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Plan S — A Golden Addition to the Diamond Open
Access Publishing Model

We wish to tell readers about ‘Plan S’, which is a very recent initiative in Europe,
begun in September 2018 with the aim of speeding up a transition from the traditional,
subscription-based publishing model to the Gold Open Access model.

This plan envisages that all research supported by public money in Europe should be
published in Gold OA journals from 2020. Although not all details have been decided, it
appears that Plan S could involve imposing sanctions against authors whose research was
supported by public research agencies but publish their work subscription-based journals,
even in leading journals such as Annals of Mathematics, Acta Mathematica, Inventiones
Mathematicae, JAMS and JEMS.

An obvious possible consequence of this is that some high quality research will be
sponsored by private funding (to avoid such sanctions), and that public funding will support
research of lesser importance. Accordingly, it seems to us that Plan S is not about research,
or about authors or readers, but is driven by financial considerations.

Plan S was put up by cOAlition S, which is a consortium of 16 European National
Research Agencies. These agencies intend to pay the costs of APC (article processing
charges).

For example, the Slovenian Research Agency ARRS (which is a founding member of
cOAlition S) issued a call in October 2018 and set aside 300000 € for paying back APC
for gold OA for articles published in 2018. At the end of November 2018 the results were
published and can be found here: http://www.arrs.gov.si/sl/progpro’j/rproj/
rezultati/18/inc/rezultati-odprti-dostop-18.pdf

About 80 Gold OA papers are listed there as winners. The APC for each of them will
be paid by the ARRS. The costs of publication vary from about 500 € to over 4000 € per
paper, with the majority of APC sitting between 1000 and 2000 €, and one can easily check
that most of this public money goes to private publishing houses.

There were three criteria for the eligibility of a paper for this payment:

(a) acknowledgement of support by the ARRS,

(b) payment for the APC in 2018, and

(c) ranking of the journal in which the paper appears as Q1 in WoS or Scopus.
We note that the third criterion is not compliant with the 2013 Declaration on Research
Assessment (DORA), because it involves the use of impact factors. We also note that to
date, no authors of mathematical papers have applied for this support by the ARRS.

The pertinent question for Ars Mathematica Contemporanea is how should Diamond
OA journals adapt to Plan S.

First, we plan to ensure that AMC is compliant with Plan S. For any article in which
support is to be acknowledged from a Plan S compliant agency (such as the ARRS), we
will offer the authors the option of either removing the acknowledgement, or paying APC
at some reasonable rate (such as 2000 €). Before we start implementing this policy, we
will negotiate with the ARRS (and through the ARRS with other Plan S agencies and other
institutions) to make sure they will indeed reimburse the APC.

il
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Strictly speaking, this means we will change our publishing model from Diamond OA
to Gold OA, but on the other hand, we will waive APC for most papers. We believe other
Diamond Open Access journals should consider similar adjustments, to deal with Plan S.

An interesting question remains. The supporters of Plan S are being encouraged to sign
DORA. But when this happens, it is not at all clear how the ‘excellence’ of eligible journals
will be determined.

Klavdija Kutnar, Dragan Marusi¢ and Tomaz Pisanski
Editors in Chief
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Abstract

We prove that there exist infinitely many splittable and also infinitely many unsplit-
table cyclic (ng) configurations. We also present a complete study of trivalent cyclic Haar
graphs on at most 60 vertices with respect to splittability. Finally, we show that all cyclic
flag-transitive configurations with the exception of the Fano plane and the Mobius-Kantor
configuration are splittable.
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1 Introduction and preliminaries

The idea of unsplittable configuration was conceived in 2004 and formally introduced in
the monograph [8] by Griinbaum. Later, it was also used in [19]. In [20], the notion was
generalized to graphs. In this paper we present some constructions for splittable and un-
splittable cyclic configurations. In [9], the notion of cyclic Haar graph was introduced. It
was shown that cyclic Haar graphs are closely related to cyclic configurations. Namely,
each cyclic Haar graph of girth 6 is a Levi graph of a cyclic combinatorial configuration;
see also [18]. For the definition of the Levi graph (also called incidence graph) of a con-
figuration the reader is referred to [4]. The classification of configurations with respect to
splittability is a purely combinatorial problem and can be interpreted purely in terms of
Levi graphs.

Let n be a positive integer, let Z,, be the cyclic group of integers modulo n and let
S C Z, be a set, called the symbol. The graph H(n,S) with the vertex set {u; | i €
Zyn}U{v; | i € Zy,} and edges joining u; to v;4 for each ¢ € Z,, and each k € S is called
a cyclic Haar graph over Z,, with symbol S [9]. In practice, we will simplify the notation
by denoting u; by it and v; by i~.

Definition 1.1. A combinatorial (vy) configuration is an incidence structure C = (P, B, Z),
where Z C P x B, PN B = and |P| = |B| = v. The elements of P are called points,
the elements of B are called lines and the relation Z is called the incidence relation. Fur-
thermore, each line is incident with £ points, each point is incident with & lines and two
distinct points are incident with at most one common line, i.e.,

{(p1,b1), (p2,b1), (p1,b2), (P2, b2)} S Z,p1 # p2 = by = bo. (1.1)

If (p,b) € T then we say that the line b passes through point p or that the point p lies
on line b. An element of P U B is called an element of configuration C.

A combinatorial (vy) configuration C = (P, B,I) is geometrically realisable if the
elements of P can be mapped to different points in the Euclidean plane and the elements
of B can be mapped to different lines in the Euclidean plane, such that (p,b) € Z if and
only if the point that corresponds to p lies on the line that corresponds to b. A geometric
realisation of a combinatorial (vy) configuration is called a geometric (vi) configuration.
Note that examples in Figures 2, 3 and 4 are all geometric configurations. The Fano plane
(73) is an example of a geometrically non-realizable configuration.

An isomorphism between configurations (P, B,Z) and (P’,B’,Z’) is a pair of bijec-
tions ¢p: P — P’ and ¢: B — B’, such that

(p,b) € Z if and only if (¢)(p), (b)) € T'. (1.2)

The configuration C* = (B, P,Z*), where Z* = {(b,p) € BxP | (p,b) € L}, is called the
dual configuration of C. A configuration that is isomorphic to its dual is called a self-dual
configuration.

The Levi graph of a configuration C is the bipartite graph on the vertex set P U B having
an edge between p € P and b € B if and only if the elements p and b are incident in C,
ie., if (p,b) € Z. It is denoted L(C). Condition (1.1) in Definition 1.1 implies that the
girth of L(C) is at least 6. Moreover, any combinatorial (v) configuration is completely
determined by a k-regular bipartite graph of girth at least 6 with a given black-and-white
vertex coloring, where black vertices correspond to points and white vertices correspond
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to lines. Such a graph will be called a colored Levi graph. Note that the reverse coloring
determines the dual configuration C* = (B,P,Z*). Also, an isomorphism between con-
figurations corresponds to color-preserving isomorphism between their respective colored
Levi graphs.

A configuration C is said to be connected if its Levi graph L(C) is connected. Similarly,
a configuration C is said to be k-connected if its Levi graph L(C) is k-connected.

Definition 1.2 ([19]). A combinatorial (vj) configuration C is cyclic if it admits an auto-
morphism of order v that cyclically permutes the points and lines, respectively.

In [9] the following was proved:

Proposition 1.3 ([9]). A configuration C is cyclic if and only if its Levi graph is isomorphic
to a cyclic Haar graph of girth 6.

It can be shown that each cyclic configuration is self-dual, see for instance [9].

2 Splittable and unsplittable configurations (and graphs)

Let G be any graph. The square of G, denoted G2, is a graph with the same vertex set
as (G, where two vertices are adjacent if and only if their distance in G is at most 2. In
other words, V(G?) = V(G) and E(G?) = {uv | dg(u,v) < 2}. The square of the Levi
graph L(C) of a configuration C is called the Griinbaum graph of C in [19] and [20]. In
[8], it is called the independence graph. Two elements of a configuration C are said to be
independent if they correspond to independent vertices of the Griinbaum graph.

Example 2.1. The Griinbaum graph of the Heawood graph is shown in Figure 1. Its com-
plement is the Mobius ladder M 4.

1~ 0r 1~ 0r
1t A0 1T A=A 0
NS V9.
. R \* 6+ 2" ¢/ Ry A \* 6+
B e A e SRR O Rk
1 \ // \\ ! \ 1 // \\ ! \l
P vy, A \ P v, N \
2+ *\\\ ,/ \‘ ll \\ - 67 2+ *\\ ,/ \‘ ', \\ = 6,
\ & > ] \ “ > 1
VR I’/ N SN I’z X
‘., \v\ P d ! VIV, \i\ P N
SRS ENCHAOY TS
3= VeSS , 5+ 3— N - X~ 75t
N . 4 , N % 4 2
w ) g ¥ \ ' >4
] )
3 To---47 57 3T =¥ 5T
4= 4+ 4= 4+

(@ (b)

Figure 1: The Heawood graph H = H(7,{0,1,3}) = LCF[5,—5]" (on the left) is the
Levi graph of the Fano plane. Its Griinbaum graph G is on the right. Note that there is an
orange solid edge between two vertices of G if and only if they are at distance 2 in H.

Itis easy to see that two elements of C are independent if and only if one of the following
hold:
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(i) two points of C that do not lie on a common line of C;
(ii) two lines of C that do not intersect in a common point of C;

(iii) a point of C and a line of C that are not incident.

The definition of unsplittable configuration was introduced in [8] and is equivalent to
the following:

Definition 2.2. A configuration C is splittable if there exists an independent set of vertices
¥ in the Griinbaum graph (L(C))? such that L(C) — 3, i.e., the graph obtained by removing
the set of vertices ¥ from the Levi graph L(C), is disconnected. In this case the set X is
called a splitting set of elements. A configuration that is not splittable is called unsplittable.

This definition carries over to graphs:

Definition 2.3. A connected graph G is splittable if there exists an independent set 3 in
G? such that G — ¥ is disconnected.

Example 2.4. Every cycle of length at least 6 is splittable (there exists a pair of vertices at
distance 3 in G).

Every graph of diameter 2 without a cut vertex is unsplittable. The square of such a
graph on n vertices is the complete graph K,,. This implies that |S| = 1. Since there are no
cut vertices, a splitting set does not exist. The Petersen graph is an example of unsplittable
graph.

In [8], refinements of the above definition are also considered. Configuration C is point-
splittable if it is splittable and there exists a splitting set of elements that consists of points
only (i.e., only black vertices in the corresponding colored Levi graph). In a similar way
line-splittable configurations are defined. Note that these refinements can be defined for
any bipartite graph with a given black-and-white coloring. There are four possibilities, that
we call splitting types. Any configuration may be:

(T1) point-splittable, line-splittable,
(T2) point-splittable, line-unsplittable,
(T3) point-unsplittable, line-splittable,
(T4) point-unsplittable, line-unsplittable.

Any configuration of splitting type T1, T2 or T3 is splittable. A configuration of split-
ting type T4 may be splittable or unsplittable. For an example of a point-splittable (T2)
configuration see Figure 2. The configuration on Figure 2 is isomorphic to a configura-
tion on Figure 5.1.11 from [8]. For an example of a line-splittable (T3) configuration see

Figure 3.
Note the following:

Proposition 2.5. IfC is of type T1 then its dual is also of type T1. If it is of type T2 then its
dual is of type T3 (and vice versa). If it is of type T4 then its dual is also of type T4.

Since types are mutually disjoint, this has a straightforward consequence for cyclic
configurations:

Corollary 2.6. Any self-dual configuration, in particular any cyclic configuration, is either
of type Tl or T4.
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Figure 2: A point-splittable (153) configuration of type T2. Points that belong to a splitting
set are colored red. Its dual is of type T3 (see Figure 3).

Figure 3: A line-splittable (153) configuration of type T3. Lines that belong to a splitting
set are colored orange. Its dual is depicted in Figure 2.

Obviously, unsplittable configurations are of type T4. However, the converse is not
true:

Proposition 2.7. Any unsplittable configuration is point-unsplittable and line-unsplittable.
There exist splittable configurations that are both point-unsplittable and line-unsplittable.

Proof. The first statement of Proposition 2.7 is obviously true. An example that provides
the proof of the second statement is shown in Figure 4. The splitting set is

{0,8,10, (1,9, 11), (6,7, 14)}. O

Note that configuration in Figure 4 is not cyclic, but it is 3-connected. In [8], the
following theorem is proven:

Theorem 2.8 ([8, Theorem 5.1.5]). Any unsplittable (ns) configuration is 3-connected.

Our computational results show that the converse to Theorem 2.8 is not true. There
exist 3-connected splittable configurations. See, for instance, the configuration in Figure 4.
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Figure 4: A splittable (153) configuration of type T4. Elements of a splitting set are points
0, 8 and 10 (colored red) and lines (1,9, 11) and (6, 7, 14) (colored orange).

3 Splittable and unsplittable cyclic (n23) configurations

We used a computer program to analyse all cyclic (ng) configurations for 7 < n < 30
(see Table 1, Table 2 and Table 3). In [9] it was shown that cyclic Haar graphs contain
all information about cyclic combinatorial configurations. In trivalent case combinatorial
isomorphisms of cyclic configurations are well-understood; see [11]. Namely, it is known
how to obtain all sets of parameters of isomorphic cyclic Haar graphs. We would like to
draw the reader’s attention to the manuscript [10], where the main result of [11] is extended
to cyclic (ny) configurations for all £ > 3. One would expect that large sparse graphs are
splittable. In this sense the following result is not a surprise:

Theorem 3.1. Let H(n,{0,a,b}) be a cyclic Haar graph, where 0 < a < b. Let
W =1{0,a,b,2b,b+ a,b— a,2b— a,2b — 2a,3b — a,3b — 2a,2b + a,3b} and
B=1{0,a,b,2b,b+a,b—a,2b— a,2b— 2a,3b— a,3b — 2a,—a,b— 2a}

be multisets with elements from Z,,. If all elements of YV are distinct and all elements of
B are distinct (i.e. W and B are ordinary sets, |W| = |B| = 12) then H(n,{0,a,b}) is
splittable and

Y ={0",2v", (20 —2a)",(b—a)",(b+a)",(3b—a)"}
is a splitting set for H(n, {0, a, b}).

Proof. See Figure 5. If YW and B are ordinary sets then the graph in Figure 5 is a subgraph
of H(n,{0,a,b}). It is easy to see that X is a splitting set. The set ¥ is indeed an indepen-
dent set in the square of the graph H(n, {0, a,b}) since no two vertices of ¥ are adjacent
to the same vertex. In order to see that the subgraph obtained by removing the vertices of
Y. is disconnected, note that one of the connected components is the cycle determined by
vertices {b™, (b —a)*,(2b —a)T,b7,2b7,(2b —a)~ }. O

Corollary 3.2. Under conditions of Theorem 3.1, the girth of the graph H(n,{0,a,b})
is 6.
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(b —2a)™ +

(2b — 2a)~ 0~
(3b—2a)* a®
(b+a)”
(3b—a)t (b+a)*

(2b+a)” © 3b™
Figure 5: The set X = {0",2b™, (2b — 2a)™, (b—a)~, (b+a)~,(3b — a)~ } is a splitting
set for H(n, {0,a,b}).

Proof. The girth of such a graph is at most 6 because it contains a 6-cycle (see Figure 5).
It is easy to see that the girth cannot be 4. Because the graph H (n, {0, a, b}) is bipartite,
each 4-cycle must contain a black vertex. Consider vertex b™ in Figure 5. Its neighborhood
is {7,207, (b + a)~ }. None of those vertices have a common neighbor, so b does not
belong to any 4-cycle. Because of symmetry this argument holds for all black vertices. [

Corollary 3.3. There exist infinitely many cyclic (n3) configurations that are splittable.
For example, the following three families of cyclic Haar graphs are splittable:

(a) H(n,{0,1,4}) forn > 13,
(b) H(n,{0,1,5}) forn > 16, and
(c) H(n,{0,2,5}) forn > 16.

Proof. Corollary 3.2 implies that each graph from any of the three families has girth
6. From Theorem 3.1 it follows that ¥ = {0",6",8",37,57,117} is a splitting set
for H(n,{0,1,4}) if n > 13 (see Figure 6), {07,8",10"7,47,67,14"} is a splitting
set for H(n,{0,1,5}) if n > 16, and {0F,67,107,37,77,137} is a splitting set for
H(n,{0,2,5}) if n > 16. O

If n < 13 then conditions of Theorem 3.1 are not fulfilled. If n = 12 then (n — 1)" =
11" which means that the vertices of the graph in Figure 6 are not all distinct. If n = 9
then 9~ = 0~ since we work with Zg. Similar arguments can be made if n < 16 in the
case of the other two families from Corollary 3.3.

We investigated the first 100 graphs from the H(n,{0,1,4}) family. All but two
are zero symmetric, nowadays called graphical regular representation or GRR for short
(see [5]). The exceptions are for n = 13 and n = 15.
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2t (n—1)%

1-

12— © 9~
Figure 6: The set ¥ = {0",67,8",37,57,117} is a splitting set for H(n,{0,1,4})
where n > 13.

By Corollary 3.3, there are infinitely many splittable (n3) configurations. However, we
are also able to show that there is no upper bound on the number of vertices of unsplittable
(n3) configurations:

Theorem 3.4. There exist infinitely many cyclic (n3) configurations that are unsplittable.

Proof. We use the cyclic Haar graphs X = H(n, {0,1,3}), where n > 7. Clearly, each
of them has girth 6. The graph can be written as LCF[5, —5]™. (For the LCF notation
see [19].) This means that the edges determined by symbols 0 and 1 form a Hamiltonian
cycle while the edges arising from the symbol 3 form chords of length 5. See Figure 1 for
an example.

Let us assume the result does not hold. This means there exists a splitting set >. By
removing ¥ from the graph the Hamiltonial cycle breaks into paths. Each path must contain
at least two vertices. Let the sequence II = (p1,pa,...,pr) denote the lengths of the
consecutive paths along the Hamiltonial cycle. The rest of the proof is in two steps:

Step 1. If there are no two consecutive numbers of II equal to 2, then the corresponding
segments are connected in X — X since there is a chord of length 5 joining these two
segments. But this means that all paths are connected by chords, so X is not a splitting set.

Step 2. We can show that no two consecutive segments are of length 2. In case of two
adjacent segments of length 2 we would have vertices {i — 3,¢,7 + 3} C X. But that is
impossible, since i — 3 is adjacent to i + 3 in X 2. O

Note that this is not the only such family. Here is another one:

Theorem 3.5. Cyclic configurations defined by H(3n,{0,1,n}), where n > 2, are un-
splittable.
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Proof. The technique used here is similar to the technique used in proof of Theorem 3.4.
Let X = H(3n,{0,1,n}). The graph X can be written as LCF[2n — 1, —(2n — 1)]*".
Suppose that there exists a splitting set 2. The edges determined by symbols 0 and 1 form
a Hamiltonian cycle which breaks into paths when the splitting set X is removed.

We show that any two consecutive paths are connected in X — X. Without loss of
generality (because of symmetry), we may assume that 0" € X is the vertex adjacent to the
two paths under consideration. If 07 € X then 17,07, n~,n™, 1%, 2n™ 2n + 1)* ¢ 3.
We show that vertices 1~ and 0~ (which belong to the two paths under consideration) are
connected in X — 2.

If (2n+1)" ¢ X then2n™ and (2n+1)" are connected in X —X. Since 0~ is adjacent
to 2n™ and 17 is adjacent to (2n + 1), vertices 0~ and 1~ are also connected in X — .
Now, suppose that (2n + 1)~ € X. This implies that 2n~, (n + 1)*(n + 1)~ ¢ X. Then
2nT is adjacent to 2n~, 2n~ is adjacent to n™, n™ is adjacent to (n +1)7, (n + 1)~ is
adjacent to 17, and 17 is adjacent to 1~ in X — X. Therefore, 1~ and 0~ are connected in
X -3 O

Cubic symmetric bicirculants were classified in [13] and [16]. These results can be
summarised as follows:

Theorem 3.6 ([13, 16]). A connected cubic symmetric graph is a bicirculant if and only if
it is isomorphic to one of the following graphs:

(1) the complete graph K,
(2) the complete bipartite graph K3 3,

(3) the seven symmetric generalized Petersen graphs GP(4,1), GP(5,2), GP(8,3),
GP(10,2), GP(10,3), GP(12,5) and GP(24,5),

(4) the Heawood graph H(7,{0,1,3}), and

(5) the cyclic Haar graph H(n,{0,1,r + 1}), where n > 11 is odd and v € Z, such
thatr®> +r+1=0 (mod n).

It is well known that an (n3) configuration is flag-transitive if and only if its Levi graph
is cubic symmetric graph of girth at least 6. From Theorem 3.6 it follows that the girth
of any connected cubic symmetric bicirculant is at most 6. If the girth of such a graph
is 6 or more then it is a Levi graph of a flag-transitive configuration. This enables us to
characterise splittability of such configurations:

Theorem 3.7. The Fano plane (73), the Mobius-Kantor configuration (83), and the De-
sargues configuration (103) are unsplittable. Their Levi graphs are

H(7,{0,1,3}), H(8,{0,1,3}) 2 GP(8,3) and GP(10,3),

respectively.
If n > 9, all flag-transitive (n3) configurations, except the Desargues configuration,
are splittable.

Proof. We start with the classification given in Theorem 3.6. Only bipartite graphs of girth
6 have to be considered. This rules out the complete graph K4, the complete bipartite graph
K3 3, and the generalised Petersen graphs GP(5,2), GP(10,2) and GP(4,1). Note that
G P(4,1) is isomorphic to the cube graph Q3.



10 Ars Math. Contemp. 16 (2019) 1-17

Table 1: Overview of splittable and unsplittable connected cyclic Haar graphs.
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(a) Number of non-isomorphic connected cubic cyclic Haar graphs on 2n vertices.
(b) Those that have girth 6. (c) Those that are splittable. (d) Those that are unsplittable.
(e) Those that are splittable of girth 6. (f) Those that are unsplittable of girth 6.
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It is well known, but one may check by computer that GP(8,3) = H(8,{0,1,3}). See
for instance [9, Table 2].

One may also check by computer that GP(8,3), GP(10,3) and the Heawood graph
H(7,{0,1,3}) are unsplittable.

Let

V(GP(n,k)) ={0,1,...,n—1,0",1",...,(n—1)"} and
E(GP(n,k)) = {{i, ((i + 1) mod n)'}, {i,i'},{i,(i + k) mod n} | i =0,...,n — 1}.

Note that 3 = {0/,4',8',2,6,10} is a splitting set for GP(12,5) as shown in Figure 7.
Also, GP(12,5) — S = 3Cs, i.e., a disjoint union of three copies of Cg. The splitting

Figure 7: The magenta vertices form a splitting set for the Nauru graph GP(12,5) [6, 21].

set for GP(24,5)is ¥ = {0/,4/,8,12/,16/, 20/, 2,6, 10, 14, 18,22} as shown in Figure 8.
Note that GP(24,5) — S = 3C}2. Also, note that GP(24, 5) is not isomorphic to a cyclic
Haar graph since its girth is 8.

Using Theorem 3.1, one may verify that all graphs in item (5) of Theorem 3.6 have girth
6 and for each of them the splitting set is {0, 27", (2r +2)*,r=, (r +2)7,(3r +2)" }.
We have

W=A{0,1L,r,r+1,r+2,2r2r+1,2r+22r+3,3r+1,3r +2,3r + 3},
B={0,1,n—1,r—Lr,r+1,r+22r2r+1,2r+23r+1,3r+2}.

It is easy to verify that all elements of WV are distinct and that all elements of B are distinct.
For example, suppose that = 3r + 3 (mod n). This means that

2r=-3 (mod n). 3.1)
From condition 72 + 7 + 1 = 0 (mod n) we obtain

dr? 4 4r +4=(2r)*+2-2r+4=0 (mod n). (3.2)



12 Ars Math. Contemp. 16 (2019) 1-17

Figure 8: The magenta vertices form a splitting set for GP(24,5) which was recently
named the ADAM graph [14].

Equations (3.1) and (3.2) together imply that (—=3)* +2-(=3) +4 = 7 = 0 (mod n),
which is a contradiction since n > 11. All other cases can be checked in a similar way. [

From Theorem 3.7 we directly obtain the following corollary.

Corollary 3.8. A cyclic flag-transitive (n3) configuration is splittable if and only if n > 8.
The only two exceptions are:

(1) H(7,{0,1,3}), i.e. the Fano plane, and
(2) H(8,{0,1,3}), i.e. the Mébius-Kantor configuration.

4 Splittable geometric (74) configurations

We will now show that for any k there exist a geometric, triangle-free, (ny) configuration
which is of type T1, i.e., it is point-splittable and line-splittable.

Let us first provide a construction to obtain a geometric (ny) configuration for any k.
We start with an unbalanced (k1, 1) configuration, denoted G ,il), that consists of a single
line containing k points. Let g,ﬁ“ be a configuration that is obtained from g}j‘” by the
k-fold parallel replication (see [19, p. 245]). The configuration g,(f) is a balanced (k*)
configuration, called a generalised Gray configuration; see [17].

Lemma 4.1. Let C be an arbitrary geometric (ny) configuration. There exists a geometric
(kny) configuration D that is point- and line-splittable. Moreover, if C is triangle-free then
D is also triangle-free.

Proof. Let C be as stated. Select an arbitrary line L of C passing through points p(*), p(?)|
...,p'®) of C as shown in Figure 9(a). Remove line L and call the resulting structure
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Table 2: List of non-isomorphic connected trivalent cyclic Haar graphs H(n,S) with

n < 25 and some of their properties.

n| S |@|®]©]W n| S |J@|®]|©]|W
3l{o,,2y | L[ 4]2]T 8] {o,1,6} | L] 6 |6 ]L
4 {0,1,2} 1 4 3 T 18 {0,1,9} T 4 9 L
5 14{0,1,2} | L | 4 | 3| L 19| {0,1,2} | L | 4 |10 ]| L
6 [ {0,1,2} | L | 4| 4| L 9| {0,1,3} | L| 6 |7]|L
6 | {0,1,3} | L | 4| 3 | L 19 {0,1,4} | T | 6 | 6 | L
7 14{0,1,2} | L | 4 | 4| L 19 {0,1,8} | T | 6 | 5| T
71{0,1,3} | L |6 |3 |T 20 | {0,1,2} | L | 4 | 11| L
8 | {0,1,2} | L | 4| 5 | L 20| {0,1,3}y | L | 6 | 8 | L
8 1{0,1,3} | L | 6 | 4 | T 20 | {0,1,4} | T | 6 | 6 | L
8 | {0,1,4} | T | 4 4 | L 20 | {0,1,5} | T | 6 6 | L
9 |{0,1,2} | L | 4 5 | L 20 | {0,1,6} | T | 6 6 | L
9 14{0,1,3} | L | 6 | 4| L 20| {0,1,9} | T | 6 | 7 | L
10 {O, 1, 2} 1 4 6 1 20 {O, 1, 10} T 4 10 1
10 | {0,1,3} | L | 6 4 | L 21 | {0,1,2} | L | 4 |11 | L
10]4{0,1,5} | T | 4 | 5| L 21| {0,1,3} | L | 6 | 8 | L
11 {0,1,2} 1 4 6 1 21 {0,1,4} T 6 6 1
11]{0,1,3} | L | 6|5 | L 21| {0,1,5} | T | 6 | 6 |T
1214{0,1,2} | L | 4 | 7| L 21 | {0,1,7} | L | 6 | 7 | L
12 {0,1,3} 1 6 5 1 21 {0,1,8} 1 6 7 1
121 {0,1,4} | L | 6 | 5 | L 21| {0,1,9} | T | 6 | 6 | L
1214{0,1,5} | L | 6 | 5| L 22 | {0,1,2} | L | 4 | 12| L
12 {0,1,6} T 4 6 1 22 {0,1,3} 1 6 8 1
13 | {0,1,2} 1 4 7 1 22 {0,1,4} T 6 7 L
1314{0,1,3} | L | 6 | 5| L 22 | {0,1,5} | T | 6 | 6 | L
131 {0,1,4} | T | 6 5 | T 22 | {0,1,6} | T | 6 7| L
4] {0,1,2} | L | 4| 8 | L 22 | {0,1,11} | T | 4 |11 | L
1414{0,1,3} | L | 6 | 6 | L 23 | {0,1,2} | L | 4 | 12| L
14 | {0,1,4} | T | 6 5 | L 23| {0,1,3} | L | 6 9 | L
“4]{0,1,73 | T | 4| 7| 1L 23| {0,1,4} | T | 6 | 7 | L
15]4{0,1,2} | L | 4 | 8 | L 23| {0,1,5} | T | 6 | 7| L
15 {0,1,3} 1 6 6 1 24 {0,1,2} 1 4 13 1
15 | {0,1,4} | T 6 5 1 24 {0,1,3} L 6 9 L
15]4{0,1,5} | L | 6 | 5 | L 24 | {0,1,4} | T | 6 | 7 | L
15 {0,1,6} | L | 6 | 5 | L 24| {0,1,5} | T | 6 | 7| L
16| {0,1,2} | L | 4 | 9| L 24 | {0,1,6} | T | 6 | 7 | L
16 ]4{0,1,3} | L | 6 | 6 | L 24 | {0,1,7} | T | 6 | 7| L
16 {0,1,4} T 6 5 1 24 {0,1,8} L 6 8 1
6 |{0,,7} | T | 6 | 5 | L 24 | {0,1,9} | L | 6 | 8| L
16| {0,1,8} | T | 4 | 8 | L 24 | {0,1,10} | T | 6 | 6 | L
171 {0,1,2} | L | 4 | 9| L 24 | {0,1,11} | T | 6 | 7 | L
7 [{0,1,3} | L |6 | 7] L 24 | {0,1,12} | T | 4 | 12| L
171 {0,1,4} | T | 6 | 5 | L 25 | {0,1,2} | L | 4 | 13| L
18 {0,1,2} 1 4 10 1 25 {0,1,3} L 6 9 1
18{0,1,3} | L | 6 | 7| L 25| {0,1,4} | T | 6 | 7| L
181 {0,1,4} | T | 6 | 6 | L 25| {0,1,5} | T | 6 | 7| L
18] {0,1,5} | T | 6 | 6 | L 25 | {0,1,10} | T | 6 | 7 | L

(a) splittable? (b) girth (c) diameter (d) arc-transitive?




14 Ars Math. Contemp. 16 (2019) 1-17

Table 3: List of non-isomorphic connected trivalent cyclic Haar graphs H(n,S) with
26 < n < 30 and some of their properties.

n] S @] ©] @

26 {0,1,2} | L | 4 [14] L
26| {0,1,3} | L |6 |10] L
26| {0,1,4} | T |6 | 8| L
26| {0,1,5} | T |6 | 7] L
26| {0,1,7} | T |6 | 8| L
26| {0,1,8} | T |6 | 7| L
26 | {0,1,13} | T | 4 |13 | L
27 | {0,1,2} | L | 4 |14 L
27| {0,1,3} | L | 6 |10] L
27| {0,1,4} | T |6 | 8 | L
27| {0,1,5} | T |6 | 7| L
27| {0,1,6} | T |6 | 7| L
27| {0,1,9} | L |6 | 9| L
28| {0,1,2} | L |4 |15] L
28| {0,1,3} | L |6 |10] L
28| {0,1,4} | T |6 | 8| L
28| {0,1,5} | T |6 | 7] L
28| {0,1,6} | T |6 | 8| L
28 {0,1,7} | T |6 | 7] L
28| {0,1,8} | T |6 | 7] L
28| {0,1,13} | T |6 | 9| L
28 | {0,1,14} | T | 4 | 14| L
29| {0,1,2} | L | 4 |15] L
29| {0,1,3} | L | 6 | 11| L
29| {0,1,4} | T |6 | 8| L
29| {0,1,5} | T |6 | 7] L
29| {0,1,9} | T |6 | 7] L
30| {0,1,2} | L |4 |16] L
30| {0,1,3} | L |6 |11] L
30| {0,1,4} | T |6 |9 | L
30 {0,1,5} | T |6 | 7] L
30| {0,1,6} | T |6 | 7] L
30 {0,1,7} | T |6 | 7] L
30| {0,1,8 | T |6 |9 | L
30| {0,1,9} | T |6 | 7]L
30 | {0,1,10} | L | 6 | 10| L
30 | {0,1,11} | L | 6 | 10| L
30 | {0,1,12} | T | 6 | 8 | L
30 | {0,1,15} | T | 4 |15 | L
30| {0,2,5} | T |6 |8 ]| L

(a) splittable? (b) girth (c) diameter (d) arc-transitive?
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C'. Make k copies of C": C{,C,...,C, and place them equally spaced in any direction
' that is non-parallel to the direction of any line of C’ (see Figure 9(b)). Point of C; that

My

AN Sl VAN VARSI

/ - / B A / s
M,

Mg
*) *) (k)
1 2 k

Figure 9: Construction provided by Lemma 4.1.

correspond to p) in C’ is denoted pl(-j). Now add lines My, My, ..., My, such that M;
passes through points p{” p{” ..., p,(;). The resulting structure, denoted D, is clearly a
(kng) configuration.

The set of lines { M7, Mo, ..., My} is a splitting set of D which proves that D is line-

splittable. The set of points {pgl), pl@), e pgk)} is a splitting set for an arbitrary 1 < i < k
which proves that D is also point-splittable.
It is easy to see that the resulting structure D is triangle-free. O

Now we can state the main result of this section.

Theorem 4.2. For any k > 1 and any ng there exist a number n > ng, such that there
exists a splittable (ny,) configuration.

Proof. Let Cy = g,i’”, i.e. the generalised Gray (k) configuration. Let C; be a con-
figuration obtained from C;_; by an application of Lemma 4.1. Note that the obtained
configuration C; is not uniquely defined — it depends on the choice of the line L.

From Lemma 4.1 it follows that each C;, 7 > 1, is a point- and line-splittable configura-
tion. Each configuration C; is balanced and the number of points of C; 1 is strictly greater
than the number of points of C;. Therefore, for increasing values of ¢, the number of points
will eventually exceed any given number ng. O

Since configurations Cy, Ca, . . . constructed in the proof of Theorem 4.2 are all of type
T1, their duals are also of type T1.

Example 4.3. The generalised Gray (k*}) configuration for k& = 3 is simply called the
Gray configuration (see Figure 10(a) and [17]). Let Cy be the Gray configuration. By one
application of Lemma 4.1 we obtain a configuration C; (see Figure 10(b)) which is point-
and line-splittable.

5 Conclusion

Theorems 3.4 and 3.5, Corollary 3.3, and our experimental investigations (see periodic
behaviour of the last column of Table 1 past n = 9) of splittability of cyclic Haar graphs
led us to the following conjecture.
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Figure 10: The Gray (273) configuration Cy and the corresponding C;.

Conjecture 5.1. A cyclic (n3) configuration is unsplittable if and only if its Levi graph
belongs to one of the following three infinite families:

(1) H(n,{0,1,3}) forn > 7;
(2) H(3n,{0,1,n}) forn > 2;
(3) H(3n,{0,1,n+ 1}) forn > 4 where n # 0 (mod 3).

To show that all other cyclic (ng3) configurations are splittable, we expect that the
method used in the proof of Theorem 3.1, Corollary 3.2 and Corollary 3.3 can be extended.
Nedela and Skoviera [15] showed a nice property of cubic graphs with respect to the cyclic
connectivity. Their result is likely to have applications in splittablity.

In Section 4 we have shown how to construct geometric point- and line-splittable (ny;)
configuration for any k. However, we were not able to obtain any splittable cyclic (ny)
configuration for k > 4 so far. Therefore, we pose the following claim.

Conjecture 5.2. All cyclic (ny) configurations for k > 4 are unsplittable.

Notions of splittable and unsplittable configurations have been defined via associated
graphs. Since splittability is a property of combinatorial configurations, it can be extended
from bipartite graphs of girth at least 6 to more general graphs. We expect that results
concerning cyclic connectivity such as those presented in [15] will play an important role
in such investigations.

Note that cyclic Haar graphs have girth at most 6 and form a special class of bicirculants
[16]. However, there exist other bicirculants with girth greater than 6. The corresponding
configurations have been investigated in [3, 1]. One way of extending this study is on the
one hand to consider splittability of these more general bicirculants and on the other hand
to study tricirculants [12], tetracirculants and beyond [7]. In the language of configurations,
they can be described as special classes of polycyclic configurations [2].
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Abstract

The 4-girth-thickness 6(4, G) of a graph G is the minimum number of planar subgraphs
of girth at least four whose union is G. In this paper, we obtain that the 4-girth-thickness of
complete tripartite graph K, ,, ,, is [ 23] except for (4, K1.1,1) = 2. And we also show
that the 4-girth-thickness of the complete graph K1 is three which disprove the conjecture

posed by Rubio-Montiel concerning to (4, K).

Keywords: Thickness, 4-girth-thickness, complete tripartite graph.
Math. Subj. Class.: 05C10

1 Introduction

The thickness 6(G) of a graph G is the minimum number of planar subgraphs whose union
is G. It was defined by W. T. Tutte [10] in 1963. Then, the thicknesses of some graphs have
been obtained when the graphs are hypercube [7], complete graph [1, 2, 11], complete
bipartite graph [3] and some complete multipartite graphs [6, 12, 13].

In 2017, Rubio-Montiel [9] defined the g-girth-thickness 6(g, G) of a graph G as the
minimum number of planar subgraphs whose union is G with the girth of each subgraph is
atleast g. It is a generalization of the usual thickness in which the 3-girth-thickness 6(3, G)
is the usual thickness 8(G). He also determined the 4-girth-thickness of the complete graph
K, except K10 and he conjectured that (4, K19) = 4. Let K, ,, ,, denote a complete
tripartite graph in which each part contains n (n > 1) vertices. In [13], Yang obtained
0(Knnn) =[] whenn =3 (mod 6).

In this paper, we determine 6(4, K, ,, ,,) for all values of n and we also give a decompo-
sition of K1 with three planar subgraphs of girth at least four, which shows 0(4, K1) = 3.
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2 The 4-girth-thickness of K, ,, ,,

Lemma 2.1 ([4]). A planar graph with n vertices and girth g has at most g%(n - 2)
edges.

Theorem 2.2. The 4-girth-thickness of K, ,, p is

n+1
0(47Kn,n,n) = ’V 2 —‘
except for (4, K1 1,1) = 2.
Proof. Itis trivial forn = 1, 6(4, K11.1) = 2. Whenn > 1, because |E(K,, )| = 3n?,
|V (Ky.nn)| = 3n, from Lemma 2.1, we have

In the following, we give a decomposition of K, ,, ,, into [”7“} planar subgraphs of

girth at least four to complete the proof. Let the vertex partition of K, ,, », be (U, V, W),
where U = {u1,...,un}, V= {v1,...,v,} and W = {wy,...,w,}. In this proof, all
the subscripts of vertices are taken modulo 2p.

Case 1: Whenn = 2p (p > 1). Let Gy, ..., Gp+1 be the graphs whose edge set is empty
and vertex set is the same as V (Kap 25 2p ).

Step 1: For each G; (1 < ¢ < p), arrange all the vertices w1, v3—2;, U2, Vg—2;, U3, V5—2;,
..., U2p, V2p_2i42 ON a circle and join u; t0 vjy2_2; and v;11_2;, 1 < j < 2p. Then we
get a cycle of length 4p, denote it by G} (1 < i < p).

Step 2: For each G} (1 < i < p), place the vertex wy;_ inside the cycle and join it to
U1, ..., Uzp, place the vertex wo; outside the cycle and join it to vy, ..., va,. Then we get
a planar graph G? (1 < i < p).

Step 3: For each Gf (1 <4 < p), place vertices wy; for 1 < j < p and j # ¢, inside of
the quadrilateral wa;_1u2;—1v1u2; and join each of them to vertices ug;—1 and ug;. Place
vertices wa;_1, for 1 < j < pand j # ¢, inside of the quadrilateral wa;v2;—1ukV2;, in
which uy, is some vertex from U. Join each of them to vertices vo; 1 and ve;. Then we get
a planar graph G; (1 <1 < p).

Step 4: For G, 1, join wy;_1 to bothi)gi,l and vg;, join wy; to both ug; 1 and wug;, for
1 <@ < p, then we get a planar graph G, 1.

For G1 U+ UGpi1 = Ky p.n, and the girth of G; (1 < < p+1) is at least four, we
obtain a 4-girth planar decomposition of Ky, 2, 2, With p + 1 planar subgraphs. Figure 1
shows a 4-girth planar decomposition of K, 4 4 with three planar subgraphs.

Case 2: Whenn = 2p + 1 (p > 1). Base on the 4-girth planar decomposition {G1, ...,
Gpi1} of Kap oy 2p, by adding vertices and edges to each G; (1 < i < p + 1) and some
other modifications on it, we will get a 4-girth planar decomposition of Kop 1 2541,2p+1
with p + 1 subgraphs.

Step 1: (Add u to G;,1 < i < p.) For each G; (1 < i < p), we notice that the
order of the p — 1 interior vertices woj, 1 < j < p, and j # i in the quadrilateral
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(a) The graph G1. (b) The graph G.
@ @ @ @)
& & & &)
@) ©9 @) @)

(c) The graph

Q

3.

Figure 1: A 4-girth planar decomposition of K4 4 4.

Waj_1Usi_101Usz; of G; has no effect on the planarity of G,;. We adjgst the order of them,
such that wa; _1u2;—1Wap—2i42Us2; is a face of a plane embedding of G;. Place the vertex u
in this face and join it to both wg;_1 and wa,_2;42. We denote the planar graph we obtain

by@i(lgigp).

Step 2: (Add v and w to G 1.) Delete the edge vjus in G 1, put both v and w in the face
WE U1 V1 W UaU2 in which wy, is some vertex from {wsy; | 1 < j < p} and w, is some vertex
from {wg;—1 | 1 < j < p}. Join v to w, join v to u1, ug, and join w to vy, v, we get a
planar graph Gi.

Step 3: (Add v and w to (A}'Z-, 2 < i < p.) For each @ (2 < i < p), place the vertex v in
the face wyug;—1v1u2; in which wy, is some vertex from {ws; | 1 < j < pand j # i}, and
join it to ue; 1 and wue;. Place the vertex w in the face wgv9;_1uv9; in Which wy, is some
vertex from {wy;_1 | 1 < j < pand j # i} and u, is some vertex from U. Join w to both

vg;—1 and vg;, we get a planar graph G; (2 < i < p).

Step 4: (Add u, v and w to Gp4+1.) We add u, v and w to Gp41. For 1 < i < 2p, join u to
each v;, join v to each wj, join w to each w;, join u to both v and w, and join v; to ug, then
we get a planar graph G ;. Figure 2 shows a plane embedding of G, 1.

For C~¥1 U---u C~¥p+1 = K nn, and the girth of é, (1 <i<p+1)isat least four,
we obtain a 4-girth planar decomposition of Kap,11,2p+1,2p+1 With p+ 1 planar subgraphs.
Figure 3 shows a 4-girth planar decomposition of K5 5 5 with three planar subgraphs.

Case 3: When n = 3, Figure 4 shows a 4-girth planar decomposition of K3 3 3 with two
planar subgraphs.

Summarizing the above, the theorem is obtained. O
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(c) The graph Gs.

Figure 3: A 4-girth planar decomposition of K 5 5.

Figure 4: A 4-girth planar decomposition of K3 3 3.
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3 The 4-girth-thickness of K¢

In [9], the author posed the question whether 6(4, K1¢) = 3 or 4, and conjectured that it is
four. We disprove his conjecture by showing 6(4, K19) = 3.

Theorem 3.1. The 4-girth-thickness of K1q is three.

Figure 5: A 4-girth planar decomposition of K.

Proof. From [9], we have 6(4, K19) > 3. We draw a 4-girth planar decomposition of
Ko with three planar subgraphs in Figure 5, which shows 6(4, K1) < 3. The theorem
follows. O

We would like to state that after submitting this paper for review, we notice that there
exist two results regarding the 4-girth-thickness of Ky, o), 2, and K. Rubio-Montiel [8]
obtained the exact value of the 4-girth-thickness of the complete multipartite graph when
each part has an even number of vertices. And by computer, Castafieda-Lopez et al. [5]
found the other two decompositions of K into three planar subgraphs of girth at least
four. In this paper, we give these results in a constructive way.
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Abstract

The metric dimension of a general metric space was defined in 1953, applied to the set
of vertices of a graph metric in 1975, and developed further for metric spaces in 2013. It
was then generalised in 2015 to the k-metric dimension of a graph for each positive integer
k, where k = 1 corresponds to the original definition. Here, we discuss the k-metric
dimension of general metric spaces.

Keywords: Metric spaces, metric dimension, k-metric dimension.

Math. Subj. Class.: 54E35, 05C12

1 Introduction

The metric dimension of a general metric space was introduced in 1953 in [4, p. 95] but
attracted little attention until, about twenty years later, it was applied to the distances be-
tween vertices of a graph [12, 14, 15, 18]. Since then it has been frequently used in graph
theory, chemistry, biology, robotics and many other disciplines. The theory was developed
further in 2013 for general metric spaces [1]. More recently, the theory of metric dimen-
sion has been generalised, again in the context of graph theory, to the notion of a k-metric
dimension, where k is any positive integer, and where the case k¥ = 1 corresponds to the
original theory [7, 8, 9, 10, 11]. Here we develop the idea of the k-metric dimension both
in graph theory and in metric spaces. As the theory is trivial when the space has at most
two points, we shall assume that any space we are considering has at least three points.
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Finally, whenever we discuss a connected graph G, we shall always consider the metric
space (X, d), where X is the vertex set of G, and d is the usual graph metric in which the
distance between two vertices is the smallest number of edges that connect them.

Let (X, d) be a metric space. If X is a finite set, we denote its cardinality by |X|; if
X is an infinite set, we put | X| = +oo. In fact, it is possible to develop the theory with
| X| any cardinal number, but we shall not do this. The distances from a point z in X to the
points a in a subset A of X are given by the function a — d(z, a), and the subset A is said
to resolve X if each point x is uniquely determined by this function. Thus A resolves X
if and only if d(x,a) = d(y, a) for all a in A implies that x = y; informally, if an object
in X knows its distance from each point of A, then it knows exactly where it is located in
X. The class R(X) of subsets of X that resolve X is non-empty since X resolves X. The
metric dimension dim(X) of (X, d) is the minimum value of | S| taken over all S in R(X).
The sets in R(X) are called the metric generators, or resolving subsets, of X, and S is a
metric basis of X if S € R(X) and |S| = dim(X). A metric generator of a metric space
(X,d) is, in effect, a global co-ordinate system on X. For example, if (21, ...,2,,) is an
ordered metric generator of X, then the map A: X — R™ given by

Alz) = (d(az,xl),...,d(x,xm)) (1.1)

is injective (for this vector determines ), so that A is a bijection from X to a subset of
R™, and X inherits its co-ordinates from this subset.

Now let k be a positive integer, and (X, d) a metric space. A subset S of X is a k-metric
generator for X (see [8]) if and only if any pair of points in X is distinguished by at least
k elements of S: that is, for any pair of distinct points v and v in X, there exist k£ points
wy, Wa, . .., wg in S such that

d(u,w;) # d(v,w;), 1=1,...,k.

A k-metric generator of minimum cardinality in X is called a k-metric basis, and its
cardinality, which is denoted by dimy(X), is called the k-metric dimension of X. Let
R (X) be the set of k-metric generators for X. Since R1(X) = R(X), we see that
dim; (X) = dim(X). Also, as inf @ = +oo, this means that dimy (X) = +oo if and only
if no finite subset of X is a k-metric generator for X.

Given a metric space (X, d), we define the dimension sequence of X to be the sequence

(dim; (X), dimy(X), ..., dimg(X),...),
and we address the following two problems.

e Can we find necessary and sufficient conditions for a sequence (d;, da, ds, . . .) to be
the dimension sequence of some metric space?

e How does the dimension sequence of (X, d) relate to the properties of (X, d)?

In Sections 2, 3 and 4 we provide some basic results on the k-metric dimension, and
in Section 5 we calculate the dimension sequences of some metric spaces. We then apply
these ideas to the join of two metric spaces, and to the Cayley graph of a finitely generated

group.
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2 Bisectors

As shown in [1], the ideas about metric dimension are best described in terms of bisectors.
For distinct u and v in X, the bisector B(u|v) of u and v is given by

B(ulv) ={z € X : d(z,u) = d(x,v)}.
The complement of B(u|v) is denoted by B°(u|v); thus
Bf(ulv) = {z € X : d(x,u) # d(z,v)},

and this contains both v and v. Whenever we speak of a bisector B, we shall assume that
it is some bisector B(u|v), where u # v, so that its complement B¢ is not empty.

Let us now consider the k-metric dimension from the perspective of bisectors. A subset
A of X fails to resolve X if and only if there are distinct points » and v in X such that
d(u,a) = d(v,a) for all a in A. Thus A resolves X if and only if A is not contained in any
bisector or, equivalently, if and only if for every bisector B, we have |B¢ N A| > 1. This
leads to an alternative (but equivalent) definition of the metric dimension dim(X ), namely

dim(X) = inf{|A| : A C X and, for all bisectors B, |B°N A| > 1}.

Again, this infimum may be +oc. The extension to the k-metric dimension dimy (X)) of X
is straightforward:

dimy (X) = inf{]A| : A C X and, for all bisectors B, |B° N A| > k}. (2.1)

Note that if X is a finite set then dim|x|41(X) = +oo0.

Clearly, the values dimy, (X') depend only on the class B of bisectors in X ; for example,
dim; (X) = 1 if and only if there is some point in X that is not in any bisector. More
generally, in all cases, dimy(X) > k, and equality holds here if and only if there are k
points of X that do not lie in any bisector. For example, if X is the real, closed interval
[0, 1] with the Euclidean metric, then dimy(X) = k for k¥ = 1,2. For a more general
example of this type, let X = {/p : p a prime number} with the Euclidean metric d. If p,
q and 7 are primes, with p # ¢, then /7 € B(,/p|,/q) implies /7 = (/P + /q); hence
4r = p + q + 2,/pq. Since ,/pq is irrational, this is false; hence every bisector is empty.
It follows that dimy(X) = k for & = 1,2, ...; thus the dimension sequence of (X, d) is
(1,2,3,...).

3 The monotonicity of dimensions

Let (X, d) be a metric space. Then, from (2.1), we have dimg(X) < dimg1(X), but
we shall now establish the stronger inequality dimy(X) + 1 < dimg1(X) (which is
dimy (X) < dimy.1(X) when the dimensions are finite, but not when they are +00). This
inequality is known for graphs; see [8, 10]) where it is an important tool.

Theorem 3.1. Let (X, d) be a metric space. Then, fork =1,2,. ..,
(i) if dimg(X) < 400 then dimy(X) < dimgy1(X);
(ii) if dimy (X) = 400 then dimy1(X) = +oo.

In particular, dimy (X) + 1 > dim; (X) + k.
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Proof. First, (ii) follows immediately from (2.1). Next, (i) is true if dimy1(X) = 400,
so we may assume that dimy11(X) = p < +oo. Thus there is a subset {x1, ..., z,} (with
the x; distinct) of X such that for every bisector B, |B° N {z1,...,2,}| > k+ 1. As
k > 1 we see that p > 2. Clearly, |B® N {z1,...,xp—1}| > k for every bisector B; hence
dimy (X) < p —1 < dimy41(X). The last inequality follows by induction. O

4 The 1-metric dimension

Theorem 3.1 shows that if 400 occurs as a term in the dimension sequence of (X, d),
then all subsequent terms are also +o0o. Thus dim;(X) = +oc if and only if (X, d) has
dimension sequence (+00, 400, +00, .. .). The next result shows when this is so.

Theorem 4.1. Let (X, d) be a metric space. Then dim; (X) = +oo if and only if every
finite subset of X lies in some bisector. In particular, if X is the union of an increasing
sequence of bisectors, then dim; (X) = 4o0.

Proof. First, the definition of dim(X) implies that dim;(X) = +oo if and only if every
finite subset of X lies in some bisector. The second statement holds because if X =

Un By, where By, Bo, ... is an increasing sequence of bisectors, then, given any finite
subset {z1,..., 7y} of X, each x; lies in some B;;, and {x1,...,2,} C B, where
r =max{i1,...,0nm} O

What can be said if dim; (X) < +00? It seems that we can obtain very little informa-
tion from the single assumption that dim; (X) < +o0; for example, for each > 0 choose
a point z, in R™ with ||z,|| = r, and let X = {z, : » > 0}. Then {0} is a 1-metric basis
for X, and dim; (X) = 1 but we can say almost nothing about the topological structure of
X. However, we can say more if we know that X is compact.

Theorem 4.2. Let (X, d) be a compact metric space with dim;(X) = m < 4oc. Then
(X, d) is homeomorphic to a compact subset of R™.

Proof. Suppose that X is compact, and that dim;(X) = m < +4oco. Then there is a 1-
metric basis {z1, ..., }, and the corresponding bijection A in (1.1) that maps X onto
some subset of R™. Now A is continuous on X since

A(z) = AWl < Y ld(w, 2;) — d(y, ;)| < md(z,y).

j=1

As A is a continuous, injective map from a compact space to the Hausdorff space R™ it
follows (by a well known result in topology) that it is a homeomorphism. [

This result is related to the following result in [1] (see also [16]).

Theorem 4.3. If (X, d) is a compact, connected metric space with dimy (X) = 1 then X
is homeomorphic to [0, 1].

The compactness is essential here as there is an example in [1] of a connected, but not
arcwise connected, metric space X with dim;(X) = 1. As X is not arcwise connected, it
is not homeomorphic to [0, 1]. It is conjectured in [1] that if X is arcwise connected, and
dim; (X) = 1 then X is a Jordan arc (this means that X is homeomorphic to one of the
real intervals [0, 1] and [0, +00)), and we can now show that this is so.
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Theorem 4.4. If X is an arcwise connected metric space with dim; (X) = 1, then X is a
Jordan arc.

Proof. As dim; (X) = 1, there is a metric basis, say {z(} for X, and every point = of X is
uniquely determined by its distance d(z, x() from zy. Consider the map A: z — d(z, )
of X into [0, +00). This map is (uniformly) continuous because

[A(z) = Ay)| = |d(z,z0) — d(y, z0)| < d(,y),

and as X is arcwise connected (and therefore connected), so A(X) is connected. This
means that A is an interval of the form [0, a], where a > 0, or [0, b), where 0 < b < +o0.

Let us consider the case when A(X) = [0, a]. As A is injective, we see that for every
r in the interval [0, a] there is some unique z, in X with d(x,,z¢) = r. Thus X = {x, :
0 <r < a}. However, as X is arcwise connected, there is a curve, say v: [0, 1] — X with
7(0) = zo and (1) = z,. Now as - is continuous, the set {d(y(t), zo) : ¢t € [0, 1]} must
contain every real number in the interval [0, a], and it cannot contain any other numbers;
thus X = ~([0, 1]). Now (][0, 1]) is compact for it is the continuous image of the compact
interval [0, 1]; thus X is compact and so, by Theorem 4.3, X is a Jordan arc.

The argument in the case when A(X) = [0,b) is similar. Indeed, the argument above
holds for every a with 0 < a < b, and it is easy to see that this implies that A is a
homeomorphism from X to [0, b). O

S Some examples

In order to calculate the k-metric dimension of a metric space we need to understand the
geometric structure of its bisectors, and we now illustrate this with several examples. In
order to maintain the flow of ideas, the details of these examples will be given later.

Example 5.1. Let (X, d) be any one of the Euclidean, spherical and hyperbolic spaces R",
S™ and H", respectively, each with the standard metric of constant curvature 0, 1 and —1,
respectively. The bisectors are well understood in these spaces, and we shall show that any
non-empty open subset of X has k-metric dimension n + k. In particular, each of these
spaces has dimension sequence (n + 1,n + 2,n + 3,...). See [1, 13] for the 1-metric
dimensions of these spaces.

Example 5.2. Let X be any finite set with the discrete metric d (equivalently, X is the
vertex set of a complete, finite graph). For distinct v and v in X we have B(ulv) =
X\{u, v}, so that for any subset S of X, we have B(u|v)° NS = {u,v} N S. Thus if
|S'N B€| > 1 for all bisectors B, then .S can omit at most one point of X. We conclude that
dim; (X) = |X|—1. If |B°NS| > 2 for all bisectors B then S = X, and dimy(X) = | X]|.
We conclude that (X, d) has dimension sequence (| X| — 1,|X]|, +o0, +00,...).

Example 5.3. Let X be the real interval [0, 1], with the Euclidean metric. Then B is
a bisectors if and only if B = {z} for some z in (0,1). Thus {0} is a 1-metric ba-
sis, and {0,1} is a 2-metric basis, of [0,1]. We leave the reader to show that if k >
3 then {0, %, %, cee %, 1} is a k-metric basis, so that [0, 1] has dimension sequence
(1,2,4,5,6,...). A similar argument shows that [0, +00) has dimension sequence (1, 3, 4,
5,...), and that (—oo, +00), which is R, has dimension sequence (2, 3,4, .. .).

Example 5.4. The Petersen graph, which is illustrated in Figure 1, has dimension sequence
(3,4,7,8,9,10,400,...). The (finite) values dimy(X) for k = 1,...,6 come from a
computer search, and as dimg(X) = 10 = | X|, we have dim7(X) = +o0.
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Figure 1: The Petersen graph.

Example 5.5. Let G be a group with a given set of generators, let V' be the vertex set of
the associated Cayley graph of G, and let d be its graph metric.

(i) If G is an infinite cyclic group then (V, d) has dimension sequence (2, 3,4, . ..).

(ii) If G is a free group on p generators, where p > 2, then (V, d) has dimension sequence
(400, +00, +00, . . .).

(iii) Let G be an abelian group on p generators, where p > 2, and where each generator
has infinite order. Then (V, d) has dimension sequence (+00, +00, +00, .. .).

6 Three geometries of constant curvature

In this section we give the details of Example 5.1. It is shown in [1] that if U is any
non-empty, open subset of any one of the three classical geometries R”, S™ and H", then
dim; (U) = n + 1. Here we show that if X is any of these spaces then dimy(X) =n + k
for kK = 1,2,.... The same result holds for non-empty open subsets of these spaces, and
we leave the reader to make the appropriate changes to the proofs.

The proof that dimy (X)) = n—+k when X is one of the three geometries R™, S™ and H",
is largely independent of the choice of X, and depends only on the nature of the bisectors
in these geometries. Each of these three geometries has the following properties:

(P1) dim;(X) =n+1;

(P2) there exists 1, g, ... in X such that if j; < jo < --- < j, then {z;,,...,x;, } lies
on a unique bisector B, and no other z; lies on B.

Now (P1) and (P2) imply that dimy (X) = n+4k for k = 1,2, .. .. Indeed, (P2) implies that
for any bisector B, [BN{z1,...,Zntr}| < n,sothat [B°N{z1,...,Znyr}| > k. This
implies that dimg(X) < n + k. However, (P1) and Theorem 3.1 show that dimy (X) >
n+ k. Since we know that each of R™, S and H" has the property (P1), it remains to show
that they have the property (P2), and this depends on the nature of the bisectors in these
geometries. We consider each in turn.

6.1 Euclidean space R™

Each bisector in R™ is a hyperplane (that is, the translation of an (n — 1)-dimensional
subspace of R™), and each hyperplane is a bisector. Any set of n points lies on a bisector,
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and there exists sets of n + 1 points that do not lie on any single bisector. The appropriate
geometry here is the affine geometry of R", but we shall take a more informal view. First,
we choose n points 1, ..., T, that lie on a unique hyperplane H. Next, we select a point
Zn41 not on H. Then any n points chosen from {z1,...,z,4+1} lie on some hyperplane
H’, and the remaining point does not lie on H'. Now suppose that we have constructed
the set {x1, ..., zn4p} With the property that any set of n points chosen from this lie on a
unique hyperplane, say H,, and that no other z; lies on H,. Then we can choose a point
Zp+p+1 that is not on any of the (”:p) hyperplanes H,, and it is then easy to check that
the sequence x1, o, . . . has the property (P2).

Although we have not used it, we mention that there is a formula for the n-dimensional

volume V' of the Euclidean simplex whose vertices are the n + 1 points x1,...,Zp41 in
R™, namely
V2 B (_1)n+1 A
- 2n(ph2 T
where A is the Cayley-Menger determinant given by
0 1 e 1
Al B |
1 d%+1,1 e di+1,n+1
and d; ; = ||z; — z;|. As V' = 0 precisely when the points z; lie on a hyperplane, we

see that this condition could be used to provide an algebraic background to the discussion
above. For more details, see [3, 4] and [5]. We also mention that there are versions of the
Cayley-Menger determinant that are applicable to spherical, and to hyperbolic, spaces.

6.2 Spherical space S™

Spherical space (S™, d) is the space {z € R"*! : ||z|| = 1} with the path metric d induced
on S" by the Euclidean metric on R™*!, Explicitly, cos d(x,y) = -y, where x-y is the
usual scalar product in R+, If 4 and v are distinct points of S™, we let B¢ (u|v) be the
Euclidean bisector (in R™*1) of u and v, and B®(u|v) the spherical bisector in the space
(S™,d). Then B¢ (ulv) is a hyperplane that passes through the origin in R"*1, and

BS (u|v) = S™ N BE (ulv). (6.1)

The bisectors B (u|v) are the great circles (of the appropriate dimension) on S™.

The equation (6.1) implies that the k-metric dimension of the spherical spaces is the
same as for Euclidean spaces. Indeed, our proof for Euclidean spaces depended on con-
structing a sequence x1, 2, . . . with the property (P2), and it is clear that this construction
could be carried out in such a way that each x; lies on S™.

6.3 Hyperbolic space H"
Our model of hyperbolic n-dimensional space is Poincare’s half-space model
H" = {(z1,...,2,) € R": z, >0}

equipped with the hyperbolic distance d which is derived from Riemannian metric |dz|/z,.
For more details, see for example, [2, 17]. Our argument for H" is essentially the same as
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for R”™ and S™ because if u and v are distinct points in H", then the hyperbolic bisector
B(ulv) is the set S N H"™, where S is some Euclidean sphere whose centre lies on the
hyperplane x,, = 0. We omit the details.

7 The metric dimensions of graphs

The vertex set V' of a graph G supports a natural graph metric d, where d(u,v) is the
smallest number of edges that can be used to join u to v. Some basic results on the k-
metric dimension of a graph have recently been obtained in [7, 8, 9, 10, 11]. Moreover,
it was shown in [19] that the problem of computing the k-metric dimension of a graph
is NP-hard. A natural problem in the study of the k-metric dimension of a metric space
(X, d) consists of finding the largest integer &k such that there exists a k-metric generator
for X. For instance, for the graph shown in Figure 2 the maximum value of k is four. It was
shown in [7, 10] that for any graph of order n this problem has time complexity of order
O(n?). If we consider the discrete metric space (X, dp) (equivalently, a compete graph),
then dim; (X) = |X| — 1 and dimy(X) = |X|. Furthermore, for k& > 3 there are no
k-metric generators for X. In general, for any metric space (X, d), the whole space X is
a 2-metric generator, as two vertices are distinguished by themselves. As we have already
seen, there are metric spaces, like the Euclidean space R™, where for any positive integer
k, there exist at least one k-metric generator.

We shall now discuss the dimension sequences of the simplest connected graphs, that
is paths and cycles (and we omit the elementary details).

A finite path P, is a graph with vertices vy, ..., vy, edges {v1,v2}, ..., {Un—1,0n},
and bisectors {va},...,{v,—1}. We leave the reader to show that P, has dimension se-
quence

(1,2, 400,...) ifn=2,3;
(1,2,4,5,...,n,400,...) ifn>4.
A semi-infinite path Py is a graph with vertices v1, v . . ., edges {v1,v2}, {ve, v3}, ..., and
bisectors {va},.... Thus Py has dimension sequence (1,3,4,5,...). A doubly-infinite
path Py is the graph with vertices ..., v_1,vg,v1,...,edges ..., {v_1,v0}, {vo,v1}, ...,

and bisectors ..., {v_1},{vo}, {v1},.... Thus Pz has dimension sequence (2, 3,4,5,...).
We note that a graph G has 1-metric dimension 1 if and only it is P, or Py [6, 14]. This,
together with the results just stated, show that if G is a graph of order two or more, and
k > 2, then dimy(G) = k if and only if G is P, and k = 2 (see also [8]).

We now consider cycles. A cycle C,, is a graph with vertices v, ..., v,, and edges
{vi,v2},..., {vn-1,vn},{vn,v1}. We must distinguish between the cases where n is
even, and where n is odd (which is the easier of the two cases) and, as typical examples,
we mention that C7 has dimension sequence (2,3, ...,7,+00,...), and Cs has dimension
sequence (2,3,4,6,7,8, 400, ...). Suppose that n is odd; then the bisectors are the single-
tons {v}. Thus if S is a set of k + 1 vertices, where k + 1 < n, then | B°N S| > k for every
bisector B. Thus if n is odd, then dimy(C,,) = k + 1, and C,, has dimension sequence
(2,3,...,n,400,...).

We now show that C', has dimension sequence

(2’37""q7q+27q+37"'7q+Q7+oo7"')'

To see this, label the vertices as v;, where j € Z, and where v; = v; if and only if i = j
(mod n). The vertices v; and v; are antipodal vertices if and only if i — j = ¢ (mod 2¢);
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thus v; and v, are antipodal vertices. The class of bisectors is the class of sets {v,v*},
where v is a vertex, and v* is the vertex that is antipodal to v. For k = 1,...,q — 1 we
can take a set of k£ + 1 points, no two of which are antipodal, as a k-metric basis, so that
dimy(Coq) = k+1fork =1,...,¢ — 1. To find dim,(Cs,), we need to take (for a
g-metric basis) a set S which contains two pairs of antipodal points, and one more point
from each pair of the remining antipodal pairs. We leave the details to the reader.

U1

Ul ug us Ut

Vg
Figure 2: For k € {1,2,3,4}, dimy(G) = k + 1.

As an example which joins a path to a cycle, consider the graph G illustrated in Figure 2
which is obtained from the cycle graph Cs and the path P;, by identifying one of the
vertices of the cycle, say u;, and one of the end vertices of P;. Let S = {v1,v2}, So =
{v1,v9,u}, S3 = {v1,v2,v3,u} and Sy = {v1, va, v3,vq,us}. Then, for k = 1,2, 3,4,
the set .Sy is k-metric basis of G.

The following lemma is useful when discussing examples in graph theory.

Lemma 7.1. Suppose that a graph G does not have any cycles of odd length. Then
B(ulv) = & when d(u,v) is odd.

The proof is trivial for if z € B(u|v) then there is a cycle of odd length (from u to x,
then to v, and then back to ). This lemma applies, for example, to the usual grid (or graph)
in R™ whose vertex set is Z™. A bipartite graph is a graph G whose vertex set V' splits into
complementary sets V7 and V5 such that each of the edges of G join a point of V; to a point
of V5. As a graph is bipartite if and only if it has no cycles of an odd length, this lemma is
about bipartite graphs.

Example 7.2. Let us now consider a graph G that is an infinite tree in which every vertex
has degree at least three. Now let v be any vertex, select three edges from v, say {v, a},
{v,b} and {v,c}. As G is a tree, if we remove one edge the remaining graph is discon-
nected. Now let G be the subgraph of G that would be the component containing c if
we were to remove the edge {v,c} from G. It is clear that if u is a vertex in G, then
d(a,u) = d(b,u) since any path from a (or b) to u must pass through the edge {v, c}.
We conclude that G, C B(alb). It is now clear from Theorem 4.1 that G' has dimension
sequence (+00, +00, .. .).

For the rest of this section we shall consider the Cayley graph of a group with a given
set of generators as a metric space. Let G be a group and let Gy a set of generators of
G. We shall always assume that if g € G then g=! € G also. Then the Cayley graph
of the pair (G, Gy) is a graph whose vertex set is GG, and such that the pair (g1, g2) is an
edge if and only if go = gpg1 for some gy in Gy. Thus, for example, Pz is the Cayley
graph of an infinite cyclic group (on one generator), and C,, is the Cayley graph of an finite
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cyclic group (on one generator). We shall always assume that the set G of generators of
G is finite; then the Cayley graph is locally finite (that is, each vertex is the endpoint of
only finitely many edges). Note also that if a generator gg has order two then gq L= gy s0
this only provides one edge (not two edges) from each vertex. The following result, which
characterises Cayley graphs within the class of all graphs, is well known.

Theorem 7.3. A graph is a Cayley graph of a group G if and only if it admits a simply
transitive action of G by graph automorphisms.

Theorem 7.3 suggests that if we use the homogeneity implied by this result there is a
reasonable chance of finding the dimension sequence of a Cayley graph. However, for a
graph that is not the Cayley graph of a group, it seems that we are reduced to finding its
metric dimensions by a case by case analysis.

We shall now verify the claims made in Example 5.5. First, suppose that G is a free
group on p generators. Then the Cayley graph of G is a tree in which every vertex has
degree 2p; thus, using Example 7.2, we see that G has dimension sequence (400, +00,
+00,...).

Next, we consider an abelian group G on two generators of infinite order (the proof for
p generators is entirely similar). The Cayley graph of G has Z? as its vertex set and (if we
identify the lattice point (m, n) with the Gaussian integer m +in) edges {m +in,m+1+
in} and {m + in,m +i(n + 1)}, where m,n € Z. It is (geometrically) clear that for any
m € Z we have, with { = m + im,

B{¢C+1¢+i)D{pt+ig:p>m+1,q>m+1}.

It now follows from Theorem 4.1 (by taking |m/| large and m negative) that G has dimen-
sion sequence (400, +00,...).

In contrast to Example 5.5 we have the following result for the infinite dihedral group
whose Cayley graph is an infinite ladder; for example we can take the group generated by
the two Euclidean isometries which, in complex terms, are z — z + 1 and z +— Z.

Theorem 7.4. The infinite dihedral group has dimension sequence (3,4,6,8,...).

Proof. We may assume that (in complex terms) the vertices of the ladder graph are the
points m + ¢n, where m € Z and n = 0, 1. The key to computing the metric dimensions
of the ladder graph is the observation that

B(O]1+4)={1,2,3,.. YU {i,i—1,i—2,...}.

Of course, similar bisectors arise at other pairs of similarly located points; equivalently,
each automorphism of the graph maps a bisector to a bisector. All other bisectors are either
empty or of cardinality two. We claim that {0, 1,¢} is a 1-metric basis for the graph so that
dim; (G) = 3. Next, it is easy to see that {0, 1,4,1 + 4} is a 2-metric basis for X so that
dimz(X) = 4. The set {0,1,2,4,1 + 4,2 + i} is a 3-metric basis so that dims(X) = 6.
We leave the details, and the remainder of the proof to the reader. O

8 The join of metric spaces

The k-metric dimension of the join G; + G2 of two finite graphs G and G2 was studied
in [7]. Let us briefly recall the notion of the join of two graphs GG; and G, with disjoint
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vertex sets V7 and V5, respectively. The join G1 + G5 of G and G is the graph whose
vertex set is V1 U Vo, and whose edges are the edges in G, the edges in G, together with
all edges obtained by joining each point in V7 to each point in V5. Let dy, ds and d be the
graph metrics of G, G2 and G 4+ G, respectively; then

min{d; (u,v),2} if u,v € Vi;
d(u,v) = < min{ds(u,v),2} if u,v € Vs;
1 ifu eV, veV;, wherei # j,

because if u, v € V4, say, then for w in V3, we have d(u,v) < d(u, w) + d(w,v) = 2.
The join of two metric spaces is defined in a similar way, but before we do this we recall
that if (X, d) is a metric space, and ¢ > 0, then d?, defined by

d'(z,y) = min{d(z,y), 2t},

is a metric on X. If d(z,y) < 2t then d*(z,y) = d(z,y), so that the d’-metric topology
coincides with the d-metric topology on X. As the metric d* will appear in our definition
of the join, we first show how the metric dimension of a single metric space varies when we
distort the metric from d to d* as above. From now on, the k-metric dimension of (X, d*)
will be denoted by dim},(X).

Theorem 8.1. Ler (X, d) be a metric space, and k a positive integer, and suppose that
0 < s < t. Then dim} (X) > dim} (X) > dimy(X). However, it can happen that

Jim dim},(X) > dimy(X). 8.1)

The join of two metric spaces is defined in a similar way to the join of two graphs, and

to motivate this, suppose that (X, d) is a metric space, and that X; and X5 are bounded

subsets X whose distance apart is very large compared with their diameters. Then, in some

sense, we can approximate the metric space (X7 U X5, d) by replacing all values d(z1, z2),

where ; € X, by t, where ¢ is some sort of average of the values d(z1, z2). We shall now

define the join, so suppose that (X7, d;) and (X3, d2) are metric spaces, with X1N Xy = &,

and ¢t > 0. Then the join of (X1, d;) and (X3, d2) (relative to the parameter t) is the metric
space (X; U X»,d"), where

dt (u,v) if u,v € Xy;
d'(u,v) = ¢ dy(u,v) if u,v € Xy;
t ifu e X; andv € X, where ¢ # j.

As with graphs, X; + X5 always represents the metric space (X7 U Xo, dt), where in this
case t will be understood from the context.

‘We might hope that the metric dimension is additive with respect to the join, but unfor-
tunately it is not. Let X; = {1,3} and X5 = {2, 4}, each with the Euclidean metric, and
lett = 1. Then X; U X5 = {1,2,3,4} with the metric d*, where d'(1,3) = d*(2,4) = 2
and, for all other z and y, d*(z, y) = 1. The bisectors in X; + X» are X1, X and @, and
from this we conclude that dimj (X, + X») = 3. Obviously, dim; (X;) = dim; (X3) = 1,
so that in this case, dim; (X;) + dim; (X5) < dim7(X; + Xa).

We now give some inequalities which hold for the join of two metric spaces.
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Theorem 8.2. Let (X;,d;), j = 1,2, be metric spaces with X1 N X9 = &, and consider
the join (X1 U Xo, d"). Then, for any positive integer k, we have

dimy,(X1) + dimy (X2) < dim},(X;) + dim}, (Xs) < dim},(X; + X3). 8.2)

We shall now give an example which shows that (8.1) can hold; then we end with the
proofs of Theorems 8.1 and 8.2, and stating a consequence of Theorem 8.2.

Example 8.3. Let X = R and d(x,y) = |z — y|, so that dim;(X) = 2. We shall now
show that if ¢ > 0 then dim’(X) = 400, so that (8.1) can hold. Suppose that a < b,
and consider the bisector B*(alb). If z < a — 2t, then d'(z,a) = d*(x,b) = 2t so that
x € B'(alb). Thus B'(alb) D (—oo0,a — 2t]. Now let S be any finite set, and let s be the
largest element in S. Then B*(s + 2t,s + 3t) D (—00, 5] D S, so that dim (X) = +oc.

This is a convenient place to describe the notation that will be used in the following two
proofs. We have metric spaces (X1,d;) and (X2, ds) with X1 N Xy = &. For j = 1,2
we use Bj(u|v) for the bisectors in X, and dimy (X ;) for their metric dimensions. Now
consider the join (X; U X5, d"), and its metric subspaces (X, d"). We use B(u|v) and
Bi(ulv) for the bisectors in these spaces, and dim},(X; + X») and dim},(X;) for their
metric dimensions. In general, we write [B]¢ for the complement of a bisector B of any
type.

We shall need the following lemma in our proof of Theorem 8.1.

Lemma 8.4. Let (X, d) be a metric space, and suppose that 0 < s < t. Then B(u|v) C
Bt(ulv) C B%(ulv).

Proof. First, observe that for all real r, and all real, distinct @ and 3, we have min{«, r} =
min{3, 7} if and only if (i) 7 < min{«, 8} or (ii) & = 3. Now suppose that z € B*(u|v).
Then dt(x,u) = d'(z,v) so that min{d(x,u),t} = min{d(z,v),¢}. This implies that
t < min{d(z, u),d(z,v)} or d(z,u) = d(z,v), and (since s < t) in both cases we have
d*(z,u) = d*(z,v). Thus B*(ulv) C B*(ulv). The proof that B(ulv) C B'(ulv) is
trivial: if * € B(ul|v) then d(z,u) = d(z,v) so that d*(z,u) = d(z,v); hence z €
Bt(u|v). O

The proof of Theorem 8.1. Let A be any finite subset of X. Then, by Lemma 8.4, for all u
and v in X with u # v, we have

[ AN [B(ulv)]*| = |[AN[B" (ulv)]| = [AN[B*(ulv)]*

It follows that if A is a k-metric generator for (X, d®) (that is, if, for all w and v, |[A N
[B%(u|v)]¢| > k), then it is also a k-metric generator for (X, d"). Thus the minimum of
|S| taken over all k-metric generators S of (X, d") is less than or equal to the minimum
over all k-metric generators of (X, d®); hence dimj(X) > dim} (X). The proof that
dim}, (X) > dimy (X) is entirely similar. O

The proof of Theorem 8.2. The first inequality follows from Theorem 8.1. The inequality
is trivially true if dim},(X; + X3) = 400, so we may assume that there is a k-metric basis,
say W, of X1 + X5. Thus |[W| = dimZ(Xl + X5). Now take any w and v in X;; then

B'(ulv) ={z € X; U Xy : d'(x,u) = d'(z,v)} = Bl (u|v) U Xo,
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so that, from Lemma 8.4, [B (u|v)]® = [Bi(ulv)]® C X;1. Weput W; = WNX;,j=1,2.
Then, if we let w and v vary over X7, with u # v, we find that

k < [[B*(ulv)]* n W] = [[Bi(ulv)]* N X1 0 W] = |[By (ulv)]* N WAl
so that dim},(X;) < |W;|. Similarly, dim}, (X3) < [Wa/, so that
dimy, (X1) + dimp (X2) < [Wi] + [Wa| = [W] = dimj, (X1 + X2)
as required. O

If (X;,d;), j = 1,2, are metric spaces, each with diameter less than ¢, such that
X1 N Xy = @, the for any k-metric basis A; of (X;,d;), A1 U Az is a k-metric generator
for the join (X U X5, d?). This shows that dim},(X; + X5) < dimy(X;) + dimy(X2),
and so Theorem 8.2 leads to the following corollary.

