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Where Do We Stand?

This volume completes the 11" year of publication of AMC. A very natural question
for our readers, authors, reviewers and editors is this: Where do we stand? Although we
do not believe in one-dimensional ranking, we would like to present some figures that tell
how SCImago sees our journal.

SCImago uses Scopus data to rank a total of 31971 scientific journals worldwide, ac-
cording to their SJR index. Among these, AMC ranks 3612%", which puts AMC in the top
12%. Similarly, among the 2011 mathematics journals in the Scopus database, AMC ranks
246™, putting it in the top 13%. At first sight this might not seem all that impressive. But
among the 926 scientific journals published in Eastern Europe, AMC ranks 7", and among
the 152 of those that are in mathematics, AMC ranks first!

Moreover, according to SCImago, Ars Mathematica Contemporanea covers papers
from Algebra and Number Theory, Discrete Mathematics and Combinatorics, Geometry
and Topology, and Theoretical Computer Science, and in each of these categories, AMC is
in QI (the first quartile). It is also in the Scopus first quartile in the field of Mathematics
for the year 2018.

Still, these are just numbers, and are not the most important for our community. What
matters is the quality of the papers that we publish.

Also we are aware of the fact that some authors are not happy with our large backlog,
and for their career, other rankings may be more important. For AMC itself, however, these
numbers matter quite a lot. In particular, it is notable that among the 78 scientific journals
covered by Scopus that are published in Slovenia, our journal also ranks first. This is of
crucial importance when we seek financial support from our government.

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

We introduce a notion of a girth-regular graph as a k-regular graph for which there
exists a non-descending sequence (a1, as, . ..,ax) (called the signature) giving, for every
vertex u of the graph, the number of girth cycles the edges with end-vertex w lie on. Girth-
regularity generalises two very different aspects of symmetry in graph theory: that of vertex
transitivity and that of distance-regularity. For general girth-regular graphs, we give some
results on the extremal cases of signatures. We then focus on the cubic case and provide a
characterisation of cubic girth-regular graphs of girth up to 5.

Keywords: Graph, girth-regular, cubic, girth.
Math. Subj. Class.: 05C38

1 Introduction

This paper stems from our research of finite connected vertex-transitive graphs of small
girth. The girth (the length of a shortest cycle in the graph) is an important graph theoretical
invariant that is often studied in connection with the symmetry properties of graphs. For
example, cubic arc-transitive graphs (a graph is called arc-transitive if its automorphism
group acts transitively on its arcs, where an arc is an ordered pair of adjacent vertices) and
cubic semisymmetric (regular, edge-transitive but not vertex-transitive) graphs of girth up
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to 9 and 10 have been studied in [5, 11] and [6], respectively, and tetravalent edge-transitive
graphs of girths 3 and 4 have been considered in [14]. Recently, a classification of all cubic
vertex-transitive graphs of girth up to 5 was obtained in [8].

In our investigation of vertex-transitive graphs of small girth, it became apparent to us
that the condition of vertex-transitivity is almost never used in its full strength. What was
needed in most of the arguments was only a particular form of uniformity of the distribution
of girth cycles throughout the graph. Let us make this more precise.

For an edge e of a graph T, let €(e) denote the number of girth cycles containing the
edge e. Let v be a vertex of I' and let {eq, . .., e } be the set of edges incident to v ordered
in such a way that e(e;) < e(eg) < --- < e(eg). Then the k-tuple (e(eq), e(ez), ..., e(er))
is called the signature of v. A graph T’ is called girth-regular provided all of its vertices
have the same signature. The signature of a vertex is then called the signature of the graph.

We should like to point out that girth-regular graphs of signature (a, a, . .., a) for some
a have been introduced under the name edge-girth-regular graphs in [10], where the au-
thors focused on the families of cubic and tetravalent edge-girth-regular graphs.

By definition, every girth-regular graph is regular (in the sense that all its vertices have
the same valence). Further, it is clear that every vertex-transitive as well as every semisym-
metric graph is girth-regular. Slightly less obvious is the fact that every distance-regular
graph is also girth-regular. The notion of girth-regularity is thus a natural generalisation of
all these notions. On the other hand, examples of girth-regular graphs exist that are neither
vertex-transitive, nor semisymmetric nor distance-regular (for example, the truncation of a
3-prism is such a graph; see Section 3.2).

The central question we would like to propose and address in this paper is the following:

Question 1.1. Given integers k and g, for which tuples ¢ = (a1, as, ..., a;) € Z* does a
girth-regular graph of girth g and signature o exist?

The above question seems to be very difficult if considered in its full generality. We
begin by stating three theorems proved in Section 2, which give an upper bound on the
entries a; of the signature in terms of the valence k and the girth g, and consider the case
where this upper bound is attained.

Theorem 1.2. If T is a girth-regular graph of valence k, girth g, and signature (a1, . . ., ay),
then ay, < (k —1)%, where d = |g/2].

Theorem 1.3. If T is a connected girth-regular graph of valence k, girth 2d for some
integer d, and signature (ay,. .., ay) such that ay, = (k — 1), then a; = az = -~ = ay,
and T is the incidence graph of a generalised d-gon of order (k — 1,k — 1).

In particular, if k = 3, then g € {4,6,8,12} and T is isomorphic to K3 3 (if g = 4),
the Heawood graph (if g = 6), the Tutte-Coxeter graph (if g = 8) or to the Tutte 12-cage
(if g =12).

For a description of the graphs mentioned in the above theorem, see Note 2.2.

Theorem 1.4. If T’ is a connected 3-valent girth-regular graph of girth 2d + 1 for some
integer d and signature (a1, az, a3) such that az = 29 then T is isomorphic to K4 or the
Petersen graph.

In the second part of the paper, we focus on 3-valent graphs (also called cubic graphs)
and obtain a complete classification of cubic girth-regular graphs of girth at most 5 (see
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Theorem 1.5 below). Prisms and Mobius ladders are defined in Section 4, the notion of a
dihedral scheme and truncation is defined in Section 3.2, and graphs arising from maps are
discussed in Section 3.3.

Theorem 1.5. Let I" be a connected cubic girth-regular of girth g with g < 5. Then either
the signature of T is (0,1,1) and T is a truncation of a dihedral scheme on some g-regular
graph (possibly with parallel edges), or one of the following occurs:

1. g =3andT = K, with signature (2,2,2);

2. g = 4 and T is isomorphic to a prism or to a Mobius ladder, with signature (4,4, 4)
if T = Ksg3, signature (2,2,2) if T is isomorphic to the cube Q3, and signature
(1,1,2) otherwise;

3. g = 5 and T is isomorphic to the Petersen graph with signature (4,4,4), or to the
dodecahedron with signature (2,2, 2).

Since every vertex-transitive graph is girth-regular, the above result can be viewed as a
partial generalisation of the classification [5] of arc-transitive cubic graphs of girth at most
9 and also a recent classification [8] of vertex-transitive cubic graphs of girth at most 5.

Unless explicitly stated otherwise, by a graph, we will always mean a finite simple
graph, defined as a pair (V, ~) where V is the verfex-set and ~ an irreflexive symmetric
adjacency relation on V.

However, in Section 3.2 it will be convenient to allow graphs possessing parallel edges;
details will be explained there. Finally, in Section 3.3, when considering embeddings of
graphs onto surfaces, we will intuitively think of a graph in a topological context as a
1-dimensional CW complex. See that section for details.

2 An upper bound on the signature

This section is devoted to the proof of Theorems 1.2, 1.3 and 1.4 that give an upper bound
on the number of girth cycles through an edge in a girth-regular graph and in some cases
characterise the graphs attaining this bound.

2.1 Moore graphs and generalised n-gons

We begin by a well-known result that sets a lower bound on the number of vertices for a
k-regular graph of finite girth g.

Proposition 2.1 (Tutte [16, 8.39], cf. Brouwer, Cohen & Neumaier [2, §6.7]). Let I" be a
k-regular graph with n vertices and finite girth g > 2. Let d = |g/2]. Then

N {1+k2§.“7__()3)/2(k—1)j:k(k;1);_2 if g is odd, o
n = _ i A . . .

23Nk = 1) = 285 g s even, 0
Note 2.2. Let I' be a k-regular graph of girth g for which equality holds in (2.1). If g
is odd, then such an extremal graph is called a Moore graph. It is well known (see [7]
or [1], for example) that a Moore graph is either a complete graph, an odd cycle, or has
girth 5 and valence k € {3,7,57}. Of the latter, the first two cases uniquely determine the
Petersen graph and the Hoffman-Singleton graph, respectively, while no example is known
for k = 57.
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If the girth g is even, then I is an incidence graph of a generalised (g/2)-gon of order
(k—1,k—1) (see [15] or [2, §6.5], for example). For k = 2, we have ordinary polygons, and
their incidence graphs are even cycles. For & > 3, such generalised (g/2)-gons only exist
if g/2 € {2,3,4,6} (see [9, Theorem 1]). In particular, if k& = 3, then I is the incidence
graph of a generalised d-gon of order (2,2), where d € {2,3,4,6}. For d = 2, this is
a geometry with three points incident to three lines, so its incidence graph is K3 3. For
d = 3, we get the Fano plane, and its incidence graph is the Heawood graph, which is the
unique cubic arc-transitive graph on 14 vertices. For d = 4, there is a unique generalised
quadrangle of order (2,2), cf. Payne & Thas [12, 5.2.3], and its incidence graph is the
Tutte-Coxeter graph, also known as the Tutte 8-cage, which is the unique connected cubic
arc-transitive graph on 30 vertices. For d = 6, there is a unique dual pair of generalised
hexagons of order (2, 2), cf. Cohen & Tits [3], and their incidence graph (on 126 vertices),
also known as the Tutte 12-cage, is not vertex-transitive. However, the latter graph is edge-
transitive, making it semisymmetric — in fact, it is the unique cubic semisymmetric graph
on 126 vertices (see [4], where this graph is denoted by S126).

2.2 Proof of Theorems 1.2, 1.3 and 1.4

Equipped with these facts, we are now ready to prove Theorems 1.2, 1.3 and 1.4. Let us
thus assume that I is a simple connected girth-regular graph of valence k£ > 3, let g be its
girth and let (aq, ag, . .., ay) be its signature. Setd = |g/2].

In order to prove Theorem 1.2, we need to show that a;, < (k — 1), or equivalently,
that e(e) < (k — 1)? for every edge ¢ of I

For an integer 4 and a vertex v of T, let S;(v) denote the set of vertices of T" that are at
distance ¢ from v, and for an edge uv of T', let D’ (u,v) = S;(u) N Sj(v). If i and j are
integers such that |i — j| > 2, then clearly D% (u,v) = 0.

Now let uv be an arbitrary edge of " and let ¢ € {2,...,d}. For simplicity, let D; =
D' (u,v). If A and B are two sets of vertices of T, let E(A, B) be the set of edges with
one end-vertex in A and the other in B. Since g > 2d, the following facts can be easily
deduced:

(1) Di=0ifi<d-—1;
(2) each of D!"' and D}_, is an independent set;

(3) each vertex in Djf_l has precisely one neighbour in DE:%, and if ¢ < d — 1, precisely
k — 1 neighbours in D} ;

(3°) each vertex in D?_, has precisely one neighbour in Di:;, and if i < d — 1, precisely
k — 1 neighbours in D;H;

@ Dy =D = (k= 1)

(5) if g is even, then e(uv) = |E(DS ', D4_))];

(6) if g is odd, then every vertex in Dg has precisely one neighbour in each of the sets
D', D4, and e(wv) = |DY|.

Henceforth, let uv be an arbitrary edge of T' such that e(uv) = aj, and let D7 =
D! (u,v). The structure of I with respect to the sets D is then depicted in Figure 1.
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(b)

Figure 1: The partitions of the vertices of I' of girth g corresponding to an edge uv lying
on (k — 1)4 girth cycles, where d = |g/2]. (a) shows the case when g is even, while (b)
shows the case when I is cubic and g is odd. The sets D;- with ¢ + 7 < 2d are independent
sets, while the set Dg in the odd case induces a perfect matching.

Suppose first that g is even. Let

d
D= Ji,uDi™

i=1
and observe that all of the vertices in D, except possibly those in Dg_l and Dg,l, have all
of their neighbours contained in D. By (4), we see that

IDI=2(1+(k—1)+-.-+(k—1)d-1):2%,

Moreover, it follows from (1) —(5) that
aj, = e(wv) = |[E(Dg" ", Dg_)| < (k= 1)|Dg~ ' = (k - D)™

This proves Theorem 1.2 in the case when g is even. (The case when ¢ is odd will be
considered later.)

To prove Theorem 1.3, assume that a;, = (k — 1)%. Then equality holds in the above
equation, implying that |E(D4 ', D4 )| = (k —1)|D% |, which means that each vertex
in D4 has k — 1 neighbours within D¢_, . This implies that every vertex from the set D
has all of its neighbours contained in D, and by connectivity of T, we see that V/(I') = D.
But then by Proposition 2.1 and Note 2.2, the graph I' is the incidence graph of a generalised
g/2-gon of order (k — 1,k — 1). If, in addition, k£ = 3 holds, then I is one of the graphs
mentioned in the statement of Theorem 1.3. This proves Theorem 1.3.

Let us now move to the case where g is odd, prove Theorem 1.4 and finish the proof of
Theorem 1.2. Suppose henceforth that g is odd. Even though Theorem 1.4 is only about
cubic graphs, we will try to continue the proof without this assumption for as long as we
can. Let

d
D= DpiuJ(Di, DI
i=1
and observe that

k(k—1)%—2

D] < (k=D 4201+ (k= 1)+ + (k= 1)) = =——5
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If we prove that every vertex in D has all of its neighbours contained in D, the connectivity
of I will imply that V(I') = D. But then Proposition 2.1 will imply that I" is a Moore
graph. Since the only cubic Moore graphs are K4 and the Petersen graph, this will then
imply Theorem 1.4.

Note that by (2), (3) and (3°), it follows that the neighbourhoods of all vertices, except
possibly those contained in Dgfl, D§_1 or Dj, are contained in D. By (3), (3’) and (6), it
follows that | D4| < (k — 1)| D47} = (k — 1)4, and by (6) we see that

ar = e(uv) = |Dg\ < (k- l)d,

thus proving Theorem 1.2 also for the case when g is odd.

Assume now that aj, = (k — 1)%. Then, by (6), |D%| = (k — 1)¢, implying that every
vertex in D41 (as well as in D?_,) has k — 1 neighbours in D¢, and thus none outside the
set D. To prove Theorem 1.4, it thus suffices to show that every vertex from D9 has all of
its neighbours in D.

Since every vertex in DS, or Dg“ has to have at least one neighbour in Dj_l or
D4 |, respectively, and since all of the neighbours of vertices in the latter two sets lie in
Dg, Dg:f and Dg:;, it follows that the sets Dg 1 and Dg“ are empty. By consequence,
the sets D! (u,v) and D, (u,v) for i > d are also empty. Let us summarise that in
Lemma 2.3.

Lemma 2.3. Let T' be a girth-regular graph of girth 2d + 1 and signature (ay, . .., a)
such that aj, = (k — 1_)d. If uv is an edge of T such that e(uv) = ay, then for i > d the
sets DI (u,v) and D, (u, v) are empty.

Suppose now that V(I') # D. Then a vertex y € D% has a neighbour w outside D.
Since the girth of " is 2d + 1, there exists a unique path of length d from y to u. Let v’
be the neighbour of u through which this path passes, and let v’ be a neighbour of v’ other
than u such that €(v'u") = €(uv). Let Ej = Dj(u',v") and observe that by Lemma 2.3, the
sets Efil“ and EJ. | are empty. Furthermore, since w is not in D but has a neighbour y in
D, we see that d(w,u) = d + 1, implying that w € Dgﬁ.

We shall now partition the set fofl with respect to the distance to the vertices v’ and
u'. In particular, we will show that Dg_l is a disjoint union of the sets

d—1 d—3
X =Dt nEd3,
d—1 d—1
Y = D' nEd-L

Z=Di'nEL

To prove this, note first that a vertex in D;ll*l is at distance d — 1 from u and thus by (1),
it is either at distance d — 2 or d from v’. Furthermore, those vertices that are at distance
d — 2 from v’ are either at distance d — 3 or d — 1 from v/, and therefore belong to X or
Y. Now let x be an element of Dg_l that is at distance d from v’. Since Eg“ = (), this
implies that x is either in Ej_l orin E¢. Ifz € E(‘ii_l, then there exist two distinct paths of
length d from x to v’, one passing through u and one passing through v/, yielding a cycle
of length at most 2d, which is a contradiction. Hence x € E4, and therefore : € Z.
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We will now determine the sizes of X, Y and Z. In particular, we will show that:
1X| = (k—1)"%,
Y] = (k—2)(k—1)"2
1Z| = (k —2)(k — 1)%72.

To prove the first equality, observe that X consists of all the ends of paths of length
d — 2 that start with v'u’. The equality for |X| then follows from the fact that there are
(k —1)4=3 such paths. Further, note that Y consists of all the ends of paths of length d — 2
that start in v’ but do not pass through «’ or u. There are (k — 2)(k — 1)9=2 such paths,
proving the equality for |Y|. Finally, to prove the equality for | Z|, observe that Z consists
of all the ends of paths of length d — 1 that start in  but do not pass through v or v’; there
are clearly (k — 2)(k — 1)42 such paths.

We will now partition the set D¢ into sets X', Y’ and Z’ defined as follows. Let x be
a vertex of D¢ and observe that there is a unique path from z to u of length d. If this path
passes through X, then we let x € X', if it passes through Y, then we let € Y, and if it
passes through Z, we let z € 7.

Since each vertex in D! has k — 1 neighbours in D% and each vertex in D¢ has
precisely one neighbour in Dg_l, we see that

X' = (k= 1)|X] = (k —1)"2,
V'] = (k= DIY] = (k—2)(k - 1)*2,
12 = (k= 1)|2] = (k- 2)(k - 1),

Observe furthermore that a vertex  in X’, having a neighbour in X, is at distance at
most d — 2 from «/, but since it is at distance d from w, it is at distance exactly d — 2 from
u’. Similarly, d(x,v") < d — 1 and since d(z,u) = d, we see that d(x,v') = d — 1. In
particular, x € Ej:f and thus

d d—2 d—2
X' =DinEi2 = Ei2

A similar argument shows that
Y'=DiNE] ;.

Let us now consider the set Z’, and in particular the intersection A = Z' N Eg_l. Note
that each vertex in Z must have at least one neighbour in A, for otherwise it could not be at
distance d from v’. This implies that |A| > |Z| = (k — 2)(k — 1)?~2. On the other hand,
for a similar reason, each vertex in A must have a neighbour in X’. By comparing the sizes
of A and X', we may thus conclude that every vertex in X’ has k — 2 neighbours in A and
each vertex in A has precisely one neighbour in X’. In particular, every vertex in X' has all
of its neighbours in D, and consequently, the vertex w has no neighbours in X’. Therefore,
we have y € Y’. Now recall that w € Dgﬁ, implying that d(w,v’) > d. On the other
hand, w has a neighbour in Y”, which is a subset of E¢ |, implying that d(w,v’) = d.
Since B4 = 0), it follows that w € E¢, and hence there exists a path wz; 2o . .. 2411/
of length d from w to v'. By considering possibilities for such a path, one can now easily
see that z; € Z’ and zo € X’. But then z; has at least four neighbours: z3, w, a neighbour
in Z, and a neighbour in ng’ see Figure 2. This contradicts our assumption that the
valence k is 3. This contradiction shows that V(I') = D, and thus completes the proof of
Theorem 1.4.



356 Ars Math. Contemp. 17 (2019) 349-368

u M)

/ N

u v M M
/ /

M M

_/ _/

e\ 53\ )
v NS, N &)

Figure 2: The partitions of the vertices of I' of girth g, where ¢ is odd, corresponding to the
edges uv and /v, both lying on 2¢ girth cycles, where d = |g/2|. Assuming there is a
vertex w € D311, we show that w € EJ has a neighbour in Z’, which in turn must have at

least four neighbours.

3 Cubic girth-regular graphs

Let us now turn our attention to cubic girth-regular graphs. After proving a few auxiliary
lemmas, we will characterise cubic girth-regular graphs of some specific signatures. As an
application of our analysis, we provide a characterisation of all cubic girth-regular graphs
of girth at most 5 in Sections 4 and 5.

3.1 Auxiliary results

Lemma 3.1. If (a, b, ¢) is the signature of a cubic girth-regular graph T of girth g, then:
1. a+ b+ ciseven,
2.a+b>c¢ and
3. ifa>1land c= a+Db, then g is even.

Proof. Let u be a vertex of I' and let and eq, es and e3 be the three edges incident to w,
lying on a, b and ¢ g-cycles, respectively. Further, let x, y, z be the number of g-cycles the
2-paths ejeq, eses and ege; lie on, respectively. Clearly, we havea =z + 2, b =z + y
and c =y + z. Thena + b+ ¢ = 2(x + y + z), showing that this sum is even.

Further we may express x = (a+b—¢)/2,y = (—a+b+c)/2and z = (a—b+¢) /2.
Since these numbers are nonnegative, it follows that a + b > c.

Now suppose that a > 1 and ¢ = a + b. Let us call an edge e with €(e) = ¢ saturated
and others unsaturated. Note that ¢ > b, implying that e; and ey are unsaturated while
e3 is saturated. Sincey +2z = c¢c = a+ b = 2z + y + z, we see that x = 0. Since u
was an arbitrary vertex of I', this shows that a 2-path in I" consisting of two unsaturated
edges belongs to no g-cycles. In particular, when traversing a g-cycle in I', saturated and
unsaturated edges must alternate, implying that g is even. O

Lemma 3.2. If the signature of a cubic girth-regular graph is (0,b,¢), thenb = c = 1.

Proof. Let I" be a cubic girth-regular graph with signature (0, b, ¢) and let g be its girth.
By part (2) of Lemma 3.1, it follows that b = c. Suppose that b > 1. Let e be an edge of
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Figure 3: The partitions of the vertices of I" of girth g corresponding to a 2-path uvw lying
on 2¢-1 girth cycles, where d = | g/2]. (a) shows the case when g is even, while (b) shows
the case when g is odd. The sets D;» with ¢ + j < 2d are independent sets, while the set Dg
may contain edges. Note that no vertex of D! (i € {d — 1,d}) with a neighbour in D!~}
can have a neighbour in D} ™! or D}_,.

T lying on b g-cycles, and let C, C’ be two distinct g-cycles containing e. Since C' # C’,
there exists a vertex u such that one of the edges incident to u lies on both C and C’,
while each of the remaining two edges incident to u belongs to exactly one of C and C’.
Howeyver, this contradicts a = 0. O

Corollary 3.3. If T is a cubic girth-regular graph with signature (a,b,c) and girth g,
where g is odd, then a # 1.

Proof. Suppose that a = 1. By part (2) of Lemma 3.1,¢c = borc = b+ 1. If b = ¢, then
a + b+ cis odd, contradicting part (1) of Lemma 3.1. Hence ¢ = b+ 1 = a + b, and by
part (3) of Lemma 3.1, g is even, contradicting our assumptions. O

Lemma 3.4. Let I" be a cubic girth-regular graph of girth g with signature (a, b, c). Let
m =292 Thena>c—mandb < a—c+ 2m.

Proof. Let us first show that any 2-path in I" lies on at most m girth cycles. Let uvw be a 2-
pathin [, and let D; be the set of vertices at distance ¢ from u and at distance j from w. Set
d = |g/2]|. Similarly as in the proof of Theorem 1.2, we can see that the number of girth
cycles containing the 2-path uvw equals the number of common neighbours of vertices in

the sets DZ_Q and Dg_Q if g is even, and the number of edges between the vertices in the
sets D4~' and D¢ _, if g is odd, see Figure 3. In the even case, | D3~ %| = [Dd_,| = 2772,
and each of the vertices from DZ*Q or D _, may have at most two common neighbours
with vertices of the other set, so uvw can lie on at most 2¢~! = m girth cycles. In the odd
case, we have |D5ll_1 l, |Dg71| < 291 and each vertex from Dj_l or Dil may have at
most one neighbour in the other set, as otherwise we would have a cycle of length 2d < g.
Therefore, uvw can lie on at most m girth cycles also in this case.
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As each of a, b, c is the sum of the number of girth cycles two distinct 2-paths sharing
the central vertex lie on, the quantity ¢ — a equals the difference between the numbers of
girth cycles two such 2-paths lie on, and is therefore at most m, from which a > ¢ — m
follows. Also, the quantity —a + b + ¢ equals twice the number of girth cycles a 2-path in
I" lies on, and is therefore at most 2m. From this, b < a — ¢ + 2m follows. O

3.2 Dihedral schemes, truncations and signature (0,1,1)

In this section we will allow graphs to have parallel edges and loops. A graph with parallel
edges and loops is defined as a triple (V, E,0) where V and E are the vertex-set and the
edge-set of the graph and 9: £ — {X : X C V,|X| < 2} is a mapping that maps an
edge to the set of its end-vertices. If |0(e)| = 1, then e is a loop. Further, we let each edge
consist of two mutually inverse arcs, each of the two arcs having one of the end-vertices as
its tail. If the graph has no loops, we may identify an arc with tail v underlying edge e with
the pair (v, e). The set of arcs of a graph I is denoted by A(T") and the set of the arcs with
their tail being a specific vertex u by outr(u). The valence of a vertex w is defined as the
cardinality of outp(u).

A dihedral scheme on a graph I" (possibly with parallel edges and loops) is an irreflexive
symmetric relation <> on the arc-set A(T") such that the simple graph (A(T), <) is a 2-
regular graph each of whose connected components is the set outr(u) for some u € V(T').
(Intuitively, we may think of a dihedral scheme as a collection of circles drawn around each
vertex u of I intersecting each of the arcs in outr(u) once.) Note that, according to this
definition, the minimum valence of a graph admitting a dihedral scheme is at least 3.

The group of all automorphisms of I' that preserve the relation <+ will be denoted
by Aut(T, <) and the dihedral scheme < is said to be arc-transitive if Aut(T', <) acts
transitively on A(T").

Given a dihedral scheme <> on a graph I, let Tr(T", <>) be the simple graph whose
vertices are the arcs of I' and two arcs s,¢ € I are adjacent in I if either ¢ <+ s or ¢ and
s are inverse to each other. The graph Tr(T', <) is then called the truncation of T with
respect to the dihedral scheme <. Note that Tr(T', <») is a cubic graph which is connected
whenever I is connected.

As we shall see in Section 3.3, a natural source of arc-transitive dihedral schemes are
arc-transitive maps (either orientable or non-orientable). However, not all dihedral schemes
arise in this way.

Clearly, the automorphism group Aut(T', <) acts naturally as a group of automor-
phisms of Tr(T, +»), implying that Tr(T', +») is vertex-transitive whenever the dihedral
scheme < is arc-transitive. The following result gives a characterisation of arc-transitive
dihedral schemes in group theoretical terms. Here, the symbol D; denotes the dihedral
group of order 2d acting naturally on d points, while Z, is the cyclic group acting transi-
tively on d points.

Lemma 3.5. Let I be an arc-transitive graph (possibly with parallel edges) of valence d
for some d > 3. Then I" admits an arc-transitive dihedral scheme if and only if there exists
an arc-transitive subgroup G < Aut(T") such that the group qutr(u) induced by the action
of the vertex stabiliser G,, on the set outr(u) is permutation isomorphic to the transitive

action of Dy, Z g4 or (when d is even) D 4 on d vertices.

Proof. Suppose that <> is a dihedral scheme on I and that G = Aut(T, <+). Then Gontr(w)
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preserves the restriction <, of the relation <+ onto outr(u), and thus acts as a vertex-
transitive group of automorphisms on the simple graph (outr(u), <>, ). Since the latter
graph is a cycle of length d, we thus see that G9™" (") is a transitive subgroup of Dy and
thus permutation isomorphic to one of the transitive actions mentioned in the statement of
the lemma.

Conversely, suppose that for some vertex u, the group Gﬁutr( is permutation isomor-

phic to the transitive action of Dy, Zg4, or (if d is even) Dy/5 on d vertices. In all three

. . t .
cases, we may choose an adjacency relation <+, on outr(u) preserved by G3" () in such

a way that (outr(u),<>,) is a cycle. For every v € V(I'), choose an element g, € G
such that v9* = w, and let <>, be the relation on outr(v) defined by s <, ¢ if and only if
§9v ¢, t9. Then clearly (outr(v), <>,) is a cycle, implying that the union <> of all <,
for u € V(I') is a dihedral scheme. Moreover, it is a matter of straightforward computation
to show that < is invariant under G. O

u)

We are now ready to prove the following characterisation of cubic girth-regular graphs
of signature (0,1, 1).

Theorem 3.6. If T is a simple cubic girth-regular graph of girth g with signature (0,1, 1),
then T' = Tr(A, <), where <> is a dihedral scheme on a g-regular graph A (possibly
with parallel edges). Moreover, if I' is vertex-transitive, then the dihedral scheme is arc-
transitive.

Proof. LetV be the vertex-set of T, let T be the set of girth cycles in I, let M be the set of
edges that belong to no girth cycle in T, and let G = Aut(T"). Note that since the signature
of I'is (0,1, 1), each vertex v € V is incident to exactly one edge in M and to exactly one
girth cycle in 7.

For an edge v'v € M, let C and C’ be the girth cycles that pass through v and v/,
respectively, and let 9(v'v) = {C, C"}. This allows us to define a graph A = (7, M, 9).

Note that since C, C’ € V(A) are girth cycles of ', we have C' # C”, and so A has no
loops. This allows us to view an arc of A as a pair (C, e) where e € M and C is a girth
cycle of I passing through one of the two end-vertices of e. For two such pairs (C1,e1)
and (Co, eq) we write (C1,e1) < (Ca,ez) if and only if C; = C5 and the end-vertices
of e; and e5 that belong to C; are two consecutive vertices of Cy. Then < is a dihedral
scheme on A. Let TV = Tr(A, ).

We will now show that IV = T". By the definition of truncation, the vertex-set of I"/
equals the arc-set of A. For an arc (C,e) of A let o(C, e) be the unique end-vertex of e
that belongs to C'. Since each vertex of I' is incident to exactly one edge in M and exactly
one cycle in 7T, it follows that ¢ is a bijection between V(I'") and V' (I"). If (Cy,e1) and
(Ca, e2) are adjacent in I, then either (C1,e1) <> (Ca,e2) or (Cq,e1) and (Co, ez) are
inverse arcs in I'". In the first case, C; = C5 and the vertices ¢(C1, e1) and ¢(Cs, es) are
adjacent on C. In the second case, e; = eq and the vertices ¢(C1, e1) and ¢(Cy, e2) are
the two end-vertices of e;. In both cases ¢(C4,e1) and ¢(Co, o) are adjacent in T'. By a
similar argument we see that whenever ¢(C1, e1) and p(Cy, e2) are adjacent in T, (Cy, e1)
and (Cy, e5) are adjacent in I". Since both I and T are simple graphs (one by assumption,
the other by definition), this shows that ¢ is a graph isomorphism.

Suppose now that G is transitive on the vertices of I'. Since both sets 7 and M are
invariant under the action of G, there exists a natural action of G on A that preserves the
dihedral scheme <; that is, G < Aut(A, ). Now let (Cy,e;) and (Cs, e2) be two arcs
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of A, and for i € {1,2}, let v; be the unique end-vertex of e; that lies on C;. Since G is
vertex-transitive on I, there exists g € G mapping v; to vy. Since C; is the unique girth-
cycle through v; for ¢ € {1,2}, it follows that C{ = Cs. Similarly, since e; is the unique
edge in M incident with v; for i € {1,2}, it follows that e = e5. This shows that G acts
transitively on the arcs of A. O

Note 3.7. Parallel edges occur in the graph A as in Theorem 3.6 whenever there exist two
girth cycles in I' such that there are at least two edges with an end-vertex in each of the
two girth cycles. In fact, it can be easily seen that in a girth-regular graph I" with signature
(0,1, 1), there are at most two such edges between any two girth cycles, leading to at most
two parallel edges between each two vertices, with the exception of the case when I is
the 3-prism (see Section 4) and A is the graph with two vertices and three parallel edges
between them.

Note 3.8. No nontrivial bound on the girth of the graph A as in Theorem 3.6 can be given.
In fact, we can construct a family of graphs of constant girth such that their truncations
with respect to appropriate dihedral schemes are cubic girth-regular graphs with signature
(0,1,1) and unbounded girth. Let A be a graph obtained by doubling all edges in a k-
regular graph of girth at least % — the girth of A is then 2. Equip A with a dihedral
scheme < such that each two arcs with a common tail belonging to two parallel edges are
antipodal in the connected component of the graph defined by <> they belong to. Then
Tr(A, <) is a cubic girth-regular graph of girth k and signature (0, 1,1).

3.3 Maps and signatures (2, 2,2) and (1,1, 2)

In this section, it will be convenient to think of a graph (possibly with parallel edges) as
a topological space having the structure of a regular 1-dimensional CW complex with the
vertices of the graph corresponding to the O-cells of the complex and the edges correspond-
ing to the 1-cells. A simple closed walk (that is, a closed walk that traverses each edge at
most once) in the graph then corresponds to a closed curve in the corresponding topologi-
cal space which may intersect itself only in the points that correspond to the vertices of the
graph.

Given a graph I (viewed as a CW complex) and a set of simple closed walks 7 in I, one
can construct a 2-dimensional CW complex in the following way. First, take a collection D
of topological disks, one for each walk in 7. Then choose a surjective continuous mapping
from the boundary of each disk to the closed curve in I' representing the corresponding
walk in 7, such that the preimage of each point that is not a vertex of the graph is a
singleton. Finally, identify each point of the boundary of the disk with its image under that
continuous mapping. Note that the resulting topological space is independent of the choice
of the homeomorphisms D and thus depends only on the choice of the graph and the set of
closed walks 7.

When T is connected and the resulting topological space is a closed surface (either
orientable or non-orientable), the CW complex is also called a map. Its open 2-cells are
then called the faces of the map, the closed walks in T are called the face-cycles and the
graph I is the skeleton of the map. A map whose skeleton is a k-regular graph and all of
whose face cycles are of length m is called an {m, k}-map. The following lemma provides
a sufficient condition on the set of cycles 7 under which the resulting 2-dimensional CW
complex is indeed a map.
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Lemma 3.9. Let I' be a graph and T a set of simple closed walks in T" such that every
edge of T belongs to precisely two walks in T. For two arcs s and t with a common tail,
write s < t if and only if the underlying edges of s and t are two consecutive edges on a
walk in T. If <> is a dihedral scheme, then T is the skeleton of a map whose face cycles are
precisely the walks in T .

Proof. Let us think of I' as a 1-dimensional CW complex and let us turn it into a 2-
dimensional CW complex by adding to it one 2-cell for each walk in 7 as described above.

Let us now prove that the resulting topological space M is a closed surface. It is clear
that the internal vertices of the 2-cells have a regular neighbourhood. Further, since each
edge of I lies on precisely two walks in 7, the internal points of edges also have a regular
neighbourhood, made up from two half-disks, each contained in the 2-cell glued to one
of the walks in 7 passing through that edge. Finally, let u be a vertex of T, let k£ be
the valence of u, and let {s; : i € Z;} be the set of arcs with the initial vertex « such that
S0 > 81 > -+ 4> Sp_1 > So. By the definition of «», each pair of arcs (s;, $;41) (¢ € Zg)
lies on a unique walk C; in 7. Note that C; # C; 1, for otherwise the edge underlying
si+1 would lie on only one walk in 7. This implies that a regular neighbourhood of « in M
can be built by taking appropriate half-disks from the 2-cells corresponding to the cycles
C; (i € Zy,), and gluing them together in the order suggested by the relation <. This shows
that M is a 2-manifold without a boundary. Finally, since I is finite, M is compact, and
thus a closed surface. Hence, M is a map with I as its skeleton. O

Each face of a map can be decomposed further into flags, that is, triangles with one
vertex in the centre of a face, one vertex in the centre of an edge on the boundary of that
face and one in a vertex incident with that edge. In most cases, a flag can be viewed as a
triple consisting of a vertex, an edge incident to that vertex, and a face incident to both the
vertex and the edge.

An automorphism of a map is then defined as a permutation of the flags induced by a
homeomorphism of the surface that preserves the embedded graph. A map is said to be
vertex-transitive or arc-transitive provided that its automorphism group induces a vertex-
transitive or arc-transitive group on the skeleton of the map, respectively.

Note 3.10. If a map is built from a graph I' and a set of simple closed walks 7 as in
Lemma 3.9, then each automorphism of I that preserves the set of walks T clearly extends
to an automorphism of the map.

If M is a map on a surface S, then the sets V, E and F' of the vertices, edges and faces,
respectively, satisfy the Euler formula

VI= B[+ |F| = x(5)

where x(S) is the Euler characteristic of the surface S. It is well known that x(S) < 2
with equality holding if and only if S is homeomorphic to a sphere. Moreover, if x(S) is
odd, then S is non-orientable.

As the following two results show, skeletons of maps arise naturally when analysing
cubic vertex-transitive graphs of signature (2,2, 2) or (1,1, 2).

Theorem 3.11. Let I' be a simple connected cubic girth-regular graph of girth g and
order n with signature (2,2,2). Then g divides 3n and T is the skeleton of a {g, 3}-map
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embedded on a surface with Euler characteristic

(31
x=nlo-3)

Moreover, every automorphism of 1' extends to an automorphism of the map. In particular,
if T is vertex-transitive, so is the map.

Proof. Let T be the set of girth cycles of I'. Since the valence of T" is 3, it follows easily
that the relation <> from Lemma 3.9 satisfies the conditions stated in the lemma; that is,
< is a dihedral scheme. Lemma 3.9 thus yields a map M whose skeleton is I" and whose
face-cycles are precisely the walks in 7; in particular, M is a {g, 3}-map, as claimed.
Since T is a cubic graph with n vertices, it has 3n/2 edges, and since each vertex
lies on three face-cycles and since each face-cycle contains g vertices, the map M has
3n/g faces (showing that g must divide 3n). The Euler characteristic of M thus equals
3n 3n __ 3 1
n—7+?—n(§f§).
Since every automorphism of I" preserves 7T, it extends to an automorphism of M (see
Note 3.10). O

Theorem 3.11 has the following interesting consequence.

Corollary 3.12. There exists only finitely many connected cubic girth-regular graphs with
signature (2,2, 2) of girth at most b.

Proof. Suppose that T" is a connected cubic girth-regular graph with signature (2,2, 2) of
girth g and order n. By Theorem 3.11, I' is a skeleton of a map on a surface of Euler
characteristic y = n(3/g — 1/2). Hence, if g < 5, then x > n/10, and since x < 2, it
follows that n < 20. O

Note 3.13. For each g > 6, there are infinitely many girth-regular graphs of girth g with
signature (2, 2, 2).

If M is a map and T is its skeleton, then one can define a dihedral scheme <> on I
by letting s <+ ¢ whenever the arcs s and ¢ have a common tail and the underlying edges
of s and ¢ are two consecutive edges on some face-cycle of M. The truncation Tr(T, <)
is then simply referred to as the truncation of the map M and denoted Tr(M). Note that
this construction in some sense complements Lemma 3.9. We are now equipped for a
characterisation of cubic girth-regular graphs with signature (1,1, 2).

Theorem 3.14. Let " be a simple connected cubic girth-regular graph of girth g with n
vertices and signature (1,1, 2). Then g is even and T is the truncation of some map M with
face cycles of length g/2. In particular, g/2 divides n. Moreover, if T is vertex-transitive,
M is an arc-transitive {g/2, £}-map for some { > g.

Proof. By part (3) of Lemma 3.1 we know that g is even and in particular, g > 4. Let X
be the set of edges of I" that belong to exactly one girth cycle and let ) be the set of edges
that belong to two girth cycles. Since the signature of I' is (1,1, 2), every vertex of T is
incident to two edges in X’ and one edge in ). Consequently, the edges in ) form a perfect
matching of I and the subgraph induced by the edges in X" is a union of vertex-disjoint
cycles of T" that cover all the vertices of I'. Let us denote the set of these cycles by C.
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Observe also that two edges in X sharing a common end-vertex, say v, cannot be two
consecutive edges on the same girth cycle, for otherwise that would be a unique girth cycle
through v, contradicting the fact that the third edge incident with v belongs to two girth
cycles. Since the edges in ) form a complete matching of I, the same holds for the edges
in ), implying that the edges on any girth cycle alternate between the sets X and ).

For an edge e in ) with end-vertices v and v, let C,, and C,, be the unique cycles in
C that pass through u and v, respectively, and define d(e) to be the pair {C,,,C,}. Let
A = (C,Y,0). Note that since the edges of A are precisely those edges of I' that belong
to ), we may think of the arc-set A(A) as being the set of arcs of T that underlie edges in
Y. Note also that it may happen that for some e € ), we may have C,, = C,, and then the
graph A has loops. If D is a girth cycle of I, then the edges of D that belong to ) induce
a simple closed walk in the graph A of length g/2, which we denote D.

Let 7 be the set of walks D where D runs through the set of girth cycles of I'. Since
edges of A correspond to the edges of I that pass through two girth cycles of T', each edge
of A belongs to two walks in 7. As |YV| = n/2, it follows that ¢g/2 divides n.

Let <> be the relation on the arcs of A defined by 7 as explained in Lemma 3.9. It is
easy to see that <> is a dihedral scheme. Indeed, let C' € C be a vertex of A viewed as a
cycle in T and let vg, vy, . ..,vk—1 € V(T) be its vertices listed in a cyclical order as they
appear on C. Further, for each i € Zy, let s; be the arc of I' with tail v; that underlies
an edge contained in ). The arc s; can thus also be viewed as an arc of A. Observe that
outr(C) = {s0,81,...,8k—1} and that 59 <> 81 <> -+ <> Sg_1 > So. In particular, <> is
a dihedral scheme.

By Lemma 3.9, there exists a map M with skeleton A in which 7 is the set of face-
cycles. Moreover, <> equals the dihedral scheme arising from that map.

Let IV = Tr(M) and let s be a vertex of I". Then s is an arc of A and thus also an
arc of I" underlying an edge in ). By letting ¢(s) be the tail of s (viewed as an arc of T),
we define a mapping ¢: V(I'") — V(T'). Note that the mapping which assigns to a vertex
v € V(I') the unique arc of I with tail v that underlies an edge in )/ is the inverse of ¢,
showing that ¢ is a bijection. Furthermore, note that two vertices s and ¢ of I'" are adjacent
in IV if and only if one of the following happens: (1) they are inverse to each other as arcs
of A; or (2) they have a common tail and s <> ¢. In case (1), ¢(s) and ¢(t) are adjacent
in T" via an edge in ), while in case (2), ¢(s) and (¢) are adjacent in I" via an edge in
X. Conversely, if for some s,¢ € V(I"), the images (s) and ¢(t) are adjacent in I, then
either s and ¢ are inverse to each other as arcs of A (this happens if ¢(s) and (¢) form an
edge in V), or s and ¢ have a common tail and s < ¢ (this happens if ¢(s) and (¢) form an
edge in X). In both cases, s and ¢ are adjacent in I'". This implies that  is an isomorphism
of graphs and thus I' & Tr(M), as claimed.

Since every automorphism of I' preserves each of the sets Y and X" (and thus also C), it
clearly induces an automorphism of the graph A which preserves the set 7. In particular,
every automorphism of I" induces an automorphism of the map M.

Finally, suppose that I' is vertex-transitive. Then all cycles of C have the same length
£ > g. As each vertex of a cycle of C is incident to precisely one edge of )/, it follows that
A is an {-regular graph, and M is then a {g/2, {}-map. Let G be a group of automorphisms
of I" acting transitively on V' (T"). Note that every vertex of " is the tail of precisely one arc
of T that underlies an edge of ). In view of our identification of the arcs of I'" with the arcs
of I that underlie an edge in ), we thus see that the transitivity of the action of G on V' (I")
implies the transitivity of the action of G on the arcs of M. O
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4 Cubic girth-regular graphs of girths 3 and 4

Before stating the theorem about girth-regular cubic graphs of girth 3, let us point out that
every cubic graph admits a unique dihedral scheme, which is preserved by every auto-
morphism of the graph. This allows us to talk about truncations of cubic graphs without
specifying the dihedral scheme.

Theorem 4.1. Let ' be a connected cubic girth-regular graph of girth 3. Then one of the
following holds:

(a) T is isomorphic to the complete graph K4,
(b) T has signature (0, 1,1) and is isomorphic to the truncation of a cubic graph.

Proof. Let (a,b, c) be the signature of I". By Theorem 1.2 it follows that ¢ < 2. If ¢ = 2,
then Theorem 1.4 implies that T" is isomorphic to K4. On the other hand, if ¢ = 1, then
Lemmas 3.1 and 3.2 imply that the signature of " is (0, 1, 1), and by Theorem 3.6, it follows
that I is the truncation of a cubic graph. O

Let us now move our attention to graphs of girth 4. Before stating the classification
theorem, let us define two families of cubic vertex-transitive graphs.

For n > 3, let the n-Mébius ladder M, be the Cayley graph Cay(Zay, {—1,1,n}).
Note that such a graph has girth 4. The graph M,, has signature (4,4,4) if n = 3 (in this
case it is isomorphic to the complete bipartite graph K3 3), and (1,1,2) if n > 4. An
n-Mobius ladder can also be seen as the skeleton of the truncation of the {2, 2n}-map with
a single vertex embedded on a projective plane.

For n > 3, the n-prism Y, is defined as the Cartesian product C,, (] K or, alternatively,
as the Cayley graph Cay(Z,, x Z2,{(—1,0),(1,0), (0,1)}). The girth of Y3 is 3, while
the girth of Y;, for n > 4 is 4. The graph Y,, has signature (2, 2,2) if n = 4 (in this case it
is isomorphic to the cube Q3), and (1,1,2) if n > 5. An n-prism can also be seen as the
skeleton of the truncation of the {2, n}-map with two vertices embedded on a sphere, i.e.,
an n-gonal hosohedron.

Theorem 4.2. Let I be a connected cubic girth-regular graph of girth 4. Then T is iso-
morphic to one of the following graphs:

(a) the n-Mobius ladder M,, for some n > 3;
(b) the n-prismY,, for some n > 4;

(c) Tr(A, <) for some tetravalent graph A and a dihedral scheme <> on A.

Proof. Let (a,b,c) be the signature of I". By Theorem 1.2, we see that ¢ < 4, and by
Theorem 1.3, if ¢ = 4, then the signature of " is (4,4,4) and I' = K3 5 = Mj.

Suppose now that ¢ = 3. Then, by Lemma 3.1, a + b is odd, and by Lemma 3.2, a > 1.
Hence either ¢ = 1 and then b = 2, or a = 2 and then b = 3. The possible signatures in
this case are thus (1,2, 3) and (2, 3, 3). Let us show that neither can occur.

Let uv be an edge of I' lying on three 4-cycles, and ug, 1 and vy, v be the remaining
neighbours of u and v, respectively. There must be three edges with one end-vertex in
{up, u1} and the other in {vg,v; }; without loss of generality, these edges are ugvg, ugvy
and wjv; (see Figure 4(c)). Then the edges uug and vv; already lie on three 4-cycles,
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(a) (b)

Figure 4: (a) The graph K, of girth 3 with signature (2,2, 2). (b) The graph Y3 of girth 3
with signature (1, 1,2). (c) Constructing a graph of girth 4 with ¢ = 3. The dashed edges
should lie on two 4-cycles, however the doubled edge already lies on three 4-cycles.

so we have b = 3, and thus ¢ = 2. In particular, e(uu;) = €(vvg) = 2. Then the
edge ujv1, being incident to both u; and vy, belongs to precisely three 4-cycles, that is
e(uyvy) = 3. Similarly, e(ugvg) = 3. It follows that the edge ugv; lies on precisely two
4-cycles. However, we have already determined three 4-cycles on which ugv; lies; these
are uugv1v, vougv1v, and uugviuy. This contradiction shows that the case ¢ = 3 is not
possible.

Suppose now that ¢ = 2. By Lemma 3.1, a + b is even, and by Lemma 3.2, a > 1.
Hence the signature of T" is either (1,1, 2) or (2,2, 2).

If (a,b,¢) = (1,1,2), then, by Theorem 3.14, T is the skeleton of the truncation of
a connected map M with face cycles of length 2. Since every edge belongs to two faces
and every face is surrounded by two edges, the number of faces equals the number of
edges. The Euler characteristics x(S) of the underlying surface S thus equals |V (M)).
Since x(S) < 2, it follows that M has one or two vertices, depending on whether S
is the projective plane or the sphere — in particular, the skeleton of M is an ¢-regular
graph for some ¢ > 4. If M has one vertex only, then it consists of £/2 loops embedded
onto the projective plane in such a way that its truncation is the Mobius ladder M, with
n = (/2 > 4, see Figure 5(a) (note that M3 = K3 3 has signature (4,4,4)). On the
other hand, if M has two vertices, then M is the map with two vertices and ¢ parallel
edges embedded onto the sphere. The graph I' is then isomorphic to the n-prism Y,, with
n=~¥¢>5.

If (a, b, c) = (2,2,2), then, by Theorem 3.11, T is the skeleton of a {4, 3}-map embed-
ded on a surface of Euler characteristic x = n/4 > 0. As above, x < 2 and thus x = 1
or 2. For y = 1, we get the hemicube on the projective plane (see Figure 5(b)), and its
skeleton is isomorphic to K4 of girth 3. For x = 2, we get the cube on a sphere, and its
skeleton is isomorphic to Y, with signature (2, 2, 2). This completes the case ¢ = 2.

If ¢ = 1, then since a + b + ¢ is even, we see that a = 0 and b = 1, and then
by Theorem 3.6, I is the truncation of a 4-regular graph with respect to some dihedral
scheme. O
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(a) (b)

Figure 5: (a) A {2, 8}-map with a single vertex, four edges and four labelled faces embed-
ded on the projective plane. Its truncation has the graph M, with signature (1,1,2) as its
skeleton. (b) The hemicube on the projective plane with labelled faces. Its skeleton is the
graph K.

5 Cubic girth-regular graphs of girth 5

Theorem 5.1. Let I" be a connected cubic girth-regular graph of girth 5. Then either the
signature of T is (0,1,1) and T is the truncation of a 5-regular graph with respect to some
dihedral scheme, or I is isomorphic to the Petersen graph or to the dodecahedron graph.

Proof. Let (a,b,c) be the signature of I'. By Theorem 1.2, we see that ¢ < 4. If ¢ = 4,
then by Theorem 1.3 and Theorem 1.4, the signature of T is (4,4,4) and I is isomorphic
to the Petersen graph. We may thus assume that ¢ < 3.

If a = 0, then by Lemma 3.2 the signature of I is (0, 1, 1), and then by Theorem 3.6, T"
is the truncation of a 5-regular graph with respect to some dihedral scheme. Moreover, by
Corollary 3.3, a # 1. We may thus assume that a > 2.

If ¢ = 2, then the signature of I is (2, 2, 2) and by Theorem 3.11, T" is the skeleton of a
{5, 3}-map embedded on a surface of Euler characteristic x = n/10, where n is the order
of the graph . In particular, y € {1,2}. If x = 1, then n = 10 and since the girth of T’
is 5, Proposition 2.1 and Note 2.2 imply that I" is the Petersen graph (whose signature is in
fact (4,4,4)). If x = 2, then n = 20 and T is the skeleton of a {5, 3}-map on the sphere.
It is well known that there is only one such map, namely the dodecahedron.

Finally, suppose that ¢ = 3. Then, by Lemma 3.1, a + b is odd, and since a > 2, the
signature of I is (2, 3, 3). We will now show that this possibility does not occur.

Let uv be an edge of I" lying on three 5-cycles, and wug, u1, vg, v1 be vertices of I' with
adjacencies ug ~ u ~ uy and vg ~ v ~ vy. Then there should be three vertices adjacent
to one of ug, vy and one of vy, v1. Without loss of generality, let wog, w1g, w11 be vertices
such that ug ~ wog ~ vg ~ Wy ~ U1 ~ wiy ~ vi. Further, let « be the neighbour of wg
other than u and wqg, and let y be the neighbour of vy other than v and w11, see Figure 6(a).
Observe that = # y, for otherwise the edge uv would belong to four 5-cycles. Note also
that z is not adjacent to any of the three neighbours of v, for otherwise the girth of I" would
be at most 4.

