem in
the following way.

Theorem 3.2 ([14], see also Theorem 1.2 of [12]). A graph has no minor
isomorphic to K33 if and only if it can be obtained from planar graphs and
K5 by means of 0-, 1-, and 2-sums.

Observe that for 2-connected K3 3-minor-free graphs we only have to take
2-sums into account as 0- and 1-sums do not yield a 2-connected graph.
In this way the decomposition of Wagner fits perfectly well into a result of
Walsh [15] which delivers us — similarly to the case of planar graphs (see [1])
— with the necessary relations for our generating functions.

The second ingredient for obtaining relations for our generating functions
is to use a well-known decomposition of a graph along its connectivity-
structure, i.e. into connected, 2-connected, and 3-connected components.
Eventually, we obtain the following Lemma.

Lemma 3.3. Let G(z,y), C(x,y) and B(z,y) denote the bivariate expo-
nential generating functions for mot necessarily connected, connected and
2-connected K3 3-minor-free graphs. Then we have

6.9) = o0 (Clary) and C*(ay) = aesp (2B (Cw0))).
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Moreover, let M(xz,y) denote the bivariate generating function for
3-connected planar maps which satisfies

1 (1+U)21+V)?
3.2 M = z%y? — —1-
(3:2) (@,y) =%y <1+xy+1+y 1+U+v)3 )’
where U(z,y) and V(z,y) are algebraic functions given by
(3.3) U=zy(1+V)?, V=yl+0U)>?

then we have

0 22 (14 D(z,
(3.4) @B(xay) Y (M) )
where D(x,y) is defined implicitly by D(x,0) =0 and
M(x,D)_|_qx3’D9_1 (l—I—D) xD? —0

222D 6 1ty) " 1yaD >

where ¢ marks the monomial for Ks.

(3.5)

Proof. Equations (3.1) are standard and encode that a not necessarily con-
nected graph consists of a set of connected graphs and a connected graph
can be decomposed at a vertex into a set of 2-connected graphs whose ver-
tices can again be replaced by rooted connected graphs. For more detailed
proofs see for example [4](p.95) and [7](p.10).

Using Euler’s polyhedral formula, Equations (3.2) and (3.3) follow
from [10], where Mullin and Schellenberg derived the generating function
for rooted 3-connected planar maps according to the number of vertices and
faces.

Next, to derive the connection between 2-connected and 3-connected
graphs, we can use a result of Walsh. More precisely, by Proposition 1.2
of [15] we obtain Equations (3.4) and (3.5), where we have to add only a
monomial for K5 compared to the class of planar graphs. For more details
we refer to [1]. O

3.2. Singular Expansions and Asymptotic Estimates. We use the
relations of the generating functions obtained so far to derive singular ex-
pansions for the generating functions of the different connectivity levels.
We start from 3-connected K3 3-minor-free graphs and then go up the con-
nectivity hierarchy level by level. Eventually, this will allow us to derive
asymptotic estimates for the number of and properties of not necessarily
connected K3 3-minor-free graphs in the subsequent sections.

We start with 3-connected K3 s-minor-free graphs. We have to introduce
only a slight modification into the formulas already known for planar graphs

([t 6)).
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From Lemma 3.3 we can derive analogously to [1] a singular expansion
for D(z,y). Tt will turn out that the singularity of D(xz,y) changes only
slightly compared to the case of 2-connected planar graphs, but yields a
larger exponential growth rate.

To simplify expressions, we will use the following notation. The equation
Y (t) = y has a unique solution in ¢t = ¢(y) in a suitable small neighbourhood
of 1. Then we denote by R(y) = ((t(y)). See Appendix A for expressions
for Y(¢) and ¢.

Lemma 3.4. For fized y in a small neighbourhood of 1, R(y) is the unique
dominant singularity of D(x,y). Moreover, D(x,y) has a branch-point at
R(y), and the singular expansion at R(y) is of the form

D(z,y) = Do(y) + Da(y)X? + Ds(y) X* + O(X*)

where X = /1 —x/R(y) and the D;(y), i = 0,...,3 are given in Appen-
diz A.

To prove this lemma, one can mimic the proof of Lemma 3 in [1]. Al-
though we slightly changed the equations by adding a monomial for K5, one
can check that the same arguments still hold.

Next, we solve Equation (3.4) for B(z,y) by integrating according to y.
We omit the proof as it follows closely the lines of proof of Lemma 5 in [6].