Corollary 8.5. Let (X;,d;), j = 1,2, be metric spaces, each with diameter less than t,
such that X1 N Xo = @. Then, fork =1,2,...,

dim} (X 4 X3) = dimg(X;) + dimg (X5).
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Abstract

We are seeking a sufficient condition that forces a transversal in a generalized Latin
square. A generalized Latin square of order n is equivalent to a proper edge-coloring of
K., ». A transversal corresponds to a multicolored perfect matching. Akbari and Alipour
defined [(n) as the least integer such that every properly edge-colored K, ,,, which contains
at least /(n) different colors, admits a multicolored perfect matching. They conjectured that
I(n) < n?/2if n is large enough. In this note we prove that [(n) is bounded from above
by 0.75n% if n > 1. We point out a connection to anti-Ramsey problems. We propose a
conjecture related to a well-known result by Woolbright and Fu, that every proper edge-
coloring of K5,, admits a multicolored 1-factor.
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1 Multicolored matchings and generalized Latin squares

A subgraph H of an edge-colored host graph G is multicolored if the edges of H have dif-
ferent colors. The study of multicolored (also called rainbow, heterochromatic) subgraphs
dates back to the 1960’s. However, the special case of finding multicolored perfect match-
ings in complete bipartite graphs was first studied much earlier by Euler in the language of
Latin squares. Since then this branch of combinatorics, especially the mentioned special
case, has been flourishing. Several excellent surveys were dedicated to the subject, see
(8,9, 10, 13].

In this paper we mainly focus on the case when the host graph is a complete bipartite
graph K, ,,, and the multicolored subgraph in view is a perfect matching (1-factor). There
is a natural constraint on the coloring: it has to be proper.

These conditions can be reformulated in the language of Latin squares. A Latin square
of order n is an n x n matrix, which has n different symbols as entries, and each symbol
appears exactly once in each row and in each column. A generalized Latin square of order
n is an n X n matrix, in which each symbol appears at most once in each row and in each
column. A diagonal of a generalized Latin square of order n is a set of entries, which
contains exactly one representative from each row and column. If the symbols are all
different in a diagonal, then we call it a transversal.

Generalized Latin squares correspond to properly edge-colored complete bipartite graphs,
while transversals correspond to multicolored 1-factors (perfect matchings). The so called
partial transversals correspond to multicolored matchings. This intimate relation allows
us to use the concept of symbols and colors interchangeably.

It is known that there exist Latin squares without a transversal. One might think that
using more symbols should help finding a transversal. Therefore, it is natural to seek the
sufficient number of symbols. We recall the following

Definition 1.1 (Akbari and Alipour [1]). Let{(n) be the least number of symbols satisfying
I(n) > n that forces a transversal in any generalized Latin square of order n that contains
at least [(n) symbols.

In the terminology of matchings, they asked the threshold for the number I(n) of colors
such that any proper [-coloring of K, ,, contains a multicolored perfect matching if [ >
I(n). Notice that the function /(n) is not obviously monotone increasing.

Akbari and Alipour determined I(n) for small n: [(1) = 1,1(2) = 1(3) = 3,1(4) = 6.
They also proved that [(n) > n+ 3 forn = 2% — 2 (2 < a € N). They posed the following

Conjecture 1.2 (Akbari and Alipour [1]). The difference l(n)—n is not bounded if n — oo,
while [(n) < n?/2ifn > 2.

Our main contribution is the following
Theorem 1.3. I(n) < 0.75n2 ifn > 1.

Although we conjecture that /(n) = o(n?), we must mention that if we relax the settings
by allowing symbols to appear more than once in the columns, then for all n, there exist
n x n transversal-free matrices, which contain n?/2 + O(n) symbols [2].

The paper is built up as follows. In Section 2 we show the connection of the problem to
a classical Erd6s—Spencer result. We prove an upper bound on /(n) using a refined variant
of the Lovasz local lemma. We present the proof of Theorem 1.3, which is mainly built on
Konig’s theorem. Finally in Section 3, we propose the study of a function similar to [(n),
and investigate the relation to certain anti-Ramsey problems.
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2 Two approaches to bound the number of symbols
2.1 Lovasz local lemma

It is a classical application of the Lovasz local lemma (LLL) that there exists a transversal
in an n X n matrix if no color appears more than é%en times. In fact, Erd6s and Spencer [7]
weakened the conditions of LLL by introducing the so called lopsided dependency graph
G of the events, on which the following holds for every event F; and every subfamily F of
events {E; : j & N¢li]}:

P(E; | NjerE;) < P(Ey),

where N¢|i] denotes the closed neighborhood of vertex ¢ in graph G. Under this assump-
tion, it is enough to show the existence of an assignment ¢ — (u; > 0) which fulfills

Hi
P(E;) < 2.1
2sengl Ljes 1

to obtain P(N; E;) > 0.

Applying the ideas of Scott and Sokal [11]; Bissacot, Fernandez, Procacci and Scop-
pola [4] observed that LLL remains valid if the summation in Inequality (2.1) is restricted
to those sets .S which are independent in G.

Let c(a;;) denote the number of occurrences of the symbol a;; in an n X n array A
(n > 1). Let ¢;x(A) and c,;(A) measure the average occurrence in row ¢ and column j as

cix(A) = (Z c(ait)> —n and ¢;(A) = (Z c(atj)> —n.

t t

It can be viewed as some kind of weight-function on the rows and columns, where the
weight is zero only if all entries admit uniquely occurring colors.

We follow the proof of the improvement on the Erdds-Spencer result in [4]. We show
that P(N,E,) > 0 holds for the set of events {F,} that a random diagonal contains a
particular pair v of monochromatic entries. Here | N [v]| in the lopsided dependency graph
G depends only on the number of monochromatic pairs (v, v) of entries, which shares (at
least) one row or column with an entry from both v and v". Thus if v consists of a;; and
akt, then [Ng[v]] < ¢i(A) + cij(A) + cri(A) + e (A). Also if w,w’ € Ng[v] covers
the same row from {i, k} or column from {7, [} then w and w’ are adjacent in G.

If we set p,, := p Vo, then it is enough to provide a p such that

1 Ho H
P(E,) = < =
n(n —1) ZSQNG[U], S indep. HjeS Hj ZSQNg[v], S indep. plS!

Consequently, it is enough to set 4 in such a way that

"
ngvg [v], S indep. M

>
S|

1% 1
L+ e (A + g (A + (D) (1 + e D) — nln—1)

holds.
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Itis easy to see that (1 + Up)(1+ V) < (1+ EEYp)? forall U,V € R, hence

14 S 1
(I+2u)* = n(n-1)

implies the required condition, where

Cie(A) + i (A) + e (A) + ca(A)
y .

Cy 1=

_ 1

Thus if we set p := 5=, we obtain the following

Proposition 2.1. There always exists a transversal in a generalized Latin square unless

4 3
(3) (cir(A) + g (A) + che(A) + ca(A)) > nln — 1) 22)

holds for a pair of monochromatic entries a;; and ay,;.

Corollary 2.2. I(n) < (1 — 25)n? + 25n ~ 0.895n2 if n > 1.

Proof. Observe that n? —c;,.(A) or n? —c,;(A) bounds from above the number of colors in
Aforalli,j € [1,n]. Consequently, if the number of colors is at least (1 — 2= )n? 4+ 2tn,
then

(g)g cin(A) < i(rﬂ —1n) and (3)3 cuj(A) < i(nQ —n)

for every row ¢ and column j, which in turn provides the existence of a transversal accord-
ing to Proposition 2.1. O

Remark 2.3. Note that while the proof of Erds and Spencer points out the existence of
one frequently occurring symbol, the proof above reveals that in fact many symbols must
occur frequently to avoid a transversal.

2.2 Using Konig’s theorem

We start with a lemma on the structure of partial transversals, which is essentially the
consequence of the greedy algorithm. The following easy observation is due to Stein [12].

Result 2.4. Consider r rows in a generalized Latin square A of order n. If ”TH > r, then
there exists a partial transversal of order r in A covering the r rows in view.

We need the following consequence:

Lemma 2.5. Consider p rows and q columns in an n X n generalized Latin square. If
q < p < (n+1)/2, then either

Case (a) q < p/2 and there exists a partial transversal of size p covering the p rows and
q columns, or

Case (b) q > p/2 and there exists a partial transversal of size |p/2| + q covering the p
rows and q columns.
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Proof. Both parts follow from the fact that we can build a partial transversal by choosing
first min{q, [p/2]} different symbols in the array formed by the intersection of the p rows
and q columns, and then we can extend this greedily by entries in the uncovered rows and
columns of the array (essentially using Result 2.4). 0

We proceed by recalling a variant of Konig’s theorem, see Brualdi, Ryser [5].

Lemma 2.6. There exists an all-1 diagonal in a 0/1 square matrix of order n if and only
if there does not exist an all-0 submatrix of size © X y, where x +y > n + 1.

Now we prove another upper bound on I(n).

Theorem 2.7. If a generalized Latin square of order n contains at least 0.75n? symbols,
then it has a transversal.

Proof. First notice that the statement holds for n = 1,2. We proceed by induction. Con-
sider a generalized Latin square A of order n, which contains at least 0.75n2 symbols. A
symbol is a singleton if it appears exactly once in A. We refer to the other symbols as
repetitions. A submatrix is called a singleton-, resp. repetition-submatrix if every entry of
the matrix is a singleton, resp. repetition.

Let p be the number of rows consisting only of repetitions and ¢ be the number of
columns consisting only of repetitions. We refer to these as full rows and columns, and
assume that ¢ < p. Notice that p < n/2, since the number of symbols is at least 0.75n2.
Our aim is to choose a partial transversal that covers all full rows and columns, and then
we complete this to a transversal by adding only singletons. First we apply Lemma 2.5 to
get a partial transversal that covers the full rows and columns. Next, we omit the rows and
columns that are covered by the chosen partial transversal. We obtain a generalized Latin
square A’ of order n — p in Case (a) or of order n — |p/2| — g in Case (b). Now we are
done by Lemma 2.6, if there are not too large repetition-submatrices in A’.

Suppose to the contrary that such a repetition-submatrix of size x X y exists in one of
the cases, where x + y is larger than the order of A’. Note first that in either case, A’ does
not contain full rows and columns. Therefore, we can choose a singleton o1 in A’ such that
at least x repetitions appear in its row. Similarly, we can choose a singleton o9 in A’ such
that at least y repetitions appear in its column.

Claim 2.8. There exists a singleton o such that the row of o or the column of o contains
more than n/2 repetitions in the original Latin square A.

Proof. In Case (a) of Lemma 2.5: ¢ < p/2. The number of repetitions in the row of oy
is at least ¢ + x and number of repetitions in the column of o5 is at least p + y. Thus the
statement holds since p+ g+ x+y >p+ g+ (n—p) > n.

In Case (b) of Lemma 2.5: ¢ > p/2. The number of repetitions in the row of oy is
at least ¢ + x and number of repetitions in the column of o5 is at least p 4+ y. Thus the
statement holds since p+ g+ x+y >p+q+ (n— |p/2] —¢) > n. O

In view of Claim 2.8, if we omit the row and column of the singleton o, we obtain a
generalized Latin square B of order n — 1, which admits more than 0.75n2 — (2n — 1) +
n/2 > 0.75(n — 1)? symbols. By the induction hypothesis, there exists a transversal in B,
hence it can be completed to a transversal of A by adding o. O
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3 Discussion

At the time of submission, we learned that Best, Hendrey, Wanless, Wilson and Wood [3]
achieved results similar to ours. As the best upper bound, they proved I(n) < (2 — v/2)n?.

Nevertheless, not only the conjecture of Akbari and Alipour remained open, but it is
plausible that it can be strengthened in the order of magnitude as well. In fact, the bound
%nQ is intimately related to the number of singletons, which took a crucial part in both
our proof and the proof in [3]. If the number of colors does not exceed %nQ, then there
might be no singletons at all. However, our first probabilistic proof implies also that either
there exists a transversal in a generalized Latin square of order n with Cn? colors (C' >
0.45), or the number of singletons is large. This fact points out that the constant 1/2 in

Conjecture 1.2 is highly unlikely to be sharp. More precisely, we show the following

Proposition 3.1. If the number of singletons is less than (2C + 0.25 (%)3 —1+0(1))n?
in a generalized Latin square of order n with Cn? symbols, then there exists a transversal.

Proof. Suppose first that in every row and column, the sum c¢;,(A) and c*j(A) are be-

low 0.25 (%)3 (n? — n). This in turn implies the existence of a transversal by Proposi-
tion 2.1. On the other hand, if for example ¢;,(A) exceeds that bound, then consider only
the symbols not appearing in row ¢, and let us denote by n; the number of symbols which
occur exactly k times overall, with none of those occurrences being in row i. Clearly
Sone =Cn?> —nand >, kng = (n(n — 1) — ¢ix(4)) < (1 -0.25 (%)3)(712 —n).
Consequently, for the number of singletons not appearing in the ith row,

3
ny > Zan - Zk‘nk > (2C +0.25 <i> — 14 0(1))n?,

k k

which makes this case impossible. O

A special case, that appears as a bottleneck in some arguments concerns generalised
Latin squares, where each repeated symbol has maximum multiplicity. We show that also
in this special case, one can find a transversal.

Lemma 3.2. If A is a generalised Latin square of order n, where each symbol has multi-
plicity 1 or n (and both multiplicities occur), then A has a transversal.

Proof. We associate an edge-colored complete bipartite graph G4 to A such that vertices
on one side correspond to rows the other side to columns and the colors of the edges to the
symbols. Our goal is to find a multicolored matching.
Notice that the Latin property implies that a symbol with multiplicity n corresponds to
a perfect matching. Let us remove all edges corresponding to symbols with multiplicity n.
If there are r such colors, then the remaining bipartite graph is (n — r)-regular. As an easy
corollary of Hall’s theorem, any regular bipartite graph contains a perfect matching. In our
case there are only singleton colors on the edges, so the perfect matching is multicolored.
O

It seems likely that if the number of colors is large, then we not only obtain one transver-
sal, but also a set of disjoint transversals. This motivates the study of the following function.
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Definition 3.3. Let [*(n) be the least integer satisfying [*(n) > n such that for any proper
edge-coloring of K, ,, by at least [*(n) colors, the colored graph can be decomposed into
the disjoint union of n multicolored perfect matchings.

Conjecture 3.4. [*(n) < n?/2 ifn is large enough.
We remark that the difference of [(n) and {*(n) is at least linear in n if I(n) # n.
Proposition 3.5. [*(n) —I(n) >n — 1.

Proof. Suppose first that there exists a transversal-free generalised Latin square of order n,
ie.,l(n) >n.

For n < 2 the claim is straightforward. Suppose n > 3. By definition, there exists
a transversal-free generalized Latin square A of order n with I(n) — 1 symbols. Since
I(n) < 0.75n2, we can find a set S of n — 1 different repetitions, where n — 1 < 0.25n2.
We assign new symbols to the entries of .S to create a new generalized Latin square A’ of
the same order. Since S cannot cover n disjoint transversals, and there were no transversals
disjoint to .S, matrix A’ cannot be decomposed to n transversals, but contains [(n) +n — 2
symbols. Now consider the case when [(n) = n, which implies that n must be odd. Take
the cyclic Latin square of order n— 1 (which has no transversal, since n—1 is even) and add
one row and column of singletons. The resulting matrix has n—1+2n—1 = 3n—2 symbols
in it. However, it cannot be decomposed into transversals because such a decomposition
would need to include a transversal of the embedded cyclic group table. O

Remark 3.6. Observe that the above result implies {*(n) > 2n — 1 for all n. Notice that
there are some orders n, for which I[(n) = n, e.g. n € {1, 3,7}, see also [3].

The question we studied concerning [(n) clearly has an anti-Ramsey flavor. The anti-
Ramsey number AR(n,G) for a graph family G, introduced by Erd6s, Simonovits and
Sés [6], is the maximum number of colors in an edge coloring of K, that has no multi-
colored (rainbow) copy of any graph in G. To emphasize this connection, we propose the
following problem.

Problem 3.7. What is the least number of colors ¢(n,2), which guarantees a rainbow 2-
factor subgraph on at least n — 1 vertices in a properly edge-colored complete graph K,
colored by at least ¢(n, 2) colors?

Perhaps the size n — 1 of the 2-factor subgraph seems artificial in some sense at first, or
at least it could be generalized to any given function f(n). We recall that for the function
t(n, 1) corresponding to 1-factors, Woolbright and Fu provided the following related result.
In Problem 3.7, we have to allow two values n — 1 and n to avoid parity issues.

Proposition 3.8 ([14]). Every properly colored Ko, has a multicolored 1-factor if the
number of colors is at least 2n — 1 and n > 2. That is, t(n,1) =n — 1.

In another formulation, the necessary number of colors for a proper edge-coloring is
already sufficient to guarantee a multicolored perfect matching. It might happen that it also
forces a much larger structure as required in Problem 3.7. We propose the following

Conjecture 3.9. Any proper edge-coloring of Ko, by at least 2n — 1 colors contains a
multicolored 2-factor on 2n — 1 or 2n vertices.
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If the above conjecture fails, then possibly there are proper edge-colorings of K, with-
out multicolored 2-factors of size n or n — 1. In that case, we can use a connection between
t(n,2) and I(n) to show a lower bound.

Proposition 3.10. [(n) > t(n,2) + 1.

Proof. Consider an edge-coloring C' of the complete graph K, on vertex set V' without
multicolored 2-factors of size n or n — 1. We associate to C' a coloring of the complete
bipartite graph K, ,, on partite classes U and W as follows: let us assign the color of
vv; € E(Ky) (4,7 € [1,n]) to the edge u;w; € E(K,,) if i # j, and color the set
of independent edges u;w; (i € [1,n]) by a separate color. Suppose that we found a
multicolored 1-factor M in the complete bipartite graph. We omit at most one edge of M
if we delete the edges u;w; and M’ remains. Consider the edges viv; in K, for which
ugw; is contained in the multicolored M’ of edges. This edge set is multicolored too, and
each vertex has degree 2. O
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Abstract

Let F' be a field and let F"** denote the space of 7 X s matrices over F'. Given equinu-
merous subsets A = {A4; |i € I} C F™*"and B = {B; | i € I} C F**° we call the
subspace C'(A,B) := {X € F"** | A;X = XB, fori € I} an intertwining code. We
show that if C(A, B) # {0}, then for each ¢ € I, the characteristic polynomials of A; and
B, and share a nontrivial factor. We give an exact formula for £ = dim(C(A, B)) and give
upper and lower bounds. This generalizes previous work. Finally we construct intertwining
codes with large minimum distance when the field is not ‘too small’. We give examples of
codes where d = rs/k = 1/R is large where the minimum distance, dimension, and rate
of the linear code C'(A, BB) are denoted by d, k, and R = k/rs, respectively.

Keywords: Linear code, dimension, distance.

Math. Subj. Class.: 94B65, 60C05

1 Introduction

Let F be a field and let F"** denote the space of r X s matrices over F. Given equinu-
merous subsets A = {A4; | i € I} C F™*"and B = {B; | i € I} C F**° we call the
subspace C'(A,B) := {X € F™*¢ | A;,X = XB; fori € I} an intertwining code. The
parameters of this linear code are denoted [n, k, d] where n = rs, k := dim(C(A, B))
and d is the minimum distance of C(A,B). Given u,v € F"™ the Hamming distance
d(u,v) = |{¢ | w; # v;}| is the number of different coordinate entries, and a subspace
C' < F™ has minimal (Hamming) distance d(C) := min{d(u,v) | w # v} which
equals min{d(0,w) | w € V wherew # 0}. If |I| = 1 we write C(A, B) instead
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Theorem 2.8. His formula for dim(C(Ny, N, )) involved a double sum which can be reduced to a single sum
using Theorem 3.1. The authors gratefully acknowledge the support of the Australian Research Council Discovery
Grant DP160102323.
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E. Praeger)
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of C({A},{B}). Centralizer codes [1] have the form C(A, A) and twisted centralizer
codes [2, 3] have the form C'(A,aA) where A € F™*° and @ € F. Intertwining codes
C(A, B) are more general still, so our dimension formula (Theorem 2.8) has particularly
wide applicability. Furthermore, the greater abundance of intertwining codes turns out to
help us construct intertwining codes with large minimum distance, cf. Theorem 4.3 and [3,
Theorem 3.2]. Intertwining codes have the advantage of a short description, and fast matrix
multiplication algorithms give rise to efficient syndrome computations which, in turn, may
be used for decoding as described in [3, §3].

Given representations g; — A; and g; — B; a group algebra F'(g; | ¢ € I), elements
of C(A, B) are homomorphisms between the associated modules. Hence Lemma 2.2 gen-
eralizes the fact that irreducible representations with distinct characters are inequivalent.

An exact formula for k& := dim(C(A4, B)) is given in Theorems 2.9 and 2.8 of Sec-
tion 2. The formula for £ is simplified by an identity involving partitions proved in Sec-
tion 4. Simpler upper and lower bounds for k are given in Section 5. In Theorem 4.3
in Section 4, we give an algorithm to construct A, B for which the minimum distance
is d(C(A,B)) = |r/k]s. These examples have dR < 1 where R = £ is the rate of
C(A, B).

Corollary 4.4 to Theorem 4.3 shows that there exist matrices A € F"*" and B € F***
such that the intertwining code C'(A, B) has dimension min{r, s} and minimum distance
max{r, s}. We wonder how much this result can be improved.

2 A formula for dimz(C (A, B))

Throughout this section A = {A; |i € I} C F"*"and B={B; |i € I} C F***fora
field F'. The idea underlying this section is to use the Jordan form over the algebraic closure
F of F to compute dimp(C(A,B)). To implement this idea we must simultaneously
conjugate each A; € A, and each B; € B, into Jordan form. This is always possible when
|I| = 1.

Let GL(r, F') denote the general linear group of r x r invertible matrices over F'. An
ordered pair (R, S) € GL(r, F) x GL(s, F') acts on F"** via X% = R71X S. Clearly

(X(Rlxsl))(R27S2) — AX(Rle»SHSz)7
(X5) BS = x (BG5S and
(B X) (5 = REX(R:5),

Lemma 2.1. If (R, S) € GL(r, F) x GL(s, F), then
C(A, B) S = R71C(A, B)S = C (AR, BY)
where AT .= {R™YA;R|i € I} and BS .= {S™'B;S | i € I}.
Proof. Foreach i € I, the equation A; X = X B; is equivalent to
ARXBS) — (4, x) (B85 = (X B;) (B9 = x (RS g5, O
Let ca(t) = det(tI — A) be the characteristic polynomial of A.

Lemma 2.2. [fC(A, B) # {0}, then gcd(ca,(t),cp, (t)) # 1foralli € I.
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Proof. Suppose that for some i € I we have gcd(cy, (t),cp,(t)) = 1. Then there exist
polynomials f(t), g(¢) such that f(t)ca,(t) + g(t)cp,(t) = 1. Evaluating this equation
at t = B;, and noting that cp, (B;) = 0, shows f(B;)ca,(B;) = I. Hence cy4,(B;) is
invertible. For X € C(A, B), we have A, X = X B;. Thus

ZakAf X=X Zaka’ ,

k>0 k>0
for all o, € F, and therefore cg4,(A;)X = Xca,(B;). Since cga,(A;) = 0, post-
multiplying by ca, (B;)~! shows that X = 0, and hence C(A, B) = {0}. O

Henceforth when we wish to emphasize the field F, we write Cr(A, B). Lemma 3.1
of [2], in essence, says Cx(A, B) = Cr(A, B) ® F. This immediately yields Lemma 2.3.

Lemma 2.3. If K is an extension field of F, then diimp(Cr (A, B)) = dimg (Ck (A, B)).
In particular, dimp(Cp(A,B)) = dimz(Cx(A, B)) where F is the algebraic closure
of F.

Lemma 2.3 allows us to assume that F' is algebraically closed, which we shall do for
the rest of this section. Given A € F"*" and B € F*** define A @ B to be the block
diagonal matrix (1 %), and define A @ Btobe {A; @ B; | i € I} C FU+s)x(r+s),
Lemma 24. If Ay C F™>m 0 A, C F'm>X™m gnd By C F51*51 0 B, C Fsnxn
are subsets, all with the same finite cardinality, then

P A, EBBj ~ D P (AL B;)
i=1 j=1

i=1 j=1

Proof. Write X = (Xj;) as a block matrix where X;; has size ; x s;. The condition
XeC (@1 1 AZ,@J 1 ) is equivalent to X;; € C(A;, B;) for each i, j. O

Corollary 2.5. Suppose that A1, ..., Ay, and By, ..., B, are as in Lemma 2.4, and sup-
pose that for i # j, the characteristic polynomials of matrices in A; are coprime to the
characteristic polynomials of matrices in B;. Then

min{m,n}

PAa.Ps = P CLB).
i=1 j=1 i=1

Proof. Use Lemma 2.4, and note that C'(A;, B;) = {0} for i # j by Lemma 2.2. O

Remark 2.6. Let F' be a finite field. Standard arguments, for example [6, p. 168], can be
used to relate dim4(C3(A, B)) to data computed over F'. This remark and Remark 2.10
explain the details. Let p;(t),p2(t),... enumerate the (monic) irreducible polynomials
over F' and write c4(t) = H@lpi(t)ki and cp(t) = Hl}lpi(t)ei, respectively. This
gives rise to the A-invariant primary decomposition F" = B, ker(p;(A)*+), and the
B-invariant decomposition F** = P, ker(p;(A)%). Let A; be the restriction of A
to ker(p;(A)*) and B; the restriction of B to ker(p;(A)%). Corollary 2.5 shows that
dim(C(4, B)) = 32,5, dim(C(4;, B;)). The second ingredient involves partitions and is
described in Remark 2.10.
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It is straightforward to see that C'(A, B) = (;c; C(As, B;) where C(A;, B;) means
C({A:},{B:}). Recall that a matrix A € F"*" is nilpotent if and only if A" = 0. We say
that A is a-potent, where a € F, if (A — al)” = 0. The following lemma and theorem
reduce our deliberations from a-potent matrices to nilpotent matrices. For 4 = {4; | ¢ €
I} C F*7 let A — al, denote the set {A; — ol | i € I}.

Lemma2.7. f AC F™", BC F***and o € F, then C(A,B) = C(A—al,,B—al;).

Proof. Fori € I, A; X = X B; holds if and only if (A; — oI,) X = X(B; — aly). O

A partition X of r, written A F 7, is a sequence A = (A1, Ao, ... ) of integers satisfying
AM=2X>=2---20 and M +Xo+---=T1.

We call \; the ith part of A\, and we usually omit parts of size zero. Let IV,. be the r X r
nilpotent matrix with all entries O except for an entry 1 in position (¢,7 + 1) for 1 < i < r.
Let N) = @ N, where A - r. Every nilpotent 7 X r matrix is conjugate to some N for a
unique A - r. Furthermore, if an r X r matrix R has eigenvalues p1, ..., p,, and associated
generalized eigenspaces of dimensions 74, ..., r,, where r; + --- + r,,, = r, then R has
Jordan form ;" | (p; I, + N»,) where \; is a partition of r; (not a part of a partition).

Theorem 2.8. Suppose A € F"™ ", B € F*** and gcd(ca(t),cp(t)) has distinct roots
Ciy-..yGCn in F. Suppose that the sizes of the Jordan blocks of A associated with the
generalized (;-eigenspace of A determine a partition «;, and the sizes of the Jordan blocks
of B associated with the generalized (;-eigenspace of B determine a partition [3;. Then

dim(C(A, B)) = Z dim(C(N,,, Ng,)).

Proof. By Lemma 2.3 we may assume that ' = F. Let A; be the restriction of A to its
generalized (;-eigenspace {v | v(A — (;I)* for some k > 0}. Then A; is (;-potent, and so
determines a partition «;. Similarly, the restriction B; of B to the (;-eigenspace determines
a partition ;. By Corollary 2.5 and Lemma 2.7, we have

dim(C(A, B)) = Z dim(C(A;, By)) = Z dim(C(N,,, Ng,)). O

Theorem 2.9. Given partitions \ of r and i of s, the dimension of C(Nx, N,,) equals

dim(C(Nx, Nyy)) =D > min{A;, 1}

i>15>1

Proof. As At randpt s, wehave ) ;o) A; =rand ) ;- puj = s. Lemma 2.4 shows
that C(Nx, Ny) = @5, D51 C(Nx,, Ny,;). Taking dimensions, it suffices to show
dim(C(Ny,, N,,;)) = min{\;, u; }. This can be shown by solving Ny, X = XN, for X
and counting the number of free variables. Alternatively, F'* is a uniserial (Ny,)-module
with 1-dimensional quotient modules, and similarly for Fi. As their largest common
quotient module is F™"{*A} we have dim(C/(Ny,, Ny,)) = min{A;, A, }. O
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Remark 2.10. Suppose |F'| = q is finite. Following on from Remark 2.6 it suffices to
consider the case where c(t) = p(t)"/?, cp(t) = p(t)*/%, where p(t) is irreducible over
F of degree d. The field K := F[t]/(p(t)) has order ¢¢. In this case the structure of the
modules F” = K"/% and F* = K*/? is determined by partitions \ - 7/d and p - s/d.
It turns out that A is conjugate (see below) to Ny ,, := diag(Nx, p, Nx, p,...) € F™*7
where

Nm,p: Gdede
Clp) I

C(p)

and C(p) € F?*4 is the companion matrix of p(t). Now C(p) is conjugate in GL(d, K)
to diag(¢s, - .-, Cq) where (1, ...,y are the (distinct) roots of p(t) in K. It follows from
Theorems 2.9 and 2.8 that

dim(C(A, B)) = dim(C(Na p, Nyip)) = d Y Y min{A;, g5} 2.1)

i>15>1

As an example, suppose A is cyclic and c4(t) = p(t)® where d = deg(p) = 3. In this case
r=9and A\ = (3). Write p(t) = t3 + pat? + p1t + po = (t — (1) (t — () (t — (3). Then
A is conjugate in GL(9, F') by [5] to

Cp) N 0
0 C( N
0 0 C(p)
where
0 1 0 0 0 O
cp=o0 0o 1 and N=(0 0 0].
—Po —P1 —Pp2 0 01
As p(t) is separable, [5, Theorem 1] implies that A is conjugate in GL(9, F') to

Hence A is conjugate in GL(9, K) to

D(¢1) 0 0
0 D(¢2) 0
0 0 D(¢)
where
¢ 10
D()=10 ¢ 1
0 0 ¢

This explains the factor of d = deg(p(¢)) in equation (2.1) and relates the generalized
Jordan form of A over F' to the Jordan form of A over K.



54 Ars Math. Contemp. 16 (2019) 49-58

3 Conjugate partitions

In this section we simplify the formula in Theorem 2.9 for dim(C(Nx, N,,)). We prove an
identity in Lemma 3.2 involving partitions which replaces multiple sums by a single sum.
In order to state the simpler dimension formula we need to define ‘conjugate partitions’.
The conjugate of X = r is the partition A = (A\], A, ...) of » whose parts satisfy \; =
[{j | Aj = i}|, for each 4. The Young diagram of X', is obtained from that of A by swapping
rows and columns as shown in Figure 1.

L [1] A\

)\ =

Figure 1: Young diagrams for A = (5,3,3,1) and N = (4,3,3,1,1).

For the following result, note that the number of nonzero \; is A}, and r = Z;\:ll N

Theorem 3.1. Given partitions \ of r and i of s, the dimension of C(Nx, N,,) equals

min{Aq,p1}
dlm(C(N)\a NH)) = Z ;:u; = Z )‘zp’z
i>1 i=1

To prove Theorem 3.1 we need a technical lemma which we have not been able to find
in the literature, see [4]. Lemma 3.2 below says >, ; A\; = > ;5 A; when k& = 1. We
only need the case k = 2 for the proof of Theorem 3.1, however, the argument for k£ > 2 is
not much harder.

Lemma 3.2. If \, i, . ..,w are partitions and N, ', . . . ,w’ are their conjugates, then

min{A1,p1,...,w1 }

/ #1
ZZ Zmln{)\l,,uj,...,wk}: Z Nl -+ W 3.1

i=1 j=1 i=1

Proof. By permuting the partitions A, 4, . .., w if necessary, we can assume that
A< < Swr

If Ay = 0, then X\ F 0 and both sides of (3.1) are zero. If \; = 1, then

A min{Aq,p1,...,w1}

1
LHS(1 ZZ Zl_ - = > Nl -+ wi = RHS(1).

=1 j5=1 =1

Suppose now that \; > 1. We use induction on A . Let A be the partition of (Zi>1 Ai)— ]

obtained by deleting the first column of the Young diagram of \. Since IL<m < <Swr,
we define 7i, . . ., & similarly. Tt is clear that A\; = A; — 1 for 1 < < A and X = A4, for
7>1,and simllarly for fi,...,0. As )\1 < A1, induction shows

m1n{>\1 1,een,w1 }

P :
SN S minh iy B} = > N -

i=1j=1 k=1 i=1

i3
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Note that A; = 0 for each i € [\, + 1, \,] since A} = X}, so the upper limit X, of the
sum Z;\il can be replaced by \}. Similarly, the upper limits /17, ..., @] can be replaced
by pf,...,w}. Hence, since A\; = \; — 1,...,&; = w; — 1, we have

2\

Zi me{/\ — =1, wp—1} =

=1 j=1
min{A\—1,p1—1,..., w1 —1}
/ /
Z Nip1Hipr " Wigt-
i=1
. . . . X, ! ! .
Re-indexing the right sum, and using > ;, 25;1 C ST (1) = =\ - wi gives

min{A1,p1,...,w1 }

lﬂl
N 30 zmm{xz,uj,...,wk}: S N

=1 j=1 =2
Adding A} 1} - - - w] to both sides completes the inductive proof of (3.1). O
Proof of Theorem 3.1. Apply Theorem 2.9 and Lemma 3.2 with k = 2. O

4 Minimum distances

In Section 2 a formula is given for k& := dim(C(A, B)); where we suppress mention of
the field F' in our notation. In this section we choose A and B to maximize the value of
the minimum distance d := d(C(A, B)) as a function of k. We focus on the case when
|A| = |B| = 1. The action of GL(r, F') x GL(s, F') of C(A, B) fixes k = dim(C(A4, B))
but can change d wildly, e.g. from 1 to rs as setting £ = 1 in Theorem 4.3 illustrates.

Let E;; denote the r X s matrix with all entries 0, except the (4, j) entry which is 1.

Lemma 4.1. Suppose r, s,k € Z where 1 < k < min{r, s}, and suppose F is a field with
|F| > k+min{1,r—k}+min{1, s—k}. Fix pairwise distinct scalars (1, ...,(x, o, B € F
and set

Ag = diag((, -, Gy .. ) € F™7 and
By := diag((1, - -+, Ck, By - ., B) € F*%5.
Then C(Ay, By) = (E11, . . ., Ex) has dimension k and minimum distance 1.

Proof. Note first that if & = min{r, s}, then Ay has no as, or By has no fs. Thus
the assumption |F| > k + min{1l,r — k} + min{1, s — k} ensures that distinct scalars
C1,---,Ck,, Bin F exist. Using a direct calculation of C'(Ag, By), or Corollary 2.5, shows
that C(Ao, Bo) = (F11, ..., Exk). Since d(0, Eq1) = 1, we have d(C'(Ap, By)) =1. O

We now seek R € GL(r,F) and S € GL(s, F') such that R™Y(E1, ..., Ex)S has
large minimum distance. For brevity, we write 7 := R~
Denote the ith row of a matrix A by A;, and its jth column by A, ;.

Lemma 4.2. Suppose r, s,k € Z where k < min{r, s}. FixS € F***and T € F"*" and
define XM ... . X*) ¢ Frxs by X = T,,Sy, for 1 <€ < k. Then TE;S = X for
1<l<Ek
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Proof. Suppose §;; is 1 if i = j and 0 otherwise. Then the (7, j) entry of Ey; is 6;¢0,;. The
(¢, 5') entry of Tyy Sy is tirese;r. This agrees with the (¢/, j') entry of T'Ey,S, namely

T S
Z Z 3110300058550 = tirgSejr- O

i=1 j=1

Theorem 4.3. Suppose r, s,k € 7 where 1 < k < min{r, s}, and suppose F is a field
with |F| > k + 2. Then there exist A € F"™*" and B € F**° such that the linear code
C(A, B) has dimension k and minimum distance d = |r/k]s.

Proof. By Lemma 4.1 there exist diagonal matrices Ay € F"*" and By € F**° such that
C(Ay, By) = (E11,..., Egi) has dimension k. We seek invertible matrices R € F"*"
and S € F*** such that A = A¥ and B = B give C(A, B) = (E\1, . . ., Ep,) %) with
minimum distance d = |r/k]s. Let X() = R~ Ey,S for 1 < £ < k. The r x s matrices
X® 1 < ¢ < k, will have a form which makes it clear that d = |r/k]s.

First, we partition the set {1, ..., r} of rows into the following k subsets:

P PO ) SOA | A B [4 B

sz{(k—l) {%J—l—lr}

Choose the ith row of the matrix X ¥ to be zero if 4 ¢ Iy, and to be a vector with all s
entries nonzero otherwise. Since | | = |Iy| < |1 for £ < k, it follows that

d(0,X0) =3 s = |L|s > [%J s forl<(<k
i€ly

with equality if £ < k. The choice of these matrices is such that for each nonzero X
in the span (XM ... X*)) we also have d(0, X) > d(0, X)) for some ¢, and hence
(XM, ..., X®) has minimum distance d = |r/k|s.

It is well known that if the first few rows of a square matrix are linearly independent,
then the remaining rows can be chosen so that the matrix is invertible. A similar remark
holds if the first few columns are linearly independent. Our construction uses k linearly
independent 1 X s row vectors uy, . . . , u; Which give the first & rows of S € GL(s, F'), and
k linearly independent  x 1 column vectors v"), ... v(*) which give the first k columns
of R~! € GL(r, F). The pair (R, S) will be used to construct A and B.

Henceforth suppose that 1 < ¢ < k. Since |F| > 3, we may choose v € F\ {1,1—s}.
Let J be the s X s matrix with all entries 1. Then the s x s matrix S = (y — 1)I + J is
invertible as det(S’) = (y — 1)*"!(y + s — 1) is nonzero. Letuy = (1,...,1,79,1,...,1)
be the (th row of S’. Since uy, ..., uy are linearly independent, there exists an invertible
matrix S € GL(s, F') with Sg,. = uy. Of course S = S’ is one possibility. Similarly, let
v be the r x 1 column vector

(0) {1 if i € I,
V. =

! 0 ifi¢&l,.
As v . () are linearly independent, there exists an r x 7 invertible matrix, which we
call R—', whose first k columns are vV ..., v(*). Lemma 4.2 shows that R~ ;S = X (©)

for 1 < ¢ < k. Hence C(Af, B) = C(Ag, Bo) %) = (XM ... X*)) has minimum
distance |r/k| s as desired. O
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Corollary 4.4. If |F'| > min{r, s} +2, then there exist matrices A € F"*" and B € F**°
such that C(A, B) has dimension min{r, s} and minimum distance max{r, s}.

Proof. Since AX = X B if and only if X7 AT = BT X7 we see that C(BT, AT) equals
C(A, B)T. Because C(A, B) and C(A, B)T have the same dimension and minimum dis-
tance, we may assume that r < s. If |F'| > r + 2, then applying Theorem 4.3 with k = r
gives the desired result. O

Remark 4.5. Suitable matrices A and B in Theorem 4.3 are constructed by first choosing
the diagonal matrices Ay and By in Lemma 4.1, and then taking A = R~!AqR and B =
S~1ByS where R and S are constructed in the proof of Theorem 4.3.

It is desirable for a code to have both a high rate, viz. R = k/n, and a high distance d.
Can the product Rd be a constant for intertwining codes? By setting r = s = k in Theo-
rem 4.3 we obtain a rate of R = 1/r and a distance of d = r, so the answer is affirmative.
It is natural to ask how the maximum value of Rd for an intertwining code depends on
(r, s, F)? We wonder whether there is a sequence C1,Co, ... of intertwining codes over a
field F' with parameters [r;s;, k;, d;] for which R;d; = ’;‘si approaches infinity.

5 Upper and lower bounds for dimz(C(.A, B))
Denote that rank and nullity of A € F"*" by Rk(A) and Null(A), respectively. Note that

Rk(A) 4+ Null(4) = r and Null(Ny) = A}. In this section we bound k = dim(C(A, B))
in terms of the rank and nullity of A and B. If A - r and p - s, Theorem 2.9 implies that

PITARES Z)\' ¢t = dim(C(Ny, N, Z)\’ Zu; =rs. (5.1)

i>1 i>1 =1

View A € F"*" as acting on an r-dimensional vector space over the algebraic clo-
sure F. Let the a-eigenspace, and the generalized a-eigenspace, of A have dimensions
k4o and my4 o, respectively. Then c4(t) = [[(t — a)™4> where my4 o # 0 for finitely
many o« € Fand 0 < k A, € My . The following result generalizes [2, Theorems 2.8
and 4.7].

Theorem 5.1. If A € F"*" and B € F***, then

(a)
Y kaakpa <dim(C(A,B) <Y maamp,a, and

(b)

(r — Rk(A))(s — Rk(B)) < dim(C(A, B)) <
(r — Rk(A))(s — Rk(B)) + Rk(A) Rk(B).

Proof. Part (a) follows immediately from Theorem 2.8 and (5.1).

(b) The lower bound follows from part (a) since r — Rk(A) = Null(A) = k4. For
the upper bound, note that A is similar to a diagonal direct sum Ny & A’ where N is
nilpotent of size mg 4 and A’ is invertible of size r — mg 4. Similarly, B is similar to
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N, & B’ where N, is nilpotent of size mg g and B’ is invertible of size s — mg p. It
follows from Theorem 2.8 that dim(C(A, B)) = dim(C(Nx, N,)) + dim(C(A’, B)).
Further by Theorem 2.9 dim(C(Nx, Ny)) = >, Ajpt; where, as usual, " and i’ denote
conjugate partitions. We use the observation:

if 0<z<a and 0<y<b, then (a—2)b—y)+azy<ab (5.2)

to show that

dim(C(A, B)) = My + Y Njph + dim(C(A', B'))
=2
<Ny + (mo,a — Np)(mo,B — p) + (r —mo,a)(s — mo,B)
SN+ (r= A (s — py)-

The result follows since
= Null(N,) = Null(A) =7 — Rk(A) and u} =s— Rk(B). O

The Singleton bound d + k& < n+ 1 implies that if d is close to n = rs, then k is small,
and the lower bound of Theorem 5.1(b) implies that A or B has high rank. Setting k = 1
in Theorem 4.3, shows that this bound is attained for intertwining codes.

The code C(A, B) is the row nullspace of AT ® I + I,, ® B and the column nullspace
of A® I, + I, ® BT where T denotes transpose.
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Abstract

A graph is called maximally non-hamiltonian if it is non-hamiltonian, yet for any two
non-adjacent vertices there exists a hamiltonian path between them. In this paper, we natu-
rally extend the concept to directed graphs and bound their size from below and above. Our
results on the lower bound constitute our main contribution, while the upper bound can be
obtained using a result of Lewin, but we give here a different proof. We describe digraphs
attaining the upper bound, but whether our lower bound can be improved remains open.

Keywords: Maximally non-hamiltonian digraphs.

Math. Subj. Class.: 05C45, 05C20

1 Introduction

Throughout this paper all graphs will be simple, finite, connected, and will not admit mul-
tiple edges or loops. In a digraph, each edge between two adjacent vertices v and v may
be oriented from u to v, from v to u, or both ways. We call a digraph an oriented graph if
no edge has both orientations.

*We are grateful to the referees for their helpful comments. We would also like to thank Kenta Ozeki for
fruitful discussions.
tZamfirescu is supported by a Postdoctoral Fellowship of the Research Foundation Flanders (FWO).
E-mail address: czamfirescu@gmail.com (Carol T. Zamfirescu)

©@@® This work is licensed under https://creativecommons.org/licenses/by/4.0/



60 Ars Math. Contemp. 16 (2019) 59-66

We were led to the study of the titular subject from a related concept: homogeneous
traceability, a notion introduced by Skupien. A digraph is called homogeneously trace-
able if every vertex is the start-vertex of a hamiltonian path. If additionally every vertex
is also the end-vertex of some hamiltonian path, the digraph is called bihomogeneously
traceable. A graph or digraph D is called hypohamiltonian if D is non-hamiltonian, but
for any vertex v in D, the graph D — v is hamiltonian. Obviously, any digraph that is
hamiltonian or hypohamiltonian is bihomogeneously traceable. But not every homoge-
neously traceable digraph is hamiltonian [4]. Not even bihomogeneous traceability implies
hamiltonicity. At a meeting in Kalamazoo (in 1980) Skupien showed that for all n > 7
there exists a 2-diregular bihomogeneously traceable non-hamiltonian oriented digraph of
order n, see [16], which appeared in 1981.

Moreover, Skupiefi [17] later constructed exponentially many bihomogeneously trace-
able non-hamiltonian oriented graphs. Independently, in another paper which also appeared
in 1981, Hahn and T. Zamfirescu [12] also constructed an infinite sequence of bihomoge-
neously traceable non-hamiltonian oriented graphs, and gave three special examples: the
first is arc-minimal (i.e. with the smallest possible number of arcs for a given number of
vertices) and order 7, the second is planar and has 8 vertices (it is proven in [12] that there
are no smaller examples), and the third is both arc-minimal and planar, and has 9 vertices.
Note that arc-minimality amounts in this context to 2-diregularity.

Hahn and T. Zamfirescu asked in [12] the natural question whether infinitely many pla-
nar bihomogeneously traceable non-hamiltonian oriented graphs exist, as very few were
known. Infinite families of planar hypohamiltonian digraphs containing opposite arcs have
been found by Fouquet and Jolivet [10]. In [20], Thomassen proved that a planar hypo-
hamiltonian digraph with n vertices (and many edges with both orientations—in fact, all
but six) exists for each n > 6. It was shown by the second author [21] that, indeed, there
exist infinitely many planar bihomogeneously traceable non-hamiltonian oriented graphs.
A stronger result was recently obtained by van Aardt, Burger, and Frick [1], who showed
that there exist infinitely many planar hypohamiltonian oriented graphs, thereby solving a
problem of Thomassen [20].

If one now asks for an even larger set of spanning paths, one may be led to the case de-
manding that between any two non-adjacent vertices there exists a hamiltonian path. Such
graphs have been studied in the non-oriented case, see for instance [7] and [2], and are
called maximally non-hamiltonian (which, in the following, will often be abbreviated to
MNH). For a digraph D, we write V(D) and A(D) for its set of vertices and arcs, respec-
tively. Mirroring the non-directed definition, a digraph D is maximally non-hamiltonian if
D is non-hamiltonian, but for every x,y € V(D) with yz ¢ A(D) there is a hamiltonian
path from z to y.

A few words concerning the notation. For a set X, we denote with | X | the cardinality of
X. Inagraph G, for adjacent vertices x and y in G we denote by zy the edge between = and
y. If G is a digraph, zy will be the arc from z to y. A digraph D is called strong if for any
pair z,y € V(D) there exists a (directed) path from z to y. Denote with 67 (D) (6~ (D))
the minimum out-degree (minimum in-degree) and with §°(D) the minimum semi-degree
of D, which is the minimum of §*(D) and 6~ (D). NT(x) (N~ (x)) shall be the set of
out-neighbours (in-neighbours) of a vertex x. For a set of vertices S of D we denote the
digraph induced by S in D as D[S]. Further definitions follow when needed.
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2 Results

An important direction of research on non-directed MNH graphs has been determining the
smallest size of an MNH graph of order n, which we shall denote by f(n). This study was
initiated by Bondy [6], who showed that for n > 7 we have f(n) > [2]. Bollobis [5]
conjectured that there exist infinitely many graphs for which this lower bound is in fact
attained. This was proven to be correct for all even n > 36 by Clark and Entringer [7].
In the same paper graphs of order n and size {37”} + 1 were constructed for all odd n >
55. Hordk and Sirafi [13] also found such almost extremal graphs by using a construction
of Thomassen [19] (which was originally intended to construct hypohamiltonian graphs).
They also proved that for every n > 48 there exists a triangle-free MNH graph of order n.

Clark and Entringer asked in [7] whether for infinitely many n the MNH graph on n
vertices of smallest size is unique or not. Combining the results from [7, 8, 9, 15], one
obtains that for infinitely many n there exist two non-isomorphic MNH graphs of order n
and smallest size. Still, there were infinitely many orders for which only one MNH graph
of smallest size was known. This was investigated by Stacho [18]; he proved that for any
n > 88 there exist three pairwise non-isomorphic MNH graphs of order n and smallest
size.

In the following we extend the study of the size of MNH graphs to directed graphs.
First, we characterise the non-strong MNH digraphs. A digraph is symmetric if for every
arc in D the corresponding inverted arc also lies in D. For integers m > 1l and p > 1,
let D,, , denote the digraph whose vertices are the vertices of two vertex-disjoint complete
symmetric digraphs K7, and K, and whose arcs are those of the digraphs K7, K, and

m
additionally the arcs zy with z in K7, and y in K ;. We claim:

Lemma 2.1. The non-strong MNH digraphs are the digraphs D,, ,,.

Proof. Clearly, a digraph D, , is a non-strong MNH digraph. Conversely, let D be a non-
strong MNH digraph. There exists a partition V4, V2 of V(D) such that there are no arcs
from V5 to V7. Let & and y be two distinct vertices of D. It is easy to see that if =,y are
both in V; or in V5 there is no hamiltonian path from « to y. Furthermore, if x is in V5 and
y is in V7, there is also no hamiltonian path from x to y. Then, since D is MNH, it follows
that D[V;] and D[V5] are complete symmetric digraphs and that every ordered pair 2y with
x € Viandy € Vs is an arc of D. This means that D is a digraph D,, ,, and so we are
done. 0

The upper bound contained in the following theorem can be obtained by using a result
of Lewin [14], but we choose to give here a different proof. (In fact, our proof of the upper
bound is a new proof of Lewin’s [14, Corollary 1].) In upcoming arguments, we require
the following.

Theorem 2.2 (Ghouila-Houri [11]). A strong digraph D with §°(D) > |V (D)|/2 is hamil-
tonian.

Theorem 2.3. For an MNH digraph D of order n > 4 we have |A(D)| < (n — 1)? and
this upper bound is attained.

Proof. There exists a vertex z € V(D) with d*(z) + d~(z) < n (for otherwise, by
Theorem 2.2, D would be hamiltonian). Let us put

B=Nt(z)NN~(z), A=NT"(x)\B, and C=N(2)\B.
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Furthermore, let a, b, and ¢ be the respective cardinalities of A, B, and C. Clearly, for a
vertex y in A or in C we have d* (y) + d~(y) < 2n — 3. For a vertex y in B, we have
d*(y)+d~ (y) < 2n—2, and for a vertex y not adjacent with z, we have d* (y) +d~ (y) <
2n — 4. By addition, we get

2 |A(D)| <
n—14a2n—-3)+b2n—2)+c(2n—3)+(n—1—a—b—c)(2n —4),

hence

2 x |A(D)| <
n—1+n-1)2n—4)4+a+c+2b=(n—-1)2n—3)+a+c+2b.

But d*(z) + d~ (z) < n means that we have a + ¢ + 2b < n — 1. It follows that
2x|AD)| < (n—1)(2n—3)+n—1<2(n—1)%

and the upper bound is proved; it is attained since D1 ,,—q and D,,_; ; are MNH digraphs
of size (n — 1)2. O

For integers » > 1 and n with n > 2r + 1 define the digraph H,, , of order n as
follows. The vertices of H,, , are those of a complete symmetric digraph K _ ., and
r + 1 additional vertices y1,...,¥yr+1. Let z1,...,x, be r vertices of K _,._ . The arcs
of H, , are the arcs of K _,, y;x where 1 < i <r+ 1,z ¢ V(K}_ ), and z;y;
wherel <i<randl1<j<r+41.

It is easy to see that a digraph H, ,, like its converse, is MNH, of minimum semi-degree
r and of strong connectivity 7.

By Theorem 2.3, the maximum size of a non-strong MNH digraph is at most (n — 1)?
and this bound is reached. It was proved in [3] that a digraph D with minimum semi-degree
r and with more than

Uny=n>—(r+2)n+ (r+1)>2

arcs is hamiltonian. When r > (n —1)/2, by Theorem 2.2, D is hamiltonian and therefore
cannot be MNH. But when r < (n — 1)/2, the result of [3] shows that the maximum size
of an MNH digraph D of order n with 6°(D) = r is at most a,, ., and since H,, ,- is MNH,
of minimum semi-degree r and of size a,, ., this upper bound is reached.

If1 <r<s<(n-—1)/2,then ay, > an,s, so the maximum size of an MNH digraph
D of order n and of strong connectivity (D) = r is at most a,, . As k(H, ) = r, the
bound is sharp.

We now establish a lower bound on the size of an MNH digraph.

Lemma 2.4. For an MNH digraph D on at least four vertices, either 5°(D) > 2 or
|A(D)| > 3n — 4.

Proof. We proceed by induction on n. It is easy to verify that the assertion is true for
n = 4. Now let n > 5 and suppose the assertion is true for all £ < n — 1. Consider a
digraph D of order n having the required property.

Let us put V(D) = {1, ..., x,}. Let there exist a vertex of D which is of out-degree
at most 1. W.1.o.g., we may assume that this vertex is x1. Suppose first that d*(z1) = 0.
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In this case D is a non-strong MNH digraph, and by Lemma 2.1, D is in fact D,,_1 ;. We
then have |A(D)| = (n — 1)? > 3n — 4, and so we are done.

Suppose now that d* (z1) = 1. W.Lo.g., we may assume that the unique out-neighbour
of x1 is x5. We claim that 2521 € A(D). Suppose the opposite. Then there exists a hamil-
tonian path P from x; to z5. But then x; has at least two out-neighbours, a contradiction.
We also claim that all of the vertices of V(D) \ {1, z2} are in-neighbours of 5. Suppose
the opposite. Then there exists a vertex x;, ¢ > 3, which is not an in-neighbour of 3.
Thus, there exists a hamiltonian path from x5 to x;, whence, x; has an out-neighbour in
this hamiltonian path distinct from x5, a contradiction.

We claim that D’ = D — x1 is MNH, i.e. that for any two vertices ¥, z of D’ such that
zy ¢ A(D), there exists a hamiltonian path in D’ from y to z. Observe first that y # xo.
There exists in D a hamiltonian path P from y to z. P contains the arc x;x2, and since x1
is not the first vertex of P it admits an in-neighbour v in P. Then P’ = P — x1 + uxs (i.e.
the path P from which we delete the vertex x; and add the arc uxs) is a hamiltonian path
in D’ from y to z. So, the claim is proved.

By induction hypothesis, either every vertex of D’ is of in-degree at least 2 in D’, or
|A(D")] > 3(n — 1) — 4 = 3n — 7. In the first case, since x9 is of in-degree n — 2 in D',
we have |A(D’)| > n — 2+ 2(n — 2), hence |A(D’)| > 3n — 6. Since 2125 and 222, are
arcs of D but not of D', we get |A(D)| > 3n — 4, and the theorem is proved in this case.

Suppose now that |A(D’)| > 3n — 7. Assume first that there are no distinct vertices
x;, xj, where 3 < 7,7 < n, such that ;x; is not an arc of D’. Then we have |A(D’)| >
(n—2)2 > 3n—6. Thus |A(D)| > 3n — 4, and again we are done. Suppose now that there
exist distinct vertices x;, z;, where 3 < 4,5 < n, such that z;2; ¢ A(D’). Then there
exists a hamiltonian path of D from x; to x;, and then necessarily 1 has an in-neighbour
x, with 3 < k < n. It follows that |[A(D)| > 3n — 7+ 3 = 3n — 4, and we are done. [J

As a corollary, we can state:
Theorem 2.5. For an MNH digraph D of order n > 4 we have |A(D)| > 2n.

Proof. If |A(D)| > 3n — 4, we are done. If |A(D)| < 3n — 4, by Lemma 2.4, each vertex
of D is of out-degree at least 2, and we get |A(D)| > 2n. O

Observe that for n = 3, this lower bound inequality is untrue: consider the digraph
D = ({z,y,2},{zy,yz,x2,yz}). D is an MNH digraph of order 3 and size 4. Also note

that for n = 4, the lower bound is tight due to the digraph D5 o, which is not regular.

From [6] we know that for n > 7 the size of an MNH graph of order n is at least (%] .

For every n > 19, this lower bound is reached; consult [18] and [15] for details. Thus, for
n > 19, there exists an MNH graph G of order n and size [2]. It is easy to prove that

the symmetric digraph obtained by doubly orienting each edge of G is an MNH digraph of

order n and size 2 X [37”] . So the minimum size of an MNH digraph of order n > 19 is at
least 2n and at most 2 x [37”} .

We now give a lower bound on the size of an MNH non-strong digraph:

Theorem 2.6. Let D be an MNH non-strong digraph of order n > 2. Then

|A(D)| > Bnﬂ —n.
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Proof. We know that D is of the form D, (1—a)n, Where 0 < o < 1 and an is an integer.
Then we have

|[A(D)|=an(an—1)+ (1 —a)n((1—a)n— 1)+ an(l — a)n
=n*(a®—a+1)—n>3n"—n,

sincea? —a+1> 3. O

If the strong connectivity is 1, we have the following result.

Theorem 2.7. Let D be an MNH digraph of order n > 4 and of strong connectivity 1.

Then
|A(D)| = min {3n—4, B n-‘ — 1}.

Proof. It §7(D) < 1or §~(D) < 1, by Lemma 2.4, we have |A(D)| > 3n — 4, and the
result is proved.

Suppose now that 6T (D) > 2 and 6~ (D) > 2, i.e. each vertex of D is of out-degree at
least 2 and of in-degree at least 2. There is a vertex x such that the digraph D — z is not
strong, so there exists a partition of V(D) \ {z} into two non-empty sets A and B such
|A| > 2. We
claim that all the vertices of B are out-neighbours of z. Let us suppose this not to be the
case. Then there exists a vertex y of B such that zy ¢ A(D). Since D is MNH, there
exists a hamiltonian path P from y to x. Necessarily, P contains an arc uv with v € B
and v € A, which is impossible. Similarly, all the vertices of A are in-neighbours of z.
Since z has at least one out-neighbour in A and at least one in-neighbour in B, we get
dt(z) +d (z) >n+1.

Suppose now that 2 has exactly one out-neighbour y in A. It is easy to see that A\ {y},
B U {«} is a partition of V(D) \ {y} into non-empty sets such that there are no arcs from
B U {z} to A\ {y}. So, D — y is not strong, and from the preceding arguments, we
have d*(y) + d~(y) > n+ 1. Since d*(z) + d~ (z) > 4 for z distinct from x and y, by
addition we get 2 x |A(D)| > 2(n+ 1) + 4(n — 2), hence 2 x |A(D)| > 6n — 6, and
|A(D)| > 3n — 3 > 3n — 4, and the result is proved.

Suppose now that x has at least two out-neighbours in A. We then getd™ (z)+d ™ (x)
n + 2, and for z # x we have d* (2) + d~(z) > 4. By addition this yields 2 x |A(D)|
n+ 2+ 4(n — 1), hence |[A(D)| > [5n] — 1, as stated.

>
2
O

With above conclusions in mind, an MNH digraph D with

|A(D)| < min{?m—4, B n-‘ -1, B nQ-‘ —n}

is necessarily of strong connectivity at least 2, and thus, of semi-degree at least 2. Now it
is easy to see that for n > 5, if the lower bound 2n is attained by an MNH digraph D of
order n, then necessarily D is a 2-diregular digraph of order n and of strong connectivity 2.
We were not able to show the existence of such digraphs, but an advance in this direction
is perhaps the following:

Theorem 2.8. Let D be a 2-diregular MNH digraph of order n. Then D is hypohamilto-
nian.
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Proof. We know that D is non-hamiltonian. Suppose for the sake of a contradiction that
there exists a vertex z such that D — z is non-hamiltonian. Let x be an in-neighbour of z,
and let y be the other out-neighbour of . We claim that zy € A(D). Suppose the opposite.
Then there exists a hamiltonian path from y to z, and it is easy to see that the in-neighbour
of zin P is x. But then P — z 4 2y is a hamiltonian cycle of D — z, a contradiction.

Assume that y is an in-neighbour of z. Then y and z are of in-degree 2 in the induced
sub-digraph D[{x,y, z}|. Since D is 2-strong and n > 5, this is not possible. Therefore y
is not an in-neighbour of z. Suppose that x is an out-neighbour of z. Then x and z are of
out-degree 2 in the induced sub-digraph D[{z,y, z}]. Since D is 2-strong and n > 5, this
is not possible.

So x is not an out-neighbour of z. Then z has an in-neighbour u distinct from z, vy,
and z. The vertex y is not an out-neighbour of u (for otherwise y would be of in-degree
at least 3, which is impossible), and x is not an out-neighbour of u (for otherwise, with a
previous argument, zx would be an arc of D, which is false). Thus « has an out-neighbour
v distinct from z, y, and z. Then, by previous arguments, zv is an arc of D, and v is not an
in-neighbour of z. The last statement implies that there exists a hamiltonian path P’ from
z to v. The second vertex of P’ is necessarily y, and then it is easy to see that x has an
out-neighbour w distinct from y and z. Since z is of out-degree 2, this is impossible. Thus
D — z cannot be non-hamiltonian, and so the theorem is proved. O

The above discussions concerning the size of MNH digraphs led us to the following
question.

Problem. Does every non-hamiltonian oriented graph of order at least 3 contain an arc
xy for which there is no hamiltonian path from x to y?

Lastly, we would like to point out the connection between maximally non-hamiltonian
graphs and so-called platypus, which are non-hamiltonian graphs in which every vertex-
deleted subgraph is traceable. They contain the family of all hypohamiltonian and hy-
potraceable graphs. The second author showed [22] that a maximally non-hamiltonian
graph G is a platypus if and only if A(G) < |V(G)| — 1, where A(G) denotes the maxi-
mum degree of G. Directed platypus have not yet been investigated, but the above results
may provide a good starting point.
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Abstract

A line-coloring of the finite affine space AG(n, q) is proper if any two lines from the
same color class have no point in common, and it is complete if for any two different colors ¢
and j there exist two intersecting lines, one is colored by ¢ and the other is colored by j. The
pseudoachromatic index of AG(n, ¢), denoted by ¥'(AG(n, ¢)), is the maximum number
of colors in any complete line-coloring of AG(n, ¢). When the coloring is also proper, the
maximum number of colors is called the achromatic index of AG(n,q). We prove that
Y/ (AG(n,q)) ~ ¢! for even n, and that ¢*>("~1) < ¢/(AG(n,q)) < ¢"*"~! for
odd n. Moreover, we prove that the achromatic index of AG(n, q) is ¢*-°"~! for even n,
and we provide the exact values of both indices in the planar case.
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1 Introduction

This paper is motivated by the well-known combinatorial conjecture about colorings of
finite linear spaces stated by Erdés, Faber and Lovdsz in 1972. As a starting point, we
briefly recall some definitions and state the conjecture. Let S be a finite linear space. A
line-coloring of S with k colors is a surjective function ¢ from the lines of S to the set of
colors [k] = {1,...,k}. For short, a line-coloring with & colors is called k-coloring. If
¢: S — [k] is a k-coloring and i € [k] then the subset of lines ¢ 1 (4) is called the i-th color
class of ¢. A k-coloring of S is proper if any two lines from the same color class have no
point in common. The chromatic index x'(S) of S is the smallest k& for which there exists
a proper k-coloring of S. The Erdds-Faber-Lovdsz conjecture (1972) states that if a finite
linear space S contains v points then x'(S) < v, see [12, 13].

Several papers have investigated the conjecture for particular classes of linear spaces.
For instance, if each line of S has the same number x of points then S is called a block
design or a (v, k)-design. The conjecture is still open for designs even for x = 3, however,
it was proved for finite projective spaces by Beutelspacher, Jungnickel and Vanstone [8]. It
is not hard to see that the conjecture is also true for the n-dimensional affine space AG(n, q)
of order ¢ defined over the Galois field GF(q). Indeed,

qn_l

X(AG(m. ) = L=

For some related results, see for instance [6, 7].

A natural question is to determine similar, but slightly different color parameters in
finite linear spaces. A k-coloring of S is complete if for each pair of different colors ¢ and
7 there exist two intersecting lines of S, such that one of them belongs to the i-th and the
other one to the j-th color class. Observe that any proper coloring of S with x’(S) colors
is a complete coloring. The pseudoachromatic index ¢’ (S) of S is the largest k such that
there exists a complete k-coloring (not necessarily proper) of S. When the k-coloring is
required to be complete and proper, the parameter is called the achromatic index and it is
denoted by o/ (S). Therefore, we have that

X'(8) < o/(8) < ¢'(8).

Several authors studied the pseudoachromatic index, see [2, 3, 4, 5, 9, 14, 15, 17]. More-
over, in [1, 10, 18] the achromatic indices of some block designs were also estimated.

In this paper we study the pseudoachromatic and achromatic indices of finite affine
spaces. In the proofs we will often use the notion of the projective closure of AG(n,q).
This is the finite projective space PG(n,q) = AG(n, q) U Hoo, where the points of H oo
correspond to the parallel classes of lines in AG(n, q). The space H o is isomorphic to
PG(n — 1,q), and it is called the hyperplane at infinity. We assume that the reader is

E-mail addresses: garaujo@matem.unam.mx (Gabriela Araujo-Pardo), kissgy @cs.elte.hu (Gyorgy Kiss),
christian.rubio@apolo.acatlan.unam.mx (Christian Rubio-Montiel), adrian.vazquez@unaq.edu.mx (Adrian
Viazquez-Avila)



G. Araujo-Pardo et al.: On chromatic indices of finite affine spaces 69

familiar with the most important properties of affine and projective geometries. For the
detailed description of these spaces we refer to [16].

The main results in the paper are proved in Sections 2 and 3. They are stated in The-
orems 1.1, 1.2 and 1.3. In these theorems v = ¢" always denotes the number of points of
the finite affine space AG(n, q).

Theorem 1.1. For all n:

V(aG00) < YU —e(gypa).
Theorem 1.2. If n is even:
3PS i) < v (AG(H ).
If nis odd:
= Y 6T < (4G 0).

Theorem 1.3. If n is even:

LML) 6w/ < ol (AG(0))
3 qg—1
Note that when n is even Theorems 1.1 and 1.2 show that 1)’ (AG(n, ¢)) grows asymp-
totically as ©(v!->/q), while Theorems 1.2 and 1.3 show that o/ (AG(n, q)) grows asymp-
totically as ©(v!:5/q). Let us remark that no similar estimates regarding the asymptotic
behavior of these indices have appeared so far in the literature.
Finally, in Section 4 we determine the exact values of pseudoachromatic and achromatic
indices of arbitrary (not necessarily Desarguesian) finite affine planes and we improve the
previous lower bounds in dimension 3.

2 Upper bounds

In this section, upper bounds for the pseudoachromatic index of AG(n, q) are presented
when n > 2. The following lemma is pivotal in the proof.

Lemma 2.1. Ler L be a set of s lines in AG(n,q), n > 2. Then the number of lines of
AG(n, q) intersecting at least one element of L is at most

n—1 __ 1
q2 (Sqql —(s— 1)) .

Proof. In AG(n, q) there are ¢ (qqn__ll — 1) =q? (%) lines intersecting any fixed

line. The number of lines intersecting two lines, say £; and /g, is at least g2, because if
¢, N ¢y = () then the ¢ lines joining a point of ¢; and a point of /5 intersect both ¢; and
{5, while, if £1 N ¢y = { P} then the other q;:f — 2 > ¢? lines through P intersect both ¢,
and /. Consequently, the number of lines intersecting at least one element of £ is at most

sq® (qﬂl_l) — (s —1)g*.

qg—1
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Notice that the previous inequality is tight, since if £ consists of s parallel lines in a
n—1
plane then there are exactly ¢ (5‘1(1771_1 —(s— 1)) lines intersecting at least one element

of L. ]

Lemma 2.2. Letn > 2 be an integer. Then the colorings of the finite affine space AG(n, q)
satisfy the inequality

VA (@ =D =)+ (P +1)%(q—1)? | ¢ +1
T +L = ey

V'(AG(n, q)) <

Proof. Consider a complete coloring which contains ¢/’ (AG(n, ¢q)) color classes. Then the
number of lines in the smallest color class is at most

_ 4" =)
(g — DY/ (AG(n,q))

Each of the other ¢/(AG(n,q)) — 1 color classes must contain at least one line which
intersects a line from the smallest color class. Hence, by Lemma 2.1, we obtain

WG ) - 1< (sT T - 5 1)

Multiplying it by ©'(AG(n, q)), we get a quadratic inequality on ¢'(AG(n, q)), whence
the assertion follows. O

We are in a position to prove our first main theorem.

Proof of Theorem 1.1. For n > 2 a straightforward computation shows

4qn(qn _ 1)(qn _ q2) _|_ (q2 + 1)2(q _ 1)2
= (203"~ 1) —q¥ (>~ 1)" = ¢"(¢® — 1> + (¢ + 1)*(q — 1)?
< (205 (" — 1) — ¥ (¢* 1)),

because n > 2 implies that ¢" (¢ — 1)? > (¢ + 1)?(¢ — 1)2. This together with Inequal-
ity (2.1) give

n -1 n +1 q2+1
! < g2 q — g2 L
wncma) < of (L21) -t (T4 + T

which proves the theorem for n > 2. For n = 2 the statement is clear. O

3 Lower bounds

In this section complete colorings of AG(n,q) are presented. These constructions give
different bounds on ¢’'(AG(n,q)) depending on the parity of n. First, we prove some
geometric properties of affine and projective spaces.
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Proposition 3.1. Let n > 1 be an integer, 111 and 1y be subspaces in PG(n,q) =
AG(n,q) U Hoo. Let d; denote the dimension of 11; for i = 1,2. Suppose that
II; NIl N Heo is an m-dimensional subspace and d; + do = n + 1 + m. Then 1I; N
ITs N AG(n, q) is an (m + 1)-dimensional subspace in AG(n, q).

In particular, 1y N 1y is a single point in AG(n,q) when 111 N1ls N Hoo = 0 and
dy + do = n.

Proof. Since IT; N II> N H o is an m-dimensional subspace, dim(IT; NIIs) < m + 1. On
the other hand, the dimension formula yields

d1m(H1 N Hg) = diII’lHl + dlmHU - d1m<H1,H2> Z d1 + dg —n=m-+1.

Thus II; N II5 is an (m + 1)-dimensional subspace in PG(n, q), therefore II; N I N
AG(n, q) is an (m + 1)-dimensional subspace in AG(n, q) if m > 0.

If m = —1, then II; N TIs N Ho = 0 and dim(IT; N II5) = 0. Hence II; N 11, is a
single point in AG(n, q). O

In the following proposition we present a partition of the points of PG(2k, ¢) that we
will call a good partition in the rest of the paper.

Proposition 3.2. Let k > 1 be an integer and QQ € PG(2k, q) be an arbitrary point. The
points of PG(2k,q) \ {Q} can be divided into two subsets, say A and B, and one can
assign a subspace S(P) to each point P € AU B, such that the following holds true:

e P € S(P) for all points;

k

o |Al=¢° (q;Z __11) and, if A € Athen S(A) is a k-dimensional subspace;

o |Bl=¢ (q%:ll) and, if B € B then S(B) is a (k — 1)-dimensional subspace;

q2

e S(A)NS(B)=0forall A€ Aand B € B.

Proof. We prove the assertion by induction on k. If k& = 1 then let {{o,¢1,...,¢,} be
the set of lines through Q. Let A and B consist of points PG(2,¢) \ {¢o} and ¢y \ {@},
respectively. If A € A then let S(A) be the line AQ, if B € 1 then let S(B) be the point
B. These sets clearly fulfill the prescribed conditions, so PG(2, ¢) admits a good partition.

Now, let us suppose that PG(2k, ¢) admits a good partition. In PG(2k + 2, q) take a
2k-dimensional subspace II which contains the point (). Then II is isomorphic to
PG(2k, q), hence it has a good partition {Q} U A" U B’ with assigned subspaces S’(P).
Let Hy, ..., H, be the pencil of hyperplanes in PG(2k + 2, ¢) with carrier II. Let B =
B'U(Ho\II) and A = PG(2k+2,q) \ (BU{Q}). Notice that A’ and 5’ have the required
cardinalities, because

2k+3 _ 1

2k+3 2k+2
n_4q q -1 q -1
Al = —+—— —(|B]+1) = 1 - -1
| Al -1 (1Bl +1)=(¢+ )q2_1 q( P )

_ q2 q2k+2 -1
-1 )’

B = 8]+ 11\ 10 = g (=) g = g (2
- 0 7q q2_1 q *q q2_1 .
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We assign the subspaces in the following way. If A € A’ then let S(A) be the (k + 1)-
dimensional subspace (S’(A), P) where P € UJ_, H; is an arbitrary point, whereas, if
A € (UL H;)\ I then let S(A) be the (k + 1)-dimensional subspace (A, S’(P)) where
P € A’ is an arbitrary point. In both cases S(A) C UL, H; for all A € A. Similarly,
if B € B’ then let S(B) be the k-dimensional subspace (S’(B), P) where P € Hj is
an arbitrary point, whereas, if B € Hy \ II then let S(B) be the k-dimensional subspace
(B, S'(P)) where P € B’ is an arbitrary point. Also here, in both cases, S(B) C Hj for
all B € B. Moreover, the assigned subspaces satisfy the intersection condition because if
A € Aand B € B are arbitrary points then

S(A)NS(B) = (S(A)N (UL H;))N(S(B)NHy) =S (A) NS (B)ynII = 0.
Hence PG(2k + 2, ¢) also admits a good partition, and the statement is proved. O

The next theorem proves Theorem 1.2 for even dimensional finite affine spaces. Notice
that the lower bound depends on the parity of g, but its magnitude is ‘QS’:S) in both cases,

where v = ¢".

Theorem 3.3. If k > 1 then the colorings of the even dimensional affine space, AG(2k, q),
satisfy the inequalities

a“(@®* -1 if q is odd
V(AG(2k,q) 2 2D 1 IR
% +1, ifqiseven.

Proof. The hyperplane at infinity in the projective closure of AG(2k,q), Heo, is iso-
morphic to PG(2k — 1,q), hence it has a (k — 1)-spread S = {S',52,..., 94" 1},
The elements of S are pairwise disjoint (k — 1)-dimensional subspaces (see [16, Theo-
rem 4.1]). Let {P{, Pi,.. -aP(iqk,l)/(q,l)} be the set of points of S? fori = 1,2,...,
¢® + 1. For a point P € H, let S(P) denote the unique element of S that contains
P, and A(P) = {llp;,1Ipgy,...,Ip} denote the set of the ¢" parallel k-dimensional
subspaces of AG(2k, ¢) whose projective closures intersect Hoo in S(P).

We define a pairing on the set of points of 7., which depends on the parity of q.
On the one hand, if ¢ is odd then let (Pj7 P;H) be the pairs for i = 1,3,5,...,¢" and

=12 ..., %. On the other hand, if q is even then H ., has an odd number of points,

thus we give the pairing on the set of points Ho, \ {P}}: let (P, PHl) be the pairs for
i=4,6,....¢ andj =1,2,..., T and let (P}, P?), (P?.,, P%,y), (P}, P?) and
(P2, P}) be the pairs fori = 1,2,3and j = 2,4,6, ..., q__ll .

Let (U,V) be any pair of points. Then, by defintion, S(U) # S(V). Let the color
class Cy,v,; contain the lines joining either U and a point from Il ;, or V" and a point from
Iy, fori = 1,2,..., q*. Clearly, (U, V) defines ¢”* color classes, each one consists of
the parallel lines of one subspace in A(U) and the parallel lines of one subspace in A(V).

Finally, if ¢ is even, then let the color class C; consist of all lines of AG(2k, ¢) whose point
at infinity is P}.