The signature implies that for each vertex, two edges incident to it lie on three 5-cycles.
Suppose that uug lies on three 5-cycles. As z and v have no common neighbours, wgg
and x must have a common neighbour with u;, so we have wgg ~ w11 and x ~ wig, see
Figure 6(b). But then the edge wu; lies on four 5-cycles, contradiction. Therefore, the edge
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(b)

Figure 6: Constructing a graph of girth 5 with ¢ = 3. The bold edges lie on three 5-cycles,
and the dashed edges lie on two 5-cycles. The general setting is shown in (a). In (b), the arc
(u, up) is assumed to lie on three 5-cycles, but the doubled edge then lies in four 5-cycles.
In (c), the obtained distribution of edges among cycles is shown, which, however, cannot
be completed.

uug must lie on two 5-cycles, and a similar argument shows the same for vv;. Thus, the
arcs uu1, Vg, U, UgWoo, V1w and v1y must lie on three 5-cycles, see Figure 6(c).
Since the edge uowqo lies on three 5-cycles, there should be three vertices adjacent to
one of u, x and one of vy and the remaining neighbour of wgg. Similarly, v;w;; lying on
three 5-cycles implies that there should be three vertices adjacent to one of v,y and one of
w1 and the remaining neighbour of wy;. As wig is the only potential common neighbour
for x, vy and for y, uq, it follows that at least one of these pairs does not have a common
neighbour. Without loss of generality, we may assume that = and vy do not have a common
neighbour. The vertex u already has a common neighbour with vg, and it must also have a
common neighbour with the remaining neighbour of wgyg. Then the remaining neighbour
of wpo must be w1, which however has no common neighbour with z, contradiction.
Therefore, (a, b, c) = (2, 3, 3) is not possible. O

6 Concluding remarks

Theorem 1.5 gives a complete classification of simple connected cubic girth-regular graphs
of girths up to 5. While extending the classification to non-simple graphs (i.e., girths 1 and
2) is straightforward, increasing the girth leads to exponentially many more possible signa-
tures. For example, the census of connected cubic vertex-transitive graphs on at most 1280
vertices by Potocnik, Spiga and Verret [13] shows that 9 distinct signatures appear among
graphs of girth 6, while many more signatures are allowed by the results in Sections 1, 2
and Subsection 3.1. A classification of connected cubic vertex-transitive graphs of girth 6
will thus be given in a follow-up paper.
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1 Introduction

A Heffter array H(m,n; s, t) is an m X n matrix of integers such that:

(1) each row contains s filled cells and each column contains ¢ filled cells;
(2) the elements in every row and column sum to 0 in Zg,,s1; and

(3) for each integer 1 < x < ms, either x or —x appears in the array.

If the Heffter array is square, then m = n and necessarily s = t. We denote such
Heffter arrays by H(n; k), where each row and each column contains k filled cells. A
Heffter array is called an infeger Heffter array if Condition (2) in the definition of a Heffter
array above is strengthened so that the elements in every row and every column sum to zero
in Z.

Archdeacon, in [1], was the first to define and study a Heffter array H (m,n;s,t). He
showed that a Heffter array with a pair of special orderings can be used to construct an
embedding of the complete graph Ko,,s+1 on a surface. This connection is formalised in
the following theorem. For definitions of simple and compatible orderings refer to [1].

Theorem 1.1 ([1]). Given a Heffter array H(m,n;s,t) with compatible orderings w, of
the symbols in the rows of the array and w. on the symbols in the columns of the array,
then there exists an embedding of Ko, s+1 such that every edge is on a face of size s and a
face of size t. Moreover, if w, and w. are both simple, then all faces are simple cycles.

The embedding of K5,,441 given in Theorem 1.1 provides a connection with the em-
bedding of cycle systems. A t-cycle system on n points is a decomposition of the edges of
K, into t-cycles. A t-cycle system C' on K, is cyclic if there is a labeling of the vertex set
of K, with the elements of Z,, such that the permutation x — x + 1 preserves the cycles of
C. A biembedding of an s-cycle system and a ¢-cycle system is a face 2-colorable topolog-
ical embedding of the complete graph K,,+1 in which one color class is comprised of the
cycles in the s-cycle system and the other class contains the cycles in the t-cycle system,
see for instance [4, 5, 6, 8, 9, 10, 11] for further details.

A number of papers have appeared on the construction of Heffter arrays, H (m, n; s, t).
The case where the array contained no empty cells was studied in [2], with results sum-
marised in Theorem 1.2.

Theorem 1.2 ([2]). There is an H(m,n;n,m) for all m,n > 3 and an integer Heffter
array H(m,n;n,m) exists if and only if m,n > 3 and mn = 0,3 (mod 4).

The papers [3, 7] focused on square integer Heffter arrays H (n; k) and verified their
existence for all admissible orders. This result is summarized in the following theorem.

Theorem 1.3 ([3, 7]). There exists an integer H(n; k) if and only if 3 < k < n and
nk =0,3 (mod 4).

Table 1 lists the possible cases and cites the article which verifies existence of square
integer Heffter arrays, where DNE represents a value that does not exist. In these cases
we will verify existence for the non-integer Heffter arrays H (n; k). The main result of this
paper is the following.

Theorem 1.4. There exists an H(n; k) if and only if 3 < k < n.
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Table 1: Existence results for square integer Heffter arrays H (n; k).
n\kJ o] 1 | 2 | 3
0 (31 | [3,71 | [3] (3]
1 [3] | DNE | DNE | [3]
2 [3] | DNE | [3] | DNE
3 [3]1 | [3,7] | DNE | DNE

Table 2: Cases for non-integer Heffter arrays H (n; k).

| Case A | Case B | CaseC | CaseD | CaseE
k|| 2 (mod 4) 3 (mod 4) | 3 (mod4) | 1 (mod4) |1 (mod 4)
n | 1,3 (mod4) | 3 (mod4) | 2 (mod4) | 1 (mod 4) | 2 (mod 4)

From Theorem 1.2 above, the case n = k has been solved, so we henceforth assume
that n > k. The cases that need to be addressed are set out in Table 2. Cases A, B, C, D and
E are solved by Theorems 3.2,4.2, 5.2, 6.2 and 7.2, respectively, thus proving Theorem 1.4.

In this paper the rows and columns of a square n x n array are always indexed by the
elements of {1,2,...,n}. Unless otherwise stated, when working modulo n, replace 0 by
n, so we use the symbols 1,2, ... ninstead of 0,1, ...,n—1. While rows and columns are
calculated modulo an integer, entries are always expressed as non-zero integers. Through-
out this paper A[r, ¢] = x denotes the occurrence of symbol z in cell (r, ¢) of array A.

By A+ 2z we refer to the array obtained by replacing A[r, | by A[r, c]+2z (if A[r,c] > 0)
and A[r, c]—z (if A[r, ¢] < 0). If each row and each column of A contains the same number
of positive and negative numbers, then A + 2 has the same row and column sums as A. In
this case we say A is shiftable. The support of an array A is defined to be the set containing
the absolute value of the elements contained in A. If A is an array with support S and z a
nonnegative integer, then A & z has support S + z.

2 Increasing k from base cases

For each of the cases set out in Table 2 our overall strategy is to generate a base case
H (n; k) where k takes the smallest possible value and then increase k& by multiples of 4,
adjoining 4 additional entries to each row and column. In this section we outline various
tools to enable this process. To this end, we introduce the following definitions.

We associate the cells of an n x n array with the complete bipartite graph K, ,, where
partite sets are denoted {a; | i = 1,2,...,n}and {b; | j = 1,2,...,n} and the edge
{a;,b;} corresponds to the cell (¢, j). We say that in an n x n array a set of cells .S forms
a 2-factor if the corresponding set of edges in the graph kK, ,, forms a spanning 2-regular
graph and forms a Hamilton cycle if the corresponding set of edges forms a single cycle of
length 2n.

Foreach d € {0,1,...,n — 1}, we define the diagonal D to be the set of cells of the
form (r +d,r), 1 < r < n (evaluated modulo n). Observe that the cells D; U D, form a
Hamilton cycle whenever j — ¢ is coprime to n.

Lemma 2.1. Let S7 and S5 be two disjoint sets of cells in an n X n array which each form
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Hamilton cycles. The cells of S1 U Sy can be filled with the elements of {1,2, ... 4n} so
that each row and column sum is equal to 8n + 2.

Proof. Letthecells of S;and Sobe {e; | 1 <i < 2n}and{f; |1 < i< 2n}, respectively,
where:

e Cells e; and e;4; are in the same row (column) whenever 7 is odd (respectively,
even);

e Cells f; and f; ;1 are in the same row (column) whenever 4 is odd (respectively,
even);

e Cells e; and f; are in the same row.
Place 1 in cell e1, 4n in cell f; and:

e 2n — 2i + lin cell eg;41, where 1 < @ < n — 1; 2n 4+ 2¢ — 1 in cell ey; where
1<i<ng

e 2n+2iincell fo;11 where 1 < i< n—1;2n—2i+ 2incell fy; where 1 < i < n.

The entries in cells ey, ea, f1 and fo add to 1 + (2n 4 1) 4+ 4n + 2n = 8n + 2. For every

other row, there are two cells from S; with entries adding to 4n + 2 and two cells from So

with entries adding to 4n. For every column, there are two cells from S; adding to 4n and
two cells from .S; adding to 4n + 2. See the example below. O

We demonstrate Lemma 2.1 below when n = 9. The elements of S; are underlined.

S1U S,
1(19]|18 36
341721 2
15(23]10|26
4 13125 32
14 11127 22
20 912916
30 713116
24 12 5 (33
35 8128 3

The following theorem will be crucial in Cases A and D.

Theorem 2.2. Let H(n;k) be a Heffter array such that each row and column sums to
2nk + 1. Suppose there exist Hamilton cycles Hy, and Ho disjoint to each other and to the
filled cells of H(n; k). Then there exists an H (n; k + 4) Heffter array with row and column
sums equal to 2n(k + 4) + 1, where the filled cells are precisely the filled cells of H(n; k),
Hl and HQ.

Proof. Let Ay represent the H (n; k) and negate each element so that each row and column
has sum equal to —(2nk +1). From Lemma 2.1, there exists an array A} on the cells of H;
and Hy such that each row and column sum is equal to 8n+2; add n(k+4) — (4n) = nk to
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each element of A to create a new array A; that has support {nk+1,nk+2,... ,n(k+4)}.
Note that in A; each row and column sum is equal to 8n + 2 + 4nk. Let A be the union of
Ap with A;. The resulting array A has support {1,2,...,n(k+4)}, with k + 4 filled cells
in each row and column. Finally, each row and column sum of A is

—(2nk+1) + (8n +2) + 4(nk) = 2n(k +4) + 1,
as desired. O

The following lemma generalizes Theorem 2.2 from [7], and is used in Cases B and C.

Lemma 2.3. Let S7 and Ss be two disjoint sets of cells in an n X n array which each form
Hamilton cycles. Then for any positive integers t and s > t + 2n, the cells of S1 U S can
be filled with elements to make a shiftable array with support {s +i,t +1i |1 < i < 2n}
so that the four elements in each row and each column sum to 0.

Proof. Let the sets of cells of S} and Sobe {e; | 1 < i < 2n}and {f; | 1 < i < 2n},
respectively, where:

e Cells e; and e;4; are in the same row (column) whenever ¢ is odd (respectively,
even);

e Cells f; and f;11 are in the same row (column) whenever ¢ is odd (respectively,
even);

e Cells e; and f; are in the same row.
Place:

e s+ 2nincell e; and —(¢ + 2n) in cell f;, with sum s — ¢;

e s+ 2iincell eg;11 and — (¢ 4 27) in cell fa;41, withsum s — ¢, for 1 < i< n—1,

<
<

o —(s+2i—1)incell ey; and t 4 2i — 1 in cell fo;, with sum ¢ — s, for 1 < ¢ < n.

It now follows that the row sums are 0. Using similar arguments it can be seen that the
columns also sum to 0. Observe that there are two positive and two negative integers in
each row and column; thus the array is shiftable. O

The proof of the following lemma is similar to the proof of Lemma 2.3; we use this in
Case E.

Lemma 2.4. Let n be even. Let Sy and Sa be two disjoint sets of cells in an n X n array
which each form 2-factors that are the union of two n-cycles. Then for any positive integers
s, t, uand v where s >t +n,t > u+nandu > v+ n, the cells of S1 U Ss can be filled
with elements to make a shiftable array with support {s +i,t +i,u+i,v+i|1< i< n}
so that the four elements in each row and column sum to 0.

Proof. Let C;, C! be the cycles of the 2-factor S;, i € {1, 2}, where C; and C share a row
and C5 and CY, share a row. Let the sets of cells of Cy, C], Ca and Cy be {e; | 1 < i < n},
{fill<i<n}h{gi|1<i<n}and{h; |1 < i< n}, respectively, where:

e Cells e; and e;4; are in the same row (column) whenever ¢ is odd (respectively,
even);
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e Cells f; and f; ;1 are in the same row (column) whenever 4 is odd (respectively,

even);

e Cells g; and g;4; are in the same row (column) whenever 7 is odd (respectively,

even);

e Cells h; and h;;1 are in the same row (column) whenever ¢ is odd (respectively,

even);

Cells ey and g are in the same row; cells f; and hy are in the same row.

s+nincell 1, —(t +n) incell g; and u + n in cell fi, —(v +n) in cell hy;
s+ 2iin cell eg; 1 and —(t + 2i) in cell go; 41, for 1 <i < n/2 —1;
—(s+2i—1)incell e; and ¢t + 2i — 1 in cell go;, for 1 < i < n/2;
u+ 2iin cell fy;41 and —(v + 2¢) in cell ho;11,for 1 < i< n/2—1;

<
—(u+2i—1)incell fo; and v + 2i — 1Lin cell hy;, for 1 < i < n/2.

It now follows that the row sums are 0. Using similar arguments it can be seen that the

columns also sum to 0. O

3 CaseA:k =2 (mod 4)

In this section we construct a Heffter array H(n; k), forn = 1,3 (mod 4) and k = 2
(mod 4), where k < n. Row and column sums will always equal 2nk + 1. We start with
an example of our construction.

H(15;6)
6 —4/89 (81| 1 | 8
12 —88| 83 | 87 | 85 | 2
86 18 —82| 77| 3 |79
73 | 80 24 —76| 71| 9
15 | 67 | 74 30 —70| 65
59 | 21 | 61 | 68 36 —64
—58| 53 | 27 | 55 | 62 42
—52| 47 | 33 | 49 | 56 48
—46| 41 | 39 | 43 | 50 54
—40| 35 | 45 | 37 | 44 60
—34| 29 | 51 | 31 | 38 66
—28| 23 | 57 | 25 |32 72
—22| 17 | 63 |19 26 78
—16| 11 |69 13 | 20 84
~10[ 5|75 | 7 | 14 90
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Lemma 3.1. Forn = 1,3 (mod 4), n > 7 and k = 6 there exists a Heffter array H (n;6).

Proof. We remind the reader that rows and columns are calculated modulo n but the array
entries are not. The array A = A[r, ¢] is defined as follows, where 1 <@ < n:

Ali, i) = 6i, Ali 4 2,i] = 6n + 2 — 61,
Ali +1,n—2+1i] =6n+ 1 — 61, Ali +2,n —2+1i] = 6i — 3,
Ali,n —5+1i] = 6n +5 — 61, Ali+1,n —5+1i] = —6n — 4 + 6.

Then the support of A is {1,2,...,6n}. The sets of elements in rows 1, 2 and i,
3 < i < n, are, respectively:

{6,8,1,6n —9,6n — 1, —4},
{12,2,6n — 5,6n — 3,6n — 7, —(6n — 2)},
{6i,6n+2—6(i —2),6n+1—6(i —1),6(i — 2) — 3,
6n+5— 6i,—6n —4+6(i — 1)}.

Thus in each case the sum of elements in a row is 12n + 1.
The set of elements in column , 1 <7 < n — 5is:

{61,604+ 2 — 6i,6n + 1 — 6(i + 2),6(i + 2) — 3,
6n+5—6(i+5),—6n—4+6(i+5)}

The set of elements in columns n — 4, n — 3, n — 2, n — 1 and n are, respectively:

{6n — 24,26,13,6n — 15,6n — 1, —(6n — 2)},
{6n —18,20,7,6n —9,6n — 7, —(6n — 8)},
{6n —12,14,1,6n — 3,6n — 13, —(6n — 14)},
{6n —6,8,6n —5,3,6n — 19, —(6n — 20)},
{6n,2,6n —11,9,6n — 25, —(6n — 26)}.

Thus in each case the sum of elements in a column is 12n + 1. O

Theorem 3.2. There exists a Heffter array H(n; k) foralln = 1,3 (mod 4) and k = 2
(mod 4), where n > k > 6.

Proof. Letk = 4p + 6. Then4p +6 < n — 1sop < (n — 7)/4. We have solved the case
p = 0in Lemma 3.1 so we may assume p > 1. Observe that the Heffter array given in the
proof of that lemma uses only elements in diagonals Dy, D5, D3, D4, D5 and Dg and so
does not intersect the diagonals D7, Dy, ..., D, _1. We can apply Theorem 2.2 recursively,
where the diagonals D7, Ds, ..., Dgyop—1, De12p can be paired to give sets of cells S;
and Dgyopt1, Det2p+2, - - - s Detap—1, Derap paired to give sets of cells Sy. The result
is a Heffter array H (n; k) with constant row and column sum 2nk + 1 whenever k = 2
(mod 4),n =1,3 (mod 4) andn > k > 6. O

4 CaseB: k=3 (mod 4)andn = 3 (mod 4)

In this section we construct a Heffter array H (n; k) where n = 4m + 3, k = 4p + 3 and
k <n.
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We will begin with & = 3. We first assume that m > 4 and construct an n X n
array which is the concatenation of three smaller arrays, Ag = Ag[r, ¢], of dimension
(dm —7) x (4m —T7), Ay = Aq[r, c] of dimension 7 x 7 and C of dimension 3 x 3, each
containing 3 filled cells per row and column. So we see that n = 4m + 3. The sum of the
rows and columns in Ag and A; will be 0, while the sum of the rows and columns in C' will
be 2nk + 1.

We begin with an example of the main construction of this section.

H(19;3)
16 |—48| 32
17 | 27 —44
-33 —14 47
21 15 —36
—18 ~13 31
29 -9 —20
—34 —12 46
45 ~10|-35
—19| 30 |—11
25024 | 1
22 |—50 28
3 37 —40
26 23 —49
—38 42 —4
—51 8 |43
2] 41 |-39
5 57|53
54 6 |55
56(52| 7

Lemma 4.1. Forn =3 (mod 4) and n > 7 there exists a Heffter array H(n; 3).

Proof. Letn = 4m + 3. We first assume that m > 4 and son > 19. The small cases will
be dealt with at the end of the proof. Let A be:

A([2i — 1,2 =8m + 1 — 4,
A([2i,2i — —(8m + 1),
ol
i

333333
|

~

Apl2i,20+ 1

| =

1] =

] =12m — 1,
Ap[26 +1,2i) = —(4m + 1 +14),

| =

| =

\
W W = =

~

AG[2m — 2+ 2i,2m — 1 + 2i] = 5m + 1,
AG2m —1+2i,2m — 2+ 2i] = —(11m + 1 — i),

~

INCINCIN N IN N
INCINCIN N IN N

— = = e s
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Aj[2m — 1+ 2i,2m + 2] = 9m + 4, 1<i<m—4,
Al2m+2i,2m —1+2i] = —(Tm+1—14), 1<i<m-—4,
Afi+1i+1]=—(@m—1—-1), 1<i<2m—2,
Aj2m+i,2m + 4] = 2m — i, 1<i<2m -8,
AQ2m,2m] = 4m — 1, Ap[l,4m — 7] = —12m,
AQ[L,1] = 4m, Al[dm —7,1] = 4m + 1,
A([dm —7,4m — 7) = 6m + 3.
We illustrate A, in the case m = 4:
Ap(m =4)
16 | 32 —48
—33|—14| 47
—18|—-13| 31
—34|—12| 46
—19|—-11} 30
—35(—10| 45
—201 -9 29
—36| 15 | 21
17 —44 27

First observe that the array A, is a (4m — 7) x (4m — 7) array that has 3 filled cells in
each row and column.

To confirm that the row and columns sums are 0, note that this array was constructed
by taking the first 4m — 8 rows and columns of the integer Heffter array H (4m; 3) given
in [3], then placing entry —12m in cell (1,4m — 7), entry 4m + 1 in cell (4m — 7,1) and
entry 6m + 3 in cell (4m — 7,4m — 7). Thus we need only check the sum of row 4m — 7
which is (4m + 1) 4+ (6m + 3) — (10m + 4) = 0 and the sum of column 4m — 7 which is
—12m + (6m — 3) + (6m + 3) = 0. Hence each row and column in the array A{, sums to
ZEero.

Although not necessary for the case k = 3, for larger values of £k (see the following
theorem) we map the rows and columns of Ajf so that the filled cells are a subset of the
union of diagonals Dy U D; U Dy U D,,_» U D,,_;. This can be done by applying the
mapping

) 21 —1, when 1 <7 < 2m — 3,

ST\ 8m—2i—12, when2m —2<i<dm-—T,
to the rows and column of Aj. This does not change the row and column sum and the
support is still

{1,2,...,4m + 33\ {1,2,...,7,2m,6m — 2,...,6m + 2,6m + 4,
10m —3,...,10m +3,12m +1,12m + 2,...,12m + 9}.

We call this rearranged array Ag; see H(19; 3) above for Ay when m = 4.
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Next, let A; be:

Ay
—(6m+ 1) 6m 1
6m —2 |—(12m+2) 6m + 4
3 10m — 3 —10m
6m + 2 6m —1 —(12m +1)
—(10m — 2) 10m + 2 —4
—(12m +3) 2m 10m + 3
—2 | 10m+1 [-(om-1)

It is easy to check that this array has row and column sum 0 and support

{1,2,3,4,2m,6m — 2,...,6m + 2,6m + 4,
10m — 3,...,10m +3,12m +1,12m + 2, 12m + 3).

We place A; on the intersection of row and column sets {4m — 6,4m — 5, ..., 4m}.

Finally, place the block C' on the intersection of the row and column sets {4m + 1,
4m + 2,4m + 3}. Observe that the rows and columns sum to 2nk + 1. It is convenient
to express C' in terms of n and k, as it will be part of more general constructions in the
next theorems. However, if & = 3, observe that {12m + 4,12m + 5,...,12m + 9} =
{nk —5,nk—4,... nk}.

C

) nk |nk—4
nk—3 6 nk — 2
nk—1|nk—>5 7

Let A be the concatenation of Ay, A; and C' to obtain an H (4m + 3; 3) Heffter array
for all m > 4. An H(7;3) is given in the Appendix. When n = 11 or 15, concatenating
the array B(n) given in the Appendix for these size with C' will produce an H (n; 3) with
similar properties and support. O

We now consider the case when k& > 3; we apply the techniques developed in Section 2.

Theorem 4.2. There exists a Heffter array H(n;k) for all n = 3 (mod 4) and k = 3
(mod 4), where n >k > 3.

Proof. Given Lemma 4.1 we only need to address the case k = 4p + 3 where 1 < p < m.
Since k < n — 4, p < (n — 7)/4. First observe that the filled cells of H(n;3) given in the
previous lemma are a subset the union of diagonals Dy, D1, D5, D,,_o, D,,_1 with support
{1,2,...,12m+3}U{nk—5,nk—4,...,nk}. We nextidentify p disjoint Hamilton cycles,
that are also disjoint from diagonals Dy, D1, D2, Dy, D,,_1, by pairing the remaining
(n—5) diagonals. Then we apply Lemma 2.3, contributing {12m+4, 12m+5, ... ,nk—6}
to the support. The result is a Heffter array H (n; k) with each row and column sum equal
to 0 except for the final three rows and columns which sum to 2nk + 1. O



N. J. Cavenagh et al.: The existence of square non-integer Heffter arrays 379

5 CaseC:k =3 (mod 4)andn =2 (mod 4)

We construct a Heffter array H (n; k) where n = 4m + 6 and k = 4p + 3 for k < n.

As in the previous section, we will begin with & = 3. Firstly we will assume that m > 7
and construct an n X n array which is the concatenation of several smaller arrays. Here we
use four smaller arrays, Ag = Ag[r, ¢] of size (4m — 13) x (4m — 13), A1 = Aq[r,c] of
size 13 x 13, As = As[r, c] of size 3 x 3 and A3 = As|r, ¢] of size 3 x 3, each containing
3 filled cells per row and column. The sum of the rows and columns in Ay, A; and A, is
0, while the sum of the rows and columns in A3 is 2nk + 1.

Lemma 5.1. Forn =2 (mod 4) and n > 34 there exists a Heffter array H (n; 3).
Proof. Letn =4m + 6 and m > 7. Let A{ be:

AGl2i —1,2i) = 8m + 1 — 4, 1<i<m,
A[24,2i — 1] = —(8m + 1), 1<i<m,
A([26,20 + 1) = 12m — i, 1<i<m—1,
AG2i + 1,2 = —(dm+1+414), 1<i<m-—1,
AG[2m — 2+ 2i,2m — 1 + 2i] = 5m + 1, 1<i<m-—6,
AQ2m —1+2i,2m —2+2i] = —(1lm+1—4), 1<i<m—6,
AG[2m — 1+ 2i,2m + 2] = 9m + 4, 1<i<m—171,
AG2m +2i,2m —1+2i] = —(Tm+1—14), 1<i<m-7,
Ai+1,i+1]=—(dm—1-1), 1<i<2m—2
AG2m +i,2m + 1] = 2m — i, 1<4i<2m — 14,
A2m,2m] =4m — 1, AQ[l,4m — 13] = —(12m),
AL1,1] = dm, Al[4m —13,1] = 4m + 1,
A([4m —13,4m — 13] = 6m + 6.
We illustrate Af, when m = 7:
Ap(m =)
28 | 56 —84
—57|—26| 83
—30|—25| 55
—58|—24| 82
—31|—23| 54
—59|—-22| 81
—32|-21| 53
—60|—20]| 80
—33|—-19| 52
—61|—18| 79
—34|—17| 51
—62|—16| 78
—35|—15] 50
—63| 27 | 36
29 —77] 48
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Observe that the array Aj is a (4m — 13) x (4m — 13) array that has 3 filled cells in
each row and column. Similarly to the previous case, this array was constructed by taking
the first 4m — 14 rows and columns of the integer Heffter array H(4m;3) given in [3],
then placing entry —12m in cell (1,4m — 13), entry 4m + 1 in cell (4m — 13, 1) and entry
6m + 6 in cell (4m — 13,4m — 13). Thus we need only check the sum of row 4m — 13
which is (4m + 1) 4+ (6m + 6) — (10m + 7) = 0 and the sum of column 4m — 13 which is
—12m + (6m — 6) + (6m + 6) = 0. Hence all rows and columns in the array A{, sum to
zero. We apply the same mapping as in the proof of Lemma 4.1 to the rows and columns
so that all non-empty cells are a subset of the diagonals Dy, D1, Do, D,,_o, D,,_1. Let Ag
be the resultant array. The support for Ay is

{1,2,...,12m + 8} \ {1,2,...,13,2m,6m — 5,6m — 4, ... ,6m +5,6m + 7,
10m — 6,10m — 5,...,10m +6,12m + 1,12m + 2, ..., 12m + 18}.

We now arrange the 57 missing symbols into a 13 x 13 array A; and two 3 x 3 arrays
Ag and As, where A, and Ag ares shown below and A; is given at the end of the Appendix.

Ay As
-8 nk—2 |—(nk—10) 11 |nk—3|\nk-7
—(nk —9) -9 nk nk—6| 12 |nk—5
nk—1 |—(nk—11) —10 nk—4|nk—-8| 13

The support for A; is

{1,2,...,7,2m,6m —5,6m —4,...,6m+5,6m+7,
10m — 6,10m —5,...,10m +6,12m + 1,12m +2,..., 12m + 6}.

Finally we give A, and A3 with support
{8,9,10,11,12,13} U {nk — 11,nk — 10, ..., nk}.

In the case k = 3, observe that {nk — 11,nk — 10,...,nk} = {12m + 7,12m + 8,
..., 12m + 18},

The concatenation of Ag, Ay, As and Az gives a H (4m+6; 3) Heffter array form > 7.
O

Theorem 5.2. There exists a Heffter array H(n; k) for all n = 2 (mod 4) and k = 3
(mod 4), where n > k > 3.

Proof. An H(6;3) is given in the Appendix. Otherwise let n = 4m + 6 where m > 1.
When 1 < m < 5 concatenate the B(4m+6) given in the Appendix with the array C given
in Case B to get an H(4m + 6;3). Observe that when 1 < m < 4 the entries are only on
diagonals Dy, D1, Do, D,,_2, D,,_1 as before. When n = 26 the entries are on diagonals
Dy, D1, Do, Day, Dos and Dy. We pair up the rest of the diagonals as {Da;, Da; 1} for
5 < i < 11, and {D3, D4}, {Ds, Dg}, {D7,Ds} to get the required Hamilton cycles.
When m = 6, n = 30; an H(30;3) is given in the Appendix. Two Hamilton cycles H
and K are also given as a reference on the array. These Hamilton cycles together with
H (30;3) only have entries on diagonals Dg, D1, Do, D3, Doz, Dag, Dag, D1g and Ds;.
For the rest of the diagonals, pair them up as { Dy, D5}, {Dg, D7}, {Ds, Do}, {D12, D13},
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{D14, D15}, {D16, D17} and {Do;_1, Do; } for 10 < i < 13 to get the necessary Hamilton
cycles.
When m > 7, a H(n; 3) exists by Lemma 5.1, then the proof follows as in Lemma 4.1.
O

6 CaseD:k =1 (mod 4)andn =1 (mod 4)

In this section we construct a Heffter array H(n; k) where n = 4m + 1 and k = 4p + 1,
with k& < n and hence m > 2. The case H (9;5) is given in the Appendix and so henceforth
we assume m > 3.

We begin with £k = 5 construct an n X n array for which the sum of each row and
column is 2nk + 1 = 40m + 11. First we give an example H (17;5) of our construction.
(Note a Hamilton cycle H has been included for the case & > 5.)

H(17;5)
85 |-27 11 50 H|H
68 | 84 |-28 12 35 H
67 | 83 [-29 13
66 | 82 |-30 14 39
65 | 81 |-31 15 41
64 | 80 [-32 43 16
63|79 |-33 17 45 H

52

T

Safise
T

37

T =

S sy

200 H 61 | 60 21 49
7759 [-19 3 51
76 | 58 |-22 23
75| 57 | -4 5
25 74 |56 |-24
73|55 | -6 7

H 72 |54|-1
9 46 H |53 71| H|-8

H 10 48 -26| H 70|69

T

36

T =
Sisy

38

40

S s
S sy

42

Seiss

Lemma 6.1. Forn =1 (mod 4), n > 13 and k = 5 there exists a Heffter array H(n;5).

Proof. Letn = 4m + 1 for m > 3. In every case here row and column sums will equal
40m + 11.
We give the general construction of A below.

Aldm — 1,4m] = Aldm —1,1] =
[4m2}—2m+1 [4m—|—13]—2m—|—2
A[2m — 2,4m] = 4m, A2m —1,2m+ 2] =4m+ 1,
A2m,2m + 3] = 4m + 2, A2m+2,2m+ 3] = —(dm + 3),
A2m+1,1] = —(4m + 4), All,2m] = 12m + 2,
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Aldm +1,2m + 1] = —(6m +2), A[dm —3,2m + 1] = 6m + 1,
Al2m,2m + 2] = —(8m + 2), A[2,2m + 1] = 8m + 3,
A[3,4m] = 8m + 5, All,4m +1] = 12m + 4,
Aldm,2m + 2] = 12m + 5, Adm +1,4m + 1] = 16m + 5.
Aliyi+3] = 2m +i +2, 1<i<2m—3, (6.1
Ali+1,i] = 16m + 5 — 1, 1<i<2m, (6.2)
Ali, i) =20m +6 — 1, 1<i<2m, (6.3)
A2m —i,2m+1—i]=—-8m+2—1), 1<i<2m—1, (6.4)
Al2m+3—idm+2—1i] = 12m +5 — 2, 1<i<2m—1, (65
A2m +i,2m +i] = 14dm + 5 — 4, 1<i<2m—1, (6.6)
A2m+1414,2m+i] = 18m + 6 — 4, 1 <7< 2m, 6.7)
Adm +2—14,2m —i] = 12m + 2 — 24, 1<i<2m—1, (6.8)
A[2m + 2i,2m + 2i + 3] = 2i + 1, 1<i<m—1, (6.9)
Al2m + 2 +2,2m + 20 + 3] = —(2i + 2), 1<i<m—1,  (6.10)
Al2m 42— 1,2m + 2 +2] = dm + 2i + 3, 1<i<m—2 (611
A2m + 20+ 1,2m + 2i + 2] = —(4m + 2i + 4), 1<i<m-—2. (6.12)

We note that the support of A contains:

e 3.4 ,...,2m by (6.9) and (6.10),

e 2m+3,2m+4,...,4m — 1 by (6.1),

e 4m +5,4m +6,...,6m by (6.11) and (6.12),

e 6m+3,6m+4,...,8m + 1by (6.4),

e 8m+4,8m+6,8m+7,...,12m,12m + 1,12m + 3 by (6.5) and (6.8),
12m+6,12m +7,...,16m + 4 by (6.6) and (6.2),

e 16m+6,16m+7,...,20m + 5 by (6.7) and (6.3).

It follows that the support of A is {1,2,...,20m + 5} as required.

To verify the sum of each row and column is 40m + 11 we begin by noting that, respec-
tively, (6.1), (6.2), (6.3), (6.4) and (6.5) give the sum for row r (where 4 < r < 2m — 3)
and (6.1), (6.2), (6.3), (6.4) and (6.8) give the sum for column c (where 4 < ¢ < 2m — 1)
as:

@Cm+r+2)4+(16m+6—7)+(20m+6—r)— (6m+r+2)+ (8m—1+2r) = 40m+11
and
2m—+c—1)+(16m+5—c)+(20m+6—c) — (6m+1+c)+ (8m+2+2c) = 40m+11.

For row 2m + r, where 3 < r < 2m — 4 (or » = 2m — 2) and column 2m + ¢, where
4 < ¢ < 2m — 1, we argue as follows.
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Respectively (6.6), (6.7) and (6.8) give a partial sum of 40m + 10 for row r and (6.5),
(6.6) and (6.7) give a partial sum of 40m + 12 for column c:

(4m+5—r)+ (18m +7—7r)+ (8m — 2+ 2r) = 40m + 10, (6.13)
(8m+1+4+2c)+ (14m+5—c) + (18m + 6 — ¢) = 40m + 12. (6.14)

Next (6.9) and (6.10) imply that if 7 is even, row 2m + r contain the entries r + 1 and
—r giving a partial sum of 1. If r is odd, (6.11) and (6.12) imply that row 2m + r contains
the entries 4m +r + 4 and —(4m + r + 3) also giving a partial sum of 1. Adding this to the
partial sum in (6.13) we get an overall row sum of 40m + 11. Then (6.9) and (6.10) imply
that if ¢ is odd, column 2m + ¢ contains the entries ¢ — 2 and —(¢ — 1) giving a partial
sum of —1. If c is even, (6.11) and (6.12) imply that column 2m + c contains the entries
4dm + ¢+ 1 and —(4m + ¢ + 2) also giving a partial sum of —1. Adding this to the partial
sum in (6.14) we get a column sum of 40m + 11.

The remaining rows and columns can be checked individually to complete the proof
that all rows and columns sum to 40m + 11. Thus we have the required H (4m +1;5). O

Next, with care, we add up to 2(m — 2) Hamilton cycles to obtain an H (4m+1;4p+5)
where p < m — 2.

Theorem 6.2. For n = 1 (mod 4) and k = 1 (mod 4) there exists a Heffter array
H(n; k), where k < n.

Proof. Let n = 4m + 1. The Heffter array H(9;5) is given in the Appendix. Otherwise,
an H(n;5) exists by Lemma 6.1. This was labeled A in the proof of that lemma. Observe
that the occupied cells of A are a subset of the union of diagonals

D:=D, 3UD, sUD, 1UDyUDyUDyU Doy, _4
U Dopp—2 U Dapy—1 U Doy U Doy o,

For each m > 3, the following set of cells is a subset of D, that does not intersect A
and forms a Hamilton cycle H:

{(G,2m+14+14),(4,2m+2+14) |1 <i < 2m — 3}
u{@2m—2,4m —1),(2m — 2,4m + 1)}
uU{(@2m—1,4m + 1), (2m — 1,4m), (4m,4m), (4m,2m + 1)}
U{(i,i—2m+1),(6,i—2m+2)|2m <i<4m—1}
U{(dm+1,1),(4m +1,2m + 2)}.
(See the array H(17; 5) above for an example.) Thus there exists 4m+1—11 = 4(m—2)—2
diagonals that do not intersect A U H and so it is possible to construct 2m — 5 disjoint
Hamilton cycles by pairing empty diagonals that are either distance 1 or 2 apart.
For m > 6 a possible pairing of diagonals is:
{D2, Ds};
{D2m75v D2m73};
{Ds12i, Dey2i}, 0 <i<m—6;
{Damt1, Domysls
{Dam+at2i, Damystait, 0 <i<m—4.
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When m = 4 we pair the diagonals as {Ds, D3}; {Dg, D11};{D12, D13} and
when m = 5 we pair the diagonals as {Ds, D3};{Ds, D7};{D11, D13}; {D14, D15};
{D16, D17}

Together with H this gives a total of 2m — 4 Hamilton cycles. Thus applying Theo-
rem 2.2 recursively, we can form a Heffter array for each & such that k = 1 (mod 4) and
k<n—4. O

7 CaseE:k =1 (mod 4)andn = 2 (mod 4)

In this section we construct a Heffter array H(n; k) where n = 4m + 2 and k = 4p + 1,
where k < n.

We demonstrate the following construction in the case m = 4 with an example of an
H(18;5); the cycles H and K will be needed later for the case k& > 5.

H(18;5)
2 51 | 20 [—38|—35
—40] 4 53 | 19 |-36
—42|—28] 6 37 | 27
39 [—44]|—29] 8 26

41 | 25 |—46|-30| 10
43 | 24 |—48]|-31] 12
45 | 23 |-50|-32| 14
47 | 22 |—-52|-33| 16
49 | 21 |—54|—-34]| 18

1 |8 | K| H |69 |-60] K |9 | H

H|3 |8 | K| H|T7|-61] K |89
8 | H| 5 |79 | K| H|T7|-62 K
72 | 87 7|78 | K| H|K|-63

55| K |8 | H| 9 |77 | K | H |64
K |-56| K | 8 | H | 11 | 76 | 65

66
K | H |67 |-58 K |83 | H |15
K

Lemma 7.1. Forn =2 (mod 4), n > 6 there exists a Heffter array H (n;5).

Proof. Let n = 4m + 2. The case H(n;k) = H(6;5) is given in the Appendix and so
henceforth we assume m > 2. Our Heffter array will be the concatenation of an array A
in the first 2m + 1 rows and columns and an array A; in the last 27 + 1 rows and columns.
The row and column sums of Ag will be 0 and the row and column sums of A; will be
2nk + 1.

In our definition of Ag, rows and columns are calculated modulo 2m + 1 rather than n.
We begin by defining a (2m + 1) x (2m + 1) array A{, which has support

{2,4,5,...,4m+2} U{dm + 3,4m +4,...,12m + 6}
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and for which each row sums to 0 and each column sums to 0 except for columns 1 and
2m + 1, which sum to —(2m + 1) and 2m + 1, respectively. Then we swap the entry
—(8m +4) in cell (2, 1) with the entry —(8m + 8) in cell (2, 2m + 1) and swap the entry
6m + 2 in cell (4, 1) with the entry 8m + 7 in cell (4, 2m + 1). The result will be an array

Ayg defined on row and column set {1,2,...,2m + 1} with row and column sums equal
to 0.
To thisend, for1 <7< 2m + 1 let
Afli, 1] = 2i; A3 —=1i,2m+1—1i] =4m+ 2+ i;
A2+, 1 +4] = —(6m + 3 +1); Ab[2 44,1 — 2] = 8m + 3 + 2i;
Aiyi — 2] = —(8m + 4 + 2i).
Now let
_(8m + 8)7 (T7 C) ( )
—(8m+4), (r,c)=(2,2m+1),
Aplr,c] =< 8m + 7, (r,c) =(4,1),
6m + 2, (r,e) = (4,2m+1),
Ajlr, d], otherwise.

The case m = 4 is illustrated in the example H(18;5) given above. It will be useful
to note that the non-empty cells of this (2m + 1) x (2m + 1) array Ay are a subset of the
union of diagonals

DO = DOUD1 UDQUD?,UD4.

Next, we define a (2m + 1) x (2m + 1) array A;, on row and column set {2m + 2,
2m + 3,...,4m + 2} with support {1,3,4,...,4m + 1} U {12m + 7,12m + 8, ...,
16m + 8} U {kn — 4m — 1,kn — 4m,...,kn}. For the case k = b5, observe that
{kn —4dm — 1,kn —4m, ... kn} = {16m + 9,16m + 10,...,20m + 10}. Thus when
k = 5 the support of Ag U Ay is {1,2,...,20m + 10} as required. Each row and column
of A1 will sum to 2nk + 1. We first give A; for the cases m = 2 and m = 3 separately;
then we present the general formula.

Ai1(m =2,n=10)

1 10k —4| —31 |10k —2| 37
39 3 10k —-34 |10k -7
-33 40 5 |10k — 8|10k —3
10k — 1|10k — 6| 36 7 —35
10k —5| —32 |10k—9| 38 9
Ay (m=3,n=14)
1 14k —43 14k -7 50
14k -1 3 51 |14k —8 —44
—45 ) 14k — 2 55 14k — 12
14k — 3 7 14k — 11 o4 —46
56 —47 9 14k — 13| 14k — 4
14k — 6 93 —48 | 14k -9 11
—49 |14k — 10|14k — 5| 52 13
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Otherwise m > 4 and we define A; as follows. The rows and columns are defined
modulo 2m + 1 rather than modulo n. To construct the overall Heffter array, the array A;
is then shifted by adding 2m + 1 (as an integer) to each row and column.

A[4,1] = 14m + 8; A[5,2m + 1] = 14m + 9; 7.1

A1[6,2m] = 16m + 8; A2m —1,1] = kn — 4m + 1; (1.2)
A1[2m,2m + 1] = kn — 4m; Ai[2m +1,2m] = kn — 4m — 1; (7.3)
Agfi i) = 2i — 1, 1<i<2m+1; (7.4)

Aqli, 2m—1+z]—kn+1—z 1<i<2m+1; (7.5)
Aqliyi+ 1) = kn —2m — i, 1<i<2m -2 (7.6)
Aj[d+4,i] = —(12m + 6 + 1), 1<i<2m+1; (7.7

A1[6 +4,1+4] = 1dm + 9 + 4, 1<t<2m—2. (7.8)

We note that the support for A; is the union of the sets:

e {1,3,5,6,...,4m + 1} (by (7.4)),

e {12m +7,12m +8,...,14dm + 7} (by (7.7)),

o {14m + 8, 14m + 9} (by (7.1)),

o {14m +10,...,16m + 7} (by (7.8)),

o {16m + 8} (by (7.2)),

o {kn—4m —1,kn —4m,kn — 4m + 1} (by (7.2), (1.3)),
o {kn—4m+2,...,kn —2m — 1} (by (7.6)) and

o {kn—2m,... kn} (by (7.5)).

We next check the row and column sums. For row 7 in the range 7 to 2m + 1, (7.5) and
(7.6) give a partial sum of

(kn+1—7r)+ (kn—2m —r) =2kn —2m+1— 2r,
while (7.7) and (7.8) give a partial sum of
(—12m—6—(r—4))+ (14m+9+ (r — 6)) =2m + 1.
Now combined with (7.4) the sum of these rows is
2nk —2m+1-2r)+ 2m+1)+ (2r — 1) =2nk + 1,

as required.
For column c in the range 2 to 2m — 1, (7.5) and (7.6) give a partial sum of

(kn+1—(c+2)+ (kn—2m — (c—1)) = 2kn — 2m — 2c,
while (7.7) and (7.8) give a partial sum of

(—12m —6—c)+ (14m+9+ (¢ —1)) =2m + 2.
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Now combined with (7.4) the sum of these columns is
(2nk —2m —2¢) + 2m +2) + (2¢— 1) = 2nk + 1.

The sum of the remaining rows and columns can be calculated individually and overall the
rows and columns of A; sum to 2nk + 1 as required. Thus the concatenation of A, with
A gives an H (4m + 2;5). O

Theorem 7.2. Forn =2 (mod 4), n > 6and k =1 (mod 4) there exists a Heffter array
H(n; k), where k < n.

Proof. Letn = 4m + 2 and k = 4p + 1. A H(n;5) exists by Lemma 7.1. Otherwise,
k > 9 and m > 2. We take the array A = Ay U A; from the previous lemma.

We will construct m — 2 cycles of length n (that is, on 2(2m + 1) = n cells) in the
upper left-hand (Ag) and lower right-hand (A;) quadrants, and m further cycles of length
n in each of the remaining quadrants. Together these form 2m — 2 disjoint 2-factors.

From the proof of Lemma 7.1, within A there are 2m + 1 — 5 = 2(m — 2) empty
diagonals, which we take in pairs to obtain m — 2 cycles of length n. Next take the inter-
section of the last 2m + 1 rows and columns, this is the (2m + 1) x (2m + 1) subarray that
contains A;. We will refer to diagonals within that subarray only, recalling that the rows
and columns are calculated modulo 2m + 1. We aim to find m — 2 cycles of length n from
this subarray. The case m = 2 is trivial and for the case m = 3, observe that the empty
cells of A; in the previous lemma form a cycle of length 14. Otherwise m > 4 and the
array A; occupies diagonals Dy, D1, Do, D3, Dy, D5, D7, Doy, o and Doy,.

Next take the following cells

H=({(i+1,9),2m—2+4,1) |1 <i<2m+1}\
{@m—1,1),2m+1,2m)}) U{(2m — 1,2m), 2m + 1,1)}
(

K= ({(38+14,1),(T+4,4) | 1<i<2m+1}\
{(4,1),(6,2m)}) U{(4,2m), (6,1)}.

In the example H (18;5) above these cycles are shown in cells marked by H and K,
respectively. Observe that H and K form two cycles of length 4m + 2 disjoint from A; but
are a subset of

Dy U Dsypy—2 U Doy, U D3 U D7 U Ds.

Thus there exists 2m + 1 — 9 = 2(m — 4) diagonals that do not intersect Ay U H U K.
For m > 6, we can thus form m — 4 cycles of length n by taking pairs of diagonals:

{D67D8};
{D2m*37D2m71};
{Dg42i, D1o42i}, 0 <i<m—T1,

and when m = 5, 2m 4+ 1 = 11 so we get one cycle of length n by taking the diagonals
Dg and Dg. Thus with H and K we have m — 2 cycles of length n that are disjoint from
A; and each other; together these form m — 2 2-factors, each consisting of two cycles of
length n.

We can create a further m cycles of length n in each of the remaining quadrants, as these
cells are all empty. Altogether we have 2m — 2 disjoint 2-factors. Thus by Lemma 2.4,
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we can fill 4(p — 1) cells in each row and column with support {16m + 9, 16m + 10, ...,
kn — 4m — 2} without changing the row and column sums, where k = 4p + 1. Thus there
exists an H(4m + 2;4p + 1) Heffter array for each m > 2 and p < m. O
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Appendix
Case B
H(7;3)
15 |—-13|-2
—11| 14 -3
—4 -8 12
—-1]10|-9
5 21|17
181 6 |19
20016 7
B(11)
-1 18 |—17
24 | =2 —22
—23 -3 | 26
—16| 20 | —4
19 | =8 |—11
-9 21 —12
—10 25 |—15
—13|—14| 27
B(15)
1 [|—-36] 35
—34| -3 37
33 —22|—11
39 |—-21 —18
—14 —12| 26
—15|—17 32
28 —-19| -9
30 | —10 —20
—16 24 | —8
—13] 38 —25
—29 31 | =2
—4 |=23]| 27
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Case C
B(10
H(6;3) (10
1 22 |23
-1 |{—16 17
17 2 —19
—11 —4 15
—18 15 3
12 —-91-3
—24| 14 10
-2 10 | -8
9 11 |—20
13| —-7|—6
4 |—16 12
18 145
13 |—-21| 8
B(14)
—34| -1 35
—2 1 24 —22
36 -32| —4
—23| =3 | 26
—20| 28 | -8
30 | =9 |—-21
—10|—-19| 29
—11| 27 |—16
25 | —12 —13
—14 —17] 31
—15| 33 |—18
B(18)
1 21 |—22
—36| —4 40
35 —12|-23
—17| 33 —16
—11 42 | =31
—28| 41 —13
—18 43 | —25
—26| 45 —-19
—14 34 |—-20
—30| —2 32
27 —24| -3
—15| 44 |—29
—8 | 46 |—38
-39 -9 | 48
47 | -37|—10
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N. J. Cavenagh et al.:

0T—|6V—| 6G
09 | 6— |IG—
06— 89 | 8—
€1—|€V—| 99
LG |CT—| SV —
Vr—| 69 | 11—
8I—| I |€C—
8C¢— Ve—| ¢S
9 | Le— 61—
Vi— 6¢ | 9C—
Ly |GT— ce—
LE— €9 | 91—
0c—| ¢¥ ¢C—
LT— 8y |T€—
1¢—1| ¥4 €e—
8E— ¢— | OF
9¢—| €— 6¢
Ve v— |0€—
G& |9€—| T

(co)dg




Ars Math. Contemp. 17 (2019) 369-395

392

1T |9g—| ¢z
96— g1 | v
Gv 61— 97—
cg 6— | 97—
LE—| €1 &
LG— VT | €F
g¢ | 8— 12—
¥ ee—| 10—
ge—| o1 €z
8¢—| 09 | z—
ov—| 18— 1L
gL |0s—|eh—
ze—| 19 |62—
87— 68— L9
pe—| 1¢ LT—
29 [0T— TG—
—| 6 81—
0%— 8v—| 89
69 |2z— Ly—
0L 7— 99—
05—/ €¢ e—
6V—|9T—| G9
€9 | 1 79—
(92)g
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Lo S -uYIT Uy M M| H|H
c—-uyl 9 |E-uw| H | M M| H
pouy] uy g H|H | M M
M H H |€1—| €V |0€—| M
M H |¥S—|€ | H |1€| M
M | L9 | H |VI-| H |€—| M
M|99—| H |11 | H|SS | M
M | ¥ | H |ST—| H |66—| M
M |Cv—| H |OL | H |¢E | M
M |8 | H|9T—| H |g6—| M
MI|S9—| H | 6 | H |9 | M
M| SV | H |L1-| H |8¢—| M
MI|W—| H| 8 |H|¢ | M
M |69 | H [8I—| H |IS—| M
M [V9—| H | 66 | H | S| M
M |9V | H |[61—|Lc—| H | M
M |¢L—|0L| C | H|H | M
M| H | H [LE—|Vv—| P8 | M
H [9€—| M | M |0v—| H 9L
M | €L |SE—| H [8€—| M | H
M | C8 |[Ve—| M | H |8V—| H
H |0S—| H | M | VL |Ve—| M
H | 8L |0c—| M | M | H |8—
H | 6L | M [Ls—| M |¢c—| H
66— | H | M |v—| M |€ | H
9¢—| H | SL | M | M |6V—| H
I8 | H | H |[09—| M |Ie—| M
M M I.—| H | H |gI—]| €8
H M 08 |€— | H | M |LL—
H H M M |19 (29| T

(e0e)H
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wg— 94wzl |(9 4 woT)—
(g +wot)— z +wort €
¢ +uwgl |(¥+w9)— (1 + w9)—
(¢ + wg)— w9— | g+ wgl
id (¢ +wot)— T —wQT
wQT G— (g —wQ1)—
T +wgl |(g+w9)— (¢ —w9)—
(T — w9)— (g +w9)—| ¥+ wgT
(9 —woT)—| T+ wO1 L—
9— ¥+ wotr |(¢ — wor)—
¢+ wgl |(L+w9)— (¥ —w9)—
(g —wg)— é ¢ —wg
(¢ —wor)—| ¥ —wor 1
Ty
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Cases D and E
H(9;5)
45 | 36 | 20 —18]| 8
—16| 24 | 43 | 34 6
44 | 35 | 22 | 7 —17
5 | 42 |—-15]| 33 26
9 —10| 32 |41 19
1 40 [—2| 21 | 31
—12 231 30 | 39 |11
25 3 —4| 38 29
28 | —14 27 13 |37
H(6;5)
11213 —25] 19
5|6 (16 30
237198 14
11 1512} 10 | 13
2411817 29 | —27
21|22 20| —28| 26
H(13;9)
65 |—21| H | 9 38 K | K H | 40
52 | 64 |—22| H | 10 27 K | K H
H | 51|63 |—-23] H| 11 K | K |29
50 | 62 |—24| H | H 31 K|12| K
H | H |49 | 61 |—25 13 33 K| K
K | K H | 48|60 | H |—26| 14 35
-16| K | K 47 | 46 | H | H | 17 37
K | K H | 59 |45 |-15| H | 3 39
28 | H K | K 19 | 58 | 44 |—18| H
30 K | K H |57 |43 |—4|H | 5
2 32 H| K| K 56 (42 |—1| H
H | 7 34 K |41 | H 55 | K |—6
K 8 36 -20| K H | H |54 |53
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Abstract

Given m € N, a numerical semigroup with multiplicity m is called a packed numerical
semigroup if its minimal generating set is included in {m, m + 1,...,2m — 1}. In this
work, packed numerical semigroups are used to build the set of numerical semigroups
with a given multiplicity and embedding dimension, and to create a partition of this set.
Wilf’s conjecture is verified in the tree associated to some packed numerical semigroups.
Furthermore, given two positive integers m and e, some algorithms for computing the
minimal Frobenius number and minimal genus of the set of numerical semigroups with
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multiplicity m and embedding dimension e are provided. We also compute the semigroups
where these minimal values are achieved.