Lemma 3.5. Let W(x,z) = 2(14U(x, z)). The generating function B(x,y)
of 2-connected K3 3-minor-free graphs admits the following expression as a
formal power series:
5 10
qz’D(z,y
(36)  Blay) = Blay, Dle.y). W, Dla,y))) + LD
where
2

ﬂ(‘xaywzaw) = %ﬁl(‘xaya Z) - %62(3372:’71])7

and
51(337%2’):
2(6x — 2+ x2) 1+y log(1+2)  log(1+ x2)
Az +{1+2) Og(1+z > T a2
ﬁ2($72§,w):
20+ 2)1+w)(z +w?) +3(w—2) 1 9
= 21 Fw)? —%log(1+x2+mw+xw)
1 -4z 1 —4x + 222 1 —2+wz— zw+ zw?
log(1 1 .
- 2x og(1 +w) + 4z ((1—x)(z+w2—|—1—|—w))

We can use this lemma to obtain the singular expansion for B(z,y).
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Lemma 3.6. For fized y in a small neighbourhood of 1, the dominant sin-
gularity of B(x,y) is equal to R(y). The singular expansion at R(y) is of
the form

(3.7 B(z,y) = Bo(y) + B2(y) X* + Ba(y) X* + Bs(y) X° + O(X")

where X = /1 —x/R(y), and the B;(y), i =0,...,5 are analytic functions
in a neighbourhood of 1.

Proof. From Equation (3.6) we can see that for y close to 1 the only singu-
larities come from the singularities of D(z,y); hence the first claim of the
theorem follows.

The singular expansion for B(z,y) can be obtained using Equation (3.6)
and the singular expansion for D(z,y). We substitute the singular expansion
for D(z,y), U(z, D(x,y)) in (3.6). Then we set x = ((¢)(1 — X2) and y =
Y (t) and expand the resulting expression. Now, collecting and simplifying
the coefficients of the X* for i = 1,...,5 is a tedious calculation, but can
be done with a computer algebra system such as MAPLE. This yields the
expressions for the B;(y) given in the appendix. |

For connected and not necessarily connected K3 s-minor-free graphs, we
can derive singular expansions by carrying out an analogous calculation as in
the proof of Theorem 1 in [6]. We only have to adapt for the different D;(y)
and B;(y). One can easily check that the intermediate step of Claim 1 in [6]
still holds and the rest of the calculations stays the same. The coefficients of
the expansions, which we obtain in this way, can be found in Appendix A.

Lemma 3.7. For fized y in a small neighbourhood of 1, the dominant sin-
gularity of C(z,y) and G(z,y) is equal to R(y). The singular expansions at
R(y) are of the form

(38)  Clz,y) = Coly) + Ca(y)X> + Cu(y) X* + C5(y) X° + O(X")
and
(3.9)  G(z,y) = Go(y) + G2 (1) X* + Ga(y) X* + G5(y) X° + O(X)

where X = /1 —x/R(y), and the C;(y) and G;(y), i = 0,...,5, are ana-

lytic functions in a neighbourhood of 1.

From Lemmas 3.6 and 3.7 we obtain the following asymptotic estimates
using the “transfer theorem”, Corollary VI.1 of [4].
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Theorem 3.8. Let g,, ¢,, and b, denote the number of not necessarily
connected, connected and biconnected resp. K3 3-minor-free graphs on n ver-
tices. Then it holds

(3.10) gn ~ agn Ep ",
(3.11) o~ aenTEp "l
(3.12) by ~ oapn 7 py "l

where and og = 0.42643 - 107°, o, = 0.41076 - 1072, ap = 0.37074 - 1075,
ot = p;l = 27.22935, and pb_1 = 26.18659 are analytically computable
constants.

3.3. Structural Properties. If we consider a random K3 3-minor-free
graph, i.e. drawing a K3 z-minor-free graph on n vertices uniformly at
random from all such graphs on n vertices, we can derive the following
properties using the algebraic singularity schema (Theorem IX.10) of [4].

Theorem 3.9. The number of edges in a not necessarily connected and con-
nected random Kz 3-minor-free graph is asymptotically normally distributed
with mean ., and variance o2, which satisfy

n’
fn ~ kn and 02 ~ Mn,

where k = 2.21338 and A\ = 0.43044 are analytically computable constants.

Recall that we introduced the variable ¢ in the equations of the generating
functions above to mark the monomial for K5. We can use this variable to
obtain a limit law for the number of K5 used in the construction process
(following the above decomposition, see Theorem 3.2) of a random Kj 3-
minor-free graph. The next theorem shows that a linear number of K35 is
used, but the constant is very small; this is exactly what one would expect as
the expected number of edges is only slightly larger than for planar graphs
(see Theorem 3.9 and [6]).

Theorem 3.10. Let C(G) denote the number of K5 used in the construction
of a random K3 s-minor-free graph G according to Theorem 3.2. Then C(G)
is asymptotically normally distributed with mean u,, and variance o2, which
satisfy

fn ~ kn and 02 ~ Mn,
where k = 0.92391-10~% and X = 0.92440-10~* are analytically computable
constants. The same holds for a random connected K3 3-minor-free graph.

Acknowledgement. The authors want to thank Eric Fusy and Kon-
stantinos Panagiotou for many helpful discussions and for proof reading
earlier versions of this manuscript.
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APPENDIX A. APPENDIX

Here, we give the expressions for the coefficients of the singular expan-

sions of D(z,y), U(x,y), B(x,y), C(z,y) and G(z,y) as well as the ex-
pressions for the singularities. We use the same approach as in [1] and
parametrize the expressions in the complex variable t.
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t2
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