We divided the points of H ., into 2( ) pairs if ¢ is odd, and into 4 ( o ) pairs if g is

even. Consequently, the number of color classes is equal to mq * when g is odd, and it

is equal to q( 1) q* 4+ 1 when ¢ is even.
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Now, we show that the coloring is complete. The class C obviously intersects any
other class. Let Cy,y,; and Cyy, z ; be two color classes. Then S(U) and S(V') are distinct
elements of the spread S and S(W) is also an element of S. Hence we may assume,
without loss of generality, that S(U) N S(W) = 0. As

dlm(S(U) U HU,i) = dlm(S(W) U HW,]‘) =k

in PG(2k, ¢), by Proposition 3.1, we have that II;;; N IIy,; consists of a single point in
AG(2k, q). Notice that the coloring is not proper, because the same argument shows that
Iy ; N IIy,; is also a single point in AG(2k, q). O

For odd dimensional spaces we have a slightly weaker estimate. In this case, the mag-
nitude of the lower bound is % . ﬁ(le)
q q
Theorem 3.4. If k& > 1 then the colorings of the odd dimensional affine space,
AG(2k + 1, q), satisfy the inequality

, where v = ¢".

q2k 1
¢ <q21> +1<9¢'(AG(2k + 1,q)).
Proof. The hyperplane at infinity in the projective closure of AG(2k+1, q), Hoo, is iSomor-
phic to PG(2k, q). Hence, by Proposition 3.2, H ., admits a good partition H., = AUBU
{Q} with assigned subspaces S(U).Let A = {Py, P,,...,Pi}and B = {R1, Ry, ..., Rs}

k k
where t = ¢> (q; :11) and s = ¢ (q; :11

For a point P; € Alet A(P;) = {Ilp,1,1Ip, 2,...,IIp, .} denote the set of the ¢*
parallel (k+1)-dimensional subspaces of AG(2k+1, ¢) whose projective closures intersect
Hoo in S(P;). Similarly, for a point R; € Blet B(R;) = {Ilg, 1,1Ig; 2,..., g, ge+1}
denote the set of the ¢**! parallel k-dimensional subspaces of AG(2k + 1, q) whose pro-
jective closures intersect o in S(R;).

Now, we define the color classes. Let C; be the color class that contains all lines of
AG(2k+1, g) whose point at infinity is . Let the color class C; ; ,, contain the lines join-
ing either P(;_1)4; and a point from lp;_, .. m,or R; and a point from Il (;_1)gk4m

forj =1,2,...,s,i=1,2,...,gand m = 1,2,...,¢". Counting the number of color

2k _ .
k+2 qqz—_ll) . Each color class consists of

the parallel lines of one subspace in A(P;_1)4;) and the parallel lines of one subspace in
B(R;). Clearly, the total number of color classes is 1+ ¢**2 (‘1;—__11) . The color class C

classes of type C; j,m, we obtain s - ¢ - @ =q

contains ¢** lines and each of the classes of type C; ;. consists of ¢* + ¢*~ lines.

To prove that the coloring is complete, notice that the class C; obviously intersects
any other class. Let C; j,, and Cy j/ s be two color classes other than C;. Consider
the projective closures of those elements of A(P(;_1)q+;) and B(R;/) whose lines are
contained in C; j ,,, and in Cy j/ ,, respectively. One of these subspaces is a (k + 1)-
dimensional, whereas the other one is a k-dimensional subspace in PG(2k + 1,¢), and
they have no point in common in H .. Thus, by Proposition 3.1, their intersection is a
single point in AG(2k + 1, q).

The coloring is not proper, because the same argument shows that IIp, ;) . m N
R, (i—1)q*+m is also a pointin AG(2k + 1, g), thus C; ; ,,, contains a pair of intersecting
lines. O
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Now, we are ready to prove our second main theorem.

Proof of Theorem 1.2. If n is even then Theorem 3.3 gives the result at once. If n is odd
then v = ¢%**1 hence \/v/q = ¢*. From the estimate of Theorem 3.4 we get

2k 3k+2 k42
-1 _
qk”(q >+1q d +1

> -1 > -1
_ (q+ 1)(g®F+1 — gF) - PR g ght2 gkt gk g
¢ —1 ¢ -1
_ iﬁ(” _ 1) B q3k+1 +qk+2 _ qk+1 _q]c 1
Vi q-1 ¢ —1 ’
which proves the statement. O

Next, recall that a lower bound for the achromatic index require a proper and complete
line-coloring of AG(n, ¢). We consider only the even dimensional case.

Theorem 3.5. Let k > 1 and ¢ = 0,1 or 2, such that ¢* + 1 = ¢ (mod 3). Then
the achromatic index of the even dimensional finite affine space AG(2k,q) satisfies the
inequality

k k
(EH = a2 +) T < wacira)
Proof. The hyperplane at infinity in the projective closure of AG(2k, ¢), Hoo, i isomor-
phic to PG(2k — 1, ¢), hence it admits a (k — 1)-spread £ = {f1,la,..., €41} Let
A(l;) = {1,102, 11, o} denote the set of the ¢* parallel k-dimensional sub-
spaces in AG(2k, q) whose projective closures intersect H, in ¢;. Then, by Proposi-
tion 3.1, the intersection Iy, N1y, ¢ is a single affine point forall ¢ # jand 1 < s,¢ < q.

First, to any triple of (k — 1)-dimensional subspaces, e, f,g € £, we assign ¢* + 2
color classes as follows. Take a fourth (k — 1)-dimensional subspace d € L, and, for
u = (¢*—1)/(q—1), denote the points of the (k—1)-dimensional subspaces d, ¢, f and g by
Di1,Ds,...,Dy, E1,Fs,...,Ey, F1,Fs,...,F, and G1,Gs,...,G,, respectively. For
any triple (D;, e, g) there is a unique line through D; which intersects the skew subspaces
e and g. We can choose the numbering of the points F; and G; such that the line F;G;
intersects d in D; for ¢ = 1,2, ..., u; the numbering of the points F;, such that the line
D, F;, intersects d and g for i = 1,2,...,u — 1, and, finally, choose the line D, F} that
intersects d and g. Notice that this construction implies that the line D, F;; does not intersect
gfori=1,2,..., u. Let the points of Il denote by M7, Ms, ..., M. We can choose
the numbering of the elements of A(e), A(f) and A(g) such that IT, ;NIT,; ,NII, ; = {M,;}
fori=1,2,...,q".

We define three types of color classes for ¢ = 1,2,...,uand j = 1,2,..., q*. Let

Bi (} , and Bz’1 be the color classes that contain the lines through M; whose point at

infinity is E; and F;, respectively. Let C’ # 4 be the color class that contains the lines in
II.; whose point at infinity is E;, except the line E; M;, the lines in II; ; whose point at

infinity is F;, except the hne F; Ml, and the lines in Hg i Whose point at infinity is Gj.

k—1

Hence each of B’ (} and B contams q" lines and C "fg contains 3¢ — 2 lines.

Notice that for each 1€ {1 2 ., u}, the union of the color classes

i _ nt0 2,1 ]
e.f.g = BengBefg CEfg
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contains all lincs whose point at infinity is I;, I; or G;. Each of the two sets of lines be-
longing to Be T£.g OF B;ic 4o naturally defines a (k + 1)-dimensional subspace of PG(2k;, g),
we denote these subspaces by Ilg, and I, , respectively.

Fort =0,1,. L( -2 - 6)/3J let e = €3t+1, f= €3t+2, g = £3t+3, d = €3t+4,
define £y yo_ as fl, and make the ¢* + 2 color classes Be .90 BY } , and C ;- Finally,
for each point P in the subspace £,x 1 if € = 1, orin £ if € = 2, define a new color class
DP which contains all lines whose point at infinity is P.

Clearly, the coloring is proper and it contains, by definition, the required number of
color classes. Now, we prove that it is complete. Notice that each color class of type D
obviously intersects any other color class. In relation to the other cases we have that:

e Thecolorclasses B, ,  and B, intersect, because both
3m+1,¢3m+2,¢3m+3 3m+1,3m+2,£3m+3

of them contain all points of the k-dimensional subspace Hggm Sl

f3t+1,53t+2743t+3 and sti+1ylsm+2yl3m+3 intersect,
because the (k — 1)-dimensional subspaces 3;4 and ¢3,,, 14 are skew in H ., hence
the 2-dimensional intersection of the (k + 1)-dimensional subspaces IIg, or Ilx,,
according as j = 1 or 2, and II g/ or II/, according as j' = 1or2,is not a subspace
of Ho. Thus Proposition 3.1 implies that their intersection contains some affine
points.

e If ¢ # m then the color classes B

e The color classes B and C? intersect in both cases

€37n+17£37n+2 L3m+3 53t+1,531+2 L3tt3
m = t and m # t, because the (k — 1)-dimensional subspaces {3, 4 and £3; 3 are
skew in H .. Again, Proposition 3.1 implies that the intersection of the k-dimensional
subspaces IIy,, . ,.1 (Which is a subspace of either the (k + 1)-dimensional subspace

IIg, or IIf,, according as j = 1 or 2) and H[S iai is an affine point.

e If ¢t # m then each pair of color classes chd and C. 7

L3t41,03t+2,3t+3 £3m+1,€3m+2,€3m+3"
intersects since, as previously, the (k — 1)-dimensional subspaces ¢3;+3 and £33
are skew in H .., thus Proposition 3.1 implies that the projective closures of the k-

dimensional subspaces Ily,, ,, ; and II,, . ; intersect each other in AG(2k, q).

e Finally, we prove that each pair of classes chd dc;?

L3t +1,@3r+2733r+3 L3t41,83t+2,03t+3
intersects. It is obvious when 7 = #'. Suppose that i # ', let M; = Iy, ., ; N
H€3t+2,i N H€3t+3,i and M; = H€3t+1,i’ n H€3t+27i/ N H63t+3,i/- Since the points M;
and My arein Iy, , 1, the line M; M intersects Ho in £3¢44. Take the point T' =
M;M; N €3444 and the lines £;T" and F;T. Clearly, at least one of these lines does

not intersect {3, 3, we may assume without loss of generality, that F;T' N {3413 = 0.

By Proposition 3.1, there exist affine points N; = Ilp,, ., ; N 1lg,,,, o and Ny =
H€3t+17i' n H@3t+3,i' Suppose that N; € E; My and N € E;M;. Then U1 N
M; M = 0, hence (€341, M; M;:) is a (k + 1)-dimensional subspace 31, which
intersects H., in a k-dimensional subspace . Obviously, ¥ also contains the
points E; and E;j/. Then X, = ({3441, T), and X5, N3443 is a single point, say U. As
the lines Ny M; and N; M/ are in the k-dimensional subspaces 1Ty, , ; and I1g;, 4,
respectively, there exist the points N;s M; N ¢3;.15 and N; M;» N £3443. Moreover, we
have that N;; M; N {3,153 = N;M;» N €343 = U. Hence the points N;, M;, N;» and
M; are contained in a 2-dimensional subspace Yo, and >3 N7, contains the points
U, E;, E; and T. Consequently, ¥2 N H o is the line E;7" and it contains the point
U, thus E;T intersects the subspace (3,3, contradiction.
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Thus N; & Ey My or Ny & E;M;. This implies that N; or Ny is a common point

P -/ -/
of the color classes C"’ and C} 7 )
£3t+1,43t42,03t+3 £3t+1,€3t42,€3t+3
In consequence, the coloring is complete. O

To conclude this section we prove our third main theorem.

Proof of Theorem 1.3. As v = ¢** from Theorem 3.5 we get

k 1— k_l 3k 92 _ 2k 2 — 1 k_2_
CHlocbioie)d _ ¢+ (2-6g +(2¢ - 1)g €
3 g—1 3(g—1)
71\/5(@71)+(276)U+26\/57276
3 -1 3(g—1) ’
which proves the statement. O

4 Small dimensions

In this section, we improve on our bounds in two and three dimensions. First, we prove
the exact values of achromatic and pseudoachromatic indices of finite affine planes. Due
to the fact that there exist non-desarguesian affine planes, we use the notation A, for an
arbitrary affine plane of order g. For the axiomatic definition of A, we refer to [11]. The
basic combinatorial properties of A, are the same as of AG(2, ¢).

Theorem 4.1. Let A, be any affine plane of order q. Then
X' (Ay) =/ (A,) =q+1.

Proof. Let S, .S, ..., 5441 denote the ¢ + 1 parallell classes of lines in A,. Two lines
have a point in common if and only if they belong to distinct parallel classes. Hence, if we
define a coloring ¢ with ¢ + 1 colors such that a line ¢ gets color ¢ if and only if ¢/ € .
then ¢ is proper, so ¢ + 1 < x'(Ay).

Since x'(Aq) < o/(Ay), it is enough to prove that o’/(A,) < ¢ + 1. Suppose to the
contrary that v is a complete and proper coloring with m > ¢ 4 1 color classes. As ¥ is
proper, each color class must be a subset of a parallel class. By the pigeonhole principle,
m > q+ 1 implies that there exist at least two color classes that are subsets of the same par-
allel class. Hence they do not contain intersecting lines, contradicting to the completeness
of 1. Thus o/ (Ay) < g + 1, the theorem is proved. O

Theorem 4.2. Let A, be any affine plane of order q. Then
2
W(Ag) = [

Proof. First, we prove that ' (A,) < {%J . Suppose to the contrary that ¢ is a com-

plete coloring of A, with {%J + 1 color classes. As A, has ¢® + ¢ lines, this implies
that ¢ has at most g2 + ¢ — ([%J + 1) color classes of cardinality greater than one.

Thus, there are at least

(q+1)2J ( 2 Q(gﬂ)zJ )) _Ja+2, ifgiseven,
S|+ 1= +g— (|5 +1)) =
L ? T ? q+3, ifgisodd,
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color classes of size one. Hence, again by the pigeonhole principle, there are at least two
color classes of size one belonging to the same parallel class. They have empty intersection,

s0 ¢ is not complete. This contradiction shows that ¢)'(A,) < {WJ .

(g+1)?
2

We go on to give a complete coloring of A, with L J color classes. Let P be

a point and eq,es,...,eq,41 be the lines through P. Fori = 1,2,,...,¢ + 1 let .%;
be the parallel class containing e; and denote the ¢ — 1 lines in the set .%; \ {e;} by
4, g(q+1)+i7 - 7€(q72)(q+1)+i' Then:

q
U cy\{ez _{617623-"a£q2—1}7

and ¢; and ¢, are non-parallel lines for all 1 < j < ¢®—1. For better clarity, we construct
q + 1 color classes with even indices and {qzz—*lJ color classes with odd indices. Let the
color class Cyj, consist of one line, e, for k = 1,2,...,q + 1. Let the color class Ca_1

contain the lines /55,1 and ¢y, for k =1,2,. .., {‘122_1 , finally, if ¢ is even, let the color

class C2_3 contain the line £,z _1, too.

The coloring is complete, because color classes having even indices intersect at P, and
each color class with odd index contains two non-parallel lines whose union intersects all
lines of the plane. O

Our last construction gives a lower bound for the achromatic index of AG(3,q). As
o' (AG(3,q)) < ¥'(AG(3,q)), this can be considered as well as a lower estimate on the
pseudoachromatic index of AG(3, ¢) and this bound is better than the general one proved
in Theorem 3.4. We use the cyclic model of PG(2, ¢) to make the coloring. The detailed
description of this model can be found in [16, Theorem 4.8 and Corollary 4.9]. We collect
the most important properties of the cyclic model in the following proposition.

Proposition 4.3. Let q be a prime power. Then the group Zg 41 admits a perfect differ-
ence set D = {do,dy,ds, ...,d,}, that is the > + q integers d; — d; (i # j) are all distinct
modulo ¢*> + q + 1. We may assume without loss of generality that dy = 0 and d; = 1.
The plane PG(2, q) can be represented in the following way. The points are the elements
0f Zg2 1. q+1, the lines are the subsets

D+j={d;+j:d; € D}
forj=0,1,...,q% + q, and the incidence is the set theoretical inclusion.

Theorem 4.4. The achromatic index of AG(3, q) satisfies the inequality:

9a+D° o aGE,g).

Proof. The plane at infinity in the projective closure of AG(3,q), Heo, is isomorphic to
PG(2, ¢), hence it has a cyclic representation (described in Proposition 4. 3) Letv = ¢? +
q—+ 1, let the points and the lines of H., be Py, Ps, ..., P,,and {1, 0o, ... {,, respectively.
We can choose the numbering such that for: = 1, 2, 3, ..., v the line ¢; contalns the points
P;, P11 and P;_4 (where 0 # d # 1 is a fixed element of the difference set D, and the
subscripts are taken modulo v).
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Let A(P;)) = {Ilp,1,1Ip, 2,...,1Ip, 4} denote the set of the ¢ parallel planes in
AG(3, q) whose projective closures intersect Ho, in ¢;, and IIp, ; denote the projective
closure of IIp, ; fori = 1,3,...,v,and j = 1,2,...,q. Let W; be a plane whose pro-
jective closure intersects Ho, in £;_4. Then the projective closure of each element of
A(P;) U A(P;41) intersects W; in a line whose point at infinity is P;, so we can choose
the numbering of the elements of A(F;) and A(P;41), such thatIlp, ; N1Ilp, , ; C W; for
i=1,3,...,v—2,and j =1,2,...,q. Let €} denote the line IIp, ; N 1p,,, ;.

We assign ¢ + 1 color classes to the pair (P;, Pi41) fori = 1,3,...,v—2. Let the color
class Cj contain the lines ef, €5 ..., e}. For j = 1,2,..., ¢, let the color class C’; contain
those lines of I1p, ; whose point at infinity is P;, except the line eg-, and the ¢ parallel lines
of Ip,,, ; whose point at infinity is /1. Finally, let the color class C' contain all lines
whose point at infinity is P,. In this way we constructed

()it pq - gl

1
2 2 +

color classes and each line belongs to exactly one of them, because C}; contains ¢ lines, C’;
contains 2g — 1 lines for each j = 1,2, ..., ¢. and C" contains ¢ lines.

The coloring is proper by construction. The color class C¥ obviously intersects any
other class. For other pairs of color classes, two major cases are distinguished when we
prove the completeness. On the one hand, if ¢ # & then we have:

e CiN C’(’f # (), because the planes W; and W}, intersect each other;
e if j > 0then C{ N C’j’-C # (), because the planes I; and I1p, _ , ; intersect each other;

e ifm > 0and j > 0then C¢, N C’]’? # (), because the planes IIp, , ., and Ip, ,, ;
intersect each other.

On the other hand, color classes having the same superscript also have non-empty intersec-
tion:

e Cin C} # (), because the planes W; and Ip, ., ; intersect each other;

e if j # k then the planes IIp, ; and Ip, , 1 intersect in a line f and f # e;, hence its
points are not removed from ITp, ;, so Ci N Cf # 0.

Hence the coloring is also complete, this proves the theorem. O

References

[1] G. Araujo-Pardo, Gy. Kiss, C. Rubio-Montiel and A. Vizquez-Avila, On line colorings of finite
projective spaces, 2018, arXiv:1702.06769 [math.CO].

[2] G. Araujo-Pardo, J. J. Montellano-Ballesteros, C. Rubio-Montiel and R. Strausz, On the pseu-
doachromatic index of the complete graph II, Bol. Soc. Mat. Mex. 20 (2014), 17-28, doi:
10.1007/s40590-014-0007-9.

[3] G. Araujo-Pardo, J. J. Montellano-Ballesteros, C. Rubio-Montiel and R. Strausz, On the pseu-
doachromatic index of the complete graph IIl, Graphs Combin. 34 (2018), 277-287, doi:
10.1007/s00373-017-1872-6.

[4] G. Araujo-Pardo, J. J. Montellano-Ballesteros and R. Strausz, On the pseudoachromatic index
of the complete graph, J. Graph Theory 66 (2011), 89-97, doi:10.1002/jgt.20491.



(5]

(6]

(7]

(8]

(9]

(10]

(11]

[12]

[13]

[14]

[15]

(16]

(17]

(18]

G. Araujo-Pardo et al.: On chromatic indices of finite affine spaces 79

G. Araujo-Pardo and C. Rubio-Montiel, Pseudoachromatic and connected-pseudoachromatic
indices of the complete graph, Discrete Appl. Math. 231 (2017), 60-66, doi:10.1016/j.dam.
2017.03.019.

G. Araujo-Pardo, C. Rubio-Montiel and A. Vizquez-Avila, Note on the Erd3s-Faber-Lovisz
conjecture: quasigroups and complete digraphs, Ars Combin., in press.

G. Araujo-Pardo and A. Vizquez-Avila, A note on Erdds-Faber-Lovisz conjecture and edge
coloring of complete graphs, Ars Combin. 129 (2016), 287-298.

A. Beutelspacher, D. Jungnickel and S. A. Vanstone, On the chromatic index of a finite projec-
tive space, Geom. Dedicata 32 (1989), 313-318, doi:10.1007/bf00147923.

A. Bouchet, Indice achromatique des graphes multiparti complets et réguliers, Cahiers Centre
Etudes Rech. Opér. 20 (1978), 331-340.

C. J. Colbourn and M. J. Colbourn, Greedy colourings of Steiner triple systems, in: A. Bar-
lotti, P. V. Ceccherini and G. Tallini (eds.), Combinatorics '81, North-Holland, Amsterdam,
volume 18 of Annals of Discrete Mathematics, pp. 201-207, 1983, proceedings of the Interna-
tional Conference on Combinatorial Geometries and their Applications held in Rome, June 7 —
12, 1981.

P. Dembowski, Finite Geometries, Classics in Mathematics, Springer-Verlag, Berlin, 1997,
doi:10.1007/978-3-642-62012-6, reprint of the 1968 original.

P. ErdGs, Problems and results in combinatorial analysis and combinatorial analysis, in: C. St.
J. A. Nash-Williams and J. Sheehan (eds.), Proceedings of the Fifth British Combinatorial
Conference, Utilitas Mathematica Publishing, Winnipeg, Manitoba, volume 15 of Congressus
Numerantium, pp. 169-192, 1976, held at the University of Aberdeen, Aberdeen, July 14 — 18,
1975.

P. Erd6s, On the combinatorial problems which I would most like to see solved, Combinatorica
1 (1981), 25-42, doi:10.1007/bf02579174.

R. P. Gupta, Bounds on the chromatic and achromatic numbers of complementary graphs, in:
W. T. Tutte (ed.), Recent Progress in Combinatorics, Academic Press, New York, pp. 229-235,
1969, proceedings of the Third Waterloo Conference on Combinatorics, May 1968.

F. Harary, S. Hedetniemi and G. Prins, An interpolation theorem for graphical homomorphisms,
Portugal. Math. 26 (1967), 453-462, http://eudml.org/doc/115047.

J. W. P. Hirschfeld, Projective Geometries over Finite Fields, Oxford Mathematical Mono-
graphs, The Clarendon Press, New York, 2nd edition, 1998.

R. E. Jamison, On the edge achromatic numbers of complete graphs, Discrete Math. 74 (1989),
99-115, doi:10.1016/0012-365x(89)90202-1.

A. Rosa and C. J. Colbourn, Colorings of block designs, in: J. H. Dinitz and D. R. Stinson
(eds.), Contemporary Design Theory, John Wiley & Sons, New York, Wiley-Interscience Series
in Discrete Mathematics and Optimization, pp. 401-430, 1992.






creative ARS MATHEMATICA
@commons CONTEMPORANEA

ISSN 1855-3966 (printed edn.), ISSN 1855-3974 (electronic edn.)
ARS MATHEMATICA CONTEMPORANEA 16 (2019) 81-95
https://doi.org/10.26493/1855-3974.1333.68f
(Also available at http://amc-journal.eu)

Pentavalent symmetric graphs of order four
times an odd square-free integer”

Bo Ling
School of Mathematics and Computer Sciences, Yunnan Minzu University,
Kunming, Yunnan 650504, P. R. China

Ben Gong Lou

School of Mathematics and Statistics, Yunnan University,
Kunming, Yunnan 650031, P. R. China

Ci Xuan Wu

School of Statistics and Mathematics, Yunnan University of Finance and Economics,
Kunming, Yunnan 650221, P. R. China

Received 24 February 2017, accepted 6 June 2018, published online 18 September 2018

Abstract
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1 Introduction

All graphs in this paper are assumed to be finite, simple and undirected. Let " be a graph
and denote V' I" and AI the vertex set and arc set of I, respectively. Let G be a subgroup
of the full automorphism group Aut I" of I'. Then I is called G-vertex-transitive and G-
arc-transitive if G is transitive on V' I" and AT, respectively. An arc-transitive graph is also
called a symmetric graph. It is well known that I" is G-arc-transitive if and only if G is
transitive on V' I" and the stabilizer G, := {g € G | a9 = «} is transitive on the neighbor
set I" () of the vertex v of I

The cubic and tetravalent graphs have been studied extensively in the literature. In re-
cent years, attention has moved on to pentavalent symmetric graphs and a series of results
have been obtained. For example, all the possibilities of vertex stabilizers of pentavalent
symmetric graphs are determined in [7, 20]. Also, for distinct primes p, g and r, the clas-
sifications of pentavalent symmetric graphs of order 2pq and 2pqr are presented in [9, 19],
respectively. A classification of 1-regular pentavalent graph (that is, the full automorphism
group acts regularly on its arc set) of square-free order is presented in [13]. Recently,
pentavalent symmetric graphs of square-free order have been completely classified in [11].
Furthermore, some classifications of pentavalent symmetric graphs of cube-free order also
have been obtained in recent years. For example, the classifications of pentavalent symmet-
ric graphs of order 12p, 4pq and 2p? are presented in [8, 16, 5]. More recently, symmetric
graphs of any prime valency which admit a soluble arc-transitive group have been classified
in [14]. The main purpose of this paper is to extend the results in [8, 16] to four times an
odd square-free integer case.

The main result of this paper is the following theorem.

Theorem 1.1. Let n be an odd square-free integer and let I' be a pentavalent symmetric
graph of order 4n. If n has at least three prime factors, then one of the following statements
holds.

(1) Aut I' = PSL(2,p), PGL(2,p), PSL(2, p) x Zs or PGL(2,p) X Zg, where p > 29
is a prime. Furthermore, the stabilizer (Aut I'),, and the prime p appear in Table 5
or Table 6.

(2) The triple (I',n, Aut I') lies in the following Table 1.
Remark 1.2 (Remarks on Theorem 1.1).

(a) The graphs in Table 1 are introduced in Example 3.2.

(b) The graphs Csss2 and C3g, in Table 1, and the graphs in part (1) with automorphism
group PSL(2, p) x Zz or PGL(2, p) x Z5 can also be constructed from the bipartite
double cover (the definition of bipartite double cover see Section 3) of a pentavalent
symmetric graph of square-free order (see [11, Example 4.3 and Example 4.5] and
[19, Example 3.9 and Example 3.11] for details on these graphs).

2 Preliminaries

We now give some necessary preliminary results. The first one is a property of the Fitting
subgroup, see [18, p. 30, Corollary].

Lemma 2.1. Let F be the Fitting subgroup of a group G. If G is soluble, then F # 1 and
the centralizer Co(F) < F.
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Table 1: Nine ‘sporadic’ pentavalent symmetric graphs of order four times an odd square-
free integer.

Row r n Auwt I (Aut I'), Transitivity Bipartite?
1 Clygse 3-7-11-19 Ji Dio 1-transitive No
2 Cipse 3-7-11-19 J1 Dio 1-transitive No
3 Cise 3-7-11-19 Ji Dio 1-transitive No
4 Cil7556 3-7-11-19 J1 Dio 1-transitive No
5 Cimsss 3-7-11-19 J1 D1g 1-transitive No
6  Csgs2  7-11-19 J1 X Zs As 2-transitive Yes
7 C%SO 3-5-13 PSL(2, 25) X Do Foo 2-transitive No
8  C3y 3-5-13  PSL(2,25) x Zs Fao 2-transitive No
9 C3so 3:5-13  PSL(2,25) X Zs Fao 2-transitive Yes

The maximal subgroups of PSL(2, p) are known, see [4, Section 239].

Lemma 2.2. Let T = PSL(2, p), where p > 5 is a prime. Then a maximal subgroup of T
is isomorphic to one of the following groups:

(1) Dp_1, where p #5,7,9,11;

(2) Dpt1, wherep #7,9;

(3) Zp : Lp—1)/2;

(4) Ay, where p =5 orp=3,13,27,37 (mod 40);

(5) S4, where p = +1 (mod 8)

(6) As, where p=+£1 (mod 5).

By [2, Theorem 2], we may easily derive the maximal subgroups of PGL(2, p).

Lemma 2.3. Let T = PGL(2,p) with p > 5 a prime. Then a maximal subgroup of T is
isomorphic to one of the following groups:

(1) Zyp : Zp—1;

(2) Da(pt1);

(3) Da(p—1), wherep > 7;

(4) S4, where p = £3 (mod 8);

(5) PSL(2,p).

From [6, pp. 134-136], we can obtain the following lemma by checking the orders of
nonabelian simple groups.

Lemma 2.4. Let n be an odd square-free integer such that n has at least three prime
factors. Let T be a nonabelian simple group of order 2¢ - 37 -5 - n, where 1 < i < 11 and
0 < j < 2. Let p be the largest prime factor of n. Then T is listed in Table 2.
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Table 2: Nonabelian simple groups of order 2¢ -3/ - 5. nwith1 <i < 1land0 < j < 2.

T |T| n

My, 27.32.5.7-11 3-7-11
Mas 27.32.5.7.11-23  7-11-23
J1 23.3.5-7-11-19 7-11-19
Jo 27.3%.52.7 3-5-7
Sz(32) 210.52.31.41 5-31-41
PSU(3,4) 26.3.5%-13 3-5-13
PSp(4,4) 2%.3%2.5%.17 3-5-17
PSL(2,25) 23-3-52.13 3-5-13
PSL(2,28) 28.3.5.17-257 3-17-257
PSL(5,2) 219.32.5.7.31 3-7-31
PSL(2,25) 26.32.5.7-13 3-7-13
Mos 27.32.5.7-11-23  3-7-11-23
Y 210.3%3.5.7.11-23 3-7-11-23
Ji 23.3.5.7-11-19 3-7-11-19

PSL(2,p) EEEZL (p > 29)

Proof. If T is a sporadic simple group, by [6, p. 135-136], T = Mas, Mo, Moy, J1 or Js.
If T' = A,, is an alternating group, since 3% does not divide |T|, we have n < 8, it then
easily exclude that T' = Aj, Ag, A7 or Ag. Hence no T exists for this case.

Suppose now T" = X (q) is a simple group of Lie type, where X is one type of Lie
groups, and ¢ = 7¢ is a prime power. If r > 5, as |T| has at most three 3-factors, two
5-factors and one p-factor, it easily follows from [6, p. 135] that the only possibility is
T = PSL(2,p) with p > 29 (note that PSL(2, p) with 5 < p < 23 does not satisfy the
condition of the lemma) or PSL(2, 25), where p is the largest prime factor of n. If r < 3, as
212 and 3* do not divide |T'|, then we have T' = Sz(32), PSU(3,4), PSp(4, 4), PSL(2, 2%),
PSL(2,2%) or PSL(5,2). O

For a graph I' and a positive integer s, an s-arc of I is a sequence «, oy, ..., a of
vertices such that o; 1, ov; are adjacent for 1 < ¢ < sand o;—1 # a1 forl <i<s—1.
In particular, a 1-arc is just an arc. Then I is called (G, s)-arc-transitive with G < Aut I’
if G is transitive on the set of s-arcs of I'. A (G, s)-arc-transitive graph is called (G, s)-
transitive if it is not (G, s + 1)-arc-transitive. In particular, a graph I" is simply called
s-transitive if it is (Aut I', s)-transitive.

Let F'59 denote the Frobenius group of order 20. The following lemma determines the
stabilizers of pentavalent symmetric graphs, refer to [7, 20].

Lemma 2.5. Let I' be a pentavalent (G, s)-transitive graph, where G < Aut I" and s > 1.
Let o € VI'. Then one of the following holds.

(a) If Go is soluble, then s < 3 and |Gq||80. Further, the pair (s,Go) lies in the
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following table.
s ‘ Go
1| Zs, D1o, D2
2 | Fao, Fag X Z3
3 F20 X Z4

(b) If G, is insoluble, then 2 < s < 5, and |G| ’ 29 . 32 . 5. Further, the pair (s,G4,)
lies in the following table.

2 As, Ss 60, 120

3 Ay x As, (Agx As) 1 Zy, Sy x Ss 720, 1440, 2880

4| ASL(2,4), AGL(2,4), AXL(2,4), ATL(2,4) | 960, 1920, 2880, 5760
5 78 : TL(2,4) 23040

A typical method for studying vertex-transitive graphs is taking normal quotients. Let I
be a G-vertex-transitive graph, where G < Aut I'. Suppose that G has a normal subgroup
N which is intransitive on V' I'. Let V Iy be the set of N-orbits on VI'. The normal
quotient graph I'yy of I' induced by N is defined as the graph with vertex set V Iy, and
B is adjacent to C' in I'y if and only if there exist vertices 5 € B and v € C such that 8
is adjacent to «y in I". In particular, if val(I") = val(I'y), then I' is called a normal cover
of I' N-

A graph [I' is called G-locally primitive if, for each o € VI, the stabilizer G, acts
primitively on I'(«). Obviously, a pentavalent symmetric graph is locally primitive. The
following theorem gives a basic method for studying vertex-transitive locally primitive
graphs, see [17, Theorem 4.1] and [12, Lemma 2.5].

Theorem 2.6. Let I' be a G-vertex-transitive locally primitive graph, where G < Aut I,
and let N <1 G have at least three orbits on V' I'. Then the following statements hold.
(i) N is semi-regular on VI', G/N < Aut I'y, and I is a normal cover of I'y;
(ii) Go = (G/N),, where € VI and y € VIn;
(iii) I'is (G, s)-transitive if and only if I'n is (G/N, s)-transitive, where 1 < s < 5 or
s=T.

For reduction, we need some information of pentavalent symmetric graphs of order
4pq, stated in the following lemma, see [8, Theorem 4.1] and [16, Theorem 3.1].

Lemma 2.7. Let I' be a pentavalent symmetric graph of order 4pq, where ¢ > p > 3 are
primes. Then the pair (Aut I', (Aut I') ) lies in the following Table 3, where o € VT

Remark 2.8 (Remarks on Lemma 2.7).

(a) Suppose that I'" is one of the graphs in Lemma 2.7 and M is an arc-transitive sub-
group of Aut I'. Then M is insoluble (for convenience, we prove this conclusion in
Lemma 4.4 and we remark that Lemma 4.4 is independent where it is used).

(b) By MAGMA [1], the graphs Céé) and C?,, in [8, Theorem 4.1] are isomorphic,
Aut(CPy,) =2 PGL(2,11) X Zo.
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Table 3: Pentavalent symmetric graphs of order 4pq.

r (p,q)  Autl’ (Aut I')q
Cso (3,5) As x Dqg Dqg

Ciso (3,11)  PSL(2,11) x Zy Dy
Ciay, 2<i<4 (3,11) PGL(2,11) Do

Clsy (3,11)  PGL(2,11) x Zy Dy

c?) (7,41)  PSL(2,41) x Zy  As

Cai08 (13,79) PSL(2,79) Ag

The final lemma of this section gives some information about the pentavalent symmetric
graphs of square-free order, refer to [19, Theorem 1.1] and [11, Theorem 1.1].

Lemma 2.9. Let I' be a pentavalent symmetric graph of order 2n, where n is an odd
square-free integer and has at least three prime factors. Then one of the following state-
ments holds.

(1) Aut I is soluble and Aut I' = Do, : Zs.

(2) Aut I' = PSL(2,p) or PGL(2,p), where p > 5 is a prime.

(3) The triple (I', 2n, Aut I) lies in the following Table 4.

Table 4: Two ‘sporadic’ pentavalent symmetric graphs.

r 2n  Autl (Aut I),,
Caso 390 PSL(2,25) Fao
Cogos 2926 J As

3 Some examples

In this section, we give some examples of pentavalent symmetric graphs of order 4n with
n an odd square-free integer.

In order to construct our graphs we first introduce the definition of a coset graph. Let G
be a finite group and let H be a core-free subgroup of G. Let 7 € G and 72 € H. Define
the coset graph Cos(G, H, T) of G with respect to H as the graph with vertex set [G : H|
such that Hx, Hy are adjacent if and only if yz—' € H7H. The following lemma about
coset graphs is well known and the proof of the lemma follows from the definition of coset
graphs.

Lemma 3.1. Using the notation as above, the coset graph I' = Cos(G, H, ) is G-arc-
transitive graph and

(1) valI' = |H : HN H7|;
(2) T is connected if and only if (H,7) = G.
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Conversely, each G-arc-transitive graph ¥ is isomorphic to the coset graph Cos(G, G,,, T),
where T € NG(Gyy) is a 2-element such that 7% € G, and v € VI, w € X(v).

We next introduce the definition of the bipartite double cover of a graph. Let I" be a
graph with vertex set V' I'. The standard double cover of I' is defined as the undirected
bipartite graph I" with biparts V and Vi, where V; = {(v,) | v € VI'}, such that two
vertices (z,0) and (y, 1) are adjacent if and only if z, y are adjacent in I". It is easily
shown that the standard double cover can be represented as a direct product: I'=T xKo.
Furthermore, I is connected if and only if I" is connected and non-bipartite.

For a given small permutation group X, we may determine all graphs which admit X
as an arc-transitive automorphism group by using MAGMA [1]. It is then easy to have the
following result.

Example 3.2.

(1) There is a unique pentavalent symmetric graph of order 5852 which admits J; x Zo
as an arc-transitive automorphism group; and its full automorphism group is J; X Zs.
This graph is denoted by Csg32 which satisfies the conditions in Row 6 of Table 1.

(2) There are five pentavalent symmetric graphs of order 17556 admitting J; as an arc-
transitive automorphism group; and their full automorphism group are all isomorphic
to J1. These five graphs are denoted by Ci.- . which satisfy the conditions in Row 1
to Row 5 of Table 1, where 1 < ¢ < 5.

(3) There are three pentavalent symmetric graphs of order 780 which admit PSL(2, 25) x
Z as an arc-transitive automorphism group; and their full automorphism group are
all isomorphic to PSL(2,25) x Z,. These three graphs are denoted by C2¢, which
satisfy the conditions in Row 7 to Row 9 of Table 1, where 1 < j < 3.

Remark 3.3 (Remarks on Example 3.2).

(a) Let I' be a pentavalent symmetric graph of order 4n with n an odd square-free integer
and having at least three prime factors. Then the graphs appearing in Example 3.2
are the only sporadic graphs of such I'. In fact, let A = Aut I'. If A is insoluble
and has no nontrivial soluble normal subgroup, then Lemma 4.2 shows that Ci-s.
with 1 < 4 < 5 are the only sporadic graphs. If A is insoluble and has a soluble
minimal normal subgroup N = Zs, then Lemma 4.3 shows that Csg32 and Cig, with
1 < j < 3 are the only sporadic graphs. If A is soluble or has a soluble minimal
normal subgroup N = Z, with r > 2, then Lemma 4.1 and Lemma 4.6 show that no
such I" exists.

(b) Since both Co996 and Csgg are non-bipartite, the bipartite double cover of both Cagog
and Csgg is connected pentavalent symmetric graph of order 4n. In fact, the graph
Css32 1s isomorphic to the bipartite double cover of Cago and the graph C?BO is iso-
morphic to the bipartite double cover of C3gg.

Example 3.4. Let p be a prime such that
p=49,79,81,111 (mod 160)

and let A = PSL(2,p). Then by Lemma 2.2, A has a subgroup H = A5. Let K < H
with K = Ay. Then N (K) = K : (1) = Sy, where 7 € A — H is an involution. Let
I' = Cos(A, H, HTH). Then I is a connected pentavalent symmetric graph.
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Example 3.5. Let p be a prime such that
p=9,39,41,71 (mod 80)

and let A = PGL(2, p). Then by Lemma 2.2 and Lemma 2.3, A has a subgroup H = As.
Let K < H with K =2 Ay. Then Nj (K) = K : (1) = S, is a maximal subgroup of A,
where 7 € A — H is an involution, and so (H,7) = A. Let I" = Cos(A, H, HTH). Then
I' is a connected pentavalent symmetric graph.

Example 3.6. Let p be a prime such that
p=9,39,41,71 (mod 80)

andlet A = PSL(2,p) x Zs = T x (z), where T' = PSL(2, p) and (z) = Z5. Then T has a
subgroup H = As. Let K < H with K & Ay. Then N (K) = K : (1) X (2) & Sy X Za,
where 7 € T'— H is an involution. Let I' = Cos(A, H, HTzH). Then I' is a connected
pentavalent symmetric graph.

Example 3.7. Let p be a prime such that
p=11,19,21,29 (mod 40)

and let A = PGL(2,p) x Zg = T x (z), where T' = PGL(2, p) and (z) = Z,. Then T has
asubgroup H = As. Let K < H with K & Ay. Then Np (K) = K : (1) x (2) & Sy x Za,
where 7 € T' — H is an involution. Let I' = Cos(A, H, HTzH). Then I' is a connected
pentavalent symmetric graph.

4 Proof of Theorem 1.1

Let n be an odd square-free integer and n has at least three prime factors. Let I" be a
pentavalent symmetric graph of order 4n. Set A = Aut I". By Lemma 2.5, |A, | | 29.32.5,
and hence [A|| 2! - 32 - 5. n. Assume that n = pips---ps, where s > 3 and p;’s are
distinct primes.

Lemma 4.1. The group A is insoluble.

Proof. Suppose to the contrary that A is soluble. Let F' be the Fitting subgroup of A. By
Lemma 2.1, F' # 1 and C (F') < F. Further, F' = O3(A) x Op, (A) X Op,(A) x --- X
O, (A), where O2(A), Oy, (A), Op,(A), ..., Op, (A) denote the largest normal 2-, pq-,
Da-, ..., Ds-subgroups of A, respectively.

For each p; € {p1,p2,...,ps}, Op,(A) has at least three orbits on VI", by Theo-
rem 2.6, O,, (A) is semi-regular on V' I'. Therefore, F' is semi-regular on V' I" and so | F|
divides |V I'| = 4n. Since n = p1ps - - - ps, we have O,,, (A) < Z,,. This argument also
proves Oy(A) < Zy or Z3. If Oy(A) = Z4 or Z3, then by Theorem 2.6, the normal
quotient graph I'g, () is a pentavalent symmetric graph of odd order, which is a contra-
diction. Thus, O3(A) < Zo, F = Z,,, where m | 2n. It implies that CA (F) > F, and so
Ca(F)=F.

If F has at least three orbits on V' I, then, by Theorem 2.6, I'r is A /F-arc-transitive.
Since A/F = A/Cux(F) < Aut(F) is abelian, we have (A/F)s = 1, where § € VI'p,
which is a contradiction.
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Thus, F' has at most two orbits on V' I'. If F' is transitive on V' I', then F' is regular
on VI', a contradiction with ' = Z,,,, where m ‘ 2n. Hence F has two orbits on V' I" and
F =7y, Let K = 0,,(A)x0,,(A)x---x0p,(A). Then K = Z,,,,...p,. Since K <A
has 4p; ps orbits on V I", by Theorem 2.6(i), ['k is an A / K -arc-transitive pentavalent graph
of order 4p; p2, and hence I'k satisfies the conditions in Table 3. Since A /K is soluble, by
Remark 2.8, a contradiction occurs. Hence A is insoluble. This completes the proof of the
Lemma. O

We now consider the case where A is insoluble and has no nontrivial soluble normal
subgroup.

Lemma 4.2. Assume that A is insoluble and has no nontrivial soluble normal subgroup.
Then Aut I' = Jq, PSL(2,p) or PGL(2,p) with p > 29. Further, if Aut I’ = Jq, then
I' =2 Ci.o satisfies the conditions in Row 1 to Row 5 of Table 1 of Theorem 1.1, where
1<i<5 IfAut I' 2 PSL(2,p) or PGL(2,p), then I satisfies the conditions in Table 5.

Table 5: Aut I is almost simple.

Aut I’ (Aut '), I Remark

PSL(2,p) As Example 3.4 p=49,79,81,111 (mod 160)
PGL(2,p) As Example 3.5 p=9,39,41,71 (mod 80)
PSL(2,p) Dig p=9,39,41,71 (mod 80)
PGL(2,p) Do p=11,19,21,29 (mod 40)
PSL(2,p) Dao p=49,79,81,111 (mod 160)
PGL(2,p) Dao p=9,39,41,71 (mod 80)

Proof. Let N be the socle of A. Then N is insoluble and 4 divides |N|. If N has more
than three orbits on V' I', then by Theorem 2.6, 'y is a pentavalent symmetric graph of odd
order, a contradiction. Hence, N has at most two orbits on VI, so 2n divides | N|.

Assume that A has at least two minimal normal subgroups N; and N,. Then by a
similar argument as above, we have that 2n divides both | N;| and | N»|. Hence 4n? divides
|A| = 211.32.5.n,and so n divides 2° - 32 - 5. It implies that n = 3 - 5, a contradiction
with n having at least three prime factors. So A has a unique minimal normal subgroup
and we may write N = S?, where S is a nonabelian simple group and d > 1.

Since p, > 5, ps divides | N| and p? does not divide [N |as [A||2'-3%-5-pips - - ps,
we conclude that d = 1 and N = S is a nonabelian simple group. Hence A is almost
simple with socle S.

If S, = 1, then S acts regularly on V' I'. Hence S is a non-abelian simple group such
that |S| = 4n. By checking the orders of nonabelian simple groups (see [6, pp. 135-136]
for example), we have that S = PSL(2,p) and so A < Aut(S) = PGL(2, p), which is
impossible as A is transitive on AI', |[A| < 2|S| and |AT'| = 5|S|. Hence S, # 1. Since
I is connected and S <1 A, we have 1 # S 4 AT it follows that 5 | |Sa|, we thus
have 10 - p1ps - - - ps divides |S].




90 Ars Math. Contemp. 16 (2019) 81-95

Thus, soc(A) = S is a nonabelian simple group such that |S| |2 - 3% .5 . n and
10 - n||S]. Hence the triple (S, ]S, n) lies in Table 2 of Lemma 2.4. We will analyse all
the candidates one by one in the following.

Assume (S,n) = (J1,3-7-11-19). Then |V I'| = 17556 and A = J; as Out(J;) = 1.
It then follows from Example 3.2 that I' & Ci,;4 satisfies the conditions in Row 1 to
Row 5 of Table 1 of Theorem 1.1, where 1 < ¢ < 5.

Assume (S,n) = (5z(32),5 - 31 - 41). Since Out(Sz(32)) = Zs (see Atlas [3] for
example), A = Sz(32) or Sz(32).Zs, s0 |As| = % = 1280 or 6400, which is not possible
by Lemma 2.5. Similarly, for the case (S,n) = (PSL(5,2),3-7-31), then A = PSL(5, 2)
or PSL(5,2).Zs as Out(PSL(5,2)) & Z,. Thus, [A,| = 2 = 3840 or 7680, which is
impossible by Lemma 2.5. For the case where (S,n) = (PSL(2,2%),3 - 17 - 257), since
A = PSL(2,28).0, where O < Out(PSL(2,28)) = Zs, we have |A,| = % =2k.5,
where 6 < k < 9, which is also impossible by Lemma 2.5. For the case where (S,n) =
(PSU(3,4),3 -5+ 13), since A = PSU(3,4).0, where O < Out(PSU(3,4)) = Z4, we
have |A,| = % = 2% .5, where 4 < k < 6, which is impossible by Lemma 2.5.

Assume (S,n) = (PSp(4,4),3-5-17). Since S < A < Aut(S) = PSp(4,4).Z4, we
have |[A,| = % = 960, 1920 or 3840. If |A,| = 960 or 1920, then by Lemma 2.5, A, =
ASL(2,4) or AXL(2,4). However, by Atlas [3], PSp(4, 4) has no subgroup isomorphic to
ASL(2,4) and PSp(4, 4).Z has no subgroup isomorphic to AX1L(2,4). If |A,| = 3840,
then also by Lemma 2.5, a contradiction occurs.

Assume (S,n) = (PSL(2,2%),3 -7 - 13). Recall that S has at most two orbits on
VI, |S.] = % = 240 or % = 480. However, by Lemma 2.2, PSL(2,25) has no
maximal subgroup with order a multiple of 240, a contradiction occurs. Similarly, for the
case (S,n) = (J2,3-5-7), then |S,| = 151 = 2880 or 51 = 5760. By Atlas [3], J» has
no maximal subgroup with order a multiple of 2880, a contradiction also occurs.

Assume S = Mas. Thenn =3-7-11-23 or 7- 11 - 23, and as Out(Ma3) = 1, we
have A = Sand |A,| = ”\i—ffl = 480 or 1440. By Lemma 2.5, it is impossible for the case
|A.| = 480. For the latter case, by a direct computation using MAGMA [1], no graph I
exists. If (S,n) = (Mag, 7 - 11 - 23), as Out(Maz) = Zs, we have A = My or Moy Zo,
so |A,| = % = 480 or 960, a computation by MAGMA [1] shows that no graph I" exists.
Similarly, we can exclude the case where (S, n) = (PSL(2,25),3-5-13) by MAGMA [1].

Assume (S,n) = (Mag,3-7-11-23) or (J1,3-7-11-19). Since Out(May) =
Out(J;) = 1, we always have A = S. Hence |A,| = % = 11520 or 10. A computation
by MAGMA [1] also shows that no graph I exists.

Finally, assume S = PSL(2,p) with p > 29 a prime. Then A = PSL(2,p) or
PGL(2,p). By Lemma 2.2, Lemma 2.3 and Lemma 2.5, we have A, = Zs, Do, Dag
or As. If A, = Zs, then I' is an arc-regular pentavalent graph of order four times
an odd square-free integer. However, by [15, Theorem 1.1], no such I' exists. Hence
A, = Dig, Dog or As. If A, = Ay, then by Lemma 2.2 and Lemma 2.3, we have p = +1
(mod 5). Since |A : A,| = 4n, we have |A| is divisible by 16, but not by 32. Since
|A| = |PSL(2,p)| = 22=UEH) o1 | PGL(2,p)| = p(p — 1)(p + 1), we have p = +15
(mod 32) for A = PSL(2,p) or p = £7 (mod 16) for A = PGL(2,p). Since p = £1
(mod 5), we have p = 49,79,81,111 (mod 160) for A = PSL(2,p) orp = 9,39,41, 71
(mod 80) for A = PGL(2,p). These graphs are constructed in Example 3.4 and Exam-
ple 3.5. Similarly, if A, = Djg or Dy, then p satisfies the condition in Table 5. This
completes the proof of the Lemma. O
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We next assume that A has a nontrivial soluble normal subgroup. Let IV be a soluble
minimal normal subgroup of A. Then there exists a prime r ] 4n such that N = Z¢. Further,
N has at least three orbits on V' I'. It follows from Theorem 2.6 that N is semi-regular on
VI, andso |[N| = |Z,|*||VI| = 4n. If d > 2, then (r,d) = (2,2). It follows that I'y
is an arc-transitive graph of odd order, a contradiction. Hence d = 1, N = Z,.. The next
lemma consider the case where r = 2.

Lemma 4.3. Assume that A is insoluble and has a soluble minimal normal subgroup N =
Zs. Then one of the following statements holds:

(1) Aut I =2 PSL(2,p) X Z2 or PGL(2, p) X Za, where p > 29 is a prime. Furthermore,
I’ satisfies the conditions in Table 6.
(2) Aut I = PSL(2,25) X Zg and I is isomorphic to C%so in Table 1, where 1 < i < 3.

(3) Aut I' 2 J1 X Zy and I is isomorphic to Csgso in Table 1.

Table 6: Aut I" has a normal subgroup isomorphic to Zs.

Aw Il (Awt ), I Remark

PSL(2,p) x Zo  As Example 3.6 p=19,39,41,71 (mod 80)
PGL(2,p) x Z2 Aj Example 3.7 p=11,19,21,29 (mod 40)
PSL(2,p) X Zs Dig p=11,19,21,29 (mod 40)
PSL(2,p) X Zs Dag p=09,39,41,71 (mod 80)
PGL(2,p) x Zs Dag p=11,19,21,29 (mod 40)

Proof. Since N has more than three orbits on V' I, then by Theorem 2.6, I'y is an A/N-
arc-transitive pentavalent graph of order n = 2n. It follows that [y is isomorphic to
one of the graphs in Lemma 2.9. Since A/N < Aut I'y and A/N is insoluble, we have
that Aut I'y is insoluble and so Aut I'y = PSL(2,p), PGL(2, p), PSL(2, 25) or J;. Let
A:=AutT.

Suppose that A = PSL(2,p) or PGL(2,p). Since A/N is insoluble, by Lemma 2.2
and Lemma 2.3, A/N is isomorphic to A5, PSL(2,p) or PGL(2,p). If A/N = A, then
since I'y is an A /N-arc-transitive pentavalent graph of order 7 = 2n, we have 2n-5 | |As).
It implies that n divides 6, a contradiction with n having at least three odd prime factors.
Thus, A/N is isomorphic to PSL(2, p) or PGL(2, p). Therefore, A = N.PSL(2,p) or
N.PGL(2,p), that is, A = PSL(2,p) x Zs, SL(2,p), PGL(2,p) x Zs or SL(2, p).Zs.
Assume first that A = SI.(2, p). Note that SL(2, p) has a unique central involution. Then
by Lemma 2.5, A, = Zs. It follows that |V I'| = |[A : A,| is divisible by 8 as | SL(2, p)]
is divisible by 8, a contradiction. Assume next that A = SL(2, p).Zs. Then A contains a
normal subgroup H isomorphic to SL(2,p). Since 8 | |H|, we have H, # 1. By Theo-

rem 2.6, H has at most two orbits on V' I" and so ;?IZ‘I ] 2. If H is transitive on V I, then H
is arc-transitive. A similar argument with the case A = SL(2, p), a contradiction occurs.
Therefore, H has two orbits on VI" and so H, = A,. Since H has a unique central in-
volution, by Lemma 2.5, A, & Zs, it follows that |[VI'| = |A : A,| is divisible by 16, a

contradiction. Therefore, A 2 PSL(2, p) X Zy or PGL(2, p) X Zs in this case. By a similar
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argument as for the case A = PSL(2, p) (the last paragraph in the proof of Lemma 4.2), we
have that I” satisfies the condition in Table 6. Note that since 16 divides | PGL(2,p) X Zs|
and |A : A,| = 4n, we have (A, A,) # (PGL(2,p) X Z3,D1p).

Suppose that A = PSL(2,25). Since I'y is A/N-arc-transitive, we have that
5390 ||A/N|. By checking the maximal subgroup of PSL(2,25) (see Atlas [3] for
example), we have that A/N = A = PSL(2,25). It follows that A = SI,(2,25) or
PSL(2,25) x Zo. If A = PSL(2,25) x Zy, then by Example 3.2, I' 2 Cig, in Table 1,
where 1 < ¢ < 3. If A = SL(2, 25), then by MAGMA [1], no graph I exists.

Suppose that A = J;. Similarly, since I'y is A/N-arc-transitive, we have that
5-2926 | |A/N|. By checking the maximal subgroup of J; (see Atlas [3] for example), we
have that A/N = A = J;. Since the Schur multiplier of J; is Z;, A = N.J; = J; x Z,.
By Example 3.2, I" = Csg52 in Table 1. O

Finally, suppose that » > 2. We first prove the following lemma.

Lemma4.4. Let Y be a graph. Assume that X is isomorphic to one of the graphs appearing
in Lemma 2.7, in Lemma 4.2 or in Lemma 4.3. If M is an arc-transitive subgroup of Aut 3,
then M contains the derived subgroup of Aut Y.

Proof. Let X be a graph and isomorphic to one of the graphs appearing in Lemma 2.7, in
Lemma 4.2 or in Lemma 4.3. Let M be an arc-transitive subgroup of B = Aut X. Then
B = MB,g, where (o, ) € AX. In particular, m := |B : M| divides |B,g|. Assume
first that 3 is isomorphic to one of the graphs appearing in Lemma 2.7. Then, in the first
three rows of Table 3, we have that M has index at most two, and for the fourth row M
has index at most four, so in particular, M contains B’. For the last two rows, we have that
m | 12. Since there is no faithful representation of B in degree m for 2 < m < 12, we have
1 < m < 2 and so M also contains B’.

Now assume that X is isomorphic to one of the graphs appearing in Lemma 4.2 or in
Lemma 4.3. Then B is isomorphic to one of the groups PSL(2, p), PGL(2, p), PSL(2, p) x
ZQ, PGL(Q,])) X ZQ, Jl, J1 X Zg or PSL(27 25) X Zg Wlthp > 20.If B = Jl, then M has
index at most two. If B = J; X Zo, then M has index at most 12. If B = PSL(2, 25) X Zo,
then M has index at most four. For these three cases, by a similar argument as above, we
also have M contains B’. If B 2 PSL(2,p), then since p | n and 20n | | M|, by Lemma 2.2,
M <Z,: sz;l orM =B=PSL(2,p).If M <Z,: Zprl,thenM = 7, : Z; for some

l | p%l. Thus, M has a normal subgroup, say S = Z,,, which has more than three orbits
on V3. It then follows from Theorem 2.6 that the normal quotient graph Xg is M/S-
arc-transitive, a contradiction occurs as M/S = Z; is cyclic. Hence, M £ Z, : Zp-1

and so M = B’ = PSL(2,p). If B = PGL(2,p), then since 20n | [M|, by Lemma 2.3,
M<Zp:Zp-1, M <PSL(2,p) or M = B = PGL(2, p). With a similar argument, we
can conclude that M > B’ = PSL(2,p). Similarly, we can further show that M > B’ &
PSL(2, p) for the case B = PSL(2,p) x Zs or PGL(2,p) X Zs. O

Now assume that A has a soluble minimal normal subgroup N = Z, for r > 2.

Lemma 4.5. Assume that A has a soluble minimal normal subgroup N = 7Z.,. for r > 2.
Then the normal quotient I'y is not isomorphic to any graph appearing in Lemma 2.7,
Lemma 4.2 or Lemma 4.3.
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Proof. Suppose to the contrary that 'y is isomorphic to one of the graphs appearing in
Lemma 2.7, Lemma 4.2 or Lemma 4.3. Let M/N = (Aut I'y)’, and let 2 := {PSL(2, p),
J1,PSL(2,25), As}. By checking the graphs appearing in Lemma 2.7, in Lemma 4.2 or in
Lemma 4.3, we have that Aut I'y is isomorphic to one of the groups PSL(2, p), PGL(2, p),
PSL(Z,p) X ZQ, PGL(Q,p) X ZQ, Jl, Jl X ZQ, PSL(Q, 25) X ZQ or A5 X DlO- ThllS, M/N
is isomorphic to one of the groups in 2. Since the order of the Schur multiplier of a group
in §2 is less than or equal to 2 (see [10, Theorem 7.1.1] for PSL(2, p) and Atlas [3] for the
others) and r > 2, we have that M’ € Q.

By Theorem 2.6, A/N < Aut Iy is transitive on AI'y. It follows from Lemma
4.4 that A/N contains the derived subgroup of Aut I'y, that is, M/N < A/N. Since
M/N < Aut I'y, we have M/N < A/N. Therefore, M’ char M < A, it implies that
M’ <UA. TIf M’ has more than three orbits on V I, then by Theorem 2.6, I'y; is a pentavalent
symmetric graph of odd order, a contradiction. Thus, M’ has at most two orbits on V' I" and
s0 2n divides |M'|. Let A := Aut I'y, n := 2 and M := M/N. Then M’ = M.

Let p be the bijection from the orbits of M’ on V I to the orbits of M on V I'y defined
by:

oM = M where aeVI and 6=aY e VIy.

Then we can conclude that, for some k € {2, : (M) | = knand |M : Ms| =
It gives |(M')o|r = | Mjs|. Since | Ms| | |As| and |As] |29 3%. 5, we have | Ms] | 2°- 32 5
and sor = 3orb.

Assume first that » = 5. Since I" is connected and 1 # M/ <1 A,, we have 1 #
M@ g AT it follows that 5 | |M,|. Therefore, 52 | |Ms], a contradiction.

Now assume that = 3. Since M 22 M’ has at most two orbits on V I'y (if not (I'y)
is a pentavalent symmetric graph of odd order, a contradiction), we have that |M : Ms| =
21 or 47, where § € VI'. Now 2n divides |M| and |M : M;| = 22 or 42, It implies that
r = 3 divides Ms. Therefore 3 ||A;|. By Lemma 2.5, A; is msoluble because |As| does
not divide 80, forcing that M is insoluble. Recall that M = M’ € Q. If M = PSL(2, p),
then by Lemma 2.2, Ms = As. Hence M/ < (M'N), = (M'N/N)s = Ms = A5 by
Theorem 2.6(ii). Note that |M/ | = 20, it contradicts that A5 has no subgroup of order 20.
If M = Jq, then I'y = Csg52 or Cirgsg in Table 1, where 1 < i < 5. If I'y & C17556,
then A; = Dyq is soluble, a contradiction. If I'y = Csgso, then My = As = As.
similar argument with the case M = PSL(2, p) leads to a contradiction. If M = As, then
I'y = Cgp in Table 3 and A5 = Dy is soluble, a contradiction. If M = PSL(2, 25), then
I'n =2 Clgy, C24 or C2g in Table 1 and A5 =2 Fayy is soluble, also a contradiction. O

The final lemma completes the proof of Theorem 1.1.

Lemma 4.6. Assume A is insoluble. Then A has no soluble minimal normal subgroup
isomorphic to Z, with r > 2.

Proof. Suppose that, on the contrary, A has a soluble minimal normal subgroup N = Z,
with 7 > 2. We prove the lemma by induction on the order of I.

Assume first that n = pqt has three prime factors. (Note that, by Table 3, the conclusion
of Lemma 4.6 does not hold for n = pq.) Without loss of generality, we may assume that
r = t. Then I'y is a pentavalent symmetric graph of order 4pq. By Lemma 2.7, 'y is
isomorphic to one of the graphs in Table 3, which contradicts to Lemma 4.5.

Assume next that n has at least four prime factors. Note that Aut Iy is insoluble. If
Aut I'y has no nontrivial soluble normal subgroup, then I’y is isomorphic to one of the
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graphs in Lemma 4.2, which contradicts to Lemma 4.5. If Aut I'y has a soluble minimal
normal subgroup IV, then we can also conclude that N 2 Z; with f a prime. If f > 2,
then by induction, no such I'y exists, a contradiction. If f = 2, then I'y is isomorphic
to one of the graphs appearing in Lemma 4.3, which also contradicts to Lemma 4.5. This
completes the proof of the Lemma. O

References

(1]

(2]

(3]

(4]

(3]

(6]

(7]

(8]

(9]

(10]

(11]

[12]

[13]

(14]

(15]

(16]

(17]

W. Bosma, J. Cannon and C. Playoust, The Magma algebra system I: The user language, J.
Symbolic Comput. 24 (1997), 235-265, doi:10.1006/jsc0.1996.0125.

P. J. Cameron, G. R. Omidi and B. Tayfeh-Rezaie, 3-designs from PGL(2,q), Electron.
J. Combin. 13 (2006), #R50, http://www.combinatorics.org/ojs/index.php/
eljc/article/view/v131i1r50.

J. H. Conway, R. T. Curtis, S. P. Norton, R. A. Parker and R. A. Wilson, Atlas of Finite Groups,
Oxford University Press, Eynsham, 1985.

L. E. Dickson, Linear Groups: With an Exposition of the Galois Field Theory, Dover Publica-
tions, New York, 1958.

Y.-Q. Feng, J.-X. Zhou and Y.-T. Li, Pentavalent symmetric graphs of order twice a prime
power, Discrete Math. 339 (2016), 26402651, doi:10.1016/j.disc.2016.05.008.

D. Gorenstein, Finite Simple Groups, University Series in Mathematics, Plenum Publishing,
New York, 1982.

S.-T. Guo and Y.-Q. Feng, A note on pentavalent s-transitive graphs, Discrete Math. 312 (2012),
2214-2216, doi:10.1016/j.disc.2012.04.015.

S.-T. Guo, J.-X. Zhou and Y.-Q. Feng, Pentavalent symmetric graphs of order 12p, Electron.
J. Combin. 18 (2011), #P233, http://www.combinatorics.org/ojs/index.php/
eljc/article/view/v18i1p233.

X.-H. Hua, Y.-Q. Feng and J. Lee, Pentavalent symmetric graphs of order 2pq, Discrete Math.
311 (2011), 2259-2267, doi:10.1016/.disc.2011.07.007.

G. Karpilovsky, The Schur Multiplier, volume 2 of London Mathematical Society Monographs
New Series, The Clarendon Press, Oxford, 1987.

C. H. Li, Z. P. Lu and G. Wang, Arc-transitive graphs of square-free order and small valency,
Discrete Math. 339 (2016), 2907-2918, doi:10.1016/j.disc.2016.06.002.

C. H. Li and J. Pan, Finite 2-arc-transitive abelian Cayley graphs, European J. Combin. 29
(2008), 148-158, doi:10.1016/j.jc.2006.12.001.

Y. Li and Y.-Q. Feng, Pentavalent one-regular graphs of square-free order, Algebra Collog. 17
(2010), 515-524, doi:10.1142/s1005386710000490.

J. Pan, B. Ling and S. Ding, On prime-valent symmetric graphs of square-free order, Ars Math.
Contemp. 15 (2018), 53-65, doi:10.26493/1855-3974.1161.3b9.

J. Pan and Y. Liu, There exist no arc-regular prime-valent graphs of order four times an odd
square-free integer, Discrete Math. 313 (2013), 2575-2581, doi:10.1016/j.disc.2013.08.009.

J. Pan, B. Lou and C. Liu, Arc-transitive pentavalent graphs of order 4pq, Electron. J. Com-
bin. 20 (2013), #P36, http://www.combinatorics.org/ojs/index.php/eljc/
article/view/v201ilp36.

C. E. Praeger, An O’Nan-Scott theorem for finite quasiprimitive permutation groups and an
application to 2-arc transitive graphs, J. London Math. Soc. 47 (1993), 227-239, doi:10.1112/
jlms/s2-47.2.227.



B. Ling et al.: Pentavalent symmetric graphs of order four times an odd square-free integer 95

[18] M. Suzuki, Group Theory II, volume 248 of Grundlehren der Mathematischen Wissenschaften,
Springer-Verlag, New York, 1986, translated from the Japanese.

[19] D.-W. Yang, Y.-Q. Feng and J.-L. Du, Pentavalent symmetric graphs of order 2pqr, Discrete
Math. 339 (2016), 522-532, doi:10.1016/.disc.2015.09.009.

[20] J.-X. Zhou and Y.-Q. Feng, On symmetric graphs of valency five, Discrete Math. 310 (2010),
1725-1732, doi:10.1016/j.disc.2009.11.019.






creative ARS MATHEMATICA
@commons CONTEMPORANEA

ISSN 1855-3966 (printed edn.), ISSN 1855-3974 (electronic edn.)

ARS MATHEMATICA CONTEMPORANEA 16 (2019) 97-109
https://doi.org/10.26493/1855-3974.1350.990
(Also available at http://amc-journal.eu)

The pairing strategies of the 9-in-a-row game

Lajos Gyorffy *, Géza Makay, Andras Pluhar
University of Szeged, 6720 Dugonics ter 13., Szeged, Hungary

Received 16 March 2017, accepted 15 January 2018, published online 18 September 2018

Abstract

One of the most useful strategies for proving Breaker’s win in Maker-Breaker Positional
Games is to find a pairing strategy. In some cases there are no pairing strategies at all, in
some cases there are unique or almost unique strategies. For the k-in-a-row game, the case
k = 9 is the smallest (sharp) for which there exists a Breaker winning pairing (paving)
strategy. One pairing strategy for this game was given by Hales and Jewett.

In this paper we show that there are other winning pairings for the 9-in-a-row game,
all have a very symmetric torus structure. While describing these symmetries we prove
that there are only a finite number of non-isomorphic pairings for the game (around 200
thousand), which can be also listed up by a computer program. In addition, we prove that
there are no “irregular”, non-symmetric pairings. At the end of the paper we also show a
pairing strategy for a variant of the 3-dimensional k-in-a-row game.

Keywords: Positional games, k-in-a-row game, pairing strategies, symmetries.

Math. Subj. Class.: 05C65, 05C15

1 Introduction

5-in-a-row is one of the most well known positional games, and its study inspired several
deep results in this field. For a very thorough introduction of these, see Beck [2, 3]. In the
classical version two players take the squares of a gridpaper (integer lattice), alternately,
and the first who achieves five in a row, i.e. five consecutive squares in a vertical, horizon-
tal or diagonal direction, wins the game. John Nash [4] invented the “strategy stealing”
argument showing that in these type of games the first player either wins the game or it is
a draw. It explains the notion of the so-called Maker-Breaker (M-B) version of a game; in
these, Maker wins by achieving the original goal, while Breaker wins by preventing Maker
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to doing so. There is a connection between the normal (Maker-Maker) and the M-B ver-
sions of a game: If the first player wins the normal game, she wins the M-B one, as well. If
Breaker wins the M-B game, then the second player can draw the normal game. However,
the reverse statements are not true, see the Tic-Tac-Toe game. In summary, the M-B version
is easier for Maker because she does not need to act Breaker’s moves.

Allis et al. [1] solved the 5-in-a-row game for the 19 x 19 and 15 x 15 boards: the first
player wins. However, the case of infinite board is still open (in the normal version). It is
natural to ask then what happens in the k-in-a-row game, where the winning condition is
to get k consecutive squares in a row. The first result in that direction is due to C. Shannon
and H. Pollak [4] who showed that Breaker wins the 9-in-a-row. Later A. Hales and R. Jew-
ett even gave a winning pairing strategy for Breaker. A. Brouwer, under the pseudonym
T. G. L. Zetters published in [11] (as a solution to a problem by Guy and Selfridge [6])
that Breaker wins the 8-in-a-row on the infinite board. The cases k£ = 6, 7 are still open,
although it is widely believed that those are both draws. (Of course for £ < 4 Maker wins
easily.) On the other hand, it was shown that there are no pairing strategies for £ < 8§,
see [5, 10].

The concept of pairing strategies were useful for other games, the best known are the
Harary games. Here Maker’s goal is to get a given polyomino on the infinite board; most
cases solved by A. Blass, see [4]. The notorious case of “Snaky” is still unsolved, although
there are partial results for it. Csernenszky et al. [S] proved a relative existence theorem
of pairing strategies for the Snaky: if a pairing is good for the Snaky, it is good for the
polyomino P; that consists of five consecutive squares vertically or horizontally (but not
diagonally). They also managed to give all possible pairings for Ps, there are two of those
and those are not appropriate for Snaky.

As we mentioned, there is a Hales-Jewett winning pairing strategy for Breaker in the
9-in-a-row, see [3, 4] and also in Figure 1. The easiest way to see that the Hales-Jewett
pairing blocks all lines of the board is that this pairing is an extension of a domino pairing
from the 8 x 8 forus to the whole board. The torus lines consist of not only the rows and
columns, but all diagonals, continuing on the opposite side when reaching the border of the
8 x 8 board.

Since no one has published different pairings for the 9-in-a-row,' the highly symmet-
ric structure of the Hales-Jewett pairing, and the other examples of uniqueness or quasi
uniqueness of pairings in similar problems; it is natural to think this is the only possible
solution.

It turned out that this belief is very far from reality, as we found lots of new ones and
will exhibit a few in the following sections. Another belief was that all pairings must be
torical extensions of their 8 x 8 section. Somehow surprisingly, this belief is not true either;
there are lot of solutions which are connected to the 16 x 16 torus, but are not extensions
of the pairings of a 8 x 8 torus.

In the next sections, we define pairings precisely and give some conditions for their
existence and structure. We will show that all solutions are either the extension of the
pairings of a 8 x 8 torus (there are 194 543 non-isomorphic ones) or some combinations of
those resulting in 16 x 16 toric solutions.

At the end of the paper, we prove a special case of the conjecture of Kruczek and
Sundberg [8] about the existence of pairings in higher dimensions.

! According to [4], Selfridge also produced a Hales-Jewett pairing, but that pairing is either not different from
the known Hales-Jewett pairing or left unpublished.
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Since in our paper k-in-a-row type games play an important role, we define Hy, the
hypergraph of the k-in-a-row games.

Definition 1.1. The vertices of the k-in-a-row hypergraph 7{; are the squares of the
infinite (chess)board, i.e., the infinite square grid. The edges of the hypergraph H;, are the
k-element sets of consecutive squares in a row horizontally, vertically or diagonally. We
refer to the whole infinite rows as lines.

2 Pairing strategies

Given a hypergraph # = (V, E), where V = V(H) and E = E(H) C P(H) = {S :
S C V} are the set of vertices and edges, respectively. A bijection p: X — Y, where
X, Y C V(H)and X NY = () is a pairing on the hypergraph 7. An (z, p(z)) pair blocks
an A € E(H) edge, if A contains both elements of the pair. If the pairs of p block all
edges, we say that p is a good pairing of 7.

Pairings are one way to show that Breaker has a winning strategy in hypergraph games.
A good pairing p for a hypergraph H can be turned to a winning strategy for Breaker in
the M-B game on H: following p on H in a M-B game, for every x € X UY element
chosen by Maker, Breaker chooses p(x) or in case of x € Y vice versa (if z ¢ X UY,
then Breaker can choose an arbitrary vertex). Hence Breaker can block all edges and wins
the game. Since our main topic is the 9-in-a-row game, this will be the first illustration to
pairings and pairing strategies.

The following result is due to Hales and Jewett [4, 7]:

Theorem 2.1. Breaker wins the 9-in-a-row M-B game by a pairing strategy, i.e., there
exists a good pairing for the 9-in-a-row.

Proof. Figure 1 is an extension of a pairing of an 8 x 8 torus (framed), where the pairs have
a periodicity 8 in every line. Hence, the pairing blocks all 9-in-a-row edges. O
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Figure 1: Hales-Jewett pairing blocks the 9-in-a-row.
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A pairing is a domino pairing or rather a match(-stick) pairing on the square grid,
if all pairs consist of only neighboring cells (horizontally, vertically or diagonally), called
dominoes. Note that the pairing in Figure 1 is a domino pairing.

A counting type proposition [5] showed that there is no good pairing strategy for the
k-in-a-row hypergraph, if £ < 9. We will use this proposition, so we formulate the exact
statement.

For a hypergraph # let do () (briefly d3) be the greatest number of edges that can be
blocked by two vertices of H, i.e., ds is the maximal co-degree.

Proposition 2.2 ([5]). If there is a good pairing p for the hypergraph H = (V, E), then
d2|X|/2 > |G| must hold for all X C 'V, where G ={A: Ae E,AC X}.

Proof. We will refer to X as a sub-board. The edges of G can be blocked only by pairs
coming from X. There are at most | X|/2 such pairs of p on the sub-board of size |X]|.
Since a pair blocks maximum ds edges, | X |/2 pairs block maximum dg|X|/2. So, if there
are more edges on the sub-board, there cannot be a good pairing. O

With the help of Proposition 2.2, we can conclude that there is no pairing strategy for
Hi if £ < 9. In the hypergraph Hy, do = k — 1 because a pair blocks at most &k — 1
edges and this happens if and only if the pair is a domino. If X is an n X n sub-board for
sufficiently large n, then |G| = 4n? + O(n) because four edges start from every square (a
vertical, a horizontal and two diagonal, except at the border). By Proposition 2.2 we get
(k—1)n?/2 > 4n?+0O(n); thatis, k > 9+O(1/n). One can even compute O(n) exactly:
O(n) = —48n + 128.

Hales and Jewett gave a pairing for k¥ = 9, see [4] or Figure 1. However, there are
neither different solutions nor claims of the uniqueness of the Hales-Jewett pairing in the
literature. Our main goal is to decide about these questions.

3 Conditions for good pairings of the 9-in-a-row

Consider an n x n square sub-board of the infinite board. Proposition 2.2 gives
(k —1)n?/2 > 4n? + O(n) which implies k > 9+ O(1/n). It suggests that one must use
the pairs “optimally” to block Hg that is a pair should block the maximum possible edges
of Ho. We make the notion of optimality more precise as follows.

Definition 3.1. A pairing is optimal if:

1. Every pair blocks exactly k£ — 1 edges.
2. There are no overblockings, i.e., every edge is blocked by exactly one pair.

3. There is no empty square, i.e., every square is contained in a pair.

Corollary 3.2. Let us consider an optimal good pairing for Hg. This pairing is then a
domino pairing in which the dominoes are following each other by 8-periodicity in each
line and all squares are covered by a pair.

Proof. The first point of Definition 3.1 implies that the pairing is a domino pairing, while
the second gives the 8-periodicity since otherwise it would cause either overblocking or
resulting in an unblocked edge. The lack of empty squares is just the repetition of the third
condition. O



L. Gyorffy et al.: The pairing strategies of the 9-in-a-row game 101

Definition 3.3. We call a square of a pairing anomaly where the 8-periodicity is violated,
a non-domino type pair or an empty square appears in the pairing.

Of course the Hales-Jewett pairing is anomaly-free.

Remark 3.4. Because of the O(n), there might be anomalies even in a good pairing of
Ho.2 However, in Section 6 we will show that a good pairing of Hg is always anomaly-
free.

The first step towards this is the following lemma:

Lemma 3.5. For every good pairing of Hg there is an arbitrarily big, anomaly-free square
sub-board.

Proof. Let us take any n X n sub-board X and cut it up to smaller 4/n/100 x /n/100
sub-boards. According to Proposition 2.2, there are at most 48n — 128 anomalies in X.
Hence, most of the 100007 sub-squares of X must be anomaly-free. O

From now on we describe the structure of anomaly-free pairings of Hg. Let us divide
a good pairing of Hg into 8 X 8 sub-boards and designate one that we call Central square,
shortly C'. We keep only the (domino) pairs touching C' and examine where pairs should
be on the neighboring 8 x 8 sub-boards of C'. In order to talk about these sub-boards we
call the 8 x 8 sub-boards Eastern (E), North-Eastern (N E) etc., while for the individual
squares of the sub-boards the usual algebraic chess notations (Al to H8) are used, see
Figure 2.