Keywords: Embedding dimension, Frobenius number, genus, multiplicity, numerical semigroup.

Math. Subj. Class.: 20M 14, 20M05

1 Introduction

Let N = {0,1,2,...} be the set of non-negative integers. A numerical semigroup is a
subset S of N which is closed under addition, such that 0 € S and N\ S is finite. If S is
a numerical semigroup, we define the multiplicity of .S, denoted by m(.S), to be the least
positive integer in S, the Frobenius number (F'(S)) to be the greatest integer that is not in
S, and the genus, ¢g(S), to be the cardinality of N \ S.

Given a non-empty subset A of N we denote by (A) the submonoid of (N, +) generated
by A, that is,

Ay ={Ma1+ -+ a, | neEN, ar,...,a, €A A\,..., \, € N}

It is well known (for example, see Lemma 2.1 from [11]) that (A) is a numerical semigroup
if and only if gcd(A) = 1. If S is a numerical semigroup and S = (A), we say that A is a
system of generators of S. Moreover, A is a minimal system of generators of S if S # (B)
forevery B C A. In Theorem 2.7 from [11] it is shown that every numerical semigroup has
a unique minimal system of generator and this system is finite. We denote by msg(S) and
¢(.S) the minimal system of generators of S and its cardinality, also called the embedding
dimension of S.
If m and e are positive integers we use the following notation:

L(m,e) ={S | S is a numerical semigroup, m(S) = m, e(S) = e}.

In this work, one of our aims is to present a procedure that allows us to recursively construct
the set L(m, e).
We say that a numerical semigroup S is a packed numerical semigroup if

msg(S) C {m(S),m(S) +1,...,2m(S) — 1}.

The set of all packed numerical semigroups with multiplicity m and embedding dimension
e is denoted by C(m, e).

In Section 2, an equivalence relation R in the set £(m,e) is defined. For each S €
L(m, e) we denote by [S], the equivalence class of S. We show that if S € L(m, e) then
[S]NC(m, e) has cardinality 1, so {[S] | S € C(m,e)} is a partition of L(m, e). Hence, for
computing all the elements of the set £(mm, ) it is only necessary to perform the following
steps:

1. Compute C(m, e).
2. Forevery S € C(m,e) compute [S].

E-mail addresses: ignacio.garcia@uca.es (Juan Ignacio Garcia-Garcia), daniel.marin@uca.es (Daniel
Marin-Aragén), mariangeles.moreno@uca.es (Maria Angeles Moreno-Frias), jrosales @ugr.es (José Carlos
Rosales), alberto.vigneron@uca.es (Alberto Vigneron-Tenorio)
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We see that it is possible to compute C(m,e), since this problem is equivalent to
computing all the subsets A of {1,2,...,m — 1} such that A has cardinality e — 1 and
ged(AU{m}) = 1. For computing [S], we order its elements by making a tree whose root
is .S, and describing the children of each of the vertices. In this way, we can recursively
build the elements of [S] by adding in at each step the children of the vertices that were
obtained in the previous step. This procedure is not algorithmic because [S] is infinite so
we can not build it in a finite number of steps.

The Frobenius number and genus have been widely studied (see [7]) and they, together
with the embedding dimension, are the background of one the most important problems
in this theory: Wilf’s conjecture which asserts that if S is a numerical semigroup then
e(S)g(S) < (e(S) — 1)(F(S) + 1) (see [15]). At present, it is still open.

In this work, we show that if we go along through a branch of the tree associated to [S],
the numerical semigroups have a greater Frobenius number and genus. These facts enable
us to give an algorithm for building all the elements of £(m,e) with a fixed Frobenius
number and/or genus. Finally, in order to compute the Frobenius number and the genus
of the numerical semigroups of [S], we give an algorithm based on [3]. We would like to
note that these new algorithms enable us to study the tree of numerical semigroups with
a given multiplicity and embedding dimension and with Frobenius number and/or genus
up to any given bound. In some works, there appear algorithms for the computation of
the tree of numerical semigroups up to a certain genus (see for example [4]). In our work,
there can also be a bound on the Frobenius number. In addition, the computation of the
complete tree of numerical semigroups up to a certain genus is not a practical method to
obtain the numerical semigroups with a fixed multiplicity and embedding dimension, since
it performs unnecessary calculations and does not obtain as large a genus as we can get
with our algorithms. We are also interested in giving algorithms for computing

g(m,e) =min{g(S) | S € L(m,e)},
F(m,e) =min{F(S) | S € L(m,e)},
{S € Lime) | g(S) =g(m,e)},

and

{S € L(m,e)| F(S) = F(m,e)}.
These methods are illustrated with several examples. To accomplish this, we have used the
library FrobeniusNumberAndGenus developed by the authors in Mathematica ([16]).
This library is freely available online at [5].

The content of this work is organized as follows. In Section 2, a partition of the set
L(m, e) is studied and we construct a map ¢: L(m,e) — C(m, e) such that [S] N C(m,e)
is equal to {¢(S)} for every S € L(m,e). Theorem 3.3, in Section 3, is used to recur-
sively compute the elements of [S]. In Section 4, we give some algorithms for computing
the elements of [S] with Frobenius number and/or genus less than fixed integer bounds.
In Section 5, we show how the Apéry set of the elements of [S] is used to compute their
Frobenius number and genus. We also check that Wilf’s conjecture is satisfied for some
elements of [S]. Section 6 illustrates the preceding section and Section 7 contains some
known results on Frobenius pseudo-varieties which allow us to construct the tree of all nu-
merical semigroups with any given multiplicity. In Section 8 and Section 9, the minimal
genus and minimal Frobenius number of the set of numerical semigroups with fixed multi-
plicity and embedding dimension are studied, giving some algorithms for computing them
and obtaining the semigroups with these minimal values.
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2 A partition of L(m, e)

If A and B are subsets of N we denoteby A+ B={a+b|a€ Aandb € B}. Itis well
known (for example see Proposition 2.10 from [11]) that if S is a numerical semigroup then
e(S) < m(S). Note that if e(S) = 1 then S = N. Therefore, in the sequel, we assume that
e and m are integers such that 2 < e < m.

Given S € L(m,e) we denote by ¢(S) the numerical semigroup generated by {m} +
{z mod m | € msg(S)}. Clearly, ¢(S) is a packed numerical semigroup and therefore
we have the following result.

Lemma 2.1. With the previous assumptions, ¢ defines a surjective map from L(m,e) to
C(m,e).

We define in £(m,e) the following equivalence relation: S R T if ¢(S) = ¢(T).
Given S € L(m,e), [S] denotes the set {T" € L(m,e) | S R T}. Therefore, the quotient
set L(m,e)/R ={[S] | S € L(m,e)} is a partition of L(m, e).

Lemma 2.2. [fS € L(m,e), then [S] N C(m,e) = {#(5)}.

Proof. By Lemma 2.1, we know that ¢(S) € C(m, ). Moreover, it is clear that ¢(¢p(S)) =
¢(S). Therefore, S R ¢(S) and ¢(S) € [S]NC(m,e).
If T € [S]NC(m,e), then p(T) = ¢(S) and ¢p(T) =T, s0 T = ¢(95). O

The following result is a consequence of the previous lemmas.

Theorem 2.3. Let m and e be integers such that 2 < e < m. Then {[S] | S € C(m,e)} is
a partition of L(m, e). Moreover, if {S,T} C C(m,e) and S # T then [S| N [T] = 0.

Therefore, as a consequence of Theorem 2.3, for computing all the elements of the set
L(m, e) it is only necessary to do the following steps:

1. Compute C(m,e).
2. Forevery S € C(m, e) compute [S].

C(m, e) is easy to compute using the following result.

Proposition 2.4. Let m and e be integers such that 2 < e < m, and let A be a subset of
{1,...,m — 1} with cardinality e — 1 such that gcd(A U {m}) = 1. Then

S = ({m}+ (AuU{0})) € C(m,e).
Moreover, every element of C(m, e) has this form.
Proof. The set S is a numerical semigroup because
ged({m} 4+ (AU{0})) = ged(AU{m}) = 1.
It is straightforward to prove that msg(S) = {m} + (AU {0}),s0 S € C(m,e).
If S € C(m,e) then msg(S) = {m,m +7r1,...,m + re_1} with {r1,...,7c_1} C

{1...,m — 1}. Moreover, since gcd{m,m +r1,... ,m+7r._1} =1,

ged{m,ry,...,re—1} = 1. O
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We illustrate the content of the previous proposition with an example.

Example 2.5. We are going to compute the set C(6, 3) formed by all the packed numerical
semigroups of multiplicity 6 and embedding dimension 3. For this purpose, and using
Proposition 2.4, it is enough computing the subsets A of {1, 2,3, 4,5} of cardinality 2 such
that gcd(A U {6}) = 1. This set is equal to

{{1,2}, {1, 3}, {1,4},{1,5},{2,3},{2,5}, {3, 4}, {3,5}, {4, 5} }.

Therefore,

C(6,3) = {(6,7,8), (6,7,9), (6,7,10), (6,7, 11),
(6,8,9), (6,8,11), (6,9,10), (6,9,11), (6,10, 11)}.

Note that if m is a prime number then every subset A of {1,...,m—1} with cardinality
e — 1 verifies that ged(A U {m}) = 1. Therefore, we have the following result.

Proposition 2.6. If m is a prime number and e is an integer number such that 2 < e < 'm
then C(m, e) has cardinality (7::11).

Our next goal in this work is to show a recursive procedure to compute [S] for every
S € C(m, e). In order to achieve it, in the next section, we set the elements of [S] in a tree.

3 The tree associated to [S]

A graph G is pair (V, E) where V is a set (with elements called vertices) and E is a
subset of {(v,w) € V xV | v # w} (with elements called edges). A path which
connects the vertices = and y of G is a sequence of different edges of the form (v, v1),
(v1,v2),...,(vp—1,v,) such that vg = = and v, = y. A graph G is a tree if there exists a
vertex r (known as the root of (7) such that for any other vertex = of G there exists a unique
path connecting = and r. If (x, y) is an edge of a tree, we say that x is a child of y.

Lemma 3.1. If {n; < ny < -+ < ne} is a minimal system of generators of a numerical
semigroup and ne — ny > ny then {ny,...,Ne_1,ne — N1} is also a minimal system of
generators of a numerical semigroup.

Proof. In other case, there exists k € {1,...,e — 1} such that
Nk € {ne — N1} + (N1, o, e 1, Mg 1, -+, Mo 1, Ne — N1 )
But it is not possible because n, — ny + ny = ne > ng. O

Let S be a numerical semigroup. We denote by M (.S) the maximum of msg(S). If
S € L(m,e), we define the following sequence of elements of L(m, e):

L J SO = S,
o Supr = {(msg(S,) \ {M(S,)}) U {M(S,) — m}) if M(S,) —m > m.

Because of Lemma 3.1, there exists a sequence:

S=25,C S C - C S =d(S) €Clm,e).
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Example 3.2. Let S € £(5, 3) be the semigroup minimally generated by {5, 13, 21}. Then,
we have the following sequence of elements of £(5, 3):

So = (5,13,21) € 1 = (5,13,16) C S = (5,11, 13)
C 83 =(5,8,11) C Sy = (5,6,8) = ¢(S) € C(5,3).

Let S be in C(m, e). We define the graph G([S]) as follows: [S] is the set of vertices
and (4, B) € [S] x [S] is an edge if msg(B) = (msg(A) \ {M(4)}) U{M(A) — m}.

Theorem 3.3. If S € C(m,e) then G([S]) is a tree with root S. Moreover, if P € [S] and
msg(P) = {n1 < ng < -+ < ne} then the children of P in G([S]) are the numerical
semigroups of the form (({ny,...,ne} \ {ng}) U{nk + n1}) such that k € {2,... e},
ng +ny >neandng +n1 & {n1,...,net \ {ne}).

Proof. From the definition and the comment after Lemma 3.1, we have that G([S]) is a tree
with root .S.

Let k bein {2,...,e} such that ng + ny > ne and ng +n1 ¢ ({ny1,...,ne}t \ {nx}).
If H={(({n1,...,ne} \ {nr})U{nk + n1}) is clear that

msg(H) = ({n1,...,ne} \ {nx}) U{nr +n1} and
msg(P) = (msg(H) \ {M(H)}) U {M(H) —m}.

Therefore H is a child of P.
Conversely, if H is a child of P then (H, P) is an edge of G([.S]) and we obtain that H
is as the theorem describes. O

The previous theorem provides us with a method to recursively build the elements of
[S] as it is shown in the next example.

Example 3.4. Figure 1 shows some levels of the tree G([(5, 6, 8)]).

Note that the cardinality of [S] is infinity, so it is impossible to compute all the elements
of [S]. However, in the next section, we show that it is possible to compute all the elements
of [S] with a fixed Frobenius number or genus.

4 Frobenius number and genus

Let P be a numerical semigroup with minimal generating set {n; < ny < -+ < n.},
k € {2,...,e} and H be the numerical semigroup generated by ({n1,...,n.} \ {ng}) U
{ng +n1}. Then H C P, F(P) < F(H) and g(P) < g(H). We can formulate the
following result.

Proposition 4.1. [f S € C(m,e), P € [S] and (H, P) is an edge of G([S]) then F(P) <
F(H) and g(P) < g(H).

As a consequence of the previous proposition, we have that if we go along through the
branches of the tree G([.S]), the numerical semigroups that we are finding have greater or
equal Frobenius number, and also a greater genus. This fact enables us to formulate the
Algorithms 1 and 3 in order to compute all the elements in [S] with Frobenius number
less than or equal to a given integer, and genus less than or equal to another given integer,
respectively.
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(5,6,8)
/ \
(5,8,11) (5,6,13)
!
(5,11,13)
/ \
(5,13,16) (5,11, 18)
SN
(5,16, 18) (5,13,21)  (5,11,23)
N !
(5,18, 21) (5,16, 23) (5,11, 28)
(5,21,23) (5,18,26) (5,16,28)
(5,23, 26) (5,21,28) (5,18,31) (5,16,33)

Figure 1: Seven levels of the tree of the packed numerical semigroup (5, 6, 8).

Algorithm 1 An algorithm to determinate the elements 7" € [S] such that F/(T') < F for a
fixed integer F'.

INPUT: (S, F) where S is a packed numerical semigroup and F' is a positive integer.
OUTPUT: {T € [S] | F(T) < F}.

1: if F(S) > F then

2: return ()

3: while true do

4: A={S}and B = {S}.

5: C = {H | H is achild of an element of B, F'(H) < F'}.

6: if C = () then

7 return A

8 A=AuC,B=C.

The following example illustrates how the previous algorithm works.

Example 4.2. We compute all the elements of [(5, 6, 8)] with Frobenius number less than
or equal to 25.

e A={(5,6,8)}, B={(5,6,8)}and C = {(5,8,11), (5,6,13)}.

)
o A=1{(5,6,8),(5,8,11),(5,6,13)}, B = {(5,8,11), (5,6,13)} and
C = {(5,11,13)}.
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o A={(56,8),(58,11),(5,6,13),(5,11,13)}, B = {(5,11,13)} and
C = {(5,11,18)}.

o A=1{(56,8),(5,8,11),(5,6,13), (5,11,13), (5,11, 18)}, B = {(5,11,18)} and
C =0.

Therefore, the set {1 € [(5,6,8)] | F'(T") < 25} is equal to {(5, 6, 8), (5,8, 11), (5,6, 13),
(5,11,13), (5,11, 18)}.

The next algorithm allows us to compute all the numerical semigroups with multiplicity
m, embedding dimension e and Frobenius number less than or equal to F'. Note that if S is
a numerical semigroup, such that S # N then m(S) — 1 ¢ S and then m(S) — 1 < F'(5).

Algorithm 2 An algorithm to determinate the numerical semigroups with a fixed embed-
ding dimension and multiplicity, and bounded Frobenius number.

INPUT: m, e, and F positive integers such that 2 <e < m < F' 4 1.

OUTPUT: {S | S numerical semigroup, m(S) = m, e(S) = eand F(S) < F}.

1: compute C(m, e), using Proposition 2.4.

2: forall S € C(m,e) do

3: compute A(S) = {T € [S] | F(T) < F}, using Algorithm 1.
4: return Ugee(m,e) A(S).

Now, we change Frobenius number by the genus in Algorithm 1 and Algorithm 2.

Algorithm 3 An algorithm to determinate the elements T € [S] such that g(T") < g for a
fixed integer g.

INPUT: (S, g) where S is a packed numerical semigroup and g is a positive integer.
OUTPUT: {T € [S] | ¢(T) < g}.
1: if g(S) > g then
2: return ()
: A={S}and B = {S}.
while true do
C ={H | H is achild of an element of B, g(H) < g}.
if C = () then
return A
A=AuUC,B=C.

S AN

We illustrate now the above algorithm.

Example 4.3. We compute all the elements of [(5,6,8)] with genus less than or equal

to 15.
o A={(56,8)}, B={(5,6,8)}and C = {(5,8,11),(5,6,13)}.
e A={(5,6,8),(5,8,11),(5,6,13)}, B = {(5,8,11),(5,6,13)} and
C ={(511,13)}.
e A=1{(5,6,8),(5,8,11),(5,6,13),(5,11,13)}, B = {(5,11,13) } and
C ={(5,11,18)}.
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o A={(56,8),(58,11),(5,6,13), (5,11,13), (5,11,18)}, B = {(5,11,18)} and
C=40.
Algorithm 3 returns {(5, 6, 8), (5,8, 11), (5,6, 13), (5,11,13), (5,11, 18)}.

Note that if .S is a numerical semigroup such that S # N then {1,...,m(S) — 1} C
N\ S and then m(S) — 1 < g(95).
Combining the above results, we obtain Algorithm 4.

Algorithm 4 An algorithm to compute numerical semigroups with fixed multiplicity, em-
bedding dimension and bounded genus.
INPUT: m, e, and g positive integers such that2 < e <m < g+ 1.
OUTPUT: {S | S numerical semigroup, m(S) = m, e(S) = eand g(5) < g}.
1: compute C(m, e), using Proposition 2.4.
2: forall S € C(m,e) do
3: compute A(S) = {T € [S] | g(T) < g}, using Algorithm 3.
4: return Ugec(m,e)A(S).

Note that applying Algorithms 1 and 2 we have to compute the Frobenius number and
the genus, respectively, of the numerical semigroups we recursively obtain when we build
[S]. Results of the next section enable us to easily compute the Frobenius number and the
genus of every semigroup of [S].

5 The Apéry set of the elements of [S]

Let S be a numerical semigroup and n € S\ {0}. The Apéry set (named by [1]) of n in
Sis Ap(S,n) = {s € S | s —n ¢ S}. The next result is a consequence of Lemma 2.4
from [11].

Lemma 5.1. Let S be a numerical semigroup and n € S\ {0}. Then Ap(S,n) has
cardinality n. Moreover, Ap(S,n) = {w(0) = 0,w(1),...,w(n — 1)} where w(i) is the
least element in S congruent with i modulo n.

The set Ap(S,n) gives us a lot of information of S. The following result is found
in [13].

Lemma 5.2. Ler S be a numerical semigroup and n € S\ {0}. Then:
e F(S) = max(Ap(S,n)) — n.
e 9(5) = 2 (Cueapsmw) — "5
The following result is a consequence of Lemma 5.1.

Lemma 5.3. Let S be a numerical semigroup with minimal system of generators {ny,ns,

..oynetand Ap(S,n1) = {0,w(l),...,w(ny —1)}. Then

w(i) = min{agng + - - - + acne | (ag,...,a.) € N~! and

asng + -+ + aene =i (mod nq)}.
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Note that the set {(as, . .., a.) € N°7! | agng+---+aen, =i (mod ny)} has a finite
number of minimal elements (using the usual ordering in N°~1) by Dickson’s Lemma (The-
orem 5.1 from [10]). We denote the set of these minimal elements by M((nq,...,n.),1).
The following result is obtained from Lemma 5.3.

Proposition 5.4. Let S be a numerical semigroup with minimal system of generators
{ni,na,...,ne} and Ap(S,n1) = {0,w(1),...,w(ny — 1)}. Then

w(i) = min{agns + - -+ + aene | (ag,...,a.) € M((n1,...,n¢),%)}
We illustrate the above proposition with an example.

Example 5.5. In this example we try to compute the Apéry set of the numerical semigroups
of [(5, 6, 8)] that we obtained in Example 3.4.
Forevery i € {1,2,3,4} let A(%) be the set

{(az,a3) EN? |ag-1+az-3=4 (mod 5)},

and let M () be the set of the minimal elements of A(z). Then,

M(1) = {(1,0),(0,2)},
M(2) = {(2,0),(0,4),(1,2)},
M(3) ={(3,0),(0,1)} and
M(4) = {(4,0),(0,3), (1, 1)}.
Now, if we take an element from [(5, 6, 8)], for example S = (5,21, 13), and we want

to compute Ap(S,5) = {0, w(1),w(2),w(3), w(4)}, by applying Proposition 5.4 we have
that w(1) = min{21,26} = 21, w(2) = min{42,52,47} = 42, w(3) = min{63,13} =
13 and w(4) = min{84, 39,34} = 34.

Note that in the previous example it was easy to compute M (i) forevery i € {1,2,3,4}.

Now, our next goal is to give an algorithm for computing M((n1,...,n.),). In order to
do it, we introduce the following sets:

C(1) = {(x2,...,2¢) €NV | nowg + - +nex, =i (mod ny)},
C2) ={(z1,22,...,2c) € N®| (=n1)x1 + Nox2 + -+ - + NeZe = i},

C(3) = {(x1,72,...,%e, Teqq) € NTL|
(—n1)x1 + nowa + -+ nexe + (—8)Ter1 = 0}

Lemma 5.6. If (a3, ...,a.) € C(1) then there exists a1 € N such that (ay,as, ... ,a.) €
C(2).

Proof. Ttis enough to note that if neag+- - -+nea. =i (mod ny) then, there exista; € N
such that noas + - -+ + neae =1 + aing. O

Thanks to [12] we know that C'(3) is a finitely generated submonoid of N°*1, The next
result can be deduced from Lemma 2 of [12].

Lemma 5.7. Let A be the set {ay,...,a} with a; = (1, Qo - -+, Qie, Qi et1) d SyStem
of generators of C(3). If we suppose that 1, ..., aq are the elements in A with the last
coordinate equal to zero and oy, . . ., 0q are the elements of S with the last coordinate

equal to 1, then C(2) = {@g+1,...Qq} + {(Q1,...,0q) where &; = (1, 2, - - ., Qie)-



J. I Garcia-Garceia et al.: Semigroups with fixed multiplicity and embedding dimension 407

Note that M((n1,...,n.),%) are the minimal elements of C'(1). Hence, the following
result allows us to compute it.

Proposition 5.8. The minimal elements of C(1) are the same that the minimal elements of
the set {(a41,2,- -, Cdr1,e)s -5 (Qg2s ..o Qge) }

Proof. Let kbein {d +1,...,q}. We check if (a2, ..., ar.) € C(1). Since (a1, ...,
ke, 1) € C(3), then (—nq)ag1 + noags + - - - +neage — i = 0. Therefore noas + -+ - +
NeQge =1 (mod ny) 80 (aga, ..., k) € C(1).
We finish the proof checking that if (az, ..., a.) € C(1) then there exists k € {d + 1,
..,q} such that (a2, ..., ake) < (ag,...,a.). By Lemma 5.6, there exists a; € N such
that (a1, as,...,a.) € C(2). Hence by Lemma 5.7, there exists k € {d + 1,...,q} such
that (a1, ok, ..., ake) < (a1,as,...,a.). Therefore, we have that (ags, ..., Q) <
(agy...,ae). O

An efficient algorithm for computing a finite system of generators of C(3) is given in
[3]. So, applying the previous result we have an algorithm which allows us to compute
the minimal elements of C'(1). Therefore, using Proposition 5.4 and the idea exposed in
Example 5.5, we have an algorithm for computing easily Ap(7',m) for every T' € [S].
Finally, thanks to Lemma 5.2 we can compute F'(T") and ¢(T") for every T € [S].

6 Examples

We devote this section to illustrate the previous results with several examples. They show
all the semigroups with a fixed multiplicity, embedding dimension, and Frobenius number
or genus. Besides, we check Wilf’s conjecture for many semigroups in the tree associated
to [S] for several packed numerical semigroups. The computations have been done in an
Intel i7 with 32 GB of RAM, and using Mathematica ([16]).

Example 6.1. In this example we compute all the numerical semigroups with multiplicity
6, embedding dimension 3, and Frobenius number equal to 23.
With these fixed conditions, the set C(m, e) is

{(6,7,8), (6,7,9), (6,7,10), (6,7, 11), (6,8, 9),
(6,8,11), (6,9, 10), (6,9, 11), (6,10, 11)}.

The Frobenius number of these semigroups are 17,17, 15,16, 19,21, 23,25 and 25, re-
spectively. So, by Proposition 4.1, for computing the semigroups with Frobenius number
23, we only consider the packed numerical semigroups L = {(6,7,8),(6,7,9), (6,7,10),
(6,7,11), (6,8,9), (6,8,11), (6,9,10) }. Applying Algorithm 2, we compute the elements
in G([S]) with the fixed Frobenius number. For example, from the first packed numerical
semigroups in L only one numerical semigroup with Frobenius number equal to 23 is ob-
tained (see Figure 2), but there is no numerical semigroups with Frobenius number equal to
23 in G[(6, 8,9)] (see Figure 3). Hence, the set of numerical semigroups with multiplicity
6, embedding dimension 3, and Frobenius number equal to 23 is

{(6,8,13), (6,7,15), (6,7,22), (6,7,29), (6,9, 10) }.
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(6,7,8), Frob. no. = 17

|

(6,8, 13), Frob. no. = 23

/\

(6,13, 14), Frob. no. = 35 (6,8,19), Frob. no. = 29
Figure 2: Two levels of the tree associated to the semigroup (6, 7, 8).

(6,8,9), Frob. no. = 19

/\

(6,9,14), Frob. no. = 31 (6,8,15), Frob. no. = 25

Figure 3: One level of the tree associated to the semigroup (6, 8, 9).

Example 6.2. In this example, all the numerical semigroups with multiplicity 6, embed-
ding dimension 3, and genus equal to 16 are computed. From Example 6.1, the set C(6, 3)
is
{(6,7,8),(6,7,9), (6,7,10), (6,7, 11),
(6,8,9), (6,8,11), (6,9, 10), (6,9, 11), (6,10, 11) }.

The genus of these semigroups are 9,9,9,10,10,11,12,13 and 13, respectively. So, by
Proposition 4.1, for computing the semigroups with genus 16, we apply Algorithm 3 to all
elements in C(6,3). For example, for the semigroups (6, 7,8) and (6, 8,9) we obtain the

trees showed in Figures 4 and 5, respectively. Thus, the set of numerical semigroups with
multiplicity 6, embedding dimension 3, and genus 16 is

{(6,14,9), (6,8,21), (6,15, 11), (6,10,17)}.

(6,7,8), genus =9

|

(6,8,13), genus = 12

T

(6,13,14), genus = 18 (6,8,19), genus = 15

|

(6,8,25), genus = 18

Figure 4: Three levels of the tree associated to the semigroup (6, 7, 8).
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(6,8,9), genus = 10

T T

(6,9,14), genus = 16 (6,8,15), genus = 13

|

(6,8,21), genus = 16

Figure 5: Two levels of the tree associated to the semigroup (6, 8, 9).

Example 6.3. Now, we check Wilf’s conjecture for several elements in the tree associated
to some packed numerical semigroups. In this example, the elements are showed as a set
with three entries {A4, f, g} where A is the minimal generating set of a numerical semi-
group, and f and g are its Frobenius number and genus, respectively. Figure 6 illustrates
two levels of the tree associated to the semigroup .S = (110, 216, 217, 218, 219). Note that

e(§) _ 5 o F éi)g;rl is held, and therefore they all

for all its elements the inequality

e(S)—1 4

satisfy Wilf’s conjecture.

{{110, 216, 217 218, 219} 5941,2971}

{{110, 217, 218,219, 326} 7811, 3925}
{{110,218,219, 326,327}, 8911, 4456}
{{110, 217,219, 326, 328}, 7811, 3927}
{{110, 217, 218, 326, 329}, 7811, 3926}

{{110, 216, 218, 219, 327} 5941, 2972}
{{110,216,219,327,328},5941,3025}
{{110,216,218,327,329},6051,3026}

— {{110,216,218,219, 327}, 5941, 2972}

{{110, 216, 217, 328, 329}, 5941, 2974}

({110,216, 218,219, 327}, 5941, 2972}

{{110,216, 217,218, 439}, 5941, 2973}

Figure 6: Tree for checking Wilf’s conjecture.

In Table 1 we show some packed numerical semigroups and the minimum and maxi-
mum of the quotients (F(T") + 1)/g(T) of the semigroups T in their associated trees until
a fixed level. Note that all tested semigroups (more than 71 000) satisfy Wilf’s conjecture.

7 Frobenius pseudo-variety of numerical semigroups with a fixed mul-
tiplicity

According to the notation of [8], a Frobenius pseudo-variety is a non-empty family P of
numerical semigroups which verifies the following conditions:

1. P has a maximum (according to the inclusion order).
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Table 1: Checking Wilf’s conjecture (up to level 15).

Semigroup ‘Number‘mln { H } ‘max { Ele) )H }
({97,111, 142, 159, 171}, 958, 525} 3694 1496/981 2705/1357
({110,216, 217, 218, 219}, 5941, 2071} 425| 2055/1081 2
({115,151, 172, 189, 201}, 1282, 724} 2656] 1937/1224 | 670/339
({111, 115,122, 171, 181, 200, 201}, 702, 445} | 35735| 1488/1027 | 2012/1041
({117, 125, 142, 173, 191,203, 213}, 794, 476} | 28683| 382/261 899/458

2. If{S,T} CPthen SNT € P.
3. If S € Pand S # max(P) then S U {F(5)} € P.

If P is a Frobenius pseudo-variety we define the graph G(P) as follows: P is its set of
vertices and (S,T) € P x Pisanedgeif T' = SU{F(5)}.
The following result is a direct consequence from Lemma 12 and Theorem 3 of [8].

Proposition 7.1. If P is a Frobenius pseudo-variety, then G(P) is a tree with root max(P).
Moreover, the set of children of a vertex S € P is

{S\{z} € P |z € msg(S), x > F(9)}.
Let m be a positive integer. We denote by £(m) the set
{S'| S is a numerical semigroup with m(S) = m}.

Clearly £(m) is a Frobenius pseudo-variety and max(£(m)) = {0, m, —} = (m,m + 1,
.,2m — 1). So, as a consequence of Proposition 7.1, we have the following result which
is fundamental in this work.

Theorem 7.2. The graph G(L(m)) is a tree rooted in (m, m+1,...,2m — 1). Moreover,
the set formed by the children of a vertex S € L(m) is

{S\ {z} | z € msg(S), x > F(S) and x # m}.

The previous theorem allows us to recursively construct £(m) from its root by recur-
sively adding its children to the computed vertices. We illustrate this with an example.

Example 7.3. We show some levels of the tree G(L(4)) giving its vertices and edges, and
the minimal removed generators for obtaining the children.

<4,5,6,7>
CRuN
(4,6,7,9) (4,5,7) (4,5,6)
PPl
4,7,9,10) (4,6,9,11) (4,6,7)  (4,5,11)

W)

(4,9,10,11) (4,7,10,13) (4,6,11,13) (4,6,9) (4,5)
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If G is a tree with root r, the level of a vertex x is the length of the only path which
connect z and r. The height of a tree is the value of its maximum level. If £ € N, we
denote by N (k,G) = {v € G | v has level k}. So in Example 7.3 we have:

N(0,£(4)) = {(4,5,6,7)},

N(1,£(4)) ={(4,6,7,9),(4,5,7),(4,5,6) },

N(2,L£(4)) ={{4,7,9,10), (4,6,9,11), (4,6,7),(4,5,11)},

N(3,L(4)) ={(4,9,10,11),(4,7,10,13),(4,7,9), (4,6,11,13), (4,6,9), (4,5)}.

8 Elements of £(m, e) with minimum genus

Our aim in this section is to give an algorithm that allows us to compute g(m, e) and {S |
S € L(m,e) and g(S) = g(m, e)}. The following result is a consequence of Theorem 7.2.

Proposition 8.1. If m is a positive integer and (S, T) an edge of G(L(m)), then
9(8) = g(T) + 1.
As a direct consequence of the previous proposition we have the following result.
Corollary 8.2. Let us fix m,e € N. If
P =min{k e N| N(k, G(L(m))) N L(m,e) # 0}

then
{5 € Lim,e)|g(S)=g(m,e)} = N(P,G(L(m))) N L(m,e).
Moreover, g(m,e) =m — 1+ P.

It is clear that if m > e > 2 then (m,m+1,...,m+ e — 1) € L(m,e). In this way,
we have the following result.

Proposition 8.3. Let m and e be positive integers.
1. If m < ethen L(m,e) = (.
2. Ife=1and L(m,e) # 0 thenm = 1 and L(m, e) = {N}.
3. Ifm>e>2then L(m,e) # .
We now give an algorithm to compute g(m, e) and {S € L(m,e) | g(S) = g(m,e)}.

Algorithm 5 An algorithm to compute g(m,e) and the set of semigroups with a fixed
multiplicity and embedding dimension such that its genus is g(m, e).

INPUT: m and e positive integers such that m > e > 2.
OUTPUT: g(m,e) and {S | S € L(m,e) and g(S) = g(m, e)}.
I: Setk=0and A= {(m,m+1,...,2m — 1)}.
2: while True do
if AN L(m,e) # () then
returnm — 1 + kand AN L(m,e)
for S € Ado
C(S) ={T | Tis achild of S}.
A=geaC(9), k=Fk+1.

(95}

P AR LR
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We illustrate the above algorithm in the following example.
Example 8.4. We compute g(5, 3) and {S € L(5,3) | g(S) = g(5, 3)} using Algorithm 5.
e k=0and A= {(5,6,7,8,9)}.
e k=1and A= {(5,7,8,9,11), (5,6,8,9),(5,6,7,9), (5,6, 7,8)}.
e k=2and

A=1{(58,9,11,12),(5,7,9,11,13), (5, 7,8, 11),
(5,7,8,9), (5,6,9,13), (5,6,8), (5,6, 7)}.

It returns g(5,3) = 6 and {S € L(5,3) | g(S) =6} = {(5,6,8),(5,6,7)}.

In the package FrobeniusNumberAndGenus ([5]), we can run the command
ComputeMinimumGenusLme [5, 3] to obtain this result.

If S is a numerical semigroup, n € S\ {0} and Ap(S,n) = {w(0) = 0,w(1),...,
w(n — 1)} (see [11, Lemma 2.4, Lemma 2.6]), then w(i) = k;n + ¢ for some k; € N and
kn+14 € Sif and only if £ > k;. Therefore, using Lemma 5.2, we have the following (see
the proof of [11, Proposition 2.12]).

Lemma 8.5. Let S be a numerical semigroup, n € S\ {0} and Ap(S,n) = {0, kin + 1,
coskpoin+n—1} Theng(S) = k1 + -+ + kp—1.
The next result is easily deduced from Corollary 4 of [6].

Lemma 8.6. Let m, e, q, r be integers suchthatm > e > 2, S = (m,m+1,...,m+e—1),
andm —1=gq(e—1)+r, withq,r € Nandr < e — 2. Then

Ap(S,m)={0,m+1,....m+e—12m+(e—1)+1,...,
2m+2(e—1),...,gm+(g—1)(e—1)+1,...,gm + g(e — 1),
(g+1)m+qgle—1)+1,....,(¢+1)m+gqgle—1)+r}.
If a,b € Nand b # 0 we denote by a mod b the remainder of dividing a by b. If

¢ is a rational number we denote by |¢g] = max{z € Z | z < ¢}. Note that a =
| 4]0+ (a mod b). From Lemma 8.5 and Lemma 8.6 we have the following result.

Proposition 8.7. Let m and e be integers such that m > e > 2 and S = (m,m + 1,
...,m+e—1). Then,

1

g(8) = QZL—_;’LlJ) WJr(m—l)mod(e—l)

Clearly (m,m + 1,...,m + e — 1) € L(m,e) and therefore we have the following
result.

Corollary 8.8. If m and e are integers such that m > e > 2 then

somer = (|1 1) o L S

e—1 2
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For many examples the equality holds. However, there are some cases where the semi-
group (m,m +1,...,m + e — 1) does not have minimum genus in the set L(m, e) as we
show in the next example.

Example 8.9. S = (8,9, 10) is a numerical semigroup and g(S) = 16. S = (8,9,11) isa
numerical semigroup and g(S) = 14. Therefore, in this case ¢({(8,9, 10)) # ¢(8, 3).

The following result is a consequence from Proposition 2.4.
Proposition 8.10. If S € L(m,e) then
S = {{m}+ {rmod m | x € msg(9)}) € C(m,e) and g(S) < g(9).
Moreover, if S & C(m, e) then g(S) < g(9).
We illustrate the previous proposition with an example.

Example 8.11. If S = (5,11,17) € £(5,3) then S = ({5} + {0,1,2}) = (5,6,7) €
C(5, 3). Therefore, g(S5) < g(5). Moreover, S & C(5,3), so g(5) < ( ).

The next result is a consequence of Proposition 8.10.
Corollary 8.12. Let m and e be integers such that m > e > 2. Then
1. g(m,e) = min{g(S) | S € C(m.e)}.
2. {5 e Lim,e) | g(5) = g(m,e)} = {S € C(m,e) [ g(S) = g(m,e)}.

Note that C(m, e) is finite and therefore the previous corollary gives us another algo-
rithm for computing g(m, e) and {S € L | g(S) = g(m, e)}. We give more details about
this method using Proposition 2.4 and the calculations which appear in Example 2.5.

Example 8.13. From the calculations of Example 2.5, we have

C(6,3) = {(6,7,8),(6,7,9), (6,7,10), (6,7,11),
(6,8,9), (6,8,11), (6,9, 10), (6,9,11), (6,10, 11) }.

A simple computation shows us

g(<6,7,8>) =9, g(<677’9>) =9, g(<6777 1O>) =9,

9((6,7,11)) = 10, 9((6,8,9)) = 10, 9((6,8,11)) = 11,

9((6,9,10)) = 12, 9((6,9,11)) =13 and 9((6,10,11)) = 13.
Therefore, g(6,3) = 9 and the set {S € L£(6,3) | g(S) = 9} isequal to {(6,7,8), (6,7,9),

(6,7,10)}.

9 Elements of £(m, e) with minimum Frobenius number

Our aim in this section is to obtain algorithmic methods for computing F'(m, e) and {S €
L(m,e) | F(S) = F(m,e)}. The next result is a consequence of Theorem 7.2.

Proposition 9.1. If m is a positive integer and (S,T) is an edge of G(L(m)), then
F(T) < F(S).
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The following result can be deduced from [9].

Proposition 9.2. If m is a positive integer and (S,T) is an edge of G(L(m)), then
e(S) <e(T).

Clearly F'(m,m) =m — 1 and
{SeL(imm)|F(S)=m-1}={{m,m+1,...,2m —1)}.
It is well known (see [14] for example) that if S = (n1, ng) is a numerical semigroup, then
F(S) = niny —ny — ngy. Therefore, we obtain the following result.
Proposition 9.3. Let m be an integer such that m > 2.

1. Fimym) = m —1land {S € Lim,m) | F(S) =m -1} = {{mym+1,...,
2m — 1)}
2. F(m,2) =m?—m—1and {S € L(m,2) | F(S) =m?—m—1} = {{m,m+1)}.
If ¢ is a rational number we denote by [¢] = min{z € Z | ¢ < z}. The next result is
deduced from Corollary 5 of [6].

Proposition 9.4. If m and e are integers such that m > e > 2, then

e —

Fllmm+1,...om+4e—1)) = [m_ﬂm_L

As a consequence of the previous proposition we get the following result.

Corollary 9.5. If m and e are integers such that m > e > 2, then

F(m,e) < {m _H m—1.

e —

In the previous corollary, equality often holds, but in some cases
F((mm+1,....m+e—1)) #min{F(S) | S € L(m,e)}.

For example, F'((4,5,6)) = 7 and F'((4,5,7)) = 6.
From the above results, we obtain the following algorithm where the projections from
the cartesian product £(m) x N are denoted by 7; and 7.

Algorithm 6 An algorithm to compute F'(m,e) and the set of semigroups with a fixed
multiplicity and embedding dimension such that its Frobenius number is F'(m;, ¢).
INPUT: m and e integers such that m > e > 2.
OUTPUT: F(m,e) and {S € L(m,e) | F(S) = F(m,e)}.

1 A={(mm+1,....2m—1)}, I =0and o = [2=]m — 1.

2: while True do

= {(S, F(S)) | S is child of some element of A and F'(S) < a}.
K {§ em(C)]|e(S) > e}
if K = () then
return F'(m,e) = mo(I) and {S € L(m,e) | F(S) = F(m,e)} = m (1)

A=K,B={(S,F(S)) | S € K ande(S) = e}
a =min(m(B)U{a}), I ={(S,F(S)) e IUB| F(S) = a}.

® XN >Nk w

We illustrate how this algorithm works with an example.
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Example 9.6. We compute F'(4,3) and {S € L(4,3) | F(S) = F(4,3)} using Algo-
rithm 6.
o A=1{(4,5,6,7)},I = and

o C={((4, ,7 9),5), ((4,5,7),6),
K = {(4.6,7,9)., (4,5,7), (4.5,6)}.

4-1=T1.
4,5,6),7)} and

3
(«

° A={(4,6,7,9),(4,5,7),(4,5,6)}, B={((4,5,7),6),((4,5,6), 7)},
a=min{6,7} =6and I = {((4,5,7),6)}.
o C'=1{((4,7,9,10),6)} and K = {(4,7,9,10)}.

A={{4,7,9,10)}, B=0, =6 and I = {((4,5,7),6)}.
e C=0(and K = 0.
Therefore, F'(4,3) = 6 and {S € £(4,3) | F(S) = 6} = {(4,5,7)}. Using the Math-

ematica package [5], we obtain 6 and (4, 5, 7), running the commands MinFrob[4, 3]
and FrobeniusEmbeddingDimensionMultiplicity[6, 3, 4], respectively.

Our next goal is to give an alternative algorithm for computing F'(m,e) and {S €
L(m,e) | F(S) = F(m,e)}. The next result is deduced from Proposition 2.4.

Proposition 9.7. If S € L(m,e) then S = ({m} + {x mod m | z € msg(9)}) € C(m,e)
and F(S) < F(S).

As a consequence of the previous proposition we get the following result.

Corollary 9.8. If m and e are integers such that m > e > 2, then F'(m, e) = min{F(5) |
SecC(m,e)}.

The set C(m, e) is finite, so previous corollary give us an algorithmic method for com-
puting F'(m,e).

Example 9.9. We compute F'(6,5). First, we calculate C(6,5) by using Proposition 2.4
and then we apply Corollary 9.8. So,

c(6,5) = {(6,7,8,9,10), (6,7,8,9,11),
(6,7,8,10,11), (6,7,9,10,11), (6,8,9,10,11)}

and therefore

F(6,5) = min{F((6,7,8,9,10)) = 11, F((6,7,8,9,11)) = 10,
F((6,7,8,10,11)) = 9, F((6,7,9,10,11)) = 8,
F((6,8,9,10,11)) = 13} = 8.
We are now interested in giving a method for computing {S € L(m,e) | F(S) =

F(m,e)}. The next example shows us that there exist semigroups S € L(m, e) such that

S & C(m,e) and F(S) = F(m,e).

Example 9.10. The numerical semigroups S; = (7,9,10,15) and Sy = (7,8,10, 19)
verify that S, S € £(7,4) \ C(7,4) and F(S) = F(Ss) = 13 = F(7,4).
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If S € L(m,e) we denote by (S) the numerical semigroup generated by {m} +
{z mod m | x € msg(S)}. Clearly, (S) € C(m,e).

Using the partition given in Section 2 and Theorem 2.3, the following two steps are
sufficient for computing {S € L(m,e) | F'(S) = F(m,e)}.

1. Compute A = {S € C(m,e) | F(S) = F(m,e)}.
2. Forevery S € A, compute {T" € [S] | F(T) = F(S5)}.

We already know how to compute 1. We now focus on giving an algorithm that allows us
to compute 2.

Using Algorithm 1, for S € C(m, e) and F' € N we getthe set {T" € [S] | F(T) < F'}.
Clearly if S € C(m,e) then {T € [S] | F(T) = F(S)} ={T € [S] | F(T) < F(S)}.
We are going to adapt Algorithm 1 to our needs for computing 2.

We now recall some definitions of Section 3. If S is a numerical semigroup, M (S) =
max(msg(S)). If S € C(m,e) the graph G([S]) was defined as follows: [S] is its set of
vertices and (A, B) € [S] x [S] is an edge if

msg(B) = (msg(A) \ {M(A)}) U{M(A) —m}.

Now, using the Theorem 3.3, we give an algorithm which for a semigroup S € C(m, ¢e)
computes the set {1 € [S] | F(T') = F(S)}.

Algorithm 7 An algorithm to compute the semigroups of each equivalence class such that
their Frobenius number is minimum.
INPUT: S € C(m,e).
OUTPUT: {T € [S] | F(T) = F(5)}.

1: A={S}and B = {S}.

2: while True do

3: C = {H | H is child of an element of B and F/(H) = F(5)}.
if C' = () then

return A

A=AUC,B=C.

A

We finish this section with an example to illustrate the above algorithm.

Example 9.11. We use now Algorithm 7 for computing {T" € [S] | F(T) = F(S) = 10}
where S = (6,7,8,9,11) € C(6,5).

o A=1{(6,7,8,9,11)} and B = {(6,7,8,9,11)}.
o C'=1{(6,8,9,11,13), (6,8,11,13, 15)}.
(
(

o A={(6,7,8,9,11),(6,8,9,11,13), (6,8,11,13,15)} and
B ={(6,8,9,11,13), (6,8, 11, 13, 15)}.

o C=1.
Thus, {T € [S] | F(T) = 10} = {(6,7,8,9,11), (6,8,9,11,13), (6,8, 11, 13,15)}.

This result is also obtained with the package FrobeniusNumberAndGenus ([5]) by
executing the command ComputeEquivalenceClass[{6,7,8,9,11}].
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Abstract

In this paper, we continue the investigation of different types of (Grundy) dominating
sequences. We consider four different types of Grundy domination numbers and the related
zero forcing numbers, focusing on these numbers in the well-known class of Kneser graphs
K, . In particular, we establish that the Grundy total domination number 7;7_ (K,r) equals
(2:) for any » > 2 and n > 2r + 1. For the Grundy domination number of Kneser graphs
we get Ygr (K, ) = a(K, ) whenever n is sufficiently larger than . On the other hand,
the zero forcing number Z (K, ,) is proved to be (:f) — (2:) whenn > 3r+1landr > 2,
while lower and upper bounds are provided for Z(K,,,) when 2r +1 < n < 3r. Some
lower bounds for different types of minimum ranks of Kneser graphs are also obtained
along the way.
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1 Introduction

The Kneser graph, K, ,, where n,r are positive integers such that n > 2r, has the r-
subsets of the n-set as its vertices, and two r-subsets are adjacent in K, . if they are disjoint.
The class of graphs became well-known by the celebrated Erd6s-Ko-Rado theorem [11],
which determined the independence number «( K, ) of the Kneser graph K, ,- to be equal
to (2:11) Another famous result is Lovasz’s proof of Kneser’s conjecture, which deter-
mines the chromatic number of Kneser graphs [22], see also MatouSek for a combinatorial
proof of this result [23]. Many other invariants were later considered in Kneser graphs by
a number of authors. In particular, the domination number of Kneser graphs was studied in
several papers [16, 19, 24], but there is no such complete solution for domination number
of Kneser graphs as is the case with the chromatic and the independence number.

Various Grundy domination invariants have been introduced in recent years [5, 7, 8],
arising from two standard domination invariants, the domination number and the total dom-
ination number. In the context of domination, we say that a vertex x fotally dominates ver-
tices in its (open) neighborhood, N (x) = {y | zy € E(G)}, and that x dominates vertices
in its closed neigborhood, N[z] = N(z) U {z}. A set D in a graph G is a dominating
set (resp., a total dominating set) of G if every vertex in V(G) is dominated (resp., totally
dominated) by a vertex in D. (Clearly, G must not have an isolated vertex to have a total
dominating set.) The minimum cardinality of a dominating set (resp., total dominating set)
is the domination number (resp., the total domination number) of G, and is denoted by
~v(G) (resp., 7:(G)). Now, Grundy (total) domination number is introduced while applying
a greedy algorithm to obtain a (total) dominating set D as follows. Vertices are added to
the set D one by one, requiring that a vertex x that was added to D (totally) dominates at
least one vertex that was not (totally) dominated before this vertex was added. The longest
length of such a sequence in a graph G is the Grundy (total) domination number, 4, (G)
(resp., fy;T(G)). By imposing an additional condition on such dominating sequences, one
gets the so-called Z-dominating sequences and Z-Grundy domination number [4], denoted
by fng7.(G). See Section 2 for formal definitions, and [6, 9] for more results on Grundy
domination and Grundy total domination numbers.

In [5] a strong connection between the Z-Grundy domination number and the zero
forcing number of a graph was established. The latter graph invariant has been intensively
studied in recent years; it is closely related to another well-known domination concept
called power domination, cf. [13, 14]. Moreover, the zero forcing number is very useful in
determining the minimum rank of a graph; see the seminal paper about this connection [1]
and some further studies [2, 3, 10]. Minimum rank mr(G) of a graph G is defined as the
minimum rank over all symmetric matrices that have non-zero (real) values in the non-zero
entries of the adjacency matrix A(G) of G, arbitrary real values in the diagonal, and zero
values in all other entries. (See the survey on minimum rank, where many applications and
other interesting results on this parameter can be found [12].) In addition, the skew zero
forcing number (denoted by Z_ ((G)) was introduced in [18], and studied in the context of
the invariant mrg, which is a version of the minimum rank in which matrices are in addition
required to have empty diagonals. Motivated by the results of [5], Lin [20] noticed a similar
connection between the Grundy total domination number and the skew zero forcing number
of graphs, and also between the Grundy domination number and another version of the
minimum rank parameter, denoted by mr;. As shown by Lin [20], the following bounds
hold:

Yer(G) <mry(G),  75(G) Smrp(G), 7 (G) < mr(G).
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Consequently, any lower bound on a Grundy domination parameter gives a lower bound on
the corresponding minimum rank parameter.

In this paper, we study four types of Grundy domination parameters (beside the men-
tioned ones also the L-Grundy domination number) in Kneser graphs, and apply the ob-
tained results to give some bounds or exact results about zero forcing parameters and
minimum rank parameters in Kneser graphs. In the next section, we give all the nec-
essary definitions, establish the notation and present some preliminary results. In Sec-
tion 3 we prove that v, (K, 2) = a(K,2) = n—1forn > 6, while 7,4, (K52) = 5.
More generally, for Kneser graphs K,, , when r > 2 we establish an asymptotic result,
which states that there exists an ng € N dependent on 7 such that for all n, n > ny,
we have vy, (Kpr) = a(Ky,) = (fj) The most complete result is obtained for
the Grundy total domination number, where we show that for » > 2 and n > 2r + 1,
'yér(K,W) = (2:). This result is proven in Section 4, using a set theoretic result due to
Gyarfas and Hubenko [15], which is the ordered version of Lovész’s result for set-pair col-
lections [21]. Section 5 is about Z-Grundy domination number of Kneser graphs. We prove
that for any » > 2 and n > 3r 4 1, we have 'ngT(Kn,T) = (2:). This immediately implies
the result for Kneser graphs with » > 2 and n > 3r + 1 about their zero forcing number,
notably Z (K, ;) = (7) — (2:); and a lower bound for the minimum rank, which reads as
mr(K, ) > (2:). On the other hand, when 2r +1 < n < 3r and r > 2 we only prove the
lower bound for Z-Grundy domination number: fngT(K ) > (2:) - (%;i;") , which is
dependent on both r and n. In Section 6, we investigate the L-Grundy domination number
of Kneser graphs K, ,, provide the exact result when r = 2, and when r is bigger than 2
we prove a lower and an upper bound, which are not far apart. Finally, in the concluding
section, we rephrase the Z-Grundy domination number and the Grundy domination number
as set-theoretic problems.

2 Preliminaries and notation

Let [n] = {1,2,...,n}, where n. € N. In [7] the first type of Grundy dominating sequences
was introduced.

Let.S = (vy,...,vx) be asequence of distinct vertices of a graph G. The corresponding
set {vy,..., vy} of vertices from the sequence S will be denoted by S. The initial segment
(v1,...,v;) of S will be denoted by S;. Given a sequence S" = (uy, ..., u,) of vertices
in G such that SN S = @, S @ S’ is the concatenation of S and 5’, ie., S ® S’ =
(U1, Uy UL, .., Um). A sequence S = (vy,...,v;), where v; € V(G), is called a
closed neighborhood sequence if, for each ¢

i—1

N\ |J Nlvj] # 0. @1

Jj=1

If for a closed neighborhood sequence S, the set Sisa dominating set of G, then S is
called a dominating sequence of G. We will say that v; footprints the vertices from N[v;] \
U;;ll Nv;], and that v; is the footprinter of any u € N[v;]\ U;\;ll N [v;]. For a dominating
sequence S, any vertex in V(G) has a unique footprinter in S. Clearly, the length & of a
dominating sequence S = (v1,...,vy) is bounded from below by the domination number

~(G) of a graph G. We call the maximum length of a dominating sequence in G the Grundy
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domination number of a graph G and denote it by v, (G). The corresponding sequence is
called a Grundy dominating sequence of G or ~y,4,.-sequence of G.

In a similar way total dominating sequences were introduced in [8], when G is a graph
without isolated vertices. Using the same notation as in the previous paragraph, we say that
asequence S = (vy,...,vx), where v; € V(QG), is called an open neighborhood sequence
if, for each ¢

i—1
N(oi)\ | N(v;) #0. 2.2)

j=1

We also speak of total footprinters of which meaning should be clear. It is easy to see that an
open neighborhood sequence S in G of maximum length yields .S to be a total dominating
set; the sequence S is then called a Grundy total dominating sequence or *y;,.-sequence, and
the corresponding invariant the Grundy total domination number of G, denoted 'y;T(G’).
Any open neighborhood sequence S, where S is a total dominating set is called a rotal
dominating sequence.

Two additional variants of the Grundy (total) domination number were introduced
in [5]. Let G be a graph without isolated vertices. A sequence S = (v, ...,vy), where
v; € V(Q), is called a Z-sequence if, for each 4

i—1

N(w)\ | Nlv;] # 0. (2.3)

j=1

Then the Z-Grundy domination number ngT(G) of the graph G is the length of a longest
Z-sequence. Note that such a sequence is also a closed neighborhood sequence and hence
ng,,.(G) < 74-(G). Given a Z-sequence S, the corresponding set .S of vertices will be
called a Z-set. Note that vZ.(G) = ~,,(G) if and only if there exists a Grundy dominating
sequence for G each vertex of which footprints some of its neighbors.

mry,

Z
Tgr

Figure 1: Connections between different Grundy domination and minimum rank parame-
ters.
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While observing the defining conditions of the three concepts in (2.1), (2.2) and (2.3),
it is natural to consider also the fourth concept. It gives the longest sequences among all
four versions, and we call it L-Grundy domination. Given a graph G, a sequence S =

(v1,...,vk), where v; are distinct vertices from G, is called an L-sequence if, for each i
i—1
N\ | N(v)) # 0. 2.4)
j=1

Then the L-Grundy domination number ngT,(G) of the graph G is the length of a longest

L-sequence. Given an L-sequence .5, the corresponding set S of vertices will be called an
L-set (the requirement that all vertices in S are distinct, indeed makes S to be a set, and
prevents the creation of an infinite sequence by repetition of one and the same vertex). Note
that it is possible that v; L-footprints only itself. We will make use of the following result.

Proposition 2.1 ([5, Proposition 3.1]). If G is a graph with no isolated vertices, then
(i) Y5 (G) < 79r(G) < 95 (G) = 1,

(ii) g (G) < 74, (G) < 75.(G)
and all the bounds are sharp.

As mentioned earlier, Lin established the connections between different Grundy dom-
ination numbers, zero forcing numbers and minimum rank invariants. (For definitions of
different zero forcing and minimum rank parameters we refer to [20].)

Theorem 2.2 ([20]). If G is a graph without isolated vertices, then
(1) [V(G)| = Zi(G) = 74 (G) < mr(G),
(2) V(G)| = Z-(G) = 7;,(G) < mro(G)

(3) [V(Q)] - Z(G) = 7Z(G) < mr(G).

4) |[V(G)| = ZL(G) = 7L (G) < mrp(G).

The connections between different Grundy domination and minimum rank parameters
that follow from Proposition 2.1 and Theorem 2.2 are presented in the Hasse diagram in
Figure 1.

3 Grundy domination number

It is easy to check (we did this by computer) that the Grundy domination number of the
Petersen graph, K5 o, equals 5. Since this is bigger (by 1) than the independence number
of the Petersen graph, it is somewhat surprising that for all n bigger than 5, the Grundy
domination number equals the independence number of K, 5.

Proposition 3.1. Forn > 6, 4, (K 2) = a(Kp2) =n— 1.
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Proof. Clearly, as a sequence of vertices forming a maximum independent set is a Grundy
dominating sequence, we have v, (K 2) > (K, 2) = n — 1. In addition, we have
checked by computer small cases, establishing fygT(Kn,g) =n-—1,for6 <n<8.

For the proof of the reversed inequality for n > 8, let S = (vy,...,vx) be a Grundy
dominating sequence of K, ». Suppose k > n — 1. Hence, S is not a stable set. We may
assume that S\'Z is a stable set for some ¢ > 1, while v;1 is adjacent to some v; € §Z
Note that, since n > 6, we may assume without loss of generality that v; = {1, + 1}
for1 < j <i(ifi=3andS; = {{1,2},{1,3},{2,3}}. then all vertices are already
dominated by SA}, a contradiction).

First, if ¢ < 2, then after S3 = (v1,v2,v3), or So = (v1,vq) if & = 1, at most four
vertices remain undominated, notably vertices from {{1, 3}, {1,4}, {2, 3}, {2,4}}. Hence,
counting the largest possible number of steps, we get k£ < 7. Asn > 8, this is only possible
when n = 8, in which case we have 7, (K3 2) = 7, already noticed above.

Hence, we may assume that ¢ > 2. Therefore, after the segment S; is included, only

the vertices in {{1,7 + 2},...,{1,n}} remain undominated. Since each vertex in the
sequence S has to dominate some undominated vertex k < i+n—(i+1) =n—1,a
contradiction. O]

While we could not find exact values of Grundy domination number for all Kneser
graphs K, ,., we prove in some sense similar result as we have for K, 5. Namely, as soon
as n is large enough with respect to a given r (e.g., when r = 2, this was n > 6), we can
prove that vy, (K, ») = a(K, ).

Theorem 3.2. For any r > 2, there exists ng € N such that for all n, n > ng, we have

i) =l = (12 1)

Proof. The result is proven for 7 = 2 by Proposition 3.1. Fix » > 3, and consider a
dominating sequence S = (v1, ..., Up,) of K,, ., assuming that S is not a stable set.

In the first case, suppose that already v; and v, are adjacent, and without loss of gen-
erality we may assume that v; = {1,...,7} and v = {r +1,...,2r}. Let V' be the
set of vertices, not dominated by {vy,v2}. Note that every element in V' is an r-set that
contains at least one element from v; and at least one element from vs. Denoting by
¢={2r+1,...,n}, any element in V' consists of i elements from ¢, where 0 < i < r—2,
7 elements from vy, where 1 < j < r — ¢ — 1, and consequently, r — ¢ — j elements from
vg (note that r — 7 — 5 > 1).

=2 () 065

Note that Zr -1 (]) ( " ) is not dependent on n, hence for fixed r this is a constant,

r—j—t
while 27_% ("7%") is a polynomial in n of degree r — 2. Hence |V’| = O(n"~2). On the
other hand, a(K,, ) = (T 1) hence the resulting dominating sequence is of size Q(n" ).

Note that the length of the sequence S is at most 2 + |V’|. Hence, if n is big enough, S is
not a Grundy dominating sequence, because its length is less than (Zj)
In the second case, the initial segment of S, Sk, is a stable set, for some k& > 1, while

V41 1S adjacent to some vertex in S;. Without loss of generality, we may assume that
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vy ={1,...,r}and vxy1 = {r +1,...,2r}. Note as above that the size of the set V’ of
vertices in K, ., which are not in N(vy) U N(vgs1) is O(n"~2). To complete the proof
of this case, consider the subgraph G’ = K, ,, — (Uyes, N[v]). Note that G’ must have an
edge, for otherwise the proof is already done (indeed, no edges in this graph means, that
an optimal sequence .S consists of the stable set Sy U V(G")). Let ab be an edge in V(G’).
Clearly, for all vertices v in S, v is not adjacent to the endvertices of ab, i.e., we have
vNa#(0andvNb# 0. In the same way as above we get that the longest such sequence
Sy, has at most Y70 ("%") Z;;Zl_l (%) (._;_;) vertices, and so |Sk| = k is of the order
O(n"~2). Note that the set of vertices not footprinted by vertices in S 1 is contained in
V'. Then |Sk11] + |V'| = k + 1 + |V’| is an upper bound for |S| and remains of the
order O(n"~?). Therefore, for n big enough, | S| will not be greater that (”_1) , which is of

r—1

order Q(n"1). O

For the zero forcing parameter Z; and minimum rank parameter mr; Theorem 3.2 gives
the following observation.

Corollary 3.3. For any r > 2, there exists ng € N such that for all n, n > ng, we have

—1
Zé(Knﬂ') = (n r ) and

mry(Kp,) > a(K,,) = (’:: i)

Note that for 2r + 1 < n < ng a lower bound could be improved by improving
the values of v, (K, ). It would be even more interesting to find an upper bound for
mr; (K, ), which might require tools from linear algebra.

Unfortunately, we do not know how large must be ng in Theorem 3.2 and Corollary 3.3
when r > 3. This is an interesting issue yet to be investigated. We could only check by
computer that vy (K7 3) = 20, while clearly o(K7 3) = 15.

4 Grundy total domination number

Unlike the Grundy domination number, we prove that the Grundy total domination number
of K, , does not depend on n. Moreover, we provide the exact value of fyf]T,(K n,r) for all
cases. To this end, we use an ordered version of Lovész’s result for set-pair collections [21]
provided by Gyarfas and Hubenko [15].

Lemma 4.1 ([15, Lemma 1]). Let T = {(4;,B;) | 1 < ¢ < k} be a set-pair collection
with |A;| = a, | B;| = b satisfying the following conditions:

1. AiNB; =0 for1 <i<k;
2. ANB; £0 for1 <i<j <k
Then k < (a:b).
Proposition 4.2. Forr > 2andn > 2r + 1,7 (K, ) = (*).

Proof. In order to obtain the lower bound, it is enough to note that any sequence .S such
that S = {A C [2r] | |A| = r} is a total dominating sequence of K, ..
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To prove the upper bound, let S = (v1, ..., v)) be a total dominating sequence of K, .
For 1 < i < k, let u; be a vertex totally footprinted by v;. It is not hard to see that the
set-pair collection T = {(v;,u;) | 1 < i < k} satisfies both conditions in Lemma 4.1.
Since |v;| = |u;| = r for 1 <i < k, then k < (2:) and the result follows. O

For the skew zero forcing number Z_(G) and the minimum rank parameter mro(G)
we get the following consequences.

Corollary 4.3. Ifr > 2,n > 2r+1, then Z_(K,,,) = (*) — (*") and mro (K, ) > (*7).

T T

S Z-Grundy domination number

It is easy to check that the Z-Grundy domination number of the Petersen graph K7 5 and
of K 2 equal to 5. Note that Proposition 4.2 provided a general upper bound, i.e., for
r>2andn > 2r +1, Vng(Kn,r) < (2;) We can prove that this bound is reached in the
following cases.

Proposition 5.1. Forr > 2andn > 3r + 1, v2.(K,,) = (*7).

T

Proof. Let us consider the following sets

Si={A|AcC[2r],1€ A, |A| =1},
Sy={A|AC{r+2,r+3,....3r},|A| =7} —{2r +1,...,3r}.

Let S; be any sequence of §I and let So be any sequence of 3‘; We claim that S =
S1®({2r+1,...,3r})®S, is aZ-dominating sequence. Indeed, each u € N Z-footprints
atleast f = [2r] —u, {2r + 1,...,3r} Z-footprints [r — 1] U {3r + 1} and each v € S,
Z-footprints at least f = {1} U ({r + 2,7 +3,...,3r} — v). Hence, v7.(K, ) > |S| =
1S1]+141S| =2(*"") = (*).

As we have mentioned, the equality follows directly from Proposition 2.1 and 4.2. [

Proposition 5.2. Forr > 2and 2r +1 < n < 3r, WQZT(KH,T) > (2:) — (4“17").

3r—m

Proof. Let us consider the following sets

Si={A|Ac[2],1€ A Al =r},
3’;:{14|AC{n—2T+2,n—2r+3,...7n},{2r+1,...,n}¢A7\A|:r}.

Note, that

|§\|_ 2r—1 2r—1—(n—2r)\ [(2r—1 dr—1—n
2 r r—(n—2r) B r 3r—n )’
Let S7 be any sequence of 3; and let S5 be any sequence of 3; We claim that S = 571 S,
is a Z-dominating sequence. Indeed, each v € Sy Z-footprints at least f = [2r] — u and
each v € Sy Z-footprints at least f = {1}U({n—2r+2,n—2r+3,...,n} —v). Hence,

F)/gzv(Kn,T) Z ‘S| — |S1| + |S2| — 2(27‘;1) _ (47'71771) — (QT) _ (4r717n). 0

3r—mn T 3r—m

Perhaps the most interesting case is that of odd graphs K (2r + 1,r):
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r—1 T r—1

Corollary 5.3. Forr > 2, v/ (Kary1,) > () = () =22 (D).
For the zero forcing numbers of Kneser graphs we get the following.

Corollary 5.4.
(i) Forr >2and2r +1<n <3r, Z(K,,) < (n) _ (2r) + (47‘71771,).

T r 3r—n
(2:)'

Propositions 5.1 and 5.2 yield the following consequences for the minimum ranks,
mr(K, ;).

(ii) Forr >2andn >3r+1, Z(K,,) = () -

T

Corollary 5.5.
(i) Forr >2and2r +1<n <3r, mr(K,,)> (QT) — (4T_1_’L).

T 3r—mn

(ii) Forr > 2andn > 3r+ 1, mr(K, ,) > (2T).

—_ T

6 L-Grundy domination number
Proposition 6.1. Forn > 5, v} (K, 2) =n+ 2.

Proof. First, we prove that S = ({1, 2}, {1,3},{1,4},...,{1,n},{2,3},{2,4},{3,4}) is
a L-sequence of K, o, where n > 5. Note that S is an L-sequence, since each {1,i}, where
i € [n] — {1}, L-footprints itself, {2, 3} L-footprints {1,4}, {2,4} L-footprints {1, 3}, and
{3,4} L-footprints {1, 2}. Hence, v}.(K, 2) > n + 2.

For the proof of the reversed inequality for n > 5, let S = (vy,. .., vx) be a maximal
L-sequence of K, ». We may assume without loss of generality that v; = {1,2}. Clearly,
v1 L-footprints itself and vertices of the form {7, j}, where 4, j € [n] — {1,2} and 7 # j.
Next, assume vg is a neighbor of v;. Without loss of generality we may assume vy =
{3,4}. Thus, vo L-footprints itself and vertices of the form {i,j}, where i € {1,2},j €
[n] — {3,4} and i # j. Hence, just the vertices {1,3},{1,4}, {2,3} and {2,4} remain
not L-dominated by So. The rest can be L-dominated with at most 4 vertices. Follows,
S| <6 <n+2.

Next, suppose vs is not a neighbor of v;. Without loss of generality let v, = {1, 3}. In
this case, the vertex {2, 3} and the vertices of the form {1,4}, where ¢ € [n] — {1}, remain
not L-dominated by Ss. Next, we distinguish again 4 cases:

(i) wvs is a neighbor of vy and v (vs is of the form {i,j}, where 4,j € [n] — {1,2,3}
and i # j),

(i) w3 is aneighbor of v; and not of v, (v3 is of the form {3, i}, where ¢ € [n]—{1,2,3}),

(ili) ws is a neighbor of v, and not of vy (vs is of the form {2, 4}, where i € [n]—{1, 2, 3}),
and

(iv) vs is not a neighbor of vy or vy (v3 is {2,3} or is of the form {1,:}, where ¢ €
[n] —{1,2,3}).

In the cases (i), (ii), (iii) or if v3 = {2, 3} in the case (iv), there are at most 3 vertices left,
that are not L-dominated by Ss. In all cases we can L-dominate the rest with at most 4
vertices. Hence, |S| <7 <n+ 2.
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In the case (iv), where vs = {1,¢} (¢ € [n] — {1, 2, 3}), the vertex vs L-footprints just
itself and {2, 3}. Hence, just the vertices of the form {1,4}, where i € [n] — {1}, remain
not L-dominated by 3; Note, that it is possible that v; is first L-footprinted by itself and
then later again by another vertex from S. Next, if vy = {1,4}, then vy just L-footprints
itself and the same vertices stay not L-dominated. Hence, to make the sequence S as large
as possible, next in the sequence can be vertices v;—1 = {1,i} fori =4,...,n.

Without loss of generality let v,, = {2,3} (until now in the sequence are all vertices
that contain 1). Hence, just the vertices {1,2} and {1, 3} remain not L-dominated by Sp.
Follows, |S| < n + 2. O

Proposition 6.2. Forr > 2andn > 2r + 1, vk (K, ,) > (:fj) + (2rr_1).

Proof. Let Sy = {A|ACn],1€ A,|A|=r}andlet Sy ={A|AcC [2r] — {1},|4| =
r}. Let Sy be any sequence of fS’; and let Sy be any sequence of :9; We claim that
S = 51 @ S, is an L-dominating sequence.

Indeed, each u € g; L-footprints at least itself and each v € g; L-footprints at least
f=[2r] — v. Hence, v} (Kp.) > [S| = |S1] + 82| = (P2)) + (*1). O

T

For the upper bound, we first present a general result bounding the L-Grundy domi-
nation number of a graph G with no isolated vertices by using the independence number
«(G) and the Grundy total domination number ~;,.(G).

Proposition 6.3. For a graph G with no isolated vertices, v5,.(G) < a(G) +~},.(G) — L.

Proof. Let S = (v1,...,vx) be an L-sequence of G. Let A, B and C be the sets of
vertices of S such that every vertex in A only L-footprints itself, every vertex in B L-
footprints itself and (at least) one more vertex and every vertex in C' does not L-footprint
itself. Note that { A, B, C'} is a partition of S. Besides, A U B is a stable set of G. Hence,
|A| + |B] < a(G). Let S" = (w1, - . ., wy, ) be the subsequence of S (respecting the order

N

in S) such that S = B U C. Clearly, S’ is an open neighborhood sequence in G, thus

m <4t (G).
Therefore, |S| = |A|+ |B|+|C| < a(G)—l—’yzr(G)— |B| < a(G)—i—yé,(G) —1, since
v € B. ]

Corollary 6.4. Forr > 2andn > 2r + 1, ngT(Kn,r) < ("_1) + (2:) -1

— \r—1

Note that the gap between the lower and the upper bound in Proposition 6.2 and Corol-
lary 6.4 is (2T_1) — 1, which is fixed with respect to n.

T

7 Set-theoretic connections

Following the set-theoretic connections as in the case of Grundy total domination number
(see Lemma 4.1), we ask the following.

Problem 7.1. LetT = {(A“ Bz) | (Az @] Bz) - [n], |Az‘ = |Bz| =7, foralli € [ki]} be a
set-pair collection satisfying the following conditions:

1. AnNB;=0orA; =B;forl <i<k;
2. AiﬂBj#@andAi#ijor1§i<j§k.
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Note that |T'| = k.
Determine the smallest value f(n,r) for which k < f(n, r) for all such set-pair collec-
tions 7.

From Theorem 3.2, for any r» > 2 there exists ng € N such that for all n, n > ng, we
have f(n,7) =Yg (Kpn,) = a(Knr) = ("1). Note that in this case, the cardinality n of
the universal set in which A; and B; are contained plays an important role in determining
f(n,r). As we see in the next case, allowing condition A; = B; is also relevant to the
problem.

In a similar way, we propose the corresponding question for the Z-Grundy domination

number.

Problem 7.2. Let T = {(A;, B;) | (A; U B;) C [n],|Ai| = |Bi| =, foralli € [k]} be a
set-pair collection satisfying the following conditions:

1. AiﬁBi:@fOI‘ISiSk;
2. AiﬁBj#@andAi;éijorlgi<j§k.

Note that |T'| = k.
Determine the smallest value fz(n,r) for which k& < fz(n,r) for all such set-pair
collections 7T'.

Note that fz(n,r) = vZ.(Kn,) = (2:) for n > 3r + 1. In this case fz(n,r) is
independent of n, but it is unclear whether this function is dependent on n when 2r + 1 <
n < 3r.
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Abstract

If G and H are two cubic graphs, then an H-coloring of G is a proper edge-coloring
f with the edges of H, such that for each vertex = of G, there is a vertex y of H with
f(0c(x)) = On(y). If G admits an H-coloring, then we will write H < G. The Petersen
coloring conjecture of Jaeger (P;o-conjecture) states that for any bridgeless cubic graph G,
one has: Pjg < G. The Sjg-conjecture states that for any cubic graph G, S1p < G. In
this paper, we introduce two new conjectures that are related to these conjectures. The first
of them states that any cubic graph with a perfect matching admits an Sy5-coloring. The
second one states that any cubic graph G whose edge-set can be covered with four perfect
matchings, admits a Pj,-coloring. We call these new conjectures S12-conjecture and P -
conjecture, respectively. Our first results justify the choice of graphs in Si3-conjecture
and Pjo-conjecture. Next, we characterize the edges of P;5 that may be fictive in a P)o-
coloring of a cubic graph G. Finally, we relate the new conjectures to the already known
conjectures by proving that .S1s-conjecture implies S7g-conjecture, and Pj5-conjecture and
(5,2)-Cycle cover conjecture together imply Pjo-conjecture. Our main tool for proving
the latter statement is a new reformulation of (5,2)-Cycle cover conjecture, which states
that the edge-set of any claw-free bridgeless cubic graph can be covered with four perfect
matchings.
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1 Introduction

In this paper, we consider finite, undirected graphs. They do not contain loops, though
they may contain parallel edges. We also consider pseudo-graphs, which may contain both
loops and parallel edges, and simple graphs, which contain neither loops nor parallel edges.
As usual, a loop contributes to the degree of a vertex by two.

Within the frames of this paper, we assume that graphs, pseudo-graphs and simple
graphs are considered up to isomorphisms. This implies that the equality G = G’ means
that G and G’ are isomorphic.

For a graph G, let V(G) and E(G) be the set of vertices and edges of G, respectively.
Moreover, let Oz () be the set of edges of G that are incident to the vertex = of G. A
matching of G is a set of edges of GG such that any two of them do not share a vertex.
A matching of G is perfect, if it contains ‘V(QG)I edges. A block of GG is a maximal 2-
connected subgraph of G. An end-block is a block of G containing at most one vertex that
is a cut-vertex of G. A subgraph H of G is even, if every vertex of H has even degree in
H. A subgraph H is odd, if every vertex of G has odd degree in H. Sometime, we will
refer to odd subgraphs as joins. Observe that a perfect matching is a join of a cubic graph.
A subgraph H is a parity subgraph if for every vertex v of G dg(v) and dy (v) have the
same parity. Observe that H is a parity subgraph of G if G — E(H) is an even subgraph
of G.

Let G is a cubic graph, and let K be a triangle in G such that each of K is of multiplicity
one. For an edge e of K, let f be the edge of G that is incident to a vertex of K and is not
adjacent to e. Edges e and f will be called opposite edges.

Let G and H be two cubic graphs. An H-coloring of G is a mapping f: E(G) —
E(H), such that for each vertex = of G there is a vertex y of H, such that f(Jdg(z)) =
Op (y). If G admits an H-coloring, then we will write H < G. It can be easily seen that if
H < G and K < H, then K < @. In other words, < is a transitive relation defined on the
set of cubic graphs.

If H < G and f is an H-coloring of G, then for any adjacent edges e, ¢’ of G, the
edges f(e), f(e’') of H are adjacent. Moreover, if the graph H contains no triangle, then
the converse is also true, that is, if a mapping f: E(G) — E(H) has a property that for
any two adjacent edges e and e’ of G, the edges f(e) and f(e’) of H are adjacent, then f
is an H-coloring of G (see Lemma 2.1).

o =g

Figure 1: The graph Pi. Figure 2: The graph Si¢.

Let P be the well-known Petersen graph (Figure 1) and let Sy be the graph from
Figure 2. The Petersen coloring conjecture of Jaeger states:
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Conjecture 1.1 (Jaeger, 1988 [9]). For any bridgeless cubic graph G, Pyy < G.

Sometimes, we will call this conjecture as Pjg-conjecture. The conjecture is difficult
to prove, since it can be seen that it implies the following classical conjectures:

Conjecture 1.2 (Berge-Fulkerson, 1972 [4, 15]). Any bridgeless cubic graph G contains
six (not necessarily distinct) perfect matchings F1, . . ., Fg such that any edge of G belongs
to exactly two of them.

This list of six perfect matchings usually is called a Berge-Fulkerson cover of G. If
k(G) is the smallest number of perfect matchings that are needed to cover the edge-set of
G, then observe that this conjecture implies that k(G) < 5 for any bridgeless cubic graph.
This weaker statement is known as Berge conjecture.

Conjecture 1.3 ((5, 2)-even-subgraph-cover conjecture [1, 13]). Any bridgeless graph G
(not necessarily cubic) contains five even subgraphs such that any edge of G belongs to
exactly two of them.

Let us note that some of the even subgraphs stated in this conjecture might be empty.
Related with the Jaeger conjecture, the following conjecture has been introduced in [11]:

Conjecture 1.4 (V. V. Mkrtchyan, 2012 [11]). For any cubic graph G, S19 < G.

We will call this the S7¢-conjecture.

A k-edge-coloring is an assignment of colors to edges of a graph from a set of k colors
such that adjacent edges receive different colors. The smallest £ for which a graph G
admits a k-edge-coloring is called a chromatic index of G and is denoted by x/(G). If «
is a k-edge-coloring of a cubic graph G, then an edge e = ww is called poor (rich) in «,
if the five edges of GG incident to u or v are colored with three (five) colors. « is called a
normal k-edge-coloring of G if any edge of G is either poor or rich in a.. Observe that not
all cubic graphs admit a normal k-edge-coloring for some k. An example of such a graph
is the graph from Figure 2. On the positive side, all simple cubic graphs admit a normal 7-
edge-coloring [10]. The smallest k (if it exists) for which a cubic graph G admits a normal
k-edge-coloring is called a normal chromatic index of G and is denoted by X'y (G).

Normal colorings were introduced by Jaeger in [8], where among other results, he
showed that for a cubic graph G, xy(G) < 5 if and only if G admits a Pjo-coloring.
This allowed him to obtain a reformulation of Conjecture 1.1, which states that for any
bridgeless cubic graph G, x5 (G) < 5.

In this paper, we introduce two new conjectures that are related to Conjectures 1.1
and 1.4. In Section 2, we discuss some auxiliary results that will be useful later in the paper.
In Section 3, we briefly discuss so-called coloring-hereditary classes of cubic graphs that
allowed us to come up with these two new conjectures. Then in Section 4, we present our
main results. Finally, in Section 5, we discuss some open problems. Terms and concepts
that we do not define in the paper can be found in [17, 18].

2 Auxiliary results

In this section, we present some auxiliary results that will be useful later. Our first two
results are lemmas about some properties of H-colorings of cubic graphs. Though all these
properties are known before, for the sake of completeness we give complete proofs.
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Lemma 2.1. Assume that G and H are two cubic graphs. Moreover, let H be triangle-free.
If a mapping f: E(G) — E(H) has a property that for any two adjacent edges e and €'
of G, the edges f(e) and f(e') of H are adjacent, then f is an H-coloring of G.

Proof. In order to see this, assume that f is not an H-coloring of G. Then G contains a
vertex w where the definition of an H-coloring is violated. Let e, es and es be the three
edges incident to w. Assume that the colors of e; and es in f are the edges xy and yz of H.
Observe that z # x, as otherwise we will have f(Jg(w)) = 0 () or f(Og(w)) = Ou(y)
violating the choice of w. Now, the edge f(e3) of H cannot be incident to y. On the other
hand, it must be adjacent to zy and yz. Hence f(e3) connects = and z. Observe that the
edges z, y and z form a triangle in H. This contradicts our condition on H. O

Note that the condition H is triangle-free is important in the previous lemma. If G is
any 3-edge-colorable cubic graph and H contains a triangle with edges h1, ha and hs, then
consider the 3-edge-coloring of G with colors hy, he and hs. Observe that for any two
adjacent edges of G, their colors are adjacent edges in H. However, the coloring is not an
H-coloring as in every vertex of G its definition is violated.

Lemma 2.2. Suppose that G and H are cubic graphs with H < G, and let f be an H-
coloring of G. Then:

(a) If M is any matching of H, then f~*(M) is a matching of G;

(b) X'(G) < X'(H);

(c) If M is a perfect matching of H, then f~1(M) is a perfect matching of G;

(d) K(G) < k(H);

(e) If H admits a Berge-Fulkerson cover, then G also admits a Berge-Fulkerson cover;
(f) For every even subgraph C of H, f~1(C) is an even subgraph of G;

(g) For every bridge e of G, the edge f(e) is a bridge of H;

(h) If H is bridgeless, then G is bridgeless as well;

(i) X (G) < Xy (H).

Proof. (a) and (c): The proof of (a) follows from the definition of H-coloring: as adjacent
edges of G must be colored with adjacent edges of H, then clearly the pre-image of a
matching in H must be a matching in G. For the proof of (c) let M be a perfect matching
of H. Then by (a), f~!(M) is a matching of G. Let us show that it covers all vertices of
G. Let v be a vertex of G. Then the three edges incident to v are colored by a similar three
edges of H. Since M is a perfect matching of H, one of these three edges must belong to
M, hence f~1(M) N dg(v) # 0. Thus, f~1(M) is a perfect matching of G.

(b) and (d): For the proof of (b) assume that x'(H) = s and let My, . .., M be the color
classes of H in an s-edge-coloring. Consider f~1(My),. .., f~1(M,). Observe that due to
(a), they are forming s matchings covering the edge-set of G. Thus, X' (G) < s = x/(H).
The proof of (d) is similar: let k(H) = s and let My, ..., M be the s perfect matchings
of H covering E(H). Consider f~1(My), ..., f~1(M,). Observe that due to (c), they are
forming s perfect matchings covering the edge-set of G. Thus, k(G) < s = k(H).

(e): Let C = (F4,...,Fs) be a Berge-Fulkerson cover of H. Consider the list
f7YO) = (fFYF),...,f Y(Fs)). Observe that due to (c) they are forming a list of
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six perfect matchings of G. Moreover, every edge of G belongs to at least two of these
perfect matchings. Hence f~!(C') is a Berge-Fulkerson cover of G.

(f): Let C' be an even subgraph of H. Let us show that any vertex v of G has even
degree in f~1(C). Since H is cubic, C is a disjoint union of cycles. Assume that in f the
three edges incident to v are colored with three edges incident to a vertex w of H. Then if
w is isolated in C), then clearly v is isolated in f -1 (C). On the other hand, if w has degree
two in C, then v is of degree two in f~1(C). Thus, v always has even degree in f~1(C),
or f~1(C) is an even subgraph of G.

(2): Let e be a bridge of G and let (X, V(G) \ X) be a partition of V(G), such that
0c(X) = {e}. Assume that the edge f(e) is not a bridge in H. Then there is a cycle C' in
H that contains the edge f(e). By (f) f~1(C) is an even subgraph of G that has non-empty
intersection with ¢ (X). Since the intersection of an even subgraph with dg(X) always
contains an even number of edges, we have that 0 (X ) contains at least two edges which
contradicts our assumption.

(h): This follows from (g): if H has no bridge, then any edge of GG cannot be a bridge,
as otherwise its color in f will be a bridge in H.

(): Assume that x5 (H) = s, and let g be a normal s-edge-coloring of H. Consider a
mapping h defined on the edge-set of G as follows: for any edge e of G, let h(e) = g(f(e)).
Let us show that % is a normal s-edge-coloring of G. Let e = vw be any edge of G. Assume
that in f the three edges incident to v are colored by the three edges incident to a vertex u,
of H, the three edges incident to w are colored by the three edges incident to a vertex uq
of H.

If u; = wq, then the edge e is poor in h. Thus, we can assume that u; # wuo. Since
e € 0g(v) N Og(w), we have that ujus € E(H) and f(e) = ujug. Now, observe that
since ¢ is a normal edge-coloring, we have that if f(e) is a poor edge in g, then e is a
poor edge in h, and if f(e) is a rich edge in g, then e is a rich edge in h. Thus, h is a
normal s-edge-coloring of G. Hence X (G) < s = xy(H). The proof of the lemma is
complete. O

We will need some results on claw-free bridgeless cubic graphs. Recall that a graph G
is claw-free, if it does not contain 4 vertices, such that the subgraph of GG induced on these
vertices is isomorphic to K 3. In [2], arbitrary claw-free graphs are characterized. In [12],
Oum has characterized simple, claw-free bridgeless cubic graphs. In order to formulate
Oum’s result, we need some definitions. In a claw-free simple cubic graph G any vertex
belongs to 1, 2, or 3 triangles. If a vertex v belongs to 3 triangles of G, then the component
of GG containing v is isomorphic to K4 (Figure 3). An induced subgraph of G that is
isomorphic to K4 — e is called a diamond [12]. It can be easily checked that in a claw-free
cubic graph no 2 diamonds intersect.

Figure 3: The graph Kj.

A string of diamonds of G is a maximal sequence I, .. ., F}, of diamonds, in which F;
has a vertex adjacent to a vertex of F;; 1,1 <17 < k — 1. A string of diamonds has exactly
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2 vertices of degree 2, which are called the head and the tail of the string. Replacing an
edge e = wv with a string of diamonds with the head x and the tail y is to remove e and
add edges (u, x) and (v, y).

If G is a connected claw-free simple cubic graph such that each vertex lies in a diamond,
then G is called a ring of diamonds. It can be easily checked that each vertex of a ring of
diamonds lies in exactly one diamond. As in [12], we require that a ring of diamonds
contains at least 2 diamonds.

Proposition 2.3 (Oum [12]). G is a connected claw-free simple bridgeless cubic graph, if
and only if

(1) G is isomorphic to Ky, or
(2) G is aring of diamonds, or

(3) there is a connected bridgeless cubic graph H, such that G can be obtained from H
by replacing some edges of H with strings of diamonds, and by replacing any vertex
of H with a triangle.

The next auxiliary result allows us to relate coverings with even subgraphs to cover-
ings with specific parity subgraphs. Like we stated in the introduction, some of the even
subgraphs here might be empty.

Theorem 2.4 ([7, Theorem 3.3]). For a graph G, the following two conditions are equiva-
lent:

(1) G contains five even subgraphs such that any edge of G belongs to exactly two of
them;

(2) G contains four parity subgraphs such that each edge belongs to either one or two
of the parity subgraphs.

Our final auxiliary result is a theorem proved by Giuseppe Mazzuoccolo which offers a
new reformulation of Conjecture 1.3.

Theorem 2.5. Conjecture 1.3 is equivalent to the statement that for all bridgeless claw-free
cubic graphs we have k(G) < 4.

Proof. Assume that for any claw-free bridgeless cubic graph G, we have k(G) < 4. Let
us show that Conjecture 1.3 is also true. It is known that it suffices to prove Conjecture 1.3
for cubic graphs [18]. Let G be an arbitrary bridgeless cubic graph. Consider the cubic
graph H obtained from G by replacing every vertex of GG with a triangle. Observe that H
is a claw-free bridgeless cubic graph. By our assumption, the edge-set of H can be covered
with four perfect matchings. Observe that perfect matchings are parity subgraphs in cubic
graphs, hence by Theorem 2.4, H admits a list of 5 even subgraphs covering each edge
exactly twice.

In order to complete the proof, let us observe that if a cubic graph K admits a list of
5 even subgraphs covering each edge exactly twice and it contains a triangle 7', then the
graph K /T also admits a list of 5 even subgraphs covering each edge exactly twice. In
order to see this, let C = (Ewvy, ..., Evs) be the list of 5 even subgraphs covering the edges
of K twice. Then it is easy to see that the edges of the 3-cut Jx (T") are covered as follows:
first edge belongs to Ev, and Fvs, the second edge belongs to Ev; and Fvs, and finally
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the third edge belongs to Fvs and Evs. Moreover, Evy and Evs do not intersect the 3-cut.
One can always achieve this by renaming the even subgraphs. Now, if we consider the
restrictions of (Evy, ..., Evs) to K /T, we will have that they are forming a list of 5 even
subgraphs covering each edge of K/T exactly twice.

Applying this observation |V (G)| times to H, we will get the statement for the original
cubic graph G.

For the proof of the converse statement, let us assume that Conjecture 1.3 is true, and
show that any claw-free bridgeless cubic graph GG can be covered with four perfect match-
ings. We prove the latter statement by induction on |[V(G)|. If |[V(G)| = 2, the the
statement is trivially true. Assume that it is true for all claw-free bridgeless cubic graphs
with less n vertices and let us consider a claw-free bridgeless cubic graph G with n > 4
vertices.

Clearly, we can assume that GG is connected. Let us show that we can assume that G
is simple. On the opposite assumption, consider the vertices v and v that are joined with
two edges. Let v’ and v’ be the the other neighbors of u and v, respectively. Consider a
cubic graph G’ obtained from G — {u, v} by adding a possibly parallel edge u’v’. Observe
that G’ is a bridgeless cubic graph with |V (G’)| < n. Moreover, it is claw-free. Thus, by
induction hypothesis, G’ can be covered with four perfect matchings. Now, it is easy to see
that using these list of four perfect matchings of G’ we can construct a list of four perfect
matchings of G covering E(G).

Thus, without loss of generality, we can assume that G is simple. Hence, we can apply
Proposition 2.3. If G meets the first or the second condition of the proposition, then it is
easy to see that G is 3-edge-colorable, hence it can be covered with three perfect matchings.
Thus, we can assume that there is a connected bridgeless cubic graph H such that G can be
obtained from H by replacing some edges of H with strings of diamonds and every vertex
of H with a triangle.

Let us show that we can also assume that G has no string of diamonds. Assume it
has one. Let it be S whose head and tails are u and v, respectively. Let v’ and v’ be the
neighbors of u and v, respectively, that lie outside S. Consider a graph G’ obtained from
G — V(S) by adding a possibly parallel edge u'v’. Observe that G’ is a bridgeless cubic
graph with |V (G’)| < n. Moreover, it is claw-free. Thus, by induction hypothesis, G’
can be covered with four perfect matchings. Now, it is easy to see that using these list
of four perfect matchings of G’ we can construct a list of four perfect matchings of G
covering E(G).

Thus, without loss of generality, we can assume that G can be obtained from the con-
nected bridgeless cubic graph H by replacing its every vertex with a triangle. By Conjec-
ture 1.3, H has a list of five even subgraphs covering its edges exactly twice. By Theo-
rem 2.4, we have that H admits a cover with four joins such that each edge of H is covered
once or twice. Let v any vertex of H and let C' = (T3, T5,T5,T}) be the cover of H with
four joins. Since each edge of H is covered once or twice in C, we have that there is at
most one join in C' that contains all three edges incident to v. Thus, for any vertex v we
have that either one of joins contains all three edges incident to v and the other three joins
contain exactly one edge incident to v, or all joins contain exactly one edge incident to v.
Now, it is not hard to see that these four joins covering H can be extended to four perfect
matchings of G so that they cover G. The proof of the theorem is complete. O
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3 Coloring-hereditary classes of cubic graphs

In this section, we briefly discuss coloring-hereditary classes of cubic graphs. It is these
classes that allowed us to come up with more conjectures related to Conjectures 1.1 and 1.4.

If G and H are two cubic graphs with H < G or G < H, then we will say that G and
H are comparable. A (not necessarily finite) set of cubic graphs is said to be an anti-chain,
if any two cubic graphs from the set are not comparable. Let C be the class of all connected
cubic graphs. If M C C is a class of connected cubic graphs, then we will say that M is
coloring-hereditary, if for any cubic graphs G and H,if H € M and H < G, then G € M.
Assume that B C M is a subset of some coloring-hereditary class M of cubic graphs. We
will say that B is a basis for M, if B is an anti-chain and for any connected cubic graph G
we have that G € M if and only if there is a cubic graph H € B3, such that H < G.

Our starting question is the following: does every coloring-hereditary class of cubic
graphs admit a finite basis, that is, a basis with finitely many elements? It turns out that
the answer to this question is negative. Let Z be the infinite anti-chain of cubic graphs
constructed in [14]. Consider the class M of connected cubic graphs G, such that for any
G we have: G € M, if and only if there is a cubic graph H € Z, such that H < G. It is
easy to see that M is a coloring-hereditary class of cubic graphs without a finite basis.

Despite this, one may still look for interesting coloring-hereditary classes arising in
graph theory, that admit a finite basis. Below, we discuss some such classes. The first class
is C-the class of all connected cubic graphs. Clearly, it is coloring-hereditary. Observe that
any connected cubic graph admitting an Syp-coloring belongs to C. On the other hand,
Conjecture 1.4 predicts that any cubic graph from C admits an S;¢-coloring. Thus, we can
view Conjecture 1.4 as a statement that S forms a basis for C.

Let Cy, be the class of all connected bridgeless cubic graphs. Statement (h) of Lemma 2.2
implies that Cp is a coloring-hereditary class of cubic graphs. Observe that any connected
cubic graph admitting a Pjp-coloring belongs to C,. On the other hand, Conjecture 1.1
predicts that any bridgeless cubic graph from C;, admits a Pjg-coloring. Thus, we can view
Conjecture 1.1 as a statement that P;o forms a basis for Cp.

Let Cs be the class of all connected 3-edge-colorable cubic graphs. Statement (b) of
Lemma 2.2 implies that C3 is a coloring-hereditary class of cubic graphs. Let H be any con-
nected 3-edge-colorable cubic graph. Observe that any cubic graph G is 3-edge-colorable
if and only if H < GG. Thus, H forms a basis for Cs.

TTY A

Figure 4: The graph Si2. Figure 5: The graph Pi».

Let C, be the class of all connected cubic graphs containing a perfect matching. State-
ment (c) of Lemma 2.2 implies that C,, is a coloring-hereditary class of cubic graphs. Ob-
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serve that any connected cubic graph admitting an S12-coloring (the graph from Figure 4)
belongs to C,,. On the other hand, we suspect that

Conjecture 3.1. Any cubic graph with a perfect matching admits an S12-coloring.

Conjecture 3.1 predicts that all cubic graphs from C,, admit an .S;2-coloring. Thus, we
can view Conjecture 3.1 as a statement that S;, forms a basis for C,. Let us note that
Conjecture 3.1 has been verified for claw-free cubic graphs in [5].

Let CY) be the class of all connected cubic graphs G with k(G) < 4. Statement (d) of
Lemma 2.2 implies that C) is a coloring-hereditary class of cubic graphs. Observe that
any connected cubic graph admitting a P;s-coloring (the graph from Figure 4) belongs to
C™@ . On the other hand, we suspect that

Conjecture 3.2. Any cubic graph G with k(G) < 4 admits a Py2-coloring.

Conjecture 3.2 predicts that all cubic graphs from C(*) admit a P;,-coloring. Thus, we
can view Conjecture 3.2 as a statement that P;» forms a basis for C (4). Also, note that (e)
of Lemma 2.2 implies that Conjecture 4.9 from [7] is a consequence of Conjecture 3.2.

4 The main results

In this section, we obtain our main results. First, we discuss the choice of graphs P; and
S12 in Conjectures 3.2 and 3.1, respectively. For this purpose, we recall the following two
theorems that are proved in [11].

Theorem 4.1. If G is a connected bridgeless cubic graph with G < Py, then G = Py.
Theorem 4.2. If G is a connected cubic graph with G < Sy, then G = S1.

The first theorem suggests that in Conjecture 1.1 the graph P; cannot be replaced with
any other connected bridgeless cubic graph. Similarly, the second theorem suggests that in
Conjecture 1.4 the graph S7¢ cannot be replaced with other connected cubic graph. Now,
we are going to obtain similar results for Conjectures 3.2 and 3.1.

Theorem 4.3. Let G be a connected bridgeless cubic graph with G < Pyo. Then either
G = P10 orG = P12.

Proof. Assume that f is a G-coloring of Pj5. Consider the triangle 7" in Pj5. Assume
that the edges of 1" are ey, eo, e3. Since these three edges are pairwise adjacent in Pjo, we
have that the edges f(e1), f(ez2), f(e3) are pairwise adjacent in G. We have two cases to
consider:

Case 1: There is a vertex v of G, such that g (v) = {f(e1), f(e2), f(e3)}. Observe that
in this case the edges of the 3-edge-cut dp,, (V(T')) are colored by f(e1), f(e2), f(es),
respectively. Thus, if we contract 7" in P;o, we will get a G-coloring of Pjo. Hence, by
Theorem 4.1, G = Py.

Case 2: The edges f(e1), f(e2), f(e3) form a triangle T in G. Observe that in this case the
edges of the 3-edge-cut Op,, (V' (T")) are colored by the edges of the 3-edge-cut dg(V (1p)).
Thus, f induces a Gi/Ty-coloring of P2 /T = Pjo. Hence, by Theorem 4.1, G/Ty = P,
which implies that G = Pj5. The proof of the theorem is complete. O
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Corollary 4.4. Let G be a connected bridgeless cubic graph with k(G) < 4 and G < Pis.
Then G = Pio.

Theorem 4.5. Let G be a connected cubic graph with G < S13. Then either G = S1g or
G = Sia.

Proof. Assume that f is a G-coloring of S15. Consider the central triangle 7" in S5, that
is, the unique triangle 7" such that all edges of s, (V (T)) are bridges. Assume that the
edges of T  are e1, eo, e3. Since these three edges are pairwise adjacent in Sy, we have that
the edges f(e1), f(e2), f(e3) are pairwise adjacent in G. We have two cases to consider:

Case 1: There is a vertex v of G, such that Og(v) = {f(e1), f(e2), f(e3)}. Observe that
in this case the edges of the 3-edge-cut Jg,,(V(T")) are colored by f(e1), f(e2), f(es),
respectively. Thus, if we contract T" in S7o, we will get a G-coloring of S1o. Hence, by
Theorem 4.2, G = S1g.

Case 2: The edges f(e1), f(e2), f(e3) form a triangle T in G. Observe that in this case the
edges of the 3-edge-cut Js,, (V' (T')) are colored by the edges of the 3-edge-cut dg(V (1p)).
Moreover, since all edges of Jg,, (V' (T")) are bridges, by (g) of Lemma 2.2, we have that the
three edges of O (V (Tp)) are bridges. This, in particular, means that each edge of Ty is of
multiplicity one in G. Observe that f induces a G /Ty-coloring of S12/T = S1o. Hence, by
Theorem 4.2, G /T = S10. Moreover, the new vertex vy, of G /Ty corresponding to Tp, is
incident to three bridges. Hence v, is the unique cut-vertex of G /Ty = Sy that is incident
to three bridges. This means that G = S12. The proof of the theorem is complete. O

Corollary 4.6. Let G be a connected cubic graph with a perfect matching such that
G < Si9. Then G = Sqo.

In the next statement, we discuss the following problem: assume that a bridgeless cubic
G graph admits a Pjg-coloring such that one of the edges of Py is not used. What can we
say about G? We discuss the related problem for Conjecture 3.2 afterwards. Let us note
that the following statement is proved by Eckhard Steffen.

Proposition 4.7. Let G be a bridgeless cubic that admits a Pyg-coloring f, such that for
an edge e of Pio, we have: f=1(e) = 0. Then X'(G) = 3.

Proof. ([16]) Assume that the edge e of P is not used in a P;p-coloring f of G. We have
that there exist two perfect matchings My and My of Pjg, such that My N My = {e}. By
(c) of Lemma 2.2, we have that f~!(M;) and f~1(My) are perfect matchings in G. Since
the edge e is not used in f, we have that the perfect matchings are edge-disjoint in G. Thus
X' (G) = 3. The proof is complete. O

Next, we characterize the edges of Pjs, which can be fictive in a Pjo-coloring of a
graph with k(G) < 4.
Proposition 4.8. Let G be a bridgeless cubic graph and let T be the unique triangle of P.

(a) If G admits a Pys-coloring f, such that for an edge e ¢ T of Pia, we have that
ft(e) =0, then \'(G) = 3.

(b) There exist infinitely many bridgeless cubic graphs G with k(G) = 4, such that G
admits a Pya-coloring f, such that for any edge e € T, we have: f~1(e) = 0.
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Proof. (a): We follow the approach of the proof of Proposition 4.7, that is, we find two
perfect matchings of P; whose intersection is e. Assume thate ¢ T

If e ¢ Op,,(V(T)), then we have that there exist two perfect matchings M; and M,
of Py, such that My N My = {e}. Now, these two perfect matchings can be uniquely
extended to perfect matchings Ny and N of Pj5. Observe that Ny N Ny = {e}.

On the other hand, if e € dp,, (V(T')), then one can find a perfect matching N7 inter-
secting Op,,(V(T)) in a single edge and a perfect matching N» intersecting dp,, (V (7))
in three edges, such that Ny N Ny = {e}.

(b): Start with arbitrary 3-edge-colorable cubic graph H and consider the cubic graph
G obtained from H by replacing every vertex of G with P;g — v. Since Pjg — v is not
3-edge-colorable, we have that G is not 3-edge-colorable, hence k(G) > 4. Let us show
that we have equality here. Consider the three edges incident to v, and let it be our colors
in a 3-edge-coloring of H. Now, color the remaining copies of Py — v in G by edges of
Py — v, so that each edge is colored with its copy. As a result, we get a Pj5-coloring of
G. Thus, by (d) of Lemma 2.2, we have k(G) < 4. Hence k(G) = 4. Moreover, in the
Pys-coloring of G the edges of T are not used. The proof is complete. O

In the final part of the paper we establish some connections among the discussed con-
jectures.