Lemma 3.6. Suppose we have an anomaly-free good pairing of Hg and we have nine
8 x 8 squares, (C,E,NE,...) as above. The horizontal and vertical dominoes touching
the Central square C appear on the same places in all eight neighboring sub-boards of
C. The diagonal dominoes also must appear on the sub-boards NE, NW,SW_ SE in the
same places. However, while the diagonal pattern of C may extend to the other four sub-
boards, namely the E, S, W, N, it cannot be guaranteed. That is: the whole plane is the
periodic copies either of the 8 x 8 sub-board C' or the 16 x 16 square consisting of the
sub-boards C, S, SE, E.

Proof. Tt suffices to check the following five steps. We designate a general square ina 8 X 8
sub-board by Xi € {Al,..., H8} according to the chess notation. If a domino d covers
the same pair of squares e.g., in the C' and F square, we say that d extends to E from C.

1. Because of the 8-periodicity of the domino pairs on horizontal (vertical) lines, the
pairs of C extend uniquely to the same places of W and E (/N and S respectively).
The slope +1 diagonal dominoes extend similarly to SW and N E, while the slope
—1 diagonal dominoes to SE and NW.

2. To see the horizontal (vertical) extension of dominoes to NV and .S (W and F respec-
tively) we need a little case study. We have already seen that the vertical dominoes
of C' extend to north and south. Suppose for example that there is a vertical domino
v at the X4 square of C. If the X4 square of W is covered by a slope +1 (or —1)

2A pairing with anomalies might be called “quasi-crystal” referring to the highly symmetric, crystal like
appearance of known anomaly-free examples such as the Hales-Jewett or the ones shown in [5].
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Figure 2: The extension of a pairing of C.

diagonal domino, then the 8-periodicity implies that the X¢ square of N (or .S) is
also covered by a diagonal domino. This is a contradiction because we know from
the previous point, that the X+ square of N is covered by a copy of the vertical
domino v. The same is true for the sub-board E. If the Xi square of W (or F) is
covered by a horizontal domino, then C' should contain the copy of that horizontal
domino at X¢ by 8-periodicity, which is also a contradiction. We get that the ver-
tical domino v in C' extends to W and E, moreover, by 8-periodicity v extends to
SW,NW,NE,SE, too. So, we have seen that the vertical dominoes of C extend to
all its eight neighboring sub-boards. The same is true for the horizontal dominoes

of C.

3. Let us check the diagonal dominoes. At the first and second step all slope +1 di-
agonal dominoes of C' extend to SW and NE. Since there are no empty squares
or overblockings, the remaining squares in SW and N E can be covered only by
—1 slope diagonal dominoes. The same is true for +1 slope diagonal dominoes in
SE and NW. That is so far, all dominoes of C' extend to the SW,SE, NE, NW,
furthermore, the vertical and horizontal dominoes of C extend to S, E, N and W.

4. We can see that the diagonal dominoes of C' do not necessarily extend to the sub-
boards S, E, N, W (colored by black in Figure 2). However, by 8-periodicity the
diagonal pairs of E extend to S, N and W, that is the black sub-boards S, E, N, W
have the exactly same structure of pairs. O

Remark 3.7. The diagonal dominoes of C' may extend to the sub-boards S, £, N, W, and
then all 8 x 8 sub-boards of the infinite board are the exact copy of C'. However, it is
possible that there are two different diagonal structures on the whole board, one in the
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C,NW,NE,SE and SW types 8 x 8 sub-boards (colored by white in Figure 2) and a
different diagonal structure in the sub-boards S, F, N and W (black ones). We will see a
few examples in the next section.

Definition 3.8. A pairing of the infinite board (or of an anomaly-free sub-board) is k-toric
if it is an extension of a k X k torus, but not for a smaller value.

Now we can summarize the previous lemmas and remarks in one central theorem:

Theorem 3.9. Suppose we have an anomaly-free good pairing of Hg. Then that pairing
is either 8-toric or 16-toric.

Proof. Lemma 3.6 and Remark 3.7 gives the proof of the Theorem. O

Observation 3.10. There are 8-toric good pairings of Hgy that are not isomorphic to the
Hales-Jewett pairing.

Figure 3: Some other pairings for 9-in-a-row.

Proof. The extensions of the 8 x 8 pairings in Figure 3 to the infinite board result in three
different 8-toric pairings. Note that the pairings on the left have reflectional symmetry,
while the pairing on the right has rotational symmetry. O

It is somehow surprising that there exist also some 16-toric pairings of Hg. To under-
stand their structure we refine the argument of the proof of Lemma 3.9 in the next section.

4 Diagonal alternating cycles

The 8-toric and 16-toric good pairings of Hg can be considered as special perfect matchings
of graphs based on Hg. The vertex sets are the basic tori, and each vertex is connected to
the eight neighbors of the square it represents. A domino of a pairing is an edge, and the
whole pairing is not only a perfect matching but has the additional property that it contains
exactly one edge (domino) from each torus line.

It is well known that the union of two perfect matchings on the same vertex set consist
of parallel edges and alternating cycles. So if we take the (graph theoretic) union of two
good pairings (e.g. of C' and W) which have the same horizontal and vertical edges, then
the non-trivial alternating cycles contain only diagonal edges. Identifying the vertices in
the case of non-isomorphic G and Gy the system of diagonal alternating cycles gives the
possible ways to get the 16-toric good pairings.

We arrive to the following simple corollary.
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Corollary 4.1. If there exists a 16-toric good pairing for Hg, then we can derive two 8-
toric good pairings from it (in case of non-isomorphic G and Gy ) differing only in some
diagonal cycles.

Figure 4: Diagonal alternating cycles give 16-toric pairing (left) and some —1 slope diag-
onal torus lines (right).

Theorem 4.2. An 8-toric solution C gives a 16-toric solution if and only if another 8-
toric solution W exists, differing in some diagonal dominoes, such that their union gives
a system of diagonal alternating cycles. There are only two possible systems of diagonal
alternating cycles which are shown in Figure 5; the left and middle ones.

a2
439%;@#

Figure 5: The diagonal alternating cycles.

Proof. Since there is exactly one domino in each torus line of an arbitrarily chosen 8 x 8
square sub-board of a 8-toric solution, then the alternating cycles coming from the diagonal
dominoes of the union of C' and W must meet the torus lines either in zero or two dominoes.
(If they meet only in one, then there will be an unblocked torus line in C' or W. Meeting
more than two times would mean overblocking.)

An easy case study gives that only the systems of diagonal alternating cycles of Figure 5
may come into consideration. However, the third one would make a horizontal line (namely
the 1-9) impossible to be blocked by a domino. O

Remark 4.3. There are only two different systems of alternating cycles, but it is possible
that there is more than one such system in one 16-toric pairing. In that case we can deduce



L. Gyorffy et al.: The pairing strategies of the 9-in-a-row game 105

more than two (four or eight) 8-toric pairings from that 16-toric one. An example is shown
in the right of Figure 6.

Observation 4.4. There exist good pairings for Hg containing the first or the second type
of (the systems of) diagonal alternating cycles.

Proof. In Figure 6, one can see examples of the statement. Taking bold (thin) pairs of the
alternating cycle for C' (W) we get a 16-toric pairing. Naturally this 16-toric pairing is not
8-toric. O

Figure 6: Examples of the alternating circles.

S Pairings of the 8 torus

We have seen that pairings on the anomaly-free sub-boards are either 8-toric or 16-toric.
Since the 16-toric solutions can be reduced to 8-toric ones or conversely, they can be con-
structed from 8-toric solutions we examine only the later ones in detail.

Definition 5.1. The 8 x 8 Maker-Breaker torus game is played on the 64 squares of the
discrete torus, where there are 32 winning sets; the eight rows and columns and the diagonal
torus lines of slope £1 (see the right side of Figure 4). We will call 7g the hypergraph of
that game.

Observation 5.2. An arbitrary good 8-toric pairing for Hg provides a good pairing for 7g.

Remark 5.3. The reverse is not true, since Tg has good pairings which are not domino
types. However, considering only domino pairings we can always extend a good pairing of
T into a good 8-toric pairing of Hg.

To find all good domino pairings for the 8 x 8 torus is a finite task, which is not hard us-
ing a computer. However, one has to check the torus symmetries to list the non-isomorphic
pairings, which gives the difficulty of the problem. The number of non-isomorphic domino
type good pairings is 194 543, which turns out to be a prime. The pairings themselves can
be downloaded at the page [9].

6 There is no quasi crystal pairing for the infinite board

We have an open problem left: are there any pairings for ¢ with anomalies? Note that on
an x n sub-board there can be O(n) anomalies which might result in infinitely many (and
possibly untraceable) solutions. Fortunately, this is not the case as we will see.
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Lemma 6.1. A given anomaly-free pairing of a large enough square sub-board can be
extended uniquely to the whole plane.

Proof. We have seen that all anomaly-free pairings of a square sub-board is an extension
of a domino pairing of either a 8 x 8 or a 16 x 16 torus. Continuing the extension to the
whole plane gives a good pairing. O

Lemma 6.2. Let us assume that a pairing of the whole plane is an extension of an anomaly-
free half-plane R. Then the whole pairing is anomaly-free.

Proof. To prove by contradiction, assume that we have an extension AL containing anoma-
lies. Let AF be the anomaly-free extension of the half-plane pairing that exists by Lem-
ma 6.1. Obviously AL is not equal to AF".

<

There is an anomaly-
free pairing here L/
until the bold line.

There are no vertical pairs here in AF.
There are no vertical pairs here in AL

The first vertical line G
containing an anomaly in

the square q.

Figure 7: There are no quasicrystals.

Let us take a square with an anomaly which is one of the closest to R, and denote it
by q. As it is pictured in Figure 7 we may assume that the border line of the half-plane
R is vertical and the pairing AL is anomaly-free left to the square ¢q. Let AF(q) be the
domino covering the square ¢ in AF. If AF(q) is placed horizontally and ¢ is the right
half of it, then AL does not contain the domino AF'(q) at the square ¢ which leaves a 9-in-
a-row edge unblocked by AL. A similar argument to diagonally placed dominoes shows
that AF(¢) can be nothing but a vertical domino. Let us take the six squares above and
below AF(q). Because of 8-periodicity, there are no other squares containing a vertical
pair in AF' covering these 12 squares, but there must be a half of a vertical pair on those
places (e.g. in s) in AL, because of the blocking condition. The domino AF'(s) is either
horizontal or diagonal, and since AF(s) is not in AL, it results in an unblocked horizontal
or diagonal edge in AL. O

To answer the main question at the beginning of this section, we will need the ideas of
the previous lemma.

Theorem 6.3. An anomaly-free pairing of a big enough square sub-board extends uniquely
and anomaly-free to the whole board.
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A good pairing
ofanmxm
N < square >

) 4

Figure 8: The extension of an anomaly-free pairing.

Proof. Fix a good pairing for Hg and take an m X m sub-board B that is anomaly-free;
this exists by Lemma 3.5. The pairing on B extends anomaly-free to a large part of the
right side of B, like in Lemma 6.2. The extension surely contains the right-angled triangle
whose hypotenuse length is m — 16, and touches the right side of B, see Figure 8. The
argument of Lemma 6.2 does not work next to the top and the bottom of B, since there are
no diagonal dominoes there in B which were used before.

Doing the same trick to extend the pairing on the other sides of B, that results in a bigger
(the size is about (v/2m — 16) x (v/2m — 16)) rotated square. Repeating this procedure,
we can see that the anomaly-free pairing of B is forced to extend to the whole plane.  [J

7 A pairing strategy in 3D

Kruczek and Sundberg [8] conjectured upper bounds matching with the lower bound of
Proposition 2.2 for k-in-a-row type games in d dimension.

Conjecture 7.1 ([8]). In the Maker-Breaker game on Z¢ where there is a finite set S C 74
of winning line direction-vectors, Breaker has a pairing strategy that allows him to win if
the length of each winning line is at least 2|S| + 1, i.e., Breaker has a winning pairing-
strategy for the game k-in-a-row if k > 2|S| + 1.

The special case of the plane gives back that Breaker has winning pairing strategy in
the k-in-a-row if and only if £ > 9. The higher dimensional versions are mainly open.
One possible form of the M-B game in 3-dimension is when the winning directions are
given by 13 vectors: {(0,0, 1), (0,1,0), (1,0,0), (0,1,1), (1,0,1), (1,1,0), (0,1,-1),
(1,0,-1), (1,-1,0), (1,1,1), (1,1,-1), (1,—-1,1), (—1,1,1)}. Here Proposition 2.2
implies that k£ should be at least 27 to have a good pairing. According to Conjecture 7.1,
we may expect good pairings for k = 27.

We have examined a related problem in 3-dimension. If the directions of winning
lines are given by three vectors: {(0,0,1), (0,1,0), (1,0,0)}, then one expects pairing
strategies if £ > 7. (In other words, this is a Harary-type game [4] in 3-dimension, where
the winning polyomino is the P, i.e. the seven connected consecutive cubes in a row.)

In fact, a computer search confirms this expectation, see Figure 9. This is a domino
pairing of 3-dimensional torus type, we give the pairing on the 6 x 6 x 6 torus in layers.
The horizontal and vertical pairs of the same layer are obvious, while the pairs between the
layers are denoted by points and circles.
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Figure 9: A good pairing of the 3D 7-in-a-row.

8 Conclusion

We have shown some new pairings for 9. We have proved that a good pairing for Hg is
either 8-toric or 16-toric. There are 194 543 pairings which are 8-toric, and it is possible to
construct 16-toric good pairings of Hg from some of those. There are no good pairings on
the infinite board containing anomalies.
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edge weigthing by numbers 1, 2, 3 such that the resulting weighted vertex degrees form a
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1 Introduction

The famous 1-2-3 conjecture, posed by Karoriski, fuczak, and Thomason [8], states that
every simple graph (with no isolated edges) has an edge weighting with integers 1,2, 3
such that no two adjacent vertices get the same weighted degrees. This innocently looking
problem remains open for more than ten years, despite serious attacks based on various
techniques, including the celebrated Combinatorial Nullstellensatz of Alon [1] (see [2, 10,
12]). The best result up to now [6] confirms the conjecture when the set of allowable
weights includes also 4 and 5. There were also many variants considered involving lists,
orientations, and most recently hypergraphs (see [2, 3, 5, 7]). It is known, for instance,
that any oriented graph has a weighting with numbers 1 and 2 only, such that the resulting
weighted degrees are different for every pair of adjacent vertices [2, 9].

In this paper we consider the list version of the 1-2-3 conjecture for oriented hyper-
graphs. A hypergraph H on the set of vertices V' is a family E of non-empty subsets of V,
called the edges of H. A hypergraph H is k-uniform if each of its edges has size exactly k.
So, a 2-uniform hypergraph is just a simple graph. Let Iy denote the incidence graph of a
hypergraph H, that is, a bipartite graph with color classes V and E, whose edges are of the
form ve, withv € V, e € E, whenever v € e.

Now, by an orientation of a hypergraph H we mean any function p: E(Iy) — C
assigning non-zero complex “signs” to the edges of the graph Iz. The cumulated degree
of a vertex v € V is defined by

D, = Z p(ev).

esv

If the range of the mapping 4 is confined to the set {—1,+1}, or more generally, to the
set of complex roots of unity, then we get a natural generalization of traditional orientation
of a simple graph. The orientation p is conveniently represented by the oriented incidence
matrix X = [fi¢y] of dimension |E|x |V|, where pie, = p(ev) ifev € E(Ig), and e, = 0,
otherwise. By an oriented hypergraph we mean a hypergraph H together with some fixed
orientation .

Suppose now that each edge ¢ € E of an oriented hypergraph (H, u) is assigned a
complex weight w,. Then the resulting weighted degree of a vertex v € V' is computed as

W, = Z HevWe-

esSv

For each e € E we now define
We = Z ,UZ@ W,
vee
where z* denotes the complex conjugate of . Observe that in case of a usual oriented
graph, W, is exactly the difference between weighted degrees of both ends of e. We say
that the weighting w is virtuous if for each edge e € E we have

W, # 0.

Suppose that a list of complex numbers L. is assigned to each e € E. We say that an
oriented hypergraph H is t-weight choosable if for any lists satisfying |L.| > t we are able
to choose weights w. € L. so that w is a virtuous weighting of . Our main theorem
extends the results of [2] and [9] in the following way.
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Theorem 1.1. Every oriented hypergraph is 2-weight choosable.

In the next section we will give an algebraic proof of this theorem based on the Com-
binatorial Nullstellensatz. It is inspired by the approach applied in [9]. In the last section
we will speculate on possible consequences of this result for non-oriented hypergraphs, in
particular, to the recent intriguing conjecture of Karoriski, Kalkowski, and Pfender [7].

2  Proof of the main result

First recall the celebrated Combinatorial Nullstellensatz of Alon [1].

Theorem 2.1 (Alon). Let K be an arbitrary field, and let F = F(x1,x2,...,x,) be a
polynomial in K|x1,%,...,2,). Suppose that the total degree of f is Y., t;, where
each t; is a nonnegative integer, and suppose that the coefficient of ]_, x? is nonzero.
If S1, 8o, ..., Sy are subsets of K, with |S;| > t;, then there are s; € S1, 83 € Sa, ...,
Sn € S, so that

F(s1,892,...,8,) #0.

Let A = (ai;)nxn be a square matrix with complex entries. Recall that the permanent

of A is defined by:
per(A) = Z Hai,o(i)7
€Sy i=1
where S,, denotes the group of permutations of the set {1,2,...,n}. This is seemingly

almost the same as the determinant of A, only the signs of permutations o are ignored. The
following classic result of Schur [11] gives a relation between permanent and determinant
of a Hermitian matrix.

Theorem 2.2 (Schur). If A is a positive semi-definite Hermitian matrix, then per(A) >
det(A), with equality if and only if A is diagonal or A has a zero row.

Proof of Theorem 1.1. Let H be a hypergraph with n vertices, m edges, and fixed orienta-
tion . Assume that a list L, with two complex numbers has been assigned to each edge
e € E of H, as well as a complex variable z.. Let us define

Pu = Z HevTe

esv

for each vertex v € V of H, and

PSZZNZUPU

vEe
for each e € E. Finally, let us define the complex multivariate polynomial
Py = H P,.
ecE

We see that H is 2-weight choosable if

PH(welawezw")wem) 7& 0
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for some choice of weights w, € L., withe € E.
Each monomial in Py has total degree m. We are going to show that the coefficient of

11 =
ecE

is nonzero. This will finish the proof by Theorem 2.1.
Let us expand Pp. We have:

P = ZILLZ’UP'U = ZNZUZ/vaxf = ZIU’Z’U Z Hfolf-

vEe vEe fov veEe fEE

The sums in the last expression are independent, thus we can write

Po= "> pioppety = DY ety
vEe fEE fEE vee

Let
Mep =Y Piybfo.

vee
Let M be the m x m matrix consisting of the m.y. From the above definition it follows
that M = X X*, where X is the oriented incidence matrix of H, and X * is its conjugate

transpose.
We have
Pe = Z mefxf,
fEE
and
PH = H P6 = H Zmefl‘f.
e€EE ecE feE
It follows that the coefficient of
11 =
ecE

is equal to per(M). So, it is enough to prove that per(M) # 0 (see the permanent lemma
in [1]). To get this we will apply Schur’s theorem. First notice that for any complex vector

z we have
aMz* =2 XX 2" = 2X(2X)" = |2X[*.

As the last number is real and non-negative, M is positive semi-definite. Notice also that
by assumption H has no empty edges and ., # 0 for all v € e. Therefore all entries on
the main diagonal of M are strictly positive real numbers. In particular, M has no zero
row. Hence, if M is not diagonal, then by Schur’s theorem we get

per(M) > det(M) > 0.
If M is diagonal, then

per(M) = det(M) = H Mee > 0.
eeE

This completes the proof. O
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3 Some applications for uniform hypergraphs

We give two applications of Theorem 1.1 extending some results from [2, 5] and [9]. For
simplicity we confine ourselves to uniform hypergraphs with specific orientations defined
as follows. Let k& > 2 be a fixed positive integer and let Uy denote the multiplicative
group of k-th complex roots of unity. If € is a primitive root in Uy, then we may write
Up={1,6,e%,... g1}

Let H be a k-uniform hypergraph. Consider a canonical orientation of H given by the
mapping p: E(Ig) — Uy such that p(eu) # p(ev) for every edge e € E and any two
vertices u, v € e. Notice that for £ = 2 we get the traditional orientation of a simple graph.
Recall that a coloring of the vertices of a hypergraph is proper if no edge is monochromatic.

Corollary 3.1. Every canonically oriented k-uniform hypergraph H has an edge weighting
with numbers 1,2 such that weighted vertex degrees give a proper coloring of H.

Proof. Let H be a given k-uniform hypergraph and let i be any canonical orientation of
H. Assign the lists L, = {1,2} to all edges of H. Then by Theorem 1.1 there exists a
virtuous edge weighting w such that w, € {1,2} for every e € E. We claim that this
weighting satisfies the assertion of the corollary. Suppose on the contrary that this is not
the case, and that there is some edge e = {v1,va,..., v} such that all weighted degrees
W,, are equal:

Wy, =--=W,, =W.

This implies that

k
We:Z (ev;)" W, = Wz,uevZ =0,
i=1

since
k
S plevi)t =14e+- b=,
i=1
This contradicts the virtue of the weighting w. O

Corollary 3.2. Every k-uniform hypergraph H has a canonical orientation such that cu-
mulated vertex degrees give a proper coloring of H.

Proof. Let H be a given k-uniform hypergraph and let 1 be any of its canonical orien-
tations. Assign the list L, = {1,¢} to every edge ¢ € E. Then by Theorem 1.1 there
exists a virtuous edge weighting w such that w. € {1,¢} for every e € E. Consider now a
new orientation ' defined by p/(ev) = p(ev)w, for every edge ev of the incidence graph
Ir. We claim that this orientation satisfies the assertion of the corollary. Suppose on the
contrary that this is not the case, and that there is some edge e = {v1,va, ..., v} with all
cumulated degrees D,,, equal in orientation y':

Dvl:"':ka:D-

This implies that also weighted degrees W, are equal to D, since

Wui:Z (ev; )we Z,u ev;) = D,, = D.

es3v; esdv;
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In consequence, we get

k k
We = Z,u*(evi)in =D ZU(BW)*: 0,
i=1

i=1

which contradicts the fact that w is virtuous. O

4 Discussion

We conclude the paper with pointing on some possible applications of our results to non-
oriented problems of “1-2-3” type. Actually, the original 1-2-3 conjecture can be stated in
a setting similar to virtuous weightings of oriented hypergraphs. To see this consider a bi-
partite graph B on bipartition classes X and Y with some signing p: F(B) — {—1,+1}.
Let w: X — Z be a weighting of one part of B. Then for every vertex y € Y we may
define the induced weight of y by

W= 3 wle)n(e),

€N (y)

where N(y) denote the set of neighbors of y. A weighting w is called half-virtuous if
W, # 0 for every y € Y. A natural problem is to find for a given signed graph B, the
least integer k such that B has a half-virtuous weighting with w(x) € {1,2,...,k} for
each x € X. It is not hard to see that 1-2-3-conjecture is equivalent to the statement that
certain signed bipartite graphs arising from simple graphs have half-virtuous weightings
with weights in the range {1,2,3}. Consider a simple graph G and the related bipartite
graph B on bipartition classes X = Y = E(G), with xy € E(B¢) whenever x and y
are incident edges of G. An appropriate signing y is defined so that for a fixed y € Y, the
edges xy, 2’y € E(Bg) have the same sign if and only if 2 and =’ are incident in G to the
same end of y. A half-virtuous weighting of B¢ is then equivalent to a weighting of the
edges of G with different sums over edges incident to opposite ends of any given edge.

It is also possible that our results could be useful in a recently introduced version of the
1-2-3 conjecture for (non-oriented) hypergraphs [7]. Let H be a k-uniform hypergraph and
let w denote a weighting of its edges. For every vertex v define its weighted degree by

VVv = Zwe~

esv

Recall that a proper coloring of H is a coloring of its vertices such that no edge is monochro-
matic. A hypergraph H is r-weight colorable if there is a weightingw: E(H) — {1,2,...,
r} such that the weighted degrees W, form a proper coloring of H. The following conjec-
ture is stated in [4] (see also [7]).

Conjecture 4.1. Every k-uniform hypergraph (k > 2) with no isolated edges is 3-weight
colorable.

The conjecture holds for random uniform hypergraphs in a stronger sense that even
non-weighted degrees give a proper coloring, as proved recently in [4]. Another strong
support for validity of the conjecture is given in [7], where it is proved that every non-
trivial hypergraph (not only uniform) is (2, 3)-weight colorable. This means that a proper
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coloring of a hypergraph is obtained by using weights {1, 2, 3} for the edges, and weights
{1, 2} for the vertices, with weighted vertex degrees computed by a formula:

W, =w, + Z We.
esv
This statement in restriction to simple graphs was formerly proved by Kalkowski in his
PhD thesis. Then the result was extended to the list version by Wong and Zhu [12] who
applied the Combinatorial Nullstellensatz. This encourages us to conclude the paper with
the following general conjecture.

Conjecture 4.2. Every k-uniform hypergraph (k > 2) with no isolated edges is 3-weight
choosable.
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Abstract

A solution to the existence problem of G-designs with given subdesigns is known when
G is a triangle with p = 0, 1, or 2 disjoint pendent edges: for p = 0, it is due to Doyen and
Wilson, the first to pose such a problem for Steiner triple systems; forp = 1 and p = 2,
the corresponding designs are kite systems and bull designs, respectively. Here, a complete
solution to the problem is given in the remaining case where G is a 3-sun, i.e. a graph on
six vertices consisting of a triangle with three pendent edges which form a 1-factor.

Keywords: 3-sun systems, embedding, difference set.

Math. Subj. Class.: 05B05, 05B30

1 Introduction

If G is a graph, then let V(G) and E(G) be the vertex-set and edge-set of G, respectively.
The graph K, denotes the complete graph on n vertices. The graph K, \ K, has vertex-set
V(K,,) containing a distinguished subset H of size n; the edge-set of K, \ K, is E(K,,)
but with the (;‘) edges between the n distinguished vertices of H removed. This graph is
sometimes referred to as a complete graph of order m with a hole of size n.

Let G and T" be finite graphs. A G-design of I is a pair (X, B) where X = V(I") and B
is a collection of isomorphic copies of G (blocks), whose edges partition E(I'). If ' = K,
then we refer to such a design as a G-design of order n.

A G-design (X1, B1) of order n is said to be embedded in a G-design (X2, By) of
order m provided X; C X, and By C Bs (we also say that (X1, B;) is a subdesign (or
subsystem) of (X, By) or (Xs, Bs) contains (X7, B1) as subdesign). Let N (G) denote the
set of integers n such that there exists a G-design of order n. A natural question to ask
is: given n,m € N(G), with m > n, and a G-design (X, B) of order n, does exists a
G-design of order m containing (X, B) as subdesign? Doyen and Wilson were the first to
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pose this problem for G = K3 (Steiner triple systems) and in 1973 they showed that given
n,m € N(K3) ={v:v=1,3 (mod 6)}, then any Steiner triple system of order n can
be embedded in a Steiner triple system of order m if and only if m > 2n+1 or m = n (see
[3]). Over the years, any such problem has come to be called a “Doyen-Wilson problem”
and any solution a “Doyen-Wilson type theorem”. The work along these lines is extensive
([1,4,5,6,7,8,9, 10, 13]) and the interested reader is referred to [2] for a history of this
problem.

In particular, taking into consideration the case where G is a triangle withp = 0,1, 2, or
3 mutually disjoint pendent edges, a solution to the Doyen-Wilson problem is known when
p = 0 (Steiner triple systems, [3]), p = 1 (kite systems, [9, 10]) and p = 2 (bull designs,
[4]). Here, we deal with the remaining case (p = 3) where G is a 3-sun, i.e. a graph on six
vertices consisting of a triangle with three pendent edges which form a 1-factor, by giving
a complete solution to the Doyen-Wilson problem for G-designs where G is a 3-sun (3-sun
systems).

2 Notation and basic lemmas

The 3-sun consisting of the triangle (a, b, ¢) and the three mutually disjoint pendent edges
{a,d},{b,e},{c, f} is denoted by (a,b,c;d,e, f). A 3-sun system of order n (briefly,
35S(n)) exists if and only if n = 0,1,4,9 (mod 12) and if (X,S) is a 3SS(n), then
S| = 2120 (see [14]).

Letn,m =0,1,4,9 (mod 12), with m = u + n, u > 0. The Doyen-Wilson problem
for 3-sun systems is equivalent to the existence problem of decompositions of K1, \ K,
into 3-suns.

Let 7 and s be integers with r < s, define [r,s] = {r,r +1,...,s} and [s,7] = . Let
Zy = [0,u — 1] and H = {001,009,...,00:}, HN Z,, = 0. If S = (a,b,c;d, e, f) is a
3-sun whose vertices belong to Z, U H and i € Z,,let S+i = (a+i,b+i,c+i;d+
i,e + 1, f + i), where the sums are modulo u and co + i = oo, for every co € H. The set
(S)={S+i:ie Z,}1is called the orbit of S under Z,, and S is a base block of (5).

To solve the Doyen-Wilson problem for 3-sun systems we use the difference method
(see [11, 12]). For every pair of distinct elements ¢,j € Z,, define |i — j|, = min{|i —
jlu—1i — j|} and set Dy, = {|i — jlu : i,j € Zu} = {1,2,...,|%]|}. The clements
of D, are called differences of Z,. For any d € D,, d # %, we can form a single 2-
factor {{i,d + i} : i € Z,}, while if u is even and d = §, then we can form a 1-factor
{{i,i+ %} : 0 <4 < § —1}. Itis also worth remarking that 2-factors obtained from
distinct differences are disjoint from each other and from the 1-factor.

If D C D,, denote by (Z, U H, D) the graph with vertex-set V = Z, U H and the
edge-set E = {{i,j} : |i — jlu = d, d € D} U{{o0,i} : o0 € H, i € Z,}. The graph
(Z, U H, D,) is the complete graph K, \ K; based on Z,, U H and having H as a hole.
The elements of H are called infinity points.

Let X be a setof sizen = 0,1,4,9 (mod 12). The aim of the paper is to decompose
the graph (Z, U X, D,,) into 3-suns. To obtain our main result the (Z,, U X, D,,) will
be regarded as a union of suitable edge-disjoint subgraphs of type (Z, U H, D) (where
H C X may be empty, while D C D, is always non empty) and then each subgraph
will be decomposed into 3-suns by using the lemmas given in this section. From here on
suppose u = 0,1,3,4,5,7,8,9,11 (mod 12).

Lemmas 2.1-2.4 give decompositions of subgraphs of type (Z, U H, D) where D
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contains particular differences, more precisely, D = {2}, D = {2,4} or D = {1, % }.

Lemma 2.1. Let u = 0 (mod 4), u > 8. Then the graph (Z,, U {c01, 002}, {2}) can be
decomposed into 3-suns.

Proof. Consider the 3-suns

(001,2 + 4i,44; 3 + 4i,4 + 44, 002),
(002,34 4i,1 4 4i;2 4 4i,5 4 4i,001),

fori =0,1,...,7 — 1 0

Lemma 2.2. Let u = 0 (mod 12). Then the graph {Z,, U {001, 002, 003,004 }, {2}) can
be decomposed into 3-suns.

Proof. Consider the 3-suns

(001,124, 2 + 127 + 12i, , 003, 004),

(001,4 + 124,6 + 12¢;9 + 124, 003, 004),
(001,8 4+ 124,10 + 1245 11 + 124, 003, 004),
(002, 2 + 12,4 + 12i; 1 + 124, 003, 004),

(009, 6 + 124,84+ 12i; 7 4+ 12, 003, 004 ),
(002,10 + 124,12 + 12i; 11 + 124, 003, 004),
(003,14 124,3 + 12i;9 + 124, 001, 002),

(003, 5 + 124, 7+ 12i; 11 + 124, 001, 9 + 127),
(004, 3+ 120, 5 + 1203 1 + 12, 001, 00s),
(004,9 + 120,11 + 1207 + 124, 009, 13 + 12i),

fori =0,1,...,% — 1. O

12
Lemma 2.3. The graph {Z,, U {c01, 002,003,004}, {2,4}), u > 7, u # 8, can be decom-

posed into 3-suns.

Proof. Letu = 4k + r, with r = 0, 1, 3, and consider the 3-suns

(001,44 41,6 + 4i; 5 + 44,8 + 4i,004),
(002,54 44,74 4i;6 4+ 4i,9 4 4i, 001),
(003,6 + 41,8 + 4i; 7 4 44, 10 + 44, 002),
(004, 7+ 41,9 + 4i;8 4+ 44, 11 + 41, 003),
fori =0,1,...,k — 3, k > 3, plus the following blocks as the case may be.
Ifr =0,
(001,0,2;1,4,004),
(009,1,3;2,5,001),
(003,2,4;3,6,002),
(004,3,5;4,7,003),
(001,4k — 4,4k — 2;4k — 3,0, 004),
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(002, 4k — 3,4k — 1;4k — 2,1, 001),
(003,4k - 27074k - 1727002)7
(004,4k — 1,150, 3, 003).

Ifr =1,

009, 4k — 3,4k — 1;4k,0, 001),
003, 4k — 2,4k; 4k — 1,1, 001),
0oy, 4k — 1,0; 4k — 2,2, 003),

(

(

(

(

(oo ko 4 Ak — 2 4k — 3, 4k, 002),
(

(

(

(004, 4k, 1;2,3, 003).

Ifr =3,

OOl,O 74 x4 ),

02, 1) 37 27 5 01

(

(

(

(

(001,4k 44k 2: 4k — 3,4k, 004),
(00g,4k — 3,4k — 1;4k — 2,4k + 1, 001),
(003, 4k — 2, 4k; 4k — 1,4k + 2, 005),
(004,4k — 1,4k + 1;4k,0, 003),
(cor, 4k, 4k + 24k + 1,1, 004),
(00s, 4k + 1,0; 4k + 2,2, 004),

(003, 4k +2,1;0,3,004).

With regard to the difference 4 in Z;, note that |4|; = 3 and the seven distinct blocks
obtained for k¥ = 1 and r = 3 gives a decomposition of (Z7 U {001, 002, 003, 004}, {2, 3})
into 3-suns. O

Lemma 2.4. Let u = 0 (mod 3), w > 12. Then the graph (Z, U {c01,003,...,008},
{1, %}) can be decomposed into 3-suns.

Proof. If u =0 (mod 6) consider the 3-suns:

(001,21, % + 203 2% + 2, 005,006), i = 0,1,..., % — 1,
(001, 1+ 2i, 5 +1+24;2% + 1 + 2i,006,005), i = 0,1,...,
(002,2% + 24, § + 2052 + 2i,2i,005), i = 0,1,..., ¢
(002, 2“+1+2z Y 142033+ 20,14 2i,006), i =0,1,...,%—2,
(009, u —2,2%—2,0,%—2,005),
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0027U_1;2%_1;17%_17006)3
003, 20, 1 +24;2% + 2i,007,008), i = 0,1,..., 5 — 1,

(mod 6) consider the 3-suns:

001,20, % + 2i;2% 4 2i,005,006), i =0,1,..., %2,

001,142, % +1+2z,2g+1+2z,006,oo5), i=0,1,...,42

002, 2% 4 20, % + 24;2 + 2i,2i,005), i = 0,1,..., 452,
ooz, u— 1,28 —1;0, % — 1, 005),

8

—2,2% — 2,1,3 2,006),

8

003,21 1+ 26525 + 24, 007,008), 1:273"”7%*3,

003, 2,3; 2% + 2, 006, 00g),
003,3—|—1+21,3+2—|—22 2% + 1+ 2i,007,008), i =0,1,...
004, 1+ 20,2+ 20525 + 2 + 21, 007,008),220,1,...,“7_9,

8

005,2“+2Z 2% 4+ 1+ 2i;1 4 2i,007,008), i =0,1,..., %2,

g 2“+1+21 2% + 2+ 234 + 24,007,008), i = 0,1,..., %=

O0g u—1; 27 0077008)7

(
(
(
(
(
(
(
(003,0,1;2%, 006, 008),
(
(
(
(
(
(
(
(

oo7 1 07270057008)

2“+1+22 5+ 1420334 24,1424,006), i =0,1,..., %5

Y420, %+ 14 26;2% 4+ 1+ 2i,007,008), i =0,1,..., %2

u—9

6

123

O

Lemmas 2.5 2.9 allow to decompose (Z,, U H, D) where u is even and D contains the

difference 3.

Lemma 2.5. Let u be even, u > 8. Then the graph (Z,, U {001, 002,003}, {1, 4§ }) can be

decomposed into 3-suns.

Proof. Consider the 3-suns

(001, 21, 1+2z,2+2+21,2+2z 003), i =0,1,...,% —2,
(001, D) 5 l,g, 2,003)7
(009, 1+22 5 +1426;24,2424,001), i =0,1,..., 5 — 1,

(003,5—1—1—1—22'7%+2i;2i,%+2+2i,002), i=0,1,..., % -1

O

Lemma 2.6. Let w = 0 (mod 12). Then the graph (Z, U {01, 002,003,004}, {1, 5})

can be decomposed into 3-suns.
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Proof. Consider the 3-suns

(001,61, § + 6i; 4 + 6, 003, 002),

(001,14 6i, 5 + 1 + 64;5 4 61, 004, 002),
(001,2 + 6i, § + 2 + 64; § 4 3 + 61, 004, 003),
(002, 1+ 61, 6i; 5 + 3 + 61, 003, 004),
(002,24 64,3 + 6i; 5 + 4 + 64,1 + 6i,004),
(002,5 + 64,4 + 6i; 5 + 5 4 67,6 + 6i, 3 + 61),
(

(

(

(

(

3

3,3+ 61, § 4+ 3 + 6i;2 + 6,001, 5 + 2 + 6i),

3,4+ 6i, 5 + 4+ 63; 5 + 6i,004,001),

003,5 + 61, § + 5 + 6i; 5 + 1 + 61, 004, 001),

004, 5 + 14 6i, 5 + 2+ 6i; 5 + 3 + 6i, 5 + 67,002),

004, % + 44 6i, % +5+6i;% +6i, % + 3+ 6i, % + 6+ 6i),

g

fori =0,1,..., 95 — L. O

Lemma 2.7. Let u be even, u > 8. Then the graph (Z,, U{o01,002,...,006},1{1, 5 }) can
be decomposed into 3-suns.

Proof. Consider the 3-suns

(001, 20,1+ 203 % + 2+ 20, % + 2i,003), i =0,1,..., % —2,
(ool,%—Q,%—l;%,u—Q,oo;g),

(002, 1 + 20, & + 1+ 2i; 2, 006,001), i = 0,1,
( .
(

u

4
u
14

003, 5 + 14 24, § + 2i; 2, 006,002), i =0, 1,..
004, 1+ 24,2 + 2i; 5 + 2+ 2i,005,006), i = 0,1,..., 4 — 1
(005, % + 1424, % + 2+ 2i;2 + 24,004,006), i =0,1,..., % —1. O

Lemma 2.8. Let v = 0 (mod 12). Then the graph (Z, U {o01,009,...,007}, {1, 5})
can be decomposed into 3-suns.

Proof. Consider the 3-suns

001, 6, § + 6i;4 + 64, 007, 002),
001,14 67,5 + 1+ 6i; 5 + 3 + 61, 007, 004),
001,2 + 64, § 4 2 4 6i; 5 + 5 + 6i, 005, 002),
002, 3 + 61, § + 3 + 6i; 6i, 001, 004),
00,4 + 61, % + 4 + 6i; 2 + 61, 007, 001),
2,5+ 61, § 4+ 5+ 6i; 5 + 1 + 6i,001,007),
003, 64,1 4 64; § + 61, 005, 00¢),

003, 2 + 61,3 + 6i; § + 2 + 61, 007, 006),
003, 4 + 61,5 + 6i; 5 + 5 + 61, 005, 00¢),
004, 1 + 64, 2 + 64; § + 6 4 61, 002, 00¢),
004, 3 + 64,4 + 6i; § + 4 + 6i, 007, 00g),

e an an an e e an e s Ten T
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(004,5 + 64,6 + 6i; 5 + 5 + 61, 007, 006),
(005, 5§ + 64, 5 + 1 + 6i; 1 + 67, 007, 003),

(005, 5 + 2+ 64, § + 3 4 67; 3 + 6i, 007, 003),

(005, 5 + 4+ 6i, 5 + 5+ 67;5 + 64,007, § + 6 + 6i),
(006, 5 + 1+ 6i, 5 + 2+ 6i; 5 + 5 + 6i,007,004),
(006, 5 + 3+ 6i, 5 + 4+ 6i; 5 4 6 + 6i, 007, 003),

= — 1. O

fori =0,1,...,75

Lemma 2.9. Let u = 0 (mod 12). Then the graph (Z, U {oo1, 002,003}, {1,2, 5 }) can
be decomposed into 3-suns.

Proof. Consider the 3-suns

(001, 60,14 64; 5 + 1+ 6i, 5 + 67,3 + 61),
(001,24 64,3 + 6i; 5 + 5+ 61, 5 + 2 + 60,5 + 61),
(001,4 + 64,5+ 6i; § + 2+ 6, 5 +4 + 64,7 + 61),
(001, § +3+6i, 5 +4 4 6i; 5 + 6, 5 + 2+ 64,002),
(002,14 64,5 + 1+ 6i; 5 + 3+ 64,2 + 6, 5 + 2+ 67),
(002,34 64,4 + 6i;2 + 6, 5 + 3 + 61,6 + 6i),
(
(
(
(
(

3

2,5+ 64,5 4+ 54 6i; 5 + 2+ 6,6 + 64, 5 + 6 + 61),

003, 2 + 61, 6i; 1 + 67,4 + 6i, 003),

003, § + 2+ 64, 5 + 6i;4 + 6i, 5 + 4 + 6i,002),

003, & 4+ 1+ 6i, & + 3+ 6i;3 + 6i, L + 64, % + 5 + 60),
00, % + 5+ 6i, % + 4 4 6655 + 61, % + 7+ 61, % + 6 + 6),

fori =0,1,...,75 — 1. O
The following lemma “combines” one infinity point with one difference d # 3, 5 such

that =5 =0 (mod 3) (therefore, u = 0 (mod 3)).

Lemma 2.10. Let v = 0 (mod 3) and d € D, \ {4, 5} such that p = zed(ray = 0

(mod 3). Then the graph (Z,, U {oo}, {d}) can be decomposed into 3-suns.

Proof. The subgraph (Z,, {d}) can be decomposed into & cycles of length p = 3¢, ¢ > 2.
If ¢ > 2, let (z1, %2, ..., 234) be a such cycle and consider the 3-suns

(007 L2434, L3+3i5 L7434, L1+3i5 x4+3i)7

fort =0,1,...,q — 1 (where the sum is modulo 3¢).
If g = 2, let (2,25, 29 29,29 2)), j = 0,1,...,% — 1, be the 6-cycles
decomposing (Z,, {d}) and c0n51der the 3 -suns

j 1
(00,0, 2 2+ o0 500y,

1 )
(0o, .’Eéj)7 ) (J+ ) i),ng))’

for j =0,1,..., & — 1 (where the sums are modulo %). O
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Subsequent Lemmas 2.11—2.14 allow to decompose (Z,, U H, D), where |H| = 1,2,
3,5,|D| =6 —|H| and § & D; here, u and D are any with the unique condition that if D
contains at least three differences dy, ds, ds3, then d3 = dy — dy or d; + ds + d3 = wu.

Lemma 2.11. Let d1, dQ, d3, d4, d5 (S Du\{%} such that d3 =dy—d;ord; +d2+d3 = U.
Then the graph (Z,, U {oo}, {d1,d2, ds, ds, d5}) can be decomposed into 3-suns.

Proof. If d3 = dy — dy, consider the orbit of
(dla d2a 07 o, d2 + d57 d4)

(or (dy,dz,0;00,ds + ds, —dy), if do + d5 = dy) under Z,,. If dy 4+ da + d3 = u, consider
the orbit of
(_d17 d2a 07 o0, d2 + d57 d4)

(or (—dy, ds, 0; 00, ds + d5, —dy), if do + d5 = dy) under Z,,. O

Lemma 2.12. Let dl, dg, d3, dy € D, \ {%} such that d3 =dy—djord; +ds+ d3 = U.
Then the graph (Z,, U {001,002}, {d1,d2,ds,ds}) can be decomposed into 3-suns.

Proof. Consider the orbit of (d, da, 0; 001, 002, dy) or (—dy, da, 0; 001, 002, d4) under Z,,
when, respectively, ds = da — dy or dy + ds + ds = . O

Lemma 2.13. Let dl, d27d3 e D, \ {%} such that d3 = do — dy or di + do + d3 = .
Then the graph (Z,, U {001, 002,003}, {d1,da, d3}) can be decomposed into 3-suns.

Proof. Consider the orbit of (dy, da, 0; 001, 009, 003) or (—dy, ds, 0; 001, 002, 003) under
Z,, when, respectively, d3 = dy — dy or di + do + d3 = u. O]

Lemma 2.14. Letd € D, \ {4}, the graph (Z,, U {001, 002, 003,004,005}, {d}) can be
decomposed into 3-suns.

Proof. The subgraph (Z,,, {d}) is regular of degree 2 and so can be decomposed into I-
cycles, I > 3. Let (x1,2,...,x;) be asuch cycle. Put ! = 3¢ + r, with r = 0, 1,2, and
consider the 3-suns with the sums modulo /
(001, 14315 T243i5 L3434, 004, O05),
(002, L2434y L3+3i5 L4434, 004, 005),
(003, T343i, L4434 T543i, 004, 005),
fori =0,1,...,9 — 2, g > 2, plus the following blocks as the case may be.
Ifr =0,
(001, T3g—2, T3g—1; T34, 004, 005),
(002, T3g—1, T34; T1, 004, 005),
(003, T3q, T1; T2, 004, 005).
Ifr =1,
001, X3¢—2, L3g—1; L3g+1, 004, 005)»
002, T3q—1, L3q; L1, 004, 001),

(

(

(003, L3qy T3q+15 T2, X4, 002),
(005

o8} ,$3q+17$1;5€3q,004,003)~
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Ifr =2,

001, T3¢—2,L3qg—1;L3q+2, X4, 005);
02, T3g—1,L3q; L1, X4, 005)7

3
004, T3+41, T3¢+2; T3¢, 001, 003),

(

(

(003, T34, T3¢+1; T2, 001, 002),

(

(005, T3g42, L1} L3g+1, 002, 003 ). O

Finally, after settling the infinity points by using the above lemmas, if u is large we need
to decompose the subgraph (Z,,, L), where L is the set of the differences unused (difference
leave). Since by applying Lemmas 2.1 —2.13 it could be necessary to use the differences 1,
2 or 4, while Lemma 2.14 does not impose any restriction, it is possible to combine infinity
points and differences in such a way that the difference leave L is the set of the “small”
differences, where 1, 2 or 4 could possibly be avoided.

Lemma 2.15. Let o € {0,4, 8} and u, s be positive integers such that v > 12s + . Then
there exists a decomposition of (Z,,, L) into 3-suns, where:

i) a=0and L =[1,6s];
ii) o =4and L = 3,65+ 2;
iii) oo =8and L = [3,6s + 4] \ {4,6s + 3}.
Proof.

i) Consider the orbits (S;) under Z,,, where S; = (5s + 1+ 7, bs — 7, 0;3s, s, u —
2-2§),j=0,1,...,s 1.

ii) Consider the orbits in i), where (.Sp) is replaced with the orbit of (6s+1, 4s, 0; s, 9s,

65+ 2).
iii) Consider the orbits in i), where the orbits (Sg) and (S7) are replaced with the orbits
of (6s+ 1, 4s, 0; s, 9s, 6s+4) and (5s + 2, 5s — 1, 0; 3s, s, 6s + 2). O

3 The main result

Let (X,S) bea3SS(n) and m =0,1,4,9 (mod 12).

Lemma 3.1. If (X, S) is embedded in a 3-sun system of order m > n, then m > %n + 1
Proof. Suppose (X,S) is embedded in (X', S’), with |X'| = m = n + u (u positive
integer). Let ¢; be the number of 3-suns of S’ each of which contains exactly 7 edges in
X'\ X. Then 30 ;i x¢; = (%) and 27, (6 —i)e; = u x n, from which it follows
6ea +12¢5 + 18¢4 + 245 +30cs = “C* 2% andsou > 2n+landm > In+1. O

By previous Lemma:
1. if n = 60k + 5r,r = 0,5,8,9, then m > 84k + 7r + 1;
2. ifn=60k+5r+1,r=0,3,4,7, then m > 84k + Tr + 3;

3. if n =60k +5r +2,r =2,7,10,11, then m > 84k + Tr + 4;
4. ifn =60k +5r+3,r=2,5,6,9, thenm > 84k + 7r + 6;



128 Ars Math. Contemp. 16 (2019) 119-139

5. ifn=60k+5r+4,r=0,1,4,9, then m > 84k + Tr + 7.

In order to prove that the necessary conditions for embedding a 3-sun system (X, S)
of order n in a 3-sun system of order m = n + u, u > 0 are also sufficient, the graph
(Z, U X,D,) will be expressed as a union of edge-disjoint subgraphs (7, U X, D,,) =
(Z,UX,DyU(Z,,L), where L = D,, \ D is the difference leave, and (Z,, U X, D) (if
necessary, expressed itself as a union of subgraphs) will be decomposed by using Lem-
mas 2.1-2.14, while if L # 0, (Z,,, L) will be decomposed by Lemma 2.15. To obtain our
main result we will distinguish the five cases 1.-35. listed before by giving a general proof
for any £ > 0 with the exception of a few cases for £ = 0, which will be indicated by a star
* and solved in Appendix. Finally, note that:

a) u=0,1,4,0r9 (mod 12),if n =0 (mod 12);

b) ©=0,3,8,0r11 (mod 12),ifn =1 (mod 12);

¢) u=0,58,0r9 (mod 12),n =4 (mod 12);

d) ©u=0,3,4,0r7 (mod 12),if n =9 (mod 12).
Proposition 3.2. For any n = 60k + br, r = 0,5, 8,9, there exists a decomposition of
Ky \ Ky, into 3-suns for every admissible u > 24k + 2r + 1.

Proof. Let X = {001,009,...,0060k+50}> 7 = 0,5,8,9, and u = 24k + 2r + 1 + h, with
h>0.Seth=12s+1,0 <1 <11 (I depends on r), and distinguish the following cases.

Case1: »r =0,5,8,9and [ = 0 (odd u).
Write (Z,, U X, D,,) = (Z, U X, D) U (Z,, L), where D = [6s + 1,12k + r + 6s],
|D| =12k + r,and L = [1, 6s], and apply Lemmas 2.14 and 2.15.

Case2: r = 0,9 and [ = 8 (odd u).
Write
(Z,UX,D,) ={(Z,U{o01,009,003},{2,65+ 3,65+ 5}) U
<Zu U {004}7 {1}> U <Zu U {005}7 {65 + 4}> U
<Zu U (X \ {001, 00270037 0047005}))D/> U <ZU7L>3

where D' = [6s + 6,12k + 7 + 6s + 4], |D’| = 12k +r — 1, and L = [3,6s + 2|, and
apply Lemmas 2.13, 2.10, 2.14 and 2.15.

Case 3: r = 5,8 and [ = 4 (odd u).
Write
<Zu U X> DU> = <Zu U {0017 002, 003, ()04}, {274}> U <Zu U {005}5 {1}> U
<Zu U (X \ {00130027003; 0047005});DI> U <ZU7L>3
where D' = [6s + 3,12k + r 4+ 6s + 2] \ {6s + 4}, |[D'| = 12k +r —1,and L =
[3,6s + 4] \ {4,6s + 3}, and apply Lemmas 2.3, 2.10, 2.14 and 2.15.
Case4: r = 0,8 and [ = 3 (even u).
Write
<Zu U X, Du> = <Zu U {0017 009, 003}7 {1, % > U <Zu U {0047 005}, {2}> U
(Zu U (X \ {001, 009, 003,004,005 }), D) U (Zy, L),
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where D' = [6s + 3,12k + r + 6s + 1], |D’'| = 12k +r — 1, and L = [3,6s + 2], and
apply Lemmas 2.5, 2.1, 2.14 and 2.15.

Case5: r =0and ! = 11 (even u).
Write

<Zu uUX, Du> = <Zu U {001, 009, 003}, {1, 2, %}> U
(Zy U {00y, 005}, {4,654+ 3,65+ 5,65+ 7}) U
(Z, U (X \ {001, 002,003,004,005}), D) U (Z,, L),

where D' = [6s + 6,12k + 65 + 5] \ {6s + 7}, |D’| = 12k — 1, and L = [3,6s + 4] \
{4,6s + 3}, and apply Lemmas 2.9, 2.12, 2.14 and 2.15.

Case 6: r = 5and [ = 1 (even u).
Write
(ZyUX,Dy) = (Zy U{o01,009,...,006},{1, 5}) U
<Zu U {OO?, g, X9, 0010}? {2}> U
<Zu @] (X \ {0017002, ey 0010}),D/> @] <Zu,L>7

where D' = [6s + 3,12k + 6s + 5], |D’| = 12k + 3, and L = [3,6s + 2], and apply
Lemmas 2.7, 2.2, 2.14 and 2.15.

Case7: r=5,9and ! = 9 (even u).
Write

<Zu uUX, Du> = <Zu @] {001, 009, 003}, {1, %}) @]
(Z,, U{oog,05},{2,65+ 3,65+ 4,65 +5}) U
<Zu U (X \ {001300270037 0047005})7D,> U <ZuaL>?

where D' = [6s + 6,12k + r + 6s + 4], |D'| = 12k +r — 1, and L = [3,6s + 2], and
apply Lemmas 2.5, 2.12, 2.14 and 2.15.

Case 8: »r =8 and [ = 7 (even u).
Write
<Zu uUX, Du> = <Zu U {001, 009, 003}, {1, 2, % > U
(Zy U{oos}, {4}) U (Zy U {oos}, {6s +5}) U
<Zu U (X \ {001700270037 0047005}):D/> U <ZuaL>7
where D' = [6s + 3,12k + 6s + 11] \ {6s + 4,6s + 5}, |D’| = 12k + 7, and L =
[3,6s + 4] \ {4, 65 + 3}, and apply Lemmas 2.9, 2.10, 2.14 and 2.15.
Case 9: r = 9and ! = 5 (even u).
Write
(Z,UX,Dy,) = (Z, U{oco1,009,003},{1, 5 YU (Z, U{ocos}, {2}) U
<Zu U {005}, {4}> U <Zu U (X \ {OOl, 09, 03,004, 005}), D,> U <Zu, L>,

where D' = [6s + 3,12k + 65 + 11] \ {6s + 4}, |D’| = 12k + 8, and L = [3,6s + 4] \
{4,6s + 3}, and apply Lemmas 2.5, 2.10, 2.14 and 2.15. O
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Proposition 3.3. Foranyn = 60k +5r+ 1, r =0, 3,4, 7, there exists a decomposition of
Ko \ Ky, into 3-suns for every admissible u > 24k + 2r + 2.

Proof. Let X = {001,009,...,0060k+5r+1}, T = 0,3,4,7, and u = 24k + 2r + 2 + h,
with h > 0. Set h = 12s 4+ [, 0 <[ < 11, and distinguish the following cases.

Casel: r =0,3and ! = 1 (odd w).

Write (Z,, U X, D,,) = (Z,, U {0}, {65 + 2}) U (Z, U (X \ {o0}),D") U{(Z,, L),
where D’ = [6s + 1,12k + r 4+ 6s + 1] \ {6s + 2}, |D’| = 12k + r, and L = [1, 6s], and
apply Lemmas 2.10, 2.14 and 2.15.

Case2: r=0,3,4,7and [ = 9 (odd u).
Write

(Zy U X,Dy) = (Z, U{o01,009,003}, {1,658+ 3,65 +4})U
(Zy, U {004,005, 006}, {2,658 + 5,68 + 7}) U
(Zy U (X \ {001,009, ...,006}), D"y U(Zy, L),

where D' = [6s+6,12k+7+6s+5]\{6s+ 7}, |D'| = 12k+r—1,and L = [3,6s+ 2],
and apply Lemmas 2.13, 2.14 and 2.15.

Case3: r =4*,7and [ = 5 (odd u).
Write

<Zu U X, Du> = <Zu U {0017 009, 003, 004}, {2,4}> U <Zu U {005}, {1}> U
(Z U {006}, {65 + 8}) U (Zy U (X \ {001,009, . .,006}), D) U (Zu, L),

where D’ = [6s + 3,12k + 1 + 6s + 3] \ {6s + 4,65 + 8}, |D'| = 12k +r — 1, and
L =13,6s+4]\ {4,654+ 3}, and apply Lemmas 2.3, 2.10, 2.14 and 2.15.

Cased: r = 0,4 and [ = 6 (even u).
Write

<Zu U X, Du> = <Zu U {()Ol7 o2, 003}, {1, %}> U
(Zy U {004, 005,006}, {2,658 + 3,65 + 5}) U
<Zu U (X \ {001, X2, ...y 006}), D/> U <Zu,L>,

where D' = [6s+4,12k+r+6s+ 3]\ {6s+5}, |D'| = 12k+r—1,and L = [3,65+2],
and apply Lemmas 2.5, 2.13, 2.14 and 2.15.

Case 5: r = 0and [ = 10 (even u).
Write

(ZyUX,Dy) = (Zy, U {001,002,...,006},{1,5}) U
<Zu U {0077 00g, g, 0010}7 {2}> U
(ZyU{oo11},{4,65+3,65+5,65+6,65+ 7} U
<Zu @] (X \ {001,002, ceey 0011}),D/> @] <Zu,L>,

where D’ = [6s + 8,12k + 6s + 5], |D'| = 12k — 2, and L = [3,6s + 4] \ {4,6s + 3},
and apply Lemmas 2.7, 2.2, 2.11, 2.14 and 2.15.
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Case 6: » = 3,7and [ = 0 (even u).
Write

<Zu U X, Du> = <Zu U {OOl,OOQ, . ,006}, {1, %}> U
(Zy U (X \ {o01,002,...,006}), D) U{Z,, L),
where D’ = {2} U [6s + 3,12k +r + 6s], |D’| = 12k +r — 1,and L = [3,65s + 2], and
apply Lemmas 2.7, 2.14 and 2.15.

Case7: r = 3and [ = 4 (even u).
Write

<Zu uX, Du> = <Zu U {001, 009, 003, 004}, {1, % > U <Zu U {005}, {2}> U
<Zu @] {OO(,}, {68 + 5}> @] <Zu U (X \ {001, 002, ...y OO()}), D/> @] <Zu, L>,

where D’ = [6s + 3,12k + 6s + 5] \ {6s + 5},
apply Lemmas 2.6, 2.10, 2.14 and 2.15.

D'| =12k + 2,and L = [3,6s + 2], and

Case 8: »r =4 and | = 2 (even u).
Write

(ZyU X, Dy) = (Zy U {o01,002,003,004}, {1, §}) U (Z, U{cos,006},{2}) U
(Zy U (X \ {o01,009,...,006}), D"y U{(Zy,, L),

where D’ = [6s + 3,12k + 6s + 5],
Lemmas 2.6, 2.1, 2.14 and 2.15.

D’| = 12k + 3, and L = [3,6s + 2], and apply

Case 9: r = 7T and [ = 8 (even u).
Write

<Zu U X, Du> = <Zu U {001,002,003}, {1,27 % > @]
(Zy U {004, 005,006}, {4,6s + 3,65+ 7}) U
(Z, U (X \ {01,009, ...,006}), DY U(Z,, L),

where D' = [6s + 5,12k + 65 + 11] \ {65 + 7}, |D’| = 12k + 6, and L = [3,6s + 4] \
{4,6s + 3}, and apply Lemmas 2.9, 2.13, 2.14 and 2.15. O

Proposition 3.4. For any n = 60k + 5r + 2, r = 2,7, 10, 11, there exists a decomposition
of Ky \ Ky, into 3-suns for every admissible u > 24k + 2r + 2.

Proof. Let X = {001,009, ...,0060k+5r+2}> " = 2,7,10,11, and u = 24k + 2r + 2+ h,
with h > 0. Set h = 12s 4+ 1, 0 < [ < 11, and distinguish the following cases.

Casel: r = 2,11 and [ = 3 (odd u).
Write

(Z4UX,Dy) = (Zy U {01}, {65 + 2}) U (Z, U {o0s}, {65 + 4}) U
<Zu U (X \ {0017002}),D/> U <Zu=L>7
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where D’ = [6s+ 1,12k +r+6s+2]\ {6s+2,65+4}, |D'| = 12k +r,and L = [1, 6s],
and apply Lemmas 2.10, 2.14 and 2.15.

Case2: r=2,7,10,11 and [ = 7 (odd u).
Write

(Z,UX,Dy) = (Z, U{oo1,005}, {1,2,65 + 3,65 + 4}) U
(Z U (X \ {o01,002}), D) U (Zy, L),

where D’ = [6s + 5,12k + 7 + 6s + 4], |D'| = 12k + r, and L = [3, 65 + 2], and apply
Lemmas 2.12, 2.14 and 2.15.

Case3: r=7,10and [ = 11 (odd u).
Write

(Z,UX,D,) = (Z, U{o01,009,003},{1,6s5+ 3,65+ 4}) U
(Z, U {004, 005,006}, {2,684+ 5,65+ 7}) U (Z,, U {oor}, {6s + 8}) U
<Zu U (X \ {001, 009, ..., 007})7DI> U <ZU,L>,

where D’ = [6s + 6,12k + r + 6s + 6] \ {65 + 7,65 + 8}, |D'| = 12k +r — 1, and
L = [3,6s + 2], and apply Lemmas 2.13, 2.10, 2.14 and 2.15.

Case4: r =2 and | = 6 (even u).
Write

(Zy U X, Dy) = (Zy U{o01,002,003,004},{1, 5}) U
<Zu U {005; 06, 007}3 {2a 6s + 35 6s + 5}> U
(Zy U (X \ {001,009, .. .,007}), D'Y U (Z, L),

where D’ = [6s 4+ 4,12k 4+ 6s + 5] \ {6s + 5}, |D’| = 12k + 1, and L = [3,6s + 2], and
apply Lemmas 2.6, 2.13, 2.14 and 2.15.

Case 5: r = 2,10 and [ = 10 (even u).
Write

<Zu UX,Du> = <Zu U {0017002;“-’%6}7{1; %}) @]
(Z U{oor}, {2,654 3,65+ 4,65+ 5,65 +6}) U
(Z,, U (X \ {001,009, ...,007}), DY U (Z,, L),

where D' = [6s + 7,12k + 7 + 6s + 5], |[D'| = 12k +r — 1, and L = [3,6s + 2|, and
apply Lemmas 2.7, 2.11, 2.14 and 2.15.

Case 6: »r = 7,11 and [ = 4 (even u).
Write

<Zu U X» Du> = <Zu U {0017 002, 003}7 {17 %}> U
<Zu U {0047 05, 006, OO7}a {2’4}> U
<Zu U (X \ {001, 009, .« .y 007}), DI> U <ZU,L>,
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where D' = [6s + 3,12k + 7 + 6s + 2] \ {6s + 4}, |D'| = 12k +r —1,and L =
[3,6s + 4] \ {4, 6s + 3}, and apply Lemmas 2.5, 2.3, 2.14 and 2.15.

Case7: r = T and | = 8 (even u).
Write

(Z,UX,Dy) = (Z, U{oo1,002,003}, {1, 4}y U
(Zy, U {004, 005,006}, {2,6s + 3,65+ 5}) U (Z, U {oor}, {6s+ T}) U
(Zy U (X \ {o01,009,...,007}),D") U(Z,, L),

where D' = [6s+4,12k+ 65+ 11]\ {6s+5,65+ 7},
and apply Lemmas 2.5, 2.13, 2.10, 2.14 and 2.15.

Case 8: » = 10 and [ = 2 (even u).
Write

D'| =12k+6,and L = [3,65+2),

(ZuUX,Dy) = (Zy, U{o01,009,...,006},{1, 5 }) U(Z, U{oor}, {2}) U
(Z, U (X \ {o01,009,...,007}), DY U(Z,, L),

where D' = [6s + 3,12k + 6s + 11), |D’| = 12k + 9, and L = [3,6s + 2], and apply
Lemmas 2.7, 2.10, 2.14 and 2.15.

Case 9: » = 11 and [ = 0 (even u).
Write
(ZyUX,Dy) = (Zy U{o01,009,...,007}, {1, 5}) U
(Z, U (X \ {o01,009,...,007}), DY U(Z,, L),

where D' = {2} U [6s + 3,12k + 6s + 11|, |D’| = 12k + 10, and L = [3, 65 + 2], and
apply Lemmas 2.8, 2.14 and 2.15. O

Proposition 3.5. For anyn = 60k + 5r + 3, r = 2,5,6,9, there exists a decomposition of
Ko \ K, into 3-suns for every admissible u > 24k + 2r + 3.

Proof. Let X = {001, 002, ..., 0060k+5r+3}a r=2,56,9and u = 24k +2r + 3+ h,
with h > 0. Set h = 12s 4+ [, 0 <[ < 11, and distinguish the following cases.

Casel: r =2,5,6,9and [ = 4 (odd u).
Write
(ZyUX,Dy,) ={(Z, U{o01,009,003},{1,65+ 3,65 +4}) U
(Zu U (X \ {o01,002,003}), D') U (Zu, L),

where D' = {2} U [6s + 5,12k + 7 + 65 + 3],
apply Lemmas 2.13, 2.14 and 2.15.

Case2: r = 2,5 and [ = 8 (odd u).
Write

D'| =12k +r,and L = [3,6s + 2], and

(Zy U X,Dy,) =(Z,U{oo1,002},{1,65+ 3,65 +4,6s5+5}) U
(Zy U {003}, {2}) U (Zy U (X \ {001,002, 003}), D) U(Zy, L),
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where D' = [6s + 6,12k + r + 6s + 5], |D’| = 12k + r, and L = [3,6s + 2], and apply
Lemmas 2.12, 2.10, 2.14 and 2.15.

Case 3: r = 6,9 and [ = 0 (odd u).
If s = 0, then write

(Zy U X, Dy) = (Z, U {001,002,...,008},{1,5}) U
<Zu U (X\{Ool,OOQ,...,OOE;}),D/),

where D" = [2,12k +r + 1]\ {5}, |D'| = 12k +r — 1, and apply Lemmas 2.4 and 2.14.
If s > 0, then write

<Zu U X, Du> = <Zu U {001, 2, 003}, {1, 58, 5s + 1}> U
(Zy U {004, 005,006}, {2,658 + 1,65 + 3}) U (Z, U {oor}, {6s +2}) U
(Z U {oog}, {6s+4}) U (Z, U (X \ {o01,009,...,008}), D) U(Z,, L),

where D' = {2s + 1,48} U [6s + 5,12k +r + 6s + 1], |D'| =12k +r —1,and L =
[3,6s]\ {25+ 1,45, 5s, 5s + 1}, and apply Lemmas 2.13, 2.10 and 2.14 to decompose the
first five subgraphs, while to decompose the last one apply Lemma 2.151) and delete the
orbit (Sp).

Cased: r =2,6and [ = 1 (even u).
Write

<Zu U X, Du> = <Zu U {0017 09, 003}, {1, %}> U
(Zy U (X \ {001, 002,003}), D) U(Zy, L),

where D’ = {2} U [6s + 3,12k +r + 6s + 1], |D'| = 12k + r,and L = [3,65s + 2], and
apply Lemmas 2.5, 2.14 and 2.15.

Case 5: r = 2*and [ = 5 (even u).
Write

(ZyUX,Dy) = (Zy U {001,0002,...,006},{1,5}) U
(Z,, U {007, 008, 009, 0010 }, {2}) U
(Z,, U{o011,0012,0013},{4,65 + 3,65 + 7}) U
(Z, U (X \ {001,009, ...,0013}), D"Y U (Z,, L),

where D' = [65+4 5,12k +6s+5]\ {65+ 7}, |D’| = 12k, and L = [3,6s+4]\ {4,6s5+3},
and apply Lemmas 2.7, 2.2, 2.13, 2.14 and 2.15.

Case 6: r = 5,9and [ = 7 (even u).
Write

(ZyUX,Dy) = (Z, U {o01,009,...,006},{1,5}) U
(Zy, U {oor,008},{2,65+ 3,65+ 4,65+ 5}) U
<Zu @] (X \ {001, 009, ..y 008}), DI> @] <ZU,L>,



G. Lo Faro and A. Tripodi: The Doyen-Wilson theorem for 3-sun systems 135

where D' = [6s + 6,12k + r + 6s + 4], |D’'| = 12k +r — 1, and L = [3,6s + 2], and
apply Lemmas 2.7, 2.12, 2.14 and 2.15.

Case7: r =5and ! = 11 (even u).
Write

(Z,UX,D,) = (Zy, U {001, 009,003,004}, {1, }) U
(Zy U {005,006}, {2,65 + 3,65 + 5,65+ 6}) U (Z,, U {oor}, {4}) U
(Z U {oog}, {6s+7}) U(Z, U(X\ {o01,009,...,008}), D) U(Z,, L),

where D’ = [6s + 8,12k + 6s + 11], |D’| = 12k 4+ 4, and L = [3,6s + 4] \ {4,6s + 3},
and apply Lemmas 2.6, 2.12, 2.10, 2.14 and 2.15.

Case 8: r = 6and [ = 9 (even u).
Write

<Zu U X; Du> = <Zu U {001, 002, 003}7 {17 %}> U
(Zy U {004, 005,006}, {2,65 + 3,65+ 5}) U (Z, U {cor}, {4}) U
(Z U {oog}, {65+ 7} U(Z, U (X \ {oc01,009,...,008}), D) U(Z,, L),

where D’ = [6s + 6,12k + 6s + 11] \ {6s + 7}, |D’'| = 12k + 5, and L = [3,65 + 4] \
{4,6s + 3}, and apply Lemmas 2.5, 2.13, 2.10, 2.14 and 2.15.

Case 9: » =9 and [ = 3 (even u).
Write

<Zu uUX, Du> = <Zu U {001, 009, 003}, {1, 2, %}> U
(Z, U (X \ {o01,009,003}), D) U(Z,, L),

where D' = [6s + 3,12k + 6s + 11), |D’| = 12k + 9, and L = [3,6s + 2], and apply
Lemmas 2.9, 2.14 and 2.15. O

Proposition 3.6. For anyn = 60k +5r +4, r = 0,1,4,9, there exists a decomposition of
Ko \ K, into 3-suns for every admissible u > 24k + 2r + 3.

Proof. Let X = {001,009, ...,0060k+5r+4}, 7 = 0,1,4,9, and u = 24k + 2r + 3 + h,
with h > 0. Set h = 12s + 1, 0 < [ < 11, and distinguish the following cases.

Casel: r=0,1*,4,9and [ = 2 (odd u).
Write

<Zu uUX, Du> = <Zu U {0017 009, 003, 004}, {2,4}> U
<Zu U (X \ {00170027003, OO4}),D/> U <Zu,L>,

where D' = {1,6s + 3} U [6s+ 5,12k + 7 + 65+ 2], |D'| = 12k +r,and L = [3,65 +
4]\ {4, 65 + 3}, and apply Lemmas 2.3, 2.14 and 2.15.



136 Ars Math. Contemp. 16 (2019) 119-139

Case2: r = 0,9 and [ = 6 (odd u).
Write

(Zy U X,Dy) = (Z, U{oo1,009,003}, {1,658+ 3,65 +4})U
(Z, U {oog},{2}) U (Z, U (X \ {001, 009,003,004}), D') U (Z,, L),

where D’ = [6s 4+ 5,12k + 7 + 6s + 4], |D'| = 12k + r, and L = [3,65s + 2], and apply
Lemmas 2.13, 2.10, 2.14 and 2.15.

Case3: r = 1,4 and [ = 10 (odd u).
Write

(Z,UX,D,) =(Z, U{oo1,002},{1,65+ 3,65+ 5,65+ 6}) U
(Zy U {03}, {2} U(Z, U{oos}, {6s+4}) U
<Zu U (X \ {0017 09, 003, 004}), D/> U <Zu,L>,

where D’ = [6s 4+ 7,12k + r + 65 + 6], |D'| = 12k + r, and L = [3, 65 + 2], and apply
Lemmas 2.12, 2.10, 2.14 and 2.15.

Cased4: r =0,4and [l = 5 (even u).
Write

(ZyUX,Dy) = (Z, U {o01,009,...,006},{1,5}) U
(Zy U {007, 008,009}, {2,68 + 3,65+ 5}) U
(Z, U (X \ {o01,009,...,009}), DY U(Z,, L),

where D' = [6s+4,12k+r+6s+ 3]\ {6s+5}, |D'| =12k+r—1,and L = [3,65+2],
and apply Lemmas 2.7, 2.13, 2.14 and 2.15.

Case5: r =0and ! = 9 (even w).
Write

<Zu UX, Du> = <Zu U {0017 002, 003, 004}7 {17 %}> U
<Zu U {0057 06, 007}7 {27 6s + 37 6s + 5}> U <Zu U {008}7 {4}> U
(Z U{ocog}, {65+ 7} U (Z, U (X \ {o01,002,...,009}), DY U(Z,, L),

where D' = [65+6, 12k+65+5]\{6s+7}, |D’| = 12k—1,and L = [3,65+4]\{4, 6s+3},
and apply Lemmas 2.6 , 2.13, 2.10, 2.14 and 2.15.

Case 6: »r = 1 and [ = 7 (even u).
Write

(ZyUX,Dy) = (Zy, U {o01,009,...,007},{1,§}) U
(Zy U {o0g, 009}, {2,4, 65+ 3,65+ 5}) U
(Zy U (X \ {001,009, ...,009}), D'y U(Z,, L},

where D' = [6s + 6,12k + 6s + 5], |D'| = 12k, and L = [3,6s + 4] \ {4,6s + 3}, and
apply Lemmas 2.8, 2.12, 2.14 and 2.15.
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Case7: r=1,9and [ = 11 (even u).
Write

<Zu UX, Du> =(Z, U {001, 002, 003}, {17 %}> @]
(Zy U {oos},{2,4,65+ 3,65+ 5,65+ 6}) U
<Zu U (X \ {0017 0023 0037 004})3 D,> U <Zua L>?

where D' = [6s+ 7,12k +7r+ 65+ 6], |D’| = 12k +r,and L = [3,6s5+ 4]\ {4,6s+ 3},
and apply Lemmas 2.5, 2.11, 2.14 and 2.15.

Case 8: r =4 and ! = 1 (even u).
Write

<Zu U X, Du> = <Zu U {001, 02, O3, 004}, {1, %}> U
<Zu U (X \ {0017 009, 003, 004}), D/> U <Zu, L>,

where D' = {2} U [6s+ 3,12k + 6s + 5], |D’| = 12k + 4, and L = [3, 65 + 2], and apply
Lemmas 2.6, 2.14 and 2.15.

Case 9: »r =9 and [ = 3 (even w).
Write

<Zu uUX, Du> = <Zu U {001, 009, 003}, {1, % > U <Zu U {004}, {2}> U
<Zu U (X \ {0017 009, 003, C>O4})7 D/> U <Zu, L>,

where D' = [6s + 3,12k + 6s + 11}, |D’| = 12k + 9, and L = [3,6s + 2], and apply
Lemmas 2.5, 2.10, 2.14 and 2.15. O

Combining Lemma 3.1 and Propositions 3.2 —3.6 gives our main theorem.

Theorem 3.7. Any 3SS(n) can be embedded in a 3SS(m) if and only if

ngnJrl or m=n.
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Appendix
o n=21,u=125s+4+15
Write

<Zu U X; Du> = <Zu u {001, 002, 003, 004}7 {274}> U
(Zy U{oos}, {1}) U (Z, U {oog}, {6s+ 7})U
(Zy U (X \ {001, 002,...,006}),{6s+ 3,65+ 5,65+ 6}) U(Z,, L),

where L = [3,6s + 4] \ {4, 6s + 3}, and apply Lemmas 2.3, 2.10, 2.14 and 2.15.
e n=13,u=12s+ 12
Write

(Z,UX,Dy) ={(Z, U{o01,09,...,006},{1,6s+6}) U
(Zy U {007, 008,009,010}, {2}) U
<Zu U {0011, 012, 0013}, {4, 6s + 3, 6s + 5}> U <Zu, L>,

where L = [3,6s + 4] \ {4, 6s + 3}, and apply Lemmas 2.7, 2.2, 2.13 and 2.15.
e n=9u=12s+7
Write

<Zu UX, Du> = <Zu U {001, 002, 003, 004}, {274}> U
<Zu U {OOSa X0g, OO7, 008, OOQ}a {1}> U <Zu; L>,

where L = [3,6s + 3] \ {4}, and apply Lemmas 2.3, 2.14 and decompose (Z,, L)
as in Lemma 2.15ii), taking in account that |6s + 4|125s4+7 = 65 + 3.
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1 Introduction

The graphs we consider are simple, that is they are undirected with no multiple edges
or loops. The 0-1 adjacency matrix G = (a;;) of a labelled graph G on n vertices is
a n X m matrix such that a;; = 1 if there is an edge between the vertices ¢ and j, and
a;; = 0 otherwise. The degree of a vertex v is the number of non-zero entries in the
vth row (or column) of G. A graph is singular if G has zero as an eigenvalue, and non-
singular otherwise. The multiplicity of zero in the spectrum of G is the nullity n = n(G)
of the graph G. A kernel eigenvector x of G is a nonzero vector that satisfies Gx =
0. The nullspace ker(G) of G is generated by a basis of 7 linearly independent kernel
eigenvectors. Thus, a graph G is singular if and only if dim(ker(G)) > 1.