Theorem 4.9. Conjecture 3.1 implies Conjecture 1.4.

Proof. Assume that Conjecture 3.1 is true. We claim that any cubic graph G admits an
S1o-coloring. In this proof, we will assume the following notation for the edges of S75: the
three bridges of S12 are denoted by a, b, ¢, the edges of the unique contractible triangle of
S12 are denoted by x, y, z, such that « and a, y and b, z and c are opposite edges. Finally,
the edges of the end-block containing a vertex incident to a have the following labels: the
edges incident to a are a; and a9, and the parallel edges are as and a4. Similarly, we label
other edges by by, b2, b3, by and ¢y, o, c3, ¢4.

Let G be a cubic graph. If G contains a perfect matching, then it has an Sy2-coloring.
Since S12 has an Sig-coloring, we have the statement in this case. Thus, without loss of
generality, we can assume that G does not contain a perfect matching.

Consider the graph G A obtained from G by replacing all vertices of G with triangles.
Observe that G contains a perfect matching. An example of such a matching would
be E(G).

Thus, there exists a smallest subset U C V(G), such that if we replace all vertices of
U with triangles, we will get a cubic graph H containing a perfect matching.

By Conjecture 3.1, H admits an S2-coloring f. Now, we claim that all triangles of H
corresponding to vertices of U are colored with triangles of Sy5.

Assume the opposite, that is, there is a triangle 7" corresponding to a vertex of H, such
that f(E(T)) = 0s,,(v) for some vertex v of S15. Consider the graph H’ obtained from
H by contracting T'. Observe that the resulting graph H’ still has an S;5-coloring, hence
by (c) of Lemma 2.2 it contains a perfect matching. However, this violates the definition
of the set U, since we found a smaller subset of vertices, whose replacement with triangles
was leading to a cubic graph containing a perfect matching.

Now, all triangles of H corresponding to vertices of U are colored with triangles of
S12. Let us show that all these triangles corresponding to vertices of U are colored with the
central triangle of S79, that is the only contractible triangle of Sy5.
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On the opposite assumption, assume that 7', one of these triangles, is colored with other
triangles of S12. Without loss of generality, we can assume that the edges of this triangle
of S15 are ay,as,as. Thus the set of edges leaving 7', are colored with a and a4. Two of
them are colored with a4, and one is colored with a.

Let M be a perfect matching of S5 containing the edges a and a3. By (c) of Lemma 2.2,
we have that F' = f~1(M) is a perfect matching in H. Now, observe that |F' N
Op(V(T))| = 1. Consider the cubic graph H" obtained from H by contracting 7. Ob-
serve that F'\ (F' N E(T)) is a perfect matching of H”'. This violates the definition of the
set U, since we found a smaller subset of vertices, whose replacement with triangles was
leading to a cubic graph containing a perfect matching.

Thus, all triangles of H corresponding to U are colored with the edges x, y, z of the
central triangle of S15.

Observe that G can be obtained from H by contracting all the triangles corresponding
to U. Now, using the Sj2-coloring of H, we obtain an Sjg-coloring of G. Contract all
triangles of H corresponding to U and the central triangle of S;2 to obtain Sy¢, and re-
color the edges of H having color x with the color a, the edges of H with color y with
color b and finally, the edges of H with color z with color ¢, respectively. Since z,y, z
form an even subgraph in Si2, by (f) of Lemma 2.2, the edges of f~!({z,y, z}) will form
an even subgraph, that is vertex-disjoint union of cycles. Hence, after the re-coloring we
obtain an Syg-coloring of G. The proof of the theorem is complete. O

Theorem 4.10. Conjectures 1.3 and 3.2 imply Conjecture 1.1.

Proof. Assume that Conjectures 1.3 and 3.2 are true, and let GG be a bridgeless cubic graph.
Let us show that G' admits a Pjp-coloring. If k(G) < 4, then by Conjecture 3.2 it has
a Pjo-coloring. Since Pj2 admits a Pjg-coloring, we have that G admits a Pjg-coloring.
Thus, without loss of generality, we can assume that k(G) > 5.

Consider the graph H obtained from G by replacing all vertices of G with triangles.
Observe that H is a claw-free bridgeless cubic graph. Hence by Conjecture 1.3 and The-
orem 2.5, k(H) < 4. Thus, by Conjecture 3.2, H admits a Pjs-coloring. Since P
admits a Pjg-coloring, we have that H admits a Pjg-coloring f. Observe that since P
is triangle-free, we have that for any triangle T' of H there is a vertex v of Pjg, such that
f(E(T)) = 9p,,(v). Thus, if we contract all the triangles of H that correspond to vertices
of GG, we will obtain a P;g-coloring of GG. The proof of the theorem is complete. O

The diagram from Figure 6 explains the relationship among the main four conjec-
tures discussed in the paper. The first arrow shows that Pjs-conjecture implies Pjg-con-
jecture if 5-CDC is true (Conjecture 1.3). The second arrow shows that the statement
“Pjo-conjecture implies Sy2-conjecture” is the formulation of Conjecture 5.1. Finally, the
third arrow shows that in Theorem 4.9 we showed that S1s-conjecture implies the S1o-
conjecture.

5 Future work

In this section, we discuss some open problems and conjectures that are interesting in our
point of view. In the previous section, we established a connection between Conjectures 3.2
and 1.1, and Conjectures 3.1 and 1.4. We suspect that this relationship can be extended to
a linear order among these four conjectures. Related with this, we would like to offer:
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P, 5-conjecture

5-CDC

Pig-conjecture

Conjecture 5.1

S12-conjecture

Theorem 4.9

S10-conjecture

Figure 6: The relationship among the main conjectures.

Conjecture 5.1. Conjecture 1.1 implies Conjecture 3.1.

All coloring-hereditary classes that we discussed up to now either had or are conjec-
tured to have a basis with one element. One may wonder whether there is a coloring-
hereditary class of cubic graphs arising from an interesting graph theoretic property, such
that the basis of the class contains at least two graphs. For a positive integer k let Cy, be the
class of connected cubic graphs G with x'y (G) < k. Statement (i) of Lemma 2.2 implies
that Cy, is a coloring-hereditary class of cubic graphs. Recently, it was shown that for any
simple cubic graph X'y (G) < 7 [10]. By using this result, a simple inductive proof can be
obtained for the following extension of this result:

Theorem 5.2. Let G be a cubic graph admitting a normal k-edge-coloring for some integer
k. Then 'y (G) < 7.

Theorem 5.2 suggests that Cj, is meaningful when k = 3,4, 5,6, 7. Below, we discuss
these classes for each of these values. When k = 3, Ci, represents the class of connected 3-
edge-colorable cubic graphs. Thus, our notation is consistent with that of Section 3. When
k = 4, it can be easily seen that a cubic graph admits a normal 4-edge-coloring, if and
only if it admits a 3-edge-coloring. Thus, C4 = C3. When k = 5, Jaeger has shown that a
cubic graph admits a Pjg-coloring if and only if it admits a normal 5-edge-coloring. On the
other hand, we have that any cubic graph admitting a P;y-coloring, has to be bridgeless.
Thus, if Conjecture 1.1 is true, then C5 = Cp. Finally, when k = 6 or £ = 7, we suspect
that the bases of the classes Cg and C7 contain infinitely many cubic graphs. We are able
to show that the basis of C; must contain at least two graphs. Let B be any basis of C7. It
can be easily seen that we can assume that it does not contain a 3-edge-colorable graph.
Moreover, by a simple inductive proof, one can show that all elements of 3 can be assumed
to be simple graphs. Now, let S1¢ be the graph from Figure 7. The following two results
are proved in [5]:
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Figure 7: The graph Si¢.

Theorem 5.3. Let G be a simple graph with G < S16. Then G = S1g.
Theorem 5.4. Let G be a simple graph with G < Pyg. Then G = Pj.

Theorems 5.3 and 5.4 suggest that the only way to color the graphs S1¢ and Pyo with
simple graphs is to take them in the basis B. Thus, B must contain at least two graphs.

Finally, we would like to discuss some algorithmic problems. For a fixed connected
cubic graph H consider a decision problem which we call the H-problem:

Problem 5.5 (H -problem). Given a connected cubic graph G, the goal is to decide whether
G admits an H-coloring.

Observe that when H is 3-edge-colorable, we have that H-problem is equivalent to
testing 3-edge-colorability of the input graph G, which is NP-complete [6]. When H =
S10, we have that all instances of H-problem have a trivial “yes” answer provided that
Conjecture 1.4 is true. Thus, this problem is polynomial time solvable if Conjecture 1.4
is true. When H = S}2, Conjecture 3.1 implies that H-problem is equivalent to testing
the existence of a perfect matching in the input graph G. This is known to be polynomial-
time solvable. When H = Pjo, Conjecture 1.1 implies that H-problem is equivalent to
testing bridgelessness of the input graph . This problem is also polynomial time solvable.
Finally, when H = P),, Conjecture 3.2 implies that H-problem is equivalent to testing
whether the input graph G can be covered with four perfect matchings. The latter problem
is proved to be NP-complete in [3]. Thus, depending on the choice of H, the H-problem
may or may not be NP-complete. Let Cnp be the class of all connected cubic graphs H,
for which the H-problem is NP-complete. We suspect that:

Conjecture 5.6. Cnp is a coloring-hereditary class of cubic graphs.

We also would like to offer the following conjecture, which presents a dichotomy for
H-problems:

Conjecture 5.7. Let H be a connected cubic graph. Then:

o if H admits a Pio-coloring, then the H-problem is NP-complete;

o if H does not admit a Py5-coloring, then the H-problem is polynomial-time solvable.
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Abstract

In a polar space, embeddable into a projective space, we fix a subspace, that is contained
in some hyperplane. The complement of that subspace resembles a slit space or a semiaffine
space. We prove that under some assumptions the ambient polar space can be recovered in
this complement.

Keywords: Polar space, projective space, semiaffine space, slit space, complement.
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1 Introduction

Cohen and Shult coined the term affine polar space in [4] as a polar space with some
hyperplane removed. They prove that from such an affine reduct the ambient polar space
can be recovered. In [9] we prove something similar for the complement of a subset in a
projective space. Looking at the results of these two papers it is seen that an interesting
case has been set aside: the complement of a subspace in a polar space. We are trying to fill
this this gap here, although under several specific assumptions: we consider classical polar
spaces, i.e. embeddable into projective spaces (cf. [2]), and our subspace is contained in a
hyperplane.

A projective space with some subspace removed is called a slit space (cf. [5, 6, 8])
so, our complement can be seen as a generalized slit space. Singular subspaces in a polar
space are projective spaces, in an affine polar space they are affine spaces (cf. [4]), while
in our complement they are semiaffine or projective spaces. Adopting the terminology
of [7], where the class of semiaffine spaces includes affine spaces, projective spaces and
everything in between, we could say that singular subspaces of our complement are simply

E-mail addresses: kryzpet@math.uwb.edu.pl (Krzysztof Petelczyc), mariusz@math.uwb.edu.pl (Mariusz
Zynel)
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semiaffine spaces. This let us call our complement a semiaffine polar space. Anyway, it is
clear that the complement we examine is affine in spirit. A natural parallelism is there and
the subspace we remove can be viewed as the horizon.

As this paper is closely related to [4] and [9], it borrows some concepts, notations
and reasonings from these two works. There are however new difficulties in this case. In
contrast to [4], the horizon is not a hyperplane and thus, it induces a partial parallelism
(cf. [8]). There are lines disjoint with the horizon in the ambient space and those lines,
called non-affine, cannot be parallel to any line in the complement. If we had applied the
definition of parallelism from [4] as it is, we would end up with non-affine lines in its
equivalence classes. Therefore we use the Veblen condition to express parallelism in terms
of incidence in the complement. This method unfortunately is viable only if we have at
least 4 points per line in the polar space.

Roughly speaking, the points of the horizon are identified with equivalence classes
of parallelism, or, in other words, with directions of lines. On the horizon of an affine
polar space a deep point emerges as the point which could be reached by no line of the
complement. If the removed subspace is not a hyperplane then there is no deep point but
a new problem arises. Some lines on the horizon are recoverable in a standard way, as
directions of planes. For the others there are no planes in the complement that would reach
them. An analogy to a deep point is clear, so we call them deep lines. To overcome the
problem we introduce the following relation: a line K is anti-euclidean to a line L iff there
is no line intersecting K that is parallel to L. Based on this relation is a ternary collinearity
of points on deep lines.

We do not know whether every subspace of a polar space is contained in a hyperplane.
Any subspace can be extended to a maximal one, but does it have to be a hyperplane? If
that is the case our assumptions could be weakened significantly.

2 Generalities

A point-line structure 9t = (S, L), where the elements of S are called points, the elements
of £ are called lines, and where £ C 2°, is said to be a partial linear space, or a point-line
space, if two distinct lines share at most one point and every line is of size (cardinality) at
least 2 (cf. [3]). A line of size 3 or more will be called thick. If all lines in 9t are thick
then 901 is thick. 901 is said to be nondegenerate if no point is collinear with all others,
and it is called singular if any two of its points are collinear. It is called Veblenian iff
for any two distinct lines L;, Lo through a point p and any two distinct lines K7, K5 not
through the point p whenever each of L, L, intersects both of K, K>, then K intersects
K. A subspace of M is a subset X C S that contains every line, which meets X in at
least two points. A proper subspace of 2 that shares a point with every line is said to be
a hyperplane. If 0 satisfies exchange axiom, then a plane of 90 is a singular subspace of
dimension 2. A partial linear space satisfying one-or-all axiom, that is

for every line L and a point a ¢ L, a is collinear with one or all points on L,

will be called a polar space. The rank of a polar space is the maximal number n for which
there is a chain of singular subspaces ) # X; C X5 C --- C X,, (n = —1 if this chain is
reduced to the empty set). For a € S by a® we denote the set of all points collinear with
a, and for X C S we put

Xt=({a':aeX}, radX=XnX"
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As an immediate consequence of one-or-all axiom we get (cf. [4]):
Fact 2.1. For any point a € S the set a* is a hyperplane of ‘g.
Following [10], a subset X of S'is called

e spiky when every point a € X is collinear with some point b ¢ X,

e flappy when for every line L C X there is a point a ¢ X such that L C a*.

2.1 Complement

Let 9t = (S, £) be a thick partial linear space and let WW be a proper subspace of 9t. By
the complement of VV in )t we mean the structure

Dom(W) = (Sw, Lw),

where
Swi:S\W and £W:{kﬂSWk€£/\kgW}

The subspace VW will be called the horizon of Dan(WV). Note that the complement Doy (W)
is a partial linear space. Following a standard convention we call the points and lines of the
complement Dgy (W) proper, and points and lines of W are said to be improper. Given a
subspace X of Dgy (W) its closure X is a subspace of M with X C X. We say that two
lines K, L € Lyy are parallel, and we write

KlwL iff KNINW #0. 2.1)

This is always an equivalence relation. Its domain is £y only in case WV is a hyperplane, or
in other words, a line L € Ly with L = L cannot be parallel to any line. A line L € Ly
with the property that L ||,y L will be called an affine line. The set of all affine lines, the
domain of ||y, will be denoted by £*. For affine line L we write L> for the point of L
in W, i.e. the point at infinity. A point @ € W is said to be a deep point if there is no line
L € Lyy such that a = L*°. A plane of Dgn (V) containing an affine line is said to be a
semiaffine plane. By 11°° we denote the set of points at infinity of a semiaffine plane II, i.e.
I1° = {M®> : M € £*and M C II}. Note that II*° is a line iff IT is an affine plane. A
line L C W is said to be a deep line if there is no plane in Dz (W) with L = II*°.

3 Complement in a polar space

Let P = (S, L) be a thick, nondegenerate polar space of rank at least 3. In the remainder
of the paper we deal with ®q (W), where W is a proper subspace contained in some
hyperplane of 3. Let us emphasize, that we do not mean one particular hyperplane and it
is not fixed in our reasonings in any way. If there was a unique hyperplane H containing WV
we would be able to recover the ambient space applying Proposition 2.7 from [4], which
says that every automorphism of the complement ®q(H) can be uniquely extended to
an automorphism of . It is not however doable as there could be many hyperplanes
containing W and none of them can be distinguished in terms of the complement.

In polar spaces deep points appear only on hyperplanes and there could be at most one
deep point on a hyperplane.
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Lemma 3.1.

(i) If W is a hyperplane, then there is at most one deep point on W and it is in rad W.

(ii) If VWV is not a hyperplane, then there are no deep points on W, that is WV is spiky.

Proof. (1): By Corollary 1.3 (ii) in [4].

(ii): Assume that a is a deep point in W. Then a* C W, and by Fact 2.1 we get that W
contains a hyperplane. A contradiction, as a hyperplane in 3 is a maximal proper subspace
(cf. [4, Lemma 1.1]). O

Lemma 3.2. Let 33 be an embeddable polar space and K, L € Ly be two distinct lines

such that K llw L. The subspace W can be extended to a hyperplane of B not containing
K and L.

Proof. If W is a hyperplane of 3 then W itself is the required hyperplane.

Assume that WV is not a hyperplane. Let H be a hyperplane containing W, 1 be a
projective space embracing 3, and f be an embedding of %3 into 91. Consider the projective
subspace G’ spanned by f(H). By Proposition 5.2 from [4] G is a hyperplane of 9. If
f(K), f(L) € G then the hyperplane H = f~1(G N f(9)) is the required one. Let H be
the family of all hyperplanes in G containing f(W).

Now, assume that f(K) C G and f(L) € G. Take ax € f(K)\ fOW) and af, €
f(L)\ f(W) and choose a hyperplane Gy 6 H with ax ¢ Gyp. Note that ag, ay, meets G
inag. Take b € ak,ay, distinct from ay and ay,. Assume that there is a line through b that
intersects f(L) \ f(WV) in some point ¢ and meets Gy in a point d. Note that d ¢ f(K)
as otherwise we would have ax € Gy. Lines ar,d and f(K) are on a plane spanned
by the triangle ar, b, c. Therefore the line ar,d intersects f(K) in some point e distinct
from d. Then d,e C G, and t thus ay, € G, a contradiction. Hence, G' = (G, b) is a
hyperplane of 9N such that f(L) € G'. We have also ax,bN Gy = 0 since ax,b € G.
Thus f(K) € G'. Finally, H' = f~1(G’' n f(9)) is the hyperplane we are looking for.
The case with f(K) ¢ G and f ( ) C G goes the same way.

Now, let f(K) C G and f(L) C G. As in the previous case we take a € f(K) \
fOW),ar € f(L)\ f(W), but this time choose a hyperplane Gy € H with ar,ar, ¢ Go.
Letb ¢ G. Notethataz,bﬂGo = (fori = K, L. So, if we set G’ = (G, b) then f(K) ¢
the required hyperplane. O

)
G’ and f(L) ¢ G'. Moreover, G’ is a hyperplane of M. Again, H' := f~*(G' N f(9)) is

Lemma 3.3. Let K, L. € Lyy be two distinct lines such that K ||y L. There is a sequence
Iy, ..., I, of planes in D (W) such that K> = L> € 1II; fori =1,...,nand K C
Iy, L C 11, and 11,111 share a line for j =1,...,n — 1

Proof. By Lemma 3.2 we can extend WV to a hyperplane H of 3 such that K,L ¢ H.
Take the point a = K°°. By (2.1) we have a = L°°. Now, take in *J3 the bundle of all the
lines together with all the planes through a. This structure is actually the quotient space
al/a, and it is, up to an isomorphism, a polar space (cf. [1, Lemma 2.1]), that we denote
by ’. The set H’, consisting of all the lines through a contained in H, is a hyperplane
in 9’ induced by H. Then Dy (H') is an affine polar space, that in itself is connected
(cf. [4]). So there is in D/ (H') a sequence of intersecting lines joining K and L as points
of Dqy/(H'). However, lines of gy (H') are planes of Dy (H). As W C H these planes
are also planes of Dz (W). O
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3.1 Parallelism

Let K1, Ko € Lyy. Then

K |* Ko iff Kj;N K, = () and there are two distinct lines
L1, Ly € Lyy crossing both of K7, K, such that 3.1
LiNLs #@andLlﬂLgﬂK} =®f0ri:172.

In case there are are exactly 3 points per line in our polar space 13, no two lines K7, K2 on
an affine plane in ®s3 (W) such that K ||yy K satisfy the right hand side of (3.1), as the
required lines L1, Lo had to be of size 4. This is why from now on we assume that

there are at least 4 points on every line of 3.
Let || be the transitive closure of ||*. It is clearly seen that || C £* x L£*.
Lemma 3.4. The relation || is reflexive on L*.

Proof. Given aline K7 € Ly, considering that the rank of *J3 is at least 3, take a plane m
containing /(1 in a maximal singular subspace through K. There are lines K2, L1, Lo on
wsuchthatKl ﬂKQ = @(thatisto = K;C), Ll 7é LQ, L1 ﬂLQ 7£ @,andKiﬂLj 7é @
fori,j = 1,2. Thus K7 ||* K2 by (3.1). This means that K7 || K> and K || K7, which
by transitivity implies that K || K. O

Proposition 3.5. Let W be a subspace of B. The relation ||y defined in (2.1) and the
relation || coincide on the set of lines of Dy (WV).

Proof. Let K1, K> € Lyy. If K1 = Ko, then K, ||y K2 and K7 || K. So, assume that
Ky # K.

Consider the case where K ||yy Ko. By (2.1) it means that K N L N W # (), and
consequently K° = K$° = qa for some a € W. This implies that K; N Ky = (). Assume
that Ky and K, are coplanar, and II is the plane of ®()V) containing both of K1, K».
The plane IT is, up to an isomorphism, a projective plane, so it is Veblenian. Thus, by (3.1),
K ||* Ko. If K7 and K are not coplanar, then by Lemma 3.3 there is a sequence of planes
II4,...,II, such that Ky C II;, Ko C1I,,,a € II, fori = 1,...,n, and II;,II; 1 share
aline for j = 1,...,n — 1. LetII; NII;;; = M;. Note that a € My,...,M,_; and
M, M1 are coplanar. Therefore M; ||* M;41. Moreover, K ||* My and M,,_q ||* K>
by the same reasons. So finally we get K || Ko.

Now, assume that K ||* Ks. Then K, K are disjoint and coplanar. Thus K;, Ko
meet in the closure of some plane, this means that they meet in VV. By (2.1) it gives
K; |lw K. If Ky || K; then there is a sequence of proper lines L1, ..., L, such that
Ki||* Ly ||* -+ ||* Ln ||* Ka. So, from the previous reasoning we get K7 ||w L1 ||w
-+ |lw Ln |lw Ka. As the relation ||y is transitive we have K7 ||y Ko.

As an immediate consequence of Proposition 3.5 we get

Corollary 3.6. Affine lines can be distinguished in the set Ly as those parallel to them-
selves.
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3.2 Recovering

If W is a hyperplane it follows by [4, Proposition 2.7] that:

Proposition 3.7. Let * be a thick nondegenerate polar space of rank at least 2 and let H
be its hyperplane. The polar space *B can be recovered in the complement Dsy(H ).

So, from now on we additionally assume that JV is not a hyperplane. By Proposition 3.5
the relation |}y can be expressed purely in terms of ®q3 (V). Recall that our parallelism
is partial: it is defined only on affine lines. However it is not a problem in view of Corol-
lary 3.6. From Lemma 3.1(ii) there is a bijection between the sets W = {L> : L € L*}
and {[L]| : L € £*}. Thus we can recover WV pointwise in a standard way:

points of the horizon W are identified with equivalence classes of parallelism
i.e. directions of affine lines of the complement Dqz (V).

Let us introduce a relation ~ C £* x £* defined by the following condition:
Ky ~ Ky iff forall M € L*if M N Ky # () then M }f K. (3.2)

In the sense of Euclid’s Fifth Postulate it could be read as anti-euclidean parallelism. A lot
more useful for us is its derivative = C £* /| x L*/) defined as follows:

[Klm = [KQ]H iff forall M € [Kl]HaN € [KQ]”: M ~ Nand N ~ M. (3.3)

Lemma 3.8. Let M, N be two nonparallel affine lines. The following conditions are
equivalent:

(i) [M]) = [N],
(ii) there is a deep line L. C W, such that M*°, N>° € L.

Proof. (i) = (ii): From one-or-all axiom, M °° must be collinear with at least one point of
the line N. Moreover, M cannot be collinear with a proper point of N, as [M]| = [N];.
Thus M® is collinear with the unique improper point of N, which is N°.

Let L be the line through M, N°°. Assume, that II is a semiaffine plane with L =
II°°. Then, there are some affine lines M;, N1 C II with M*° = M7 and N> = Ny°.
So, either M || Ny or M7 and N share a proper point. In view of (3.3), in both cases we
get [M] # [N];.

(ii) = (i): Assume that [M]; # [N];. Due to (3.2) and (3.3) there is a proper point
a € M and an affine line K such that a € K || N (or the symmetrical case holds). This
means that a and N°° are collinear in 3. The one-or-all axiom implies, that either there
are no other points on M that are collinear with N°°, or N° is collinear with all points
on M. In the first case N°° is not collinear with M °°, in the latter (N°°, M) ¢ W is the
plane containing the line M, No°. O

One can note, that the relation = defined by (3.3) and the relation = introduced in [4]
coincide, though their definitions are expressed differently. Besides, our relation is not tran-
sitive, but the reflexive closure of its analogue in [4] is an equivalence relation. This benefit
is the result of some hyperplane properties (see Lemma 3.1(i)). Nevertheless, we can over-
come this inconvenience and define ternary relation of collinearity on the horizon W.
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Lemma 3.9. If K|, K,, K3 are pairwise nonparallel affine lines such that [K;]| =
[K(i+1) mod 3] Jor i = 1,2,3, then points K{°, K3°, K3° are on a line.

Proof. Leta = K°,b= K5°, c = K$°. By Lemma 3.8 there are improper lines L = a, b,
M =b,c, N =¢,a. Let H be a hyperplane containing W. If in Dq3(H) there is a plane,
which closure contains one of the lines L, M or NN, then we also have such a plane in
Dy (W), that contradicts Lemma 3.8. Thus, L, M, N C H are deep lines in relation to
Dq(H). By Lemma 2.3 of [4] this means that each of L, M and N contains a point of
rad H. Let d € rad H. Then, by Corollary 1.3 of [4], H = d*, {d} = rad H, and d is the
unique deep point of H. As we haved € L, M, N,itmustbe L = M = N. O

Lemma 3.10. Let K1, Ko, K3 be pairwise nonparallel affine lines. Points Kt°, K5°, K§°
are on a line iff one of the following holds:

(i) there are affine lines My || K1, Ma || Ko, M3 || K5 such that My, My, M3 form a
triangle in D (W),

(ii) [Ku]) = (K], [Ko]y = (K], and [Ks]) = (K.

Proof. Assume that K7°, K3°, K3° are on a line L. If (i) does not hold, then there is no
plane IT in D3 (W) with L = II*°. This means that L is a deep line and by Lemma 3.8 we
get (ii).

Now, assume that (i) is the case. Take a plane II spanned by the triangle M7, My, M.
Then K7, Ko, K3 C II and K7°, K5°, K3° are on a line II°°. If (ii) is fulfilled then K7°,
K3°, K5° are on a line directly by Lemma 3.9. O

The meaning of Lemma 3.10 is that we are able to recover improper lines regardless of
whether W is flappy or not. Let [[K]y, [L];]_ := {[M]; : [M]; = [K]y, [L] }. Then new
lines can be grouped into two sets:

£ = { (1K), 1)) ¢ (K] = [E]jand K L,
L" := {II** : Il is a semiaffine plane of Dyz (W) }.
All our efforts in this paper essentially amount to the following isomorphism
PB2(Sw UL, Lwu L' uL’, |).

A new point [K] is incident to a line L € Lyy iff K || L. Itis incident to a line L € L' iff
there is M € Lyy such that [[K], [M];]_ = L. Eventually, it is incident to a line L € £
iff K CIland L = II*°.

Theorem 3.11. Let P be a nondegenerate, embeddable polar space of rank at least 3, with
at least 4 points per line, and YV be its subspace, that is contained in a hyperplane. The
polar space B can be recovered in the complement Dsz(WV).
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Abstract

Let G be a graph and let I be its group of automorphisms. Graovac-Pisanski index of
G is GP(G) = % > uev(G) 2aer 4w, a(u)), where d(u,v) is the distance from u
to v in G. One can observe that GP(G) = 0 if G has no nontrivial automorphisms, but it
is not known which graphs attain the maximum value of Graovac-Pisanski index. In this
paper we show that among unicyclic graphs on n vertices the n-cycle attains the maximum

value of Graovac-Pisanski index.
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1 Introduction

Wiener index, the sum of distances in a graph, is an important molecular descriptor. It was
introduced by Wiener in 1949, see [18], and since then many other molecular descriptor
have appeared. One of them is the Graovac-Pisanski index [8], originally known as the
modified Wiener index. With this index an algebraic approach for generalizing the Wiener
index was presented. Namely, as the Wiener index also the Graovac-Pisanski index is based
on distances but its advantage is in considering also the symmetries of a graph, and it is
known that symmetries of a molecule have an influence on its properties [14].

In his pioneering paper, Wiener showed a correlation of the Wiener index of alkanes
with their boiling points [18]. It turns out that the Graovac-Pisanski index combines the
symmetry and topology of molecules to obtain a good correlation with some physico-
chemical properties of molecules. Recently, Crepnjak et al. showed that the Graovac-
Pisanski index of some hydrocarbon molecules is correlated with their melting points [6].

This index also drew attention from theoretical point of view. Researchers are interested
in the difference between the Wiener and Graovac-Pisanski index. This difference was
computed in [9] for some families of polyhedral graphs. The Graovac-Pisanski index of
nanostructures was studied in [1, 2, 15, 16, 17] and for some classes of fullerenes and
fullerene-like molecules in [3, 11, 12]. In [13] the symmetry groups and Graovac-Pisanski
index of some linear polymers were computed. Upper and lower bounds for Graovac-
Pisanski index were considered in [11]. In [7] and [16] Graovac-Pisanski index was further
considered from computational point of view. Exact formulae for the Graovac-Pisanski
index for some graph operations are presented in [4]. Recently it was proved that for any
connected bipartite graph, as well as for any connected graph on even number of vertices,
the Graovac-Pisanski index is an integer number [5].

Let G be a connected graph. The Graovac-Pisanski index of G is defined as

GP(G) = 2|Aut Z Z distg (u, a(u)),

UEV(G) a€AUL(G)

where Aut(G) is the group of automorphisms of G and distg(u, v) denotes the distance
from u to v in G. However, in the paper we will use a result from [5] to compute this index.
To explain the method we need some additional definitions. Let G be a graph, u € V(G)
and S C V(G). The distance of u in S, wg(u), is defined as

= Z distg (u, v).

The group of automorphisms of G partitions V(G) into orbits. We say that u,v € V(G)
belong to the same orbit if there is an automorphism o € Aut(G) such that a(u) = v.
Let V1, Va, ..., V; be all the orbits of Aut(G) in G. Moreover, for every i, 1 < i < ¢, let
v; € V;. Thatis, v;’s are the representatives of V;’s. It was shown in [5] that

CP(G) = ‘V(QG)‘ Zwv (vi). (1.1)

By (1.1), if a graph has no nontrivial automorphisms, that is if all its orbits consist of
single vertices, then its Graovac-Pisanski index is 0. Hence, all graphs with no nontrivial
automorphisms achieve the minimum value of Graovac-Pisanski index. More interesting is
the opposite problem.
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Problem 1.1. Find all graphs on n vertices with the maximum value of Graovac-Pisanski
index.

This problem was solved for trees in [10]. By a long H on n vertices we denote a tree
obtained from a path on n — 4 vertices by attaching two pendent vertices to each endvertex
of the path.

Theorem 1.2. Let T be a tree on n > 8 vertices with the maximum value of Graovac-
Pisanski index. Then T is either a path or a long H. Moreover,

e if n is even.

For n < 7 there are also three other trees with the maximum value of Graovac-Pisanski
index. However, they have the value of Graovac-Pisanski index as stated in Theorem 1.2.
In this paper we prove the following statement.

Theorem 1.3. Let G be a unicyclic graph on n vertices with the maximum value of Graovac-
Pisanski index. Then G is the n-cycle and

GP(C),) = ¢ .-
(Ch) %3 if n is even.

{ ”35;” ifnis odd,
Observe that Graovac-Pisanski index for extremal trees and for extremal unicyclic
graphs has the same value. We believe the following holds.

Conjecture 1.4. Let G be a graph on n vertices, n > 8, with the maximum value of
Graovac-Pisanski index. Then G is either a path, or a long H, or a cycle.

To support this conjecture we performed some computer experiments. They showed
the validity of the conjecture for n = 8 and n = 9. We believe that the maximal degree of
extremal graphs is small (at most 3), thus for the cases n = 10 and n = 11 we limited our
computer search to maximal degrees 5 and 4, respectively, and in these cases the conjecture
was confirmed as well. The graphs from the conjecture are extremal also for n € {5,6, 7},
however when n equals 7 there exists an additional extremal graph.

2 Proof

In this section we prove several claims which imply Theorem 1.3. Obviously, if we consider
graphs of order n, we do not need to consider the multiplicative term 5 in (1.1). Therefore
we define

t
GPa(G) = Z wy; (), 2.1
i=1
where V1, Vs, ..., V; are all the orbits of Aut(G) in G and vy, v, ..., v; are their repre-

sentatives, respectively. Then for given n, graphs on n vertices with the maximum value of
GPa are the solutions of Problem 1.1.

For a cycle on n vertices, GPa(C,,) = wy (v) where v is an arbitrary vertex of C,, and
V = V/(C,,). This implies the following statement.
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Proposition 2.1. We have

a4

if n is even.

In what follows we generalize the GPa-parameter. Let Z = {Z1, ..., Z;. } be a parti-
tion of V(G) and let z; € Z;,1 <i < tz. Then

GPa®(G) = iwzi (7).
i=1

In our proofs, sets Z; will usually be unions of orbits of Aut(G). Nevertheless, GPa® (G)
will depend on the choice of the representatives z;.

To prove Theorem 1.3 we start with GPa(G), where G is an extremal unicyclic graph
on n vertices different from the n-cycle. Then in a sequence of steps we modify either
the graph or the partition and in each step we obtain a larger value of GPa®. Since we
terminate this process with C,, and GPa, we get the result.

Hence, let G be a unicyclic graph on n vertices with the maximum value of Graovac-
Pisanski index and such that G is not the n-cycle. Then G consists of a single cycle C' and
trees rooted at the vertices of the cycle. In what follows, orbits of vertices of C' will be
important.

We start with modifying the partition by merging together some orbits of vertices which
have the same distance from C. We denote by X the new partition of V(G), while the
original partition into orbits is denoted by V. Let v be a vertex of C. If {v} is a trivial orbit
of Aut(G), then orbits in the v-rooted tree form sets of the partition X'. But if {v} is not
a trivial orbit of Aut(G), we do the following. Let O, be the orbit of Aut(G) containig
v and let O, (G) be the set of vertices of u-rooted trees where u € O,. We partition the
vertices of O, (G) according to their distance from C. Hence, O, alone is one set of X,
another set of X' contains those vertices of O,,(G) which are adjacent to a vertex of C, etc.
We have the following statement.

Lemma 2.2. For arbitrary choice of the representatives of sets in X we have
GPa(G) < GPa¥(@).

Proof. Let X; be a set from & and let x; be an abitrary vertex of X;. Observe that X is a
union of several orbits of Aut(G). Let V{ be an orbit of Aut(G) such that V; C X;. Then
wy, (u) is the same for every u € Vp. So let vy be a vertex of Vj at the shortest distance
from x;. Then both x; and vy are in the same tree rooted at a vertex of C'. Assume that they
are in a v-rooted tree 1.

Let u be a vertex of Vy. If w is not in T then distg(z;,u) = distg (v, u) since
distg(z;,v) = distg(vo,v). Solet u be a vertex in T. Let z be a vertex on the (unique)
(vo, u)-path at the shortest distance from v. Since vy is a vertex of V} at the shortest dis-
tance from z;, the shortest (z;, u)-path must contain z. Thus distg (vg, u) < distg(a;, u)
and so wy; (vg) < wy, (;). Consequently, GPa(G) < GPa™ (G) as required. O

Now we modify the graph G, and we consider a partition ) of the vertex set of the
modified graph inherited from the partition X of G. So let v be a vertex of C. If {v} is a
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trivial orbit of Aut(G) then we do not change the v-rooted tree, and its orbits form sets of
the partition ). Hence, in this case the sets of ) coincide with the sets of X’ (and also with
the orbits of V). But if {v} is not a trivial orbit of Aut(G) then we change the v-rooted
tree. If the v-rooted tree has p vertices in G then we replace it by a path on p vertices rooted
at the endvertex, which we again denote by v. Denote by F' the graph which results when
all these replacements are made. Since we did not change the cycle, we denote the cycle of
F again by C. Let O, be the orbit of Aut(G) containing v. By our assumption |O,| > 2.
Analogously as above, let O, (F) be the set of vertices of u-rooted trees where u € O,.
Partition O,,(F') into p disjoint sets of ) according to their distance from C.

Observe that for every Y; € ) and for every two vertices y},y? € Y; we have
wy, (y!) = wy, (y?). Hence when computing GPa” (F'), we can choose the representa-
tives y; in Y; arbitrarily. However, orbits of ' may be strictly larger than the sets Y;. This
is caused by the fact that two non-isomorphic rooted trees may have the same numbers of
vertices. Our next statement follows.

Lemma 2.3. For arbitrary choice of representatives of sets in ) we have
GPa™ (G) < GPaY(F).

Proof. Let H be a graph. A ray in H is a subgraph of H which is isomorphic to a path,
its first vertex has degree at least 3 in H, its last vertex has degree 1 in H and all the other
vertices have degree 2 in H.

We do not prove the inequality directly. Instead, we construct a sequence of graphs
G=G" G, ...,G9=F,each G* with a partition X?, such that

GPaY (G7) < GPa™ (G

for a special choice of representatives in X’ i+l where 0 < i < q—1, X 0= Xand X7 = ).
We remark that for every 4, G* will be a unicyclic graph with the cycle C' such that if O =

{v1,...,v:} is an orbit of vertices of C' in G, then all vj-rooted trees in G* are mutually
isomorphic, 1 < j < t. If t = 1 then the v;-rooted trees in G, G, ..., F are mutually
isomorphic and all X, X!,..., Y coincide on the vertex sets of these trees. However if

t > 2, then the vertex set O,, (G’) of the v;-rooted trees, 1 < j < ¢, is partitioned in X g
according to the distance from C, and we assume that all the representatives of these sets
are in the v;-rooted tree. This assupmtion is possible since O is an orbit in GG, and although
O does not need to be an orbit of G, the vertices of O are nicely distributed along the cycle
Cin G'.

So consider i, 0 < i < q. We assume that G is already known and we construct G*+1,
For this, let O = {v1,...,v:} be an orbit of vertices of C' in G, where ¢t > 2. If the v;-
rooted tree (and so also v;-rooted trees for 2 < j < t) is a path rooted at the endvertex,
then we are done with this orbit of G. So suppose that the v;-rooted tree has at least
two endvertices different from v, and consequently, at least two distinct rays starting at a
common vertex. Let Ry and Ry be two rays starting at a vertex ¢ such that distg: (vy, ¢) is
maximum possible. We assume that R; is not shorter than Ry. If there is a representative x;
of X; which is in Rg, then replace it by a vertex of X J’ in R;. Observe that this replacement
does not change GPa™’ (G%). Now delete Ry from the v;-rooted tree and attach it to the
second vertex of I2;. Moreover, repeat the same procedure in all the other v;-rooted trees,
2 < j < t, and denote by G**! the resulting graph. Denote by 7" and T°*! the v;-rooted
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tree in G* and G'T1, respectively. If Ry and Ry have the same length, then this operation
may create a new set in X!, because 7" may have smaller depth than T°*!. (As is the
custom, by depth we denote the largest distance from the root.) In such a case choose a
representative of this new set in . This is the unique case when a representative will be
in Ry in T*+1,

Let d = distg:(v1, ¢) and let £ be the length of Ry. Assume that the indices of sets
in X" and X"t are chosen so that X:*' in G'*! was obtained from X' in G' and the
representatives of X; ¢ and X; s (:01nc1de whenever possible. Then w X@( ) in G* may
differ from w XL+1( ZJr1) in GZJrl only if X “+1 contains vertices of vy-rooted trees, 1 <

k < t,which are at distance d + 1, d + 2, . d + ¢+ 1 from C'. We distinguish three cases.

Case 1: XJ’-Jr1 contains vertices at distance d+ 1 from C. Then in the v -rooted tree, X;“
is smaller than X ; by exactly one vertex. Consequently | X J’| — |X;+1| = t. Comparing to
GPa%' (G7), GPa¥"" (Gi+1) is decreased by 2 due to a missing vertex in T+ and it is
decreased by (t —1)2(d+ 1) + ¢ due to missing vertices in vy-rooted trees 2 < k < t. Here
c represents the distances using the edges of C, that is ¢ = EZ:Q distg (v1, vk ). Hence,

oy wyi(z)) = -2~ (t=1)2(d+1) —c. (2.2)

Wit (2

Case 2: X;H contains vertices at distance d + a from C, where 2 < a < (. Then
. . . i B it1 . .

| X/™| = |X}| and comparing to GPa® (G?), GPa™"" (G'*1), is decreased by 2 due to

a shorter distance to a vertex of X;H in R5. Hence,

W yrit1 (;L-i,Jrl) _ wX; (1‘;) = 9. (2.3)

J

Case 3: X;H contains vertices at distance d + £ + 1 from C. Then in the v;-rooted tree,
X;H is lgrger than X;by exactly one vertex. Consequently |XJZ-+1| — |X;\ = t. Comparing
to GPa¥' (G7), GPa™ " (Gi+1) is increased by (£ — 1)2(d+ £+ 1) + ¢ due to new vertices
in vg-rooted trees, 2 < k < t. Here c is the very same constant as in C_ase 1, that is
c= 22:2 distg (v, vk ). In some cases, namely if X} is not empty, GPa”® " is increased
by at least 2 due to a new vertex in Ti*1, but we do not need to consider this contribution
in our calculations. Hence,

wXJHl (x;_+l) — wX;: (l‘;) > (t — 1)2(d + 0+ 1) +c. 2.4)
Since wX1+1(x3+1)

(2.3) and (2. 4) we get

= wxi( %) when X! € O,,(G"), summing the expressions (2.2),

GPa® " (GY) — GPaY (GY) > (~2— (t— 1)2(d +1) —¢) — (£ —1)2
+((t=1)2(d+£+1) +c)
(t—2)2¢>0

since ¢t > 2. O

LetY; € Y. Observe that if Y; NV (C) # @, then Y; C V(C'). Let )’ be those sets of
Y which contain vertices of V(C'). We define a new partition Z of F as follows:

Z=Y\Yuv().
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That is, we merge together all sets Y; containing vertices of V' (C'). All the other sets of Z
coincide with the sets of ). We have the following statement.

Lemma 2.4. For arbitrary choice of representatives of sets in Z we have
GPa”(F) < GPa®(F).

Proof. Observe that there are three types of sets in Z. First, if v; € V(C) is a trivial orbit
in G, then orbits of vertices of the v;-rooted tree are sets of Z. Second, if {vq,...,v;} C
V(C) is a non-trivial orbit in G, that is if ¢ > 2, then the v;-rooted trees are paths with
endvertices v;, and sets of vertices of O,, (F') in Z contain vertices of these ¢ rooted trees
which are at the same distance from C'. Finally, Z contains V(C). If Z; is a set of Z of the
first type or of the second type and u, v € Z;, then wg, (u) = wz, (v). Hence, to prove the
statement it suffices to show that

> wy, () Swye)(2) = Y wy(2)

Y€y’ Y, ey’

where z is an arbitrary vertex of V' (C') and )’ is defined before Lemma 2.4. (Recall that y;
is a representative of Y; in ).)

Thus, let z € V(C') and let Y; € )'. In what follows we show that wy, (y;) < wy, (2).
We distinguish four cases.

Case 1: |Y;| = 1. Since wy,(y;) = 0 < distr(z,y;) = wy,(z), we have wy, (y;) <

Case 2: |Y;| = 2. let Y; = {y;, y}. Then by triangle inequality

wy, (y;) = distp(ys, y) < distp(z,y;) + distp(z,y) = wy; (2).

Hence, in the sequel we assume that |Y;| > 3. Since Y; is an orbit of vertices of C' in G,
there is a nontrivial rotational automorphism « in Aut(G) such that {a*(y;) | k € N} C
Y;. Let r be the biggest order of a rotational automorphism of this type and let o be the
corresponding automorphism. Observe that » > 2. Since wy, (u) = wy,(v) for u,v € Y,
we assume that y; is chosen so that dist z(z, y;) is smallest possible.

Case 3: r is even. Let Y/ = {aF(y;) | 0 < k < r}. We rename vertices of Y; as
{0yt ... y" 71} so that distp(y;, y*) < diste(ys, y* ') whenever 0 < k < 7 — 1.
Observe that 310 = y;, the vertices y2‘~! and »?¢ have the same distance from y; if 1 < ¢ <
r/2 and y"~! is the unique vertex of Y, with the largest distance from y;. Since y; is the
vertex of Y; with the smallest distance from z, we have

dist g (y2 1, ;) + dist g (v, y*) = distp(y?¢ 1, 2) + distp (2, ¥29)
for 1 < ¢ < r/2 and also
distp(y;, y" ") = distp(y;, 2) + distp(z,4" ") = 2[V(C)|.
Hence, wy (y;) = wy; (). I Y; = Y/, we are done. Therefore, in the sequel assume that

there is also a reflexion g such that 5(Y;) C Y; and 8(Y/)NY,/ = (. Then Y; = Y/ UB(YY)
and |Y;| = 2r. Observe that all the vertices of 3(Y;) are obtained from arbitrary one of
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them using «. Thus, let yf be a vertex of 5(Y;) with the smallest distance from y;. Then
using the same arguments as above we get

waery) (1)) = waery) (Y-
Since ws(yy (y)) = wy, (y:), we get
wy; (i) = 2wY{(?J¢)~
Analogously, if yf * is a vertex of 3(Y;) at the smallest distance from z, we get
wavy) (U)F) = wavy (2):

Since wg(yy) (y'%) = wyy (y;), we obtain wy; (y;) = wy; ().

Case 4: 7 is odd. Let Y] = {a*(y;) | 0 < k < r}. Then proceeding analogously as in
Case 3 one gets

wy; (2) = wyy (y;) + distr (i, 2),
and so wy; (y;) < wy,(z) if Y; = Y. Hence, assume that there is a reflexion 3 such that
BY!) CYand 8(Y/)NY/ = 0. Again, Y; = Y/ U 8(Y/) and |Y;| = 2r, and all the
vertices of (YY) are obtained from arbitrary one of them using «. Thus, let y? be a vertex
of B(Y;) with the shortest distance from y;. Then analogously as in Case 3 one gets

wy: (i) = waiyn (U)) = waeyn (yi) — diste (), i)

and so
wy, (yi) = 2wy, (y;) + distp (5], ;).

Also, let y;* be a vertex of 5(Y;') with the shortest distance from z. Then analogously as
above we get

wy: (yi) = waevy (%) = way)(2) — distre (Y}, 2)

and so
wy, (2) = 2wy (yi) + distp(yiﬁz, z) + distp(yi, 2).
Since
distr(y,, y:) < distr(y)*, i) < distr(y)*, 2) + distr(ys, 2),
we get wy, (y;) < wy, (2). O

Finally, we are in a position to prove the last lemma which implies Theorem 1.3. Ob-
serve that there is a strict inequality in Lemma 2.5.

Lemma 2.5. We have
CGPa®(F) < GPa(C,,).

Proof. Analogously as in Lemma 2.3, we prove the statement by a sequence of steps. Let
O%, ..., 04 be all orbits of vertices of C' in G, such that for every v € O' the v-rooted tree
is nontrivial (i.e., it has more than one vertex). Observe that if the v-rooted tree is nontrivial
in G, then the v-rooted tree in F is also nontrivial. Assume that |O'| > |0?| > --. > |01|.
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We consecutively create unicyclic graphs ' = FY F1 ... F? = (, with partitions
Z=2% 2 ... 2 respectively, and forevery i, 0 < i < ¢, we show that GPa®’ (F%) <
GpaZ"" (Fi*1). The graph F*! is obtained from F* by moving the vertices of v-rooted
trees, where v € O'F!, into the unique cycle C* of F*. Now we describe the process in
detail.

Choose 7,0 < ¢ < q. Forv € O et p+ 1 be the number of vertices of v-rooted tree
in F* (or in G, since the numbers of vertices of v-rooted trees in G and F are the same). By
our assumption p > 1. Orient the cycle C? of F* and for every vertex u € V (C?) let uf be
the vertex following u on C*. Let v € O**!. Delete the p non-root vertices of the v-rooted
tree from F* and subdivide the edge vv/ exactly p times. Repeat this procedure for all
vertices of O“*! and denote by F**! the resulting unicyclic graph. The partition Z/+1! is
exactly the same as Z', the only exception is that instead of the set V' (C*?) and various sets
partitioning O, (F*) for v € O**! we have just the set V/(C**1) in Z'*1. We assume that
if a set of Z° is identical with a set of Z?*1, then they have the same representatives.

Let Z' € Z' and Z* € Zi*! such that Z' = Z*. Then Z' is a collection of vertices of

O.(F i), i.e., of u-rooted trees for u € O7, where 7 > 1+ 1. Since the distances between
these vertices cannot be shorter in F**! than in F' (they can be only larger due to the
extension of C to C**1), we have wz/(2') < wyz«(2*) where 2’ is a representative of Z’
in F*and 2* is a representative of Z* in F"‘H.‘ Hence, it suffices to check the contribution
of V(C*1) in GPaZ" (Fi*1) and in GPaZ (F) the contribution of V/(C?) and of the
sets of non-root vertices of v-rooted trees for v € O'T!. Let t = |O**!|. Analogously as
in the proof of Lemma 2.4 we distinguish four cases. In these cases, we set ¢ = |V (C?)].
Moreover, by §, we denote the parity of a. That is §, = 1 if a is odd and §, = 0 if a is
even.
Case 1: t = 1. By Proposition 2.1, V(C?) contributes %(c? — §.) to GPa® (F") and
V(C*+1) contributes §((c + p)? — deyp) to GPaZ" (Fit1). Let Oi*! = {v;}. Denote
by T the v;-rooted tree in F*. Since T is a tree on p + 1 vertices, the orbits of 7" contribute
to GPa® (F") at most 2 ((p + 1)> — §,41) by Theorem 1.2. So

4(GPaZ" (F'*Y) — GPaZ (F')) > (c+p)® = eip — P + 6. — (p+1)% + 6,11
>(c+p)P—c—(p+1)° -1
=2p(c—1)—2>0

sincec > 3and p > 1.

Case 2: t = 2. In this case the v-rooted trees are paths whenever v € O**!. Since the

contribution to GPa®’ (F?) of j-th vertices of these paths (i.e., of vertices at distance j
from the roots) is at most j + ¢/2 + j, the total contribution of non-root vertices of v-rooted
trees, v € O, is at most 2(P3') + Lep. Since the contribution of V(C?) is 1(c? — 4,)
and the contribution of V/(C**1) is 1 ((c + 2p)? — cy2p), where 0c 2, = dc, We get

4(GPaZ (F™*Y) — GPa® (FY)) > (¢ +2p)® — 6. — 2 + 8 — 8(°51) — 2¢p
> (c+2p)% —c® —4p® —4p — 2cp
=2p(c—2)>0

sincec>3andp > 1.
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In the remaining cases we may assume that there is a nontrivial rotational automorphism
a of F* such that when v € O™ then also a(v) € O'!. Let 7 be the biggest order of
such a rotational automorphism «, and moreover, let a be such that the distance s between
v and «(v) is the smallest possible. Then ¢ = r - s.

Case 3: 7 is even. Thenr > 2. Let vy € O, Denote O' = {a*(vy) | 0 < k < r}. First
assume that |O**!| = 2r. Hence there is also a reflexion 3 such that 3(0’) C O**! and
B(O")NO" = 0. Let v; € OF! such that the distance ¢ between vy and v is the smallest
possible. Then ¢t < s/2 and v; € $(O’). Observe that now ¢ > 1 and s > 2. Since ¢ = s

is even, the contribution of V(C?) to GPa®' (F) is 1r2s2. The contribution of V(C*!)
to GPaZ"" (F™*1)is 1r2(s+2p)?. Now we calculate the contribution of non-root vertices

of v-rooted trees when v € O™, These trees are paths and the contribution of j-th vertices
is

2(s +25) +2(25 +25) + - + 2((3 1)s+2j) + (55 +24)
+(t+2j5) + (+t+2] 4 (5 = Ds+t+2j5) + (s — t + 27)
+(2s—t+2)) 4+ (5 —1)s—t+2j) + (55 — t + 2§)
=A(s+2j) +4(2s+2j) + - +4((5 — 1)s +25) +2(55+2j) + 25

=1rfs+2j(2r —1).

So the contribution of non-root vertices of v-rooted trees, v € O*t1, is

Z( s+ 24( r—l)) =1r’sp+ (p®> +p)(2r — 1).

j=1
Hence
GPaZHl(F"“) — GPaZi(Fi) > 1262 42 sp—!—r p? — ir?s?
rsp 27"p —27"p+p2+p
=p*(r—=1*+p(r(3rs—2)+1) >0

sincer > 2,s>2andp > 1.
In the case when |O""!| = r, the contribution of V(C**!) is 1r?(s + p)? and the
contribution of j-th vertices in v-rooted trees, v € Ot is

2(s+25) +2(2s +25) + - +2((5 — 1)s +25) + (55 +2j) = 2r?s +2j(r — 1).
So the contribution of non-root vertices of v-rooted trees, v € O*T1, is
P
Z( 25+ 2j(r — 1)) = Lr?sp+ (p® +p)(r — 1).
j=1
Hence

GPaZ" (F'HY) — GPaZ (F') > 1r?s® + Lr?sp 4+ Lr7p? — 122
- l7“2319 rp? —rp+p° 4 p

=p(5 - 12 +p(r(3rs—1)+1) >0
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since in thiscase r > 4,s > land p > 1.

Case 4: 7 is odd. Thenr > 3. Letvg € Ol and O’ = {a¥(vg) | 0 < k < r}. First
assume that |O*T!| = 2r. Hence there is also a reflexion 3 such that 3(O’) € O**! and
B(O"YNO" = 0. Let v; € OF! such that the distance ¢ between vy and vy is the smallest
possible. Then ¢t < s/2 and v; € B(O’). The contribution of V(C?) to GPaZ' (F?)
is 1(r?s* — d,,). The contribution of V(C**) to GPaZ " (Fit+1) is 1(r?(s +2p)? —
(L(S_,_zp)). Now we calculate the contribution of non-root vertices of v-rooted trees when

v € O'FL, These trees are paths and the contribution of j-th vertices is
2(s +25) +2(25 + 2j) + - + 2(“FLs + 25)
+(E+2)) + (s+t+20) + -+ (55 )
+(s—t+2j)+(2s—t+2j5)+ ~~~+(T*157t+2j)
=4(s+2j) +4(25+2j) + -+ 4(55 )+ (t+27)
=10 —1)s+2j(2r — 1)+t

So the contribution of non-root vertices of v-rooted trees, v € O**1, is

(r? = )sp+ (p* + p)(2r — 1) + pt
r’sp+ (p° +p)(2r — 1)

3 (%(72 —1)s+2j(2r —1) + t)

1
2
Jj=1 1
2
since —%sp + pt < 0. Hence

GPaZtH(F”l) fGPaZi(Fi) > 1p2g% 4 o2 5p+7“ p® — 16,5 — 1r?s® + 16,
—fr sp—2rp> —2rp+p® +p
=p*(r—1%+p(r(drs—2)+1) >0

sincer > 3,s>2andp > 1.
. . i41 .
In the case when |O*!| = 7, the contribution of V(C*1) to GPaZ  (Fi+l) is
1 (r*(s +p)? = 6,(s4p)) and the contribution of j-th vertices in v-rooted trees, v € O,
is
)= 2(r* = 1)s+25(r — 1).

So the contribution of non-root vertices of v-rooted trees, v € O**1, is

2(s +2j) +2(25 + 2j) + -+ 2(*5

Z( r? —1) s+2](r71)) =10 —Dsp+ (P> +p)(r—1).

j=1
Hence

GPaZiH(F”l) — GPaZi(Fi) > 1r?s% + LrPsp + Lr?p? — %— ir?s?
—i(T —1)sp—rp’ —rp+p° +p

PPE—12+p(r(trs—1)+1s+1)-1>0

since in this case r > 3, s > 1 and p > 1. (Observe that the second bracket is at least = if
r=3ands=1.) D
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Abstract

An S-ring (a Schur ring) is said to be separable with respect to a class of groups X if
every algebraic isomorphism from the S-ring in question to an S-ring over a group from
X is induced by a combinatorial isomorphism. A finite group is said to be separable with
respect to K if every S-ring over this group is separable with respect to K. We provide a
complete classification of abelian p-groups separable with respect to the class of abelian
groups.

Keywords: Isomorphisms, Schur rings, p-groups.

Math. Subj. Class.: 05E30, 05C60, 20B35

1 Introduction

Let G be a finite group. A subring of the group ring ZG is called an S-ring (a Schur ring)
over G if it is determined in a natural way by a special partition of GG (the exact definition
is given in Section 2). The classes of the partition are called the basic sets of the S-ring.
The concept of the S-ring goes back to Schur and Wielandt. They used S-rings to study a
permutation group containing a regular subgroup [19, 20]. For more details on S-rings and
their applications we refer the reader to [13].

Let A and A’ be S-rings over groups G and G’ respectively. An algebraic isomorphism
from A to A’ is a ring isomorphism inducing a bijection between the basic sets of A and
the basic sets of A’. Another type of an isomorphism of S-rings comes from graph theory.
A combinatorial isomorphism from A to A’ is defined to be an isomorphism of the corre-
sponding Cayley schemes (see Subsection 2.2). Every combinatorial isomorphism induces
the algebraic one. However, the converse statement is not true (the corresponding examples
can be found in [6]).

*The work is supported by the Russian Foundation for Basic Research (project 17-51-53007).
E-mail address: gric2ryabov@gmail.com (Grigory Ryabov)

©@@® This work is licensed under https://creativecommons.org/licenses/by/4.0/
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Let X be a class of groups. Following [3], we say that an S-ring A is separable with
respect to X if every algebraic isomorphism from A to an S-ring over a group from X is
induced by a combinatorial one. We call a finite group separable with respect to X if every
S-ring over G is separable with respect to X (see [18]).

The importance of separable S-rings comes from the following observation. Suppose
that an S-ring A is separable with respect to K. Then A is determined up to isomorphism
in the class of S-rings over groups from X only by the tensor of its structure constants (with
respect to the basis of A corresponding to the partition of the underlying group).

Given a group G denote the class of groups isomorphic to G by K. If G is separable
with respect to K¢ then the isomorphism of two Cayley graphs over G can be verified effi-
ciently by using the Weisfeiler-Leman algorithm [12]. In the sense of [10] this means that
the Weisfeiler-Leman dimension of the class of Cayley graphs over G is at most 3. More
information concerned with separability and the graph isomorphism problem is presented
in [3, 17].

Denote the classes of cyclic and abelian groups by K¢ and K 4 respectively. The cyclic
group of order n is denoted by C),. In the present paper we are interested in abelian groups
and especially in abelian p-groups which are separable with respect to K 4. The problem of
determining of all groups separable with respect to a given class K seems quite complicated
even for X = K. Examples of cyclic groups which are non-separable with respect to K¢
were found in [6]. In [5] it was proved that cyclic p-groups are separable with respect to
K. We prove that a similar statement is also true for K 4.

Theorem 1.1. For every prime p a cyclic p-group is separable with respect to K 4.

The result obtained in [18] implies that an abelian group of order 4p is separable with
respect to K4 for every prime p. From [9] it follows that for every group G of order
at least 4 the group G x G is non-separable with respect to Kgxg. One can check that
a normal subgroup of a group separable with respect to K 4 is separable with respect to
XK 4 (see also Lemma 2.5). The above discussion shows that a non-cyclic abelian p-group
separable with respect to X 4 is isomorphic to Cj, x C,x or C, x Cp X Cppi, where p € {2, 3}
and k£ > 1. The separability of the groups from the first family was proved in [17]. In the
present paper we study the question on the separability of the groups from the second
family.

Theorem 1.2. The group C), x C, x Cpx, where p € {2,3} and k > 1, is separable with
respect to K 4 if and only if k = 1.

As an immediate consequence of Theorem 1.1, Theorem 1.2, and the above mentioned
results, we obtain a complete classification of abelian p-groups separable with respect
to K4.

Theorem 1.3. An abelian p-group is separable with respect to K 4 if and only if it is cyclic
or isomorphic to one of the following groups:

Co x Cor, C3 x Csr, C’S, Cg’,
where k > 1.

Throughout the paper we write for short “separable” instead of “separable with respect
to K 4”. The text is organized in the following way. Section 2 contains a background of
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S-rings. Section 3 is devoted to S-rings over cyclic p-groups. We finish Section 3 with the
proof of Theorem 1.1. In Section 4 we prove Theorem 1.2.

The author would like to thank Prof. I. Ponomarenko for the fruitful discussions on the
subject matters and Dr. Sven Reichard for the help with computer calculations.

Notation.
o The ring of rational integers is denoted by Z.
Let X C G. The element )\ « of the group ring ZG is denoted by X.
The order of g € G is denoted by |g|.
The set {1 : x € X} is denoted by X L.
The subgroup of G generated by X is denoted by (X); we also set rad(X) =
{geG:gX =Xg=X}.
e If m € 7Z then the set {z™ : x € X} is denoted by X (™).
e Givenaset X C G theset {(g9,zg) : * € X,g € G} of edges of the Cayley graph
Cay(G, X) is denoted by R(X).
e The group of all permutations of a set 2 is denoted by Sym(2).
o The subgroup of Sym(G) induced by right multiplications of G is denoted by G igp.
e Foraset A C Sym(G) and a section S = U/L of G we set

AS={f5:feA, S =5},

where S/ = S means that f permutes the L-cosets in U and f* denotes the bijection
of S induced by f.

e If a group K acts on a set () then the set of all orbtis of K on () is denoted
by Orb(K, ).

e If H < @ then the normalizer of H in G is denoted by N (H).

o If K < Sym(Q) and a € € then the stabilizer of v in K is denoted by K.

e The cyclic group of order n is denoted by C,.

2  S-rings
In this section we give a background of S-rings. The most of definitions and statements
presented here are taken from [13, 17].
2.1 Definitions and basic facts
Let GG be a finite group and ZG the group ring over the integers. The identity element of G
is denoted by e. A subring A C ZG is called an S-ring over G if there exists a partition
8§ = 8(A) of G such that:

() {epes,

(2) if X € Sthen X! € §,

(3) A =Spanz{X : X € §}.

The elements of 8 are called the basic sets of A and the number |8] is called the rank
of A. Given X,Y,Z € § the number of distinct representations of z € Z in the form
z =axy withx € X and y € Y is denoted by cf(’y. If X and Y are basic sets of A then
XY =3, ) cf(vy Z. So the integers cf(,y are structure constants of A with respect
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to the basis {X : X € 8}. Itis easy to verify that given basic sets X and Y the set XY is
also basic whenever | X|=1or|Y|=1.

A set X C @ is said to be an A-ser if X € A. A subgroup H < G is said to be an
A-subgroup if H is an A-set. One can check that for every A-set X the groups (X) and
rad(X) are A-subgroups.

A section U/ L is said to be an A-section if U and L are A-subgroups. If S = U/L is
an A-section then the module

Ag = Span; {X": X € §(A), X C U},

where 7: U — U/L is the canonical epimorphism, is an S-ring over S.

If K < Aut(G) then the set Orb(K, G) forms a partition of G that defines an S-ring
A over G. In this case A is called cyclotomic and denoted by Cyc(K, G).

Let G be abelian. Then from Schur’s result [19] it follows that X (™) € §(A) for every
X € 8(A) and every m coprime to |G|. We say that X, Y € 8(A) are rationally conjugate
if Y = X (™) for some m coprime to |G].

2.2 Isomorphisms and schurity

Throughout this and the next two subsections A and A’ are S-rings over groups G and G’
respectively. A bijection f: G — G’ is called a (combinatorial) isomorphism from A over
to A’ if

{R(X)": X € 8(A)} ={R(X"): X' € §(A")},

where R(X)/ = {(g7,h?) : (g9, h) € R(X)}. If there exists an isomorphism from A to A’
we write A = A’. The group Iso(A) of all isomorphisms from A onto itself has a normal
subgroup

Aut(A) = {f € Iso(A) : R(X)/ = R(X) forevery X € 8§(A)}.

This subgroup is called the automorphism group of A. Note that Aut(A) > Grign. If S
is an A-section then Aut(A)° < Aut(Ag). An S-ring A over G is said to be normal if
Grigin < Aut(A). One can check that

NAut(.A) (Gright)e = Aut(.A) N Aut(G) 2.1

Now let K be a subgroup of Sym(G) containing Gig,. As Schur proved in [19], the
Z-submodule

V(K,G) = Spany{X : X € Orb(K,,G)},

is an S-ring over G. An S-ring A over G is called schurian if A = V (K, G) for some K
such that Gy < K < Sym(G). Not every S-ring is schurian. The first example of a
non-schurian S-ring was found by Wielandt in [20, Theorem 25.7]. It is easy to see that A
is schurian if and only if

S(A) = Orb(Aut(A)., G). (2.2)

Every cyclotomic S-ring is schurian. More precisely, if A = Cyc(K, G) for some K <
Aut(G) then A = V(Gjign ¥ K, G).
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2.3 Algebraic isomorphisms and separability
A bijection p: $(A) — S(A’) is called an algebraic isomorphism from A to A’ if

C)Z(,Y = C)ZJ;,Y%
for all X,Y,Z € 8(A). The mapping X — X% is extended by linearity to the ring
isomorphism of A and A’. This ring isomorphism we denote also by . If there exists an
algebraic isomorphism from A to A’ then we write A =41, A’. An algebraic isomorphism
from A to itself is called an algebraic automorphism of A. The group of all algebraic
automorphisms of A is denoted by Autag(A).

Every isomorphism f of S-rings preserves the structure constants and hence f induces
the algebraic isomorphism ¢ ;. However, not every algebraic isomorphism is induced by
a combinatorial one (see [6]). Let K be a class of groups. An S-ring A is defined to be
separable with respect to X if every algebraic isomorphism from A to an S-ring over a
group from X is induced by a combinatorial isomorphism.

Put

Autag(A)o = {p € Autaiz(A) : ¢ = ¢ for some f € Iso(A)}.
It is easy to see that ¢ = ¢, for f, g € Iso(A) if and only if gf~' € Aut(A). Therefore
| Autaig(A)o| = [Iso(A)|/| Aut(A)]. (2.3)

One can verify that for every group G the S-ring of rank 2 over GG and ZG are separable
with respect to the class of all finite groups. In the former case there exists the unique
algebraic isomorphism from the S-ring of rank 2 over G to the S-ring of rank 2 over a
given group of order |G| and this algebraic isomorphism is induced by every bijection. In
the latter case every basic set is singleton and hence every algebraic isomorphism is induced
by an isomorphism in a natural way.

Let o: A — A’ be an algebraic isomorphism. One can check that ¢ is extended to a
bijection between A- and A’-sets and hence between A- and A’-sections. The images of an
A-set X and an A-section S under these extensions are denoted by X ¥ and S¥ respectively.
If S is an A-section then ¢ induces the algebraic isomorphism pg: Ag — A, where
S’ = S¥. The above bijection between the A- and A’-sets is, in fact, an isomorphism of
the corresponding lattices. One can check that

(X?y=(X)¥ and rad(X?)=rad(X)?

for every A-set X (see [4, Equation (10)]). Since cgf}y = dy x-1|X|, where X, Y € §(A)
and éy x -1 is the Kronecker delta, we conclude that | X| = cg(e}x,l, (X—hy = (X¥9)7 1,
and | X| = | X¢| for every A-set X. In particular, |G| = |G’|.

2.4 Cayley isomorphisms

A group isomorphism f: G — G is called a Cayley isomorphism from A to A’ if §(A)f =
8(A’). If there exists a Cayley isomorphism from A to A’ we write A =~¢,, A’. Every
Cayley isomorphism is a (combinatorial) isomorphism, however the converse statement is
not true.
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2.5 Algebraic fusions

Let A be an S-ring over G and ® < Autajz(A). Given X € 8§(A) put X* = Upea X%
The partition
{X?: X €8(A)}

defines an S-ring over G called the algebraic fusion of A with respect to ¢ and denoted by
A®. Suppose that ® = {¢; : f € K} for some K < Iso(A) and A is schurian. Then one
can verify that

A? = V(Auwt(A)K,G).
In particular, the following statement holds.

Lemma 2.1. Let A be a schurian S-ring over G and K < Iso(A). Then A®, where
® = {p;: f € K}, is also schurian.

2.6 Wreath and tensor products

Let A be an S-ring over a group G and S = U/L an A-section. The S-ring A is called the
S-wreath product if L < G and L < rad(X) for all basic sets X outside U. In this case
we write

A=Ay s Ag/L.

The S-wreath product is called non-trivial or properif e # Land U # G. If U = L we
say that A is the wreath product of Ay, and Ag,r, and write A = AL 1 Ag/r-
Let A; and Ao be S-rings over groups G; and G2 respectively. Then the set

8§ = S(.Al) X S(AQ) = {X1 x X9:Xq € S(.Al),XQ S S(AQ)}

forms a partition of G = G; x G that defines an S-ring over GG. This S-ring is called the
tensor product of A, and A, and denoted by A1 ® As.

Lemma 2.2. The tensor product of two separable S-rings is separable.

Proof. As noted in [18, Lemma 2.6], the statement of the lemma follows from [1, Theo-
rem 1.20]. O

Lemma 2.3 ([17, Lemma 4.4]). Let A be the S-wreath product over an abelian group G for
some A-section S = U/ L. Suppose that Ay and Agy, are separable and Aut(Ay)® =
Aut(Ag). Then A is separable. In particular, the wreath product of two separable S-rings
is separable.

Let © be a finite set. Permutation groups K, K’ < Sym(Q) are called 2-equivalent if
Orb(K, Q%) = Orb(K',Q?). A permutation group K < Sym((Q) is called 2-isolated if it
is the only group which is 2-equivalent to K.

Lemma 2.4. Let A be the S-wreath product over an abelian group G for some A-section
S = U/L. Suppose that Ay and Ag 1, are separable, Ay is schurian, and the group
Aut(Ag) is 2-isolated. Then A is separable.

Proof. Since Ay is schurian, the groups Aut(Ay)® and Aut(Ag) are 2-equivalent. In-
deed,

Orb(Aut(Ay)®, 5?) = Orb(Aut(Ag), S?) = {R(X) : X € 8(Ag)}.
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This implies that Aut(Ay)® = Aut(Ag) because Aut(Ag) is 2-isolated. Therefore the
conditions of Lemma 2.3 hold and A is separable. O

Lemma 2.5. Let H be a normal subgroup of a group G, B an S-ring over H, p €
Autalg(B) \ Autaig(B)o. Then there exists 1p € Autaig(A) \ Autag(A)o, where A =
BLZ(G/H), such that v = .

Proof. Define 9 as follows: X¥ = X¥ for X € §(Ay) and X¥ = X for X € §(A) \
S8(Ag). Let us prove that ¢ € Autag(A). To do this it suffices to check that c)Z(ﬁ,Yw =
%y forall X,Y,Z € 8(A). Suppose that X, Y € 8(Ag). If Z € §(Ay) then ciﬁ,,w) =
Ko ye =&y I Z ¢ S(Ay) then Z¥ ¢ 8(Ap) and hence ciﬁ,)yd, =cky=0.

Now suppose that exactly one of the sets X, Y, say X, lies inside H. Then YV =Y
and X U X% C H < rad(Y). So XY = X¥Y = |X|Y. This implies that Ciﬁ,,yw =
%y = |X| whenever Z =Y and c)Z(ﬁ,yyw = c% y = 0 otherwise.

Finally, suppose that X,Y ¢ 8(Ag). In thiscase X¥ = X and Y¥ =Y. If Z ¢
S(Ap) then Z¥ = Z and hence c)Z(i’Yw = &y If Z € 8(Ap) then Z and Z¥ enter
the element XY with the same coefficients because H = rad(X) N rad(Y). Therefore
c?ﬁ,)yw = C)Z(’Y, Thus, ¥ € Autae(A).

If v is induced by an isomorphism then [4, Lemma 3.4] implies that {1 = ¢ is also

induced by an isomorphism. We obtain a contradiction with the assumption of the lemma
and the lemma is proved. O

3 S-rings over cyclic p-groups

In this section we prove Theorem 1.1. Before the proof we recall some results on S-rings
over cyclic p-groups. The most of them can be found in [7, 8]. Throughout the section p is
an odd prime, G is a cyclic p-group and A is an S-ring over G. We say that X € S(A) is
highest if X contains a generator of G. Put rad(A) = rad(X), where X is highest. Note
that rad(A) does not depend on the choice of X because every two basic sets are rationally
conjugate and hence have the same radicals.

Lemma 3.1. The S-ring A is schurian and one of the following statements holds for A:
(1) |rad(A)| = 1 and tk(A) = 2;

(2) |rad(A)| = 1, A is normal, and A = Cyc(K, G) for some K < K, where Ky is
the subgroup of Aut(Q) of orderp — 1;

(3) |rad(A)| > 1 and A is the proper generalized wreath product.

Proof. The S-ring A is schurian by the main result of [16]. The other statements of the
lemma follow from [8, Theorem 4.1, Theorem 4.2 (1)] and [7, Lemma 5.1, Equation (1)].
O

Lemma 3.2. Let S be an A-section with | S| > p?. The following statements hold:

(1) If Statement (2) of Lemma 3.1 holds for A then Statement (2) of Lemma 3.1 holds
for Ag;
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(2) Iftk(Ag) = 2 then Aut(A)° = Sym(S).

Proof. Statement (1) of the lemma follows from [8, Corollary 4.4] and Statement (2) of the
lemma follows from [8, Theorem 4.6 (1)]. O

Lemma 3.3. Suppose that Statement (2) of Lemma 3.1 holds for A. Then Aut(A) is
2-isolated.

Proof. By [15, Lemma 8.2], it suffices to prove that Aut(A). has a faithful regular orbit.
The S-ring A is normal. So (2.1) implies that Aut(A). < Aut(G). Let X € 8§(A) be
highest. Since A is cyclotomic, each element of X is a generator of G. If f € Aut(A).
fixes some x € X then f is trivial because f € Aut(G) and « is a generator of G. Besides,
A is schurian and hence X € Orb(Aut(A)., G) by (2.2). Therefore X is a regular orbit of
Aut(A).. The group Aut(G) is cyclic because p is odd. So both of the groups Aut(A),
and Aut(A)X are cyclic groups of order | X |. Thus, X is a faithful regular orbit of Aut(A).
and the lemma is proved. O

Lemma 3.4. Suppose that Statement (2) of Lemma 3.1 holds for A and ¢ is an algebraic
isomorphism from A to an S-ring A’ over an abelian group G'. Then G’ is cyclic.

Proof. By the hypothesis,
A = Cyc(K, Q) for some K < Aut(G) with |[K| <p—1.

The group E = {g € G : |g| = p} is an A-subgroup of order p because A is cyclotomic.
The group £/ = E¥ is an A’-subgroup of order p by the properties of an algebraic iso-
morphism. Assume that G’ is non-cyclic. Then there exists X’ € §(A’) containing an
element of order p outside E’. Let X € 8§(A) such that X¥ = X'. The set X consists of
elements of order greater than p because G is cyclic and all elements of order p from G lie
inside E. The identity element e of G enters the element X” with a coefficient dividing
by p because 2P # e for each x € X. The identity element ¢’ of G’ enters the element
(X")P with a coefficient which is not divided by p because (z')? = ¢’ for some ' € X’
and | X’| < p — 1. Since ¢ is an algebraic isomorphism, we have

(XP)? = (X)" and {e}? ={e'}.

This implies that e and ¢’ must enter X” and (X')? respectively with the same coefficients,
a contradiction. Therefore G’ is cyclic and the lemma is proved. O

Lemma 3.5. Suppose that |rad(A)| > 1. Then there exists an A-section S = U/L such
that A is the proper S-wreath product, |rad(Ay)| = 1, and |L| = p.

Proof. From [17, Lemma 5.2] it follows that there exists an A-section U/ L; such that A is
the proper U/ L-wreath product and |rad(Ay)| = 1. Let L be a subgroup of L; of order
p. Then the lemma holds for S = U/L. O

Lemma 3.6 ([S, Theorem 1.3]). Every S-ring over a cyclic p-group is separable with
respect to K¢.
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Proof of the Theorem 1.1. The statement of the theorem for p € {2, 3} was proved in [17,
Lemma 5.5]. Further we assume that p > 5. Let A be an S-ring over a cyclic p-group G of
order p*, where k > 1. Prove that A is separable. We proceed by induction on k. If k = 1
then G is the unique up to isomorphism group of order p and the statement of the theorem
follows from Lemma 3.6.

Let £ > 2. One of the statements of Lemma 3.1 holds for A. If Statement (1) of
Lemma 3.1 holds for A then rk(A) = 2 and hence A is separable. Suppose that State-
ment (2) of Lemma 3.1 holds for A. Let ¢ be an algebraic isomorphism from A to an
S-ring A’ over an abelian group G’. Due to Lemma 3.4, the group G’ is cyclic. So ¢ is
induced by an isomorphism by Lemma 3.6. Therefore A is separable.

Now suppose that Statement (3) of Lemma 3.1 holds for A. Then A = Ay s Ag /L
for some A-section S = U/L with L > e and U < G. The S-rings Ay and Ag,p, are
separable by the induction hypothesis. Due to Lemma 3.5 we may assume that rad(Ay ) =
e and |L| = p. In this case rk(Ay) = 2 or Statement (2) of Lemma 3.1 holds for Ay. If
rk(Ay) =2or|S| =1then U = L and A is separable by Lemma 2.3.

Assume that Statement (2) of Lemma 3.1 holds for Ay If |S| > p? then Statement (2)
of Lemma 3.1 holds for Ag by Statement (1) of Lemma 3.2. Lemma 3.3 implies that
Aut(Ag) is 2-isolated. The S-ring Ay is cyclotomic and hence it is schurian. Therefore A
is separable by Lemma 2.4.

It remains to consider the case when | S| = p. In this case |U| = p?. If rad(X) > L for
every X € §(A) outside U then rad(X) > U for every X € §(A) outside U because G is
cyclic. This yields that A = Ay { Ag /v and hence A is separable by Lemma 2.3.

Suppose that there exists X € S(A) outside U with rad(X) = L. The remaining part
of the proof is divided into two cases.

Case 1: (X) < G. In this case put S; = (X)/L. The S-ring A is the S;-wreath product
and |S1| > p?. Note that |rad(Ag, )| = 1 because rad(X) = L. So Statement (1) or State-
ment (2) of Lemma 3.1 holds for Ag, . In the former case Aut(A x))%* = Aut(Ag,) =
Sym(S7) by Statement (2) of Lemma 3.2 and A is separable by Lemma 2.3. In the lat-
ter case Aut(Ag, ) is 2-isolated by Lemma 3.3. Since Ax) is schurian, the conditions of
Lemma 2.4 hold for S; and A is separable by Lemma 2.4.

Case 2: (X) = G. In this case | rad(Ag,r)| = 1 because rad(X) = L. Letm: G — G/L
be the canonical epimorphism. Clearly, (U) is an A/ -subgroup and 7(X) lies outside
7(U). Sork(Ag,r) > 2 and hence Statement (2) of Lemma 3.1 holds for Ag/ ..

Let o be an algebraic isomorphism from A to an S-ring A’ over an abelian group G’.
Put U’ = U¥ and L' = L¥. Clearly,

I'<U. 3.1)

The algebraic isomorphism ¢ induces the algebraic isomorphism ¢y from Ay to Ay,
where U’ = U¥. From Lemma 3.4 it follows that

U =~ Cp. (3.2)

Also  induces the algebraic isomorphism ¢/, from Ag, 1 to Ag/ /. Lemma 3.4 implies
that G’/ L' is cyclic. Since |L'| = |L| = p, we conclude that

G = Cpk or G Cp X Cpk—l.
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However, in the latter case L’ is not contained in a cyclic group of order p? because G’ /L’
is cyclic. This contradicts to (3.1) and (3.2). So G’ is cyclic and ¢ is induced by an
isomorphism by Lemma 3.6. Therefore A is separable and the theorem is proved. O

4 Proof of Theorem 1.2
Proposition 4.1. The group C’S is separable for p € {2,3}.

Before we prove Propostion 4.1 we give the lemma providing a description of S-rings
over these groups.

Lemma 4.2. Let A be an S-ring over C3, where p € {2,3}. Then A is schurian and one
of the following statements holds:

(1) tk(A) = 2;
(2) A is the tensor product of smaller S-rings;
(3) A is the proper S-wreath product of two S-rings with |S| < p;

(4) p =3 and A Zcuy Aj;, where A; is one of the 14 exceptional S-rings whose param-
eters are listed in Table 1.

Remark 4.3. In Table 1 the notation £ means that an S-ring have exactly m basic sets of
size k.

Table 1: Parameters of the 14 exceptional S-rings A1, As, ..., A14.

S-ring ‘ rank ‘ sizes of basic sets

Ay 3 1,132

Aa 4 1,6,8,12
As 4 1,2, 122
Ay 5 1,42,6,12
As 5 1,2,8%
Ag 6 1,2, 6%
Az 7 1,2,4% 8
Asg 7 1,2,3% 63
Ag 8 1,2,46
Ao 9 1,23, 45
A 10 | 1,25 44
A1z 10 13, 3%,6
Az 11 13, 38
A1 14 1,23

Proof. The statement of the lemma can be checked with the help of the GAP package
COCO2P [11]. O
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Proof of the Proposition 4.1. From [17, Theorem 1, Lemma 5.5] it follows that the group
C’Z’f is separable for p € {2,3} and k < 2. Let A be an S-ring over G 2 C’;’, where
p € {2,3}. Then one of the statements of Lemma 4.2 holds for A. If Statement (1) of
Lemma 4.2 holds for A then, obviously, A is separable. If Statement (2) of Lemma 4.2
holds for A then A is separable by Lemma 2.2. Suppose that Statement (3) of Lemma 4.2
holds for A. Then A is the proper schurian S-wreath product for some A-section S = U/L
with |S] < 3. Since A is schurian, Ay is also schurian. Note that Aut(Ag) is 2-isolated
becasue | S| < 3. Therefore A is separable by Lemma 2.4.

Suppose that Statement (4) of Lemma 4.2 holds for A and ¢ is an algebraic isomor-
phism from A to an S-ring A’ over an abelian group G’. Clearly, if A’ is separable then
! is induced by an isomorphism and hence ¢ is also induced by an isomorphism. If
G' = C)s then A’ is separable by Theorem 1.1; if G’ = C), x C2 then A’ is separable
by [17, Theorem 1]; if G/ = C’;’ and one of the Statements (1)—(3) of Lemma 4.2 holds
for A’ then A’ is separable by the previous paragraph. So in the above cases ¢ is induced
by an isomorphism. Thus, we may assume that G’ = C’S and Statement (4) of Lemma 4.2
holds for A’.

Two algebraically isomorphic S-rings have the same rank and sizes of basic sets. So
information from Table 1 implies that A; 241, A; whenever ¢ # j. Therefore we may
assume that

A=A =A,
for some i € {1,...,14}. Using the package COCO2P again, one can find that
| Autaig(A;)| = |Iso(A;)|/] Aut(A;)]

forevery j € {1,...,14}. In view of (2.3) this yields that Autaiz(A;) = Autaig(A;)o for
every j € {1,...,14}. So ¢ € Autaig(A;)o and hence ¢ is induced by an isomorphism.
Thus, A is separable and the proposition is proved. O
Proposition 4.4. The group C), x Cy, x Cy. is non-separable for p € {2,3} and k > 2.

Proof. In view of Lemma 2.5 to prove that the group C), x Cj, x Cpx is non-separable
for p € {2,3} and k > 2 it is sufficient to construct an S-ring A over Cp, x C), x Cp2,
p € {2,3}, and an algebraic isomorphism ¢ from A to itself which is not induced by an
isomorphism.

Let G = (a) x (b) x {(c), where |a| = |b| = p and |c| = p?. Put A = (a), B = (b),
C = {(c), c1 = P, and Cy = (cq). Firstly consider the case p = 2. Let f € Aut(G) such
that

f:(a,b,¢) = (a,bacy,ca)

and A = Cyc((f), G). It easy to see that | f| = 2 and the basic sets of A are the following
To={e}, Ti={a}, Ta={a}, Ts={ac},
X1 = CA, X2 = CgA,
Y1 =blacy), Yz =balacy),
Z1 = bCCl, Z2 = bCCLCl.
Define a permutation ¢ on the set S(A) as follows:
TS =Ty, TY =T, TS =Ts, T{="T,
X7 =X1, XJ =X,
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Y =2, Y¥=2, Z¥=Y,, Z{=Y,.

It easy to see that |¢| = 2. The straightforward check 1mpl1es that ¢ is an algebraic

isomorphism from A to itself. Let us check, for example, that cY Y, = }T,w e We have
Y1Ys = 2a + 2¢; and Y1 7Y% = Z, 75 = 2a + 2ac,. So cy Y, = cgz vy = = 2.

Note that A corresponds to a Kleinian quasi-thin scheme of index 4 in the sense of [14].
The S-ring A is cyclotomic and hence it is schurian. Assume that ¢ is induced by an iso-
morphism. Then the algebraic fusion A(¥) is schurian by Lemma 2.1. However, computer
calculations made by using the package COCO2P [11] (see also [21]) imply that A} is
non-schurian, a contradiction. Therefore, ¢ is not induced by an isomorphism and hence
A is non-separable.

Now let p = 3. Let f1, fo, f3 € Aut(G) such that

fi:(a,b,¢) — (ail,lfl,cfl), fa: (a,b,¢) = (a,b,ccr), f3: (a,b,¢) — (a,ba,c).

The direct check implies that | f;| = | = |fs| = 3, and fi, fa, f5 pairwise commute.
Put K = (f1) % (f2) x (f3) and A = Cyc(K, G). The basic sets of A are the following:

To={e}, Ty = {a,a™ '}, To = {c1,¢; '}, Tz = {aci,a e}, Ty = {a ter,aci !},
X, =cCy U c_lc'l, Xo =caCi U c_la_lC'l, Xs=ca 'Ci U c_laC'l,
Yi =bAUbD A, Yo=bciAUD 'eitA, Ya=blc;AUbc A
Zy = {be,b e N A X Cy), Zy={b"tc,bc '} (A x Cy).

)

Let ¢ be a permutation on the set 8(A) such that 7§ = Ty, T = T3, and X¥ = X
for every X € 8(A) \ {T5,T4}. Clearly, |¢| = 2. Note that for every X,Y € §(A) \
{T3, T4} the elements T3 and T} enter with non-zero coefficients the element XY only in
the followingcases: X =Y =Z;; X = X;,,Y = X;, i # ;X =Y, Y =Y}, i # j. The
straightforward check using this observation implies that ¢ is an algebraic isomorphism
from A to itself.

If o is induced by an isomorphism then A () is schurian by Lemma 2.1. However,
A{#) coincides with the non-schurian S-ring constructed in [2, pp. 8-10] in case of G' =
Cs x C3 x Cy, a contradiction. Thus, ¢ is not induced by an isomorphism and hence A is
non-separable. The proposition is proved. O

Theorem 1.2 is an immediate consequence of Proposition 4.1 and Proposition 4.4.
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Abstract

The strong geodetic problem is to find the smallest number of vertices such that by
fixing one shortest path between each pair, all vertices of the graph are covered. In this
paper we study the strong geodetic problem on complete bipartite graphs. Some results for
complete multipartite graphs are also derived. Finally, we prove that the strong geodetic
problem restricted to (general) bipartite graphs is NP-complete.

Keywords: Geodetic problem, strong geodetic problem, (complete) bipartite graphs, (complete) mul-
tipartite graphs.

Math. Subj. Class.: 05C12, 05C70, 68017

1 Introduction

The strong geodetic problem was introduced in [1] as follows. Let G = (V, E) be a graph.
For a set S C V, and for each pair of vertices {z,y} C S, x # y, define g(z,y) as a
selected fixed shortest path between x and y. We set

1(S) = {g(z,y) : x,y € S},

and V(I(S)) = Uﬁef(S) V(P). If V(I(S)) = V for some I(S), then the set S is called
a strong geodetic set. This means that the selected fixed geodesics between vertices from
S cover all vertices of the graph G. If G has just one vertex, then its vertex is considered
the unique strong geodetic set. The strong geodetic problem is to find a minimum strong
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geodetic set of G. The size of a minimum strong geodetic set is the strong geodetic number
of G and is denoted by sg(G). A strong geodetic set of size sg(G) is also called an optimal
strong geodetic set.

In the first paper [1], it was proved that the problem is NP-complete. The invariant has
also been determined for complete Apollonian networks [1], thin grids and cylinders [14],
and balanced complete bipartite graphs [12]. Some properties of the strong geodetic num-
ber of Cartesian product of graphs have been studied in [13]. Recently, a concept of strong
geodetic cores has been introduced and applied to the Cartesian product graphs [9]. An
edge version of the problem was defined and studied in [16].

The strong geodetic problem is just one of the problems which aim to cover all vertices
of a graph with shortest paths. Another such problem is the geodetic problem, in which we
determine the smallest number of vertices such that the geodesics between them cover all
vertices of the graph [3, 5, 10, 11]. Note that we may use more than one geodesic between
the same pair of vertices. Thus this problem seems less complex than the strong geodetic
problem. The geodetic problem is known to be NP-complete on general graphs [2], on
chordal and bipartite weakly chordal graphs [6], on co-bipartite graphs [7], and on graphs
with maximal degree 3 [4]. However, it is polynomial on co-graphs and split graphs [6],
on proper interval graphs [8], on block-cactus graphs and monopolar chordal graphs [7].
Moreover, the geodetic number of complete bipartite (and multipartite) graphs is straight-
forward to determine, i.e. sg(K,, ;) = min{n, m,4} [11].

Recall from [12] that the strong geodetic problem on a complete bipartite graph can be
presented as a (non-linear) optimization problem as follows. Let (X,Y") be the bipartition
of K, mand SUT, S C X, T C Y, its strong geodetic set. Let |\S| = s and |T'| = ¢. Thus,
sg(Kp.n) < s+ t. With geodesics between vertices from .S we wish to cover vertices in
Y — T'. Vice versa, with geodesics between vertices from 7' we are covering vertices in
X — S. The optimization problem for sg( K, ,,,) reads as follows:

min s+t
subjectto: 0 < s < n
0<t<m

@zn_s (L.1)
) > t
9) =M™~

s, t €Z.

This holds due to the fact that every geodesic in a complete bipartite graph is either of
length 0, 1 (an edge), or 2 (a path with both endvertices in the same part of the biparti-
tion). If a strong geodetic set S has k vertices in one part of the bipartition, then geodesics
between those vertices can cover at most (]2“) vertices in the other part.

The exact value is known for balanced complete bipartite graphs: if n > 6, then

2 {_“’7 VQ&‘HW , 8n — 7 is not a perfect square,
Sg(Kn,n) =
2 [L égn“w — 1, 8n — 7is a perfect square.

See [12, Theorem 2.1].



V. Irs$i¢ and M. Konvalinka: Strong geodetic problem on complete multipartite graphs 483

In the following section, we generalize the above result to all complete bipartite graphs.
To conclude the introduction, we state the following interesting and surprisingly impor-
tant fact.

Lemma 1.1 (Shifting Lemma). Let K, ..., be a complete multipartite graph with the
multipartition X1, ..., X,, |X;| = n; fori € [r]. Let S = S; U---U S, be an optimal
strong geodetic set, with S; C X; and |S;| = s; fori € [r].

If s1 < 89,83 and s3 < ng, S3 < ng, then there exist x € S1 and y € Sy U Ss, such
that S U {y} — {«} is also an optimal strong geodetic set.

Proof. Let G = Ky, ., |Xi| = ny, |Si| = s; fori € [r]. Suppose S; # 0, X; for
i € {1,2,3}. Without loss of generality, s = min{si, s2, s3}, and let geodesics between
vertices of S cover fewer vertices in Xo — S5 than in X3 — S5.

Select vertices z € S; and y € X5 — So. Geodesics between vertices from S; can be
fixed in such a way that no vertex in X5 is covered with a geodesic containing z. This is

trivial for s; € {1, 2, 3}, and follows from V;l) < (911 for sy > 4.

Now consider ' = S U {y} — {«}, |T| = |S|. We will prove that T" is a strong
geodetic set of G. Fix geodesics between vertices in 7' in the same way as in .S, except
those containing = or y. As ¢ ¢ T, at most s; — 1 vertices U in V(G) — X1 — X3 are
uncovered. But geodesics containing y can cover the vertex x, as well as s, — 1 other
vertices in V(G) — X5. As we have so — 1 > s — 1, those geodesics can be fixed in such
a way that U is covered. O

Proposition 1.2. For every complete multipartite graph there exist an optimal strong geode-
tic set such that its intersection with all but two parts of the multipartition is either empty
or the whole part.

Proof. Let G = K,,, .. n,,|X;| = n;, be a multipartite graph. The Shifting Lemma states
that every strong geodetic set with three or more parts of size not equal to 0 or n; can be
transformed into a strong geodetic set of the same size, where one of these parts becomes
smaller and one larger. After repeating this procedure on other such triples, at most two
parts can have size different from 0 or n;. O

The rest of the paper is organized as follows. In the next section, some further results
about the strong geodetic number of complete bipartite graphs are obtained. In Section 3 we
discuss the strong geodetic problem on complete multipartite graphs. Finally, in Section 4
the complexity of the strong geodetic problem on multipartite and complete multipartite
graphs is discussed.

2 On complete bipartite graphs

In this section, we give a complete description of the strong geodetic number of a complete
bipartite graph. Instead of giving an explicit formula for sg(K, ,,,), we classify the triples
(n, m, k) for which sg(K,, ) = k.

Define

N )]
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Theorem 2.1. For positive integers n, m and k, (n,m) ¢ {(1,1),(2,2)}, sg(Kn.m

if and only if

n<k&m=f(k,n)

Ars Math. Contemp. 17 (2019) 481-491

or

m<k&n=f(k,m)

or

)=k

flkyi—1) <m < f(k,i) & f(k,k—i—1) <n < f(k,k—1) for somei, 0 <i<k.

Note that for the two exceptional cases, we have sg(K7 1) = 2 and sg(K32) = 3.

Example 2.2. The strong geodetic numbers of small complete bipartite graphs can be

found in Table 1.

Table 1: The strong geodetic numbers sg( X, ,,,) for some small complete bipartite graphs.

m " 1 21 3| 4| 5|6 |7[8|9]10]|11 (12|13 |14 ]| 15
1 2 21 3| 4| 5|6 |7[8|9]10|11 (12|13 |14 ]| 15
2 20 3| 3| 4] 56789 10|11 |12 13| 14| 15
3 31 3] 3| 4| 5|6 718910111213 |14 ]| 15
4 41 4| 4] 4| 414|567 8] 9|10 |11 |12 ] 13
5 5 3 5| 4] 555515 51| 6 71 8] 9|10
6 6| 6| 6| 4| 5/6|6]6|6|] 6| 6| 6| 6| 6| 6
7 AN A O S|6 |7 |77 T| 7| | T| T| 7
8 8| 8] 8| 6| 5|6 |7[8|8] 8| 8| 8| 8| 8| 8
9 91 91 9 7| 516|788 8| 91 9] 9| 9] 9

10f10(10 (10| 8| 56| 7|88 8| 9] 9| 9| 9|10
11 ] 11 ] 11 | 11 91 616|789 9] 9] 9| 9| 9|10
12201211212 10| 76 |7 (89| 9| 9|10 10| 10| 10
13 (131313 |11 816|789 9| 9|10 10| 10| 10
141414 (14 | 12| 96| 7|89 9| 9|10 | 10| 10| 10
151515 (15 |13|106 |7 |89 |10| 10| 10| 10| 10| 10

Figure 1 shows the positions of all 201 pairs (n, m) for which sg(K,, ,,) = 12. We
can notice the “parabolas” corresponding to m = f(k,n) and n = f(k, m), as well as the
“intersecting rectangles” corresponding to f(k,i — 1) < m < f(k,7), f(k,k—i—1) <

n < flkk— ).

Proof of Theorem 2.1. Tt is not difficult to see that sg(K,, ,,,) = 2 if and only if (n,m) €
{(1,1),(1,2),(2,1)}, and that sg(K2 2) = 3. So assume that £ > 3 and max{n,m} > 3.

The statement follows from the following (note that the sum s; + s5 equals k for every
(s1, $2) that appears below). Note that all different optimal solutions are described here,
hence some of the conditions overlap.

. Ifn <3andm = f(k,n) = k,orm = f(k,i—1) and f(k,k —i—1)

flk,k—i)fori < 4,orm = f(k,i—1)andn = f(k,k—i—1) fori
(0, k) is an optimal solution. Symmetrically, if m < 3 and n = f(k,m
flk,i—1)<m < f(k,i)andn = f(k,k —i—1)fori > k — 4, then (
optimal solution.

<
)
k,

<n<
4,

then

=k, or
0) is an



V. Irs$i¢ and M. Konvalinka: Strong geodetic problem on complete multipartite graphs 485

Figure 1: All pairs (n, m) for which sg(K, ,,,) = 12.

2. If3 <n < kandm = f(k,n), then (n, k—n) is an optimal solution. Symmetrically,
if 3 <m < kandn = f(k,m), then (k —m,m) is an optimal solution.

3.0f fk,i— 1) <m < f(k,i)and f(k,k —i—1) <n < f(k,k—1)ford <i<
k—4,orm = f(k,i—1)and f(k,k—i—1) <n < f(k,k —1i)fori > 3, or
flk,i—1)<m < f(k,i)andn = f(k,k—i—1)fori < k—3,orm = f(k,i—1)
andn = f(k,k—i¢—1)for3 <i <k — 3, then (i, k — i) is an optimal solution.

4. I f(k,i—1) <m < f(k,i)andn = f(k,k—i—1)fori < k—4,orm = f(k,i—1)
andn = f(k,k—i1—1)for2 < i <k—4,then (¢ + 1,k — i — 1) is an optimal
solution.

5. Ifm = f(k,i—1)and f(k,k—i—1) <n < f(k,k—i)fori > 4,orm = f(k,i—1)
andn = f(k,k—i—1)ford <i<k—2,then (¢ — 1,k — 4+ 1) is an optimal
solution.

It is easy to see that the above solutions give rise to the strong geodetic sets of size
k. For example, in the first case, the part of the bipartition of size m is a strong geodetic
set with parameters (0, k). What remains to be proved is sg(K,,.,) > k for each case.
This can be shown by a simple case analysis. As the reasoning is similar in all cases, we
demonstrate only two of them. Let X be the part of the bipartition of size n and Y the part
of size m. Also, let S = 57 U Ss, where 57 C X, S5 C Y, be some strong geodetic set.

e Thecase k > n > 3and m = k—l—i—(";l) =k—n+(5): If S = X, then
geodesics between these vertices cover at most (;‘) vertices in Y, so at least k — n
vertices in Y must also lie in a strong geodetic set. Hence, |S| > n — (k —n) = k.

If S1 # X, geodesics between these vertices cover at most ("51) vertices in Y,

so at least k — 1 vertices from Y must lie in a strong geodetic set. Hence, |S| >
|S1]+ (k —1). If S1 # D or |S2| > k, we have |S| > k. Otherwise, S = Sy and
contains exactly k£ — 1 vertices. But then the remaining vertices in Y are not covered.

e The case where f(k,i —1) <m < f(k,i)and f(k,k —i—1) <n < f(k,k —1)
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for4 < i < k — 4: We can write

k—1—

=k-1
n +< 9

2>+z, le{l. . h—i—2},

;2
m—k—1+<12 >+j, je{l,...i—2}.

Suppose |S| < k — 1. If |S;| < i — 2, these vertices cover at most (152) vertices

in X, thus at least k vertices remain uncovered and |S| > k. Hence, |S1| > i — 1.
Similarly, |Sa| > k —i — 1.

If |S1] = ¢ — 1, then (’;1) vertices in Y are covered. As k + j — ¢ + 1 are left

uncovered, it holds that |So| > k — i + 2 and thus | S| > k + 1.

If |So| = k — i — 1, then (k_;_l) vertices in X are covered. As |+ ¢ + 1 are left

uncovered, it holds that | S1| > ¢ + 2 and thus |S| > k + 1.
Hence |S1] > ¢ and |Sa| > k — 4 and thus |S| > k. O

The first condition from Theorem 2.1 can be simplified as follows.

Corollary 2.3. Ifn > 3and m > (7), then sg(Knm) = m+1— (";"). Ifn < 3 and
m > n, then sg(K,, ) = m.

When m < (g), Theorem 2.1 is harder to apply. Note, however, that the theorem
suggests that m is approximately equal to k — 1 + (igl), and n is approximately equal to
k—1+ (k _;_1) . Furthermore, note that we can rewrite the system of equations (with known
m,n and variables k, i) m = k—1+ <¢;1)’ n=k—1+ (]“;71) as a polynomial equation of
degree 4 for k (say by subtracting the two equations, solving for ¢, and plugging the result
into one of the equations), and solve it explicitly. It seems that one of the four solutions
is always very close to sg(K,,. ). Denote the minimal distance between sg(K,, ,,) and a
solution k of m = k — 1 + (igl), n="k—1+ (kfgfl) by e(m,n). Then our data is
indicated in Table 2.

Table 2: The difference between the exact and estimated values of sg(K,, ) for different
values of n.
n | 10 | 100 | 1000 | 10000 | 100000
max{e(m,n) :n<m < (5)} || 1.094 | 1.774 | 1.941 | 1.983 | 1.995

We conjecture the following.
Conjecture 2.4. Ifn < m < (3), then e(m,n) < 2.

If the conjecture is true, sg(K,, ) is among the (at most 16) positive integers that
are at distance < 2 from one of the four solutions of the system m = k — 1 + (’;1),
n=k—1+ (kﬂ;l . For each of these (at most) 16 candidates, there are at most three
(consecutive) ¢’s for which f(k,i—1) < m < f(k, ), found easily by solving the quadratic
equation m = k — 1+ (*3"). For each such 4, check if f(k,k —i— 1) <n < f(k, k — ).
This allows for computation of sg(K,, ) with a constant number of operations.
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3 On complete multipartite graphs

The optimization problem (1.1) can be generalized to complete multipartite graphs. How-
ever, solving such a program seems rather difficult. Hence, we present an approximate
program which gives a nice lower bound for the strong geodetic number of a complete
multipartite graph. If ¢ vertices from one part are in a strong geodetic set, geodesics be-
tween them cover at most (;) other vertices. In the following, we do not take into account
the condition that they can only cover vertices in other parts, and that the number of se-
lected vertices must be an integer. Recall the notation (1™ ... k™*) which describes a
partition with m; parts of size 7, 1 < ¢ < k. Let G be a complete multipartite graph corre-
sponding to the partition 7 = (1"™*,. .., k™*) and let a,; denote the number of parts of size
7 with exactly 1 vertices in the strong geodetic set. Thus we must have Zgzo a;j = m;

and Z] | S o (Dai; > Z] 327 0(j — i)a;;. The second condition simplifies to

1 B . .
Zj > (H' )a” > Z] 1 Zz 0Jaij = Zj 1 jmj = n. As ag;’s do not appear in it
anymore, we also simplify the first condition to Zz 1 @i < my and get

kg
PIPBLE

j=1i=1
J
subject to: ai; <m
d] ; J J (3.1)
k 7 i+ 1
Z 9 aij 21
j=11i=1
0<a;; <m,.