A core vertex (CV) of G corresponds to a nonzero entry in some kernel eigenvector.
The set of CVs is an invariant of G, that is, it is independent of the basis chosen for ker(G)
[14, 15, 16]. A vertex which is not a CV is a core-forbidden vertex (CFV), recently referred
to as a Fiedler vertex [1, 10]. Proposition 1.1 characterizes a CV in a singular graph, and
Corollary 1.2 is its direct consequence for graphs of nullity one.

Proposition 1.1 ([18]). Let G + u be a graph obtained from G by adding a vertex u. Then
(G +u) =n(G) + 1Lifand only if uis a CV of G + u.

Corollary 1.2 ([17]). Let v be a CV of a graph G of nullity one. Then the graph G — v is
non-singular.

We make use of a result on the nullity of graphs derived from Cauchy’s Interlacing
Theorem for real symmetric matrices.

Theorem 1.3 ([11, p. 119]). Let v be any vertex of a graph G on n. > 2 vertices. Then
n(G) =1 <n(G —v) <n(G)+ 1.

Theorem 1.3 permits the nullity of a graph to change by at most one on the deletion or
addition of a vertex. Thus, a vertex u in a graph G can be one of three fypes, depending
on the difference of the nullity of G — u from the nullity of G. Following the terminology
used in [4], a vertex u is a CV, a middle core-forbidden vertex (CFV ,q) or an upper core-
forbidden vertex (CFV ) if the nullity of the graph G — u obtained from G upon deleting
the vertex w is n(G) — 1, n(G), or n(G) + 1, respectively. It follows from Proposition 1.1
that CFVs are vertices corresponding to a zero entry in each kernel eigenvector in the
nullspace of G. For the eigenvalue zero, CFVs were renamed F-vertices. For the specific
case of CFV,, they were renamed and P-vertices [2]. Whether electricity flows through
a molecule or not is mainly determined by the types of the two vertices (atoms of the
molecule) chosen as terminals with a bias voltage across them [5].

From the definitions of the possible types of vertices in a graph, the following result is
immediate.

Lemma 1.4. Let Hy and Hs be two graphs such that n(Hy) = n(Hz). Thenn(Hy —z1) =
n(Ha — 22) if and only if z1 and zo are of the same type in Hy and in Hs, respectively.
1.1 Superimpositions

To explore the structure of singular graphs, basic subgraphs of nullity one that are found in
singular graphs are constructed in [14, 15, 16]. In Proposition 4.3 of [16], it is proved that a
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singular graph of nullity » has 7 induced subgraphs of nullity one having the least possible
number of vertices (called singular configurations).

The kernel eigenvectors are key to determining the substructures that make a singular
graph. Focus is placed on singular graphs of nullity one; otherwise distinct singular con-
figurations which are induced subgraphs in a singular graph of nullity more than one may
be masked by others belonging to linearly independent kernel eigenvectors. The vertices
of a singular configuration corresponding to the nonzero entries in a kernel eigenvector x
are the CVs of G and the remaining vertices, if any, are CFV , [16]. By Proposition 1.1,
deleting a CV reduces the nullity, whereas deleting an CFV,, increases the nullity. The
question then arises: what are the conditions that need to be satisfied by a graph H of nul-
lity one so that, for some vertex v, the graph H + v retains nullity one and has the same
nonzero entries of a kernel eigenvector as H? The investigations in this paper stem from
the quest to answer this question.

First we fix some notation. Two labelled graphs GG; and G2 are identical if they are
isomorphic to a labelled graph G and have the same labelling as G; we write G1 = G =
G. We consider pairs of graphs of nullity one which have a common kernel eigenvector for
some labelling of their vertices, and such that each of the two graphs have a vertex which,
when deleted, yields two identical graphs. One such example is illustrated in Figure 1,
where x = (1,—-1,1,-1,0,0,0)! is a kernel eigenvector of both H; and Hs with the
labelling shown, such that when the vertex labelled 7 is deleted from each, the resulting
graphs are identical.

5 o 6

Figure 1: A pair of non-isomorphic graphs G + 7 of nullity one having a common kernel
eigenvector x = (1,—1,1,—-1,0,0,0)%.

If two graphs H; and H, are not isomorphic, but the deletion of a vertex z; of H; yields
a graph identical to that obtained by deleting a vertex z, from Hs, then the difference in the
dimensions of the nullspaces of H; and H> is bounded as given in the following theorem.

Theorem 1.5. Let H1 and H be two graphs having vertices z1 and za, respectively, such
that G = Hy — z1 = Hy — 2o. Then |n(H,) — n(Hsz)| = 2 when one of the vertices is a
CV and the other is an CFV,,,, and |n(H.) — n(H2)| < 1, otherwise.

Proof. By Theorem 1.3,1(G)—1 < n(H;) < n(G)+1and n(G)—1 < n(Hy) < n(G)+1.
Thus, |n(H1)—n(H2)| < 2. Equality holds only when, without loss of generality, n(H;) =
n(G) — 1 and n(Hz) = n(G) + 1, in which case z; is an CFV, in H; and 2, is a CV
in HQ. O

In the sequel, let 7; and Ho be two connected labelled graphs of order n > 3 whose
0-1 adjacency matrix has nullity one with a common kernel eigenvector x such that, for
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some vertex z; in H; and some vertex zo in Ho, H1 — 21 = Ho — 22 = G. The graphs
‘H1 and Ho are termed key-graphs. It follows immediately that the label of z; in H; is the
same as that of z5 in Ho. We choose the labels of the vertices z; and z5 to be the last in the
two graphs.

The superimposition of the key-graphs #, and # is the graph Z obtained from G by
adding both vertices z; and 25 adjacent to the same neighbours as those of z; in H; and 2z
in Ho. The graph Z + e is obtained from Z by adding the edge e = 21 2.

In the next section, we look at some examples so that the concept of superimpositions
and its possible effects on the type of vertices of a graph becomes clearer.

1.2 Motivation

A conjugated hydrocarbon molecule has a m-system where each carbon atom contributes a
delocalized electron in the neutral molecule. The Hiickel/Tight-Binding model simplifies
Schrodinger’s equation to Ax = Ex where A is the adjacency matrix of the carbon skele-
ton of the molecule, x represents a molecular orbital and F is the orbital energy. Since
carbon has a valency of four, chemical graphs for m-systems have at most three sigma
bonds per atom (edges meeting at any vertex). In this article we extend our study to any
graph where the vertex degree (or valency) can be larger than three.

In chemistry, the role of the electrons in the molecule is crucial in determining the
physical and chemical properties of the molecule. The discrete energy levels that an elec-
tron may occupy within a molecule are the solutions to Schrodinger’s time-independent
equation in quantum mechanics. The wave function as a solution of Schrddinger’s equa-
tion predicts the electron probability density, which in Hiickel theory is a sum of orbital
densities.

The Hamiltonian for the n-atomic molecular system turns out to be a linear function of
the 0-1 n x n adjacency matrix G of the labelled molecular graph GG, whose eigenvalues
give the energy E of the electron orbitals. The non-zero entries of G correspond to the
sigma bonds between pairs of atoms.

In this article we investigate the change in nullity when forming Z and Z + e. The
conduction of electricity through a molecular graph with a bias electrical potential across
two vertices L and R depends on the nullities of G and of three of its induced subgraphs
obtained by deleting L and R separately and jointly [4, 13]. Note that the deletion of a
CFV typically preserves the chemical nature of the graph (unless it is a cut vertex), but
addition typically does not. In Section 5, conductivity of molecular devices is discussed for
examples of molecular graphs of the form Z and Z + e.

In Figure 2, the four vertices 1,2,3 and 4 are CVs in both H and Z, but the vertex
5 is a CFVypp in H, whereas each of the vertices 5 and 6 is a CFV ;4 in Z. Each vertex
of Z 4+ eis a CV. Both H and Z have nullity one and, since H has a kernel eigenvector
(1,1,—1,-1,0)! and Z has a kernel eigenvector (1,1,—1,—1,0,0)¢, there is a kernel
eigenvector of H — 5 with the same nonzero entries as for H and Z. It is interesting to
note that Z is obtained by superimposing two isomorphic copies H; and H; of the singular
configuration H, but 7 itself is not a singular configuration.

It is thus natural to ask whether H; and H; need to be isomorphic (as in the example
discussed above) to retain nullity one in Z obtained from H; by adding the vertex z5.
Also, is this a condition that 71 and H» must satisfy so that the nonzero entries of a kernel
eigenvector are preserved in Z?

The graph Z shown in Figure 3 is obtained by superimposing the two graphs of Fig-
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H Z Z +e

Figure 2: Two copies of H, of nullity one, are induced subgraphs of the superimposition
Z, also of nullity one. The graph Z + e is of nullity two. For all three graphs, there is a
vector in the respective nullspace with the same nonzero part 1,1, —1, —1 associated with
the first four labelled vertices.

ure 1. Adding the edge e between z; = 7 and 22 = 8 produces Z+e. The nullity of Z is two
whereas that of Z + e is one. This example shows that 7{; and /5 need not be isomorphic
for the nullity to be one in Z +e. A kernel eigenvector of Z +eis (1, —1,1,—1,0,0,0,0)?,
and thus the nonzero entries of a kernel eigenvector of H1 and . are also preserved, even
though H; and H, are not isomorphic.

4 8 4 8
1 7 3 1 7 3
5 O 6 5 ® 6
2 2
Z Z +e

Figure 3: The graph Z + e with nullity one, having a kernel eigenvector
(1,-1,1,-1,0,0,0,0)%, is obtained from the superimposition Z (which has nullity two)
of the graphs in Figure 1.

Observe that the nullities of Z and of Z + e are different in the two examples discussed
above. The vertices z; in H; and 23 in Hz in both examples are CFV,,. They become
CFVpiq in Z in the example of Figure 2 and also in Z + e in the example of Figure 3.
However, z; and zo become CV in Z + e in the example of Figure 2 and also in Z in
the example of Figure 3. The following results follow immediately from the definitions of
CFVpig and CV.

Proposition 1.6. The vertices z1 and zy are CFV,,;q in the superimposition Z (respectively
inZ +e) ifand only if n(Z) = 1 (respectively n(Z + e) = 1).

Proposition 1.7. The vertices z1 and zo are CV in the superimposition Z (respectively in
Z +e) if and only if n(Z) = 2 (respectively n(Z + e) = 2).

As we shall show, graphs satisfying Propositions 1.6 and 1.7 exist. However, is it
possible that both z; and 2z, be CFVp, in Z or in Z + e? Do the types of the vertices z;
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and zo determine the type in Z or Z + e? We shall investigate all possible combinations of
the vertex type of z; in H; and 25 in Ho.

By Lemma 1.4, the type of the vertex z; in 7 and of the vertex z5 in Hs is the same.
Moreover, as we shall see in Lemmas 2.2 and 3.1, vertices z; and 25 are of the same type
in Z and of the same type in Z + e (the type in the latter graph Z + e possibly different
from that in the former Z). We thus propose a 3-fype-code' where a type is denoted by:

1. Cif it corresponds to a core vertex;
2. M if it corresponds to a middle core-forbidden vertex; and
3. U if it corresponds to an upper core-forbidden vertex.

The code consists of an ordered string of three types and, thus, it has three available posi-
tions, namely y1, y2 and y3. Each of the positions 1, y2 and ys is filled with the symbol C,
M or U, depending on the type of the vertices z; and 29 in the key-graphs, in Z and in Z +e,
in that order. The 3-type-code presents 27 classes of graphs. Algebraic considerations show
that only 9 may exist.

The case when the two vertices z; and 25 are both CFVs in the respective key-graphs
is discussed in Section 2, yielding 8 possible classes of graphs. In Section 3, the case when
they are both CVs produces just one class of graphs. For the graphs {Z} and {Z + e},
what factors determine that the nullity of a graph remains unchanged on deleting a vertex?
When does the type of a pair of adjacent vertices remain unchanged after deleting the edge
between them? These questions are answered in Section 4. Chemical implications for the
conductivity of a molecule which has a graph that is a superimposition are discussed in
Section 5.

2 Core-forbidden vertices in the key-graphs

In this section, the vertices z; and 25 are CFVs in the key-graphs H; and Hs, respectively.
Thus, the last entry of the common kernel eigenvector x of #; and of Ho (which corre-
. . v .
sponds to z;1 and z9) is zero. We write x = (0) where v # 0. Letting z; and z5 denote
the characteristic vectors representing the adjacencies of z; and 29 to the vertices of G, we

obtain G G
. v . Z1 v . v .
Hax = H, (0) = ( PR ) (0) = (m) =0 @b
_ v\ G | zo v\ Gv _
Hax = H, <0> = ( 2t [ 0 ) (0) = <2v> =0 @2

for some v # 0.
The following lemma explores the nullspaces of Z and of Z + e. On adding a vertex to
the key graph #;, of nullity one, the graph Z or Z + e produced is never non-singular.

Lemma 2.1. If z; and zo are CFVs in Hy and in Hs, respectively, then

(i) (x,0)" = (v,0,0) is a kernel eigenvector of both Z and Z + e;

I Different three letter acronyms are proposed in [6, 7] to classify classes of molecular graphs as conductors
or insulators with respect to the graph-theoretical distance between two connecting vertices of the graph across
which there is a small bias voltage.
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(i) 1 <n(Z)<2and1 <n(Z +e) <2

Proof. Let Z be the adjacency matrix of the graph Z and let W be the adjacency matrix of
Z + e, where 21 and z; are respectively the n'" and (n + 1) labelled vertices of Z and of
Z +e.

(i) Since
v G | z1 Zo v Gv
Z| 0 |=|z'|0 O 0 | = zifv
0 zot | 0 0 0 Zolv
and
v G |21 2z2 v Gv
W[ o0 |=|2zf]0 1 0 | = z1fv |,
0 zot | 1 0 0 zotv

then by (2.1) and (2.2), (v, 0, 0)* is a kernel eigenvector of Z and of W.

(ii) By Theorem 1.3,0 < n(Z) < 2and 0 < n(Z + e) < 2. From (i) above, n(Z) > 1
andn(Z +e) > 1. Thus,1 <n(Z) <2and 1 <n(Z +e) <2. O

Next we show that the vertices z; and z» must be of the same type in each of the graphs
Z and in Z + e, and that they cannot be CFV .

Lemma 2.2. Let 21 and zo be CFVs in H1 and in Ho, respectively. Then in each of the
graphs Z and Z + e, the two vertices z1 and zs are either both CFV,,;; or both CV.

Proof. Suppose first that z; and 2o are not of the same type in Z. Then, deleting z; from Z
yields the graph Hs which has a different nullity from the graph #; obtained on deleting
zo from Z, a contradiction since n(#H1) = n(Hz) = 1. A similar argument yields that the
type of vertices z1 and z3 in Z + e must be the same. From Lemma 2.1, 1 < n(Z) < 2 and
1 <n(Z + e) < 2, and thus by Propositions 1.6 and 1.7, z1 and 2 are either both CFV g
or both CV. O

Remark 2.3. From Lemma 2.2 it follows that when 27 and z5 are CFVs in the key-graphs,
each of the two positions y, and y3 in the 3-type-code can be filled in two ways, namely C
and M. Therefore, there are only eight possible different classes of the 3-type-code graphs
having the first position y; filled with either M or U.

In the case when both z; and z» are CFVs in the key-graphs, we have the following
necessary and sufficient condition.

Theorem 2.4. Let z1 and zo be CFVs in H1 and in Ho, respectively. In the graph Z or
Z + e, z1 and zy are CV if and only if they correspond to nonzero entries in exactly one
kernel eigenvector of the basis of the nullspace of the graph Z or Z + e.

Proof. By Proposition 1.7, the dimension of the nullspace of Z and of Z + e is two. From
Lemma 2.1, (x,0)" = (v,0,0)" is a kernel eigenvector of Z and of Z + e. Since 21 and 22
are CV in Z, they correspond to nonzero entries in a kernel eigenvector (y1, a1, 81)! of Z,
for a; # 0 and 57 # 0. A similar argument holds for Z + e. O

We note that although there are 18 possible 3-type-code classes of graphs when the first
entry of the code is not C, Lemma 2.2 restricts the number of possible classes to just 8.
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3 Core vertices in key-graphs

In this section we show that for the case when z; and z; are both CV in the key-graphs
H1 and Ho, respectively, only one 3-type-code class may occur. This case is completely
different from the case discussed in Section 2 in that, as we prove in Proposition 3.2 and
Theorem 3.5, the nullity of each of the graphs Z and Z + e can take only one value and it
is not the same value in the two graphs.

Recall that H; and H, have a common kernel eigenvector generating their nullspace.
Since z; and z9 are CVs, the last entry of a common kernel eigenvector x of H; and of

Ho is nonzero, that is x = (;) for v # 0 and a # 0. Thus, letting z; and z5 denote

the characteristic vectors representing the adjacencies of z; and z5 to the vertices of G, we

obtain
v\ G |z v [ Gv+taz \
H, (a) = ( PRENY ) (a) = (zltv) =0 3.1
v\ G | z2 v [ Gv+toazz |\
H2 ( @ ) B ( Zzt 0 ) < @ > B ( Zztv > B 07 (3.2)

for some v # 0 and a # 0.
An argument similar to that used in the proof of Lemma 2.2 yields the following result.

and

Lemma 3.1. Let z1 and z be CVin H1 and in Hs, respectively. Then in each of the graphs
Z and Z + e, the two vertices z1 and z5 are of the same type.

The unique value that the dimension of the nullspace of Z can take is given next.
Proposition 3.2. If z1 and z, are CV in H1 and in Ho, respectively, then n(Z) = 2.

Proof. Let Z be the adjacency matrix of the graph Z, where z; and zo are the n'" and
(n + 1) columns corresponding to the characteristic vectors of z; and 2o, respectively.
Since

v v Gv + azy
Z| o | = a | = z1'v
0 0 Zolv
and
v v Gv + oz,
Z| 0 | = 0 | = z1'v ,
o o zatv

then by (3.1) and (3.2), (v, «, 0)* and (v, 0, )" are two linearly independent kernel eigen-
vectors of Z and hence 1(Z) > 2. By Theorem 1.3, 0 < n(Z) < 2. Thus n(Z) = 2, and
(v, ,0)! and (v,0, ) span ker(Z). O

A consequence which has important implications on the construction of Z and, eventu-
ally, of Z + e, is the following.

Corollary 3.3. If 21 and z5 are CV in Hy and in Hs, respectively, then z1 and zo are
duplicates in Z and H1 = Ho.
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Proof. Since (v, a,0) and (v, 0, a)* are kernel eigenvectors of Z, then (0, o, —a)* is also
a kernel eigenvector of Z. Thus z; = za. Hence, z; and 2z, are duplicate vertices in Z,
implying that H; and H, are equivalent graphs. O

The dimension of the nullspace of Z + e turns out to be different from that of Z. The
result is stated in Theorem 3.5 and the proof follows from Corollary 3.3 and the following
lemma. We remark that the graph H in the following lemma plays the role of each of the
key-graphs H; and Ha, and hence equations (3.1) and (3.2) still hold for H.

Lemma 3.4. Let z1 be a CVin a graph H of nullity one and let Z be obtained from H by
duplicating the vertex zy to obtain a new vertex z2. Then n(Z + e) = 0, where e is the
edge z12o.

Proof. Let W be the adjacency matrix of Z + e, where z; and z are the n'™ and (n + 1)
columns corresponding to the characteristic vectors of z; and zo, respectively. Let x =

(;), where v # 0 and « # 0, be a kernel eigenvector of H and let G = H — z;. From

(3.1) and (3.2), it follows that W (v, o, 0)* = (0,0, «)* and W (v, 0, ) = (0, , 0)?, and
thus neither (v, v, 0)! nor (v, 0, )" are kernel eigenvectors of Z + e.

We claim that Z + e does not have any kernel eigenvectors. For, suppose (u, 3,5)! is a
kernel eigenvector of Z + e. Since z; and 29 are duplicates in Z, and hence co-duplicates
in Z + e, then

u u Gu + (8 +9)z1
W[ 8 | = B | = z1'u+ 0 =0,
5 ) zi'u+

implying that 3 = d. Thus, a kernel eigenvector of Z + e must be of the form (u, 3, 3)*.
If 3 = 0, then Gu = 0 and hence (u,0)* is another kernel eigenvector of H which is
linearly independent of x = (v, ), a contradiction since n(H) = 1. Thus 8 # 0 and we
can choose 3 = « such that an eigenvector of Z + e is (w, v, ). Thus,

w G ‘ Z1 71 w Gw + 2azq
W o |=| z!0 1 a | = z1'w + «a =0.
o z1t ] 1 0 Q z1'w + «

But from (3.1), Gv 4+ az1 = 0 and thus G(w — 2v) = 0. Hence

e cither w — 2v = 0, in which case v = %w. From (3.1), z;*v = 0, implying that
t

z1“w = 0 and hence o = 0, a contradiction;

e or w — 2v is a kernel eigenvector of G, in which case n(G) > 1, a contradiction
since z isaCVin H and n(G) = n(H — z1) = 0.

Hence, n(Z +¢) = 0. O

Lemma 3.4 is now applied to the particular case when Z + e is obtained from the
superimposition of H1 and H, with core vertices z1 and z», respectively.

Theorem 3.5. If zy and zo are CV in H1 and in Ha, respectively, then n(Z + e) = 0 and
z1 and zy are both CFV,,, in Z + e.
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Proof. By Corollary 3.3, z; and z, are duplicate vertices. The first part of the result follows
by applying Lemma 3.4. Also, since 7(Z + e) = 0, then z; and 25 cannot be CV in Z + e.
Noting that n(Z + e — z1) = n(Ha) = 1and n(Z + e — 22) = n(H1) = 1, we get that z;
and z3 are both CFVp, in Z + e. O

Remark 3.6. Proposition 1.7, Proposition 3.2 and Theorem 3.5 imply that when 27 and 2z
are CV in the key-graphs, each of the two positions y» and ys in the 3-type-code can be
filled in only one way, namely C in the position yo and U in the position y3. Therefore,
there is only one possible class of the 3-type-code graphs having C in its first position y1,
namely CCU. Moreover the two key graphs #; and 2 are induced subgraphs in both Z
and Z +e.

4 Three-type-code

Were it not for the restrictions of Lemmas 1.4, 2.2 and 3.1, the type of vertices would allow
81 classes of graphs for Z and another 81 for Z + e. These Lemmas allow only 27 potential
classes and by eigenvector techniques, even these are further restricted to just nine with a
specific 3-type-code. In Figure 4, three molecular graphs {Z + e} that are not chemical are
presented for the each type of vertex z; in H;.

22

[ 21
1 21

29 [ 22

Figure 4: Graphs Z + e, having type M, U and C respectively, for the vertex z; in H;.

Except for the case UCC (that is, when {z, 22} are CFVyyp in Hy and in H; and CV
in Z and in Z + e), examples for all the remaining eight possible 3-type-codes graphs are
known to exist (see Table 1). It is worth noting that among the eight graphs {Z + e} and
the associated graphs {Z} drawn in Table 1, six are chemical graphs. The occurrence, or
otherwise, of the UCC class remains open. Table 1 illustrates the different types of z; and
zo in {Hy, Hy}, in Z and in Z + e, the associated code, the corresponding nullities of Z
and of Z + e, and an example of a possible graph Z + e (when existence is known).

Observe that although the interlacing theorem allows three values for the nullity of Z,
this value can never be zero.

At this stage, we can provide answers to the questions we posed at the end of Section 1.2
for the subclasses of graphs {Z} and {Z + e}.

(1) On deleting the vertex z; or zo from Z, the nullity remains unchanged only for
MMM, MMC, UMM and UMC out of the nine possibilities for the 3-type-code with
z1 and zo CFV 4 in Z. Similarly, on deleting the vertex z; or zo from Z + e, the
nullity remains unchanged for MMM, MCM, UMM and UCM.

(i1) On deleting the edge e = 2129 in Z + e, the type of the vertices z; and 25 remains
unchanged when the 3-type-code is one of MMM, MCC, UMM and, possibly, UCC.
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Table 1: All possible cases of superimpositions { Z} and the derived class { Z+e¢} of graphs.

Type of z; and of 25 in

Code A Z+e Example of Z + €
W&, Z | Zte n(Z)| n( ) p
CFVmid CF\/mid MMM 1 1 W
CFV nid Ccv MMC 1 2 22
z1
CFV..g (6\Y CFVpia | MCM | 2 1 .
[0\ (6\Y MCC 2 2 %21
CFVpig | CFVpig | UMM | 1 1 TR
CFVid CvV UMC 1 2 — =
CFVypp
22
[0\ CFVpia | UCM 2 1
21
CV CV | UcCC | 2 2 (not known)
z1
(6\Y [0\ CFV,p | CCU 2 0 \®/\/
£23
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We observe that no 3-type-code has U in both positions y3 and y3. This can be explained
since if z; and zp are CFV ,, in Z and n(H1) = n(H2) = 1, then n(Z) = 0, which never
occurs by Lemma 2.1 and Proposition 3.2. Another point worth noting is that, in the case
where 21 and zo are CFV in the key-graphs, the results do not depend on whether they are
upper or middle. Thus, the type of the core-forbidden vertices z; and 25 in H; and Hs is
not a factor that determines their type in Z and in Z + e. Could it be that distinguishing
between the types U and M for z; and 25 in H; and H2 would determine the existence or
otherwise of UCC?

5 Electrical conductivity

A model device consists of the molecule with a pair of semi-infinite wires attached to it, so
that a voltage can be applied across the molecule. The molecule, the wires and the contact
atoms are represented by an augmented molecular graph with vertices for atoms and with
edges for the sigma bonds. Left and right wires are represented by two special source and
sink vertices L and R outside the molecule, which are then in contact with the molecule
through single (usually distinct) vertices (contact atoms) labelled L and R. Coulomb and
resonance integrals are assigned to the wires and molecule-wire contacts. This model gives
a Hiickel/Tight-Binding model for ballistic currents which is the simplest version of the
SSP (Source-and-Sink Potential) model for ballistic conduction through simple molecular
electronic devices [8, 9, 12]. The approximations lead to a non-Hermitian set of linear
equations of order n + 2, with an implicit dependence of the SSP matrix entries on the
eigenvalue. Linear algebraic techniques are used to describe the solutions of the larger
problem in terms of characteristic polynomials derived from the original n x n adjacency
matrix.

Conduction or insulation of the unsaturated molecular device can then be predicted.
The criteria for conduction at zero energy (the Fermi or non-bonding level) depend on the
changes in nullity when the contact vertices L and R are deleted from the molecular graph
on n vertices, separately and together [3, 5, 19].

5.1 Transmission

A molecular device GG can be considered as a graph on n vertices with two prescribed
vertices L and R connected by wires to two vertices L and R outside the molecule. The
transmission at energy F, from the sink R, of ballistic electrons entering at the source L,
can be expressed in terms of the characteristic polynomials s(E), u(E), t(E) and v(E) of
G,G —L,G— Rand G — L — R, respectively, as functions of £. To determine whether
a device conducts or bars conduction at the Fermi level of energy (F = 0), it suffices
to consider the possible nullity signatures as an ordered quadruple (g5 = n(G), gy =
n(G—L),9. = n(G— R), g, = n(G — L — R)). Cauchy’s inequalities for the eigenvalues
of real symmetric matrices and of their principal submatrices lead to the interlacing theorem
for graphs. As a consequence, the change in the nullity on deleting a vertex can be at most
one. Hence relative to g, each of g, and g, can take 3 values whereas g, can take 5. Thus
the quadruple signature can in principle take 45 values with respect to g;.

However interlacing, device symmetry, and the Jacobi-Sylvester theorem (that is
u(E)t(E)—s(E)v(E) is a perfect square jZ ., where j7  is the LR" entry of the adjugate
of EI — A) restrict the number from 45 to just 11 [5, 19]. Table 2 gives the signatures of all
possible classes of m-conjugated devices and their conducting/insulating properties at the
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Fermi level of energy.

Table 2: The conductivity of all devices (G, L, R), their variety [19] and case [5].

Signature(gs, g¢, Gu, go) ‘ Nullity of G ‘ Variety ‘ Case ‘ Transmission
Two CVs 1

(95595 — 1,95 — 1,95 — 2) ng > 2 1(i) 11 | Insulator
(9s:9s — 1,95 — 1,9) N > 1 1(i1) 9 Conductor
(95,95 —1,9s —1,9s — 1) ng >1 1(iii) 10 | Conductor
CV and CFV 2

(9s:9s + 1,95 —1,95) ng > 1 2a 5 Insulator
(9s+9s,9s — 1,95 — 1) ng > 1 2b 8 Insulator
Two CFVs 3

(gmgerLgerl,gy) 3a

(95,95 + 1,95 +1,95) 3a(i) 2 Conductor
(95,95 + 1,95+ 1,95+ 2) 3a(ii) 1 | Insulator
(95195 + 1,95, 90) 3b

(9s+9s + 1,95, 95 + 1) 3b(i) 3 | Insulator
(95,95 + 1,95, 9s) 3b(ii) 4 | Conductor
(95795795791)) 3c

(9s: 951 Gs: 9s + 1) 3c(i) 6 Conductor
(95795795795) 30(11) 7

(9s) 95> 95> 9s) & Ja(0) #0 3c(iiA) | 7i | Conductor
(9sy9s: 9s, 9s) & Jo(0) =0 3c(iiB) | 7ii | Insulator

5.2 A superimposition device

The superimposition Z and the derived graph Z + e have a structure that restricts the
number of device classes to which they can belong. Their signature can be determined
from Table 1.

All the 11 device classes are realizable by molecular graphs. Table 3 shows that, of
these, the superimpositions Z may be of only 5 cases and the derived graphs Z + e may
also be of 5 cases. Both Z and Z + e can be of case 7 which assumes conductivity or
insulating properties according to the vanishing or otherwise of j, .,(0). From Table 2,
the derived graph Z + e may be an insulator only for case 7 when both z; and z; are
middle core-forbidden vertices in their respective key-graphs #; and Hs. Apart from case
7, a superimposition Z is an insulator only when both z; and z, are core vertices in their
respective key-graphs.



Ars Math. Contemp. 16 (2019) 141-155

154

o/we | (SBUTHSBTH656) | 1r/i1 | (556 T=56T—566) | npO | “"AdD AD AD
6/ut | (61 —°61—566) | ¢/ul (61 =561 —56°°6) | DDN AD AD

9/10¢ (T + 666 b)) 6/11 (61 —*6'T—"66) | WO | PAdD AD iy g
6/nt | (61— 01— "60) | 9/wg (T + 666 b)) DINO | AD PUALD

9/19¢ (T + 666 b)) 9/1¢ (T 4 6656 ) IWIND | PYADD | PALD
or/met | (1="6°1—"6'1="66) | or/eme1 | (1—°6°1—"6°T—"6°°0) | DO AD AD
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Abstract

Let M = M(RQ) be any triangle-free tiling of a planar polygonal region 2 with reg-
ular polygons. We prove that its face vector f(M) = (fs, fa, f5,...), its symmetry
group S(M) and the tiling M itself are uniquely determined by its boundary angles code
ca(M) = ¢co(Q) = (t1,...,t-), a cyclical sequence of numbers ¢; describing the shape
of Q.

Keywords: Regular polygonal system, boundary code, face vector, symmetry group, reconstructibility
from the boundary.

Math. Subj. Class.: 05B40, 05B45

1 Introduction

Systems of regular (planar or spherical) polygons joined edge to edge arise in various con-
texts (in tilings, in polyhedral maps, in nature, in chemistry, in art). A rich theory of such
systems may be developed. Researchers usually focus on some particular class of such
systems (defined by some conditions), try to determine all its elements and explore various
questions related to their combinatorial description, parameters, enumeration, characteriza-
tion, classification, coding, etc. To unify the investigations of such objects and to emphasize
their common characteristics we propose a general concept of a regular polygonal system
and make some first few steps towards a general theory of such systems.

Here we give definitions, examples and remarks; the general reconstruction problem is
presented in Section 2; results are gathered in Section 3.

A polygonal system M is a (finite or infinite) incidence structure M = (V, E, F') whose
elements are called vertices, edges and faces: faces are abstract polygons — cyclical se-
quences of vertices (v1,...,v,), and edges are pairs of vertices {v;, v;+1}. Two faces are

*This work is supported in part by the Slovenian Research Agency (research program P1-0294 and research
project N1-0032).
E-mail address: jurij.kovic@siol.net (Jurij Kovic¢)
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incident if they share an edge, two edges are incident if they share a vertex. If M con-
sists only of n-gons it is called a n-system; if the number of these n-gons is m, it is a
n.,-system. If all these faces are congruent polygons X, it is a monohedral system denoted
Xm. If M consists only of ni-gons, ne-gons, ..., ng-gons, it is called a (nq,...,nk)-
system. The face vector (or just the f-vector) of the polygonal system M is the sequence
f(M) = (f3, fa, f5,...) where f(i) = f;(M) are the numbers of its faces with ¢ edges.
We use also the notation f(M) = (373),4f(4),5¢(5)s-- - )-

A planar or spherical polygon P is called regular if there is a cyclic group G = (R |
R™ = I of rotations acting transitively on the vertices and edges of P, and if its boundary
OP is simply connected (thus we exclude star polygons, as in Kepler solids). A regular
polygonal system M = M (Q) consists of regular polygons joined edge to edge, covering a
polygonal planar or spherical region ). The symmetry group of M = M () is the group of
the rotations and reflections of Euclidean space E? or E? preserving the incidences in M.

A code ¢(X) of a given mathematical object X is any (not necessarily discrete) struc-
ture from which X can be completely reconstructed (up to isomorphism). A boundary
code of a given m-dimensional object X is any code ¢(0X) of the shape of its (m — 1)-
dimensional boundary dX. The boundary angles code of the planar or spherical regular
polygonal system M = M () covering (tiling) a polygonal region {2 is the cyclical se-
quence ¢q (M) = ¢4 () = (t1,t2, ..., t,.) of the angles t; = 180° — ; € (—180°,180°),
where «; are the interior angles between adjacent edges A;_1A; and A;A; 1 of Q. The
boundary faces-edges code cy (M) is the cyclical sequence of symbols f(i).(;), where
f(4) is the number of edges of i-th boundary face and e(i) is the number of the boundary
edges of this face (see examples in Appendix A). A few examples and remarks will help
us better understand these definitions and the motivation for them.

In chemistry, the mathematical model of benzenoid molecules are called benzenoid
systems or polyhexes (composed of regular hexagons). Similar systems are polydiamonds
(composed of equilateral triangles) and polyominoes (composed of squares) (see Figure 1).

B D P

Figure 1: Planar regular ns-systems for n = 3,4, 5, 6.

The motivation for the boundary angles code c, comes from the “turtle geometry” [1].
The definition of boundary faces-edges code cy . is motivated by the boundary codes of
various n-systems presented below.

Several boundary codes exist for the planar regular hexagonal systems B. One of them
is the boundary edges code [6]. This code c.(B) = (k1, k2, ..., k) is a cyclical sequence
counting the numbers k; of boundary edges in boundary hexagons; we travel around the
boundary in the clockwise direction, starting at any hexagon, and having the interior of B
always at our right (see [2, 7]).

The code for the regular planar triangular systems (or 3-systems) T' may be defined ex-
actly in the same way — as the boundary edges code c.(T") counting the number of bound-
ary edges in boundary triangles of 7". Thus, for the 3-system 7" in Figure 1 its code is
ce(T) = (2,1,2).
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The case of the planar square systems (or 4-systems) S is trickier. To get the right
numbers in ¢ (,S) we must count also the “zeros” of boundary edges in boundary vertices
adjacent to no boundary edge. We can use also a simple boundary vertices-faces code
¢y, 7(S), a cyclical sequence counting for each boundary vertex how many squares (1, 2
or 3) are incident with that vertex. For the first 4-system S in Figure 1 we have c.(S) =
(2,3,0,3)and ¢, f(S) = (1,2,1,1,3,1,1,2).

There is also a code for the regular pentagonal systems P (described in [3]) that actually
counts the numbers of vertices incident only with boundary edges. For the second 5-system
from Figure 1 this code is (3, 3,2).

One can easily imagine polygonal systems composed of regular polygons with different
numbers of edges, and also non-planar generalizations of these concepts.

Example 1.1. The face vector of the planar regular (3,4,5)-system M in Figure 2 is
f(M) = (33,41,52) = T3S51 Pa, since there are three triangles T (f35 = 3), one square
S (fs = 1) and two pentagons P (f5 = 2). Its symmetry group S(M) is generated by one
reflection (over the vertical axis).

Figure 2: A polygonal system M with the symmetry group S(M) = Z.

Example 1.2. The boundary faces-edges code of the planar system M in Figure 3 is
cte(M) = (54,40,32,42). The boundary angles codes ¢, (M) of the spherical systems
with the same ¢y (M) depend on the size of the spherical triangle T'. Increasing the size
of T the interior angles «; increase as well, hence the angles ¢; = 180° — «; decrease. If
T is big enough, the angle between the pentagon and the triangle vanishes and we get a
region with ¢s (M) = (53,31, 42).

30°
120° 90°
—178°
- —18°
72
72°
72°

Figure 3: A planar regular polygonal (31, 41, 51)-system M with the boundary angles code
co(M) = (120°,30°,90°, —18°,72°,72°,72°, —78°).

The maps of Platonic solids are examples of regular 3-systems (tetrahedron 34, octa-
hedron 3g, icosahedron 35(), 4-systems (cube 4¢) and 5-systems (dodecahedron 5;5). The
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polygonal system of the square pyramid is (B, C, D, E), (A, B,C), (A,C,D), (A,D, E),
(A, E, B), thusitis a (3, 4)-system. The system (A, B, C, D), (4, B, D, C) represents the
Mobius band tiled with two quadrilaterals. In a polygonal system more than two faces may
share the same edge, as in the “3-page book” (A, B,C, D), (A,B,D,E), (A, B, F,G),
which is a 3-system, too.

2 The reconstruction problem

The first motivation for this research was the realization that it is possible to generalize
the method that worked so well for benzenoid systems B: “Encode the boundary of a
system as a cyclical sequence of numbers, and then obtain various information about B
Sfrom its boundary code b(B)” to other planar polycyclic molecules. Thus b(B) was used
to find various relations between the parameters of B, to determine its symmetry scheme,
to calculate its face count, etc. (as in [5, 7, 8]). With this motivation in mind we have in
the Introduction already defined two boundary codes c. ;(M) and ¢,(M). Now we can
ask: Is it possible to reconstruct the face vector f(M), the symmetry group S(M) or even
the whole planar regular polygonal system M = M () from its boundary code cy (M)
or ¢o(M)? Obviously, some regular polygonal systems M are reconstructible from the
chosen boundary code of the region €2 covered by M. How to characterize such systems?
This question may be stated in a more general form: Given some class C of objects X whose
boundary is determined by some boundary code ¢(0X) characterize those X from C that
can be reconstructed from its boundary code, in other words, find X for which c¢(0X) is
also the code c(X) of X.

The code is not necessarily a cyclical sequence of numbers. The boundary of any
simply connected polycube P (a solid composed of cubes of unit length joined face to
face) may be coded with a graph G(P) whose vertices are boundary square faces of P and
whose edges are labeled with angles (0, 7/2, —7/2) between adjacent boundary faces. The
number of cubes in P, the symmetry group S(P) and the polycube P itself are obviously
determined by its boundary. However, their actual reconstruction from the graph G(P) is
complicated.

The code is not always a discrete structure. In analysis, a differentiable function f
is reconstructible from its derivative f’ by the Newton-Leibniz formula up to an additive
constant C'. Likewise, a harmonic function f: 2 — R is determined by its values on the
boundary of (2.

Not all the codes of the same object contain the same amount of information. For
example, two similar planar triangles have different codes (lengths a, b, c and a’, v, ¢’), but
the same boundary code (consisting of angles «, /3, ). In some cases the chosen boundary
code ¢(0X) contains some additional information about the structure of X that cannot be
deduced from 0X alone. Thus it may happen that it is possible to reconstruct X from the
code of 90X, although it is not possible to reconstruct X only from 9.X.

Example 2.1. Let €2 be a planar polygonal region composed of a regular 12-gon and a
square sharing one side. There are two tilings M7 and M of {2 with 12 squares S and 20
equilateral triangles 7', having the same boundary angles code (90°,90°, 60°, 30°, 30°, 0°,
30°,30°, 30°,0°,30°,30°,30°,0°,30°,30°,30°, —90°), but different boundary faces-ed-
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ges codes (see Figure 4):

Ce,f(Ml) = (43740731a41a31730731741531a41a41731741731330a31a41731741740)7
Ce,f(Ma2) = (43,30,41,31,41,41,31,41,31, 30, 31,41, 31, 41,41, 31,41, 31, 30, 30)-

Hence, it is not possible to reconstruct M from the shape of the boundary OS2, encoded
by ¢, (€2). However, M is reconstructible from cy (M), since there are only two possi-
ble tilings M7 and M of Q. In this sense, ¢y (M) is a stronger code (containing more
information), and ¢, (M) = ¢,(€?) is weaker (containing less information).

(a) M, (b) M2

Figure 4: Two different planar (3, 4)-systems M7 and M5 with the same boundary and with
the same face vector (320, 412).

Remark 2.2. Two closed planar polygonal regions 2 and 2’ may have the same boundary
angles code ¢, = (t1,...,t), but if the ratio of the lengths of the corresponding edges
A;A;11 and AjA; | are not all the same, then the shapes of these regions are different.
Note that the lengths of the edges of a region () tiled by regular polygons joined edge to
edge are the same. This is the reason why the boundary angles code ¢, (2) suffices to
describe the shape of the boundary of €, tiled by regular polygons.'

3 Results

In this Section we show: if M is aregular triangle-free tiling of a planar polygonal region €2,
then we can use ¢, (M) to find the face vector f(M) (Theorems 3.1 and 3.8), to determine
the symmetry group S(M ) (Theorem 3.12), or even to completely reconstruct M = M (Q2)
(Theorem 3.5).

Theorem 3.1. Let M = M (S2) be a planar regular (3, 4)-system covering the polygonal
region ). Then the boundary angles code co(M) = ¢, () determines the face vector
f(M) of M.

Proof. The area of () can be calculated from the boundary angles code ¢, () = (t1,...,tn)
as follows: fix the coordinates of two adjacent vertices A; = (0,0) and A; = (1,0) of Q,
use vectors to find the coordinates of other vertices A;, triangulate 2 and sum the areas

"However, as we see in Figure 4, the tiling M (£2) may not be uniquely determined by the shape of its boundary,
although it is tiled by regular polygons.



162 Ars Math. Contemp. 16 (2019) 157-171

of all these triangles. The area of the regular n-gon P,, with side 1 is Area(P,) = n -
cot(360° /n). These numbers are incommensurable at least for n = 3, 4 since Area(P;) =
V/3/4, Area(P;) = 1. Now it is easy to see that the integer solutions of the equation
21(V3)/4 4+ y1 = x2(/3)/4 + ys are possible only if 1 = x3,y; = yo. Thus f(M) is
determined by ¢, (M). Solving the equation x1(v/3)/4 +y; = Area(M) is easy, since the
calculated expression for Area(M) must appear in this form, from which we just read x;
and y1. O

Theorem 3.2. The sum of the angles in the boundary angles code c, () = (t1,ta, ..., t;)
of a planar polygonal region Q is t1 +to + - - - + t,, = 360°.

Proof. This follows from the formula Y " a; = (n—2) - 180° for the sum of the interior
angles of an-gon: Y . t; = > ;(180° — ;). Another proof in the context of the “turtle
geometry” is given in [1, p. 175]. [

Regular (planar or spherical) n-gons are usually denoted by the symbol {n} or just n.
The vertex type of the interior vertex of the regular polygonal system M is defined as the
cyclical sequence (a.b.c. ... ) of the faces a, b, ¢, . . . surrounding it. The planar vertex types
in this notation are listed in [4]. It is easy to check the following very useful observation
([4. p. 60D).

Theorem 3.3. If the planar regular ni-gon, ..., n.-gon surround a vertex without gaps
and overlaps, then 3 < r < 6 and (n; —2)/n1 + -+ + (n, — 2)/n, = 2, hence there are
21 types of vertices surrounded by regular polygons in a plane without gaps or overlaps:

3.3.3.3.3.3, 3.3.3.6, 3.3.3.44, 3.3.4.34, 3.3.4.12, 3.4.3.12, 3.3.6.6,
3.6.3.6, 3.4.4.6, 3.4.64, 3.7.42, 3918, 3824, 3.10.15,
3.12.12, 4.4.4.4, 4520, 4.6.12, 488, 5510, 6.6.6.

Theorem 3.4. The possible (interior or boundary) vertex types in spherical regular polyg-
onal systems are (if we exclude spherical 2-gons):
e 5 triangles: 3.3.3.3.3;
4 triangles: 3.3.3.3.4, 3.3.3.3.5;
3 triangles: 3.3.3, 3.3.3.4, 3.3.3.5;
2 triangles: 3.3, 3.3.m, 3.m.3 (m > 4), 3.3.4.5, 3.4.3.5, 3.3.5.5;
e 1 triangle: 3, 3.m (m > 4), 3.4.n, 3.n.4 (n > 4), 3.5.n, 3.n.5 (n > 5);
o 0 triangles: m, 4.m, 4.4.m, 4.m.4(m > 4), 4.5.n, 4.n.5(19 > n > 4), 5.5.5.

Proof. We just use the fact that for the interior angle «,, of the spherical n-gon it holds that
180° > «,, > 180° — 360°/n, and check all the possible cases. A similar treatment of
faces is given in Appendix B. O

Theorem 3.5. Let M = M(Q) be a planar regular polygonal system covering the polygo-
nal region . If M contains no triangles then it is reconstructible from its boundary angles
code c,(M). Likewise, M is reconstructible from c,(M) also in the case M is without
squares and hexagons.
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Proof. The theorem is certainly true if M contains only one face. Now suppose it is true
for the systems with m or less faces and let M = M (2) be a system with m + 1 faces.
Since the sum of the r inner angles a;; of Qis >.._, a; = (r — 2) - 180°, at least one «;
must be smaller than 180°. The vertex A; of such «; < 180° is incident with at most three
regular polygons: with two or three triangles, with one triangle and one square or pentagon
or with two squares, or with a single n-gon with the inner angle (n — 2) - 180°/n.

Hence, if M is triangle-free, then the angle a; < 180° is incident with only one n-gon
P,, whose interior angle is (n — 2) - 180°/n = «;. Removing this P, from M we get a
smaller system, whose tiling is unique, by the induction hypothesis. Hence the position of
each polygon in M is uniquely determined.

Similarly, if there are no squares and hexagons in M, then every interior angle a;; <
180° is incident either with a single polygon P,, (and then we proceed as before) or with a
triangle and a pentagon. But there is no planar interior vertex type containing faces 3 and
5 (see Theorem 3.3). Therefore both the vertices of the edge AC' shared by a boundary
triangle ABC' and a pentagon are boundary vertices (see Figure 5). If we interchange the

Figure 5: Left: A (3, 5)-system with two boundary components and with the cyclical sym-
metry group Cy5. Right: An illustration of the fact that such system cannot have two
different tilings.

positions of two adjacent boundary faces 3 and 5 along the adjacent boundary edges then
the interchanged face 5 covers a neighbourhood of C' (as in Figure 5 right). So there is only
one possible tiling of M in the neighbourhood of all boundary points incident with 3.5 or
5.3. Removing this triangle and pentagon we get a smaller region for which the theorem is
true by the induction hypothesis. O

Remark 3.6. It may happen that the boundary of M — P, is no longer a simple closed
curve (see Figure 6); it may have crossings and it may have more than one component.
However, by repeating the process of removing the polygons corresponding to interior an-
gles a; < 180° from the system and calculating the boundary angles code of the smaller
system we may find the exact locations of each face in the system algorithmically. For ex-
ample, removing a boundary square P, from M changes the boundary code from ¢, (M) =
(tr,to, . s ticn, ti = g = 90°%, tiy1,. .. t) into co (M — Py) = (ty,t2,ti1 + 04 —
180°, g + ti41,.-.,tr), as in Figure 6. For n > 5 we get a more complicated formula
for ¢, (M — P,,), dependent on how many successive angles ¢;,t; 11, ... titx in cq (M) are
equal to (n — 2) - 180°/n.

Just as in the planar case, there are polygonal regions on the sphere admitting more
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Figure 6: Removing of a boundary face may produce a system that is no more face-
connected.

than one regular tiling, too. A spherical pentagon, covered by five regular triangles sharing
a vertex of the spherical icosahedron is an example of such a region.

Theorem 3.7. Let M be a spherical regular polygonal system M without triangles and
squares. If the boundary of M has only one component, then M is reconstructible from its
boundary faces-edges code cy (M).

Proof. By Theorem 3.4 M has no interior points. Hence there can be no cycle composed
of adjacent faces in M, and ¢y (M) completely describes the system M. O

Theorem 3.8. The face vector (M) = (fs, fu, f5,...) and consequently also the number
of faces f = fs+ fa+ fs+- - - of any regular planar polygonal system M = M (Q) without
hexagons or triangles and with all sides of length 1 is uniquely determined by the area of
Q, and this area is uniquely determined by its boundary angles code ¢, () = co(M).

Proof. If M = M () has at most two faces, then its face vector is obviously determined
by its boundary code, except in the case of a hexagon, which may be decomposed into six
triangles. Suppose the theorem is true for any system with n faces. Take a system M with
n+2 faces. In every boundary vertex with a positive angle ¢; we can repeat the procedure of
taking out the polygons of M as in the proof of Theorem 3.5. In the boundary vertices with
the interior angles filled with 3.4, 4.3, 3.5, 5.3, we take away from M both combinations
and get two smaller systems M* and M ** composed of n faces which must have the same
area, hence they have the same face vector by the induction hypothesis. Therefore M has
the unique face vector, too. O

Theorem 3.9. The symmetry group S(M) of a planar or spherical regular polygonal sys-
tem M = M (QY) is a subgroup of S(Q2) = S(09).

Proof. Any rotation or reflection preserving M preserves the region €2, tiled by the poly-
gons of M. The symmetry group of the boundary of €2 is obviously isomorphic to the
symmetry group of 2. O

A symmetry of the boundary of {2 does not necessarily induce a symmetry of M =
M (€2). For example, if we glue together the two 12-gons from Figure 4 (without the added
top square) along the vertical edge, we get a region with two reflection symmetries (over
the vertical axis and over the horizontal axis), yet its tiling has only one reflection symmetry
(over the horizontal axis).



J. Kovi¢: Regular polygonal systems 165

Theorem 3.10. If there is only one regular polygonal system M = M (Q)) covering the
region S then the groups S(M ) and S(Q) are isomorphic.

Proof. If the tiling M of ) with regular polygons is unique, then every symmetry of {2
automatically induces an automorphism of M. O

Lemma 3.11. Let Q2 be a planar polygonal system with given lengths of its edges |; =
A;A; 1 and with the boundary angles code ¢(Q) = (t1,...,t).

(i) If tixr =ty and if [, = i, for some k > 2, then Q has a rotational symmetry for
the angle 360° /(r /k).

(ii) If co () = (t1,...,tr) = (tr, ..., t1) and if the cyclical sequence ¢; = (I1,1a,. . .,
1) of the lengths 1; of the boundary edges A; A; 1 has a reflection symmetry, then )
has a reflection symmetry.

Proof. (i) This is obviously true for k£ = 1, for in that case we have ¢,(Q2) = (¢,¢,...,t),
hence all ¢; are the same, and all /; are the same, hence (2 is a regular polygon P, invariant
for the rotation for the angle 360° /7.

In the case k = 2 we have ¢,(Q2) = (¢, s,t,s,...,t,s). Removing from () the congru-
ent triangles AA; Ay As, ANA3A4As, ..., ANAg,_1 Ao, A1 we get aregion with r/k = r/2
boundary edges where all ¢; are the same and all /; the same (case k = 1) and for which
we know (i) is true; hence 2 has the rotation for the angle 360°/(r/2), too.

Similarly, for the & > 3 we remove /k = n congruent triangles from {2 to get a smaller
region with 7 — = nk —n = n(k — 1) boundary angles and with a period k£ — 1, hence

by the induction hypothesis having a rotation R,, where n = 7 = = kk:ll). Hence (2 has
the rotation for the angle 360° /(r/k), too.

(ii) Reflection symmetry of the sequence ¢;(£2) may have three forms?:

(a) Cl: (y7Z7"'7b7a7a7b7"'7y7z)’
®) ¢ =(x,y,2,...,b,a,a,b,....y,2),

©) a= (xvyazv'”vbvaaavbv"‘vyv'sz)’

and the same holds for the cyclical sequences of the lengths ;.

Obviously (ii) is true if © has 3,4, 5 or 6 sides, since the only possible cases of ¢;(€2)
are: (Z‘, Y, y)’ (y7 %5 %y y)’ ($7 Y Y, Z)’ (Z‘, Y, %, %, y)’ (JJ, Y, 2,%2,Y, ’lU) and (J?, Y 2,2, Y, Z‘)
Now we can use a simple induction argument to see that if {2 has more sides than 6, then
we can cut it in two pieces with the boundary angles code of the types (c) or (b), and each
of these two pieces has the same reflection symmetry (whose axis is the symmetral of the
same line X'Y"), hence (2 has the same reflection symmetry (see Figure 7 middle). This is
clear for regions of the type (a); the regions of the types (b) and (c) are obtained from a
region of the type (a) by glueing one or two triangles to it. 0

Theorem 3.12. Let M = M (Q) be a regular planar polygonal system without triangles
covering the region Q). Then the symmetry group S(M) of M and the center of the rotation
R, are determined by its boundary angles code c,(M) as follows:

(i) if co (M) has a reflection symmetry co(M) = (t1,...,t.) = (tr,...,t1) then M has
a reflection symmetry;

The letters x, vy, z, a, b, . . . are used here to denote lengths I; of boundary edges of 2.



166 Ars Math. Contemp. 16 (2019) 157-171

Figure 7: Left: a region with rotational symmetry; middle: a region with reflection symme-

try; right: a region whose all boundary angles are identical (equal to 120°, as in a regular
hexagon), yet it has no symmetry.

(ii) if ca(M) = (t1,...,t.) is a periodical cyclical sequence: t; iy, = t; for some k > 2
then M has a rotational symmetry for the angle 360° /(r/k);

(iii) if f =1 (mod n) then the center of the rotation R, is in a face;

(iv) if f = 0 (mod n) and n > 2 then the center of the rotation is in the vertex
(ffn>2)

(v) if f =0 (mod n) and n = 2 then the center of the rotation is in an edge.

Proof. By Theorem 3.5, M = M() is uniquely determined by its boundary angles
code c,(M) = ¢4(Q2). By Theorem 3.9, the group of symmetries of M is isomorphic
to the group of symmetries of the boundary of 2. Now (i) and (ii) follow directly from
Lemma 3.11. Indeed, if the boundary angles code ¢, (M) = ¢,(f2) of length r remains
the same after the shift £ (mod m), then r = kn is divisible by k and € has a rotational
symmetry R,, (see Lemma 3.11).

Likewise, the reflection symmetry of ¢, (2) implies the reflection symmetry of 2, since
all the edges of (2 are of the same size (since they are tiled by the regular polygons of M
joined edge to edge) and we can apply Lemma 3.11. Now we use again S(Q2) = S(M),
implied by Theorem 3.5.

The center of the rotational symmetry R,, of any planar regular polygonal system can
be in a vertex (this is possible only in the cases when n = 3,4, 6), in an edge center (this
is possible only if n = 2) or in a center of a m-gon, where n divides m. If there are no
triangles in the system, and if n is odd, then the center of the rotation R,, is in a face center.

If the rotational symmetry R,, has the center in a m-gon, then f,,, =1 (mod n) while
the number of all other i-gons f; is divisible by n, hence f = 1 (mod n). If the center
of the rotation is in a vertex or in an edge center, then f; = 0 (mod n) for every i, hence
f =0 (mod n). By Theorem 3.8 the face vector of M without triangles may be obtained
from the boundary angles code ¢, (M) so the numbers f; are known, hence we can easily
distinguish between the two possible cases with rotational symmetry: f =1 (mod n) and
f=0 (mod n).

If f =0 (mod n) and n > 2 then the center of the rotation must be in a vertex. If
f =0 (mod n) and n = 2 then the center of the rotation must be in an edge. O

Remark 3.13. So the information hidden in the boundary angles code suffices to find out
whether the center of rotation is located in a face, in a vertex or in the middle of an edge.?

3 Another possible approach to this question is to calculate the center of rotation directly via orbit barycenters,
and compare its coordinates with the coordinates of all the vertices, face centers and edge centers of the tiling M.
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4 Summary and open questions

We proposed a concept of a regular polygonal system, a mathematical model of chemical
(planar or non-planar) molecules composed of chains of atoms forming regular n-gonal
cycles of equal or various length (n = 3,4,5,6,...).

We proved that the structure (and hence the symmetry group) of any regular planar
polygonal system M without triangles or without squares and hexagons is reconstructible
from its boundary angles code ¢, (M).

The proof of Theorem 3.1 implicitly uses a simple incommensurability argument. This
type of argument can be generalized as in the following definition and lemma:

Definition 4.1. The quantities ¢1, go, - . . , g, are called incommensurable, if they satisfy the
following condition: if two linear combinations of these quantities with integer coefficients
are the same, i.e. > ., a;q; = Y., big;, then their corresponding coefficients must be
the same, i.e. a; = b;.

From this definition immediately follows:

Lemma 4.2. If any quantity q can be expressed as an integer linear combination

n
q= Z aiq;
i=1

of incommensurable quantities, then the coefficients a; are uniquely determined by q.

Conjecture 4.3. The areas of all planar regular polygons with the same side length (except
the triangle or hexagon) are incommensurable quantities.

Conjecture 4.4. The volumes of all Platonic and Archimedean solids with the same side
are incommensurable quantities.

If one could prove Conjecture 4.3, this would automatically prove also Theorem 3.8.
However, the converse is not true. If one could prove Conjecture 4.4 this would prove
another conjecture:

Conjecture 4.5. If we glue together copies of Platonic and Archimedean solids (with unit
sides) face to face then we can find the number of each of them just by knowing the volume
of such composed solid.
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Appendix A Planar regular (3, 4)-systems

These systems may be classified by two parameters: the numbers f3 and f, of triangular
and square faces, as in Figure 8.

As we see, the number of these systems grows very quickly with the total number of
faces f = f3 + f4. There are 16 such systems with 1, 2 or 3 faces.

In Figure 9 they are arranged by the increasing total number of faces. We give also their
boundary faces-edges codes cy . and boundary angles codes c,. Observe that in all these
cases all the faces are boundary faces.

Since for the planar regular polygonal (3, 4)-systems all their boundary angles are mul-
tiples of 30°, we give the boundary angles codes also in the form of multiples of 30°.

The corresponding boundary faces-edges code and boundary angles codes of these
(3,4)-systems, ordered as in Figure 9, are:

cre(M) ca(M)

(33) (120, 120, 120)° — 30°(4,4,4)

(44) (90, 90, 90, 90)° — 30°(3,3,3,3)

(32, 35) (60, 120, 60, 120)° — 30°(2,4,2,4)

(43, 35) (120, 30, 90, 90, 30)° — 30°(4,1,3,3,1)

(43, 43) (90,0,90, 90, 0,90)° — 30°(3,0,3,3,0,3)

(35,31,32,30) (60, 60,120,0,120)° — 30°(2,2,4,0,4)

(30,30,43,31)  (—30,90,90,30,60,120)° = 30°(—1,3,3,1,2,4)

(30,31,43,30) (90,90, —30,120,60,30)° = 30°(3,3,—1,4,2,1)

(30,41,32,41)  (120,30,30, 120,30, 30)° — 30°(4,1,1,4,1,1)

(32,40,32,42) (120,-30, 120, 30,90, 30)° = 30°(4,—-1,4,1,3,1)

(43,40,32,42) (90,-60,120,30,90,0,90)° = 30°(3,-2,4,1,3,0,3)

(49,32, 40,43) (30,120, 60, 90,90,0,90)° = 30°(1,4,-2,3,3,0,3)

(43,41,32,41) (90,0, 30,120,30,0 90) = 30°(3,0,1,4,1,0,3)

(4,30,43,31) (90,90, —60,90,90,30,30)° = 30°(3,3,-2,3,3,1,1)

(43,41, 45.41) (90,90, 0,0,90,90,0,0)° — 30°(3,3,0,0,3,3,0,0)

(43, 49, 43,42) (90,90, —90,90,90,0,90,0)° = 30°(3,3,3,3,3,0,3,0)

| fai=0] fi=1] fa=2 ‘ fa=3
e | m  |om
fs=1 /—\ ﬁ {:\1:1 I:l/:\l etc.
> O

Figure 8: Regular planar (3, 4)-systems classified by two parameters.
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Figure 9: Planar regular polygonal (3, 4)-systems with f = f5 + f, < 3 faces.

Appendix B Types of faces

The idea to classify the types of hexagons in a benzenoid system with respect to their
contacts to adjacent faces in a system [2, 7] may be generalized to any n-gonal faces in any
polygonal system as follows:

Definition B.1. The type of the n-gonal face f in a polygonal system M is the cyclical
binary sequence (b1, ...,b,) where b; = 0 if the i-th edge of f is incident to at least one
other face of M and b; = 1 if it is a boundary edge of f. The number of types of n-gons
having k entries 1 in the binary code is denoted T'(n, k). The number of possible types of
an-gon is denoted T'(n).

3 141 2 1+1| A 4 5

Figure 10: Boundary face types 11,75, T3, S1, S2, S141, 53, 54, P1, P2, P1y1, Ps, P12,
Py, Ps.

Theorem B.2. The following relations hold:

(i) T'(n) equals the number of binary cyclical sequences of length n.
(ii)) T(3) =4,T(4) =6,T(5) =8,T(6) = 13.

Proof. (i) This is obvious, and trivially implies also relations T'(n, k) = T'(n,n — k) and
T(n) =T(n,0)+T(n,1)+ -4+ T(n,n). To each type t of a n-gon exists the opposite
type ¢t* with the entries b} = 1 — b;, hence t** = ¢.

For (ii) see Figure 10. Summing the adjacent entries 1 and ignoring the entries 0 we
can, at least for the triangles T, squares .S and pentagons P, denote their possible boundary
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types like this:

To = (0,0,0), (1 070)7 T = (171 0) T17
T; = (1,1,1) = T3, =(0,0,0,0), S1=(1,0,0,0),
Sy =(1,1,0,0) = 53, Sl+1 (1,0,1,0) = S7,q, Ss=(1,1,1,0) = ST,
Sy =1(1,1,1,1), =(0,0,0,0,0), P, =(1,0,0,0,0),
Py = (Ll 0,0 O) P1+1 (1 0717()’0)) P1+2 (1 0,1,1,0) Pl*-&-Qa
P;=(1,1,1,0,0) = PJ, P, =(1,1,1,1,0) = Py, Ps=(1,1,1,1,1)
The inner faces are
To = (0,0,0), So = (0,0,0,0), Py =(0,0,0,0,0).

The 13 types of boundary hexagons H with 1, 2, 3, 4 or 5 boundary edges, e.g.
H1+1+1 = (1,0,1,0,1,0) or H2 = (1,1,0,0,0,0)
are given in [2] and more precisely classified in [7]. O

Remark B.3. The sequence T'(n) (although defined only for n > 3) corresponds to the
sequence A000029 in OEIS [9].
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Abstract

Suppose .# = {F1,..., F;}isacollection of distinct subgraphs of a graph G = (V, E).
An .%-WORM coloring of G is the coloring of its vertices such that no copy of each sub-
graph F; € % is monochrome or rainbow. This generalizes the notion of F~-WORM
coloring that was introduced recently by W. Goddard, K. Wash, and H. Xu. A (restricted)
partition vector ((,,...,(g) is a sequence whose terms ¢, are the number of .%#-WORM
colorings using exactly r colors, with & < r < . The partition vectors of complete graphs
and those of some 2-trees are discussed. We show that, although 2-trees admit the same
partition vector in classic proper vertex colorings which forbid monochrome K, their par-
tition vectors in K3-WORM colorings are different.

Keywords: 2-tree, maximal outerplanar, partition, Stirling numbers.

Math. Subj. Class.: 05C15, 05C10

1 Preliminaries

A partition o of a set S is a set of nonempty subsets or blocks of S such that each element
of S is in exactly one of the subsets of S. The number of blocks of ¢ is its rank and a
partition of rank r is simply called an 7-partition. For instance, the Stirling number of the
second kind, {"} counts the number r-partitions of the set [n] = {1,2,...,n}.

Consider the mapping ¢: S — [z] being an z-coloring of the elements of S. A subset
A C Sis said to be monochrome if all of its elements share the same color and A is rainbow
if all of its elements have different colors. As such, a coloring ¢(5) is a partition of the set
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S since all of the elements of S are assigned a color; elements that share the same color
belong to the same block (monochrome subsets), and different blocks are used for those
with distinct colors (rainbow subsets).

Let G = (V, E) denote a simple graph and suppose .% = {F1,..., F;} is a collec-
tion of some distinct subgraphs F; C G, 1 < i < t. An .#-WORM coloring of G is the
coloring of the vertices of G such that no copy of each subgraph F; is monochrome or
rainbow. When .%# has only one member, say F', we write F'~-WORM coloring; this special
case was first introduced by W. Goddard, K. Wash and H. Xu, and independently studied
by Cs. Bujtds and Zs. Tuza [5,7, 8,12, 13]. We note that this coloring requirement makes
sense only if each F; € . is of order three or more. However, for a generalization purpose
if some F} is of order 2, we allow only rainbow copies of F; in order to meet the classic
proper (vertex) coloring requirement. Suppose S = (V, ) is a hypergraph. If |e| = s for
each hyperedge e € &£, then JZ is said to be s-uniform. Given any vertex coloring of JZ,
if no e € £ is monochrome, 57 is called a D-hypergraph or simply a hypergraph. When
no e € & is rainbow, 7 is called a cohypergraph. In the event no e € £ is monochrome or
rainbow, then 7 is called a bihypergraph. Moreover, if G is a hypergraph and each sub-
graph F; = E,, the null graph on r-vertices, then an .%-WORM coloring of G is a proper
(vertex) coloring of an r-uniform bihypergraph; Cs. Bujtds and Zs. Tuza [7, 8] also noted
this strong relation between .%-WORM coloring and mixed hypergraph colorings, a theory
that was first introduced by the second author [25, 26]. Thus, the notion of .%-WORM col-
orings generalizes several well known coloring constraints. Given an .% -WORM coloring,
the sequence ((y, - - ., () whose terms, (,, are the number of r-partitions is called a (re-
stricted) partition vector, with a < r < (3. In general, partition vectors have some added
benefits in the study of log-concave and unimodal sequences which often arise in algebra,
combinatorics, computer science, even in probability and statistics (see for e.g., [2, 4, 11]).
A sequence of non-negative terms (ao, . . . , a,, ) is called log-concave if a? > a;_1a;41 for
i = 1,...,n — 1. Such sequence is also said to be unimodal if it has no gap (i.e., there
is no ¢ with a;_1 # 0, a; = 0 and a;41 # 0) and there is an index 0 < j < n such that
ap < ... < aj > ...2> ay. Further, partition vectors are closely related to colorings; each
¢, gives the number of .%-WORM colorings using exactly r colors, in which case « and
[ are the lower and upper chromatic numbers, respectively. In [7], it is shown that it is
NP-hard to determine « and it is NP-complete to decide whether or not a graph G admits a
K3-WORM coloring using k > 2 colors. Moreover, the integer set S = {z : a« < < §}
commonly known as feasible set, has been the subject of numerous research publications
(see e.g., [6, 15, 18, 27]). We note that the term chromatic spectrum has also been used for
feasible set in some of the aforementioned literatures. Further, we call the rank-generating

function
G| FiT Z Ckx

the restricted partition polynomial of G sub]ect to an .%-WORM coloring. Note that,
when z* is replaced by the falling factorial power 2t = z(z — 1)(x —2) - - - (v — i + 1), the
polynomial

G|77 Z Ckxf

counts all .#-WORM colorings using at most x colors. Some variants of restricted par-
tition polynomials have been well studied. For instance when G = E,,, 0(G|g; z) is the
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Bell polynomial which is a widely studied tool in combinatorial analysis [9, 24]. Also,
(G| k,; x) has been recently called Stirling polynomial [11] although it was first intro-
duced by Korfhage as o-polynomial [17]. In particular, when written in the falling factorial
power of z, 0(G|k,; x) = x(G; x) is the well known chromatic polynomial [3, 22]. Thus,
a restricted partition polynomial extends both the chromatic polynomial and the Stirling
polynomial of graphs. In this paper, in Section 2, we determine the partition vectors of
some mixed hypergraphs. Later, in Section 3, we investigate K3-WORM colorings of
some 2-trees. We find that, while 2-trees admit the same partition vector given any (clas-
sic) proper vertex coloring, it is not true for their K3-WORM colorings. To support this
argument, we present two non-isomorphic members of 2-trees which have different par-
tition vectors. In Section 4, we conclude this paper with .#-WORM colorings when .#
includes a family of 2 or more graphs such as Path, Star or Cycle.

2 Coloring K,, with forbidden monochrome or rainbow subgraphs

We begin by establishing a connection between K ;-WORM coloring of a complete graph
K,, and mixed hypergraph colorings.

Theorem 2.1. The partition vector in a Ks-WORM coloring of Ky is ((| n_|,...,Cs—1),
where (, = {"'} forall 3 < s < n.

Proof. A partition of the vertices of K, into r blocks, i.e., {Z}, guarantees that no subset
of V(K,) with size r < s—1 is rainbow. Moreover, to forbid a monochrome K, it suffices
to ensure that no subset contains s or more elements, given each r-partition. This implies

that n <r(s —1). Hence, | ;7] <r < s — 1, giving the result. O

An s-uniform hypergraph whose hyperedges are all the subsets of size s > 3 of its
vertex set is called an s-uniform complete hypergraph.

Corollary 2.2. The partition vector of an s-uniform complete bihypergraph is (¢| R PRRR
Cs—1), where (. = {Z}for all s > 3.

Removing either restriction on r gives each of the next result.

Corollary 2.3. The partition vector of an s-uniform complete hypergraph is (¢ PR
Cs), where (. = {} forall s > 2.

Corollary 2.4. The partition vector of an s-uniform complete cohypergraph is ((1,. ..,
Co—1), where , = {T} forall s > 3.

3 Partition vectors of some 2-trees

As a generalization of a tree, a k-tree on n vertices (with 1 < k < n) is a graph which
arises from a K} by adding n — & > 1 new vertices, each joined to a K} in the old
graph; this process generates several non-isomorphic k-trees, k£ > 1. Figure 1 depicts
four non-isomorphic 2-trees on 6 vertices. K-trees are chordal graphs which are known
to admit at least one simplicial elimination ordering ([10]). Recall, a graph is chordal if
it does not contain an induced cycle of length 4 or more. The characterization of families
of graphs by forbidden subgraphs is an old tradition in graph theory and k-trees, despite
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AN AN

(a) 3-sun (b) fan

(c) snake (d)60(1,2,2,2,2)

Figure 1: Some non-isomorphic 2-trees.

being ubiquitous, have yet to be fully classified even in the case when k£ = 1. Adding some
additional restrictions on the coloring of certain subgraphs besides Ky and E,, may help
in the analysis of the structure of the graphs that contain them. To help support this claim,
we begin with the partition vectors in the coloring of 2-trees when monochrome K5 are
forbidden. These vectors do not characterize any member of k-trees, since non-isomorphic
k-trees do share the same partition vector as shown, later, in Corollary 3.2.

Proposition 3.1. The equality

holds forall 1 < k < n.

Proof. Since 2 = Y7, {"}at, this implies that (z — k)"~ % = 37— F {" "}z — k)t
and

Il

3
]
=
—
]

=+ |
=N
——

‘i

ol

giving the result. O

Corollary 3.2. The partition vector of any k-tree on n — k simplicial vertices such that no
Ko is monochrome is (i1, - - -, Cn), where (. = {Z:llz}

Proof. 1t is easy to see that the left side of the equality of the formula in Proposition 3.1 is
that of the chromatic polynomial of any k-tree, k > 1. The result follows from the right
side of that equality. O
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We note the quantity { :L:],:} = {7} (k) is known for counting the number of k-nonconse-
cutive r-partitions of n elements (see e.g., [16]); a partition of the set {1,...,n} is said to
be k—nonconsecutive whenever x and y are in the same block, |z — y| > k.

Recall that a graph is called outerplanar if it can be embedded in the plane in such a
way that every vertex lies on the outer cycle. A maximal outerplanar (MOP) graph is an
outerplanar graph with a maximum number of edges [21]. Graphs such as 3-sun, fan and
snake are some well known MOPs; these graphs are depicted in Figures 1(a), 1(b) and 1(c),
respectively. Laskar and Mulder [19, 20] characterized MOPs as the intersection of any two
of the following graphs: chordal, path-neighborhood, and triangle graphs 7'(G) which are
trees. Recall, a path-neighborhood graph is a graph in which every vertex neighborhood
induces a path and the triangle graph T(G) of G has the triangles of G as its vertices, and
two vertices of T'(G) are adjacent whenever their corresponding triangles in G share an
edge [1]. Simply put, MOPs are members of 2-trees. Here, by considering K3-WORM
colorings of 2-trees, we have found that their partition vectors are uniquely determined and
the process reveals that MOPs are 2-trees with the characteristic that every edge is shared
by at most two triangles.

Theorem 3.3. Suppose G is a 2-tree such that its triangle graph is a path. Then the number
of colorings of its vertices such that no triangle is monochrome or rainbow is

P(G)= Y ¢n—1jzz-1),
1<5<1 %]

where

bn—1,5) = b T2zt FI< 3
’ an-1,2 otherwise

and the values a; ;’s satisfying,

(i)
a1 =1,a;1 =2foreach2 <i<n-1

and, foreachk =1, ..., L%J

(ii)
tops = {a2k—1,j + Aok—1,j4k—1 lf 2<j< k ’
’ A2k—1,j—k fk+1<j<i
(iii)
Qok,j + Qo j+k—1 I 2< 5 <k
agkt1,5 = 4 1 fj=k+1
Aok, j—k—1 ifk+2<j <.

Proof. Suppose G = (V, E) is a 2-tree on n > 3 whose triangle graph is a path. Then,
there exists a simplicial elimination ordering m = {u1, ..., uy}, such that u; is adjacent to
the edge with endpoints (w;—1,u;—2). Let Gy := u1, G := ujug, and G; := G;_1 U {u;}
where u; is adjacent to the pair (u;—1,u;—2) in G; for all ¢ > 3. Suppose c is any coloring
of G and denote by P(G) the restricted number of colorings of G. For n = 3, we count the
colorings when wus is rainbow and when u;us is monochrome, separately. If we denote
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Ay =x(x—1)and By = xthen P(G3) = A1+ (x—1)B1+A;. Set Ay := A1+ (x—1)B;
and By := A; and clearly A5 and By count the number of colorings where c(u3) # c¢(uz)
and c(us) = c(us), respectively. For all n > 3, at each iteration, we separate the terms
that count c¢(u;) # ¢(u;—1) from those that count ¢(u;) = ¢(u;—1), giving the recursion
P(Gn) = An—l + Bn—h where An—l = An_g + (.Z‘ - 1)Bn_2 and An—l = An_g.
Now use A; and B as basis for the previous recursion and record at each iterative step the
coefficients a; ;’s of each expression (x — 1)’“, for1 <i,j <n—1. Bylettinga;; =1,
it is easy to verify that the coefficients a; ;s satisfy the conditions (i) — (iii). For instance,
when n = 3, ag1 = 2, a2 = a1,1 = 1. Now, define an (n — 1) x (n — 1) matrix A
whose entries are the coefficients a; ;’s of P(G;41) with P(G3) = z(z — 1). It follows
that P := zA - (), where

P(Gg) (11,1
P(G3) as 1 az,2
P: . s A == . . )
P(Gn) anp—-1,1 OGp—-12 ... (An—-1n—1
and .
Q=[Q"@%,
with
Q' = [(Jc — 1)t (x — 1)W51 } and
Q* = [(z— 1)’ (x - D]
Thus,
P(G) = P(G,) =
x( Z ap—1k(T — 1)k + Z an—1,5(x — 1)’6_(%”) -
1<k<[ 254 14251 | <k<n—1
> bn—1j)a(@—-1), @1
1<5<1 3]
where
Bln—1,5) = T ey 1<
Ap—1,2 otherwise,
giving the result. O

Remark 3.4. The argument in Theorem 3.3 requires that, at each iteration, no newly added
vertex is joined to a previously used edge of a triangle. Also, this argument obviously
applies to the case when one endpoint (but not both) of an edge is reused during the iteration
process as in the case of a fan, for example. Moreover, because the recursive process is
independent of the choice of the edge in the old graph, the result includes all such 2-trees
which have the characteristic that each edge in the graph is shared by at most two triangles;
this is a unique characteristic of MOPs, giving the next result.
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Corollary 3.5. If G is a MOP then its partition vector given any K3-WORM coloring is
(Cos- w5 myy1), where

with
) Op—1j+ Gy 1 n-1 ., ifF<F
Bn—1,4) = {0 T Oentegy 1T
an-1,2 otherwise,
and the values a; ;’s satisfying,
(i)
a1 =1,a;1 =2foreach2 <i<n-1

and, foreachk =1, ..., L%J

(ii)
i {azk—l,j + Q2k—1,j+k—1 Z:f 2<j5< ]g |
’ A2k—1,j—k ifk+1<5<14
(iii)
gk + Gzk k-1 f2<j <k
Ggk+1,5 = {1 ifj=k+1
A2k, j—k—1 ifk+2<j<ui.