<.

ij
As the sequence ( ) — k is increasing for k > 3, it is better to select more vertices in a
bigger part. Hence, the optimal solution is

g,k = Mk

Ak—1,k—1 = Mk—1

Al41,14+1 = M41
gt dm = (== (F )i
("5Y) ’
2
k+1)mk + .+ (H2_2)ml+1 S kmk +

“4 1Imy = [V(K(ymi .. gmey)|, which is equivalent to lmy + - -+ 4+ 1mg > (’;)mk +
-+ ("4")miga, and

ap| =

where [ is the smallest positive integer such that (

Sg(K(lml,”.’lek>) Z
lm + - 4+mq — km e l+1m
kmpg + -+ (I + Dmy + L L (21)+1k ( 2 ) +1
2
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The result is particularly interesting in the case when 7 = (k™), i.e. when we observe
a multipartite graph with m parts of size k, as we get [ = k and

2km -‘

my) > | ——
Sg(K<k )) = [kz+1

On the other hand, considering a strong geodetic set consisting only of the whole parts
of the bipartition yields an upper bound. At least [ € Z, where [(k + (];)) > mk, parts
must be in a strong geodetic set. Hence,

2m
m < E— .
sg(K pmy) < {k+1-‘ k

This implies the following result.

Proposition 3.1. Ifk,n € Nand (k + 1) | 2m, then sg(K m)) = 2%,

4 Complexity results for multipartite graphs

The strong geodetic problem can be naturally formed as a decision problem.

Problem 4.1 (STRONG GEODETIC SET).
Input: a graph G, an integer k.
Question: does a graph G have a strong geodetic set of size at most k?

The strong geodetic problem on general graphs is known to be NP-complete [1]. In the
following we prove that it is also NP-complete on multipartite graphs.

The reduction uses the dominating set problem. Recall that a set D C V(G) is a
dominating set in the graph G if every vertex in V(G) — D has a neighbor in D.

Problem 4.2 (DOMINATING SET).
Input: a graph G, an integer k.
Question: does a graph G have a dominating set of size at most k?

The dominating set problem is known to be NP-complete on bipartite graphs [15].
The idea of the following proof is similar to the proof that the ordinary geodetic problem
restricted to chordal bipartite graphs is NP-complete [6].

Theorem 4.3. STRONG GEODETIC SET restricted to bipartite graphs is NP-complete.

Proof. To prove NP-completeness, we describe a polynomial reduction of DOMINATING
SET on bipartite graphs to STRONG GEODETIC SET on bipartite graphs. Let (G, k) be an
input for DOMINATING SET, and (X,Y") a bipartition of the graph G. Define a graph G,

V(@) =V(G)U{uj,uetU{z' ;2 € X}U{y :y €Y},

with the edges E(G), u1 ~ ug,andx ~ ug ~ 2’ forallz € X,y ~u; ~y forally € Y.
Define the sets

X' =XU{upui{z' :z e X},
Y =YU{u}U{y :y eV},
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and observe that (X’,Y”) is a bipartition of the graph G’. Define the parameter k' =
kE+|V(G).
Suppose D is a dominating set of the graph G of size at most k. Define

D'=Du{z' :z2e X}U{y :yeY}.

Notice that |D’| < k’. Foreach z € X N D, fix geodesics ¢ ~ y ~ u1 ~ y',y € Ng(x).
Similarly, foreachy € Y N D, fixy ~ & ~ uz ~ z’, 2 € Ng(y). As D is a dominating
set, these geodesics cover all vertices in V(G). Additionally, fix geodesics x ~ ug ~ z’
for some x € X, and y ~ uy ~ 3y’ for some y € Y, to cover the vertices u1, uo. Hence, D’
is a strong geodetic set of the graph G’.

Conversely, suppose D’ is a strong geodetic set of G’ of size at most k’. Vertices
{z/ : 2 € X}U{y' : y € Y} are all simplicial, hence they all belong to D’. Geodesics
between them cannot cover any vertices in V(G), thus V(G) N D' # 0. Let D = D' N
V(G). Clearly, |D| < k. Consider z € V(G) — D. Thus z is an inner point of some
vy, z-geodesic. At most one of y, z does not belong to D. The structure of the graph ensures
that at least one of y, z is a neighbor of . Hence, D is a dominating set of the graph G. O

Corollary 4.4. STRONG GEODETIC SET restricted to multipartite graphs is NP-complete.

In the following we consider the complexity of STRONG GEODETIC SET on complete
multipartite graphs. Proposition 1.2 gives rise to the following algorithm.

Let G be a graph and (X7, ..., X,) its multipartition. Denote n; = |X;|, ¢ € [r]. For
all {i,5} < (1)), for all subsets R of [r] — {i,j}, forall s; € {0,...,n;}, forall 5; €
{0,...,n;}, set S; C X; of size s;, and S; C X of size s;. Check if S; U S; Uy r X
is a strong geodetic set for G. The answer is the size of the smallest strong geodetic set.

The time complexity of this algorithm is O(n2r22"). This confirms the already known
result that STRONG GEODETIC SET restricted to complete bipartite graphs is in P, which is
an easy consequence of Theorem 2.1. Moreover, it is now clear that the problem is solvable
in quadratic time. The same holds for complete r-partite graphs (when r is fixed). But for
a general complete multipartite graph (when the size of the multipartition is part of the
input), the algorithm tells us nothing about complexity.

But we also observe an analogy between the STRONG GEODETIC SET problem on
complete multipartite graphs and the KNAPSACK PROBLEM, which is known to be NP-
complete [17]. Recall that in this problem, we are given a set of items with their weights
and values, and we need to determine which items to put in a backpack, so that a total
weight is smaller that a given bound and a total value is as large as possible. The approx-
imate reduction from the STRONG GEODETIC SET on complete multipartite graphs to the
KNAPSACK PROBLEM is the following. Let (X1,...,X,) be the parts of the complete
multipartite graph. The items zy, ..., z, represent those parts, a value if z; is (l)é"‘) and
the weight is | X;|. Thus selecting the items such that their total value is as large as pos-
sible and the total weight as small as possible, is almost the same as finding the smallest
strong geodetic set of the complete multipartite graph (as Proposition 1.2 states that at most
two parts in the strong geodetic set are selected only partially). We were not able to find
a reduction from the KNAPSACK PROBLEM to the STRONG GEODETIC SET on complete
multipartite graphs. But due to the connection with the KNAPSACK PROBLEM, it seems
that the problem is not polynomial. Hence we pose

Conjecture 4.5. STRONG GEODETIC SET restricted to complete multipartite graphs is
NP-complete.
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However, as already mentioned, determining the strong geodetic number of complete
r-partite graphs for fixed r is polynomial. Using a computer program (implemented in
Mathematica [18]) we derive the results shown in Table 3.

Table 3: The strong geodetic numbers for some small complete multipartite graphs.

T ‘ sg(K ) T ‘ sg(K ) T ‘ sg(K )
(1) 1 (6) 6 (1,3%) 4
(2) 2 (1,5) 5 (22,3) 4
(12) 2 (2,4) 4 (12,2,3) 4
(3) 3 (12,4) 4 (14,3) 4
(1,2) 2 (32) 3 (1,2%) 5
(13) 3 (1,2,3) 3 (13,22) 5
(4) 4 (13,3) 3 (1°,2) 6
(1,3) 3 (2%) 4 (17) 7
(22) 3 (12, 22) 4

(12,2) 3 (14,2) 5

ay | 4 a | e

(5) 5 (7) 7

(1,4) 4 (1,6) 6

(2,3) 3 (2,5) 5

(12,3) 3 (12,5) 5

(1,22) 4 (3,4) 4

(13,2) 4 (1,2,4) 4

(1%) 5 (1%,4) 4
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Abstract

The automorphism group of a map acts naturally on its flags (triples of incident vertices,
edges, and faces). An Archimedean map on the torus is called almost regular if it has as few
flag orbits as possible for its type; for example, a map of type (4.82) is called almost regular
if it has exactly three flag orbits. Given a map of a certain type, we will consider other
more symmetric maps that cover it. In this paper, we prove that each Archimedean toroidal
map has a unique minimal almost regular cover. By using the Gaussian and Eisenstein
integers, along with previous results regarding equivelar maps on the torus, we construct
these minimal almost regular covers explicitly.
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1 Introduction

Throughout the last few decades there have been many results about polytopes and maps
that are highly symmetric, but that are not necessarily regular. In particular, there has been
recent interest in the study of discrete objects using combinatorial, geometric, and algebraic
approaches, with the topic of symmetries of maps receiving a lot of interest.

There is a great history of work surrounding maps on the Euclidean plane or on the 2-
dimensional torus. When working with discrete symmetric structures on a torus, many of
the ideas follow the concepts introduced by Coxeter and Moser in [5, 6], where they present
a classification of regular (reflexible and irreflexible) maps on the torus. Such “toroidal”
maps can be seen as quotients of regular tessellations of the Euclidean plane. More recently,
Brehm and Kiihnel [1] classified the equivelar maps on the two dimensional torus. Several
more results have appeared about highly symmetric maps (see [4, 24] for example), and
about highly symmetric tessellations of tori in larger dimensions (see [15, 16]).

There is also much interest in finding minimal regular covers of different families of
maps and polytopes (see for example [10, 17, 22]). In a previous paper [7], two of the
authors constructed the minimal rotary cover of any equivelar toroidal map. Here we extend
this idea to toroidal maps that are no longer equivelar, and construct minimal toroidal covers
of the Archimedean toroidal maps with maximal symmetry. We call these covers almost
regular; they will no longer be regular (or chiral), but instead will have the same number
of flag orbits as their associated tessellation of the Euclidean plane (see the definition in
Section 2).

Our main results can be summarized by the following theorem.

Theorem 1.1. Each Archimedean map on the torus has a minimal almost regular cover on
the torus, this cover is unique and can be constructed explicitly.

The paper is organized as follows. Section 2 contains the necessary background on
maps and their symmetries, including the definition of an almost regular Archimedean map.
In Section 3, almost regular Archimedean toroidal maps are characterized in terms of their
lifts to the planar tessellations and the translation subgroups generating respective quo-
tients. Section 4 contains our main results (Theorems 4.2 —4.4) regarding the relationship
between maps and their minimal almost regular covers; these theorems together constitute
the Main Theorem.

2 Preliminares

In this section we provide definitions and results necessary for our main theorems; many
of these ideas, as well as further details, can be found in [2, 16, 25].

A finite graph X embedded in a compact 2-dimensional manifold S such that every
connected component of .S\ X (which is called a face) is homeomorphic to an open disc
is called a map (on the surface .S).

In this paper, we consider Archimedean maps on a flat 2-dimensional torus, which we
call Archimedean toroidal maps. A map M on the torus is Archimedean if the faces of M
are regular polygons (in the canonical flat metric on the torus) and every pair of vertices of
M can be mapped into each other by an isometry of the torus (here an isometry of the torus
is a distance preserving diffeomorphism of the torus, again with respect to the canonical flat
metric). A map M is equivelar of (Schlifli) type {p, ¢} if all of its vertices are g-valent, and
all of its faces are regular p-gons. If the map is Archimedean, it can be described, as in [9],
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by the arrangement of polygons around a vertex, where a map of type (p1.p2 ... px) has k
polygons (a p;-gon, pa-gon, ..., and a pi-gon) in the given order incident to each vertex. A
particular vertex structure of a map is called a rype. We note here that there is some debate
over how the word Archimedean should be used. In some settings it means just that all of
the faces are regular polygons and all of the vertex figures are the same. When you add
the requirement that, for any pair of vertices, there exists a symmetry mapping one to the
other, these maps are sometimes called uniform (for example, see [8, 20, 21, 23]).

As we will see below, Archimedean toroidal maps arise naturally as quotients of tessel-
lations of the Euclidean plane with regular polygons; these tessellations are called Archi-
medean, and they are described in the same way as Archimedean maps. The following
classical theorem gives a complete classification of planar Archimedean tessellations.

Theorem 2.1 (Classification of Archimedean tessellations on the plane [9]). There are only
11 tessellations on the plane by regular polygons so that any vertex can be mapped to every
other vertex by the symmetry of the tessellation. These are the following tessellations:

{3,6}, {4,4}, {6,3}, (4.8%), (3.12?), (3.6.3.6), (3.4.6.4),
(4.6.12), (3%.4.3.4), (31.6), (3%.4%)

(see Figure 1).

The equivelar Archimedean tessellations of type {3,6}, {4, 4}, and {6, 3} and the cor-
responding toroidal maps were considered in [7]. In this paper we will mainly work with
the non-equivelar Archimedean tessellations of the Euclidean plane; denote A to be the set
of all non-equivelar tessellations.

Furthermore, for reference, on each such tessellation we can place a Cartesian coor-
dinate system with the origin at a vertex of the tessellation. For the tessellations {4, 4},
(32.4.3.4), and (4.82), the coordinate system is further specified by assuming that the vec-
tors e; := (1,0) and ez := (0,1) represent the shortest possible translational symme-
tries of the tessellation. Similarly, for the remaining Archimedean tessellations, other than
(3%.42), we assume that the vectors e; := (1,0) and ez := (1/2,1/3/2) represent the
shortest possible translational symmetries.

This choice of coordinate system will allow us to utilize the geometry of the Gaussian
and Eisenstein integers in our results (see Subsection 4.1). Given an Archimedean tessel-
lation 7, we call (eq, ez) the basis for . For the tessellation (33.42) the basis will be
specified separately in the later sections.

Let (e, ez) be the basis for 7 € A\ {(3%.42)}. The set {\ey + pea: A, u € Z} forms
the vertex set of a regular tessellation which we call the fessellation associated with T, and
which we denote by 7*. By construction, (e1, ez) is also the basis for 7*. To clarify this
notation, we note here that for example if 7 is of type {6, 3}, then 7* is of type {3, 6}.

Given an Archimedean tessellation 7, denote by 7', the maximal group of translations
that preserve 7. As we already mentioned, Archimedean toroidal maps can be seen as
quotients of planar Archimedean tessellations. These quotients can be written explicitly in
terms of possible subgroups of 7', due to the following theorem.

Theorem 2.2 (Archimedean toroidal maps are quotients [19]). Let M be an Archimedean
map on the torus. Then there exists an Archimedean tessellation T of the Euclidean plane
and a subgroup G < T so that M = 7/G.
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(a) {3,6} (b) {4,4} () {6,3}
(d) (4.82) (e) (3.122) (f) (3.6.3.6)
() (3.4.6.4) (h) (4.6.12) (i) (32.4.3.4)

I
[ Y O R
() (3*.6) (k) (3%.4%)

Figure 1: Archimedean tessellations.

This theorem shows that, for each type, there is a one-to-one correspondence between
Archimedean toroidal maps and translation subgroups of 7’;; clearly, the pair of generators
of every such subgroup should be comprised of non-collinear vectors.

We point out here that the converse of Theorem 2.2 is also true, as clearly any map
on the torus that is obtained as a quotient of an Archimedean tessellation by a translation
subgroup is an Archimedean toroidal map.

Let M be an Archimedean toroidal map; by Theorem 2.2, it can be written as 7/ (a, b),
where 7 is the planar Archimedean tessellation (of the same type as M) and (a, b) < T is
the translation subgroup with generators a, b € T.. We use the standard notation 7, p :=
7/ (a,b) for the map M. Note that the pair a, b is not uniquely defined by M, but the
quotient is independent of possible choices.

A flag of a planar tessellation 7 is a triple of an incident vertex, edge, and face of the
tessellation. We can then define a flag of a toroidal map 7, as the orbit of a flag under
the group (a, b). We note that when the map is combinatorially equivalent to an abstract
polytope (see [16]), this is equivalent to a flag equaling a triple of an incident vertex, edge,
and face of the map itself. Two flags of a map on the torus are said to be adjacent if they
lift to flags in the plane that differ in exactly one element.
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Let N = 7/H and M = 7/G be Archimedean maps on the torus, where H is a
subgroup of G. Then there is a surjective function n: AN/ — M that preserves adjacency
and sends vertices of N\ to vertices of M (and edges to edges, and faces to faces). The
function 7 is called a covering of the map M by the map N This is denoted by N\, M,
and we say that N is a cover of M. We can use the notion of covering to create a partial
order < on any non-empty set S of toroidal maps, where M < N if and only if A is a
cover of M. A minimal cover of a map M € S is minimal with respect to this partial
order in S. We note here that this notion of covering can also be generalized to maps on
different surfaces, and to abstract polytopes of higher ranks. If S is the set of all regular
maps that cover a given map M, then the minimal elements of the partial order are the
minimal regular covers of M, as studied in [10, 18] for example.

For a map M = 7/G, where G = (a, b), we call the parallelogram spanned by the
vectors a, b a fundamental region of M. Then a fundamental region for the covering map
N =7/H, H < G, can be viewed as k fundamental regions of M ‘glued together’ (see
Figure 2). It is easy to show that the number k is equal to the index [G : H] of the subgroup
HinG.

Figure 2: {4,4}u v \« {4, 4}a b is a 5-sheeted covering, and the covering map {4, 4}, v is
obtained by gluing together 5 fundamental regions of {4, 4}, .

2.1 Symmetries and automorphisms of tessellations and maps

In this section we follow [3, 11, 12] and [13] in our notation and definitions.

Let 7 be a tessellation of the Euclidean plane, and let Aut(7) be its symmetry group
(the collection of isometries of the Euclidean plane that preserve the tessellation). Let G
and H be two subgroups of Aut(7) generated by two linearly independent translations.
The maps 7/G and 7/H are isomorphic if G and H are conjugate in Aut(r).

A symmetry v € Aut(7) induces an automorphism of a toroidal map 7/G if and only
if it normalizes G, that is yGy~! = G; denote Norm Aut(r)(G) for the group of elements
in Aut(7) that normalize G. Geometrically, such v maps fundamental regions of 7/G to
fundamental regions of 7/G.

Finally, the we define the automorphism group Aut(7/G) as the group induced by the
normalizer Norm (- (G); in other words Aut(7/G) = Normaye(r)(G)/G. We will
also denote the collection of symmetries Norm (- (G) as simply Sym(7/G).

We note here that an automorphism of a map can equivalently be defined as an automor-
phism of the underlying graph that can be extended to a homeomorphism of the surface.



498 Ars Math. Contemp. 17 (2019) 493-514

A map M is called regular if its automorphism group acts transitively on the set of
flags. A map M is called chiral if its automorphism group has two orbits on flags with
adjacent flags lying in different orbits. A map M is called rotary if it is either regular or
chiral.

For the toroidal maps of type {4,4}, {3,6}, and {6, 3} the minimum possible number
of flag orbits is one, given by regular maps of those types (which have been previously
classified, see also Subsection 2.2). For other types of maps on the torus, the minimum
number of flag orbits will not be one. However, we still would like to understand the maps
of each type that achieve the fewest possible number of flag orbits.

An Archimedean map on the torus is called almost regular if it has the same number of
flag orbits under the action of its automorphism group as the Archimedean tessellation on
the plane of the same type has under the action of its symmetry group.

2.2 Regular and chiral toroidal maps

The classification in the next sections depends heavily on the classification of regular and
chiral toroidal maps. Here we summarize the relevant details about toroidal maps of type
{4,4} and {3, 6} that are needed in our results. The results in this subsection, and much
more can all be found in [13].

Let 7 be a tessellation of the Euclidean plane of type {4,4} or {3,6}. Then Aut(r) is
of the form T; x S, where S is the stabilizer of a vertex of 7, which we can assume to be
the origin without loss; S is called a point stabilizer.

Then let M = 7/G be a toroidal map. Notice that every translation in 7’ induces an
automorphism of M (where the elements of G induce the trivial automorphism). Define x
as the central inversion of the Euclidean plane, that is the symmetry that sends any vector
u to —u. Then, as seen in Lemma 6 of [13], Aut(M) is induced by a group K so that
T, x (x) <K < Aut(r).

Furthermore, there is a bijection between such groups K and subgroups K’ of S con-
taining , and thus one needs to determine which symmetries in the point stabilizer S
normalize G. Finally, the number of flag orbits of the toroidal map M is the index of
Norm () (G) in Aut(7), which is the same as the index of K’ in S.

First let us consider toroidal maps of type {4,4}; let 7 be the regular tessellation of
the Euclidean plane of this type, and (e1, e2) be the basis for 7. The point stabilizer S is
generated by two reflections R; and Rs, where R; is reflection across the line spanned by
e1 + ea, sending vectors (x,y) to (y,z), and Ry is reflection across the line spanned by
ey, sending vectors (z,y) to (z, —y). There are exactly three conjugacy classes of proper
subgroups K’ of S containing y but not equal to {x). In other words there are exactly five
possible point stabilizers: all of S, only (x), and finally the three groups described next.
The three subgroups are K’ are (x, R1), (x, R2), and (x, R1 R2), and each has index 2 in
S, where (x) has index 4 in S.

We note that it is important for our classification to notice that a toroidal map of type
{4,4} is regular if and only if K’ contains both R; and Rs, as well as Ry Ry which is
the rotation by 7/2 around the origin. This occurs only in the two well known families of
regular toroidal maps, {4,4}(4.0),(0,a) and {4,4}(4,a),(a,—a)» both of which have squares
as fundamental regions. The chiral toroidal maps of type {4, 4} also have squares as their
fundamental regions, but have no reflections in their automorphism groups. Finally, the
remaining classes of toroidal maps have fundamental regions that are not squares.

Next, let us consider toroidal maps of type {3,6}; let 7 be the regular tessellation of
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the Euclidean plane of this type. We use the previously described basis of e; = (1,0) and
ez = (1/2,/3/2) to describe the symmetries of these maps.

The point stabilizer S is again generated by two reflections Ry and R,, where R; is
reflection across the line spanned by e; + ez, sending vectors (z,y) to (y,x), and Ry is
reflection across the line spanned by e1, sending vectors (x,y) to (z + y, —y).

Now there are exactly two conjugacy classes of proper subgroups K’ of S containing
X but not equal to (x). These subgroups K’ are (x, R1 Rs), with index 2 in S, and (y, Ro)
with index 3 in S, where (x) has index 6 in S.

We note that it is important for our classification to notice that a toroidal map of type
{3,6} is regular if and only if K’ contains both Ry and Rs, as well as R Ry which is
the rotation by 7/3 around the origin. This occurs only in the two well known families
of regular toroidal maps, {3, 6} (4,0),(0,a) and {3,6}(4,a),(24,~a)- For those two families
the fundamental regions are parallelograms composed of two regular triangles. The chiral
toroidal maps of type {3,6} also have parallelograms composed of two regular triangles
as their fundamental regions, but have no reflections in their automorphism groups; this is
similar to the type {4, 4}.

3 Almost regular maps

In this section we consider Archimedean tessellations of the torus with as much symmetry
as possible. As we already mentioned, one natural way to understand the symmetry of
a map is to consider the action of its automorphism group on its flags. Here we want to
understand the maps on the torus with as few flag orbits as possible.

Theorem 3.1 (Regular to almost regular maps). For
Ay = {(4.8%), (3.6.3.6), (3.12%), (4.6.12), (3.4.6.4), (3>.4.3.4)},

let T € Ay be an Archimedean tessellation of one of these types. Then Ty ~ is an almost
regular Archimedean map if and only if (T*)u v is a regular map on the torus, with T
being the regular tessellation associated with 7.

The proof of this theorem will follow from the following six propositions, each sepa-
rately dealing with a type of map. In each case we will use the translational symmetries to
simplify the problem by considering a fundamental region of 7 /7.

Proposition 3.2 (Almost regular maps of type (4.8%)). A map M = 7/G on the torus of
type (4.8%) is almost regular (with three flag orbits) if and only if T* /G is regular.

Proof. Notice first that 7* is of type {4,4}, and let (eq, e2) be the basis for 7 (and hence
for 7).

Assume that a map M on the torus of type (4.8%) has exactly three flag orbits. For this
to be the case, there must be the following symmetries in Sym (M), as shown in Figure 3:

o reflection across a line in the direction e; + ez through the center of a square of the
map;

o reflection across a line in the direction e through the center of a square and the edge
of an octagon.
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It was summarized in Subsection 2.2 that the existence of these symmetries is enough to
show that 7* /G is regular.

Conversely, if 7* /G is regular, then the fundamental region of M is a square, and each
of the previous listed symmetries are elements of Sym(M). Furthermore, every trans-
lational symmetry in Sym(7/7T) is also in Sym(7/G), and thus M has only three flag
orbits. Note that the translations in Sym(7/7) act on the flags in 24 flag orbits, and then
the listed symmetries force there to only be three orbits.

Figure 3: Minimum number of flag orbits for 7 of type (4.82), and a fundamental region of
7 /T, where the vectors e and ey form the boundary of the fundamental region.

On the left of Figure 3, and other figures to follow, all the faces incident to single vertex
are shown, and the flags in these faces, which can be seen as triangles in the barycentric
subdivision of the tessellation, are colored based on their orbit. On the right of Figure 3,
the fundamental region of 7 /7 is shown in blue, with the underlying tessellation shown in
black. One can see, for example, that this fundamental region contains 24 flags of 7. O

The proofs of the following five propositions is similar to the proof of Proposition 3.2.

Proposition 3.3 (Almost regular maps of type (3.6.3.6)). A map M = 7/G on the torus
of type (3.6.3.6) is almost regular (with two flag orbits) if and only if 7% /G is regular.

Proof. Notice first that 7* is of type {3, 6}, and let (e1, e2) be the basis for 7.
Assume that a map M on the torus of type (3.6.3.6) has exactly two flag orbits. For this
to be the case, there must be the following symmetries in Sym (M), as shown in Figure 4:

o reflection across a line in the direction e; + e, going through the centers of a hexagon
and an adjacent triangle;

o reflection across a line in the direction e going through the centers of two hexagons
incident to the same vertex.

As summarized in Subsection 2.2, the existence of these symmetries is enough to conclude
that 7* /G is regular.

Conversely, if 7*/G is regular, then each of the previous listed symmetries are ele-
ments of Sym(M). Furthermore, every translational symmetry in Sym(7/7) is also in
Sym(7/G), and thus M has only two flag orbits. Note that the translations in Sym(7 /7 )
act on the flags in 24 flag orbits, and then the listed symmetries force there to only be two
orbits. O
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Figure 4: Minimum number of flag orbits for 7 of type (3.6.3.6), and a fundamental region
of 7 /T, (as above, the vectors e, and e form the boundary of the fundamental region).

Proposition 3.4 (Almost regular maps of type (3.122)). A map M = 7/G on the torus of
type (3.122) is almost regular (with three flag orbits) if and only if 7* /G is regular.

Proof. Notice again that 7* is of type {3, 6}, and let (eq, e2) be the basis for 7.
Assume that a map M on the torus of type (3.122) has exactly three flag orbits. For this
to be the case, there must be the following symmetries in Sym (M), as shown in Figure 5:

o reflection across a line in the direction e; + ez going through the centers of a 12-gon
and an adjacent triangle;

o reflection across a line in the direction e; going through the centers of two adjacent
12-gons.

As in the previous proposition, the existence of these symmetries again forces 7* /G to be
regular.

Figure 5: Minimum number of flag orbits for 7 of type (3.122), and a fundamental region
of 7/H (as above, the vectors e; and e form the boundary of the fundamental region).

Conversely, if 7% /G is regular, then each of the previous three listed symmetries are
elements of Sym(M). Furthermore, every translational symmetry in Sym(7 /T ) is also in
Sym(7/G), and thus M has only three flag orbits. Note that the translations in Sym (7 /T)
act on the flags in 36 flag orbits, and then the listed symmetries force there to only be three
orbits. O

Proposition 3.5 (Almost regular maps of type (4.6.12)). A map M = 7/G on the torus of
type (4.6.12) is almost regular (with six flag orbits) if and only if 7* /G is regular.
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Proof. Notice again that 7* is of type {3, 6}, and let (e1, e2) be the basis for 7.
Assume that a map M on the torus of type (4.6.12) has exactly six flag orbits. For this
to be the case, there must be the following symmetries in Sym(M):

o reflection across a line in the direction e; + ez going through the centers of a 12-gon
and an adjacent hexagon;
o reflection across a line in the direction ey going through the centers of a 12-gon and

an adjacent square.

As in the previous proposition, the existence of these symmetries again forces 7* /G to be
regular.

Figure 6: Minimum number of flag orbits for 7 of type (4.6.12), and a fundamental region
of 7/T; (as above, the vectors e, and e form the boundary of the fundamental region).

Conversely, if 7*/G is regular, then each of the previous three listed symmetries are
elements of Sym(M). Furthermore, every translational symmetry in Sym(7 /7 ) is also in
Sym(7/G), and thus M has only six flag orbits. Note that the translations in Sym(7 /7 )
act on the flags in 72 flag orbits, and then the listed symmetries force there to only be six
orbits. O

Proposition 3.6 (Almost regular maps of type (3.4.6.4)). A map M = 7/G on the torus
of type (3.4.6.4) is almost regular (with four flag orbits) if and only if 7* /G is regular.

Proof. Notice again that 7* is of type {3,6}. Let (e1, e2) be the basis for 7. Assume that
a map M on the torus of type (3.4.6.4) has exactly four flag orbits. For this to be the case,
there must be the following symmetries in Sym(M):

o reflection across a line in the direction e; + e, going through the centers of a hexagon
and a triangle sharing an incident vertex;

o reflection across a line in the direction e; going through the centers of a 12-gon and
an adjacent square.

Again the existence of these symmetries again forces 7* /G to be regular. Conversely,
if 7*/G is regular, then each of the previous three listed symmetries are elements of
Sym(M). Furthermore, every translational symmetry in Sym(7 /77 ) is also in Sym(7/G),
and thus M has only four flag orbits. Note that the translations in Sym(7 /T ) act on the
flags in 48 flag orbits, and then the listed symmetries force there to only be four orbits. [
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Figure 7: Minimum number of flag orbits for 7 of type (3.4.6.4), and a fundamental region
of 7/ (as above, the vectors e, and e form the boundary of the fundamental region).

Proposition 3.7 (Almost regular maps of type (32.4.3.4)). A map M = 7/G on the torus
of type (3%.4.3.4) is almost regular (with five flag orbits) if and only if T* /G is regular.

Proof. Notice again that 7* is of type {4,4}. Let (e, e2) be the basis for 7.

Assume that a map M on the torus of type (32.4.3.4) has exactly five flag orbits.
For this to be the case, there must be a rotation by 7/2 around the center of a square in
Sym(M). This symmetry can be represented by R R» as described in Subsection 2.2, and
thus 7%/G is either regular or chiral. However, Sym(M) must also contain a reflection
across the edge of adjacent triangles in the direction of e; + ez. This means that the 8
flags in the fundamental region of 7* /T are all in the same orbit, and thus 7* /G is regular.

&

Figure 8: Minimum number of flag orbits for 7 of type (32.4.3.4), and a fundamental region
of 7/T, drawn in two equivalent ways so that to show existence of mirror symmetries
(second picture) and rotational symmetry (third picture); as above, the vectors e; and es
form the boundary of the fundamental region.

Conversely, if 7°/G is regular, then there is a rotation by 7/2 around the center of a
square, as well as a reflection across the edge of adjacent triangles in Sym (). Further-
more, every translational symmetry in Sym(7/75) is also in Sym(7/G), and thus M has
only five flag orbits. 0

Theorem 3.8 (Rotary to almost regular toroidal map). Let T be the Archimedean tessella-
tion of type (3*.6). Then Ty v is an almost regular Archimedean map (with ten flag orbits)
if and only if 73 , is a rotary map on the torus.
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Proof. Suppose that the map 7, v has exactly ten flag orbits. For this to be the case, there
must be a rotation by 7/3 around the center of a hexagon in Sym(7y ). The existence of
this symmetry forces 7%/ (u, v) to be rotary. Note, these are the only reflexive symmetries
in Sym(7y.v).

Figure 9: Minimum number of flag orbits for 7 of type (3*.6), and a fundamental region of
7/H (as above, the vectors e; and e form the boundary of the fundamental region).

Conversely, if 7;; , is rotary, then there is a rotation by 7/3 around the center of a
hexagon in Sym(7y,y). Furthermore, every translational symmetry in Sym(7 /7" ) is also in
Sym(7y,v ), and thus 7, y has only ten flag orbits. Note that the translations in Sym(7/T)
act on the flags in 60 flag orbits, and then the listed symmetry forces there to only be ten

orbits. ]

Theorems 3.1 and 3.8 provide us with a fair understanding of how almost regular maps
of type Areg and (31.6) look: for each of them the associated map on the torus must be
regular, respectfully rotary.

The only remaining Archimedean tessellation not covered by the previous two results is
(33.42). Since the translation subgroup of the symmetry group of (32.42) does not coincide
with the symmetry group of one of the regular planar tessellations (as it is for all tessella-
tions in Ay, ), and does not contain the rotation subgroup of a regular planar tessellation (as
it is for the tessellation (34.6)), we have to deal with (32.42) separately and with different
techniques.

In order to state a complete characterization of almost regular maps of type (33.42),
we introduce the following notation: write (eq,eg) for the positively-oriented basis of
the plane E? represented by the shortest non-parallel translations that are in the symmetry
group of (33.42). Recall also that T} stands for the maximal translation subgroup of the
symmetry group Sym(7) of a given Archimedean tessellation 7.

Theorem 3.9 (Almost regular maps of type (33.42)). Let 7 = (3%.4%). Then M = 7/G,
with G < Ty, is an almost regular Archimedean map (with five flag orbits) if and only if
the translation subgroup G is of the form

<Cel,7d61+2deg>, or <ce1,fde1+(c+2d)e2> (31)

for non-zero integers c and d.
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Remark 3.10. Observe that the statement above, in fact, does not depend on the choice of
the basis for E2. The explicit coordinate form (3.1) was used only to simplify later search
for minimal almost regular covers in the proof of Theorem 4.4.

Remark 3.11. The groups listed in (3.1) are never isomorphic.

Proof. The beginning of the proof is similar to the proofs given for the tessellations in
AN\ {(33.4%)}. Assume that a map M has exactly five flag orbits. For this to be the case,
there must be the following symmetries in Sym(M):
o reflections across a horizontal line through the center of a square (see Figure 10(a));
o reflections across a vertical line through the center of a square (see Figure 10(b)).

We will write h, respectively v, for a reflection across a horizontal, resp. vertical, line
through the center of a square, where a horizontal line is in the direction of e; .

(a) Reflection across the horizontal ~ (b) Reflection across the vertical (c) The minimal number of flag or-
line; 10 flag orbits in the fundamen-  line; 10 flag orbits in the fundamen-  bits in the fundamental region.
tal region. tal region.

Figure 10: Flag orbits in the fundamental region of (3%.4%) /T 35 42).

Let us find all possible subgroups G' < T such that the listed symmetries preserve G
by conjugation. Suppose G is generated by a pair of non-parallel vectors a,b € T, and
assume thathouoh ™' € Gandvouov™! € G forevery u € G.

Because the basis (e1, e2) of E? was chosen in such a way that both e; and e, are the
symmetries of 7 which generate the group T (i.e. (€1, e2) = T), there exist two pairs of
integers a1, as and by, by such that

a=aje; + azeqx = (al, ag), b =bieq + boey = (bl, bg)

Note that if 2a; + as = 2b; + by = 0, then a and b are parallel, which is impossible.
Hence, without loss of generality we can assume 2a; + a2 # 0; this technical assumption
will be used later in the proof.

In order to understand the structure of the group G, observe that

Ry,(e1) :=voejov ' =—e;, Ry(es)=ey—ey,

3.2
Rh(el) = hoelohfl = e, Rh(ez) = €1 —eq. ( )

For an element u € T/, the action of R, and R, on u is defined using (3.2) by linearity.
Since the reflection across a vertical line through the center of a square preserves G by

conjugation, the group G must contain the vector R, (a) = (—a; — as,aq), as it is easy to

compute from (3.2). Hence G contains the vector a — R, (a) = (2a; + ag,0), which is
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not zero since 2a; + as # 0 by our assumption. Therefore, G contains a proper non-trivial
subgroup G’ of vectors with vanishing second coordinate. Pick ¢ = (¢, 0) with ¢; > 0 to
be a generator of G’. Observe that, in fact, c is the shortest vector among all vectors in G
with positive first coordinate and vanishing second coordinate.

Let d € G be a vector such that G = (c, d). Moreover, since (c,d) = (c,d + k c) for
every k € Z, by picking an appropriate k¥ we may assume that d is chosen in such a way
that in coordinates d = (d;, d2) we have

do do

d1 S |:—2,C1 - 2) . (33)

Now we use the second symmetry from our list: since the conjugation by a reflection
across a horizontal line through the center of a square preserves G, the vectors (2d; 4 ds, 0)
and (2d; + ds — ¢1,0) must be in G’. Indeed, (3.2) and linearity of Ry, gives us Ry, (d) =
(d1+ds, —ds), and this vector must be in G. Hence, Ry, (d)+d = (2d;+d2,0) € G' < G.
Similarly, Ry, (d) +d — ¢ = (2d; +d2 — ¢1,0) € G’ < G.

Recall that ¢ = (¢1,0) was the shortest vector in G’ among all vectors with positive
first coordinate. Therefore, as (2d; + d2,0) € G’ we must have either 2d; + d2 = 0, or
2dy 4+ d2 > c; (note that 2d; + ds is necessarily non-negative by assumption (3.3)). In the
latter case it then follows from (3.3) that 0 < 2d; + d2 — ¢1 < ¢1, which is possible, again
by minimality of ¢, only if 2d; + dy — ¢; = 0.

Therefore, either do = —2d;, or do = —2d; + c;, and hence setting ¢ := c;, d :=
—d we obtain that the group G must be of one of the types in (3.1). One implication in
Theorem 3.9 is proven.

Conversely, it is straightforward to see that a group of one of the types in (3.1) is
preserved by conjugation with both h and v, and hence the symmetry group Sym(7/G)
contains both h and v, which implies that 7/G has only five flag orbits, and thus is an
almost regular Archimedean map. O

4 Minimal covers of Archimedean toroidal maps

In this section we will prove the Main Theorem. This will be done by combination of
three statements — Theorem 4.2, 4.3 and 4.4. Prior the proofs, in the following subsection
we recall some of the facts about the Gaussian and the Eisenstein integers — a number-
theoretic tool that provides a natural ‘language’ for our main results.

4.1 Gaussian and Eisenstein integers

The Gaussian and Eisenstein integers provide an essential ingredient for understanding
the Archimedean toroidal maps. The plots of these domains in the complex plane are the
vertex sets of regular tessellations: a tessellation of type {4,4} for the Gaussian integers
and {3, 6} for the Eisenstein integers. We will follow [7] and [14] in our notation.

The Gaussian integers Z[i] are defined as the set {a + bi: a,b € Z} C C, where 4
is the imaginary unit, with the standard addition and multiplication of complex numbers.
Similarly, the Eisenstein integers Z[w] are defined as {a + bw : a,b € Z} C C, where
w := (1 +iv/3)/2. We adopt a unifying notation Z[o] with o € {i,w} to denote either of
these two sets. Since we are dealing with different types of integers, to avoid confusion we
will call rational integers the elements of Z.
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As in [7], in this paper we use the following notation: given a = a + bo € Z[o], we
call its conjugate the number & := a + bo, where & is the conjugate complex number to
o € C. Also we call Re« := a and Im « := b the real and imaginary parts, respectively.
Note here that if ¢ = 4, then this is the traditional notion of ‘real part’ and ‘imaginary part’
of a complex number. However, if 0 = w, then the ‘traditional’ real and imaginary parts of
a + bw are a + b/2 and /3 /2, respectively.

For every « = a + bo € Z[o], we assign the norm N(«a) := a@. An integer o €
Z[o] \ {0} divides 3 € Z|o] if and only if there is v € Z[o] such that § = ary. Recall that,
in the ring of Gaussian integers, the units are only 1, +¢, while in the ring of Eisenstein
integers the units are only +1, +w, +. Two integers «, 3 € Z[o] are called associated if
«a = fe for some unit e.

Let us recall the concept of a greatest common divisor for rings of integers. An integer
v € Zlo] is a greatest common divisor (GCD) of o, 8 € Z[o] with N(a) + N(8) # 0, if
~ divides both « and 8 and for every 4/ with the same property it follows that v/ divides
~. It is well-known that both Z[i] and Z[w] are Unique Factorization Domains (see [14]),
that is the rings with unique (up to associates) factorization into primes. Hence, a greatest
common divisor is well-defined, again up to associates. Because of that, we write v =
GCD(a, B) implying that ~ is defined up to multiplication by an associate. We also agree
that if there is a rational integer n among associates to GCD(a, ), then we specifically
take GCD(«, 8) := |n|. For example, GCD(3,67) € {3,—3,3i,—3i}, and thus by our
convention GCD(3, 6¢) = 3.

The power of Gaussian and Eisenstein integers is coming from the natural identification
of these sets with the vertex set of a regular tessellation {4,4} or {3,6}. In particular, we
can identify the basis (e1, e2) (see Section 2) with the ordered pair (1, o) from Z[o]. This
identification leads to the group homomorphism of T4 4} (resp. Ty36}) with Z[d] (resp.
Z|w]) — where the latter groups are regarded as Abelian groups with respect to addition.
From this point of view, we will identify every two vectors a = (a1, az2), b = (b1, ba) with
the complex numbers o = a; + a0 and 3 = by + byo. Finally, write 7, g := Ta b, and,
for further brevity, 7, := 7 o).

Note here that the pair of vectors 7, o1 span a square if 0 = ¢, or a thombus with angle
7/3 if o = w. Therefore, if n and 7’ are equal up to associates, then 7, = 7.

4.2 Proof of the Main Theorem

In Theorems 4.2 — 4.4 we will prove that each Archimedean map on the torus has a unique
minimal almost regular cover on the torus, which we will construct explicitly. To accom-
plish these proofs, we will use some known results for equivelar toroidal maps (see [7]).

Proposition 4.1 (Covering correspondence of maps and their associates). Let T be an
Archimedean tessellation of the plane, not of type (32.42), and G and H two subgroups
of Tr. Then T/H covers 7/G if and only if 7/ H covers 7% /G.

Proof. Suppose 7/H \, 7/G. Then H is a subgroup of G, and both of them are subgroups
of T'-. By construction, the groups 77 and T~ are equal, and so the same subgroup structure
holds in T’;«, which means that 7* / H covers 7*/G. Conversely, if 7*/ H covers 7* /G, then
H is a subgroup of GG, and G is a subgroup of T>--. The latter group is again equal to 7’; by
the very definition of 7*. Hence, 7/H \, 7/G. O

Observe that for every 7 € A\ {(33.4%)} we have a well-defined basis (e1, ez) such
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that (e1,e2) = Ty = T+, where 7" = {p, ¢} is the regular tessellation associated to 7.
Therefore, every u € T’ with the coordinates (u1, us) in the basis (e1, e2) can be identified
by the homomorphism discussed in Subsection 4.1 with the integer u1 + ugo € Z[o] (here
o depends on 7*). We will use this equivalent language instead of the vector language in
order to state the following two theorems which are the first two main results of the paper.

Theorem 4.2 (Minimal almost regular covers for toroidal maps of type Ar,). Let 7, 3
be an Archimedean map given as a quotient of an Archimedean tessellation T € A by
a translation subgroup (o, 3) < T, generated by two integers o, 3 € Z[o] \ {0} with
o/ & 7. Then the map T, with

7]&111?5))6 (1+0), if N(1+ o) divides @ — I"% and # — y,

@, otherwise,

where ¢ = GCD (Rea,Im o, Re 8,Im ) is a unique minimal almost regular cover of

Ta,. Moreover, the number ki, of fundamentals regions of T, 5 glued together in order to
the fundamental region of T, is equal to

7]\‘}(?(57?)!2’ if N(1 + o) divides RLCO‘ - ImTO‘ and R%B - %,

e
C2

, otherwise.

Proof. This theorem is a direct consequence of [7, Theorem 3.6]. Indeed, let 7" be the
regular tessellation associated to the Archimedean tessellation 7. By Theorem 3.1, there is
one-to-one correspondence between the translation subgroups of 7~ that generate regular
maps on the torus and translation subgroups of T’ that generate almost regular maps on the
torus. By Proposition 4.1, any such correspondence preserves the covering order and, in
particular, sends minimal elements to minimal elements. Therefore, 7*/H is the minimal
regular cover of 7* /G, where G := (o, (), if and only if 7/ H is the minimal almost regular
cover of 7/G. By [7, Theorem 3.6], every map 7* /G has a unique minimal regular cover
7*/H, where H < T,+ can be given explicitly in terms of number-theoretical properties
of a, B € Z[o]. Hence, the same holds for 7/G, which yields existence and uniqueness of
a minimal almost regular cover. The explicit form of H from [7, Theorem 3.6] translates
verbatim into the explicit form given in Theorem 4.2; this finishes the proof. O

Theorem 4.3 (Minimal almost regular covers for toroidal maps of type (3%.6)). Let o5
be an Archimedean map given as a quotient of an Archimedean tessellation T = (3*.6)
by a translation subgroup {«, ) < T, generated by two integers o, 5 € Z[w] \ {0} with
a/B & Z. Then the map T, with
~ Im(@p)
N()

where v = GCD(«, 3) is a unique minimal almost regular cover of T, . Moreover,
the number knin of fundamentals regions of 1,5 glued together in order to obtain the
Sfundamental region of T, is equal to

[Im(ag)|
N(y)

kmin =
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Proof. The proof is similar to the proof of Theorem 4.2, where instead of [7, Theorem 3.6]
we use [7, Theorem 3.5]. O

Recall that we associate to the tessellation of type (33.42) the basis (e, ez) comprised
of a pair of translations that are in the symmetry group of (33.42) such that e; connects
the centers of two adjacent squares and e is the shortest translation vector forming an
acute angle to e;. Everywhere below we assume that the coordinate representation of a
translation from 7{3s 42y is given with respect to the basis (e, ez).

Theorem 4.4 (Minimal almost regular covers for toroidal maps of type (32.4%)). Let 7a
be an Archimedean toroidal map given as a quotient of the tessellation T = (33.4%) by a
translation subgroup (a,b) < T, generated by two vectors a = (a1,a2) and b = (by, bs)
with A := a1by — asby # 0. Then for Tap there exists and is unique a minimal almost
regular cover Ty v generated by the subgroup

- <(c, 0), (—dy,c+ 2d1)>, provided Z—f — 2‘“9# and Z—i - 217197;%2 are even,
B {(c,0), (—d2,2d2)), otherwise,

g1 = GCD(az,b2), g2 = GCD(2a1 + az,2b; + by),

A A1 1 A
S ) Y
g1 2 \q51 9o 92

Moreover, the number kmiy of fundamentals domains of Ta v glued together in order to
obtain the fundamental region of Ty is equal to

A
9192

A
gi192

#Q_Mand@_m
g1 1 2

are even,
g2 g

)

knﬂn -

, otherwise.

Proof. Our strategy in proving Theorem 4.4 will be the following: we explicitly describe
all almost regular covers for 7, 1, and then determine the one which is the smallest (under
the covering relation).

Suppose that an Archimedean map 7 v is a cover of 7, . This is equivalent of saying
that the group (u, v) is a proper subgroup of (a, b), which in algebraic terms is equivalent
to existence of a linear integer relation between the generators of both groups:

{nlaerlb—u, @.1)

noa + mob = v,

for some integers ny, na, mi, mo With nyms # noms. (The last condition guarantees that
u and v are, in fact, non-parallel.) If, on top, 7, is almost regular, then the generators
u, v might be chosen to be of one of the types in (3.1) (see Theorem 3.9). We now consider
these two cases one by one.

Case 1: suppose u = cej and v = —de; + 2d e for some non-zero integers ¢ and d.
Then, in order to find the generators of such type, we must solve the following system of
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vector Diophantine equations

{7”L1a—&—m1b:ce17 42)

nsa + mob = —dey + 2d e,

for the variables ny,ns, my, mo treating c and d as parameters.
The first equation in (4.2) in coordinates is equivalent to the system of linear Diophan-
tine equations

nia; +miby = c, 43)
nias + m1b2 =0.
By the standard methods the full family of solutions for (4.3) is
b A
o= 2k my=—2k c=—"k keZ, (4.4)
g1 g1 (]

where we recall that A = a1by — asb; and g3 = GCD(aq, by) (here Z* stands for the set
of all non-zero integers).
Similarly, the second equation in (4.2) in coordinates reads

4.5)

noay + moby = —d,
naas + maoby = 2d;

Multiplying the first equation by 2 and adding the second we get
na(2a; + ag) + ma(2by + by) =0,

from which we conclude, after straightforward cancellations, that the full family of solu-
tions for (4.5) is

201 + b 2 A
:ﬁ& mQZ_M& d=—-=—5, secZ, (4.6)
92 92 g2

UP)

where go = GCD(QCM + as, 2by + bg)
Concluding Case 1 from obtained solution (4.4) and (4.6), we see that 7 v is an almost
regular Archimedean cover of 7, 1, and is of the first type in (3.1) if and only if

(u,v) = <<Akz,0> , (As, —2As)> =: G s
g1 g2 92

Finally, observe that for every given pair of non-zero integers £ and s the almost regular
map 7/Gy, s covers 7/G1 1. Hence, by definition of a minimal cover, 7/G1 1 is the minimal
almost regular cover (for 7, 1,) of the first type in (3.1). Note that the full family of toroidal
maps 7/Gy, s does not form a totally ordered set with respect to covering; however, this
poset has a unique minimal element. We will see a similar type of covering behavior later.

Finishing Case 1, we compute the number of fundamental regions of (a, b) one should
glue together in order to obtain the fundamental region of G1 ;. This is done by comparing
areas of those regions. In the standard basis in E? the area of the fundamental region of
(a, b) is equal to

Apg:=laxb|=|A||e1 x ea].
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Similarly, by using (4.4) and (4.6) we compute the area of the fundamental region of G; ;:

2A2
Al = \cel X (—de1 +2de2)| = —

. |e1 X 82‘ .
l9192|
Therefore, the number we are looking for is equal to
A A
Zlogl 2. (4.7)
Ao 9192
Observe that
2((11[)2 — agbl) = (2@1 + ag)bl — (2b1 + bg)ag, (48)

and hence the right hand side in (4.7) is an integer. Of course, the same conclusion likewise
follows from the geometric meaning of A;/A.

Case 2: suppose u = cey and v = —d e; + (c+ 2d)ez for some non-zero integer ¢ and an
integer d; this is the second type in (3.1). We proceed similarly to Case 1, with a bit more
involved computation.

Again, in order to find all almost regular covers of the second type we have to find all
solutions of the system

nia+ mib =ceq,
noa + mob = —dey + (¢ + 2d)ea,

for integers ny, ng, my, mo treating c and d as parameters. Similarly to Case 1, the solutions
to the first equation in this system have the following form:

A
=2k my=-2k =2k keZ. 4.9)
9 g1

The second equation from the system above in coordinates reads:

(4.10)
Naas + moby = ¢+ 2d.

{TLQCLl + moby = —d,
Again, multiplying the first equation by 2 and adding the second one we obtain, by us-
ing (4.9),
A
n2(2a1 + ag) + m2(2b1 + bg) =Cc= ;k (411)
1
This is a linear nonhomogeneous Diophantine equation in no and meo. The standard
theory of linear Diophantine equations tells us that the any solution of (4.11) is the sum
of a partial solution to the given equation and of the general solution of the corresponding
homogeneous equation ns(2a; +az) +ma (201 +b2) = 0. Moreover, a necessary condition
for (4.11) to have a solution is that

A
go divides g—lk 4.12)
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Using (4.8) it is straightforward to check that A/(g1g2) € Z* if and only if

ba  2by + by

and —— ——=
g1 92 g1 92

Therefore, if condition (4.13) is met, then the necessary condition (4.12) is satisfied for

every integer k. On the other hand, if (4.13) is violated, then (4.12) can be only satisfied if
k is even (as it follows from (4.8)). Let us consider these two sub-cases.