Proof. Apply Proposition 3.1 (when & = 1) to the factors of the parameter ¢ in (3.1) and
combine like expressions, to obtain the restricted partition polynomial

Lz )

L3141 Ny
o(Glx,) = Z:; (> ¢(n—1,j){r_1}x),

Jj=r—1
giving the result. O
Observations.

1. Whenr = | %] + 1, the upper partition number (||, = ¢(n — 1,5 |), where

1 if n is even
24 251 otherwise.

pn—1,13]) = {

These values indicate that MOPs with even number of vertices admit a unique K3-
WORM coloring.

2. Also, it is worth noting that when r» = 2, we have the lower partition number (5 =
Z]Li (n,j) = > ai;. Further, if we let bj_1 = > a;; for all i > 2, the
sequence {b, } satisfies the shifted Fibonacci recurrence given by by = 3, by = 5
and b,, = b,,_1 + b,,—o, forn > 3.
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3. If each triangle of G is replaced by a hyperedge (of size 3), the previous result
also gives the partition vector of several nonlinear 3-uniform acyclic bihypergraphs,
which include the complete 3-uniform interval bihypergraphs [26]; 3-uniform bihy-
pergraphs often appear in communication models for cyber security [14].

Obviously, there are other members of 2-trees who have 3 or more triangles sharing
the same edge as subgraphs. Here, we present the other extremal case of 2-trees when all
triangles share a single edge, say ujus. This 2-tree, often denoted by 6(1,2,...,2), is a
member of the well known n-bridge graphs. See Figure 1(d) for an example of a 5-bridge.
Note that 6(1, 2, ..., 2) is a maximal planar graph but not a MOP, for all n > 5.

Corollary 3.6. Suppose G = 6(1,2,...,2), an (n — 1)-bridge graph on n > 3 vertices.
The partition vector of a K3-WORM coloring of G is (Ca, . .., (n—1) where

2" 2+ 1 ifr=2

r = -2
G {n } otherwise.
r—1

Proof. Count the number of colorings when the shared edge wjus is monochrome and
when it is rainbow, giving z(z — 1)"~2 4 2"~ 2z(z — 1) colorings. Now apply Proposi-
tion 3.1 (when k = 1) to the terms of the expression to obtain the result. O]

We leave it to the reader to verify that the previous values in the partition vector when
G =460(1,2,...,2) are different from those of MOPs, for all n > 5.

4 Conclusion

We’ve shown that while 2-trees admit the same partition vector given any proper vertex
coloring, it is not the case with their K3-WORM colorings. We hope these results indicate
the importance of WORM colorings in general in the analysis of the structures of some
well-known graphs which could not be classified with the usual proper vertex colorings.
For a potential future research, we introduce some generalizations of . -WORM colorings
when # includes multiple graphs such as Path, Star or Cycle. In the next results, C,,,
K1 n—1, and P} denote an n-cycle, an n-star, and an n-path that includes a fixed vertex
(apex) uq, respectively.

Corollary 4.1. Suppose G is a fan on n > 4 vertices. If G has a K3-WORM coloring then
G admits an F-WORM coloring with & = {PF, K;4,Cy,0(1,n1,n2)} where s > 4,
L%J <t<n-—17r>3 and2 < ny <nsg such that ny +ns < n.

Proof. Suppose G is a fan on n > 4 vertices which we can construct as follow: start with
a triangle, say (u1, us, ug), and iteratively add n — 3 new vertices such that each additional
vertex u; is adjacent to the pair (uq,u;—1), for i = 4,...,n. Assume G admits a K-
WORM coloring.

(i) Observe that for s > 4, every path P; C G contains the subgraph wu;u;y; for
some ¢ (2 < ¢ < n — 2). If some 3-path (that includes ;) is monochrome/rainbow
then the triangle (w1, w;,u;4+1) is monochrome/rainbow, violating the K3-WORM
coloring assumption. Hence G admits a P;-WORM coloring for all s > 4.
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(ii)

(iii)

(iv)

By letting the vertices of K ; C G be all the vertices of G, it follows that ¢t < n — 1.
Now, consider the coloring such ¢(u1) = c(uax) and c¢(uy) # c(ugky1) for k =
1,..., [”7_1] . Clearly, such coloring does not violate our assumption of K3-WORM
coloring of G. Hence, the lower bound of ¢ is satisfied by letting the vertices of
Ky be {ui,ugt U{ugpyr :k=1,..., [%1}, which guarantees a K ;-WORM
coloring for all ¢ > [25-1].

For r > 4, since every cycle C,, C G includes the apex wu;, there exists an s < r
such that P} C C,, with4 < s < r < n. From (i), G admits a C,.-WORM coloring.
The case when r = 3 is trivial.

Likewise, since 0(1,n1,n2) contains C14, C G with ¢ € {n1,na}, the result fol-
lows from (iii) that, for all 2 < n; < ny such that ny + ny < n, G admits a
0(1,n1,n2)-WORM coloring. O

Note that the converse of the statement in Corollary 4.1 is not true. Using a similar ar-
gument as in the previous proof establishes the next result; recall, a snake (see Figure 1(c))
is a 3-sun-free maximal outerplanar graph with at least four vertices.

Corollary 4.2. Suppose G is a snake on n > 4 vertices. If G has a K35-WORM coloring
then G admits an % -WORM coloring, where % = {C,,0(1,2,2)} with3 < r < n.
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1 Introduction

All graphs considered in this paper are nontrivial, finite, simple and undirected. By a
nontrivial graph we mean a graph on at least two vertices. If G = (V, E) is a graph, then
V = V(Q) is the set of vertices of order n(G) = |V, and E = E(G) is the set of edges of
size m(G) = |E|. The degree of a vertex v € V in graph G will be denoted by dg(v). A
vertex v of degree 1 is a leaf, while its only neighbor is called a support vertex. If u has at
least two neighbors which are leaves, then u is referred to as a strong support vertex. The
minimum and maximum degree among the vertices of G are denoted by §(G) and A(G),
respectively. For v € V(G), the set of its neighbors is denoted by N (v) and called the
open neighborhood of v. We use a similar notation for a set A C V(G), it is defined as
Ng(A) = Uyea Na(v). If G is clear from the context, we simply write d(v), N (v) and
N(A) instead of dg(v), Ng(v) and Ng(A), respectively.

For a graph G, a set D C V(QG) is a total dominating set if every v € V(G) has at least
one neighbor in D; i.e., if N(D) = V(G). If G does not contain isolated vertices, such
a set D always exists, and the minimum cardinality of a total dominating set, denoted by
~¢(G), is the total domination number of G. A survey on total domination can be found
in [8], and more recently, the topic was thoroughly covered in the book [9]. If C, is a cycle
of length n, its total domination number can be obtained as follows:

2+1, ifn=2 (mod4);

[g] ,  otherwise.

For a set B C V we denote by G — B the graph which is obtained from G by deleting
the vertices in B and all edges incident with them. Moreover, if v1v2 € E and vivy ¢ E
with vy, v2 € V, we use the notations G — vy vz and G + vy v, for the graphs (V, E\ {v1v2})
and (V, E U {v1va}), respectively. Let G and G be two vertex-disjoint graphs and let
vy € V(G1), va € V(G2). The identification of vertices v, and vs results in a graph G
with V(G) = (V(G1) UV (G2) U{v}) \ {v1, v2} such that Ng(v) = Ng, (v1) U Ng, (v2).
Moreover, for any vertex u # v, the open neighborhood of « remains the same.

The subdivided star S(K ¢) is the graph on 2¢ + 1 vertices which is constructed from
the star K ¢ by subdividing each edge exactly once (left-hand side of Figure 1). The paw
is the graph P obtained from K by deleting two neighboring edges (right-hand side of
Figure 1). A connected graph is called cactus graph if its cycles are pairwise edge-disjoint.
Moreover, G is a block graph if each 2-connected component of G is a clique.

X

P

Figure 1: The subdivided star S(K7 ¢), £ > 2, and the paw graph P.
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For a subset S C V(G) we define

S(5.6) = Y da(v).

veES

Let vy, vs,. .., v, be an ordering of the vertices of G such that d(vy) < d(vg) < ---

d(vy,). The annihilation number a(G) is the largest integer k such that Zle d(v;)
m(QG). Equivalently, a = a(G) is the only integer satisfying both

INIA

a a+1
Zd(vi) <m(G) and Zd(vi) >m(G) + 1.

It is clear by definition that every independent set' A satisfies Y , d(v) < m(G) and
consequently, the annihilation number is an upper bound on the independence number [11].
The annihilation number was first introduced by Pepper in [12]. The ‘annihilation process’,
which is referred to in this original definition, is very similar to the ‘Havel-Hakimi process’
(see [7] and [11] for exact descriptions).

In general, a set S of vertices is called an annihilation set if ) _¢ d(v) < m(G); and
S'is an optimal annihilation set, if

|S] =a(G) and max{d(v)|v € S} <min{d(u) | u e V(G)\ S}.

In particular, if G is a connected graph on at least 3 vertices, any optimal annihilation set
of G contains all leaves.

Assuming that S is an optimal annihilation set, we introduce the following notations.
First, denote by d*(G) (or simply by d*) the minimum vertex degree over the set V/(G)\ S.
Note that d*(G) = d(va(@)+1). and consequently, the value of d*(G) is independent from
the choice of the optimal annihilation set S.

The following conjecture can be found in a slightly different form in Graffiti.pc [4], and
was later reformulated in [5].

Conjecture 1.1 ([4, 5]). If G is a connected nontrivial graph, then
4(G) < a(G) + 1. (L1)

By definition, every graph satisfies a(G) > L@J Hence, the formulas given for
~:(Cy,) above show that each cycle C,, satisfies the conjecture. Further, if 6(G) > 3, it
was observed that the total domination number is at most L@J [1, 3, 13, 14]. Hence,
if 6(G) > 3, then 4, (G) < a(G) clearly holds, even if G is disconnected. Therefore, it
is interesting to study this conjecture for graphs with small minimum degree, i.e. 6(G) €
{1,2}. So far, Conjecture 1.1 has been proved for only one further important graph class.
The following result was established by Desormeaux, Haynes, and Henning in 2013.

Theorem 1.2 ([5]). If T is a nontrivial tree, then v(T) < a(T) + 1, and the bound is
sharp.

'A set A C V(@) is called an independent set if it induces an edgeless subgraph in G. The largest cardinality
of such a vertex set is the independence number of G and denoted by a(G).



186 Ars Math. Contemp. 16 (2019) 183-202

A similar result was proved by Desormeaux, Henning, Rall, and Yeo [6] for the 2-
domination number of trees. Very recently, a different proof was given for the same state-
ment by Lyle and Patterson [10]. Namely, their result can be obtained if we replace the
total domination number with the 2-domination number in Theorem 1.2.

In this paper we prove Conjecture 1.1 over two further graph classes, namely for cactus
graphs and block graphs. These are two natural generalizations of trees and also, for a
cactus graph G we have §(G) < 2 and there exist block graphs with small minimum degree.
Remark that cactus and block graphs are well-studied classes with several applications, see
for instance [2]. Our main results are the following ones.

Theorem 1.3. If G is a nontrivial cactus graph, then v(G) < a(G) + 1.
Theorem 1.4. If G is a nontrivial block graph, then v(G) < a(G) + 1.

To formulate and to prove our results we will use the following function f defined for
every finite graph G as

f(G) =n(G) +3m(G) + m(G),

where 11 (G) denotes the number of leaves in G. Remark that f is strictly monotone in the
sense that if G’ is a proper subgraph of G, then f(G') < f(G). Indeed, n(G’) + m(G') <
n(G) + m(G) clearly holds, and 2m(G’) +n1(G’) < 2m(G) + n1(G) is true because the
deletion of an edge may result in at most two new leaves. Also note that we have f(G) > 7
for any nontrivial, finite and connected graph G.

The paper is organized as follows. In Section 2, we establish several lemmas which
will be referred to in later proofs. In Section 3 and 4 we prove Theorem 1.3 and 1.4,
respectively. In the last section we discuss the sharpness of our main theorems and arise
some related problems.

2 Preliminary results

Here we present some preliminary results on how we can obtain a smaller graph G’ from
G (mainly, by deleting some edges and/or vertices from G) such that v,(G') < a(G’) + 1
implies v, (G) < a(G) + 1. First we consider changes related to vertices of small degree.

Lemma 2.1. Assume that G is a connected graph on at least three vertices and it fulfills at
least one of the following properties:

(i) d*(G) <2
(i) G has a strong support vertex;
(iii) G contains an induced path vujugugw such that d(uy) = d(ug) = d(us) = 2;
(iv) G contains a path ujususv such that uy is a leaf and d(uz) = d(us)
(v) G contains two adjacent support vertices.
Then, there exists a nontrivial connected graph G' with f(G') < f(G) such that v(G') <
a(G') + 1 implies v(G) < a(G) + 1. Moreover, if G is a cactus graph, then G’ can be

chosen to be a cactus graph as well; and if G is a block graph, in cases (ii) — (v), G' can
be chosen to be a block graph.
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Proof. Since trees and cycles satisfy Conjecture 1.1, we may suppose throughout that G is
neither a tree nor a cycle.

(i) First assume that d*(G) < 2. Since G is neither a tree nor a cycle, there exists a
vertex v € V(G) with d(v) > 3 which is incident to a cycle. Let e = vu be an edge from
that cycle. Clearly, G’ = G — e is connected, f(G’) < f(G) and m(G') = m(G) — 1.
The deletion of an edge does not decrease the total domination number. This establishes
v (G) < v%(G"). Consider now an optimal annihilation set S’ of G’. By definition, it
satisfies > (5", G') < m(G’") = m(G) — 1. f u,v ¢ S' then > (5",G) = > (5',G’) <
m(G)—1;if S’ contains exactly one of u and v, then (5", G) = >_(5",G')+1 < m(G).
In either case a(G) > |S’| = a(G’) follows. In the third case u,v € S" and > (S',G) =
(S8, G") +2 < m(G) + 1. Let V] 2 denote the set of vertices which have degree 1 or 2
in G. Our assumption d*(G) < 2 implies Y (V1,2,G) > m(G) + 1. Since d(v) > 3, we
have >~ (V12 U {v},G) > m(G) + 4. Therefore, (V1,2 U {v}) € S’ implies that we have
a vertex v* € V3 o which is not contained in S’. If v is replaced with v* in .S’, we obtain a
set S with > (S, G) < >2(5',G) — 1 < m(G). This proves a(G) > |S| = a(G"). If G’
satisfies (1.1), we may conclude that the same is true for G:

%(G) < %(G) < a(G)+1 < a(G) + 1.

In the sequel of the proof we will assume that d*(G) > 3.

(ii) Assume that a vertex v € V(G) has two neighbors u; and uy which are leaves
in G. Since v remains a support vertex in G’ = G — {uy }, it is contained in every total
dominating set of G’. This implies :(G’) = ¥ (G). On the other hand, every optimal
annihilation set of G contains u; and hence a(G’) < a(G). Then, f(G') < f(G), and
v (G") < a(G") + 1 implies 1:(G) < a(G) + 1.

(iii) If vuq ugugw is an induced path in G and d(u1) = d(u2) = d(uz) = 2, consider the
graph G’ = G — {uq, ua, us} + vw. Observe that n(G’) = n(G) — 3, m(G') = m(G) -3,
n1(G’") = n1(G) and hence, f(G’') = f(G) — 12. Let D’ be an optimal total dominating
set of G’ and define D as follows:

D'U{uy,uz}, ifv,we D'
D =< D' U{ug,uz}, ifwée D'
D' U{uy,ug}, ifwe D' andv ¢ D'

In either case, D is a total dominating set in G. Hence, v;(G) < 4:(G’) + 2. Consider
next an optimal annihilation set S’ of G’. Since dg(v) = dg/(v) and dg(w) = dg (w),
S, G) = Y8, G") < m(G') = m(G) — 3. Our assumption d*(G) > 3 implies
that every vertex x with degree d(x) < 2 is contained in every optimal annihilation set
of G. Hence, either S" U {u1,uz,us} is a subset of an optimal annihilation set of G and
a(G) > a(G") + 3, or there is a vertex v* € S’ with d(v*) > 3. In the latter case, consider
S = (S"\{v*})U{u1, u2,us}, and observe that > (S, G) < > (5, G)—3+3-2 < m(G).
Therefore, a(G) > |S| = |9'| + 2 = a(G’) + 2. If G’ satisfies inequality (1.1), we have

Y(G) < n(G)+2<a(G)+3 <a(G) +1
and that proves the statement for property (iii) .

(iv) Let ujugusv be a path in G such that d(u;) = 1 and d(us) = d(ug) = 2. Since G is
connected and not a path, G’ = G — {1, ua, u3} is nontrivial, and we have f(G’) < f(G).
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If D’ is an optimal total dominating set of G’, then D = D’ U{uq, uz} totally dominates all
vertices in G. Thus, 1:(G) < |D| < v (G’) + 2. Next, we choose an optimal annihilation
set S” in G’ and consider three cases concerning v and S".

e If d(v) = 2, then G contains three consecutive degree-2 vertices and, as we have
already proved it in (iii), there exists a graph G’ with the required property.

o Ifv ¢ 5, then ) (5", G) = > (5,G), and Y (5, G) < m(G') = m(G) — 3.
Hence, S = S'U{u1, us} satisfies Y (S, G) = >_(5",G)+3 < m(G), and a(G) >
a(G') 4+ 2. This, together with the assumption v;(G’) < a(G’) + 1, establishes
inequality (1.1) for G.

e In the last case we assume that both v € S’ and d(v) > 3 hold. Then, > (S',G) =
SIS, GY+1<m(G)+1=m(G) —2. We define S = (S"\ {v}) U{uy, us,usz}
and observe that > (S,G) = > (9',G) — d(v) + 5 < m(G). Hence, S is an
annihilation set in G and we may conclude a(G) > |S| > a(G’) + 2. The statement
of the lemma is proved by the following chain of inequalities: v;(G) < 7:(G')+2 <
a(G') +3 <a(G)+1.

(v) Let w and v be two leaves in G with support vertices v’ and v’ respectively such that
wu’,vv',u'v' € E(G). Since G is not a path, at least one of these two support vertices,
say u', is of degree of at least 3. Then, we define G’ = G — uu’ + uv and observe that
f(G") = f(G) — 1. Let D’ be an optimal total dominating set of G’. Since v is a support
vertex in G', v € D’ must hold. Moreover, since N (1) C Ng(v'), we can choose D’
such that u does not belong to it. Then, D = (D’ \ {v}) U {'} is a total dominating set
in G. Hence, v(G) < |D| = |D’| = v(G"). By construction, every vertex has the same
degree in G as in G’ with the two exceptions v and v/, for which dg(v') = dg/(v') + 1
and dg(v) = dg(v) — 1. Hence, any optimal annihilation set S’ of G’ satisfies one of the
following cases.

o Ifu/;v € S"oru,v ¢ S, then Y (5',G) = Y (5'.G") < m(G") = m(G).
Therefore, a(G) > |S’| = a(G).

o Ifve S andw ¢ 5, then ) (5',G) =>(5,G)—1<m(G)—1=m(G)—1.
Therefore, a(G) > |S'| = a(G').

o Ifu' € S"andv ¢ S, then > (5',G) => (5, G')+1 <m(G')+1=m(G)+ 1.
We define S = (S’ \ {u'}) U {v}. By our assumption, d¢(u’) > 3 and so, we have
3(S,G)=>(5,G) —da()+1 <m(G)+1—dg(u') +1<m(G)— 1. This
implies a(G) > a(G').

)
+

We have seen that for all possible cases a(G’) < a(G) and 1 (G) < 7:(G"). Together with
the condition that G’ satisfies (1.1), these imply 1:(G) < %(G') < a(G')+1 < a(G) + 1.

At the end of the proof we remark that all the above transformations result in a cactus
graph G, if G was of the same type. Further, with the only exception of (i), the obtained
graphs stay block graphs if G is a block graph. O

Lemma 2.2.

(i) For an integer £ > 3, let ) = K, be a complete subgraph of the connected graph G
such that ) contains exactly one vertex, say x, of degree larger than { — 1. Assume
further that G' = G — (V(Q) \ {z}) satisfies %(G') < a(G') 4+ 1. Then, 1(G) <
a(G) + 1 follows.
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(ii) Let C be a cycle in a connected graph G such that C' contains exactly one vertex
which is of degree larger than 2. Then, there exists a nontrivial connected graph
G with f(G'") < f(G) such that v(G’) < a(G’) + 1 implies v,(G) < a(G) + 1.

Moreover; if G is a cactus graph, then G’ can be chosen to be a cactus graph as well.

Proof. (i) We suppose d(xz) > £ > 3 and V(Q) = {v1,v9,...,vs—1,2}. By definition,
m(G') = m(G)— (g) For any total dominating set D’ of G’, D"U{x} is a total dominating
set of G. Hence, 1:(G) < v(G’) + 1. Now, let S’ be an optimal annihilation set in G”.

o If z € 5, we define S = (S"\{z}) U {”17""“L§J+1}' Since dg/(z) > 1, we
3(8,G) < 308, G) =1+ ([5] +1) (£ 1).

o Ifx ¢ S letS=5U{vy,...,v,¢,}. Then, since £ > 3, we have
L5]

Y S.G) <> (9,6 + KJ (C-1)<>(9,6) -1+ (KJ + 1) (0 —1).

Observe that in either case and for every ¢ > 3, the relation |.S| > |S’| 4 1 holds. Moreover,
as > (5, G") < m(G’), we may estimate Y (S, G) as follows:

> (5.6 <m(G) 1+ (KJ +1> (—1)

- (1= (8] s

— m(G) - {(z _1) (g _ M _ 1) 4 1] < m(G).

Here, the last inequality can be directly checked for £ = 3, 4 and 5. If £ > 6, this clearly
follows from g — % — 1 > 0. We conclude that S is an annihilation set in GG and therefore,
a(G) > |S] = |S'| + 1 = a(G") + 1. Together with the condition given in (i) for G’,

(G) < % (G +1<a(G) +2 <a(G)+1

follows. This finishes the proof of (i).

(ii) Since C's = K3, it suffices to prove (ii) for cycles C' = Cy of length £ > 4. If
d*(G) < 2or ¢ > 6, Lemma 2.1(i) and 2.1(iii) establish the statement. Henceforth, we
will suppose that d*(G) > 3 and £ = 4 or 5. Let zv; ... v_12 be the cycle C such that
d(x) > 3.

First, assume that ¢ 4+ dg(z) > 8; i.e., at least one of £ = 5 and dg(x) > 4 holds. Let
G' =G — (V(C)\ {z}) and let D’ be an optimal total dominating set of G’. Observe that
D = D' U {wy,v3} is a total dominating set in G and consequently, v:(G) < 7:(G’) + 2.
Now, fix an optimal annihilation set S’ in G’ and consider the following two subcases.

o Ifx ¢ 5’, wehave > (S',G) = > (5,G") <m(G") = m(G) — £. Then, we define
S = S"U{v1, vz} and observe that > (S, G) = > (5',G)+2-2 < m(G) —{+4 <
m(QG). This proves a(G) > |S| = a(G’) + 2.

o Ifx €S wehave Y (5',G) =>(5,G)+2<m(GF)+2=m(G)—{+2. In
this case, consider S = (S \ {z}) U {v1, va, v3}. For this set,

D (S.G) <D (5,G) —dg(x) +3-2<m(G) — £ — da(z) + 8 < m(G)
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holds under the present assumption ¢ + dg(x) > 8. Therefore, we have a(G) >
|S] = a(G") + 2.

In either subcase, if G’ satisfies (1.1), we may conclude that
1(G) £ %(G') +2 < a(G) +3 < a(G) + 1.

In the other case, C' = Cy and dg(x) = 3. Here, we define G’ = G — V(C). Since
de(z) = 3, G’ is connected. If G’ consists of only one vertex, 1:(G) = 2 < a(G) + 1
can be proved directly. Hence, we may assume that G’ is nontrivial. Let D’ be an optimal
total dominating set in G’ and observe that, also in this case, D = D’ U {vq,v3} is a
total dominating set in G. Hence, 1:(G) < v (G’) + 2. On the other hand, let S’ be
an optimal annihilation set in G’. Since there is at most one edge between S’ and V(C),
SS,G) <D (S, G)+1 <m(G')+1=m(G) — 4. Moreover, for S = S U {v1,va},
we obtain > (S, G) = > (5,G) + 4 < m(G), from which a(G) > a(G’) + 2 follows.
Thus, if G’ satisfies (1.1), the desired inequality v:(G) < a(G) + 1 holds again. O

The analogue of the following proof was given by Desormeaux et al. [5] inside the
proof of Theorem 1.2. There, both H and 7" were restricted to be a tree. Here, we restate
and prove the lemma in a more general form, where H can be an arbitrary connected graph.

Lemma 2.3. Let H be a nontrivial connected graph and T be a tree such that V(H) N
V(T) = 0. Suppose thatw € V(H), u € V(T), and v is a leaf in T such that d(u,v) > 3.
If G is obtained from H and T by identifying w and u, there exists a connected graph G’
with f(G') < f(G) such that v(G') < a(G') + 1 implies v(G) < a(G) + 1.

Proof. First note that the statement follows from Lemma 2.1(i) if d*(G) < 2. Hence, we
may suppose that d*(G) > 3. Assume that T" is rooted in w and choose a leaf v; € V(T)
which is of maximum distance from u. Let vy be the parent of v1, and v be the parent of
vg. By assumption, d(u,v1) > 3 and hence, v; # u (i = 1,2, 3).

We will consider graphs G’ obtained from G by removing a set of vertices from V(7') in
such a way that G’ will stay connected. Throughout, S’ will denote an optimal annihilation
setin G'.

If vy is a strong support vertex, Lemma 2.1(ii) implies the statement. So, we may
suppose that v; is the only leaf of the support vertex v2. Since v; is of maximum distance
from u, d(vy) = 2 also follows. Remark that the same is true for any other leaf and its
support vertex, if the leaf is of maximum distance from w. Suppose that d(vs) > 3 and
let G’ = G — {v1,v2}. So m(G') = m(G) — 2. If vz is a support vertex in G’, then
v3 belongs to a minimum total dominating set D’ of G’. If v3 is not a support vertex,
then every child of v3 is a support vertex of degree 2. If a leaf-neighbor of a child of
v3 belongs to D’, then we can simply replace it in D’ with the vertex vs. In either case,
we may assume that vs3 € D’. Thus the set D = D’ U {v2} is a total dominating set
of G, and so % (G) < |D| = |D'| + 1 = /(G’) + 1. Independently of whether vertex
vz lies in S’ or not we have Y (5,G) < > (§',G")+1 < m(G')+1 =m(G) — 1.
Consider S = S" U {v1}. Then Y (S,G) = > (5, G) + d(v1) < m(G), implying that
a(G) > |S] = |5 + 1 = a(G’) + 1. By assumption, we have that v (G’) < a(G’) + 1.
Therefore,

1(G) <%(G)+1<a(G)+2<a(G)+1.
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So, we may suppose that d(vs) = 2. Now we have three consecutive vertices vy, va, v3
with degrees d(vy) = 1 and d(ve) = d(v3) = 2. Thus, by Lemma 2.1(iv), there exists a
graph G’ with f(G’") < f(G) which satisfies the statement. O

The following lemmas will be needed to cover two specific cases in the proofs of The-
orems 1.3 and 1.4. Therefore, we give the proof for both cases here.

Lemma 2.4. Let H and F' = S(K; ) be two vertex-disjoint graphs with n(H) > 3 and
¢ > 2. Assume that w is a vertex of H such that H — {w} is connected and . is the central
vertex of the subdivided star F. If G is the graph obtained from H and F' by identifying w
and u, and v (G — V(F)) < a(G — V(F)) + 1, then v+(G) < a(G) + 1.

Proof. Suppose the subgraph F' of G is rooted in u. We denote with vy, . . ., vy the children

of u, and with wy,...,w, the leaves. By our assumption, G' = G — V(F) = G —
{u,v1,...,v¢,w1,...,ws} is anontrivial connected graph, and m(G’) = m(G) —dg(u)—
£. If D’ is a minimum total dominating set of G’, then D = D’ U {u, vy, ..., v} is a total

dominating set of G, and hence v:(G) < |D| = |D'|+£+1 = ~(G’)+£+1. Now, consider
an optimal annihilation set S’ in G’. Independently of whether the vertices in Ng/(u) are
inside S’ or not, we have > (5", G) < > (5, G") + dg(u) — ¢ < m(G") + dg(u) — £ =
m(G)—20. Let S = S’U{v1,wy,...,we}. Then Y (S, G) = 3 (5, G)+2+¢ < m(G)—
20+0+2 < m(G), since £ > 2. Then, we have a(G) > |S| = |S'|+0+1 = o(G")+L+1.
By assumption, we have that 7:(G’) < a(G’) + 1. Therefore,

1(G) < (G +L+1<a(G)+0+2<a(G)+1. O

Lemma 2.5. Let H and P be two vertex-disjoint graphs, where P is the paw graph and H
is a nontrivial connected graph. Moreover, let z be a vertex of H and let x be a vertex of P
with dp(x) = 2. Assume that G is the graph obtained from H and P by identifying z and .
Then, there exists a connected graph G' with f(G') < f(G) such that v,(G') < a(G') + 1
implies v:(G) < a(G) + 1.

Proof. If H = Ko, then G is a graph of order 5 satisfying 7,(G) = 2 and a(G) = 3.
Thus, (1.1) holds for G. From now on, we assume that n(H) > 3. We denote the neighbors
of x in P with u and w, and let v be the leaf neighbor of u. Two subcases will be considered
depending on the degree d(x) of x in G.

First suppose that d(z) = 3. Denote the third neighbor of = outside P with y. Since H
had at least three vertices, y is not a leaf, and hence G' = G — V(P) = G — {z,u,v,w}
is not a trivial graph. Also, m(G’) = m(G) — 5. If D’ is a minimum total dominating set
of G’, then D = D’ U {u,w} is a total dominating set of G, and hence v:(G) < |D| =
|D'| +2 = v%(G") + 2. If S is an optimal annihilation set of G’, we have > (S’, G)
S(S,G)+1 <m(G)+1 =m(G) —4. Let S = 5" U{u,v}. Then > (S,G)
(S, G) + d(u) + d(v) < m(G) —4+4 3+ 1 = m(G), and we have a(G) > |S| =
IS’ + 2 = a(G") + 2. Then, 1 (G’) < a(G’) + 1 implies

A |

1(G) < v(G) +2<a(G)+3<a(G)+1. .1

Now, suppose d(x) > 4. Inthis caselet G’ = G—{u,v,w}, andsom(G’) = m(G)—4.
If D’ is a minimum total dominating set of G’, then D = D’ U {u, w} is a total dominating
set of graph G, and hence (G) < |D| = |D'| + 2 = ~(G’) + 2. Now, let S’ be an
optimal annihilation set in G’. If x ¢ S, then > (S, G) = > (S’,G’). In this case, let
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S = 8"U{u,v}. Then > (S, G) = > (5, G) +d(u) +d(v) < m(G)—4+3+1=m(G),
and we have a(G) > |S] = |9'| + 2 = a(G’) + 2. If (G’) < a(G’) + 1, the chain (2.1)
of inequalities verifies the statement.

But, if z € 5, then > (5',G) = >(5,G)+2 < m(G")+2 = m(G) —4+
2 = m(G) — 2. In this case, let S = (S"\{z}) U {u,v,w}. Since d(x) > 4 we have
SU(S,G)=>(5,G)—d(z)+3+1+2<m(G) —2—4+ 6 = m(G), implying that
a(G) > |S| = |S'| + 2 = a(G’) + 2. By assumption we have that 1, (G’) < a(G’) + 1.
Therefore, we get again (2.1) which proves the lemma. O

3 Cactus graphs

Recall that a cactus graph is a connected graph such that any two of its cycles are pairwise
edge-disjoint. If the cactus graph does not contain any cycles, then it is a tree. Let C'* and
C? be two cycles in the cactus graph. We define

d(C*,C?) = min{d(u,v) |u € V (C),v e V (C?)},

where d(u, v) denotes the distance between vertices « and v. Let 1 € V (C’ 1) and zo €
V (C?) be two vertices such that d(z1,z2) = d (C*,C?). Then we call z1 and x exit-
vertices of cycles C* and C?, respectively. A cycle is said to be an outer cycle if it has at
most one exit-vertex. If a cactus graph is not a tree, then by the definition of a cactus graph
it must contain at least one outer cycle. Note that a cactus graph, which is neither a tree
nor a cycle, does not contain exit-vertices if and only if it is unicyclic. In this case, we will
take an arbitrary vertex of the unique cycle whose degree is at least 3 for the role of the
exit-vertex x. In the right-hand side graph of Figure 2, we have three possibilities for the
choice of that vertex z (either x; or z2 or z3). In both cases, whether a cactus graph has
one or more cycles, vertex x will always have degree d(x) > 3.

Figure 2: Two examples of cactus graphs. The first one has three outer cycles (C1, C?, C*),
its exit-vertices are filled with black. The second cactus graph is unicyclic with one outer
cycle, and has no exit-vertices.

In this section we prove Conjecture 1.1 for cactus graphs. Recall the corresponding
statement.
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Theorem 1.3. If G is a nontrivial cactus graph, then v(G) < a(G) + 1.

Proof. We proceed by induction on the value of function f(G) > 7. For f(G) = 7
we have G = K, and 1:(K2) = 2 = a(K2) + 1. For the inductive hypothesis, let
f(G) > 8 and assume that for every nontrivial cactus graph G’ with f(G’) < f(G) we
have 1:(G') < a(G’) + 1. If G is a tree, then by Theorem 1.2 the result follows. Also, if
G is a cycle, the statement is true. Thus, we may suppose that G contains at least one cycle
as a proper subgraph. We denote with C, £ > 3, an outer cycle of G.

Through most part of the proof, we will consider cactus graphs G’ formed from G by
removing a set of vertices in such a way that graph G’ will still be a connected cactus
graph and consequently f(G’) < f(G) will hold. Throughout, S” will denote an optimal
annihilation set in G'. We consider two cases.

Case 1: All vertices from V (Cy)\{z} have degree 2.
Lemma 2.2(ii) and our inductive hypothesis together imply that v;(G) < a(G) + 1.

Case 2: There exists a vertex from V(C})\{z} that has degree at least 3.

Since V(Cy)\{z} contains some vertices of degree at least 3, and C}, is an outer cy-
cle, there are trees attached to those vertices. Suppose, we root all trees in the vertices
V(Cx)\{z} to which these trees are attached. Amongst those trees we consider the tree T
with the largest height h(T') = max{d(u,v) | u = V(C;) N V(T),v € V(T)}. Denote
this maximum height with & > 1 and let u be the vertex of V(C})\{z} to which tree T is
attached. We consider three subcases.

Case 2.1: h > 3.
Since h > 3, there exists a leaf v € V(T') such that d(u,v) = h > 3. By Lemma 2.3
and our inductive hypothesis, graph G satisfies (1.1).

Case2.2: h = 2.
We only need to consider the four cases shown in Figure 3. All other cases for h = 2
can be proved with the help of Lemma 2.1(ii) and 2.1(v).

Figure 3: Cases for h = 2.

We first start with the case in Figure 3(a). In this case, we have a subdivided star K g,
¢ > 2, attached to the outer cycle, and hence, by Lemma 2.4 and our inductive hypothesis
for G' = G — V(S(K1,)), graph G satisfies (1.1).

Next, we consider the case in Figure 3(b). Vertex u has only one path of length 2
attached to it, i.e. d(u) = 3. We suppose that u has a neighbor uy in V(Cy)\{z} with
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degree d(u;) = 2. We denote with v the only child of u, and with w the only child of
v. Let @ = G — {u,uy,v,w}, and so m(G") = m(G) — 5. If D’ is a minimum total
dominating set of G’, then D = D’ U{u, v} is a total dominating set of graph G, and hence
v(G) < |D| = |D'|4+2 = 7(G") +2. Independently of whether the neighbors of u and u;
in G’ are inside S’ or not, we have > (S, G) < > (5',G")+2 < m(G")+2 = m(G) - 3.
Let S = S"U{v,w}. Then ) (S,G) = > (5,G) +d(v) +d(w) <m(G)—3+2+1=
m(QG), and we have a(G) > |S| = |5'|+2 = a(G’)+2. Applying our inductive hypothesis
to G’, we have that v;(G') < a(G’) + 1. Therefore,

1(G) <%(G)+2<a(G)+3<a(G)+ 1.

We proceed with the case in Figure 3(c). Vertex u has again only one path of length
2 attached to it, i.e. d(u) = 3. We suppose that u has a neighbor u; in V(C%)\{z}
with degree d(u1) = 3, and a path of length 1 attached to it. Denote its child with v;.
We also denote with v the only child of u, and with w the only child of v. Let G’ =
G — {u,v,w,u1,v1}, and so m(G’') = m(G) — 6. If D’ is a minimum total dominating
set of G, then D = D’ U {u, v,u;} is a total dominating set of G, and hence v:(G) <
|D| = |D'| + 3 = v(G") + 3. Independently of whether the neighbors of w and u; in G’
are inside S’ or not, we have > (5,G) < Y (9",G') +2 < m(G') + 2 = m(G) — 4.
Let S = 5" U{v,w,v1}. Then > (S5,G) = > (5", G) + d(v) + d(w) + d(v1) < m(G) —
442+ 14 1=m(G), and we have a(G) > |S| = |S'| + 3 = a(G’) + 3. Applying our
inductive hypothesis to G’, we have that v:(G’) < a(G’) + 1. Therefore,

1(G) < (G +3 <a(G) +4 <a(G)+ 1.

The last case to consider is the one shown in Figure 3(d). Denote with uq, ..., u;_1 all
vertices of V(C')\{z}. Each of those vertices must have one path of length 2 attached to it,
i.e. d(u;) = 3foreveryi € {1,...,k — 1}, since otherwise this case would be covered by
one of the previous three cases. Clearly, vertices u; and ug_; are neighbors of z. Denote
forevery i € {1,...,k — 1} with v; the only child of u;, and with w; the only child of v;.
We consider two subcases.

First, suppose that d(z) = 3. Denote the third neighbor of z outside Cj, with y. If
vertex y was a leaf, then we could exchange vertex x with one of u;’s, and use the proof
for the case in Figure 3(c). Hence, we may assume that y is not a leaf and graph G’ =

G —{z,uy,...,ug—1,V1,...,Vp—1,W1,...,Wk_1} is Not a trivial cactus graph. Also,
m(G'") = m(G) — 3k + 1. If D’ is a minimum total dominating set of G’, then D =
D' U {uy,...,uk—1,v1,...,05—1} is a total dominating set of G, and hence :(G) <

|D| = |D'| + 2k — 2 = v%(G’) + 2k — 2. Independently of whether y is inside S’
or not we have > (S',G) < > (5',G')+1 < m(G")+1 = m(G) — 3k + 2. Let
S = SIU{'Ul, ey Up—1,W1, ... ,wk,l}. Then Z(S, G) = Z(S/, G)+2(/€—1)+(/€—1) <
m(G) — 3k + 2+ (3k — 3) = m(G) — 1, and we have a(G) > |S| = |S'|+ 2k —2 =
a(G')+2k —2. Applying our inductive hypothesis to G’, we have that v, (G’) < a(G’) +1.
Therefore,

Y(G) < (G + 2k —2<a(G) + 2k —1<a(G) + 1.

Now, suppose that d(x) > 4. Let G/ = G — {ug, ..., Up—1,V1, -+, Vp—1, W1, .-,
wg—1}, and so m(G") = m(G) — 3k + 2. If D’ is a minimum total dominating set of G’,
then D = D' U {uy,...,ux_1,v1,...,05_1} is a total dominating set of GG, and hence
%(G) < |D|=|D'|+2k-2=v(G")+2k—-2.Ifx ¢ S, then > (5", G) = > (5, G").
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In this case, let S = S’ U {v1,...,v5_1,w1,...,wk—1}. Then Y (S,G) = > (5", G) +
2(k—1)4+(k—1) < m(G)—1, and we have a(G) > |S| = |S'|+2k—2 = a(G") + 2k —2.
Applying our inductive hypothesis to G’, we have that v:(G’) < a(G’) + 1. Therefore,

1 (G) < v (G') +2k —2 < a(G")+2k -1 < a(G) + 1.

Ifz € 8 then ) (5',G) = > (8 G)+2<m(G@)+2=m(G)—3k+2+2=
m(G) — 3k + 4. In this case, let S = (S"\{z}) U{us,v1,...,04—1,w1,...,wk_1}. Since
d(z) > 4wehave Y (S,G) => (5, G)—d(z)+d(u1)+2(k—1)+(k—1) < m(G)—3k+
4—443+43(k—1) = m(G), implying that a(G) > |S| = |S'|4+2k—2 = a(G') + 2k —2.
By our inductive hypothesis, we have that v (G’) < a(G’) + 1. Therefore,

Y(G) <y(G) +2k -2 <a(G') +2k—1<a(G) + 1.

Case2.3: h = 1.

It suffices to consider only those cases shown in Figure 4. Note that all other cactus
graphs with A = 1 would involve two leaves at distance of at most 3, and hence these cases
can be reduced to the direct application of Lemma 2.1(ii) and 2.1(v).

(b) (©)
Figure 4: Cases for h = 1.

First, consider Figure 4(a). Here, we assume that vertex u has degree d(u) = 3, and
its neighbors in V(Cj)\{z}, namely w; and us, are of degree 2. Denote the child of u
with v. In this case we want u; and us to be different from the exit-vertex z. Let G/ =
G — {u,v,u1,us}, and so m(G") = m(G) — 5. If D’ is a minimum total dominating set
of G’,then D = D’ U {u, u;} withi = 1 or ¢ = 2 is a total dominating set of G, and hence
7(G) < |D| = |D’|4+2 = 4 (G’)+2. Independently of whether the neighbors of u; and us
in G’ are inside S’ or not, we have > (5", G) < > (5',G")+2 < m(G')+2 = m(G) —3.
Let S = S’U{uy,v}. Then > (S,G) = > (5, G)+d(u1) +d(v) < m(G)—3+2+1 =
m(G), and we have a(G) > |S| = |S'|+2 = a(G")+2. Applying our inductive hypothesis
to G', we have that 1:(G’) < a(G’) + 1. Therefore,

1(G) <% (G +2<a(G') +3 <a(G) + 1.

We proceed with the case in Figure 4(b). Denote with u the vertex of V(Cj)\{z}
with one path of length 1 attached to it, i.e. d(u) = 3, and let v be its only child. One of
the neighbors of u must clearly be vertex x because otherwise we would have the case in
Figure 4(a). Suppose that all other vertices in V (C)\{z}, denote them with wy, . . ., wi_2,
have degree 2.
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First suppose that £k = 3. In this case z, u, v and w; induce the paw graph. Then, by
Lemma 2.5 and our inductive hypothesis, graph G satisfies (1.1).

Suppose that & > 4. Let G’ = G — {u,v,wy,ws}, and so m(G') = m(G) — 5.
Remark that G’ remains a cactus graph. If D’ is a minimum total dominating set of G’,
then D = D’U{u, w1 } is a total dominating set of G, and hence v, (G) < |[D| = |D’'|+2 =
v:(G") + 2. Independently of whether : and ws is inside S’ or not we have > (5',G) <
S(S,GY+2 < m(G)+2 =m(G) —3. Let S = S"U{v,wi}. Then Y (5,G) =
SIS, G)+d(w)+d(wr) < m(G)—3+1+2 = m(G), and we have a(G) > |S| = |S'|+
2 = a(G") +2. Applying our inductive hypothesis to G’, we have that v, (G’) < a(G’") + 1.
Therefore,

(@) <w(G)+2<a(@) +3<a(G)+ 1.

We finish with the case in Figure 4(c). Denote with u; and ug two vertices in
V(Cx)\{z} each with one path of length 1 attached to it, i.e. d(u1) = d(u2) = 3, and
let v1 and vo be the only child of u; and us, respectively. The exit-vertex x must be the
neighbor of both u; and uy because otherwise we would have the case in Figure 4(a). We
denote all vertices in V(Cj)\{z} between vertex u; and ug with wy, ..., w,_3. Those
vertices have all degree 2.

If £ = 3, the statement follows immediately from the hypothesis and Lemma 2.1(v),
since in this case the support vertices of v; and vo are adjacent. Thus, we first suppose that
k=4.Let G = G —{u1,v1,us,v2, w1}, and so m(G’) = m(G) — 6. If D’ is a minimum
total dominating set of G’, then D = D’ U {x, u;,us} is a total dominating set of G, and
hence 1:(G) < |D| = |D'| 4+ 3 = 4:(G") + 3. Independently of whether x € S” or z ¢ S’,
wehave Y (5',G) <> (5, G")+2 < m(G")+2 =m(G)—4. Let S = S"U{v1, va, wr }.
Then > (S, G) = > (5, G) + d(v1) + d(ve) + d(w1) <m(G) —4+1+1+2=m(G),
and we have a(G) > |S| = |S’| + 3 = a(G’) + 3. Applying our inductive hypothesis to
G’, we have that v, (G’) < a(G’) + 1. Therefore,

1(G) < 1(G)+3<alG)+4<a(G)+1.

Now, suppose that £ = 5. We make a similar cut than the one for £ = 4. Let
G' = G — {uy,v1,u2,v2, wy,wz}, and so m(G’) = m(G) — 7. If D’ is a minimum
total dominating set of G’, then D = D’ U {z,u;,us} is a total dominating set of G,
and hence v,(G) < |D| = |D’| +3 = 4(G’) + 3. For any optimal annihilation set
S’ of G', we have > (5',G) < Y .(9,G')+2 < m(G')+2 = m(G) — 5. Let
S = S"U{vy,v2,w1}. Then Y (S, G) = > (9", G)+d(v1) +d(ve) +d(w1) < m(G)—1,
and a(G) > |S| = |5'| + 3 = a(G’) + 3 follows. Applying our inductive hypothesis to G’,
we have that v:(G’) < a(G’) + 1. Therefore,

Y(G) <% (G') +3 < a(G') +4 < a(G) + 1.

For the last case, let £ > 6. We have three consecutive vertices wy, ws, w3 with degree
d(wy) = d(wy) = d(ws) = 2. Furthermore, vertices u1 and wy (or u; and ug, if k = 6) are
not adjacent. Thus, by Lemma 2.1(iii) and our inductive hypothesis, graph G satisfies (1.1).

These cover all possible cases which can occur in a cactus graph which is neither a tree
nor a cycle. Hence, Conjecture 1.1 is true for the family of cactus graphs. O
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4 Block graphs

Recall that a block graph is a connected graph in which every 2-connected component
(block) is a clique. Block graphs have minimum degree at least 3 if its building blocks are
complete graphs Ky, k > 4. Thus, Conjecture 1.1 obviously holds for them. On the other
hand, block graphs also contain blocks K5 and K3, and therefore, it clearly makes sense to
study Conjecture 1.1 on block graphs.

We proceed with a similar definition than the one for cactus graphs. If all cliques in a
block graph are Ko, then it is a tree. For every k > 3 we will call complete graph K} a
complex cligue. Let K' and K? be two complex cliques in the block graph. We define

d(K', K?) =min{d(u,v) |u €V (K'),veV (K?)},

where d(u, v) denotes the distance between vertices v and v. Let 1 € V (K 1) and z €
V (K?) be two vertices such that d(x1,z2) = d(K', K?). Then we call z; and x; exit-
vertices of complex cliques K! and K2, respectively. Notice that a complex clique might
not have any exit-vertices if it is the only complex clique in the block graph. A complex
clique will be called an outer complex clique if it has at most one exit-vertex. If a block
graph is not a tree, then by the definition of a block graph it must contain at least one outer
complex clique.
Now, we are ready to present a proof of Theorem 1.4. Recall its statement.

Theorem 1.4. If G is a nontrivial block graph, then v(G) < a(G) + 1.

Proof. We proceed by induction on the value of function f(G). For f(G) = 7 we have
G = Ks, and v (K3) = 2 = a(K3) + 1. For the inductive hypothesis, let f(G) > 8 and
assume that for every nontrivial block graph G’ with f(G') < f(G) we have 1 (G’) <
a(G") + 1. If G does not contain complex cliques, then it is a tree, and by Theorem 1.2
the result follows. Also, if G is a complete graph, i.e. G = Ky, £ > 2, we have v(K,) =
2 < a(Ky) + 1. Thus, we may suppose that G is neither a tree nor a complete graph, but
contains at least one complex clique as a proper subgraph. We denote with K}, an outer
complex clique of G. Similarly as in the proof for cactus graphs, all outer complex cliques
in the figures will be drawn with an exit-vertex x even though a unique complex clique in
a block graph does not have one. In the latter case, we denote with x an arbitrary vertex of
clique K, whose degree is at least k. In both cases, whether a block graph has one or more
complex cliques, vertex  will have degree d(x) > k.

Through most part of the proof, we will consider block graphs G’ formed from G by
removing a set of vertices in such a way that graph G’ will still be a connected block
graph and consequently f(G’) < f(G) will hold. Throughout, S” will denote an optimal
annihilation set in G’. We consider two cases.

Case 1: All vertices from V (K},)\{z} have degree k — 1.
Let uq,...,u,—1 be vertices from V (K} )\{z} with degree k — 1. By Lemma 2.2(i),
and inductive hypothesis for G’ = G — {u1, ..., ur—1}, graph G satisfies (1.1).

Case 2: There exists a vertex from V (K} )\{z} that has degree at least .

Since V(K})\{x} contains vertices of degree at least k, and K, is an outer complex
clique, there are trees attached to those vertices. Suppose, we root all trees in the vertices
V(Kj)\{x} to which these trees are attached. Amongst those trees we consider the tree
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T with the largest height h. Let u be the vertex of V(Kj)\{z} to which this tree T is
attached. We split the problem into three subcases.

Case 2.1: h > 3.
Since h > 3, there exists a leaf v € V(T') such that d(u,v) = d > 3. By Lemma 2.3
and our inductive hypothesis, graph G satisfies (1.1).

Case2.2: h = 2.
We only need to consider cases shown in Figure 5. All other cases for h = 2 can be
proved directly with the help of Lemma 2.1(ii) and 2.1(v).

(b)

Figure 5: Cases for h = 2.

We start with the case in Figure 5(a) and suppose that there exists a subdivided star
S(Ki,.), ¢ > 2, attached to the outer complex clique. By Lemma 2.4 and our inductive
hypothesis for G’ = G — V(S(K1¢)), graph G satisfies (1.1).

In the case shown in Figure 5(b), there are vertices in V' (Kj)\{x} such that a path of
length 2 is attached to them. We denote such vertices with uy,...,u,. Since h = 2, we
must have at least one such vertex. Thus, a € {1,...,k — 1}. Foreachi € {1,...,a}
we denote with w the child of u;, and with u/ the child of u}. Also, we may suppose that
at most one vertex in V (K} )\{x} has a path of length 1 attached to it. If we had more
such vertices, then we would have two adjacent support vertices and we could prove the
statement by referring to Lemma 2.1(v). Hence, denote this vertex with v and let b denote
the Boolean value whether it exists in V(Kj)\{z} or not, i.e. b € {0,1}. We denote
the child of v with v'. There may also be some vertices in V (K})\{z} without a path
attached to them. Denote them with wq, ..., w., ¢ € {0,...,k — 2}. Clearly, we have
a+bt+c=k—-1Let G = G —{uy,...uq,uy,...u,uf,...;ul 0,0 wy,...,w},
and so m(G’') = m(G) — (@ + 2a +b). If D" is a minimum total dominating set of
G',then D = D' U{uq,...,uq,u},...,ul,,v} is a total dominating set of G, and hence
v (G) < |D| = |D'| +2a+b = %(G’) + 2a + b. Independently of whether « is inside S’
or not we have

D Y,G) <D (S,G) + (k- 1)
= (@) + (k — 1) = m(G) - <’“(’“1)

5 +2a+b)+k—1.
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Let S =S U{ul,...,ul,uf,...u v'} and observe that

? a?’

> (S.G) =D (8,G) +d(u)) + -+ d(u}) + d(uf) + -+ + d(ul)) + d(v)

<m(G) — <k(k21)+2a+b>+k—1+3a+b.

First, suppose that 1 < a < k — 2 holds. Then,

-1 1
m(G)—(k:(kQ)—l-?a—&-b)+k:—1+3a+b=m(G)—2k2+2k+a—1

<m(G) - %sz + gk 3= (@) — %(k ~9)(k—3) < m(G).

Similarly, under the conditions a = k — 1 > 3, the following relations hold:

m(G) — (lﬂ(k2)+2a—|—b>+k—1+3a+b§m(G)—2k2—|—gk—2§m(G).

In both cases we get (5, G) < m(G), which implies a(G) > |S| = |S'|+2a+ b =
a(G") + 2a + b. By our inductive hypothesis, G’ satisfies Conjecture 1.1. Consequently,

1 (G) < %(G)+2a+b<a(G)+2a+b+1<a(G)+1.

What remains is to establish the statement for £ = 3 and a = k — 1 = 2. We consider
two subcases. First, suppose that d(z) = 3. Denote the third neighbor of z outside K3
with y. If vertex y was a leaf, then we could exchange vertex z either with u; or us,
and apply the proof for the case « = 1 = k — 2. Hence, we may assume that y is not
a leaf, and therefore, graph G’ = G — {x,uy, v}, uy, ug,uy, ul} is not a trivial block
graph. Also, m(G’) = m(G) — 8. If D’ is a minimum total dominating set of G’, then
D = D' U {uq,u}, us,ub} is a total dominating set of graph G, and hence :(G) < |D| =
|D'|+4 = v:(G") +4. Independently of whether y is inside S’ or not we have ) (5", G) <
S(S,G)+1<m(G)+1=m(G)—-84+1=m(G)—"7. Let S = S"U{ul,uf,uy,ul}.
Then ) (S, G) = > (5, G)+d(u))+d(u))+d(uy) +d(uy) < m(G)=T+24+142+1 =
m(G) — 1, and we have a(G) > |S| = |5'| + 4 = a(G’) + 4. Applying our inductive
hypothesis to G’, we have that v, (G’) < a(G’) + 1. Therefore,

%(G) <% (G)+4<a(G') +5 < a(G) + 1.

Now, suppose that d(x) > 4. Let G’ = G — {uq, u}, uf, ug, uh, ul }, and so m(G’) =
m(G) — 7. If D’ is a minimum total dominating set of G’, then D = D’ U {uq, u}, ug, uh}
is a total dominating set of G, and hence 14 (G) < |D| = |[D'|+4 = % (G) + 4. Ifz ¢ S,
then Y (5, G) = > (5, G"). Inthis case, let S = S’ U{u}, uf, uy,uf}. Then > (S,G) =
D8, G) +d(uy) +duy) + d(uh) +d(uy) <m(G) —T+2+1+2+1=m(G) -1,
and we have a(G) > |S| = |S'| + 4 = a(G’) + 4. Applying our inductive hypothesis to
G’, we have that 7;(G’) < a(G’) + 1. Therefore,

%(G) < %(G)+4<a(G)+5<a(G) + 1.

Ifx €S then > (5,G) => (5, G)+2<m(G)+2=m(G) —7T+2=m(G) — 5.
In this case, let S = (S"\{x}) U {u1,u), uy,ub, ul}. Since d(x) > 4 we have > (S, G) =
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S8, G)—d(z)+d(ur)+d(uh) +d(uf ) +d(uh)+d(uf) < m(G)—5—4+3+2+142+1 =
m(G), implying that a(G) > |S| = |S’| + 4 = a(G’) + 4. Applying again our inductive
hypothesis to G’, we have that v;(G’) < a(G’) + 1. Therefore,

(G) < (G +4 < a(G) +5 < a(G)+ 1.

Case2.3: h =1.
We need to consider only one case which is shown in Figure 6. As we have already

seen in Case 2.2, all other cases for h = 1 can be proved with the help of Lemma 2.1(ii)
and 2.1(v).

Figure 6: The case for h = 1.

We may also suppose that there is at most one vertex in V (K})\{z} which has a path
of length 1 attached to it. If we had more such vertices, then we would have adjacent
support vertices and we could prove this case with Lemma 2.1(v). Denote this vertex with
u and its child with v. There are also vertices in V(K})\{x} without a path attached
to them. Denote them with wy, ..., wx_s. Let G = G — {u,v, w1, ..., wg_2}, and so
m(G") =m(G) — (@ + 1). If D’ is a minimum total dominating set of G’, then D =
D'U{z,u} is a total dominating set of G, and hence v;(G) < |D| = |D'|+2 = y(G")+2.
Independently of whether z is inside S’ or not we have > (S',G) < > (5§',G") +k—-1<
m(G') +k—1=m(G) — (& 1 1) 4 k — 1. Let S = ' U {v, w: }. Then,

D (8,G)=> (8, G) +d(v) + d(wy)

gm(G)—(k(kQ_U—i—l)—i—k—l—kl—&-kz—l.

For k > 4, this gives

3(5,6) < m(G) - %k? + gk —2<m(G),.

Hence, a(G) > |S| = |S’| + 2 = a(G’) + 2 and applying our inductive hypothesis to G’,
we have that v, (G’) < a(G’) + 1. Therefore,

7(G) <% (G') +2 < a(G) +3 < a(G) + 1.

We end the proof with &k = 3. In this case, x, u, v and w; induce the paw graph and, by
Lemma 2.5 and our inductive hypothesis, graph G satisfies (1.1).

We have considered all possible cases which can occur in a block graph which is neither
a tree nor a complete graph. Hence, Conjecture 1.1 is true over the family of block graphs.
O
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5 Concluding remarks

To show that our main results, namely Theorem 1.3 and 1.4, are sharp, we remark that trees
are included in both classes. Therefore, we may refer to the family of trees characterized
in [5] which satisfy Conjecture 1.1 with equality.

We may also observe that even cycles C,,, where n = 2 (mod 4), have v;(C,,) = §+1
and a(C,) = 5. Also, there are other cactus graphs which are neither trees nor cycles, but
satisfy 7:(G) = a(G) + 1. Take two vertex-disjoint cycles Cg, and connect any vertex
from the first cycle and any vertex from the second cycle with a path of length 3. We get a
cactus graph G on n = 14 vertices and m = 15 edges. It is easy to see that v;(G) = 8 and
a(G) = 7. Thus, Theorem 1.3 holds with equality for the graph G constructed this way.
One can also use other cycles C,, with n = 2 (mod 4) and connect them with different
paths to obtain other extremal examples. Hence, the following characterization problem
remains open.

Problem 5.1. Characterize cactus graphs G which satisfy 7;(G) = a(G) + 1.
For block graphs, already the following question might be interesting.

Problem 5.2. Does there exist a block graph G which is neither a tree nor a K3 but satisfies
% (G) = a(G) + 17
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Abstract

Tutte’s 3-flow conjecture claims that every bridgeless graph with no 3-edge-cut admits
a nowhere-zero 3-flow. In this paper we verify the validity of Tutte’s 3-flow conjecture on
Cayley graphs of certain classes of finite groups. In particular, we show that every Cayley
graph of valency at least 4 on a generalized dicyclic group has a nowhere-zero 3-flow. We
also show that if G is a solvable group with a cyclic Sylow 2-subgroup and the connection
sequence S with |S| > 4 contains a central generator element, then the corresponding
Cayley graph Cay(G, S) admits a nowhere-zero 3-flow.
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1 Introduction

Let D be an orientation of a graph I" and let k be a positive integer. A k-flow on a graph I'
is a pair (D, f) where f is an integer valued function

frEM) > Z

such that |f(e)| < k for every e € E(T"), and for every v € V(I),

Y flo= Y flo),

e€E(v)t e€E(v)~
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where E(v)* and E(v)~ are the all edges with tails at v and heads at v, respectively. A
nowhere-zero k-flow (abbreviated a k-NZF) is a pair (D, f) such that for every e € E(T'),
fle) #0.

The following conjecture is due to Tutte and is known as Tutte’s 3-flow conjecture:

Conjecture 1.1 (Tutte’s 3-flow conjecture [8, 9]). Every bridgeless graph with no 3-edge-
cut has a 3-NZF.

Although Tutte’s 3-flow conjecture has been studied by many authors, it is still widely
open.

Let G be a finite group with identity 1 and S = (si,s2,...,5,) be a sequence of
elements of G \ {1} such that the mapping s; — s; ! permutes the entries of S. We call
S a connection sequence (note that all entries of .S are distinct unless stated otherwise).
A Cayley graph, denoted by Cay(G, .S), is a graph whose vertex set is G with adjacency
defined by

g~h ifandonlyif ¢ 'heS,

for every g, h € G. We see at once that if S generates G, then Cay (G, S) is connected.

Alspach et al. [1] conjectured that every Cayley graph of valency at least 3 has a
nowhere-zero 4-flow. They also showed their conjecture to be true for solvable groups.
Their result was significantly strengthened and extended by Nedela and Skoviera to a much
wider class of groups [5].

By combining the fact that a k-valent Cayley graph is k-edge-connected graph with the
fact that every 4-edge-connected graph has a 4-NZF [2], we deduce that every Cayley graph
of valency at least 4 has a 4-NZF. Thus the question about the existence of a nowhere-zero
4-flow is interesting only for cubic Cayley graphs. Since 4-regular graphs admit a nowhere-
zero 2-flow, the important question about flows on Cayley graphs of valency greater than
3 is whether every Cayley graph of valency at least 5 has a nowhere-zero 3-flow. In other
words, it is interesting to verify whether Tutte’s 3-flow conjecture holds on such Cayley
graphs.

In [6], it has been proved that every abelian Cayley graph of valency k, where k > 4,
admits a 3-NZF. Nénasiov4 and Skoviera [4] improved the above result to Cayley graphs
on a group G whose Sylow 2-subgroup is the direct factor of G, and as a consequence, they
showed that every Cayley graph of valency at least 4 on a nilpotent group has a 3-NZF.
Recently, Yang and Li [11] showed the same fact for a Cayley graph on a dihedral group,
and L. Li and X. Li [3] verified Tutte’s 3-flow conjecture for Cayley graphs on generalized
dihedral groups and generalized quaternion groups.

In this paper, we investigate Tutte’s 3-flow conjecture for Cayley graphs on a solvable
group with a suitable normal subgroup (Theorems 3.1 and 3.2 and Remark 3.5) and as a
consequence of these theorems, we show that every Cayley graph of valency at least 4 on
a generalized dicyclic group satisfies Tutte’s 3-flow conjecture. By using Theorem 3.6 we
can obtain the results of [3] and [11] by a different method.

In [4], the authors showed that a Cayley graph of valency at least 4 with the connection
sequence containing a central involution admits a 3-NZF. In Theorem 3.6, we extend this
result to the case when Sylow 2-subgroups of G are cyclic and the connection sequence of
G contains a central generator element. As a consequence of this theorem, we show that if
a Cayley graph of valency at least 4 on a solvable group G, with a cyclic Sylow 2-subgroup,
admits a 3-NZF, then every Cayley graph of valency at least 4 on the direct product of G
and a nilpotent group admits a 3-NZF.
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2 Notation and preliminaries

The terminology and notation used in this paper are standard both in group theory and
graph theory, see for instance [7, 10].

An element g of G is called an involution if g has order 2. Let Z(G) be the center of a
group G. We say that an element x of G is central if x € Z(G). The group generated by a
sequence S is denoted by (S) and the element x € G is named a generator element of G
in Sif (S \ {z}) # (S). For integers m,n > 2, a cycle of length n and a path of length
m — 1 are denoted by C,, and P,,, respectively. For an integer m > 3 and for n € Z,,, the
Cayley graph Cay(Z,,{—1,1, —n,n}) will be denoted by C(m, n). Let N be a subgroup
of G and x belongs to a left transversal set of N in G. The image of Cay(XV, S) under left
translation by x is denoted by x Cay (N, S). The Cartesian product Hy O Hs of graphs Hy
and H> is a graph such that V/(Hy) x V(Hz) is its vertex set and any two vertices (u, ')
and (v, v') are adjacent in H; O Hy if and only if either u = v and v'v' € E(Hz) orv’ = v’
and wv € E(Hy). Set L = P, O K,, where V(P,) = {1,2,...,n} and V(K>3) = {1,2}.
The Mébius ladder M L,, is a graph obtained by adding the edges (12)(n1) and (11)(n2)
to L. Also, by adding the edges (11)(n1) and (12)(n2) to L, we obtain a graph is called the
circular ladder CL,,. In fact CL,, = C,, 0 K5. Any graph isomorphic to either C'L,, or
ML, for some n will be referred to as a closed ladder. 1t is easy to check that the circular
ladder is bipartite if and only if n is even while the Mobius ladder is bipartite if and only if
n is odd.

Lemma 2.1 ([4, Theorems 3.3 and 4.3]). Let Cay(G, S) be a Cayley graph of valency k,
where k > 4. If S contains a central involution, then Cay (G, S) has a 3-NZF. In particular,
if G is nilpotent, then Cay (G, S) has a 3-NZF.

Lemma 2.2 ([4, Proposition 4.1]). Let G be a group, H be a normal subgroup of G and let
S be a connection sequence with no intersection with H. If Cay(G/H, S/H) has a 3-NZF,
then so does Cay (G, S).

Note that in Lemma 2.2, according to the paragraph before Proposition 4.1 in [4],
for distinct elements s,t € S, we regard sH and tH as distinct elements of S/H. So,
Cay(G/H, S/H) may have parallel edges even when Cay (G, S) is simple and |S/H| =
[S]-

Lemma 2.3 ([6, Theorem 1.1]). Every abelian Cayley graph of valency k, where k > 4,
admits a 3-NZF.

Lemma 2.4 ([6, Proposition 2.5]). Let m,n > 3 be integers. Then the graph C,, 0 C,,, O K>
admits a 3-NZF.

Lemma 2.5 ([6, Proposition 2.6]). Let m,n > 3 be two integers such that m > n > 1 and
m > 3. Then the graph C(m,n) O Ky admits a 3-NZF.

Lemma 2.6 ([6, Corollary 2.2]). A regular bipartite graph of valency at least 2 admits a
3-NZF.

Lemma 2.7 ([10, page 308]). A cubic graph has a 3-NZF if and only if it is bipartite.

Lemma 2.8. Let G be a group and N be a subgroup of G of index 2. Then Cay(G, S \
(S N N)) is bipartite.
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Proof. Since the index of N in G is 2, there exists d € G \ N such that G = N UdN. So,
we can consider the vertices of Cay(G, S) as two partitions N and dN. Since for every
m,n € N, mand n are adjacent, and dm and dn are adjacent if and only if m~'n € SNN,
we obtain that Cay (G, S\ SN N) is a bipartite graph with partite sets N and dN. O

Lemma 2.9 ([10, page 308]). A graph has a 2-NZF if and only if it is an even graph.

Remark 2.10. According to the above lemma, for discussion about a nowhere-zero 3-flow
in a Cayley graph with a connection sequence S, it is enough to investigate the case when
|S] is odd.

Remark 2.11. Let G be a group and N be a subgroup of G. Let T' = {1, ..., xz;}, where
t € N, be a left transversal set of N in G. If S is a connection sequence of N such that
Cay(N, S) is connected, then

{z; Cay(N,S):1<i<t}

is the set of connected components of Cay(G, S). For every z; where i € {1,...,t},
Cay(N, S) and z; Cay(N, S) are isomorphic, because for every m,n € N,

x;m ~ x;n (inx; Cay(N,SNN)) if and only if
(z;m) Hxn) € SAN ifandonly if —m 'neSNN
ifandonlyif ~ m ~mn (in Cay(N,SN N)).

Thus if Cay(NV, S) has a 3-NZF, then Cay(G, S) has a 3-NZF. Hence for finding a 3-NZF
in Cay(G, S), we reduce to find a 3-NZF in Cay (N, S).

3 Main results

In this section we show the validity of Tutte’s 3-flow conjecture for a solvable group with
a suitable normal subgroup. As examples, we show the same result for Cayley graphs on
generalized dicyclic groups, generalized dihedral groups and quaternion groups. We also
prove that every Cayley graph Cay(G, S) on a solvable group G with a cyclic Sylow 2-
subgroup such that the connection sequence .S contains a central generator element, admits
a 3-NZF.

Theorem 3.1. Let G be a solvable group, N be a subgroup of G of index 2 and let S be a
connection sequence of G such that |S| > 5 is odd and S N Z(N) # (. If

(1) Cay(N,S N N) admits a 3-NZF and

(2) foreveryde€ S\ N, d (SN N)d=SnNN,
then Cay(G, S) has a 3-NZF.

Proof. Without loss of generality, we can assume that there exists an element d € S\ N,
because otherwise S C N and by Condition (1), we could conclude that Cay (G, S) has a
3-NZF. Thus, there is d € S\ N. Note that | S| is odd.

We continue the proof in the following two cases:

Case 1. If |S N N| is odd, then since |[S'\ (SN N)| = |S|\ |S N N|is even, Lemma 2.9
shows that Cay (G, S\ (S N N)) admits a 3-NZF. Also by Condition (1), Cay(N, SN N)
admits a 3-NZF, and so does Cay(G, S) = Cay(G, S\ (SN N)) U Cay(G,S N N).
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Case 2. If |S N N| is even, then the proof will be divided into two subcases:

Subcase 1. Assume that |S\ (SNN)| > 2. By Lemma 2.8, Cay (G, S\ (SNN)) is bipartite.
So Lemma 2.6 shows that Cay(G, S \ (S N N)) admits a 3-NZF. Since Cay(G,S N N)
admits a 3-NZF, we deduce that Cay (G, S) has a 3-NZF.

Subcase 2. Assume that [S\ (SN N)| = 1. Thus {S\ (SN N)} = {d}, so O(d) =
and it is not hard to check that G is the semidirect product of N and (d). We want to
show that Cay(N,S N N)OCay({d),{d}) = Cay(G,S). For this purpose, we define
¢: Cay(N,S N N)OCay({(d),{d}) — Cay(G,S) such that ¢(m,x) = ma for every
m € N and z € (d). Since G is the semidirect product of N and (d), it is obvious that ¢ is
a bijective function. Now we will show that ¢ is homomorphism. For every m,n € N and
x,y € (d), we have:

(m,z) ~ (n,y) (in Cay(N, SN N)OCay((d),{d}))

if and only if m=mn,x~Yy O nN~m,T=1y.
We should check the following cases:

(1) If m =n,z = 1land y = d, then (¢(m,x)) " p(n,y) = m~nd = d € S. Thus
p(m,x) ~ ¢(n,y) in Cay(G, 9).

(2) Ifm=n,r=dandy = 1, then (¢(m,x)) " d(n,y) = d *m~'n =d € S. Thus
d(m,x) ~ ¢(n,y) in Cay(G, 5).

3 Ifm~nandz =y = 1, then m™'n € SN N. Thus (¢(m,z)) 1p(n,y) =
(mz)~Y(ny) =m~n € NNS. So ¢(m,z) ~ ¢(n,y) in Cay(G, S).

@ Ifm ~nandz =y = d, then m™'n € SN N. Thus (¢(m,z)) 1p(n,y) =
d~Ym™In)d e &1 (SN N)d=NnNS CS.Sop(m,z) ~ ¢(n,y) in Cay(G, 9).

Now, let t; ~ o in Cay(G, S). Since G is the semidirect product of N and (d), there
existm,n € N and z,y € (d) such that £, = mz and t2 = ny. We continue the proof in
the following cases:

(i) Ifx = landy = d, thenm™'nd = t] 'ty € S\ (SNN) = {d}. Therefore, m~'n =
1 and so m = n. From this, we have ¢~ 1(t;) = (m, x) ~ (n,y) = ¢~ (t2).

(i) If = d and y = 1, the above reason shows that ¢~1(¢;) = (m,z) ~ (n,y) =
¢~ (ta).

(iii) If z = y = 1, then m~'n = t] 'ty € S N N. Therefore m ~ n in Cay(N,S N N)
and hence ¢~ (t1) = (m, ) ~ (n,y) = ¢~ ! (t2).

(iv) f z = y = d, then d"'m~'nd = t; 'ty € d(SN N)d~' = SN N. Therefore
m~tn € d(SNN)d~ = SNN and hence, ¢~ 1(t1) = (m,z) ~ (n,y) = ¢~ *(t2).

These show that Cay (N, SNN) O Cay((d), {d}) = Cay(G, S). Now, suppose that the
theorem is false, and let G be the smallest group satisfying the hypothesis and Cay(G, S)
does not admit a 3-NZF. Note that |.S| > 5. We examine the following possibilities:

Subcase 2.1. If there is y € S N Z(N) of order n > 2 such that d~'yd ¢ {y,y "'},
then since Z (V) is normal in G, the assumption guarantees the existence of an element
z € SN Z(N) such that d"'yd = z. Since O(d) = 2, we see that d~'zd =
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Thus (y,y~ %, 2,278 < (y,y~ Y, 2,271 d). If G # (y,y~ ', 2,271, d), then by our as-
sumption on G, Cay({y,y~ !, 2,27 1,d), {y,y~',2,271,d}) admits a 3-NZF. Thus since
IS\ {y,y~ 1, 2,271, d}| is even, we get that Cay(G, S) admits a 3-NZF. This is a contra-
diction. Therefore, we can assume that G = (y,y~!,2,271,d), N = (y,y~1,2,271),
S ={y,y Yz z1dyand SN N = {y,y ', 2,271} Let K be a minimal normal
subgroup of G such that K < Z(N). If K NS = (), then N/K < G/K with [G/K :
N/K] = 2 and Z(N/K) N S/K # (). Note that |S/K| = 5and |(SN N)/K| = 4.
So Cay(N/K,(S N N)/K) admits a 3-NZF. Also |G/K| < |G|. Thus our assumption
on G leads us to see that Cay(G/K,S/K) admits a 3-NZF, and so does Cay(G, S) by
Lemma 2.2. This is a contradiction. Thus K N S # (). Without loss of generality, we can
suppose that y € K,sod 'yd = z € K. Therefore, K = N. This forces NN to be cyclic or
elementary abelian. Thus either N = (y) or N = (S N N) = (y) x (z) and hence, either
z =y"and

Cay(N,NNS) =Cay(y), {y.y"".¢",y~"}) 2 C(n,i) or
Cay(N,N N S) = Cay((y), {y,y*}) OCay((2),{z, 27 '}) = C,OC,.
Note that Cay(G,S) = Cay(N,S N N)OK,. Thus Cay(G,.S) is isomorphic to either

C(n,i)OK; or (C,,0C,)OKs. So Lemmas 2.5 and 2.4 guarantee that Cay(G, S) ad-
mits a 3-NZF. This is a contradiction.

Subcase 2.2. If S N Z(N) contains an involution y such that d~1yd # v, then there exists
an element z € SN Z(N) such that d~'yd = z. Therefore, (y, z) is an elementary abelian
2-group of order 4. So Cay({y, z,d), {y, z,d}) is the circular ladder C'Ly4 (see Figure 1)
which is bipartite and hence, it admits a 3-NZF. Also, Cay (G, S\{y, z, d}) admits a 3-NZF,
and so does Cay(G, S). This is a contradiction.

1 2 2Y Y

d dz dzy dy
Figure 1: The circular ladder C'Ly.

Subcase 2.3. Suppose that for every y € Z(N)N S, d~'yd € {y,y~'}. Applying
the above argument shows that there exists an element y € Z(N) NS such that (y) is
a minimal normal subgroup of G. If the order of y is 2, then y is a central involution
and hence, Cay(G, S) admits a 3-NZF. This is a contradiction. Thus the order of y is
an odd prime number. Now if N N S contains an element z such that O(z) > 3 and
d='zd € {z, 271}, then applying the same argument as that of used in Subcase 2.1 leads us
to get a contradiction. Now suppose that there exists an element z € (SNN)\{y,y~'} such
that O(z) > 3and d~'2d ¢ {z,271}. So our assumption on G allows us to assume that
S={y,y ', 2,27, d tzd,d 127 1d,d}. Let K be a normal subgroup of G containing y
such that K < N and it is maximal with the property K N (S \ {y,y~'}) = 0. If M/K
is a minimal normal subgroup of G/K such that M /K < N/K, then our assumption on
K shows that M N (S \ {y,y~'}) # 0. Without loss of generality, we can assume that
z € M. Since M is normal in G, we deduce that d~'zd € M and hence, S — {d} C M.
Thus M = N. Set Sy = {z,27Y,d t2d,d"*271d,d}. Moreover M/K = N/K is
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abelian and normal in G/K of index 2 such that S; /K \ (S1/K N M/K) = {dK} and
dK(S1/KNM/K)dK = (S1/K NM/K). By our assumption on G, Cay(G/K, S; /K)
admits a 3-NZF. But SN K = (), so Lemma 2.2 shows that Cay (G, S1) admits a 3-NZF. In
addition, since |S'\ S1| = 2, Cay(G, S\ S1) admits a 3-NZF and hence, Cay (G, S) admits
a 3-NZF. This is a contradiction. Finally, let N N S contain an element z of order 2. Since
|S N N is even, our assumption on G allows us to assume that there exists an involution
w € (SN N)\ {z} such that G = (y,y~ !, 2, w,d). Since z,w are distinct involutions,
we have that either (z, w) is an elementary abelian 2-group of order 4 or a dihedral group.
We can see at once that Cay((w, z,d), {w, z,d}) is a circular ladder C Ly, for some even
number k, which is bipartite. Therefore, Cay({w, z, d), {w, z, d}) admits a 3-NZF, and so
does Cay(G, S). This is a contradiction.

This shows that Cay(G, S) admits a 3-NZF, as desired. O

Theorem 3.2. Let G be a group, N be an abelian subgroup of G of index 2 and let S be
a connection sequence of G such that |S| > 4. If there exists d € S\ (S N N) such that
d=1 (SN N)d = SN N, then Cay(G, S) admits a 3-NZF.

Proof. First, assume that | SN N| > 4. By Lemma 2.3, Cay (N, SN N) has a 3-NZF. Since
|G/N| = 2, we can assume that G/N = (dN), and hence for every y € S\ (SN N),
yN € (dN). Thus there exists ¢ € N such that y = td and

foreverys € SN Nandy € S\ (SNN), y 'syc SNN. 3.1

So the Conditions (1) and (2) of Theorem 3.1 are fulfilled and hence Cay(G, S) admits a
3-NZF. Now, we assume that |S N N| < 3. The proof falls naturally into several parts. If
|SNN| =0, then by Lemma 2.8, Cay (G, S) is bipartite, and hence Lemma 2.6 shows that
Cay(G, S) admits a 3-NZF. Moreover, if |S N N| = 2, then Lemma 2.9 forces Cay(V,
S N N) to admit a 3-NZF. Also by (3.1), forevery s € SN N,y lsy =d 'sd € SN N.
So Theorem 3.1 completes the proof. Therefore, |S N N| € {1,3}. We consider these
possibilities in the following cases:

Case 1. Assume that |S N N| = 1. So SN N = {z}. Clearly, O(z) = 2 and d"'zd =
x71 = 2. Also, forevery y € S\ (SN N), we have yN € (dN) and hence, y = md for
some m € N. Therefore, we can see y~'xy = z. Thus z € Z((9)) is of order 2. Hence
by Lemma 2.1, we have Cay((S), S) admits a 3-NZF, and so does Cay(G, S).

Case 2. Assume that |S N N| = 3. We continue the proof in two subcases:

Subcase 1. Let SN N = {x,y,y~ 1}, where O(z) = 2 and O(y) > 3. Since d~'zd €
SN N and O(d~'zd) = 2, the same argument as that of used in Case 1 completes the
proof.

Subcase 2. Let SN N = {z,y, z}, where O(z) = O(y) = O(z) = 2. First, assume that
none of the elements in .S N N generates by the other ones. Since z, y, z are of order 2 and
N is abelian, we have

(NNS) = {22 |1 <i,j,k <2} = (z) x (y) x (z) <N.

It is easy to check that Cay ((N N S), SN N) is bipartite (similar to Figure 1) and hence by
Lemma 2.6, Cay (XN, S N N) admits a 3-NZF. The rest of the proof runs as the case when
|[SNN| > 4.



210 Ars Math. Contemp. 16 (2019) 203-213

Otherwise, without loss of generality, assume that S " N = {z,y,ay}. Set S1 =
{d,d='}. Note that |S| is odd. Thus |S\ ((S N N)US;)| = 0or 2k where k € N. Set
Sy =S\ ((SNN)US;)and H = ((SNN) U S). In fact,

Cay(G, S2) UCay(G, (SN N)US;) = Cay(G, S)

and Cay (G, S2) admits a 3-NZF. So it is sufficient to find a 3-NZF in Cay (G, (SNN)US1).

We know that d~'xzd € SN N. If dlxd = =z, then since N is abelian, we have
x € Z(H) and its order is 2, so the proof is complete by Lemma 2.1. Now, assume that
d~lzd = y. Since N # dN € G/N and |G/N| = 2, we have O(dN) = 2, and hence
d? € N. It follows that z = d?xd—2 = dyd—!. Therefore,

d teyd = d 'zdd lyd = yx = xy.

Thus vy € Z(H) and O(zy) = 2. Lemma 2.1 shows that Cay(H, (SN N) U .S;) admits a
3-NZF, and so does Cay (G, (SN N)US}), as desired. The same reasoning can be applied
to the case d'zd = xy. O

In the following we show that Theorem 3.2 guarantees the existence of a 3-NZF in a
Cayley graph on a generalized dicyclic group.

Example 3.3. Let H be an abelian group, having a specific element y € H of order 2. A
group G is called a generalized dicyclic group, Dic(H,y), if it is generated by H and an
additional element z. Moreover, we have [G : H] = 2, 22 = y and 2 taz = a™! for
every a € H. It is easy to see that every Cayley graph of valency at least 4 on Dic(H, y)
has a 3-NZF by applying Theorem 3.2.

Note that in [3, 11], as the main theorems, it is showed that the graphs mentioned in
Example 3.4 admit nowhere-zero 3-flows.

Example 3.4.

(1) Let H be an abelian group. The generalized dihedral group Dy is a group of order
2|H| generated by H and an element p where p ¢ H, p> = 1 and p~thp = h~!
for all h € H. We see at once that every Cayley graph of valency at least 4 on Dy
satisfies the conditions of Theorem 3.2, and hence it admits a 3-NZF. In particular,
G = (z,a|a™ = 2? = 1,27 tax = a~ 1) is a special case of Dy, where H = (a),
p = x and it is called a dihedral group and denoted by Do,,.

(2) Let G = (z,a | a" = 2%,a" = 1,z taz = a~!) which is called a generalized
quaternion group, denoted by (4,. Note that GG is a special case of a generalized
dicyclic group where (a) and z play the roles of H and z, respectively. Thus every
Cayley graph of valency at least 4 on ()4, admits a 3-NZF.

Remark 3.5. Let G be a group, N be a normal subgroup of G of an odd index at least 3 and
S be a connection sequence of G such that |S| > 4. Assume that T' = {z1,...,Z2r11} 152
left transversal set of V in G and Cay(N, SN N)) has a 3-NZF. Note that by Remark 2.11,

2k+1
Cay(G,S) = ( U Cay(N,SmN)> U Cay(G, S\ (SN N)).

=1
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By the assumption, for every ¢ € {1,...,2k + 1}, z; Cay(N,S N N) admits a 3-NZF.
For finding a 3-NZF in Cay(G, ), it is enough to find a 3-NZF in Cay (G, S \ (SN N)).
If |S\ (SN N)|is odd, then there exists y € S\ (S N N) such that O(y) = 2 and
hence yN € G/N and O(yN) = 2. So we have 2 | |G/N|. This is impossible. Thus
|S\ (SN N)|is even and hence Cay(G, S \ (S N N)) admits a 3-NZF by Lemma 2.9.
Therefore if Cay (N, S N N) has a 3-NZF, then so does Cay(G, 5).

Theorem 3.6. Let G be a solvable group with a cyclic Sylow 2-subgroup and let S be a
connection sequence of G with |S| > 4. If there exists an element x € Z(G) N S such that
x is a generator element of G in S, then Cay(G, S) admits a 3-NZF.

Proof. Suppose that G is the smallest counterexample satisfies the above conditions, but
Cay(G, S) does not admit a 3-NZF. Without loss of generality, we can assume that |S| = 5
and z € Z(G) N S. Thus O(z) > 3 by Lemma 2.1. If there exists v € Z(G) such that
(u)NS = 0, then |S/{u)| = |S], z{u) € Z(G/{u))NS/(u) and |G/{u)| < |G|. If z(u) isa
generator element of G/(u) in S/(u), then by our assumption, Cay(G/(u), S/(u)) admits
a 3-NZF. Lemma 2.2 forces Cay (G, S) to admit a 3-NZF, a contradiction. Thus 2 (u) is not
a generator element. Therefore, there exist an element ¢ € (S \ {z,271}) and i € N such
that zu’ = t and hence t € Z(G). If there exists t; € (t) NS, then as stated above, we can
see that O(t;) > 3. Thus Z(G) NS = {x,z~",t1,t7'}. Therefore |G/Z(G)| € {1,2}
and hence, G/Z(G) is cyclic. So G is an abelian group. This forces Cay(G, S) to admit
a 3-NZF, a contradiction. Thus (¢) NS = (). Moreover, we can see at once that x(t)
is a generator element of G/(t) in S/(t), |S/(t)| = |S| and |G/(t)| < |G|. Therefore,
our assumption forces Cay(G/(t),S/(t)) to admit a 3-NZF, and so does Cay(G, S) by
Lemma 2.2. This is a contradiction. So for every u € Z(G), we have (u) NS # (. We
continue the proof in two cases:

Case 1. Suppose that |Z(G)| is even. So there exists w € Z(G) of order 2. By our
assumption, (w) NS # @, and hence S contains a central involution. Lemma 2.1 shows
that Cay ((S), S) admits a 3-NZF, and so does Cay (G, S). This is a contradiction.

Case 2. Let |Z(G)| be odd. Since |S| = 5, S contains an involution y. We continue the
proof in three subcases:

Subcase 1. Suppose that |[S N Z(G)| is odd, so Z(G) contains an involution. This is a
contradiction, because | Z(G)| is odd.

Subcase 2. Suppose that | Z(G)NS| = 2. So we have Z(G)NS = {z,r~ 1}, where O(x) is
an odd prime number p. Therefore, (x) is a cyclic subgroup of order p. By the assumption,
x & (S\ {x,27'}) and hence, we deduce that G = (x) x M, where M = (S \ {x,z71})
is a maximal subgroup of G. Let N be a minimal normal subgroup of G such that N < M.
So N is an elementary abelian ¢-group, where ¢ is a prime number. If N NS = (), then
z(N) € Z(G/N) N S/N is a generator element of G/N in S/N, |G/N| < |G| and
|S/N| = 5. Thus by our assumption on G, Cay(G/N, S/N) admits a 3-NZF, and so does
Cay(G, S). This contradicts our assumption. If N NS # (), then the proof falls naturally
into several parts:

(@) If y € N N S such that O(y) = 2, then 2 | |N|. Since N is elementary abelian,
we get that IV is an elementary abelian 2-group. Thus |N| = 2 by the assumption.
Therefore y € N < Z(G), and hence | Z(G)| is even. This is a contradiction.
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(b) fNNS = {2,271}, where O(z) > 3, then S\ {z,271} = {2,271, y}. Since
N is an elementary abelian g-group where ¢ is a prime number, we get O(z) =
q # 2. Soy & N. If yz = zy, then G is an abelian group and hence, Lemma 2.3
forces Cay (G, S) to admit a 3-NZF, a contradiction. If yz # zy and O(yz) = 2,
then we have yzy = 2. Thus L = (z,27 %, 2,271) <G = (z, 271, 2,271, y).
Therefore, [G : L] = 2 and L < G. We thus get that Cay (G, S) admits a 3-NZF by
Theorem 3.1. This is a contradiction. Now, suppose that yz # zy and O(yz) > 3.
Since O(z) = ¢, z € N and |M/N| = |(yN)| = 2, we have |M| = 2¢*, where
t € N. If O(yz) = ¢, where n < t, then yz € N. Soy € N, a contradiction.
Suppose that O(yz) = 2¢™ where n < t. Since ged(2, ¢™) = 1, there exist k, s € Z
such that 2s + kg™ = 1. So, O((y2)?*) = ¢" and O((yz)*?") = 2. Thus we have
(yz)** € N. Since z € N and N is abelian, we can see that (y2)*y = y(yz)?*.
Therefore (yz)** € Z(M) < Z(G). Thus ((yz)**) is a normal subgroup of G and
{(y2)*) < N.Soz € N = {(y2)*) < Z(M) < Z(Q) and hence yz = zy. This is
a contradiction with the above statements.

Subcase 3. Suppose that |SN Z(G)| = 4. Since |S| = 5, we can see S|\ |SNZ(G)| = 1.
It follows that [(S) : (S N Z(G))] = 2. So (S)/({S N Z(G))) is a cyclic group. On the
other hand, (S N Z(G)) < Z((S)). Therefore (S) is abelian, and hence Lemma 2.3 yields
that Cay ((S), S) admits a 3-NZF, and so does Cay(G, S), a contradiction. O

Corollary 3.7. Let G be a solvable group such that the Sylow 2-subgroups of G are cyclic
and every Cayley graph of valency at least 4 on G admits a 3-NZF. If H is a nilpotent
group, then every Cayley graph of valency at least 4 on G x H admits a 3-NZF.

Proof. Suppose that H is the smallest nilpotent group such that Cay(G x H,.S) does not
admit a 3-NZF. Note that by the assumption on G, we have H # 1. If there exists 1 # t €
Z(H) such that (t) NS = {), then since (¢) < G x H, our assumption on H shows that
Cay((G x H)/(t), S/(t)) admits a 3-NZF. So Lemma 2.2 forces Cay(G x H, S) to admit
a 3-NZF. This is a contradiction. Thus forevery t € Z(H), (t)NS # (). If |[H| is even, then
S contains a central involution and hence, Lemma 2.1 shows that Cay (G x H, S) admits a
3-NZF, a contradiction. Thus |H| is odd. Let the order of t € Z(H) N S be odd. If |H N S|
is odd, then 2 | |H|. This is a contradiction. If |[H N S| = 2, then H NS = {z, 2~ '} and
hence, Z(H) N S = {z,271} and O(z) is a prime number. Since G is solvable, we can
assume that K is a normal subgroup of G x H such that K < G and K is maximal with
the property that SN K = (). If G = K, then (G x H)/G is nilpotent and |S/G| = |5,
and hence, Cay((G x H)/G,S/G) admits a 3-NZF, and so does Cay(G x H,.S). This is
a contradiction. Thus G # K and for a minimal normal subgroup M /K of (G x H)/K
such that M /K < G/K, we have M NS # (). So one of the following possibilities occurs:

(I) Suppose that M N S contains an involution z. Then 2 | |M/K|. Since M/K is
elementary abelian and the Sylow 2-subgroups of G are cyclic, we have M /K =
(2K and hence (zK) < Z((G x H)/K). Therefore, Lemma 2.1 shows that
Cay((Gx H)/K,S/K) admits a 3-NZF, and so does Cay(G x H, S) by Lemma 2.2,
a contradiction.

(II) If M NS does not contain any involution, then |M N S| is an even number. Since |5
is odd, we get that S \ (M N S) contains an involution z. But |H| is odd, so z € G.
Let S; = (M NS)U{z z,271}. We have (S1) = (M NS, z) x (x) and |S1]| > 5
is an odd number. Thus Theorem 3.6 shows that Cay(({S1), S1) admits a 3-NZF, so
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does Cay(G x H,S1). Since |S \ Si] is even, Cay(G x H,S) admits a 3-NZF, a
contradiction.

If |[H NS| > 4, then there exists an element € .S such that O(x) = 2. Since |H]| is odd,
we have x ¢ H NS and the Sylow 2-subgroups of G x H are the Sylow 2-subgroups of G
and hence, x € G. Therefore © € Cgx g (H N S), the centralizer of H N S'in G x H, and
hence x € Z((H N S) x (x)). So Lemma 2.1 forces Cay((H N S) x (x),(HNS)U{z})
to admit a 3-NZF, so does Cay(G x H,(HNS)U{x}). But|S\ ((HNS)U{z})|is even,
So Cay(G x H, S) admits a 3-NZF, a contradiction. O

Corollary 3.8. If L is a nilpotent group, then for every generalized dihedral group Dy,
the Cayley graph of valency at least 4 on Dy X L admits a 3-NZF.

Proof. Let Dy be the smallest generalized dihedral group such that the Cayley graph of
valency at least 4 on Dy x L does not admit a 3-NZF. If |H| is odd, then the Sylow 2-
subgroups of Dy are cyclic, and hence Corollary 3.7 shows that Cay(Dy x L, S) admits a
3-NZF, a contradiction. If | H| is even, then H contains a central involution ¢. If ¢ € S, then
Lemma 2.1 shows that the Cayley graph of valency at least 4 on Dy x L admits a 3-NZF,
a contradiction. If ¢ ¢ .S, then by our assumption, Cay((Dg x L)/(t), S/(t)) admits a 3-
NZF. It follows that Cay(Dp x L, S) admits a 3-NZF by Lemma 2.2. This is impossible.
These contradictions show that every Cayley graph of valency at least 4 on Dy x L admits
a 3-NZF. O
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Abstract

Let p be an odd prime. A graph is called a bi-p-metacirculant on a metacyclic p-group
H if admits a metacyclic p-group H of automorphisms acting semiregularly on its vertices
with two orbits. A bi-p-metacirculant on a group H is said to be abelian or non-abelian
according to whether or not H is abelian.

By the results of Malni¢ et al. in 2004 and Feng et al. in 2006, we see that up to iso-
morphism, the Gray graph is the only cubic edge-transitive non-abelian bi-p-metacirculant
on a group of order p3. This motivates us to consider the classification of cubic edge-
transitive bi-p-metacirculants. Previously, we have proved that a cubic edge-transitive non-
abelian bi-p-metacirculant exists if and only if p = 3. In this paper, we give a classifica-
tion of connected edge-transitive non-abelian bi-p-metacirculants of valency p, and con-
sequently, we complete the classification of connected cubic edge-transitive non-abelian
bi-p-metacirculants.

Keywords: Bi-p-metacirculant, edge-transitive, inner-abelian p-group.

Math. Subj. Class.: 05C25, 20B25

1 Introduction

Given a group H, let R, £ and S be three subsets of H such that R~ =R, L7! = L
and R U L does not contain the identity element of H. The bi-Cayley graph over H with
respect to the triple (R, £, S), denoted by BiCay(H, R, L, S), is the graph having vertex
set the union Hy U H; of two copies of H, and edges of the form {hg, (xh)o}, {h1, (yh)1}
and {ho, (zh)1} withz € R,y € L,z € S and hy € Hy, hy € H; representing a given
h € H. Itis easy to see that a graph is a bi-Cayley graph over a group H if and only if it
admits H as a semiregular automorphism group with two orbits.
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LetI" = BiCay(H, R, L, S). For g € H, define a permutation R(g) on the vertices of
T by the rule

W9 = (hg);, Vi€ Zy, heH.

Then R(H) = {R(g) | g € H} is a semiregular subgroup of Aut(T") which is isomorphic
to H and has Hy and H; as its two orbits. When R(H) is normal in Aut(T"), the bi-Cayley
graph I' = BiCay(H, R, L, S) is said to be normal (see [24]). When Ny (R(H)) is
transitive on the edge set of I', we say that I is normal edge-transitive (see [7]).

Bi-Cayley graphs are useful in constructing edge-transitive graphs (see [7, 24]). How-
ever, it is difficult in general to decide whether a bi-Cayley graph is edge-transitive. So it
is natural to investigate the edge-transitive bi-Cayley graphs over some given groups. Note
that metacylic groups are widely used in constructing graphs with some kinds of symmetry,
see, for example, [1, 11, 12, 13, 14, 18]. (A group G is called metacyclic if it contains a
cyclic normal subgroup N such that G/N is cyclic.) In this paper, we shall focus on the
bi-Cayley graphs over a metacyclic p-group with p an odd prime. For convenience, a bi-
Cayley graph over a (resp. non-abelian or abelian) metacyclic p-group is simply called a
(resp. non-abelian or abelian) bi-p-metacirculant.

Note that the Gray graph [6], the smallest cubic semisymmetric graph, is a non-abeian
bi-3-metacirculant of order 2-33. Malni¢ et al. in [8, 17] gave a classification of cubic edge-
transitive graphs of order 2p® for each prime p. Actually, it is easy to prove that every cubic
edge-transitive graphs of order 2p? is a bi-Cayley graph over a group of order p3. Rather
than describe the classification in detail, we would simply like to point out one striking
feature: except the Gray graph, there do not exist other cubic edge-transitive non-abelian
bi-p-metacirculants of order 2 - p? for every odd prime p. This seems to suggest that cubic
edge-transitive non-abelian bi-p-metacirculants are rare. Motivated by this, we are going
to consider the following problem:

Problem 1.1. Classify cubic edge-transitive non-abelian bi-p-metacirculants for every odd
prime p.

In [19], we gave a partial answer to this problem. We first proved that a cubic edge-
transitive non-abelian bi-p-metacirculant exists if and only if p = 3, and then we gave a
classification of cubic edge-transitive bi-Cayley graphs over an inner-abelian metacyclic
p-group for each odd prime p. (A non-abelian group is called an inner-abelian group if
all of its proper subgroups are abelian.) In view of this, to solve Problem 1.1, it suffices
to classify cubic edge-transitive non-abelian bi-3-metacirculants. Naturally, the following
problem arises.

Problem 1.2. Classify edge-transitive non-abelian bi-p-metacirculants of valency p for
every odd prime p.

The following is the main result of this paper which gives a solution of Problem 1.2.

Theorem 1.3. Let p be an odd prime, and let I be a connected edge-transitive non-abelian
bi-p-metacirculants of valency p. Then p = 3 and T is isomorphic to one of the following
graphs:

()
I, = BlcaY(gT7 03 0) {15 a, ailb})a
gr = <CL, b | a3T+1 = bST = 17 b_lab = U;l+3r> )
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(ii)
BiCay(H., 0,0, {1,b,b"'a}),

r+1 r+1 _ r
a,b|a® =0 =1,b 1ab:a1+3>,

s,
Hr
where 1 is a positive integer.

Remark 1.4. The graphs I, and ¥,. are actually those graphs what we have found in [19].
By [19], T',. is semisymmetric while ¥, is symmetric. To the best of our knowledge, the
graphs I, form the first known infinite family of cubic semisymmetric graphs of order
twice a power of 3.

From the above theorem and [19, Theorem 1], we may immediately obtain the follow-
ing result which gives a solution of Problem 1.1.

Corollary 1.5. Let p be an odd prime. A connected cubic non-abelian bi-p-metacirculant
is edge-transitive if and only if it is isomorphic to one the graphs given in Theorem 1.3.

Remark 1.6. The classification of cubic edge-transitive bi-Cayley graphs on abelian groups
has been given in [10, 23]. So our result actually completes the classification of all cubic
edge-transitive bi-p-metacirculants for each odd prime p.

2 Preliminaries
2.1 Definitions and notation

Throughout this paper, groups are assumed to be finite, and graphs are assumed to be
finite, connected, simple and undirected. For the group-theoretic and the graph-theoretic
terminology not defined here we refer the reader to [4, 21].

Let G be a permutation group on a set € and take o € (2. The stabilizer G, of « in
G is the subgroup of G fixing the point . The group G is said to be semiregular on €2 if
G, = 1forevery a €  and regular if G is transitive and semiregular.

For a positive integer n, denote by Z,, the cyclic group of order n and by Z, the mul-
tiplicative group of Z,, consisting of numbers coprime to n. For a finite group G, the full
automorphism group and the derived subgroup of G will be denoted by Aut(G) and G’,
respectively. Denote by exp(G) the exponent of G. For any x € G, denote by o(x) the
order of . For two groups M and N, N x M denotes a semidirect product of N by M. A
non-abelian group is called an inner-abelian group if all of its proper subgroups are abelian.

For a graph T', we denote by V' (I") the set of all vertices of T', by E(T") the set of all
edges of T', by A(T") the set of all arcs of ', and by Aut(T") the full automorphism group
of I'. For u,v € V(I'), denote by {u, v} the edge incident to u and v in T'. If a subgroup G
of Aut(T") acts transitively on V(T"), E(T") or A(T"), we say that T" is G-vertex-transitive,
G-edge-transitive or G-arc-transitive, respectively. In the special case when G = Aut(T")
we say that I" is vertex-transitive, edge-transitive or arc-transitive, respectively. An arc-
transitive graph is also called a symmetric graph. A graph I is said to be semisymmetric if
I' is regular and is edge- but not vertex-transitive.
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2.2 Quotient graph

Let I" be a connected graph with an edge-transitive group G of automorphisms and let IV be
a normal subgroup of G. The quotient graph Iy of T relative to N is defined as the graph
with vertices the orbits of N on V(I") and with two orbits adjacent if there exists an edge
in I" between the vertices lying in those two orbits. Below we introduce two propositions
of which the first is a result of [15, Theorem 9].

Proposition 2.1. Let p be an odd prime and T be a graph of valency p, and let G < Aut(T")
be arc-transitive on I'. Then G is an s-arc-regular subgroup of Aut(T") for some integer
s. If N < G has more than two orbits in V (T'), then N is semiregular on V(I'), 'y is a
symmetric graph of valency p with G /N as an s-arc-regular subgroup of automorphisms.

In view of [16, Lemma 3.2], we have the following proposition.

Proposition 2.2. Let p be an odd prime and T be a graph of valency p, and let G < Aut(T")
be transitive on E(I") but intransitive on V(I'). Then T is a bipartite graph with two
partition sets, say Vo and V1. If N < G is intransitive on each of Vo and V1, then N is
semiregular on V (I'), T'y is a graph of valency p with G/N as an edge- but not vertex-
transitive group of automorphisms.

2.3 Bi-Cayley graphs
Proposition 2.3 ([23, Lemma 3.1]). LetT" = BiCay(H, R, L, S) be a connected bi-Cayley
graph over a group H. Then the following hold:

(1) H is generated by R U LU S.

(2) Up to graph isomorphism, S can be chosen to contain the identity of H.

(3) For any automorphism « of H, BiCay(H, R, L, S) = BiCay(H, R%, L, S%).

(4) BiCay(H,R, L, S) = BiCay(H, L, R,S™1).

LetT" = BiCay(H, R, L, S) be a bi-Cayley graph over a group H. Recall that for each
g € H, R(g) is a permutation on V (T") defined by the rule

(2

and R(H) = {R(g) | g € H} < Aut(T"). For an automorphism « of H and z,y,g € H,
define two permutations on V(I') = Hy U H; as following:
5a,x,y: h() — (Sb'ha)l, hl — (yha)(), Vh € H,
Oa,g: ho — (ha)o, h,l > (gha)l, Yh S H.

Set
I={0nzy|a€Aut(H)st. R* =2 'La, L% =y 'Ry, S* =y 'Sz},
F={0n,|acAut(H)st. R* =R, LY =g 'Lg,S* =g~ '5}.

Proposition 2.4 ([24, Theorem 3.4]). Let I' = BiCay(H, R, L, S) be a connected bi-
Cayley graph over the group H. Then Npury(R(H)) = R(H) x F if I = 0 and
Nawmy(R(H)) = R(H){F,0a.0,y) if I # 0 and 645, € I. Furthermore, for any
da,z,y € I, we have the following:
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(1) (R(H),ba,z,y) acts transitively on V (T');

(2) if o has order 2 and x =y = 1, then I is isomorphic to the Cayley graph Cay(H,
R U«S), where H= H x ().

3 Some basic properties of metacyclic p-groups
In this section, we will give some properties of metacyclic p-groups.

Proposition 3.1. Any metacyclic p-group G (p an odd prime) has the following presenta-
tion:
G = <a, b | a2 1, T = apHs,ab = a1+pr> ,

where r, s, t,u are non-negative integers with u < r. Different values of the parameters

7, 8, t, u with the above conditions give non-isomorphic metacyclic p-groups. Furthermore,
the following hold:

(1) If |G'| = p", then for any m > n, we have
()P = 2P yP", Y,y e G.
(2) For any positive integer k and for any x,y € G,
" = ypk — (xfly)pk =1 (xyfl)pk =1.

Proof. By [22, Theorem 2.1], it suffices to prove the items (1) and (2). Since G’ is cyclic,
(1) follows from [9, Chapter 3, §10, Theorem 10.2 (c) and Theorem 10.8 (g)]. Item (2)
follows from [9, Chapter 3, §10, Theorem 10.2 (c) and Theorem 10.6 (a)]. O

Lemma 3.2. Let p be an odd prime, and let H be a metacyclic p-group generated by a,b
with the following defining relations:

-1 14p"
, b~ lab=al™",
where m,n, r are positive integers such that r < m < n + r. Then the following hold:

(1) Foranyi € Zym, j € ZLpn, we have
a't) = paid+e’)
(2) For any positive integer k and for any i € Zym, j € Lpn, we have
(Yah)k = R i o (14+p")

(3) For any positive integers t, k and any element x of H, ifa:pzt =1, then

ty\k t
24" — 14kt

(4) The subgroup of H of order p is one of the following groups:

<apm71>, <bpn71ai/prn71> (i € Zy).
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Proof. From [19, Lemma 14 (1) —(2)], we have the items (1) —(2).
For (3), the result is clearly true if & = 1. In what follows, assume & > 2. Since
P = 1, we have 2P = 1. Then

214" [CRAR () O 1T (p1) ORI TR (p") 2 O 10 (09) )
— O GO L CR(0)? L R

- . (xpt)Ci ) (xp”)Ci (mp’“)C;’i

t
=g kP

t
— wl—&-kp ,

and so (3) holds. (Here for any integers N > [ > 0, we denote by Cﬁ\, the binomial
coefficient, that is, C, = %)

For (4), let Q1 (H) = (x € H | o(x) = p). Since H is a metacyclic p-group, by [2,
Exercise 85], we have Q4 (H) = Z,, X Z,. It implies that H has p + 1 subgroups of order

p. Furthermore, the subgroup of H of order p is one of the following groups:

m—1 n—1 ,L-/ m—1 3
<ap > , <b” a'? > (i' € Zy),
as required. O

4 Inner-abelian bi-p-metacirculants of valency p

In this section, we focus on edge-transitive bi-Cayley graphs over inner-abelian metacyclic
p-groups of valency p. For convenience, a bi-Cayley graph over an inner-abelian metacyclic
p-group is simply called an inner-abelian bi-p-metacirculant.

In [19, Theorem 2], we gave a classification of cubic edge-transitive inner-abelian bi-
p-metacirculants.

Proposition 4.1 ([19, Theorem 2]). Let I" be a connected cubic edge-transitive bi-Cayley
graph over an inner-abelian metacyclic 3-group H. Then H = G, or H,, and T = T',.
or Y., where the groups G, H,, and the graphs T',., ¥, are defined as in Theorem 1.3. In
particular, H/H' = Zizr X Z3r or Zzr X Zgri1.

In this section, we shall prove the following theorem.

Theorem 4.2. Let H be an inner-abelian metacyclic p-group with p an odd prime, and let
T be a connected edge-transitive bi-Cayley graph over H of valency p. Then p = 3, and T’
is isomorphic to one of the graphs given in Theorem 1.3.

4.1 Two technical lemmas

Lemma 4.3. Let p be an odd prime and let T be a connected edge-transitive graph of
valency p. If G < Aut(T") is transitive on the edges of T, then for each v € V(T'),
|G| = pm with (m,p) = 1.

Proof. Since G is transitive on the edges of T, for each v € V(TI"), the order of a vertex
stabilizer G, must be divisible by p. Suppose, by way of contradiction, that |G, | is divisible
by p?. Let G be the subgroup of G, fixing the neighborhood I'(v) of v in ' pointwise.
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Then G, /G < Sp, forcing that p | |G5|. Then G contains an element o of order p.
Note that each orbit of («) has length either 1 or p. Since () fixes v and each vertex in
I'(v), the connectedness of T" implies that each orbit of (a) has length 1, and so &« = 1, a
contradiction. O

Lemma 4.4. Let H be a p-group with p an odd prime, and let ' = BiCay(H, R, L, S) be
a connected edge-transitive bi-Cayley graph of valency p. Then

(1) T is normal edge-transitive, R = L = 0, and S = {1,h, hh*,... hh"--- h‘*piz}
or some 1 h € Hand o € Aut(H) satisfying hh®h®" - b = 1 and
8
o(@) | p;
(2) if H has a characteristic subgroup K such that H/K is isomorphic to Zym X Zyn,
then |m — n| < 1.

Proof. Let A = Aut(T"), and let P be a sylow p-subgroup of A such that R(H) < P.
Since T" is edge-transitive, Lemma 4.3 gives that |A| = |R(H)|-p-m, where (p,m) = 1. It
follows that | P| = p|R(H)|, and hence P < N4(R(H)). Furthermore, for any e € E(T),
wehave |[A: A.| = |E(T')| = p|R(H)|, and so | A.| = m. It follows that P, = PNA, =1,
and hence |P : P.| = |P| = p|R(H)| = |E(T')|. Thus, P is transitive on the edges of IT".
Thus, IT" is normal edge-transitive.

Let N = N4(R(H)). Then N is transitive on the edges of I'. Since R(H) < N,
the two orbits Hy, H; of R(H) do not contain any edge of ', and so R = £ = . By
Proposition 2.3, we may assume that 1 € S. Since N is transitive on the edges of I'
and T" has valency p, Ny, has an element o, ; of order p for some o € Aut(H) and
1 # h € H. Furthermore, o, j cyclically permutes the elements in I'(19). So we have
L(1o) = {11, k1, (hh®)1, ..., (hh®---h®" )1} and AR - h®" "' = 1. This implies
that

S ={1,h,hh®, ... hh® - b "},

and h®" = h. Since T is connected, one has H = (S) = (h® | 0 < i < p—1). As
h®" = h, o? is a trivial automorphism of H. Consequently, we have o(a) =1orpand (1)
is proved.

For (2), without loss of generality, assume that H/K = ZLpm X Lpn With m > n,
where K is a characteristic subgroup of H. Let T' = (R(x) € R(H) | 27" € K). Then
T is characteristic in R(H) and R(H)/T = Zym-n. Propositions 2.1 and 2.2 implies
that the quotient graph I'r of T relative to T is a graph of valency p with N/T as an
edge-transitive group of automorphisms. Clearly, R(H)/T is semiregular on V (I'r) with
two orbits and R(H)/T < N/T, so 'y is a normal edge-transitive bi-Cayley graph over
R(H)/T 2 Zym-n of valency p.

So to complete the proof, it suffices to show that if H = Z,~ then m < 1. Suppose
to the contrary that H = Z,» with m > 2. Since H = <h0‘1 | 0 <i<p-—1), wehave
H = (h). Let h® = h* for some A € Z,.. Then

1= hho‘ho‘2 e hoﬂ’*l _ h1+>‘+>‘2+“'+>‘p71

)

and then
THA+A 4+ 4271 =0 (mod p™).
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It follows that AP = 1 (mod p™), and hence A = 1 (mod p). Let A = kp + 1 for some
integer k. Since m > 2, we have

L+ (kp+ 1)+ (kp+1)%+- +(kp+ 1)1 =0 (mod p?).
It follows that
L+ (kp+ 1)+ @2kp+1)+---+((p—Dkp+1) =0 (mod p?),

and hence

1
p+5p(p—1)kp=0 (mod p?).

A contradiction occurs. O

4.2 Proof of Thorem 4.2

Throughout this subsection, we shall always let H be an inner-abelian metacyclic p-group
with p an odd prime, and T" be a connected edge-transitive bi-Cayley graph over H of
valency p.

In view of Lemma 4.4(1) and since H is inner abelian, we may make the following
assumption throughout this subsection.

Assumption 4.5. T' = BiCay(H, 0,0, S), where S = {1, h, hh®,... hh™--- hap_Q}for
some 1 # h € H and o € Aut(H) satisfying hhohe” . he" ™ =1 and o(a) = p.

Proof of Theorem 4.2. Suppose to the contrary that p > 3. Since H is an inner-abelian
metacyclic p-group, by elementary group theory (see also [20] or [3, Lemma 65.2]), we
may assume that

H= <a,b e =" = 1,67 ab = apt+1> ,
where ¢t > 1,5 > 1. Note that H/H' = (aH') x (bH') = Zpt X Zps. By Lemma 4.4, we
R T A
- = ~p pt=ts -
H = <a, bla?" =" =1,b"tab= ap”“> :

Let T = (R(z) | € H,2?" ' = 1). Then T is characteristic in R(H) and R(H)/T is
isomorphic to Z,>. However, by the proof of Lemma 4.4, this is impossible.
If H/H' = (aH') x (bH') = Zy+ X Ly, then s =t and

H = <a,b e = =1,b"ab = apt+1> :

where ¢ > 1. We shall show that this is impossible in Lemma 4.6.
If H/H' = (aH') x (bH") = Zpt X Lpr+1, then s =t + 1 and

t+1

H= <a,b e = =10 ab = apt+1> :

where ¢t > 1. We shall show that this is impossible in Lemma 4.7. O



Y.-L. Qin and J.-X. Zhou: Edge-transitive bi-p-metacirculants of valency p 223

Lemma 4.6. If H — <a,b la? ™ = = 1,67 ab = apt+1> (t > 0), thenp = 3.
Proof. Suppose to the contrary that p > 3. We first define the following four maps. Let

v:ia— a'tP b b, §:a— a,b— bHP,
o:a+— a,b— ba?, T:aw ba,b— 0.

Letzy = a'*P, 29 = 23 = a, x4 = ba, y1 = ya = b, y» = b'1P and y;3 = baP. Since
H is an inner-abelian metacyclic-p group, by Proposition 3.1 and a direct computation,
we have o(x;,) = o(a) = p'*L, o(y;,) = o(b) = p' and it is direct to check that z;,
and y;, have the same relations as do a and b, where i1 € {1,2,3,4}. Moreover, for any
i1 € {1,2,3,4}, we have (x;,,y;,) = H. It follows that each of the above four maps
induces an automorphism of H.

Set P = (0,7, 6, 7). By a direct computation, we have o(y) = p*,0(6) = p'~! and
o(c) = o(r) = p'. Furthermore, 70 = &7, v loy = oP™! and 6 o6 = of with
l(p+1)=1 (mod p'). As both v and § fixes the subgroup (b) while o does not, one has

(0,7,0) = () 3 ((7) X (0)) = Zpt X (Lt X Lpr—1).

Observing that (o,~,d) fixes the subgroup (a) setwise but 7 does not, it follows that
{(0,7,8) N (1) = 1, and hence |P| > p**~1. In view of [13, Theorem 2.8], Aut(H)
has a normal Sylow p-subgroup of order p**~!. It follows that P = (o,~,d,7) is the
unique Sylow p-subgroup of Aut(H). In particular, we have P = () (d){o) (7).

Recall that S = {1,h,hh*,... hh*: -~h“p72}. Assume that h = b%a” for some
u € Zyp and v € Zpi41. Since H = (S), we have o(h) = exp(H). It follows that
(v,p) = 1. Then the map ¢1: a — a,b — b induces an automorphism of H. Let
@ = (t%py)~L. Then ¢ € Aut(H) and h¥ = a. By Proposition 2.4(3), we have that
I' @ IV = BiCay(H,0,0,5?). Let 3 = ¢ tap. Then o, € Aut(I”) cyclically
permutates the elements in IV (1;). It follows that

5% = {1,a,aa’3,aaﬂa52,...,aaﬂaﬁz ...aB”*Z}’
B48° Bgr1
and aa”a” ---a = 1. Clearly, o(8) = o(a) = p, so § € P. We assume that

B =~idic*r! for some i, k,l € Zyr and j € Zye-1.
By Lemma 3.2(2) — (3) and Proposition 3.1(1), we have

Jars (Bla)tR) = pEn) gt 4.1
B2 Y bes (b- (Baypk)a+p = pl1+p) (bpkD g () @D
Let U1(H) = {2P | x € H}. Then U1(H) < Z(H) and
a—bla-w
: 4.2
g {b —b-w “2)

for some w, w’ € U1(H). Since I' is connected, by Proposition 2.3, we have H = (S%).
By Proposition 3.1(1), it follows that (I, p) = 1.
We shall finish the proof by the following steps.
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Step1: ¢ > 1. ,
Suppose to the contrary that t = 1. Then H = (a,b | a?” = b” = 1,b"tab = a'*P).
We shall first show that for any » > 1,

aﬂ" _ brla1+%r(r—1)k‘lp+irp (43)

By Equation (4.1) we have
a s blalt®
o

b — bakP

So Equation (4.3) holds when r = 1. Now assume that » > 1 and

o8 = Dl A (D) (r—2)klpti(r—L)p.

By a direct computation, we have
aﬁr _ (b(rfl)lalJr%(rfl)('r‘72)klp+i(7‘71)p)ﬁ

_ (bakp)(r—l)l(blal—o—ip)l—o—%(r—l)(r—Q)klp+i(r—1)p
_ b(rfl)la(rfl)lkpblal+%[(T*l)r‘)f(rfl)]klp«%irp
— b(r—l)l+la1+[%(7"—1)2—%(r—l)—&-(r—l)]klp—&-irp
— brlal-‘r%r(r—l)klp-i-irp

By induction, we have Equation (4.3).

Now we show that for any r > 1,

- a,B . (L’BT _ b%r(r+1)la(r+1)+[ér(r+1)(2r+1)l+%r(r+l)i+é(T—l)r(r-‘rl)kl]p. (44)

By Equation (4.3) and Lemma 3.2(1)&(3), we have

. 1 . . .
a- G,B —a- bla1+1p — bla(l+p) a1+1p — blal+lpa1+zp — bla2+(l+1)p.

So Equation 4.4 holds when » = 1. Now assume that > 1 and

a- aﬁ L aﬁr’I b%(r—l)rlar+[%(r—l)r(2r—1)l+%(r—l)ri+%(T—Q)(r—l)rkl]p.

By a direct computation, we have

ad’a® -
_ b%(r—l)rlar—&-[é(r—l)'r(27‘—1)l+%(7‘—1)7'i+%(r—2)(r—1)7‘kl}p . brla1+%7‘(7'—1)klp+i'rp
— par(r+ Dl {r+5 (r=1)r(@r—1)i+5 (r—1)rit+§ (r—2)(r—1)rkllp}-(1+4rip)+1+ r(r—1)kip+irp
— par(r+DLr(Lrlp) +g (1= r(2r=1)l+ 5 (r=1)rit g (r=2) (r=rkllp+1+ 57 (r—1)klp+irp
— par(r D (r+ )+ (r=1D)r(2r=1)+r2)ip+[5 (r=1)r+rlip+[g (r—2) (r=1)+ g (r—1)]rklp

— par (DL (D) +[gr(r+ 1) 2r+ )it gr(r+D)it g (r=1)r(r+1)kilp

By induction, we have Equation (4.4).
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Since p is a prime and p > 3, by Equation (4.4), we have

adPa? . a7 = pr (PPl ap g (= Dp(2p— D)t 3 (= Dpit g (p=2)(p—L)pkllp — P £ 1,

a contradiction.

Step 2: A final contraniction
Let Uy(H) = {zP" |« € H}. Then U2(H) < Z(H). By Equation (4.1), we have
af = p(Fin)l 1+ip | @,

pP = pltiptpkl ok o/

b

for some w,w’ € Us(H). Let m = il (mod p), n =i (mod p), f = j + kl (mod p)
for some m,n, f € Z,. Then

bmp+l np+1 |
3: {a = a w1 (4.5)

b bIPTighr . o)
for some w1, w) € Us(H).
We shall first prove the following claim.
Claim. Foranyr > 2, a®" = borPt2qdP, for some ¢y, d, € Zy, and w, € Uy(H).

Since ¢ > 1, for any positive integer 7y, by Lemma 3.2(1)&(3), we have
ab®® = pioq(1H+P) — pioglior’ _ piog . wp, 4.6)
for some wy € Uz (H). Then by Equations (4.5) and (4.6), we have

aBQ — (bfp+1akp . wfl)mp+l(bmz)+lanp+1 _wl)np-i-l B

w1
— b(2m+fl+nl)p+21a(2n+kl)p - o
for some wy € Uy(H). Take ca,ds € Zy, such that 2m + fl + nl = ¢ (mod p) and
2n 4+ kl = dy (mod p). If r = 2, then Claim is clearly true. Now assume that > 2 and
Claim holds for any positive integer less than r. Then

r—1
CL’B _ bcT71p+2lCLd”‘71p W1,

for some ¢,_1,d,—1 € Z, and w,_1 € Uz(H), and then
- (bfp+1akp . wll)crflp+21(bmp+lanp+1 . wl)drflp . wﬁ

r—1
_ b(cr,1+2fl+ld,‘,1)p+2la(2kl+dr,1)p - @y,

for some w, € Uy(H). Take ¢,,d, € Z, suchthat ¢,_1 +2fl+1d,_1 = ¢, (mod p) and
2kl 4+ d,—1 = d, (mod p). By induction, we complete the proof of Claim.
Now by our Claim, we have
aﬁp — bcpp+2ladpp

Sy = a,

for some ¢,,d, € Z, and w, € Us(H). It follows that c,p + 20 = 0 (mod p?), a
contradiction. This completes the proof of our lemma. O
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t+1

Lemmad.7. If H = <a,b la? =" =1, lab = ap"+1> (t > 0), thenp = 3.

Proof. Suppose to the contrary that p > 3. We first define the following four maps. Let

viar atP b b, §:a— a,b— bHP,
o:a—bPa,b— b, T:aw a,b ba.

Letx; = a'™P, 29 = 24 = a, 23 = bPa, 41, = y3 = b, yo = b'*P and y, = ba. Since
H is an inner-abelian metacyclic-p group, by Proposition 3.1 and a direct computation,
we have o(x;,) = o(a) = p'™t, o(y;,) = o(b) = pt and it is direct to check that x;,
and y;, have the same relations as do a and b, where i; € {1,2,3,4}. Moreover, for any
i1 € {1,2,3,4}, we have (x;,,y;,) = H. It follows that each of the above four maps
induces an automorphism of H.

Set P = {(0,7,4, 7). By a direct computation, we have o(y) = o(§) = p', o(c) = p'
and o(7) = p'T!. Moreover, we have v§ = 67, 100 = oP*! and v 1oy = o with
{(p+1) =1 (mod p'tt). As both v and § fixes the subgroup (a) while o does not, one
has

(0,7,8) = (0) 3 ((7) X (8)) = Ty 3 (Zyp X L),

Observing that (o,7,0) fixes the subgroup (b) setwise but 7 does not, it follows that
(0,7,8) N (T) = 1, and hence |P| > p**1. In view of [13, Theorem 2.8], Aut(H) has
a normal Sylow p-subgroup of order p***1. It follows that P = (o,~,§, ) is the unique
Sylow p-subgroup of Aut(H). In particular, we have P = ()(8) (o) (7).

Recall that S = {1, h, hh*, ..., hh* - -- h“p%} and o(«) = p. Assume that h = b*a”
for some u € Zy+1 and v € Zy41. Since H = (S), we obtain that o(h) = exp(H). It
follows that (u, p) = 1. Then there exists u’ € Z*,, such that u = u'v (mod p'*'). Let
© = 0% (6*)"1(r¥)~'. Then ¢ € Aut(H) and h¥ = b. By Proposition 2.4(3), we have
I' = BiCay(H,0,0,S5%). Let I" = BiCay(H, 0,0, 5%) and B = p~*ayp. Then o5, €
Aut (') cyclically permutates the elements in I”(1). It follows that bb” W =1
and

S€ = {1,b,b6° 0657, 0P b

Since o(3) = o(a) = p, we have 3 € P. Assume that 3 = 767 o*7! for some i, j, k € Zy:
and [ € Z,:+1. Then by Lemma 3.2(2) - (3) and Proposition 3.1(1), we have

a s (bal)(1HP) kpg(14p)" = p(1+p) kg (1+p) (1+Hlp)
51 b s (ba,l)(1+p)j _ b(1+p)j a(1+p)jl (47)
and then
avra-w
: 4.8
g {b — bal - w' (4.8)

for some w, w’ € Uy (H). Since I" 2 I is connected, we derive from Proposition 2.3 that
H = (5%). By Proposition 3.1(1), it follows that (I, p) = 1. We shall finish the proof by
the following steps.
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Step1:¢ > 1. , ,
Suppose to the contrary that t = 1. Then H = (a,b | a?" = b” = 1,b"tab = a'*P).
We shall first show that for any » > 1,

bﬁT — b1+(rj+%r(r71)kl)parl+%r(r+1)jlp+%r(rf1)(i+kl)lp+%r(r71)(r72)kl2p. 4.9)

By Equation (4.7), we have

a bkpa1+(i+kl)p
B: b — pltirgltilp,

Thus Equation (4.9) holds when » = 1. Now assume that » > 1 and

pf T — (=1t 5 (r=1)(r=2)kl)p
. gr= DI+ (r=D)rijlp+ 5 (r=1)(r=2) (i+kD)Ip+ 5 (r—1) (r—2) (r=3)kl*p
By a direct computation, we have
8 = (b1+jpal+jlp)1+((rfl)j+%(Tfl)(rf2)7€l)17
. (bkpal-i-(i-‘rkl)p)(r—l)l—&-%(r—l)rjlp—&-%(7"—1)(7“—2)(1‘+kl)lp+%(r—l)(r—2)(r—3)kl2p
_ b1+(rj+%(rfl)(r72)kl+(r71)kl)p . al+jlp+[(r71)lj+%(rfl)(r72)kl2]p
- @ T DAk P) + 5 (r=1)rjlp+ 5 (r—1) (r=2) (i+kD)Ip+ g (r—1) (r—2) (r—3)ki*p
— pltripHz (=1 (r—2)+(r—1)]kip
_a[l+(r—1)l]+[1+(r—1)+%(T—l)r]jlp+%r(r—l)(i+kl)lp+[%+é(r—3)](7“—1)(r—2)kl2p

— b1+(rj+%r(rf1)kl)parl+%r(r+1)jlp+%r(rfl)(iJrkl)lerér(rf1)(r72)kl2p'

By induction, we have Equation (4.9). Then by Equation (4.9), we have

b3 — plt(pitzp(p—D)kDp (it 5p(p+1)ilp+5p(p—1) (i+kDIp+gp(p—1)(p=2)k’p _ ), £ b,

a contradiction.

Step 2: A final contragiiction.
Let Uy(H) = {zP" | x € H}. Then U2(H) < Z(H). By Equation (4.7), we have

of = pEpgUtkDPH1L |

BB — pirtlgilp+l |

for some w, w’ € Us(H). Let f =i+ kl (mod p), n = j (mod p), m = jl (mod p)
for some m, n, f € Z,. Then

— pRpgfr+l . !
B: {“ oo (4.10)

b brrtlgmetl . oy

for some w1, w)] € Ua(H).
We shall first prove the following claim.
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Claim. Foranyr > 1, 08" = b+ 5 ko1 qrmp+ 22 (0 )l HE=RO=2 0 prt o
with w, € Uz (H).

If » = 1, then by Equation (4.10), Claim is clearly true. Now assume that > 1 and
Claim holds for any positive integer less than r. Then

b57'71 — b(r—l)np-‘ri(rfl);rf@klp+1

_ (r—=1)(r—2) (r=1)(r—2)(r—3) ;.72 _
a(r 1)mp4 —5—= (n—i—f)lp—‘,-i.3 Ep+(r—1)1 | D1,

for some w,_1 € Uz(H). Since ¢t > 1, for any positive integer g, by Lemma 3.2(1)&(3),
we have ‘
abio = pioq(1HP)" = piogltior” — piog . o0 4.11)

for some wy € Us(H). Then by Equations (4.10) and (4.11), we have

bﬁ" _ (bnp+1amp+l . wl)(rfl)np+wklp+l

. (bkpafp+1 . wll)(""*l)mp‘Fw(n+f)lp+%kl2p+(7"*l)l . ’WE .

_ b(rfl)np+7(rfl)2(rfz) klp4+np+1+k(r—1)lp | @, - a(rfl)nleri(rfl)z(TfQ)kl2p
. qmpH(r=1)mp+ U= (g ) p CREEDE=D k2 p ot (1) 14 (r—1) flp

— prnpt 7‘(7\;1>klp-‘,-1 . g"mPt 7\(7‘;1) (n+f)lp+%kl2p+rl .

W,
for some w, € Uz(H). By induction, we complete the proof of Claim.
Now by our Claim and o(3) = p, we have

8" — prp’+ kI 1 mp? + B (et f)lp? + EU =D k2 p? 4l w,=b

for some w, € Ua(H). It follows that pl = 0 (mod p?), a contradiction. This completes
the proof of our lemma. O

5 Proof of Theorem 1.3

We first prove a lemma.

Lemma 5.1. Let p be an odd prime, and let H be a metacyclic p-group. If T is a connected
edge-transitive bi-Cayley graph over H of valency p, then H is either abelian or inner-
abelian.

Proof. We may assume that H is non-abelian. By Proposition 3.1, the group H has the
following presentation:

rtstu s+t rts r
H:<a,b|ap =1,b° =a? ,ab:a1+p>,

where r, s, t, u are non-negative integers with u < rand r > 1.
Let I' = BiCay(H, R, L, S) be a connected edge-transitive bi-p-Cayley graph over
H of valency p. Let A = Aut(I'), and let P be a Sylow p-subgroup of A such that
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R(H) < P. From the proof of Lemma 4.4(1), we see that P is transitive on the edges of

I. Since H' = (aP") = Z-+u, we have

H/H' = <a,b |a?" =" =1,a = a> 2 Lpr X Lprtote,

where @ = aH' and b = bH'. By Lemma 4.4(2), we have s +¢ = 0 or 1, and so
(s,t) = (0,0), (1,0) or (0,1).

Letn = 2r+2s+wu+t. We use induction on n. If n = 1 or 2, then H is clearly abelian,
as desired. Assume n > 3. Let N be a minimal normal subgroup of P and N < R(H).
Since H is metacyclic, we have N = Z,, or Z,, X Z,. Suppose that N = Z,, X Z,,. Note that
R(H)'" = Zys+u. Let Q be the subgroup of R(H)' of order p. Since @ is characteristic in
R(H)" and R(H) is characteristic in R(H ), R(H )< P gives that Q<JP. By Lemma 3.2(4),
each subgroup of R(H) of order p is contained in N. It follows that Q < N, contrary to
the minimality of N. Thus N & Z,,.

Consider the quotient graph I'y of I" corresponding to the orbits of N. Clearly, N is
intransitive on both Hy and Hj, the two orbits of R(H) on V(T'"), and by Propositions 2.1
and 2.2, N is semiregular and T' is a graph of valency p with P/N as an edge-transitive
group of automorphisms. Clearly, I'y is a bi-Cayley graph over the group R(H)/N of
order 2 - p™ with ny < n. By induction, we have R(H)/N is either abelian or inner-
abelian. If R(H)/N is abelian, then R(H)" < N = Z,. It follows that R(H)" = 1 or
R(H)' = Z,, implying that H = R(H) is abelian or inner-abelian, as required.

In what follows, we always assume that R(H)/N is inner-abelian, and for any element
h € H, we use h to denote hN.

By Theorem 4.2, we have p = 3. Recall that (s, t) = (0,0), (1,0) or (0, 1).

Case 1: (s,t) = (0,0).
In this case, we have

artu r r ar
H:<a,b|a3 =1, :ag,ab:a1+3>.

Letz = aand y = ba~!.

y? = (ba=')* =1and

Since v*" = a®", by Proposition 3.1(2), we conclude that

Then

grtu

R(H)gH:<x,y|x :ygrzl,xy:x”3r>.
Recall that N = Z3 and N < R(H). By Lemma 3.2(4), N is one of the following four
rtu—1 r—1 r—1 ortu—1 r—1 o artu—1
groups: (% ), (7 ). (y7 2¥ ). (7 2T ).
r+u—1
First suppose that N # (23 i ). Then T has order 3"*“. We shall show that H/N
has the following presentation:
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Actually, if N = (y3 ), then we may take h = y. If N = (33 2% ""), then take
h = yx", and then by Lemma 3.2(2) - (3), we have

(yx3u)3”1 — y?f’lxB“[1+(1+3")+(1+3T)2+~--+(1+3T)3T’1*1]
_ ys“lxa“[1+(1+3T)+(1+2-3T)+m+(1+(3"*171)-3T)]
_ y37‘—1x3u.37‘71

r—1 u+r—1
=¥ 2P e N.

IfN = (3 223 7""), then take h = y223", and then by Lemma 3.2(2) - (3), we have
(a3 )3 = 2 )87 o (1437 )
_ ys“lx2-3“[1+(1+3T)+(1+2~3T)+---+(1+(3T*171)-3T)]

r—1 qu qr—1
— 3 233

37‘—1 2_3u+7‘—1

=y’ T € N.
Clearly, in each case, we have 7" = 7' So H /N always has the above presentation.
Since R(H)/N is inner-abelian, by [20] or [3, Lemma 65.2], we have u = 1. However,
by Proposition 4.1, there is no cubic edge-transitive bi-Cayley graph over R(H)/N, a
contradiction.
Suppose now that N = (23" """}, Then

o _ardu-1  _ar  — _—  _1ar
H/N:<:v,y\x‘3 =7 =1,% :z1+‘3>,

Since R(H)/N is inner-abelian, by [20] or [3, Lemma 65.2], we have © = 2. Then
H = <$,y ‘ .’L‘37.+2 = y37. = l,l‘y = $1+3r>,

where r > 1.

If » = 1, then by MAGMA [5], there is no cubic edge-transitive bi-Cayley graph over
H, a contradiction. If 7 > 2, then by Lemma 4.4(1), we have R = £ = (). Assume that
S = {1,g,h}. Since I is connected, by Proposition 2.3(1), we have H = (S) = (g, h).
It follows that o(g) = o(h) = exp(H) = 3"*2, and so H' = (z%") = (¢°") = (h*").
Moreover, by Lemma 4.4(1), there exists « € Aut(H) such that g® = g=th, h® = g~!
and o(«) | 3. Suppose that « is trivial. Then h = g~*, and then H = (g), a contradiction.
Thus, a has order 3. Assume that (g3 )* = g*3" for some A € Zg. Then (h3")® = 3",
Since ¢® = g~ 'h and h® = ¢!, we have ¢*3" = ¢~3"h3" and k3" = ¢~3". Then

A237 _ (g*3) = (g3 B3 ) = g AT AT = AT =8 p(mA-D)8

g g

It follows that g**+2+1):3" = 1 and s0 9 | A2 4+ X\ + 1, a contradiction.

Case 2: (s,t) = (1,0).
In this case, we have

r+u++1 r+1 r4+1 T
H:<a,b|a3 =1, =da ,ab=a1+3>.



Y.-L. Qin and J.-X. Zhou: Edge-transitive bi-p-metacirculants of valency p 231

Letx = aandy = ba—1. Since ¥ = a3r+1, by Proposition 3.1(2), we obtain that
v = (ba™')*"" =1and

T T (ab)a _ (a1+sr)a*1 — g1t = 18T

Then i »
R(H)2H2<$,y|$3T “ :ygr :1’$y:$1+3T>,

Recall that N = Z3 and N < R(H). By Lemma 3.2(4), N is one of the following four
r+u r r r+u r artu
groups: (2 ), (), {y* &” " ). (y* &7 .
Suppose first that N # (2 ). Then 7 has order 3"+, We shall show that / /N
has the following presentation:

H/N=<E,E|:v =E3T:T,f7:fl+3r>.

Actually, if N = (33"), then we may take h = y. If N = (3" 23" "), then take h = yz3",
and then by Lemma 3.2(2) —(3), we have

(ya*")* = y37'x3"[1+(1+3")+(1+3T')2+.U+(1+3T.)3Ll]

_ y:srl,s“[1+(1+3T)+(1+243T)+---+(1+(321)-3"‘)}

T, (aT _ -
:y37‘x3u[3r+3 (32 b 37

gut

= y3rx " e N.
If N = <y3Tx2'3T+u>, then take h = yx23", and then by Lemma 3.2(2) — (3), we have

223" )ST 3"332-3“[1+(1+3"‘)+(1+3T)2+.--+(1+3T)3”1]

(y =y
— 3 23 ) F (142374 (1437 1):37)]
r wrgr | 37-(37—1) or
— 3 23 (3742 =1 37
= ysrl‘2‘3u+r S N
Clearly, in each case, we have " = z'*3". So H /N always has the above presentation.

Since R(H)/N is inner-abelian, by [20] or [3, Lemma 65.2], we have « = 0. Then
H = <.’,E,y | I3T+l = y3T+l = 17:Cy = :Cl+3r>,

where > 1. By [20] or [3, Lemma 65.2], H is inner-abelian, as required.
Suppose now N = (23" ). Then

R(H)/N = <§,? |2 = =17 = f1+37‘> .
Since R(H)/N is inner-abelian, by [20] or [3, Lemma 65.2], we have « = 1. Then

37‘«#2 37‘+1 1 37‘
H:<x,y|x =y =1zY=glT),
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where r > 1.

If r = 1, then by MAGMA [5], there is no cubic edge-transitive bi-Cayley graph over
H, a contradiction. If r > 2, then by Lemma 4.4(1), we have R = £ = (). Assume that
S = {1, g,h}. Since T is connected, by Proposition 2.3(1), we have H = (S) = (g, h). It
follows that o(g) = o(h) = exp(H) = 3"2. By Lemma 4.4(1), there exists & € Aut(H)
such that g% = g~'h, h* = g~ ! and o(«) | 3. Suppose that « is trivial. Then h = g1,
and then H = (g), a contradiction. Thus, « has order 3. Note that

O, (H) = <ZST |2 e H> = <x3> X <y3> > Zo x Zs

and g%, h%" € Q. (H). i i
If (¢°") = (h3"), then we may assume that (¢°")® = ¢g**3" for some A\ € Z$. Then

(lf;)“ = ?i)LT’\BT. Since g = ¢ 'h and h® = g~', we have ¢*3" = ¢=3"h3" and
h*° =g~ . Then
P (P = (g IR = g NI = A g (A

It follows that g +2+1):3" = 1 and s0 9 | A2 + X\ + 1, a contradiction.

Suppose (%) # (h*"). Then Q,.(H) = (¢* ,h%") and H' = (") = Zy. Assume
that 23" = ¢*3"h7*3" for some i,j € Zg. Then either (i,3) = 1 or (j,3) = 1. Since
H' = (2*"), we have (z3")* = (2%"). So (¢*3" h73")™ = ("3 h7"3")* for some k € Zj.
Then

gik-37‘hjk~3”‘ — (gi'STthB'")a — (ga)i{’)’“ (ha)j-BT — g—i~3rhi~3Tg—j~3r — g—(i+j)'3rhi~3r.

It follows that —(i + j) = ik (mod 9) and i = jk (mod 9). Then —(jk + j) = jk?
(mod 9), and so j(1+k+k?) =0 (mod 9), forcing that 3 | j. Furthermore, since i = jk
(mod 9), we have 3 | 4, a contradiction.

Case 3: (s,t) = (0,1).
In this case, we have

ru art1 or "
H:<a,b\a?’ =10 :a3,ab:a1+3>.

b 1+3

Letxz = b,y = b>a~!. Since a® = a'*3", we have b= 'aba~' = ¢*", and then

_ r Qr+1 Qr+1
aba" ' =ba® =03 =T

Since B3 = 43", by Proposition 3.1(2), we have

rudl rutl ru
933 3 — a3

=0
¥ = bbsa_1 _ (b)a_

— 1 y3r — (b3a71)37‘ — 1

_ bl+3r+1 _ 331+3“rl

) )

1 —
= aba~!

Then it -
R(H)%H:<a:,y|x3 B A >

Recall that N 2 Zz and N < R(H). By Lemma 3.2(4), N is one of the following four

rdu r—1 r—1 orfu r—1 o artu
A A A VA D N T S 2

groups: (x Y
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Suppose first that N # (23" "). Then Z has order 3"***1. We shall show that H/N
has the following presentation:

H/N _ <$,h | f3r+u+1 _ E3 - _ T,Tﬁ _ x1+37‘+1> .

Actually, if N = (4% '), then we may take h = y. If N = (43" 2% "), then take
h = yx3“+l, and then by Lemma 3.2(2) — (3), we have

—1
(yx3u+1)3r—l _ ygr—lm3u+1[1+(1+37‘+1)+(1+37‘+1)2+”_+(1+37‘+1)37 -1

— 3 BT AT (14237 e (13T 1) 37

r—1 r—1
37‘71 3u+1[3T71+3 -(3 —1) _3r+1]
= y €T 2
r—1 u+r
=% 2? e N.

If N = <y3r_1x2'3r+u>, then take h = y223""", and then by Lemma 3.2(2) - (3), we have
(y$2-3"+1)3“1 _ y3“1x2~3“+1[1+(1+3“‘+1)+(1+3"+1)2+-~+(1+3T+1)3“1*1]
_ yg“lnguﬂ[1+(1+3”“+1)+(1+2-3T+1)+---+(1+(3T*1—1)~37‘+1)}

_ y3r71x2vgu+l[3r71+ 37‘*1»(327‘*171) 37+

r—1 o qutr
=y 223 e N

Clearly, in each case, we have 7" = ' So H /N always has the above presentation.
Since R(H)/N is inner-abelian, by [20] or [3, Lemma 65.2], we have u = 1. However,
by Proposition 4.1, there is no cubic edge-transitive bi-Cayley graph over R(H)/N, a
contradiction.

Suppose now that N = (23" ""). Then

RN = (7,57 =% =177 =7").

Since R(H)/N is inner-abelian, by [20] or [3, Lemma 65.2], we have u = 2. However,
by Proposition 4.1, there is no cubic edge-transitive bi-Cayley graph over R(H)/N, a
contradiction. O

Now we are ready to finish the proof of Theorem 1.3.

Proof of Theorem 1.3. By Lemma 5.1, if H is non-abelian, then H is inner-abelian. By
Theorem 4.2, we have p = 3, and then by Proposition 4.1, I' is isomorphic to either I',. or
Y, as desired. O
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Abstract

Given a transitive permutation group of degree n, we denote by e (G) the expected
number of elements of G which have to be drawn at random, with replacement, before a
set of generators of a transitive subgroup of G is found. We compare es(Sym(n)) and
er(Alt(n)).

Keywords: Transitive groups, generation, expectation.

Math. Subj. Class.: 20B30, 20P05

1 Introduction

Let n € N and suppose that we are in the following situation. There are two boxes, one is
blue and one is red. The balls in the blue box correspond to the elements of Sym(n), the
balls in the red box correspond to the elements of Alt(n). We choose one of the boxes, and
then we extract balls from the chosen box, with replacement, until a transitive permutation
group of degree n is generated. In order to minimize the number of extractions, is it better
to choose the red box or the blue one? We are going to prove that the answer depends on
the parity of n. If n is even the best choice is the blue box, if n is odd the red one.

In order to formulate and discuss this problem in an appropriate way, we need to
introduce some definitions. Let G be a transitive permutation group of degree n and
x = (Tm),,cn be a sequence of independent, uniformly distributed G-valued random vari-
ables. We may define a random variable 7 by setting

7¢ = min{t > 1| (z1,...,x;) is a transitive subgroup of Sym(n)} € [1, +o0].

E-mail addresses: lucchini @math.unipd.it (Andrea Lucchini), moscatie@math.unipd.it (Mariapia
Moscatiello)

©@@® This work is licensed under https://creativecommons.org/licenses/by/4.0/
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We denote with e (G) = >, tP(7¢ = t) the expectation of the random variable 7.
Thus e7(G) is the expected number of elements of G which have to be drawn at random,
with replacement, before a set of generators of a transitive subgroup of G is found.

The case when G = Sym(n) has been studied in [2, Section 5]. Denote by II,, the set
of partitions of n, i.e. nondecreasing sequences of natural numbers whose sum is n. Given
w=(ny,...,ng) € I, with

Ny =" =Nk > N1 = = Ny kg > 7 2 Nk +1 = 00 = Mk etk

define

o n1!n2! < -nk!’
I/(LLJ) = ]fl'kg' s k?r'

It turns out (see [2, Theorem 9]) that for every n > 2,

pw)e(w)?

e7(Sym(n)) = — Z v(w)(t(w) 1)7

welly,

where II is the set of partitions of n into at least two subsets. The aim of this paper is to
consider the case G = Alt(n). Our main result is the following.

Theorem 1.1. For every natural number n > 3

(—=1)"*Hpl(n —1)!
(n! = 1)(n! —2)

e (Sym(n)) — er(Alt(n)) =

So the difference e (Sym(n)) — e (Alt(n)) tends to zero when n tends to infinity,
but it is positive if n is odd and negative otherwise. To explain this behaviour notice that,
if G < Sym(n), then P(7¢ = 1) concides with the probability Py (G, 1) that one ran-
domly chosen element g in G generates a transitive subgroup of Sym(n), i.e. that g is
an n-cycle: in particular Pr(Sym(n),1) = 1/n, Pr(Alt(n),1) = 2/n if n is odd and
Pr(Alt(n),1) = 0if n is even.

In [2, Section 5], it is proved that lim,,_,, e7(Sym(n)) = 2 and

2 = ey (Sym(2)) < er(Sym(n)) < er(Sym(4)) = %S? ~ 2.1033.

A similar result can be obtained in the alternating case.
Theorem 1.2. Assume n > 3.
1. Ifnis odd, then 3 = er(Alt(3)) < er(Alt(n)) < 2.

2. Ifnis even, then 2 < e (Alt(n)) < er(Alt(4)) = 332 ~ 2.3879.

Moreover lim,,_,, e (Alt(n)) = 2.
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2 Proof of Theorem 1.1

Let A = (X, <) be a finite poset. Recall that the Mobius function ps on the poset A is the
unique function pp: X x X — Z, satisfying p(z,y) = 0 unless « < y and the recursion

formula
1 ifz =z,
> palyz) = 0 otherwi
riger otherwise.

Let G be a transitive subgroup of Sym(n). We denote with Pr(G, t) the probability that
t randomly chosen elements of G generate a transitive subgroup of Sym(n). Notice that
7 > tifand only if (21, ..., z;) is not a transitive subgroup of GG, so we have

P(rg > t) =1— Pr(G,1t).
We get that

G) :ZtP(TG =t) :Z ZP(TG:TFL)

i>1 t>1 \m>t Q2.1
=Y Plig>t)=> P(ra>t)=Y (1- Pr(G,1)).
t>1 t>0 t>0

Consider the poset X of the intransitive subgroups of G, let Zg be the set of subgroups
of GG than can be obtained as intersection of maximal elements of the the poset X, and let
Jo = Zg U {G}. From [1, Section 2] we have that

prc(H,G) Z MTG
PT(G? t) = t t b)
\G H| H|
HEL,(G) HeJe

where j7 ¢ denotes the Mobius function on the lattice £L7(G) = Xg U {G}. So in order
to compute the function Pr(G, t) we need information about the subgroups in J¢. Let P,
be the poset of partitions of {1,...,n}, ordered by refinement. The maximum 1 of P, is
{{1,...,n}} (the partition into only one part), while the minimum Ois {{1}, {2},...,{n}}
(the partition into n parts of size 1). The orbit lattice of G is defined as

Pn(G) = {o € P, | the orbits of some H < G are the parts of o}.
Ifo ={Q,...,Q} € P,, then we define
G(o) = (Sym(£21) x -+ x Sym(2)) N G.

If o € P,(G), then G(o) is the maximal element in the lattice of those subgroups of G
whose orbits are precisely the parts of o. Notice that H € Jg if and only if there exists
o € Pn(G) with H = G(0); moreover pu7,¢(G(0), G) = pp, (c)(o,1) so

o Hp, (@) (07 i)
c€PL(G)

We want now to use (2.2) in order to compute Pr(Sym(n),t) — Pr(Alt(n),t). Let P,
be the subset of P, consisting of the partitions of {1, ...,n} into n — 1 parts (one of size 2,
the others of size 1) and let Py, = P2, U {0}. The following two lemmas are immediate
but crucial in our computation.
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Lemma 2.1. P,,(Sym(n)) = P,, and Py (Alt(n)) = Pp \ P2.n.
Lemma 2.2. [fo € P, \ P5,, then
L pp, sym(n)) (0, 1) = pp, (A1) (0, 1) = pp, (0, 1);
2. | Sym(n) : Sym(n)(c)| = | Alt(n) : Alt(n)(0)].
Lemma 2.3. We have
I .uPn(Sym(n))(()v i) = (71)7171(” - 1)"
A g —1)" 2!
2 i, a0, 1) = (=) — 1)1+ S
Proof. We use the following known result (see for example [3, p. 128]):
pp, ({20, 1) = (=D (k- 1)L 23)
This immediately implies ﬂpn(sym(n))(ﬁ 1) = pp, (0,1) = (—=1)"'(n — 1)!. Moreover

1p, (Ale(n)) (0, 1) = — Z 1P, (Als(ny) (0, 1)
o P (Alt(n))\{0}

== Z pp, (0, i)

oEP\P;

= — Z up, (o, i) + Z pp, (o, i)

seP,\{0} TEP2n

= pp, (0,1)+ > pp.(o
oc€P2 n

= ()" -1+ < " 2) (~1)"2(n - 2)!
2

n —

=(=D"'(n -1+ 7(_1);7 -. 0

Theorem 2.4. For every natural number n > 2
(=)™ -1l 1)

Pr(Sym(n),t) — Pr(Alt(n),t) = (nl)t

Proof. Foreveryt € N (and using (2.3) and Lemma 2.3) let

1P, (Sym(n)) (0 i)
t) =
m(n,t) (,gp; | Sym(n) : Sym(n)(o)]!

:(N>(—1)”‘2( —2)12¢ _ (=1)"*(n)2’

2 (nl)t - 2(n!)t '

oy FPasmen(01) ()" (1)

R0 = TS ymn) ; Sym(mOF T
- 1p,, (Ale(n)) (0, 1) A -1y L”*%' 2 ¢
i) = e o = (oo v S (B
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From (2.2), Lemma 2.1 and Lemma 2.2, we deduce that

up, (Sym(n)) (J, i)
Pr(Sym(n),t) = Z . :
o €P, (Sym(n)) ‘Sym(n) : Sym(n)(g)\

_ UPn(AIt(n))( ,i)
= 2 )(o

[Alt(n) : Alt(n)(o)[t

MP,L(U,D
A TSvmin : Sym) ()]
1P, (sym(n)) (0, 1) _ HP(Alt(n (0, 1)
| Sym(n) : Sym(n)(0)|* | Alt(n) : Alt(n)(0)[*
= Pr(Alt(n), t) +m(n,t) + nz(n, t) —ns(n, 1)
(1) <n(n$2.<2 o) -
Proof of Theorem 1.1. Using equation (2.1) we obtain that

er(Sym(n)) — er(Als(n)) = Y (Pr(Alt(n),t) — Pr(Sym(n), )

t>0

o€Py (Alt(n))

= Pr(Alt(n),t) +

"+1n—1 2t —1
_yC )28 - 1)

t
t>0 )

= ()" - Y (f.) "2 (5)

0
=t (- )

(=D al(n — 1)
(=1 -2) =

3 Examples

In this section we want to verify Theorem 1.1 in the particular case when n € {3, 4} using
some direct, elementary arguments to compute e (Sym(n)) and e (Alt(n)).

First assume n = 3. Notice that 751;(3) is a geometric random variable with parameter
2, 50 er(Alt(3)) = 3. To generate a transitive subgroup of Sym(3) first of all we have
to search for a nontrivial element of Sym(3). The numbers of trials needed to obtain a
nontrivial element z of Sym(3) is a geometric random variable of parameter 2 3. its expec-
tation is equal to Fy = 6 . If this element has order 3, we have already obtained a transitive
subgroup. However, w1th probability p; = the nontrivial element x is a transposition: in
this case in order to generate a transitive subgroup we need to find an element y ¢ (x) and
the number of trials needed to find y ¢ () is a geometric random variable with parameter
2 and expectation Ey = 3. Definitely

er(Sym(3)) = Eo +p1fn = ¢ +

3
5 10

321
2

Ul >
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In particular

21 3

er(Sym(3) — er(Al®) = 15— 5 = 2.

according with Theorem 1.1.

Now assume n = 4. The transitive subgroups of Alt(4) are the noncyclic subgroups.
Thus the subgroup (z1,...,x:) of Alt(4) is transitive if and only if there exist 1 < i <
j < tsuchthatz; # 1 and z; ¢ (x;). The numbers of trials needed to obtain a nontrivial
element x of Alt(4) is a geometrlc random variable of parameter 12 ! and expectation Ey =
%. With probability p; = the nontrivial element x has order 2: in this case the number
of trials needed to find an element y ¢ (x) is a geometric random variable of parameter
% and expectation F; = %. On the other hand, with probability p, = % the nontrivial
element 2 has order 3: in this second case the number of trials needed to find an element
y & (x) is a geometric random variable of parameter -5 and expectation E; = 2. Thus

€T(A1t(4)) = E() +p1E1 +p2E2 = %
The case of Sym(4) is more complicated. To generate a transitive subgroup of Sym(4) first
of all we have to search for a nontrivial element of Sym(4). The numbers of trials needed
to obtain a nontrivial element x of Sym( ) is a geometric random variable of parameter

£ its expectation is equal to Fy = 55. If « 1s a 4-cycle, then we have already generated a
transrtrve subgroup. With probabrhty p1 23, x is a product of two disjoint transposition:
in this case to generate a transitive subgroup it is sufficient to find an element y ¢ (z)
and the number of trials needed to find such an element is a geometric random variable
of parameter and expectation E; = 55. With probability p, = 23, x is a 3-cycle: to
generate a transmve subgroup we need an elements y which does not normalizes (z): the
number of trials needed to ﬁnd such an element is a geometric random variable of parameter
% and expectation Fy = Frnally, with probabrhty p3 = 2 3, T s a transposition. To
find an element y ¢ (x) we need 3 = trlals If y is a 4-cycle or a 3-cycle with
| supp(y) N supp(x)| = 1 or a product of two disjoint transpositions (a, b) (¢, d) with
z ¢ {(a,b), (c,d)}, then we have already generated a transitive subgroup. With probability
Q= %, (z,y) is an intransitive subgroup of order 4: to generate a transitive subgroup we
need an elements z ¢ (x,y). The number of trials needed to find such an element is a
geometrlc random variable of parameter and expectation Y = 55. With probability
Go = 22, (x,y) = Sym(3) and to generate a transitive subgroup we need other 5 = fé
trials. Definitely

er(Sym(4)) = Eo + p1E1 + p2E2 + p3(Es + 1 ET + 2 E5)
24 3 24 8 24 6<24 2 24 8 24)_7982

3 3 20 3 BB 220 "2 18) 3795

In particular
7982 394 T2

er(Sym(4)) — ey (Alt(4)) = 305 " 165~ 353

according with Theorem 1.1.
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4 Proof of Theorem 1.2

Lemma 4.1. Let e = 0 ifnis even, € = 1 if n is odd. Then

2¢ 1 2 3n
Al <2-— '
er(Alt(n)) < n+n—1+n(n—l)—2+n(n—1)(n—2)—6

Proof. Since an element of Alt(n) generates a transitive subgroup if and only if it is a
cycle of length n, we have that Pr(Alt(n),1) = 2¢/n. Letnow ¢t > 2 and let 21, ...,z €
Alt(n) and Y = (z1,...,2¢) < Alt(n). If Y is contained in an intransitive maximal
subgroup, then Y is contained in a subgroup conjugate to Sym(k) x Sym(n — k) for some
1<k <[22 Letk € {1,...,n—1}. The probability that Y is contained in a subgroup

conjugate to Sym (k) x Sym(n — k) is bounded by (};) S0

1 Pr(Alt(n),t) < (Z)l_é

1<k<[ 25

> () =)

3<k< |25t ]

Notice that

Hence
er(Alt(n)) = Y (1~ Pr(Alt(n), 1))
>0
= (1= Pr(Alt(n),0)) + (1 — Pr(Ale(n), 1)) + 3"(1 = Pr(Alt(n), 1))
+>2
2e 1—t ' o m\
SZ—n+t>2<’I’L +<2> +2<3) >
_p_ 2 E PR S -
n=1lo (-1 2() -1
S — 5n O

Proof of Theorem 1.2. Let

(—=1)"*nl(n — 1)

T ==

In [2, Section 5] it has been proved that lim,,_,~ e7(Sym(n)) = 2. This implies

lim er(Alt(n)) = lim (er(Sym(n)) — f(n) = lim_er(Sym(n)) — lim_ f(n) =2.

n—oo n—oo

Moreover, again by [2, Section 5], if n > 2, then

2 <er(Sym(n)) < er(Sym(4)) ~ 2.1033. 4.1)



244 Ars Math. Contemp. 16 (2019) 237-244

The values of e (Alt(n)) and e7(Sym(n)) when n € {3,4} have been discussed in the
previous section. So we may assume n > 5. Notice that |f(n)| is a decreasing function
and that f(n) < 0if nis even, f(n) > 0 otherwise.

Assume that n is even:

er(Alt(n)) = er(Sym(n)) - f(n) > 2~ f(n) > 2,
er (Alt(n)) = er(Sym(n)) — f(n) < er(Sym(4)) — £(4) = er (Alt(4)).

Assume that n is odd: it follows immediately from Lemma 4.1, that ez (Alt(n)) < 2 if
n > 9. Moreover

2205085
Alb(5)) = 2222022 1 88492
eT(Alt(3)) = Timi3ag ~ 18842
1493015628619946854486
Alt(7)) = ~ 1.9158.
eT(AIMT)) = 031636321514 7358015 9158
Finally
1440 3
er(Alt(n)) = er(Sym(n)) — f(n) >2— f(5) > 2 — TR er(Alt(3)). O
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Abstract

Fibonacci cubes are special subgraphs of the hypercube graphs. Their domination num-
bers and total domination numbers are obtained for some small dimensions by integer linear
programming. For larger dimensions upper and lower bounds on these numbers are given.
In this paper, we present the up-down degree polynomials for Fibonacci cubes containing
the degree information of all vertices in more detail. Using these polynomials we define op-
timization problems whose solutions give better lower bounds on the domination numbers
and total domination numbers of Fibonacci cubes. Furthermore, we present better upper
bounds on these numbers.

Keywords: Fibonacci cubes, domination number, total domination number, integer linear program-
ming.

Math. Subj. Class.: 05C69, 68R10, 11B39

1 Introduction

Let G = (V(G), E(Q)) be a graph with vertex set V(G) and edge set E(G). D C V(G)
is a dominating set of G if every vertex in V (G) either belongs to D or is adjacent to some
vertex in D. The domination number ~v(G) is defined as the minimum cardinality of a
dominating set of the graph G. Similarly, D C V(G) is a fotal dominating set if every
vertex in V(G) is adjacent to some vertex in D and the total domination number ~v;(Q)
is defined as the minimum cardinality of a total dominating set of G. Note that the total
domination number is defined for isolate-free graphs and it is not defined for the graphs that
contain isolated vertices. The domination number of the Fibonacci cubes I, is first given
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in [14] and [2]. These results are extended in [8] by using integer linear programming for
some cases. Total domination number of I',, is considered in [1], in which an upper bound
and a lower bound on 7;(T",,) are obtained. The exact values of y(T',,) and v¢(T',,) are also
considered by using integer programming in [1]. The upper bound on ~;(T,,) given in [1]
is improved in [15]. We summarize these results in Section 2. The aim of this work is to
improve some of the results given in [1] and [15].

The hypercube Q,, of dimension n > 1 is the graph with vertex set V(Q,,) = {0,1}",
in which two vertices are adjacent if they differ in one coordinate. For convenience (Jg =
K;. All the vertices of @), are labeled by the binary strings of length n. The Fibonacci
cubes I',, are special subgraphs of (),, and they were introduced by Hsu [7] as a model
of interconnection networks. In literature, many interesting properties of the Fibonacci
cubes have been investigated, see survey [9] for details. In recent years results on disjoint
hypercubes in I';, are presented in [5, 13, 16] and the cube enumerator polynomial of I';, is
considered in [10, 11, 17] and many combinatorial results are given. The domination-type
invariants of I',, are considered in [1, 2, 8, 14, 15] and some numerical results and bounds
are presented.

It is known that Fibonacci strings of length n are the binary strings of length n that
contain no consecutive ones. For this reason we can write

V(Fn) :{blbgbn | b; € {071}7 1<1<n, andbi-biﬂ =0forl §i<n}and
E(T,) = {(u,v) | u,v € V(I'y,), d(u,v) = 1},

where dp (u,v) denotes the Hamming distance between u and v, that is, the number of
different coordinates in « and v. The number of vertices of the Fibonacci cubes I'y, is F, o,
where F, are the Fibonacci numbers defined as Fy = 0, Fy = land F,, = F,,_1+F,,_o for
n > 2. Forn > 2 we will use the following formulation for the fundamental decomposition
of '), (see, [9]):

Ir,=0I,_1+ 10T, _5. (1.1)

Here note that 0T",,_; is the subgraph of I',, induced by the vertices that start with 0 and
10I',,_5 is the subgraph of I',, induced by the vertices that start with 10. Furthermore,
0I',,—1 has a subgraph isomorphic to 00I',,_2, and there is a matching between 00I',,_o
and 10T, (see Figure 1).

10l ool 1ol

n-2

ol’

-1

ool

n-3

Figure 1: Fundamental decompositions of the Fibonacci cube I',,, n > 3.

In this paper, we present upper bounds on (I',,) and ~;(T,,). Furthermore, we in-
troduce the up-down degree polynomials for I',, containing the degree information of all
vertices V' (I';,) in more detail. Using these polynomials we define optimization problems
whose solutions give lower bound on v(T',,) and :(T';,).
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2 Known results and new upper bounds on v(T',,) and ~,(T,,)

In this section, first we summarize some known results on the domination number and the
total domination number of Fibonacci cubes and then we present new uppper bounds for
these numbers. We start with Figure 2 and Figure 3 showing a dominating set and a total
dominating set for small dimensional I';,’s.

€ 0 1 10 00 01
M i L
10100 10101
10010 1000¢ 10001
0100 0101
10
00100)
100 “:\l‘ 0010 0001 W—
0000 00000 00001
010 000 001 1010 1000 1001 01010 01000 01001
I L, I5
Figure 2: T, ..., I'5s and their dominating sets.
100 101

0101

go19 0001

0000

1010 1000

I,

1001

00010

00001

01010

01000

01001

001

I5

Figure 3: I'y, ..., '5 and their total dominating sets.

We collect the known values of v(I",,) and v;(T',,) in Table 1. The values of v(T',,) for
n < 8 are obtained in [14]. The other values of v(I',,) are obtained by integer program-
ming. For n = 9 and n = 10 they are obtained in [8] and for n = 11 and n = 12 they
are obtained in [1]. Similarly, all the values of ~;(I",,) given in Table 1 are obtained by
computer using integer programming in [1].
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Table 1: Known values of v(I',;) and 7 (T';,).

no 123|456 7|89 ] 12 | 13
V()| |2]3]5]8]13]21]34]55]89]144]233] 377 | 610
vTo) [11l2]3] a5 ]8]12]17] 25 | 39 | 54-61

wT) [272]2]3 5] 7]10]13]20]30 [ 44| 65 [97-101

Now we describe the integer linear programming used in [8] and [1]. Suppose each
vertex v € V(T',,) is associated with a binary variable x,,. Let N (v) be the set of vertices
adjacent to v and N[v] = N(v) U {v}. The problems of determining v(I",,) and v:(T;,)
can be expressed as a problem of minimizing the objective function

Z Ty .1

veV(Ty)

subject to the condition that for every v € V(T',,) we have

Z T, > 1 (for domination number),
a€N[v]

Z z, > 1 (for total domination number).
a€N (v)

The value of the objective function is then (I',,) and (I, respectively. Note that this
problem has F, o variables and F), o constraints. In [1], it is stated that v(T'13) and
~:(T'13) were not computed in real time using the above optimization problem. They got
the estimates

54 <~v(T12) <61 and 97 < (Ty3) < 101.

Here, the main difficulty is the order of I';,, which equals to the number of variables and the
number of constraints.

By using the degree information of the vertices in I',, the following lower bound on
~(T,,) is presented in [14].

Theorem 2.1 ([14]). Ifn > 9, then

() = [Fjﬁjw :

By using a similar technique the following lower bound on 7 (I';,) is obtained in [1].

Theorem 2.2 ([1]). Ifn > 9, then

F,i.—11
Y (Tn) > {“W 1.

n—3

In Section 3 we propose an optimization problem having less number of variables and
constraints to estimate lower bounds on v(T';,) and ;(T';,). Our results improve the lower
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bounds given in Theorem 2.1 and Theorem 2.2 and we present some numerical values in
Table 2 and Table 3.

By using the exact values in Table 1 and the fundamental decomposition (1.1) of T',,,
the following upper bound on ~,(T',,) is obtained in [1].

Theorem 2.3 ([1]). Ifn > 11, then v(T,,) < 21F,,_s + 2F,,_10.

In [1], using the computer result v;(I";3) < 101 the upper bound in Theorem 2.3 im-
proved to
() < 601F,_1 —371F,, n>12.

These two upper bounds further improved in [15] by using the values of v(T',,) and the
fundamental decomposition (1.1) of ', more than once.

Theorem 2.4 ([15]). If n > 15, then

'Y(Fn) < 'Yt(Fn) < 37(Fn—3) + 27(F7z—4)
< 116F,, — 187F,,_1 = 21F,,_g — (2Fn—10 + Fn—12) .

Furthermore, v;(T'14) < 166 .

We implemented the same integer linear programming problem (2.1) using CPLEX in
NEOS Server [3, 4, 6] for n = 13 and obtain the estimates (takes approximately 2 hours)

78 < y(I'13) < 93.

Using this result with v(I';2) < 61 we obtain the following bound on the domination
number of I',,.

Theorem 2.5. Ifn > 12, then ¥(T',,)) < 21F,,_g — (2F,,_10 + 8F,,_12).

Proof. The proof mimics the proof of [1, Theorem 2.1]. By the fundamental decomposition
(1.1) of T,, we have v(T';,)) < v(Tp—1) + 7(T—2). We know that v(I';2) < 61 and
v(T13) < 93. For n > 12 define the sequence (b,) with b, = b,_1 + b,—o where
bi2 = 61 and by3 = 93. Then by induction we have b,, = 21F,,_g — 2F,,_19 — 8F,,_12 for
any n > 12. We complete the proof since y(I',,) < b, forn > 12. O

Combining the results in Theorem 2.5 and Theorem 2.4 we get the following result
which improves Theorem 2.3 and Theorem 2.4.

Theorem 2.6. If n > 16, then

Ye(Tp) <21F, g — (2F,—10 + 8F—12) .

3 Up-down degree enumerator polynomial

In this section we present the up-down degree enumerator polynomial for I';,. It contains
the degree information of all vertices V(T',,) in more detail. Using this polynomial we
write optimization problems whose solutions are lower bounds on v(T,,) and v;(T;,).

For each fixed v € V/(T',,) we write a monomial x“y? where d = w(v) is the Hamming
weight of v and u is deg(v) — d (that is, deg(v) = u + d). Recall that, by the definition of
Ty, (v,v") € E(T,,) if and only if dg (v, v") = 1. Therefore, the number of neighbors of v
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whose weight is one more than the weight of v (say up neighbors of v, w(v') = w(v) + 1)
is u and the number of neighbors of v whose weight is one less than the weight of v (say
down neighbors of v, w(v") = w(v) — 1) is d. For this reason we call the polynomial

Palig)= 3 ot wOype) o 3 gy
veV(I'y) wEV (Thn)

as the up-down degree enumerator polynomial of I';,,. By using the fundamental decom-
position (1.1) of I',, we obtain the following recursive relation which will be useful to
calculate P, (x,y).

Theorem 3.1. Ler P, (x,y) be the up-down degree enumerator polynomial of T,,. Then
for n > 3 we have

Po(z,y) = 2Py_1(z,y) + yPo—2(x,y) + yPn_s(z,y) — 2yPr_3(z,y),

where
Po(z,y) =1, Pi(z,y)=x+y and Py(z,y)=2"+2y.

Proof. Py, P, and P, are clear from Figure 2. Assume that n > 3. We know that the up-
down degree enumerator polynomials of T, _1, ', _o and T, _3 are P,,_1(x, y), Pp—2(x,y)
and P,,_3(z,y) respectively. By (1.1) we have

Fn = OFn—l + IOFH—Z (31)
= (00T},_5 4 010T,_3) + 10T, _5 (3.2)

and there is a matching between 00T",,_5 and 10T",,_5 (see also Figure 1). From this de-
composition we have the following three different cases:

1. Assume that v € 10I',,_5. These vertices are the ones in I',,_5 whose weights
d = w(v) increase by one in I';,. Furthermore, their degrees increase by one due to
the matching between 00T, _5 and 10I',,_5, which means that u = deg(v) —w(v) re-
mains the same in T',,. Therefore, these vertices contribute y P, _o(x,y) to P, (z, ).

2. Assume that v € 010I',,_3. These vertices are the ones in I',,_3 whose weights
d = w(v) increase by one in I';, and their degrees increase by one due to the matching
between 010T",,_3 and 000T",,_3 C 00T",,_o, which means that u = deg(v)—w(v) re-
mains the same in I',,. Therefore, these vertices contribute y P,,_3(z,y) to Pp,(z,y).

3. Assume that v € 00I',,_5. These vertices are the ones in 0I',,_; that are not in
010I';,_3. In I',,_; the up-down degree enumerator polynomial of these vertices
becomes P,,_1(x,y) — yP,—3(z,y). The weights d = w(v) of all such vertices
remain the same in I';, but their degrees increase by one due to the matching between
00T,,_5 and 10T, _o, that is, u = deg(v) — w(v) increase by one in I';,. Therefore,
these vertices contribute z(P,—1 (z,y) — yPr—3(z,y)) to Py (x,y).

By adding all of the above contributions we get the desired result. O

Now we describe an optimization problem using the up-down degree enumerator poly-
nomial P, (z,y). Let Dy be a total dominating set of I',,. Then by the definition of Fi-
bonacci cubes for every vertex v € V(T',,) with weight w(v) then there must exist a vertex
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vp € N(v) N Dy with w(vp) = w(v) F 1. Furthermore, assume that for any fixed ver-
tex vp € Dr its corresponding monomial be x“yd in the P, (z,y). This means that vp
dominates w distinct vertices v € V(T';,) with weight w(v) = w(vp) + 1 and d distinct
vertices v € V(T',,) with weight w(v) = w(vp) — 1. Note that for all vp € Dy some of
the dominated vertices may coincide. Now assume that

Z %y —Zc“ uyd, 3.3)

veV([y,)

For each pair (u, d) in P, (z, y) we associate an integer variable z); which counts the num-
ber of vertices in D with weight d and degree v + d, that is, the number of vertices in D
having d down neighbors and u up neighbors. Clearly, we have the bounds 0 <z} < cj.
Our aim is to minimize |Dr|, that is, our objective function is to minimize

u

u,d

Then by the above observation to dominate all the vertices having a fixed weight d such
that 1 < d < [§] — 1 we must have

Tq: Z(u-zg_l—&—(d—l—l zd_H ch

u

since any vertex with weight d — 1 having u up neighbors can dominate u distinct vertices
with weight d and any vertex with weight d + 1 (all have d + 1 down neighbors) can
dominate d + 1 distinct vertices with weight d. By the same argument, for d = 0 we must

have
22%2203:1
u u

and for d = [ 4| we must have

if n 1s odd,
¢St Sy,

if n is even.

Now subject to these constraints o, . .., 77z the value of the objective function will be a
lower bound on ~;(T',,). Similarly, to ﬁnd a lower bound on v(T',;) we need to modify all
of the constraints rg, 0 < d < [2 1. By the definition of the dominating set, for each fixed
d we need to add all of the variables zj to the left side of the constraint rg.

Remark 3.2. We remark that using [12, Theorem 4.6] we can easily obtain the coefficients
¢ in (3.3). By the definition of the up-down degree enumerator polynomial we know that
c;j is the number of vertices in I',, whose number of up neighbors is u and weight is d. That
is, cjj equals to the number of vertices of I',, having degree u + d and weight d. Therefore,

[12, Theorem 4.6] gives
o d+1 n —2d
a7 \n—2d—u+1 u '
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Remark 3.3. We know that the number of vertices of I',, with weight d is equal to the
right hand side of the above constraints r4. By definition of I',, this number is equal to the
number of Fibonacci strings of length n and weight d. Therefore we have

ch: <n—;l+1)_

u

Remark 3.4. To find the number of variables 2z} we need to find the number of monomials
in P,(z,y). Assume that n is even. Then by the structure of the vertices in Fibonacci
cubes (it can also be seen from the structure of Fibonacci strings) n — 3d < u < n — 2d.
Therefore the number of variables z}; becomes

S

L

|3

J

z
d+1)+ Y (n—2d+1)
d=0 d=|2]|+1
which is equal to
3 1
2 — 2sr + M +1

2

where 7 = | %] and s = n/2. Similarly, if n is odd we obtain that the number of variables
2y 1s
r(3r 4+ 5)

s —s(2r 4+ 1) + 5

+2
where 7 = | %] and s = [ ].

Now we illustrate our optimization problem for n = 14. We have the following poly-
nomial by Theorem 3.1.

Piy(z,y) =8y +
TySx? + 4252 + 354° +
6y°z* 4+ 60y° 2> + 120y°22 + 60y°z + 6y° +
5ytab + 60yta® 4+ 150y1xt + 100y 2> + 15522 +
4228 4+ 48y3 2" + 112y°%25 + 56y32° +
3y2 20 4 30y22” 4 45y%2® +
2uxt? + 12yt +

1,14

and this polynomial corresponds to the following optimization problem:

Objective function:

: 14 12 11 1 7
min: zgo + 217 + 2 +220+z3+z§+z§+z3+z§+z§’+

6 5 4 3 2 4 3 2 1 0 2 1 0 0
2tz tzytzl 2l +25 252525+ 25 + 25+ 25+ 26 + 27
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Constraints for v;(T'14):

r7! 228+ 24 >8
Te: 4og + 328 4+ 222 + 25 + 729 > 84
5! 628 + 525 + 427 + 323 +222 + 625 + 625 + 620 > 252
Ty 828 4+ 727 4+ 625 + 525 + 525 + 525 + 522 + 52 + 520 > 330
T3 1023° + 925 + 828 + 425 + 425 + 425 + 423 + 422 > 220
oF 12272 4+ 11211 + 325 + 327 4328 +325 > 78
e 1420% + 2230 4+ 225 + 228 > 14
0! Z%2 + 2%1 >1
Constraints for v(I'14):
7 222+ 2 +220>8
re: 428 + 328 4+ 222 4 2 + 22+ g 20 + 720 > 84
Ts5: 628 + 525 + 425 4+ 325 + 227 + 25 + 23 +
22+ 23 + 28 + 623 + 623 + 620 > 252
T4 828 + Tzh +625 4520 + 254250 + 20 + 25 +
22 4 528 + 528 + 522 + 521 4+ 520 > 330
T3 102210+923+8Z§+Z§+Z§+Z§+
25 4 428 + 425 + 4zf + 425 4 422 > 220
Ty 12212 4+ 1121" + 23° + 25 + 25 + 325 + 327 + 32§ + 323 > 78
71! 1425 + 212 + 21t + 2200 + 220 4228 > 14
To: 264 + 212421 > 1
Bounds:
2t <1 212 <2 2t <12 2z <3 25 < 30
25 <45 25 <4 28 < 48 28 <112 23 < 56
28 <5 23 <60 23 <150 Z3 <100 22 <15
zs <6 z3 <60 22 <120 2 <60 20 <6
22 <7 2§ < 42 20 <35 22 <8

The value of the objective function gives a lower bound on v(I'14) and 7 (I"14) respec-
tively. Note that the above problem have only 24 variables and 8 constraints (instead of
having 987 variables and 987 constraints, see Section 2). In general using the up-down de-
gree enumerator polynomial P, (z,y) of I',, in Theorem 3.1 we can write an optimization
problem having less number of variables z} (see Remark 3.4) and [%] + 1 constraints 74.

2

The solutions of these problem give lower bounds on v(I',;) and +;(I',,). One can easily
see that the number of variables and the number of constraints are very smaller than the
ones in the optimization problem described in Section 2.
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For illustration we implemented the above integer linear programming problem using
CPLEX in NEOS Server [3, 4, 6] for 13 < n < 26 and immediately obtain the lower
bounds presented in Table 2 and Table 3. Note that for n = 26, the number of variables
in our optimization problem is 70 by Remark 3.4 and it is F5g = 317811 for the general
optimization problem (2.1). In addition, the upper bounds in these tables are obtained by
Theorem 2.5 for n > 14 and Theorem 2.6 for n > 16. Note that the first bounds in

both tables are obtained in [1] and the upper bounds on 7;(I'14) and ~;(I'15) comes from
Theorem 2.4.

Table 2: Current best bounds on v(T',,), 12 < n < 26.

n | @) [ n| AT || @)

12 54-61 17 344 - 648 22 3060-"7189
13 78-93 18 | 528-1049 23 | 4748 -11632
14 | 98-154 19 819-1697 24 | 7381-18821
15 | 148-247 || 20 | 1270-2746 || 25 | 11472-30453
16 | 224-401 21 | 1970-4443 26 | 17912-49274

Table 3: Current best bounds on ~;(T',,), 13 < n < 26.

n | ) o] @) [ n]| @

13 | 97-101 18 | 578-1049 23 | 5075-11632
14 | 110-166 19 890-1697 24 | 7865—-18821
15 | 164-261 || 20 | 1374—-2746 || 25 | 12191 -30453
16 | 246-401 21 | 2121 -4443 26 | 19033-49274
17 | 376-648 || 22 | 3281-7189

Remark 3.5. For n = 12, Theorem 2.1 gives v(I'13) > 38 and Theorem 2.2 gives
~¢(T'12) > 40. The values of the objective function in our optimization problems hav-
ing 19 variables and 7 constraints give lower bounds (I"12) > 44 and 7;(T'12) > 50.

For the case n = 13, Theorem 2.1 gives v(I'13) > 56 and Theorem 2.2 gives
v(T13) > 59. The values of the objective function in our optimization problems hav-
ing 22 variables and 8 constraints give lower bounds y(I'13) > 65 and 7, (I'13) > 75.
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Abstract

In this paper we study intersections of quadrics, components of the hypersurface in the
Grassmannian Gr(3,C™) introduced by S. Sawada, S. Settepanella and S. Yamagata in
2017. This lead to an alternative statement and proof of Pappus’s Theorem retrieving Pap-
pus’s and Hesse configurations of lines as special points in the complex projective Grass-
mannian. This new connection is obtained through a third purely combinatorial object, the
intersection lattice of Discriminantal arrangement.

Keywords: Discriminantal arrangements, intersection lattice, Grassmannian, Pappus’s Theorem.

Math. Subj. Class.: 52C35, 05B35, 14M15

1 Introduction

Pappus’s hexagon Theorem, proved by Pappus of Alexandria in the fourth century A.D.,
began a long development in algebraic geometry.

In its changing expressions one can see reflected the changing concerns of the
field, from synthetic geometry to projective plane curves to Riemann surfaces
to the modern development of schemes and duality.

(D. Eisenbud, M. Green and J. Harris [4])

There are several knowns proofs of Pappus’s Theorem including its generalizations such
as Cayley Bacharach Theorem (see Chapter 1 of [9] for a collection of proofs of Pappus’s
Theorem and [4] for proofs and conjectures in higher dimension).

In this paper, by mean of recent results in [6] and [10], we connect Pappus’s hexagon
configuration to intersections of well defined quadrics in the Grassmannian providing a
new statement and proof of Pappus’s Theorem as an original result on dependency condi-
tions for defining polynomials of those quadrics. This result enlightens a new connection

*The second named author was supported by JSPS Kakenhi Grant Number 26610001.
E-mail addresses: b.lemon329 @gmail.com (Sumire Sawada), s.settepanella@math.sci.hokudai.ac.jp
(Simona Settepanella), so.yamagata.math@gmail.com (So Yamagata)
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between special configurations of points (lines) in the projective plane and hypersurfaces
in the projective Grassmannian Gr(3,C™). This connection is made through a third com-
binatorial object, the intersection lattice of the Discriminantal arrangement. Introduced by
Manin and Schechtman in 1989, it is an arrangement of hyperplanes generalizing classical
braid arrangement (cf. [7, p. 209]). Fixed a generic arrangement A = {HY,..., H’} in
C*, the Discriminantal arrangement B(n, k, A), n, k € N for k > 2 (k = 1 corresponds to
Braid arrangement), consists of parallel translates H fl, ooy Hin (ty,... t,) € C*, of A
which fail to form a generic arrangement in C*. The combinatorics of B(n, k, A) is known
in the case of very generic arrangements, i.e. A belongs to an open Zariski set Z in the
space of generic arrangements HZ-O, t=1,...,n (see [7], [1] and [2]), but still almost un-
known for A ¢ Z. In 2016, Libgober and Settepanella (cf. [6]) gave a sufficient geometric
condition for an arrangement .A not to be very generic, i.e. A ¢ Z. In particular in the case
k = 3, their result shows that multiplicity 3 codimension 2 intersections of hyperplanes
in B(n, 3,.A) appears if and only if collinearity conditions for points at infinity of lines,
intersections of certain planes in .4, are satisfied (Theorem 3.8 in [6]). More recently (see
[10]) authors applied this result to show that points in a specific degree 2 hypersurface in
the Grassmannian Gr(3,C") correspond to generic arrangements of n hyperplanes in C?
with associated discriminantal arrangement having intersections of multiplicity 3 in codi-
mension 2 (Theorem 5.4 in [10]). In this paper we look at Pappus’s configuration (see
Figure 1) as a generic arrangement of 6 lines in P? which intersection points satisfy certain
collinearity conditions (see Figure 2). This allows us to apply results on [6] and [10] to
restate and re-prove Pappus’s Theorem.

More in details, let A be a generic arrangement in C3 and A, the arrangement of lines
in H,, ~ P? directions at infinity of planes in .A. The space of generic arrangements of n
lines in (P?)™ is Zariski open set U in the space of all arrangements of n lines in (P2)". On
the other hand in Gr(3,C"™) there is open set U’ consisting of 3-spaces intersecting each
coordinate hyperplane transversally (i.e. having dimension of intersection equal 2). One
has also one set U in Hom(C3, C™) consisting of embeddings with image transversal to
coordinate hyperplanes and U/ GL(3) = U’ and U /(C*)"® = U. Hence generic arrange-
ments in C3 can be regarded as points in Gr(3,C"). Let {s; < --- < s6} C {1,...,n}
be a set of indices of a generic arrangement A = {H?,..., H}} in C3, a; the normal
vectors of HZO’S and B;;; = det(a;,a;, ). For any permutation o € Sg denote by
lo] = {{i1,i2},{i3,9a},{i5,i6}}. i; = $5(;). and by Q, the quadric in Gr(3,C") of
equation 3;,ii, Bisisic — BigisisBivisic = 0. The following theorem, equivalent to the
Pappus’s hexagon Theorem, holds.

Theorem 5.3 (Pappus’s Theorem). For any disjoint classes [01] and 03], there exists a
unique class [o3] disjoint from [o1] and [o3] such that {Qs,, Qo,, Qos } is a Pappus con-
figuration, i.e.

3
Qo'il m Qo'i2 = ﬂ Qo’i
i=1

forany {i1,i2} C [3].

In the rest of the paper, we retrieve the Hesse configuration of lines studying inter-
sections of six quadrics of the form Q, for opportunely chosen [o]. This lead to a better
understanding of differences in the combinatorics of Discriminantal arrangement in the
complex and real case. Indeed it turns out that this difference is connected with existence
of the Hesse arrangement (see [8]) in P?(C), but not in P?(R).
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From above results it seems very likely that a deeper understanding of combinatorics of
Discriminantal arrangements arising from non very generic arrangements of hyperplanes
in C* (i.e. A ¢ Z), could lead to new connections between higher dimensional special
configurations of hyperplanes (points) in the projective space and Grassmannian. Vice
versa, known results in algebraic geometry could help in understanding the combinatorics
of Discriminantal arrangements in the non very generic case. Moreover we conjecture
that regularity in the geometry of Discriminantal arrangement could lead to results on hy-
perplanes arrangements with high multiplicity intersections, e.g., in the case k = 3, line
arrangements in P2 with high number of triple points (see Remark 6.6). This will be object
of further studies.

The content of the paper is the following. In Section 2 we recall definition of Discrim-
inantal arrangement from [7], basic notions on Grassmannian, and definitions and results
from [10]. In Section 3 we provide an example of the case of 6 hyperplanes in C3. In
Section 4 we define and study Pappus hypersurface. Section 5 contains Pappus’s theorem
in Gr(3,C") and its proof. In the last section we study intersections of higher numbers of
quadrics and Hesse configuration.

2 Preliminaries
2.1 Discriminantal arrangement

Let H?,i = 1,...,nbe a generic arrangement in C¥, k < n i.e. a collection of hyperplanes
such that codim ;¢ ¢ | |, HY = p. Space of parallel translates (HY, ..., H?) (or simply
when dependence on HY is clear or not essential) is the space of n-tuples Hy, ..., H, such
that either H; N HY = ( or H; = HY forany i = 1,...,n. One can identify with n-
dimensional affine space C™ in such a way that (H?, ..., H?) corresponds to the origin. In
particular, an ordering of hyperplanes in A determines the coordinate system in (see [6]).

We will use the compactification of C* viewing it as P*(C) \ H, endowed with collec-
tion of hyperplanes H? which are projecive closures of affine hyperplanes H?. Condition
of genericity is equivalent to | J, HY? being a normal crossing divisor in P¥(C).

Given a generic arrangement A in C* formed by hyperplanes H;,i = 1,. .., n the trace
at infinity, denoted by A, is the arrangement formed by hyperplanes H.. ; = HY N Ho,
in the space H, ~ P*~1(C). The trace A, of an arrangement .A determines the space of
parallel translates S (as a subspace in the space of n-tuples of hyperplanes in P¥).

Fixed a generic arrangement .4, consider the closed subset of S formed by those collec-
tions which fail to form a generic arrangement. This subset of S is a union of hyperplanes
Dy, C S (see [7]). Each hyperplane Dy, corresponds to a subset L = {i1,...,ix4+1} C
[n] == {1,...,n} and it consists of n-tuples of translates of hyperplanes HY, ..., H) in
which translates of H,?1 Yoo 7H?k+1 fail to form a general position arrangement. The ar-
rangement B(n, k, A) of hyperplanes Dy, is called Discriminantal arrangement and has
been introduced by Manin and Schechtman in [7]. Notice that B(n, k, .A) depends on the
trace at infinity .4, hence it is sometimes more properly denoted by B(n, k, A, ).

2.2 Good 3s-partitions

Given s > 2 and n > 3s, a good 3s-partition (see [10]) is aset T = {L;, Lo, L3}, with
L; subsets of [n] such that |L;| = 2s, [L; N L;| = s (i # j), LiNnLyNLg = 0 (in
particular | ULll = 38), ie. L1 = {il, AN 7i25},L2 = {i17 e ,is,i23+1, N ,’ngs}7 L3 =
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{isq1,... 035}

Notice that given a generic arrangement .4 in C25~1, subsets L; define hyperplanes
Dy, in the Discriminantal arrangement B(n,2s — 1, A). In this paper we are mainly
interested in the case s = 2 corresponding to generic arrangements in C3.

2.3 Matrices A(Ax) and Ar(Ax)
Let a; = (a1, - - -, a;x) be the normal vectors of hyperplanes H;, 1 < i < n, in the generic

arrangement A in C*. Normal here is intended with respect to the usual dot product

(a1y...,ak) - (v1,...,vk) :Zaivi.
i

Then the normal vectors to hyperplanes Dy, L = {s1 < --+ < sp11} C [n]inS ~ C™ are
nonzero vectors of the form

k+1
ap = Z(fl)i det(ous,, .y Oyynnny iy ey, 2.1

i=1

where {e; }1<;<n is the standard basis of C™ (cf. [2]).
Let Pr1+1([n]) = {L C [n] | |L| = k + 1} be the set of cardinality k + 1 subsets of [n].
Following [10] we denote by

A(.Aoo) = (aL)LEPk+1([n])

the matrix having in each row the entries of vectors a;;, normal to hyperplanes D, and by
Ar(As) the submatrix of A(As) withrows ar,, L € T, T C Pj41([n]). In this paper we
are mainly interested in the matrix At(Ay) in the case of T good 6-partition.

2.4 Grassmannian Gr(k,C"™)

Let Gr(k,C™) be the Grassmannian of k-dimensional subspaces of C" and

k
v: Gr(k,C") = P(/\C")
<U1,...,’Uk> — [’Ul/\"'/\’l}k,]7

the Pliicker embedding. Then [z] € P(A" C™) is in y(Gr(k,C")) if and only if the map

k+1
g C" — /\ cn
(e VAN
has kernel of dimension k, i.e. ker ¢, = (v1,...,vg). If e1,..., e, is a basis of C" then
er = e, Ao ANe, I = {in,...,ig} C [n],i1 < -+ < iy, is a basis for A" C" and

T € /\k C™ can be written uniquely as

T = Z Brer = Z Biy...ir, (€0 N+ Neiy)

IC[n] 1<i1 < <ir<n
=k
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where homogeneous coordinates 3; are the Pliicker coordinates on IP( /\k C") ~ p(i)-1 (©
associated to the ordered basis eq, . . . , e, of C™. With this choice of basis for C™ the matrix
M, associated to ¢, is a ( ) x n matrix with rows indexed by subsets I = {i1,...,ix} C
[n] and entries

n
k+1

b — (—D)'8nygy ifj=ael,
" 0 otherwise.

Pliicker relations, i.e. conditions for dim(ker ¢,) = k, are vanishing conditions of all
(n—k+41) x (n—k+1) minors of M. It is well known (see for instance [5]) that Pliicker
relations are degree 2 relations and they can also be written as

k

Z(il)lﬁplmpk—lmqum(il»--q}c =0 (2.2)

=0
for any 2k-tuple (plu -y Pk—1,40,- - - 7%)-

Remark 2.1. Notice that vectors oy, in the equation (2.1) normal to hyperplanes Dy, cor-
respond to rows indexed by L in the Pliicker matrix M, that is

A(Ax) = M,,
up to permutation of rows. Notice that, in particular, det(as, ..., d,, ..., a, ) is the
Pliicker coordinate 8y, I = {s1,$2,...,Sk+1} \ {s:i}-

2.5 Relation between intersections of lines in .4, and quadrics in Gr(3,C"™)

Let A = {H?,..., HJ} be a generic arrangement in C3. If there exist L1, Lo, L3 C [n]
subsets of indices of cardinality 4, such that codimension of Dy, N Dy, N Dy, is 2 then A
is non very generic arrangement (see [2]).

Let T = {Li, Lo, L3} be a good 6-partition of indices {si,...,s6} C [n]. In [6],
authors proved that the codimension of Dy, N Dy, N Dy, is 2 if and only if points

mteLlﬁLz Heot, mteLlﬁLg He ¢ and mteLQng Heo

are collinear in H, ([6, Lemma 3.1]).

Since «p,; is vector normal to Dy,,, the codimension of Dy, N Dy, N Dy, is 2 if and
only if rank Ar(Aw) = 2, i.e. all 3 x 3 minors of At(Aw) vanish. In [10] authors proved
the following Lemma.

Lemma 2.2 ([10, Lemma 5.3]). Let A be an arrangement of n hyperplanes in C3 and
O-T = {{ila 7;27 i37 i4}7 {7;17 i27 i57 7;6}7 {237 i47 7;57 ZG}}
a good 6-partition of indices s1 < --- < sg € [n| such that i; = s4(;), 0 permutation in

S¢. Then rank A, 1(Ax) = 2 if and only if A is a point in the quadric of Grassmannian
Gr(3,C™) of equation

5i1i3i4/8i2i5i6 - /Bi2i3i45i1i5i6 = O (2'3)
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As consequence of above results, we obtain correspondence between points

T = Z ﬁ]efa 61#07

IC[n]
V=

in the quadric of equation (2.3) and generic arrangements of n hyperplanes A in C? such
that Hoo 5, N Hooiyy Hoo iy N Hoo iy and Hg 4 N Ho, ;, are collinear in H . Notice that
condition By # 0 is direct consequence of A being generic arrangement.

3 Motivating example of Pappus’s Theorem for quadrics in Gr (3, C™)

In classical projective geometry the following theorem is known as Pappus’s theorem or
Pappus’s hexagon theorem.

Theorem 3.1 (Pappus). On a projective plane, consider two lines 1, and ls, and a couple
of triple points A, B,C and A’, B',C" which are on 1 and 5 respectively. Let X,Y, Z be
points of AB' N A’B, AC' N A’C and BC' N B’C respectively. Then there exists a line l3
passing through the three points X,Y, Z (see Figure 1).

Figure 1: Original Pappus’s Theorem.

This theorem was originally stated by Pappus of Alexandria around 290-350 A.D.

In this section, we restate this classical theorem in terms of quadrics in the Grassman-
nian. Indeed the six lines AB’, A’'B, BC', B'C, AC’, A'C € P?(C) correspond to lines in
the trace at infinity A, of a generic arrangement A in C* and lines /1, [ and I3 correspond
to collinearity conditions for intersection points of lines in A.

Consider a generic arrangement A = {Hy,..., Hg} of 6 hyperplanes in C3, A, its
trace at infinity and T = {L;, Lo, L3} the good 6-partition defined by L; = {1,2, 3,4},
Lo ={1,2,5,6}, Ly = {3,4,5,6}. By Lemma 2.2 we get that the triple points

Nierinr, HiNHooo  Nicp,nps Hi NV Hooo  Mier,nr, Hi N Hoo
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are collinear if and only if A is a point of the quadric

Q1 B1348256 — B23aB156 = 0
in Gr(3,C").
Analogously if
T = {L,1> /27 é}’ Lll = {4767275}’ Ll2 = {4763 173}7 Lé = {275a 173}
and
T = {L,1/7 LIQ/’ Lg}v Lll/ = {2v47 176}5 L/QI = {274a 3, 5}a Lg = {L 6,3, 5}
are different good 6-partitions then triple points
_ _ .
ﬂieL’lmL; HiN He, nieL’lng HiN He, mieL;ng Hi* N Hoo
and - B B
ﬂieL’l’ng H; " Hoo, ﬂiEL’l/ﬂLé’ H; N Hoo, ﬂieLgng H; M Heo

are collinear if and only if A is, respectively, a point of quadrics

Q2 Ba2sBs13 — Pe25B413 = 0 and
Q3: B216B435 — Ba165235 = 0.

With above remarks and notations we can restate Pappus’s Theorem as follows (see Fig-
ure 2).

Theorem 3.2 (Pappus’s Theorem). Let A = {Hy,...,Hg} be a generic arrangement
of hyperplanes in C3. If A is a point of two of three quadrics Qy,Qs and Qs in the
Grassmannian Gr(3,C®), then A is also a point of the third. In other words

3
Qil inz = n Qi7 {i177;2} C [3]

i=1
We develop this argument in the following sections providing in Theorem 5.3 a general

statement on quadrics in the Grassmannian which implies Pappus hexagon Theorem in the
projective plane.

4 Pappus Variety

In this section, we consider a generic arrangement {H, ..., H,} in C3 (n > 6). Let’s
introduce basic notations that we will use in the rest of the paper.

Notation. Let {s1,...,s¢} be a subset of indices {1,...,n} and T = {Ly, Lo, L3} be the
good 6-partition given by

Ly = {s1,892,83,84}, Lo = {s1, $2, 85,86} and Ls = {ss, S4, S5, S6}

Then for any permutation o € Sg we denote by 0.T = {0.L1,0.La,0.L3} the good 6-
partition given by subsets

o.Ly = {i1,12,13,14}, 0.La = {i1,42,15,i6} and 0.L3 = {i3,i4, 15,76}
with ij = 84(;). Accordingly, we denote by Q, the quadric in Gr(3,C") of equation

Qo : BivigiaBinisic — BisigiaBinigis = 0.
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Figure 2: Trace at infinity of A € ﬂle Q;. In the figure ¢j denotes Hoo ; N Hoo 5.

The following lemma holds.

Lemma 4.1. Let 0,0’ € S¢ be distinct permutations, then Q, = Q- if and only if there
exists T € Sz such that 0.L; No.Lj = o' Ly No' Ly (1 <i<j<3).

Proof. By definition of good 6-partition we have that

Ly = (LiNLy)U(Ly N L3),
Ly = (LaNLy)U(Ly N Ly),
L3 = (L3 N Ll) @] (L3 N Lg)

Then there exists 7 € S3 such that o and ¢’ satisfy 0.L; N o.L; = o'.L;;y N o'.L.(
(1 <i<j<3ifandonlyifo.l; = o'.Lyq forl = 1,2,3, that is A, 7(Ax) is
obtained by permuting rows of A, (A ). It follows that rank A, 1(A) = 2 if and only
if rank A,/ 7(As) = 2 and hence by Lemma 2.2 this is equivalent to Qs N Ny, . s, =
Qo N Ny, ... 55, Where

Ngy.se = {2 = Z Brer | Br # 0 forany I C {s1,...,86}}

1<)

[7]=3
Since Ny, . s, is dense open set in y(Gr(3,C™)), Qs N Ny, ss = Qor N Niy 56
~~~~ ss = Qor N Ny, . s, then any
generic arrangement A corresponding to a point in Q, N Ny, . s, corresponds to a point
in Qys N Ny, .. s that is rank A, 7(Aw) = 2 if and only if rank A,/ p(As) = 2. It
follows that A, 1(Ax) and Ay 1( A ) are submatrices of A(Ay,) defined by the same
three rows, i.e. 0.L; = o'. L, forl = 1,2, 3. O

Definition 4.2. For any 6 fixed indices T = {s1,...,86} C [n] the Pappus Variety is the
hypersurface in Gr(3,C") given by

Pr = U Q0~

o€Ss
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Notice that all the content of this section and the following section is based on the
choice of six indices {s1 < -+ < sg} C [n]. This is related to result in Theorem 3.8 in
[6] and, consequently, Lemma 5.3 in [10] (Lemma 2.2 in this paper). Indeed Theorem 3.8
in [6] states that in order to study special configurations of n lines in P2, that is non very
generic arrangements of n lines in P2, it is sufficient to study subsets of six lines out of
n. On the other hand since Pappus Variety can be defined inside Gr(3,C"), we decided
to keep the discussion more general picking six indices {s1 < -+ < sg} C [n] instead of
simply study the case Gr (3, C%) (see also Remark 6.7).

For 0,0’ € Sg we define the equivalence relation 0. T ~ ¢’.T corresponding to Q, =
Q. as following:

0.T ~¢'.T < 37 € S3suchthat 0.L; N oL; = U/~L7(i) N O'/.LT(j) (1 <i<j< 3)

We denote by [o] the equivalence class containing ¢.T and by Q,, the corresponding quadric
(notice that o in the notation Q,, can be any representative of [o]). By Lemma 4.1 [o] only
depends on couples L; N L; hence for each class [o] we can choice a representative

5. To = {{j1,J2, J3. ja}> {41, d2.Js, e}, {Js: ja, jss je} }

such that 71 < jo, 73 < j4, J5 < je and j1 < j3 < js and we can equivalently define
o] = {{j1. 52}, {s.da}, {5, de}}-
; ; < GE)E)
Since the number of choices of [o] is ~2~5-2
quadrics. Finally remark that

lo] = {{j1, 42}, {Js.Ja}, {Js.J6}} and

o) = {41 2} {3, gats {35, 563}
are disjoint, i.e. [o] N [0'] = 0, if and only if {jo—1,ju} # {jby 1,45} for any
1<1,I<3.

= 15, Pappus Variety is composed by 15

Definition 4.3 (Pappus configuration). Let [01], [02] and [o3] be disjoint classes, a Pappus
configuration is a set {Qo,, Qu,, Qo } Of quadrics in Gr(3, C™) such that

3
QUil m QO’i2 = ﬂ Qo’i
i=1

for any {i1,i2} C [3].

Quadrics Q,,, Qs , Qs are said to be in Pappus configuration if {Q,, , Qu,, Qo } is a
Pappus configuration.

Remark 4.4. Fixed a class of good 6-partition [0] = {{j1,j2}, {j3,1}, {J5.J6}}. we
shall count the number of disjoint classes.

First let’s count the number of classes [0'] = {{j1, j3}, {44, 74}, {4k, j6}} not disjoint
and distinct from [o]. Since [o] and [0’] are distinct, only one couple {j;, j; ., } is contained
in [o]. Without lost of generality we can assume {ji, j;.+1} = {41, j5} ( is either 1,3 or 5)
then pairs {j4, j4 } and {j, ji} are not in the same set, i.e. we have two possibilities:

{43, 45} and {j}, j} € [o],
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or

{43, 46} and {j}, js} € [o].
Hence there are 2 - 3 + 1 = 7 not disjoint classes from [o] and, since the number of all
classes is 15, we get that any fixed [o] admits exactly 15 — 7 = 8 disjoint classes.

5 Pappus’s Theorem

In this section we restate Pappus’s Theorem for quadrics in Gr(3,C™) by using notation
introduced in the previous section. For a fixed class [0] = {{jl, Jot, {43,794}, {Jss jﬁ}}
let’s denote by G|, the free group generated by permutations of elements in each subset of
[o], that is

Glo] = ((Jar—1 ju) € Se | 1 =1,2,3),

and, for any class, [0”] let’s define the set
orbitg,, ([o']) = {rlo'] | T € G}
where 7 acts naturally as permutation of entries of each set in [o”].

Remark 5.1. The action of G/,) on class [0’] disjoint from [o] is faithful. Indeed let
7,7" € G|y be such that 7[o’] = 7/[0”] then 77 17'[¢'] = [0'],i.e. 77'7" € G|,/). Thus we
get 717" € Gy} N Gpv). Since [o] and [0”] are disjoint, G[,] N G|y = {e}, ie., 7 = 7.
Remark that | orbitg,, ([0'])| = |G|s)| = 8 and T[o] = [o] for any 7 € G|,).

Lemma 5.2. Let [0] and [0'] be disjoint classes, then
orbite,, ([o']) = {[o"] | [o] N [o"] = 0}.
Proof. First we prove that orbite_, ([0']) € {[0”] | [o] N [0”] = 0}. Let
[o] = {{j1, 72}, {Js.ja}, {Js.J6}} and
o) = {412} s gat {35, 563}
be disjoint, then |{j21—1, j21} N {j%m_1,J2m | < 1. Since 7 € G|, permutes only jo;_1
and j; then 7[o’]N[o] = 0, that is 7[o’] is disjoint from [0], i.e. 7[0”] € {[0"] | [¢]N[¢”] =

0}. Since Gy, is faithful, | orbitg,,,([0'])] = 8 and, by calculations in the Remark 4.4,
[{[o"] | [o]n]o"] = 0}] = 8, it follows that orbite, ([0]) = {[o"] | [o]N[o"] = 0}. O

The following theorem holds.

Theorem 5.3 (Pappus’s Theorem). For any disjoint classes o] and [c'], there exists a
unique class [0"'] disjoint from [c] and [0'] such that {Qs, Qs’, Qp } is a Pappus configu-
ration.

Remark 5.4. Let [01] and [03], [03] = {{j1,i, 2.6}, {Js,i,Ja4}, {Us.i:Je,it} i =1,2be
classes of indices in {1, ..., 6}. Recall the following facts (see Section 2 and Lemma 2.2):
i) If
z=Y Brer, B #0

1Cl6]
11]=3
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is a point in Q,, then any arrangement A € C3 such that A(A) = M, is an
arrangement of 6 planes in general position in C? with lines in A, such that points

HOO,jl,i N HOOJQ,i? HOOJ?,,i N HOOJ4,1' and HOOJ5,1‘ N HOO,je,i

are collinear.
ii) Vice versa if A is an arrangement of 6 lines in general position in C* with the inter-
section points

HOOJl,i N HOOva,i’ HOOij,i N H007j4,i and HOOij,i NHe

,J6,i

collinear, then any point

T = Z Brer

1C6]
|1]=3

such that M, = A(A.) verifies 5y # 0 and z € Q,,.

From ii) it follows that if 4., is an arrangement of 6 lines in general position in P? such
that
HDO,jl,z: N HOO,jz,m HOO,j's.,q: n H007j4‘71 and HOOJM n HOOJe,i

are collinear for s = 1, 2, then any point

T = Z Brer

IC[6]
|I]=3

such that M,, = A(A) belongs to Q,, NQ,,. Moreover [01] and [o2] are disjoint classes.
By Theorem 5.3 there exists a third class

lo3] = {{j1,3, 72,3}, {J3.3,J4.3}, {J5,3:J6,3}

such that {Q,,, Qo,, Qo } is a Pappus configuration. Then = € [, ., .3 Qo,, Which im-
plies, by i) that also o

HOO,jl,z N HOOJQ,S? HOC’js,s N H007J'4,3 and H007j5,3 NHe

,J6,3

have to be collinear. That is Theorem 5.3 implies Pappus hexagon Theorem in the plane
(see Figure 2).

Notice that Theorem 5.3 is slightly more general than Pappus hexagon Theorem since
it also applies to the case in which some 3y = 0.

Proof of Theorem 5.3. Following example in Section 3, for any class

[wi] = {{71. 42}, {3, s}, {56} }

let’s consider disjoint classes

[wa] = {{j1, 3}, {42,375}, {Jarde}} and
ws] = {{i1,d6}, {2,374}, {Us:35}}-
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The corresponding quadrics have equations:

Qur * BjrjsiaBizjsie — BizdsjaBirisie = 05
Qu, : ﬁjuzjsﬂjeﬁjs - ﬁjejﬂsﬁjmms =0,
Qwa : Bjsj1j66j3j2j4 - ﬂj3j1j66j5j2j4 =0.

By definition of 3;;1, equations of Q., and Q.,, can equivalently be written as
Qus * Binjajs Birisis T BingsieBirisis = 05
Qus * BjrjsioBizisis T BivisieBiajags = O-

If we denote left side of defining equations of Q,,, by P, then

ng_Pwlz-nga

that is zeros of any two polynomials P, , P, are zeros of P, , {i1,72,i3} = {1,2,3}.
We get

3
Qw’il ﬁ qujz = ﬂ Qwi
i=1

for any {i1,i2} C [3],i.e. Qu,, Qu, and Q. are in Pappus configuration.
By Lemma 5.2, since [w;] N [ws] = 0, the set of disjoint classes from [w; ] is given by

{loo] | lwa] Nfoo] = 0} = {7olwa] | 70 € Gy}

Then if [¢'] is disjoint from [w;], there exists a unique element 7 € G|,,] such that
[0'] = T[ws]. That is, for a generic class [w;], any disjoint couple ([w:], [0']) is of the
form ([w1], T[w2]) = (T]w1], T[w=]) and we have

Quy = Qrur  Br(in)r(Gs)r(ia) Br(ia)(is)7(Gs) — Br(ia)r(is)r(ia) Br(in)r(Gs)r(Gs) = 05
Qo' = Qrws t Br(ja)r(ia)r(is) Brie) ()7 (s) — Bre)r(Ga)r(is) BrGa)r (i) r(js) = 0

By antisymmetric property of indices of 3, if we denote by P,,, and P, the left side of
above equations, i.e.

Py = Br(j)r(is)r(54) Br(j2)m(s)m(Gs) — Br(ia) ()7 (ia) Br ()7 (s )7 (o)
Por = Br(ja)r(i2)r(s) Br ) (1) Gs) — Bre)r(G2)Gis) Br(ia)(a)r (s)

then

FPorri= Por — Poy = Br(js)r(1)7(6) Br(is)r(i2)r(Ga) — Br(is)r(31)7(G6) Pr(is) 7 (2)7(ja)

is the defining polynomial of Q. That is [0”'] is uniquely determined by disjoint couple

([wr], [o"))- 0

From proof of Theorem 5.3 we get that for any class

wi] = {{j1, 42}, {3, ja}s {5, d6}}
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if we denote

[wa] = {{j1, 75}, {jo.ds}, {ja.js}} and

[ws] = {{j1,d6}, {do,da}, {Js.d5}},
then all Pappus configurations are of the form {Q:w,, Qrwss Qrws}> T € Gw,) and the
following Corollary holds.

Notice that the proof of Theorem 5.3 only uses equations of quadrics 3, and hence
provides alternative proof to Pappus hexagon Theorem. In particular it is also alternative
to classical proof based on Grassmann-Pliicker relations. Indeed the latter proof uses the
fact that points in Pappus configurations verify the Grassmann-Pliicker relations while, in
our cases, quadrics QQ, are proper quadrics in the Grassmannian, i.e. equations of quadrics
Q, are not Grassmann-Pliicker relations.

Corollary 5.5. The number of Pappus configurations {Q,, Qo’, Qo } in Gr(3,C5) is 20.

Proof. By Remark 4.4 the number of [0] is 15 and by Lemma 5.2 each fixed class [o] admits
8 disjoint classes. By Theorem 5.3 if [o] and [0”] are fixed, [¢"] is uniquely determined,
thus the number of the sets {[0], [0'], [0”]} is 15 x 8/3! = 20. O

Corollary 5.5 establishes that for any given 6 lines in P? there are 20 possible com-
binations of their intersections that give rise to a Pappus’s configuration like the one in
Figure 2.

6 Intersections of quadrics

In this section we study intersections of quadrics in Gr(3,C™). In particular we are inter-
ested in the intersection of sets

Q. =QoN{z= Z Brer | Br #0forany I C {s1,...,s6}}

IC[n]
[I]=3

of points in quadrics Q, that correspond to arrangements of lines in P2(C) with subar-
rangement {Hy,, ..., Hy, } generic. The following lemma holds.

Lemma 6.1. If [01], [02], [03] are distinct and pairwise not disjoint classes then
Qy, NQy, NQs, =0.
Proof. 1f [01], [02], [o3] are not disjoint then either
(1) |[e1] No2] N[os]| =1or
(2) HCTil] n [0i2]| =1 (1 S il < iQ § 3) and [O’ﬂ N [02] n [0'3} = @

(1) Assume [0'1} n [0'2} n [0’3] = {il,ig}. Let [0’1] = {{il,ig},{i3,i4}, {i5,i6}},
[0'2} = {{il, ig}, {i3, i5}, {i4, i6}}, and [0’3] = {{il, ig}, {7:3, iﬁ}, {’i4, 25}} then we obtain
the following quadrics

Qo : 57:17:31:45@27:57:6 - 51‘21‘31‘451:11:51‘6 =0,
Qoy : Bivisis Binisis — BinisisBivisic = 0,
QG’3: 6i1i3i6ﬂi2i4i5 - /3i2i3i6/8i1i4i5 = O
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Any point z € Qg, N Qg, belongs to Gr(3,C"), that is x satisfies Pliicker relations in
(2.2). In particular x € Pl; N Pls where Pl and Pls are the quadrics:

P11: 5i1i3i2ﬁi4i5i6 - ﬁi1i3i45i2i5i6 + /Bili3i5ﬂi2i4i6 - ﬂi1i3i55i2i4i5 = 07
Ply: 51'21'31'151'41'51'6 - /8i2i3i45i1i5i6 + 5i2i3isﬂi1i4ie - Bi2i3i66ili4i5 =0.

Notice that Pl; and Ply can be obtained from equations in (2.2) considering the 6-tuples
(1, P2, 40, G1, 2, 43) = (i1, 13, 12, %4, i5, %) and (i2, 3, i1, %4, i5, i) respectively. We get
Qoy = Qoy = Ply + Ply: BiigisBiziais — BivisieBiviais + 2(BiriziaBisisis) = 0-
Since B;,iyis # 0 and B, 7 0 then B;,4,: Bisisis 7 0 and hence

BiviicBiiais — BisigicBirisis 7 0,
thatisz € Qg .

(2) Assume [0'1] N [0'2} = {il,ig}, [0'1} N [0'3] = {ig, i4} and [0’2} N [0'3] = {i5, 2.6} and
name Py = {iy,i2}, P> = {i3,ia}, P3 = {i5,i6}. Toany pointz € Qg N Qg, N Qg
corresponds the existence of an arrangement with a generic sub-arrangement indexed by
{i1,...,i6} which trace at infinity {Hoo 4,, - .., Hoo s} satisfyies collinearity conditions
as in Figure 3. That is there exist couples Py € [01], Ps € [02] and Ps € [o3] that cor-

respond, respectively, to intersection points py, ps and pg of lines in {Ho 4, - - -, Hoo ig }
(see Figure 3).

Gy
\
o
o \ ] Q
_____ 1= {1, 02} s X 03
QG’l _____ e p 2
v T Sheengil
] -
\ L7 2= {la, 4}
\
\ 7z
\ e
® 7’
Ps \ ’
r4
\ Pa.
\ ’
AY d
\ Pis
\ ’
\ 4
T
v
X pa= (is, i)
AR
’ \
e
P, \
, \

Figure 3: Case (2) trace at infinity of A € ﬂle o.» 14,7} corresponds to Hoo ; N Heg 5.

By definition of P;, P, and Ps we have
Py = {i5,i¢} € ({11, .6} \ P1) N ({i1,.. d6} \ P2).

On the other hand, if P, is different from P, and P, in Qg then Py = ({il, ce iG}\Pl) N
({il, cooig )\ Pg). Thus we get P; = P, and, similarly, Ps = P, and Ps = Py, that is
o, = Qg, = Qg which contradict hypothesis. O

o1 T o3
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Lemma 6.2. For any three pairwise disjoint classes [01], [02], [03], either {Qs,, Qoys Qo
is a Pappus configuration or

3
na:, =o.
i=1
Proof. By Pappus’s Theorem, for any two disjoint classes [o;], [0;], there exists [o;;] such
that {Qo,, Qo;, Qo } is Pappus configuration. If [o;;] = [o}] for some k € [3], then
{Qos,,Qos, Qs ) is a Pappus configuration. Thus assume all [0;] # [oy] for any k =
1,2,3. Moreover [012], [013], [023] are distinct since if [0;;] = [o4%] then [0;] = [o%].

If [0‘12] N [0’13} 75 @, [0'12] n [0‘23] 75 @ and [0'13] n [0’23] 7é @, then

ﬂ leIZQ - @

1<l;<12<3
by Lemma 6.1 and
3 3
Ne.=a)nt N Q.=
i=1 i=1 1<l <12<3
Otherwise assume [o12] N [o13] = 0, we get a new Pappus configuration. Since the

number of disjoint classes is finite, iterating the process, we will eventually get 3 classes
[o1,], [01,], [015] pairwise not disjoint and
3

3
ﬂQ i:(ngi)mQ;zlnglzﬂQgg = 0. O

=1 =1

q o

Lemma 6.3. If [01],[02], 03] are distinct classes such that [o1] N [o2] # 0 and

[0:] N [o3) =0 fori=1,2, then
3
na:, =o.
i=1

Proof. Since [01],[o3] and [o2], [o3] are disjoint, there exist [04] and [o5] such that
{ Qo1 Qoss Qoy } and {Qo,, Qos, Qo } are Pappus configurations and

(o] Nos] # 0, [o2]N[oa] #0, [o4] N[o5] # 0.

Indeed if one of them is empty, we obtain 3 disjoint classes not in Pappus configuration and

by Lemma 6.2, it follows
3 5
i=1 i=1
Since [o1] N [o2] # 0, we can assume {i1, {2} = [01] N [02] and we can set

[o1] = {{i1,i2}, {is,ia}, {i5,i6}},
[oo] = {{in, 2}, {is, 4}, {35, 06} ),
los] = {{j1, 42}, {3, s}, {Us.d6}}
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To any point

3
ze()Qg #0

i=1
corresponds an arrangement A with generic subarrangement {H;,, . .., H;, } with trace at
infinity {Ho 4, , - - -, Hoo i } intersecting as in Figures 4 and 5 (up to rename). It follows

Figure 4: Each j, j' is j; or jo.

that {j4, jo} € [04] and since {js, j5} = {i1,42} € [01] and [01] N [o4] = O (see Figure 4),
there are two possibilities:

[0a] = {{Ja,Je}, {1,738}, {J2:ds}}

[04] = {{Ja, J6}, {J1,Js}, {Ja,ds}}-

Analogously (see Figure 5) class [o5] is of the form
[o5] = {{Ja, Je}, {J1, s} {J2, Js } }

or

[o5] = {{Ja Je}, {d1, s} {j2, Ja} }-

Since [o1] N [05] # D and [o5] # {3, js} = {i1, i2}, we deduce that {js, j6} = {is,ia}
or {is, %6}, which is not possible by [o1] N [¢4] = (). Hence

3
Qs =0 O

i=1
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Figure 6: Hesse arrangement with Ho;,, . . ., Hooi, and ﬂle o, #0.
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Notice that the Hesse arrangement in P?(C) (see Figure 6) can be regarded as a generic
arrangement of 6 lines which intersection points satisfy 6 collinearity conditions.

Definition 6.4 (Hesse configuration). Let [0;], 1 < ¢ < 6 be distinct classes, we call Hesse
configuration a set {Qy,, . . ., Qo } Of quadrics in Gr(3,C™) such that there exist disjoint
sets 1,.J C [6], |I| = |J| = 3 such that {Q,, }ic1,{Qo, } jes are Pappus configurations
and [o;] N [o;] # O foranyi € I, 5 € J.

With above notations, the following classification Theorem holds.

Theorem 6.5. For any choice of indices {s1,...,s6} C [n] sets Q%, o € S, in the
Grassmannian Gr(3,C"™) intersect as follows.

(1) For any disjoint classes [o1] and [o3], there exist [o3],...,[06] such that
{Qsys- - Qog } is an Hesse configuration for I = {1,2,3}, J = {4,5,6} and

3

2 4 6
ﬂ ;ﬂ;ﬂ";

1 i=1

(2) For any not disjoint classes [o1] and [02), there exist [03],...,[06] such that
{Qoys -+ Qog} is an Hesse configuration for I = {1, 3,4}, J = {2,5,6} and

2 3 6
Nes2MNa, =Na. 2N 20

All other intersections are empty.

Remark 6.6. Notice that, since Hesse configuration only exists in the complex case, in
Gr(3,C™) we can find 6 quadrics {Q,,, ..., Qs } such that

Qs 2

=1

=

)

<.

while in Gr(3,R™),

jeJC[6]
|J|>4
It follows that in the real case, for any choice of indices {s1,...,86} C [n], we have at
most 4 collinearity conditions (see Figure 7) corresponding to 15 hyperplanes in the Dis-
criminantal arrangement with 4 multiplicity 3 intersections in codimension 2 (see Figure 8).
While in the complex case Hesse configuration (see Figure 6) gives rise to a Discriminantal
arrangement containing 15 hyperplanes intersecting in 6 multiplicity 3 spaces in codimen-
sion 2.

This remark allows a better understanding of differences in the combinatorics of Dis-
criminantal arrangement in the real and complex cases. Indeed the existence of a discrimi-
nantal arrangement of 15 hyperplanes intersecting in 6 multiplicity 3 spaces in codimension
2 in C but not in R implies that there exist combinatorics of Discriminantal arrangements
that cannot be realised in any field. This is especially interesting since in the case known
until now, i.e. in the case of very generic arrangements .A, the combinatorics of Discrimi-
nantal arrangement B(n, k, A) is independent from the field (see [1]).
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Figure 7: Generic arrangement A in R? containing 6 lines satisfying 4 collinearity condi-

tions.

Figure 8: Codimension 2 intersections of 15 hyperplanes in B(n,3, A, ) indexed in
{s1,...,8} C [n] with 4 multiplicity 3 points A corresponding to intersections

3 3 3 3 ] . :
i1 Do.ris ;=1 Dor.1is Ni—q Do, and (\;_y Do 1., 0,0",0", 06" as in Figure 7.
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Remark 6.7. Finally Theorem 6.5 implies that the maximum number of intersections of
multiplicity 3 in codimension 2 in the complex case is strictly higher than the one in the
real case. This agrees with results on maximum number of triple points in an arrangement
of lines in P2 (see [3] for a discussion on line arrangements with maximal number of triple
points over arbitrary fields). Those observations suggest that special configurations of lines
in the projective plane intersecting in a big number of triple points could be understood
by studying Discriminantal arrangements with maximum number of multiplicity 3 inter-
sections in codimension 2. Indeed each multiplicity 3 intersection in codimension 2 of
B(n,3, Ax) corresponds to a collinearity condition for lines in A, which is equivalent
to the possibility to add a line that gives rise to “higher” number of triple points. It seems
hence interesting to study exact number of intersections of type (1) and (2) in Theorem 6.5
in the Grassmannian Gr(3,C™). This will be object of further studies.
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ied and the principal results proven.

e Keywords. Please specify 2 to 6 keywords separated by commas.

o Mathematics Subject Classification. Include one or more Math. Subj. Class. codes —
see http://www.ams.org/msc.

After acceptance

Articles which are accepted for publication must be prepared in IfTEX using class file
amcjoucc.cls and the bst file amcjoucc.bst (if you use BibTgX). If you don’t use BibTX,
please make sure that all your references are carefully formatted following the examples
provided in the sample file.

All files can be found on-line at:

https://amc-journal.eu/index.php/amc/about/submissions/#authorGuidelines

Abstracts: Be concise. As much as possible, please use plain text in your abstract and
avoid complicated formulas. Do not include citations in your abstract. All abstracts will be
posted on the website in fairly basic HTML, and HTML can’t handle complicated formulas.
It can barely handle subscripts and greek letters.

Cross-referencing: All numbering of theorems, sections, figures etc. that are referenced
later in the paper should be generated using standard ISTEX \label{...} and \ref{...}
commands. See the sample file for examples.

Theorems and proofs: The class file has pre-defined environments for theorem-like state-
ments; please use them rather than coding your own. Please use the standard \begin{proof}
... \end{proof} environment for your proofs.

Spacing and page formatting: Please do not modify the page formatting and do not use
\medbreak, \bigbreak, \pagebreak etc. commands to force spacing. In general, please
let ISTEX do all of the space formatting via the class file. The layout editors will modify the
formatting and spacing as needed for publication.

Figures: Any illustrations included in the paper must be provided in PDF format, or
via ISTEX packages which produce embedded graphics, such as TikZ, that compile with
PAfIATEX. (Note, however, that PSTricks is problematic.) Make sure that you use uniform
lettering and sizing of the text. If you use other methods to generate your graphics, please
provide .pdf versions of the images (or negotiate with the layout editor assigned to your
article).
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Yearly subscription: 150 EUR

Any author or editor that subscribes to the printed edition will receive a complimentary
copy of Ars Mathematica Contemporanea.

Subscription Order Form

I would like to subscribe to receive ...... copies of each issue of
Ars Mathematica Contemporanea in the year 2019.

I want to renew the order for each subsequent year if not cancelled by e-mail:
O Yes 0 No

Signature: ...

Please send the order by mail, by fax or by e-mail.

By mail: Ars Mathematica Contemporanea
UP FAMNIT
Glagoljaska 8
SI-6000 Koper
Slovenia

By fax: +386 56117571
By e-mail: info@famnit.upr.si
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9th PhD Summer School in Discrete Mathematics
Rogla, Slovenia, June 30 — July 6, 2019
http://conferences.famnit.upr.si/e/rogla2019
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PhD Summer School in Discrete Mathematics is aimed at bringing PhD students to sev-
eral open problems in the active research areas. Main part of the PhD Summer School in
Discrete Mathematics are two minicourses:

Minicourse 1: Combinatorial limits and their applications in extremal combinatorics
Daniel Kral (Masaryk University, Czech Republik and University of Warwick, UK)

Minicourse 2: Coxeter groups
Alice Devillers (The University of Western Australia, Perth, Australia)

In addition to the two mini-courses, several invited talks will be given during the summer
school. Confirmed invited speakers are:

e Vida Dujmovi¢ (University of Ottawa, Canada)
Miguel Angel Pizafia (Universidad Auténoma Metropolitana-Iztapalapa, Mexico)
Jeroen Schillewaert (University of Auckland, New Zealand)
Klara Stokes (Maynooth University, Ireland)

Students will have opportunity to present their results in 15-minutes talks, and a 3-member
committee will decide the winner of the Best Students Talk award. The winner will get a
certificate and free participation at the 10th PhD Summer School in Discrete Mathematics.

Students can also apply for financial support, which includes half board accommodation
and the exemption from conference fee payment. Students that would like to apply for
financial support need to indicate it in the registration form and send their motivation letter
and short CV (in English). Deadline for the financial support application is February 28,
2019.

Scientific Committee: Ademir Hujdurovi¢, Klavdija Kutnar, Aleksander Malni¢, Dragan
Marusic, Stefko Miklavi¢, Primoz Sparl.

Organizing Committee: Bostjan Frelih, Ademir Hujdurovi¢, Bostjan Kuzman, Rok Pozar.
Further information: https://conferences.famnit.upr.si/e/rogla2019/

Organized by:
o University of Primorska, IAM and University of Primorska, FAMNIT, and
e Slovenian Discrete and Applied Mathematics Society
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in collaboration with:

e Centre for Discrete Mathematics, UL PeF.

Sponsors:
e EMS - European Mathematical Society,
o ARRS - Slovenian Research Agency,
o MIZS — Ministry of Education, Science and Sport.
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9th Slovenian International Conference
on Graph Theory (Bled '19)

Bled, Slovenia, June 23 — 29, 2019
https://conferences.matheo.si/e/bled19
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Bled 19 is the 9th edition of the quadrennial Slovenian Graph Theory Conference, which
has become one of the largest — and for several areas of graph theory, the premier — graph
theory conference series, and is attended by leading researchers in graph theory, as well
as many postdocs and talented Ph.D. students. In addition to the keynote speakers named
below, the conference will consist of minisymposia from specific fields, ranging across al-
gebraic, algorithmic, geometric, topological, and other aspects of graph theory, a general
session and poster session. A special session will be organized to celebrate the 70th birth-
day of our friend, colleague, and one of the founders of Slovenian Graph Theory, Tomaz
Pisanski.

List of Keynote Speakers:
e Noga Alon (Tel Aviv University, Israel)
Marco Buratti (University of Perugia, Italy)
Gareth Jones (University of Southampton, UK)
Gabor Korchmaros (University of Basilicata, Italy)
Daniel Kral (Warwick University, UK and Masaryk University, Czech Republic)
Daniela Kiihn (University of Birmingham, UK)
Sergei Lando (National Research University Higher School of Economics, Russia)
Janos Pach (EPFL, Lausanne and Rényi Institute, Hungary)
Cheryl E. Praeger (University of Western Australia, Australia)
Zsolt Tuza (University of Pannonia, Hungary)
Xuding Zhu (Zhejiang Normal University, China)

Scientific Committee: Sandi Klavzar, Dragan Marusi¢, Bojan Mohar (chair), Tomaz
Pisanski.

Further information: https://conferences.matheo.si/e/bled19
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The 31st International Conference on Formal Power
Series and Algebraic Combinatorics (FPSAC 2019)

Ljubljana, Slovenia, July 1 —July 5, 2019
http://fpsac2019.fmf.uni-lj.si/

The International Conference on Formal Power Series and Algebraic Combinatorics is a
major annual combinatorial conference that is organized in a different city every year. The
31st edition of FPSAC will take place in Ljubljana, Slovenia. Topics include all aspects of
combinatorics and their relations with other parts of mathematics, physics, computer sci-
ence, and biology. The conference will include invited lectures, contributed presentations,
poster sessions, and software demonstrations. There will be no parallel sessions.

List of Keynote Speakers:

Andrej Bauer (University of Ljubljana & IMFM, Slovenia)

Alin Bostan (Inria, France)

Sandra Di Rocco (KTH, Royal Institute of Technology, Sweden)
Eric Katz (The Ohio State University, United States)

Caroline Klivans (Brown University, United States)

NataSa Przulj (University College London, United Kingdom)

Vic Reiner (University of Minnesota, United States)

Stephan Wagner (Stellenbosch University, South Africa)
Chudnming Zong (Tianjin University, People’s Republic of China)

Program Committee Chairs: Sara Billey, Marko Petkovsek, Giinter Ziegler.
Organizing Committee Chair: Matjaz Konvalinka.
Further information: http://fpsac2019.fmf.uni-lj.si/

Organized by:
o UL FMF — University of Ljubljana, Faculty of Mathematics and Physics
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in collaboration with:

e UM FNM - University of Maribor, Faculty of Natural Sciences and Mathematics,

e UP FAMNIT - University of Primorska, Faculty of Mathematics, Natural Sciences
and Information Technologies,

o IMFM - Institute of Mathematics, Physics and Mechanics, Ljubljana, and

o SDAMS - Slovenian Discrete and Applied Mathematics Society,

and is sponsored by a variety of organizations and companies, including the National
Science Foundation.
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Maps N Configurations N Polytopes N Molecules C Graphs:
The mathematics of Tomaz Pisanski on the occasion of his
70" birthday

Ljubljana, Slovenia, May 23 — 25, 2019
https://conferences.matheo.si/e/mcpm

It is our great pleasure to announce this con-
ference in Discrete Mathematics, dedicated to
our dear colleague TomaZz Pisanski in celebra-
tion of his mathematics and the occasion of his
70th birthday.

Tomaz Pisanski, known as Tomo to his
friends, works in several areas of discrete and
computational mathematics. Combinatorial con-
figurations, abstract polytopes, maps on surfaces
and chemical graph theory are just a few areas
of his broad research interests. Tomo is the au-
thor or coauthor of over 160 original scientific
papers. Together with Brigitte Servatius he au-
thored the book Configurations from a Graph-
ical Viewpoint, which was published in 2013
by Birkhduser. Tomo’s scientific work has been
cited over 3400 times according to Google Toma? Pisanski
Scholar. In 2008, together with Dragan Marusic,

he cofounded Ars Mathematica Contemporanea, the first international mathematical jour-
nal to be published in Slovenia. Many mathematicians refer to Tomo as “the father of
Slovenian discrete mathematics”. The Mathematics Genealogy Project lists 16 of his PhD
students and 79 academic descendants.

The invited speakers listed below are world-class mathematicians who work in areas
of mathematics that are close to Tomo’s research interests. In addition to invited talks,
participants will have the opportunity to deliver short, 15-minute presentations.

Venue: The conference will take place at UL FMF in Ljubljana, Slovenia.

Invited Speakers:

Vladimir Batagelj (University of Ljubljana and University of Primorska, Slovenia)
Gunnar Brinkmann (Ghent University, Belgium)

Patrick W. Fowler (The University of Sheffield, United Kingdom)

Gabor Gévay (University of Szeged, Hungary)

Wilfried Imrich (Montanuniversitit Leoben, Austria)

Asia Ivi¢ Weiss (York University, Canada)

Sandi Klavzar (University of Ljubljana and University of Maribor, Slovenia)
Dimitri Leemans (Université Libre de Bruxelles, Belgium)

Dragan Marusi¢ (University of Primorska, Slovenia)

Alexander D. Mednykh (Sobolev Institute of Mathematics and Novosibirsk State
University, Russian Federation)
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Bojan Mohar (Simon Fraser University, Canada, and IMFM, Slovenia)

Daniel Pellicer Covarrubias (National Autonomous University of Mexico, Mexico)
Egon Schulte (Northeastern University, United States)

Brigitte Servatius (Worcester Polytechnic Institute, United States)

Martin Skoviera (Comenius University in Bratislava, Slovakia)

Thomas W. Tucker (Colgate University, United States)

Steve Wilson (Northern Arizona University, United States)

Scientific Committee: Klavdija Kutnar, PrimoZ Poto¢nik, Arjana Zitnik.

Organising Committee: Nino Basi¢, Marko Boben, Boris Horvat, Jurij Kovi¢, Alen
Orbanié, Arjana Zitnik.

Further information: https://conferences.matheo.si’/e/mcpm

Organised by:
o UL FMF - University of Ljubljana, Faculty of Mathematics and Physics

in collaboration with:
o UP FAMNIT - University of Primorska, Faculty of Mathematics, Natural Sciences
and Information Technologies
o UP IAM - University of Primorska, Andrej Marusi¢ Institute
o SDAMS - Slovenian Discrete and Applied Mathematics Society
o IMFM - Institute of Mathematics, Physics, and Mechanics
e Abelium d.o.o.
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