2
G2 201 +4ap are even. (4.13)

Sub-case 2.1: Suppose that condition (4.13) is violated; hence k is necessarily even. Then
it is straightforward to check that the pair of integers
b2 a9
ny=——k, mh=———
27 34 2 291
provides a partial solution of equation (4.11). Therefore, in Sub-case 2.1 the full family of
solutions of (4.11), and thus of (4.10), has the form

2
o b—2k+7b1+b2s

)

291 g2
2
mz:_ﬂk_m& ke2Z, scZ. 4.14)
201 g2
A A
d = *71{5 - S,
291 92

Concluding Sub-case 2.1 of Case 2 by combining (4.9) and (4.14), we see that, provided
condition (4.13) is not met, 7y, v is an almost regular Archimedean cover of 7, , and is of
the second type in (3.1) if and only if

A A A A
(u,v) = <<2l,0> , (l + s,—25>> =: H, ;,
g1 g1 g2 g2

where [, s € Z*.

Now let us check the covering relations. Note that for a given pair of non-zero integers [
and s, the almost regular map 7/ H; ; non-trivially covers 7/G1 1. Therefore, in the poset of
coverings of almost regular maps of the form 7/Gy, s (see Case 1) and 7/H; , the quotient
of 7 by GG1 1 is the unique minimal element.

Sub-case 2.2: assume condition (4.13) is satisfied. This is equivalent of saying that both
pairs a1/g1, (2a1 + az2)/g2 and ba/g1, (2b1 + ba)/go consist of integers with the same
parity. As we showed above, this is also equivalent to A/(g1g2) € Z*.

If k is even, then we can run verbatim the same arguments as in Sub-case 2.1, with the
same conclusion. Hence we can assume that & is odd.

But if £ is odd and condition (4.13) is met, then the pair of numbers

n§:2k+2b1+b2, mé:_ﬂk_2a1+a2
2q1 292 201 292

are necessarily full integers, and moreover provide a partial solution to (4.11). Therefore,
we can write down a complete solution to (4.11):

bo k—|—2b1+b2—|—2b1+b28— bo k—|—2b1+b2

ey 29> % 20 29>

2 2 2
S22y a1+ a2 a1+a23:—£k—m(2s+l)»
291 292 292 291 2g2

Ng (2s+ 1),

mo =
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where s € Z.
Substituting this solution in either of the equations in (4.10), we obtain
A A
d=——k——(2s+1),
21 290

where both k£ and 2s + 1 are some odd integers.

Similarly to as we did before, concluding Sub-case 2.2 of Case 2, we see that, provided
condition (4.13) is satisfied and k is odd (the case k was already discussed), T v is an
almost regular Archimedean cover of 7, 1, and is of the second type in (3.1) if and only if

A A A A
u,v) = —@2[+1),0),{ —QR2I+1)+—2s+1),—(2s+1 =: F ,,
v = ((Seno). (St -2 ) ) = F
where [, s € Z. Observe that 7/F) s covers 7/F; ¢ for any pair [, s € Z*.

Finally, comparing the groups

A A A A A A A
(2. (222)) m nan((2) (345 2))
g1 g2 G2 g1 21 2927 g2
we conclude that the almost regular map 7/G1 1 non-trivially covers the almost regular
map 7/Fp .

Therefore, summing up the results of Case 1 and Case 2, we obtain that if condition
(4.13) is satisfied, then 7/Fp ¢ is a minimal almost regular Archimedean map that covers
Ta,b- Otherwise, 7/G1 ;1 is a minimal almost regular cover. In both cases these minimal
covers are unique elements in the corresponding posets of possible almost regular covers.
This almost finishes the proof of Theorem 4.4. The only thing that is left to check is that
in Sub-case 2.2 of Case 2, provided k is odd, the number of fundamental regions of (a, b)
one should glue together to obtain the fundamental region of Fj g is equal to

A
9192
(note that this is an integer). This computation is similar to the one found at the end of
Case 1, and is thus omitted; this completes the proof of Theorem 4.4. O
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Abstract

Let ¢ > 2-3* be even. We prove that the only symplectic semifield spread of PG (5, ¢*),
whose associate semifield has center containing [F, is the Desarguesian spread. Equiva-
lently, a commutative semifield of order ¢3, with middle nucleus containing IF,: and cen-
ter containing [y, is a field. We do that by proving that the only possible IF-linear set of
rank 3t in PG(5, ¢*) disjoint from the secant variety of the Veronese surface is a plane of
PG(5,¢").

Keywords: Semifields, spreads, symplectic polarity, linear sets, Veronese variety.
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1 Introduction

Let PG(r — 1, ¢) be the projective space of dimension r — 1 over the finite field F, of order
q. An (n — 1)-spread S of PG(2n — 1, q), which we will call simply spread from now on,
is a partition of the point-set in (n — 1)-dimensional subspaces. With any spread S it is
associated a translation plane A(S) of order ¢™ via the André-Bruck-Bose construction (see
e.g. [7, Section 5.1]). Translation planes associated with different spreads of PG(2n—1, q)
are isomorphic if and only if there is a collineation of PG(2n — 1, ¢) mapping one spread
to the other (see [1] or [16, Chapter 1]). A spread S is said to be Desarguesian if A(S)
is isomorphic to AG(2, ¢™) and hence a plane coordinatized by the field of order ¢™. The
spread S is said to be a semifield spread if A(S) is a plane of Lenz-Barlotti class V and this
is equivalent to saying that A(S) is coordinatized by a semifield.
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A finite semifield S = (S, +, ) is a finite algebra satisfying all the axioms for a skew-
field except (possibly) associativity of multiplication. The subsets

Ny={a€eS:(axb)xc=ax(bxc), Vb,c €S},

N, ={beS:(axb)*xc=ax(bxc), Va,c €S},
N, ={ceS:(axb)xc=ax(bxc), Ya,b € S} and
K={aeNNN, NN, :axb=bxa, Vbe S}

are fields and are known, respectively, as the left nucleus, the middle nucleus, the right
nucleus and the center of the semifield. A finite semifield is a vector space over its nuclei
and its center.

If A(S) is coordinatized by the semifield S, then S has order ¢ and its left nucleus
contains F,.

Semifields are studied up to an equivalence relation called isotopy, which corresponds
to the study of semifield planes up to isomorphisms (for more details on semifields see,
e.g., [7]).

The spread S is said to be symplectic if the elements of S are totally isotropic with
respect to a symplectic polarity of PG(2n—1, q). If A(S) is coordinatized by the semifield
S, then S is called symplectic semifield and if its center contains F; < Iy, then from S
we get by the cubical array (see [13]) a semifield isotopic to a commutative semifield with
middle nucleus containing F, and center containing IF, ([11]).

Let g be even. For n = 2, there is the following remarkable theorem due to Cohen and
Ganley.

Theorem 1.1 ([6]). A commutative semifield of order ¢> with middle nucleus containing
Fy is a field.

For n > 2, the only known commutative semifields, that are not a field, are the Kantor-
Williams symplectic pre-semifields of order ¢” and n > 1 odd ([12]) and their commutative
Knuth derivatives ([11]). Symplectic semifield spreads in characteristic 2 with odd dimen-
sion over Fy give arise to Z4-linear codes and extremal line sets in Euclidean spaces ([4]).

Most of the above mentioned results are obtained with an algebraic approach, whereas
ours is mainly geometric. For small n, the study of semifield spreads has shown to be a
good way to classify semifields.

Let M (n,F,) be the set of all n x n matrices over F,. Without loss of generality, we
may always assume that S(c0) := {(0,y) : y € Fy} and S(0) := {(x,0) : x € F'}
belong to S, hence we may write S = {S(4) : A € C} U S(c0), with S(4) =
{(x,x4) : x € F}, with C C M(n,F;) such that [C| = ¢" and C contains the zero
matrix. The set C is called the spread set associated with S. In order to have a semi-
field spread, the non-zero elements of C must be invertible and C must be a subgroup of
the additive group of M (n,F,) ([7, Section 5.1]), hence C is a vector space over some
subfield of IF,. If we choose the symplectic polarity induced by the alternating bilinear
form B((x1,y1), (X2y2)) = X1y3 — y1X3, Xi,y; € F7, then the subspace S(A) € S is

totally isotropic if and only if A is symmetric. The symmetric matrices form an "("TH)-

dimensional subspace of M (n,F,) that then induces a PG (% -1, q). The rank-1

symmetric matrices form the Veronese variety V of degree 2 of PG (w -1, q) (this
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is the so called determinantal representation of the Veronese variety of degree 2, see [8, Ex-
ample 2.6]). Hence the singular symmetric matrices form the (n — 2)-th secant variety, say
V,,—2, of the Veronese variety. If C is an Fg-vector space, ¢ = s, then dimp, C = nt and

it defines a subset L of PG (% -1, q) called Fs-linear set of rank nt (for a complete

overview on linear sets see [18]). So to a symplectic semifield spread of PG(2n — 1, q)

n(n+1)
2

there corresponds an FF-linear set L, ¢ = st, of PG -1, q) of rank ¢n such that

LNV,_s = 0 (see also [15]). We recall the associated semifield has left nucleus contain-
ing IF, and if F is the maximum subfield with respect to L is linear, then the center of the
semifield is isomorphic to ;. So the isotopic commutative semifield we get has middle
nucleus containing IF; and center isomorphic to F.

In this article, we are focused on the case n = 3, i.e., on symplectic semifield spreads
of PG(5, q), when ¢ is even. In such a case, only two non-sporadic examples are known:
the Desarguesian spread and one of its cousin (see [10]), so they are both obtained by
slicing the so called Desarguesian spread of Q1 (7,¢). In the former case, the associated
translation plane is the Desarguesian plane, hence it is coordinatized by the finite field of
order q3 and the relevant linear set is actually linear on IF,. In the latter case, the semifield
spread is associated to a spread set C that is an Fa-linear set L of PG(5, ¢), where [F5 is the
maximum subfield of F, for which L is linear, and the associate semifield has order ¢> and
center [F's.

In [5], it is proven that the only symplectic semifield spread of PG(5,¢?), ¢ > 24,
whose associate semifield has center containing IFy, is the Desarguesian spread, meaning
that a commutative semifield of order qﬁ, with middle nucleus containing F,> and cen-
ter containing I, is a field, provided ¢ is not too small. That was done by studying the
intersection of the five non-equivalent [F-linear sets of PG(5, ¢?) with the secant variety
V; of the Veronese variety and the only one that can have empty intersection with V; is a
plane. A classification of the F-linear sets of PG(5, ¢*) of rank 3t is not feasible, as the
number of non-equivalent ones quickly grows with ¢. In fact, the present paper, we had a
slightly different approach which allowed us to generalize the result of [5] in PG(5, ¢*) for
any t: by field reduction, a PG(5, ¢*) can be seen as PG(6t — 1,q), a linear set of rank
3t as a subspace = PG(3t — 1,q) and V; an algebraic variety, say Vi, of codimension
t in PG(6t — 1, q). Hence, we have studied when a subspace of dimension 3t — 1 can

have empty intersection with V} (over F,), regardless the geometric feature of the linear
setin PG(5, ¢*).

2 Preliminary results

2.1 F,-linear sets and the F,-linear representation of PG (r — 1, g*)

The set L € PG(V,F,:) = PG(r — 1,¢"), with V an r-dimensional vector space over
Fg¢, is said to be an Fy-linear set of rank m if it is defined by the non-zero vectors of an
IF,-vector subspace U of V' of dimension m, i.e.

L=Ly={(us, :ucl\{0}}.

If r = mand (Ly) = PG(r — 1,4"), then Ly = PG(r — 1,¢). In this case, Ly is
said to be a subgeometry (of order q) of PG(r — 1,¢"). Throughout this paper, we shall
extensively use the following result: a subset X of PG(r — 1, ¢*) is a subgeometry of order
q if and only if there exists an F,-linear collineation o of PG(r — 1,¢") of order ¢ such
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that ¥ = Fixo, where Fix o is the set of points fixed by o. This is a straightforward
consequence of the fact that there is just one conjugacy class of IF,-linear collineations of
order ¢ in PT'L(r, ¢*), namely that of

G (ZEO,JE‘l,. .- ,177'—1) = ($g71‘({’ ce "I:Z—l)'

In particular, all subgeometries = PG(r — 1, ¢) of PG(r — 1, ¢*) are projectively equivalent
to the subgeometry induced by {(zo, z1,...,Zr—1) : 2; € F,}. A subspace Il of PG(r—1,
q') defines a subspace of Fixc = PG(r — 1,q) of the same dimension if and only if
II = TI° (see [14, Lemma 1]). It will be more convenient for us to explicitly state the

following equivalent result.

Notation. Let IF be any field containing ;. Throughout the paper we will denote by II(F)
the unique subspace of PG(r — 1, F) containing II.

Lemma 2.1. If we consider PG(r — 1, q) embedded as a subgeometry of PG(r — 1,q")
and 11 is a subspace of PG(r — 1,q) of dimension s — 1, then the subspace II(F ) of
PG(r — 1,4") containing 11 has dimension s — 1 as well.

Analogously, if W is an algebraic variety of PG(r — 1, ¢'), then W N Fixa € W N

W AN W " and hence W N Fix o has the same dimension and degree of W if and
only if W = W?°.

Remark 2.2. An algebraic variety WV is said to be a variety of PG(r — 1, q) if it consists
of the set of zeros of polynomials fi, fa, ..., fx € F4[zo,21,...,2,—1], and we will write
W =V(f1, fa,..., fr). By dimension and degree of VW we will mean the dimension and
degree of the variety when considered as variety of PG(r — 1,F,), with F, the algebraic
closure of [F,.

In the remaining part of this section, we will describe the setting we adopt to study the
F,-linear sets of PG(V,F) = PG(r — 1,¢").

When we regard V' as an [ -vector space, dimp, V' = 7t and hence PG(V,q) =
PG(rt — 1,q). Furthermore, a point (v)r , € PG(r — 1,¢") corresponds to the (t — 1)-
dimensional subspace of PG(rt — 1, ¢q) given by {\v : A € Fy:}. This is the so-called
Fy-linear representation of (v)r_, and the set S, consisting of the (¢ — 1)-subspaces of
PG(rt — 1,q) that are the linear representation of the points of PG(r — 1,¢"), is a parti-
tion of the point set of PG(rt — 1, ¢). Such a partition § is called Desarguesian spread
of PG(rt — 1,q). In this setting, a linear set Ly is the subset of the Desarguesian spread
S with non-empty intersection with the projective subspace Iy of PG(rt — 1, ¢) induced
by U.

We shall adopt the following cyclic representation of PG(rt — 1,q) in PG(rt — 1, ¢*).
Let PG(rt — 1,¢") = PG(V', ¢"), with V' the standard rt-dimensional vector space over
Fq+ and let e; the i-th element of the canonical base of V’. Consider the semi-linear
collineation o with accompanying automorphism x +— ¢ and such that e; — e;y,,
where the subscript are taken mod 7t. Then o is an [Fy-linear collineation of order ¢ and
Fixo = {(x,x9,... ,xqt_l) :x = (zo,21,...,2r-1),2; € Fpe,x # 0} is isomorphic to
PG(rt — 1,q). The elements of S are the subspaces IIp := (P, P, ..., P"t_1> NFixo,
with P € Tlp & PG(r — 1, ¢") and Il defined by z; = 0 Vi > r — 1 (see [14]). Let I1; be
TIg". In the following, we shall identify a point P of TIy = PG(r — 1, %) with the spread
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element ITp. We observe that P is just the projection of IIp from (IIy,IIo,...,II;_1) on
I1y. If Ly is a linear set of rank m, then it is induced by an (m — 1)-dimensional subspace
Iy € PG(rt — 1,q9) = Fixo and it can be viewed both as the subset of Il that is the
projection of Iy from (I3, 1o, ..., II;_1) on Iy as well as the subset of S consisting of
the elements I1p such that TTp NIy # (. We stress out that we have defined the subspaces
Iy and IIp as subspaces of Fixo = PG(rt — 1,¢). Let F be any field containing F:,
then the projection of ITy (F) on Iy from (IIy, 1o, ..., II;—1) is (Ly)p.

Let H be a hypersurface of PG(r — 1,¢") and let f € F¢[xo, 1, ..., 2,—1] a poly-
nomial defining H, i.e., H = V(f). In the linear representation of PG(r — 1,4*) = I,
the points of 7 correspond to the spread elements I1p such that P € 7, hence it is the
intersection of the variety V' (f, f7,..., " ) of PG(rt — 1,q') with Fix o, where, by
abuse of notation, we extend the action of ¢ also to polynomials. We observe that the
variety V(f, f%,..., f"t_l) is the join of the varieties H, H?, ... ,7—["‘_1 (see [8, Chap-
ter 8]) and hence it has dimension ¢(dimH + 1) -1 =¢t(r —1) —1 =tr —t — 1 and
degree deg(H)!. We observe that V/(f, f7,..., f"t_l) it is defined by ¢ polynomials and
dimV(f, fo,....f° ) =tr—t—1 = dimPG(rt — 1,¢") — ¢, hence V(f, f°,. ..,
f"tfl) is a complete intersection (see [8, Example 11.8]). We will denote the join of the
varieties Wi, Wa, ..., Wy, by Join(Wy, Wha, ..., Wy).

Let T» (W) be the tangent space to the algebraic variety WV at the point P € W.

Proposition 2.3 (Terracini’s Lemma [20]). Let W = Join()1, Vo) andlet P = (P, P) €
W with P; € Y;. Then <Tp1 (Jil), Tp2 (y2)> CTp (W)

The variety V(f, f7, .. .,f”til) is the join of the varieties %', i = 0,1,...,¢ — 1.

We recall that H7' is a hypersurface of II;, hence T, (’H”l) is a hypersurface of 1I; for a
non-singular point P; € H°'. By II; N (IL;, j # i) = 0, we get

dim(Tp, (H), Tp, (H®), ..., T, ,(H® ) =rt—1—t
for non-singular points Py, P, ..., P,_;. Since for a non-singular point P € V(f, f°,...,

fo_t,fl)’ dimTp(V(f, f,. .., fgtfl)) =rt—1—1, we have

1

(Tpy(H), T, (H), ..., Tp,_ (M7 ) = Tp(V(f, [ 7))

for a non-singular P € V(f, f7,....f° ).
Let Sing(W) be the set of the singular points of a variety W; we recall that Sing(W)
is a subvariety of Y. From the discussion above, it is clear that

1

t—1
Sing(V(f, f7,....f" )N =J8
i=0

with S; = Join(Sing(H ), H" | j # i).

2.2 The Veronese surface and its secant variety

In this section we denote by P"~! the (n — 1)-dimensional projective space over a generic
field F.
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The Veronese map of degree 2
va: (20,21, T2) € P? —s (...,xl,...) ep?

is such that x' ranges over all monomials of degree 2 in g, z1, z2. The image V := v, (P?)
is the quadric Veronese surface, a variety of dimension 2 and degree 4. A section H NV,
where H is a hyperplane of P, consists of the points of v5(C), where C is a conic of P2.

If we use the so-called determinantal representation of V (see [8, Example 2.6]), then
we can take P° as induced by the subspace of M (3,F) consisting of symmetric matrices
and vo(xg, 1, 22) = A such that a;; = z;z;, i.e., V consists of the rank 1 matrices of
M(3,F).

Hence, the secant variety of V), say V), consists of the symmetric matrices of rank at
most 2, i.e., V1 consists of the singular symmetric 3 x 3 matrices. So V) is a hypersurface
of P? of degree 3. It is well known that the singular points of V; are the points of V.

The automorphism group G of Vis the lifting of G = PGL(3, ) acting in the obvious
way: va(p)9 = va(p?) Yg € PGL(3,F). The group G obviously fixes V.

The maximal subspaces contained in V; are planes and they are of three types: the
span of vy (f), with £ a line of P2, the tangent planes T»(V) for P € V), and, when the
characteristic of IF is even, the nucleus plane mwy .

Let the characteristic of F be even. The plane 7y of P° consists of the symmet-
ric matrices with zero diagonal, hence 7 is contained in V;. By the Jacobi’s formula,
% det A = tr(adj(A) aaa’:‘j ), where tr(M) is the trace of a matrix M and adj(M) is the
adj/oint matrix of M. Let E; ; be the 3 X 3 matrix with 1 in the ¢j-position and 0 elsewhere,
so we have % det A = tr(adj(A) Oifj) = tr(adj(A)(E;; +Eji)) = 0 Vi # j. It follows
that a hyperplane is tangent to V; if and only if it contains 7wy . Also, each point of 7y is
the nucleus of a point of a unique conic va(¢).

If P € V), then the tangent hyperplane H to V; at P is such that H NV = vy(£2),
where ¢ = (p1,p2) if P ¢ wn and hence P € (v2(p1), v2(p2)), or £ is such that P is the
nucleus of vy (¢) if P € my. The tangent plane at vo(p) to V is the intersection of three
hyperplanes K7, Ko, K3 such that K; N’V = vy (¢; U £}), where ¢;, £} are lines through p.

If F is an algebraically closed field, then any subspace of P> of dimension at least 1 has
non-empty intersection with V;. If F = [, then there are subspaces of larger dimension
disjoint from V; and, by the Chevalley-Warning Theorem, we know that they can have
dimension at most 2. For ¢ even we have the following result.

Theorem 2.4 ([5]). Let g > 4 be even, then there exists one orbit of planes under the action
of G disjoint from V.

3 Proof of the main result

Through this section, we assume ¢ to be even. Let I, be the algebraic closure of F,,.

We adopt the F,-linear representation of PG(5,q"), i.e., we regard the points of
PG(5,¢") as elements of a Desarguesian spread of PG(6t — 1,q) and Ly as the subset
of the spread with non-empty intersection with a (3t — 1)-dimensional subspace II;; of
PG(6t — 1, q); also, we consider PG (6t — 1, q) as subgeometry of PG(6t — 1, ¢*) (cf. Sec-
tion 2). Let f be the polynomial with coefficients in IF5 such that V; = V (f), hence the F-
linear representation of Vy is V.(f, £, ..., f° )NFixo. Let Vibe V(f, f7, ..., f7 ).

We have that V1 N Ly = 0 < Vi N1y = 0 < ViNFixo NIy (F,e) = 0. Let W
be 11 (F,) N Vi. We observe that W = W7, hence dim W = dim W N Fix 0. We stress
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out that W is defined by polynomials in Fy¢ [z, 21, . . ., 6¢—1] but it might not contain any
IF ¢-rational point. The linear representatlon of 7y is the (3¢ — 1)-dimensional subspace
HN of Fix o that is partitioned by the spread elements {IIp : P € mx}. As Ly Ny = 0,
we must have IIy NIy = () and hence, by Lemma 2.1, IIy; (Fg:) N Iy (Fye) = 0 and
11y (]F )N HN( ) 0.

Theorem 3.1. Let P € W, then dim Tp (V) N1y (F,) = dim Tp(V}) — 3t.
Proof. The subspace I (F,) has codimension 3¢, hence
dim Tp(V}) N1y (F,) > dim Tp (V) — 3t.

Let P € (Py, Py, ..., P,—1) with P; € II;(F,). We have that

1

Tp(V) = (Tp,(V1), Te, (VY. . T, (VT )

and 7% ngi(Vfi) Vi, hence Iy (Fy) C Tp(Vi). Since Iy (Fy) N1y (F,) = 0 and
dimIIn(F,) = 3t — 1, we have dim Tp(V}) NIy (F,) < dimTp(V}) — 3t, hence the
statement follows. O

Corollary 3.2. We have dim W = 2t — 1, hence W is a complete intersection.

Proof. If P is non-singular for V}, then dim7p(V}) = dim(V}) = 5t — 1, whereas
dim Tp(V}) > 5t — 1 for P € Sing(V1). As W = Vi NIy (F,). Tp(W) = Tp(Vi) N
Iy (F,+). By Theorem 3.1,

dim Tp (Vi) N1y (F,) = dim Tp(V}) — 3t > 2t — 1,
and
dim Tp(V}) N1y (F,) > 2t — 1

only if P € Sing(V}). Hence dim W = 2t — 1. We observe that 2t — 1 = dim II;(F,) —
hence VWV is a complete intersection. O

Corollary 3.3. Sing(W) = Sing(V}) Ny (F,).

Proof. By Theorem 3.1, dim Tp (W) = dim Tp(V}) —3t, hence dim Tp (W) > dim W =
2t — 1 if and only if dim T (V}) > 5¢t — 1 = dim(V}), i.e., P € Sing(V}). O

If a variety ) is a complete intersection and dim ) — dim Sing()) > 2, then ) is
normal (see [19, Chapter 2, Section 5.1] for the general definition of normal varieties). An
important tool for our proof is the following reformulation of the Hartshorne connectedness
theorem ([9]).

Theorem 3.4 ([3, Theorem 2.1]). If Y is a normal complete intersection, then ) is abso-
lutely irreducible.

Theorem 3.5. If W is reducible and Ly NV, = 0, then Ly is a plane which is isomorphic
to PG(2, ¢') disjoint from V.
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Proof. 1f VW is reducible, then W is not normal and hence dim Sing(W) = dimW — 1 =
2t — 2. A point P € W is singular if and only if P € Sing(V}) N y(F,). We have
Sing(V) = U!Z} S;, with

S; = Join(Sing(VS'), Vo', j # i) = Join (V" V¢ | j 4 4)
(see Section 2), so S§ = S; and hence
dim Sing(V}) Ny (F,) = dim Sp N1y (F,) = 2t — 2.

Let P € SoNIy (Fy) with P = (Po, P1,...,P1), Py €V, P € VY i =1,2,...,t—1,
then the tangent space Tp(So NIy (F,)) is

t—1 —
<TP0(V)7TP1(Vf)""7TPf,—1(vf )> mHU(]FZI)
= KiNK;NKINH N---nHf, NIy(F,),

with K, H hyperplanes of PG(6t — 1,¢") such that K} projects on the hyperplane K;
of Il for ¢ = 1,2,3, H} projects on the hyperplane H; of II; Vj = 1,2,...,{ — 1,
KiNKy;NKs = Tp(V) and H; = ij(Vf]). We can take K7, K5, K3 such that
K1 ny = 'UQ(E%), KQ ny = UQ([%) and K3 ny = 1}2(61 U 62) Hence,gf n K; N Hik N

---MN H}_; contains IIy and so dim K5 N K3 NH{ N---NH;_; NI (IF,) is the smallest
possible, i.e., 2t — 2. Hence,

K DK;NKiNnHyN---NH; NIy(F,)
and the projection of II; (F,) on Iy is a subspace IIj such that the tangent space of P at
VY NII{ has codimension 2 in IIj,. So either the codimension of IT;, NV in I1j is 2 or II; NV
has codimension 3 in IIj, but it has singular points. Suppose we are in the latter case. The
Veronese variety V is smooth, hence II{, can by a 3 or 4-dimensional subspace of IIj. If ITj,
is a hyperplane of II, and II{, N V(F,) has singular points, then IIj NV is is either vy (¢?)
or va(¢1 U £3). In the first case, ITj) contains 7. A plane 2 PG(2, ¢') is a IF,-linear set
of rank 3t, so I (F,:) = PG(4, ¢") contains two linear sets of rank 3¢ that must intersect
by Grassmann, i.e., Ly NV # 0. If II; NV = va(¢1 U £2), then IIj, contains the tangent
space at V of the point P = vq(¢1 N ¢2) and it is the unique tangent space at V' contained
in IT{;. Let 7 be the collineation induced by the field automorphism x 24", then both IT},
and V(F,) are fixed by 7, hence Tp(V)™ = Tp(V) and, by Lemma 2.1, Tp (V) contains a
PG(2, q%). Again, by Grassmann, Ly N V; # (). Suppose that IT}) is a 3-dimensional space,
so it contains 4 points counted with their multiplicity and at least one of them is multiple. If
P is a multiple point and it is [F¢-rational, i.e., P = P", then I}, contains a line tangent to
V at P that it is fixed by 7 and hence contains a PG(1, ¢*), so, by Grassmann, Ly NV # 0.
So a multiple point P must be [Fs¢-rational, but also P” € H{) MY would be, hence s = 2
and we have 1T NV = {P, P"}, with P € II},(¢*"). The line joining P and P7 is set-wise
fixed by 7 and so it contains a PG(1, ¢*), yielding again Ly N'V; # (). So suppose that
the codimension of ITj, N V(F,) in II{, is 2. Hence II}) is either a 3-dimensional space or
a plane. Suppose that IT{, is a 3-dimensional space and so dimIIj N V(F,) =3 —2 = 1.
Since IIj, N V(F,) is the Veronese embedding of the intersection of two distinct conics,
I, contains the Veronese embedding of a line £ and it cannot contain the embedding of
any other line. Hence vo(¢)™ C II implies vo(£)” = wva(¢) and so (v2(¢)) contains a
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plane = PG(2,¢"). By Grassmann, Ly N'V; # 0. Hence IIj(¢") is a plane and so
Ly =TIh(q"). .

Theorem 3.6. If W is absolutely irreducible and q > 2 - 3*!, then W N Fix o has at least
one point.

Proof. By [2, Corollary 7.4], an absolutely irreducible algebraic variety of PG(n — 1, q)
with dimension r and degree d for ¢ > max{2(r + 1)§2, 25} has at least one F,-rational
point. By r = 2t — 1 and § < 3' = deg V¥, we have the statement. O

‘We conclude the section with our main result.

Theorem 3.7. Let q > 2 - 3* be even. The only symplectic semifield spread of PG(5, q")
whose associate semifield has center containing I, is the Desarguesian spread.

Proof. By Theorems 3.6 and 3.5, we have that the only F,-linear set of rank 3¢ disjoint
from V; is a plane. The planes disjoint from V; form a unique orbit under the action of
G (see Theorem 2.4). In this case, the linear set is IF;:-linear as well, hence the semifield
associated to the spread is 3-dimensional over its center. By [17], in even characteristic this
implies that the semifield is a field, hence the spread is Desarguesian. O

Corollary 3.8. Let ¢ > 2 - 3% be even. Then a commutative semifield of order ¢, with
middle nucleus containing F g+ and center containing Fg, is a field.

Remark 3.9. We emphasize that the hypothesis of even characteristic is crucial for all our
arguments: only for even g the variety V; contains the plane 7y, and using L Nty = 0
we can prove that VV is a complete intersection, i.e. YW has codimension ¢, and the singular
points of WV are just the ones coming from V.
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Abstract

The Hamilton-Waterloo problem asks for a decomposition of the complete graph of
order v into r copies of a 2-factor F; and s copies of a 2-factor F; such that r+s = L”glJ .
If Iy consists of m-cycles and F» consists of n cycles, we say that a solution to (m,n)-
HWP (v;r, s) exists. The goal is to find a decomposition for every possible pair (r, s). In
this paper, we show that for odd = and ¥, there is a solution to (2¥x, y)-HWP (vm;r, s) if

ged(z,y) > 3, m > 3, and both z and y divide v, except possibly when 1 € {r, s}.

Keywords: 2-factorizations, Hamilton-Waterloo problem, Oberwolfach problem, cycle decomposi-
tion, resolvable decompositions.

Math. Subj. Class.: 05C51, 05C70

1 Introduction

The Oberwolfach problem asks for a decomposition of the complete graph K, into ”;1

copies of a 2-factor F'. To achieve this decomposition, v needs to be odd, because the
vertices must have even degree. The problem with v even asks for a decomposition of K,
into ”52 copies of a 2-factor F', and one copy of a 1-factor. The uniform Oberwolfach
problem (all cycles of the 2-factor have the same size) has been completely solved by
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Alspach and Haggkvist [1] and Alspach, Schellenberg, Stinson and Wagner [2]. The non-
uniform Oberwolfach problem has been studied as well, and a survey of results up to 2006
can be found in [8]. Furthermore, one can refer to [6, 7, 9, 23, 24] for more recent results.
In [19] Liu first worked on the generalization of the Oberwolfach problem to equipartite
graphs. He was seeking to decompose the complete equipartite graph K ;,.,,y with n partite
sets of size m each into w copies of a 2-factor F'. For such a decomposition to exist
(n — 1)m has to be even. In [14] Hoffman and Holliday worked on the equipartite gener-
alization of the Oberwolfach problem when (n — 1)m is odd, decomposing into (n=l)m-1
copies of a 2-factor I, and one copy of a 1-factor. The uniform Oberwolfach problem over
equipartite graphs has since been completely solved by Liu [20] and Hoffman and Holliday
[14]. For the non-uniform case, Bryant, Danziger and Pettersson [7] completely solved the

case when the 2-factor is bipartite. In particular, Liu showed the following.

Theorem 1.1 ([20]). For m > 3 and u > 2, K., has a resolvable Cy,-factorization if
and only if hu is divisible by m, h(u — 1) is even, m is even if u = 2, and (h,u,m) ¢
{(2,3,3),(6,3,3),(2,6,3),(6,2,6)}.

The Hamilton-Waterloo problem is a variation of the Oberwolfach problem, in which
we consider two 2-factors, F and F5. It asks for a factorization of K, when v is odd or
K, — I (I is a 1-factor) when v is even into r copies of F and s copies of F5 such that
r+s = |“5*|, where Fy and F} are two 2-regular graphs on v vertices. Most of the results
for the Hamilton-Waterloo problem are uniform, meaning Fj consists of cycles of size m
(Cy,-factors), and F5 consists of cycles of size n (C),-factors). If there is a decomposition
of K, into r Cy,-factors and s C,-factors we say that a solution to (m,n)-HWP(v;r, s)
exists. The case where both m and n are odd positive integers and v is odd is almost
completely solved by [11, 12]; and if m and n are both even, then the problem again is
almost completely solved (see [5, 6]). However, if m and n are of differing parities, then
we only have partial results. Most of the work has been done in the case where one of the
cycle sizes is constant. The case of (m,n) = (3,4) is solved in [4, 13, 21, 25]. Other
cases which have been studied include (m,n) = (3,v) [18], (m,n) = (3,3x) [3], and
(m,n) = (4,n) [16, 21] .

In this paper, we consider the case of m and n being of different parity. This case
has gained attention recently, where it has been shown that the necessary conditions are
sufficient for a solution to (m, n)-HWP(v;r, s) to exist whenever m | n, v > 6n > 36m,
and s > 3 [10]. We provide a complementary result to this in our main theorem, which
covers cases in which m { n and solves a major portion of the problem.

Theorem 1.2. Let x,y, v, k and m be positive integers such that:
(i) v,m =3,
(ii) x,y are odd,
(iii) ged(z,y) > 3,
(iv) x and y divide v,
(v) 4F divides v.

Then there exists a solution to (2Fx,y)-HWP(vm;r, s) for every pair r,s withr + s =

[(vm —1)/2], r,s # 1.
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2 Preliminaries

The complete cyclic multipartite graph C'(,.) is the graph with n partite sets of size z,
where two vertices (g,4) and (h, j) are neighbors if and only if i — j = £1 (mod n),
with subtraction being done modulo n. The directed complete cyclic multipartite graph
(2:n) 18 the graph with n parts of size , with arcs of the form ((g7 1), (h,i+ 1)) for every
0<g,h<zr—-—1,0<i<n-—1.
One of the main tools in [17] is a Lemma that combines decompositions of C,.x)
to obtain decompositions of K(,.,,). We present a version of the Lemma for uniform
decompositions, as those are the focus of this manuscript.

Lemma 2.1 ([17]). Let m, x, y, and v be positive integers. Let s1,..., Sm_1 be non-
negative integers. Suppose the following conditions are satisfied:

o There exists a decomposition of K, into C,-factors.

o foreveryl <t < WT_l there exists a decomposition of C (., into sy Cyp-factors
and 1y Cyyn-factors.

Let

(m-1) (m=1)
s = g St and r= E Tt.

Then there exists a decomposition of K (,.;n) into s Cyp-factors and r Cyy,-factors.

In order to decompose ﬁ(m), x and n odd, into C,,-factors and C,,-factors, the au-
thors of [17] labeled the vertices by Z, x {0,...,n — 1}. They build a 2-factor F' by
providing n permutations of G. The ith permutation is used to connect vertices in column
1 — 1 to vertices in column ¢, in particular the n-th permutation is used to connect vertices
in column n — 1 to vertices in column 0. It must be said that these permutations were used
implicitly in [17], as no permutation language was used for this part of the construction.

Notice that in general, if the columns are labeled by an abelian group G, f is the ith
permutation and g € G, in the 2-factor F, vertex (g,¢ — 1) is connected to vertex (f(g),%).
Let F be the composition of all n permutations of the 2-factor F', such that (F(g),0) is
the vertex at which we finish if we start at vertex (g, 0) and move through F until we reach
column 0 again. In the constructions in [17], G is abelian, and g — F(g) depends only on
JF and not on g. If this is the case, the length of the cycles of F' is n times the order of the
element g — F(g).

Lemma 2.2. Assume F' is a 2-factor built with the permutation F, and g — F(g) depends
only on F. If q is the order of g — F(g), then F is a 8qn-factor Ofg(xy4k:n).

As we will need to use the permutations of Z,,, we will introduce them. For a« € Z,, let
fo be the permutation that adds « to every element of Z,, i.e. fo(9) = g+ «. Let H(«, 8)
be the 2-factor made with the following permutations:

e f, fromcolumn ¢ — 1 tocolumniifl <i<n-—3/2

e f_, fromcolumni—1tocolumniifn—3/2+1<i<n-—3;

e f, from column n — 3 to column n — 2;
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o f 5, from column n — 2 to column n — 1 (this is a permutation because z is odd);

e fg from column n — 1 to column 0.

In [17] the first n — 3 permutations were different, but the end result was the same. Notice
that F(g) = g — a + 8. Forevery r € {0,1,2,...,2 — 3,2 — 2, a2}, the authors of [17]
gave permutations ¢ of Z, that satisfied:

(a) ¢(a) = « for r elements of Z,;

(b) ged(ar — ¢(r), x) = 1 for the remaining « — r elements of Z,,.

Then, the decomposition of B(z:n) was given by the 2-factors H(a, ¢(«)), o € Z,.
In order for such a decomposition to work, for every a, 8 € Z, the permutations fy, f3
needed to satisfy f, = fs if and only if a = 3, as otherwise some arcs would be repeated

in the factor H(«, ¢(«)) and the factor H (3, ¢(5)).
Then, in [17], decompositions of C' (;.n), C (y:n)>

and 8(4:,1 were combined using a
graph product and permutations of Z, X Z,, X Z4 to decompose é

(4zy:n)- Instead of doing

so, we will use group products to label the vertices of 8(4%1/:”), although we will make
use of permutations of the group product.

In Section 3, we give permutations of Zyr X Zor, and show that they satisfy the neces-
sary conditions to be used for decompositions. In Section 4, we use multivariate bijections

to give decompositions of C' (., into C g g -factors and Byk—factors. Finally, in Sec-
tion 5, we use these decompositions to prove our main results.

3 The permutation f,(a,b) of Zyx X Zgyr

Consider the group G = Zgr X Zok, an element o = (a1, aiz) and the function f, (a,b) =
(=b+ai,a—b+ as).

Lemma 3.1. f, is a permutation of G.

Proof. As |G| is finite, it is enough to prove that f,, is an injective function.
Assume f,(a,b) = fu(c,d). Then

(=b+a1,a—b+ ) = (—d+ ai,c—d+ as).

The equality —b + oy = —d + a1 implies b = d. Using b = d, the equality a — b + ay =
¢ — d + ag implies a = c. Therefore, f, is a permutation of G. O

Lemma 3.2. f5(f2(a,b)) = (a,b) — a+ B.
Proof. We will prove this lemma by computing f5(f2(a,b)).
fala,b) = (=b+a1,a — b+ ag)

f2(a,b) = f(=b+ar,a—b+as)
=(—a+b—ar+a,—b+ar—a+b—oa+ )
=(—a+b—as+a,0; —a)
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fo(f3(a,b)) = fa(—a+b—az +ai,a1 —a)
=(a—a1+p1,—a+b—ay+ar —a1+a+ f)
=(a—a1+B1,b—as+ B2)
= (a,b) — a+ 8. O

Letting 3 = « in Lemma 3.2 yields f2(a,b) = (a,b).

Corollary 3.3. f3(a,b) = (a,b).

As it was mentioned in Section 2, we need to show that if &« # j, then f,(a,b) #
fa(a,b) for every (a,b) € Zyr X Zqr; so that each arc is used exactly once. The statement
of the following lemma is an equivalent claim.

Lemma 3.4. f.(a,b) = fs(a,b) for some (a,b) € Zox X Lo if and only if & = .
Proof. Assume f,(a,b) = fz(a,b). Then
(—b+0¢1,&—b—|—0&2) = (—b+61,a—b+62).

Hence, oy = 1 and as = B5. Therefore a = . O

4 Decomposing 8(4kwym) into Byn-factors and an-factors

Let G = Zgr X Zor and label each column of 8(4%1};”) with the elements of the group
G X Ly X ZLy,.

Let R = G x Zy X Zy. Forevery A € R, let A = (o, 8,7), witha € G, 8 € Z, and
v € Zy. For a € G, let f, be defined as in Section 3. For 8 € Z, let fz be the permutation
of Z, defined by fg(a) = a + 8. Similarly, for v € Z, let f, be the permutation of Z,
defined by f,(a) = a + 7. Finally, for A = (o, 3,7) € R let f be the permutation of R

defined by fx(a,b,c) = (fala), f5(b), f+(c)).
Let ¢ be a permutation of R, and for each A € G let Hyx,, (X, ¢())) be the 2-factor

formed with the following permutations:
I. fafromcolumnitoi+ 1ifl1 <i<n-—3/2;
2. fy ! fromcolumnitoi+1ifn—3/2+1<i<n-3;
3. fy from column n — 2 to column n — 1;
4. f(a, =28, —27) from column n — 1 to column n;
5. fo(a) from column 7 to column 1.

Notice that if you start in column 1 at vertex (a, b, ¢) the first time you reach column 1
again you reach vertex

(a,b,¢) = (o, B,7) + ¢(a, B,7) = (a,b,¢) = A+ @(A).
Hence, we can apply Lemma 2.2 to obtain the length of the cycles in the 2-factor.
Let A € R.If A—¢(A) = (a,b,0) witha € £{(1,0),(0,1),(1,1)} and ged(b, z) = 1,
then by Lemma 2.2 the 2-factor Hyx (X, p(A)) is a éka-factor. If A — p(A) = (0,0,¢)
with ged(c, y) = 1, Lemma 2.2 implies that Hyx (A, ¢(X)) is a Byn-factor.

Therefore, to obtain a decomposition of C' (4. into r ngm-factors and s 8yn-
factors, we need a permutation ¢ satisfying
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(A) A — (N = (a,b,0) with a € £{(1,0),(0,1),(1,1)} and ged(b,z) = 1 for r
elements A € R;

(B) A —p(A) = (0,0,c) with gcd(c, y) = 1 for s = 4*zy — r elements \ € R.

In order to obtain the permutation ¢, consider the subgroup 2G of G of index 4, and let
K = {(Ov 0), (170)v (0, 1)7 (1, 1)}

Notice that K is a set of representatives of the cosets of 2G in G. Let € € 2G, and let
¢ be a permutation of G. If g,#(g) € € + K, then either g = ¢(g) or |g — ¢(g)| = 2*
because g — ¢(g) € =K. Hence, we can obtain ¢ by providing 4*~! permutations p, of
K X Zy x Z, satisfying

(A A= pc(N) = (a,b,0) with a € £{(1,0),(0,1),(1,1)} and ged(b,z) = 1 for r,
elements A € K X Z, X Zy;

(B") A—pe(A) = (0,0, c) withged(c,y) = 1 for s¢ = dzy—rc elements X € K XZg X ZLy;

having r = > ., 7e, and having ¢ act in each (e + K) x Zy, X Zy as p, ie. if g =
(e,c,d) + (1,0,0), with u € K, p(g9) = (€,¢,d) + pe(p,c,d). Notice that if a € K,
a € +{(1,0),(0,1),(1,1)} if and only if a # (0,0).

In [17], for every r € {0,2,3,...,4dzy — 3,4xy — 2,4xy}, permutations ¢ of Z4 X
Zy X 7, were given satisfying:

(A")y A—¢(X) = (a,b,0), with a # 0 and ged(b, ) = 1 for r elements \ € Zy X Zy, X Zy;

B A= o(A) = (0,0,c), with ged(c,y) = 1 for the remaining 4zy — r elements \ €
Ly X Ly X ZLy.

Let m: K — Z4 be a bijection such that 7(0,0) = 0, and let ¢: K X Z; x Z;, —
Z4 x Lz ¥ Zy be the bijection that fixes the coordinates of Z, and Z,, and that behaves
like 7 in the coordinate of K. Then if ¢, is a permutation of Zy X Z;, X Z,, satisfying
Conditions (A”) and (B”) with r and s, p = ¥~ ¢1) is a permutation of K x Z, X Z,
satisfying Conditions (A’) and (B’) with . and s..

If we wanted either x = 1 or y = 1, we would need to change Conditions (A) and (B),
but it is easy to see that the necessary permutations to decompose C' (4r .y, €Xist.

Therefore we have the following.

Lemma 4.1. Let r ¢ {1,4"2y — 1}, then there is a decomposition of 6(4kry:n) into r

ngm-factors and s = 4k xy —r Cyn-factors.

5 Main results

The complete solution to the uniform case of the Oberwolfach problem will be vital to the
proof of our main result.

Theorem 5.1 ([1, 2, 15, 22]). K, can be decomposed into C,,-factors (and a 1-factor if v
is even) if and only if v = 0 (mod m), (v,m) # (6,3) and (v,m) # (12, 3).

We now apply the results from Section 4 to produce the following important result for
the uniform equipartite version of the Hamilton-Waterloo problem where the two factor
types consist of cycle sizes of distinct parities.
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Theorem 5.2. Let x,y, z,v, m, k be positive integers v, m, k > 3 satisfying the following:
(i) v,m >3,
(ii) k> 2,
(iii) x,y, z odd,
(iv) z > 3,
(v) ged(z,y) = 1,
(vi) vm =0 (mod 4¥zyz), v =0 (mod 4*xy),

4k

(viii) (T’;:ymz) ¢ {(2,3,3),(6,3,3), (2,6,3), (6,2,6)},

. v(m—1) .
(vii) oy seven,

then there is a decomposition of K (y.;m) into v Cok, ~factors and s Cy.-factors, for any

s,r# 1.

Proof. Let vy = v/4Fxy. Consider K(y,:m)- Item (vi) ensures that z divides vym; and
items (vii), (i), and (viii) give us v1(m — 1) is even, m # 2, and

<4kscy’m7z> ¢ {(2,3,3),(6,3,3),(2,6,3),(6,2,6)}.

Thus by Theorem 1.1 there is a decomposition of K ,, ., into C-factors.

Replace each vertex in a € K(vl:m) by 4kxy vertices (a,b), with 0 < b < 4kxy -1,
having an edge between (a1,b1) and (az, bo) if and only if there was an edge between a;
and ay. This yields K(,.,,). Even more, each C.-factor becomes a copy of “™ C'(4x .-
By Lemma 4.1, we have that each “.™ C'(4x,,.) can be decomposed into 7, Cx,.-factors
and s, C,-factors as long as 7, s, # 1. Choosing s, such that Zp sp=sand sp,r, # 1,
provides a decomposition of K., into 1 Cx,.-factors and s C.-factors by Lemma 2.1.

O

The next lemma, given in [17] shows how to find solutions to the Hamilton-Waterloo
problems by combining solutions for the problem on complete graphs and solutions for the
problem on equipartite graphs.

Lemma 5.3 ([17]). Let m and v be positive integers. Let Fy and F5 be two 2-factors on
vm vertices. Suppose the following conditions are satisfied:

o There exists a decomposition of K ., into sq, copies of Fy and 7, copies of Fy.

o There exists a decomposition of mK, into sg copies of F'1 and rg copies of F.

Then there exists a decomposition of K, into s = s, + sg copies of F1 andr =1, + 13
copies of Fs.

We are now in a position to provide a proof of the main theorem.
Theorem 5.4. Let x,y,v, k and m be positive integers such that:

(i) v,m =3,

(ii) x,y are odd,
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(iii) ged(z,y) > 3,
(iv) x and y divide v,
(v) 4% divides v.

Then there exists a solution to (2¥x,y)-HWP (vm;r, s) for every pair r,s with r + s =

[(vm —1)/2], r,s # 1.

Proof. Let r and s be positive integers with r + s = [(vm — 1)/2] and r, s # 1. Write
r = rq +1gand s = s, + sg, where 7,73, 54,53 are positive integers that satisfy
Ta,Sa # L,Ta+8a =v(m—1)/2,r5+s3 = | (v —1)/2],and g, sg € {0, | (v —1)/2]}.

Start by decomposing Ky, into K(,.p,) @ mIK,. Let z = ged(z,y), 11 = x/z,
y1 = y/z. By Theorem 5.2 there is a decomposition of K., into ro Cor,, .-factors and
5o Cy, .-factors. This is a decomposition of K., into 7o, Cor,-factors and s, C'y-factors.
By Theorem 5.1 there is a decomposition of m K, into rg Cyr,-factors and sg Cy-factors.
Lemma 5.3 shows that all of this together yields a decomposition of K,,, into r C,-factors
and s Cy-factors. O
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Abstract

We prove that the class of all loops with the inverse property (IP loops) has the Finite
Embeddability Property (FEP). As a consequence, every group is locally embeddable into
finite IP loops. The first one of these results is obtained as a consequence of a more gen-
eral embeddability theorem, contributing to a list of problems posed by T. Evans in 1978,
namely, that every finite partial IP loop can be embedded into a finite IP loop.

Keywords: Group, IP loop, finite embeddability property, local embeddability.
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The Finite Embeddability Property (briefly FEP), was introduced by Henkin [17] for gen-
eral algebraic systems already in 1956. For groupoids (i.e., algebraic structures (G, -) with
a single binary operation), which is sufficient for our purpose, it reads as follows: A class K
of groupoids has the FEP if for every algebra (G, -) € K and each nonempty finite subset
X C G there is a finite algebra (H, ) € K extending (X,-),i.e, X C Handz -y = x*y
forall z,y € X, such that x - y € X. Using this notion an earlier result of Henkin [16] can
be stated as follows: The class of all abelian groups has the FEP (see also Gritzer [14]).

A more general notion of local embeddability can be traced back to even earlier pa-
pers by Mal'tsev [21, 22] (see also the posthumous monograph [23]). It was explicitly
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(re)introduced and studied in detail mainly for groups by Gordon and Vershik [28]: A
groupoid (G, -) is locally embeddable into a class of groupoids M if for every nonempty
finite set X C G there is (H,*) € M such that X C H and « - y = z * y for all
z,y € X satisfying « - y € X. Informally this means that every finite cut-out from
the multiplication table of (G, -) can be embedded into an algebra from M. A standard
model-theoretic argument shows that this condition is equivalent to the embeddability of
(G, -) into an ultraproduct of algebras from M (for the ultraproduct construction see, e.g.,
Chang, Keisler [3]).

Thus a class K has the FEP if and only if every (G, -) € K is locally embeddable into
the class Ky, of all finite members in K. As proved by Evans [9], for a variety (equational
class) K this is equivalent to the condition that every finitely presented algebra in K is
residually finite, i.e., embeddable into a direct product of finite algebras from K. The
groups locally embeddable into (the class of all) finite groups were called LEF groups in
[28]. The authors also noticed that, unlike the abelian ones, not all groups are LEF, in
other words, the class of all groups doesn’t have the FEP. As examples of finitely presented
groups which are not residaully finite, hence not locally embeddable into finite groups, can
serve the Baumslag-Solitar groups BS(m,n) = {(a,b | a='b™a = b") for |m|, |n| > 1,
|m| # |n| (see Meskin [24]). A complete list of minimal partial Latin squares embeddable
into a closely related infinite group but not embeddable into any finite group, even under a
weaker concept of embedding, was recently described by Dietrich and Wanless [6].

This immediately raises the question of finding some classes of finite grupoids into
which all the groups were locally embeddable and which, at the same time, would be “as
close to groups as possible”. The question is of interest for various reasons: The class
of all LEF groups properly extends the class of all locally residually finite groups and
plays an important role in dynamical systems, cellular automata, etc. (see, e.g., Ceccherini-
Silberstein, Coornaert [2], Gordon, Vershik [28]).

Glebsky and Gordon [13] have shown that a group is locally embeddable into finite
semigroups if and only if it is an LEF group. It follows that looking for a class of finite
groupoids into which one could locally embed all the groups one has to sacrifice the asso-
ciativity condition. They also noticed that the results about extendability of partial Latin
squares to (complete) Latin squares imply that every group is locally embeddable into finite
quasigroups. Refining slightly the original argument they have shown that every group can
even be locally embedded into finite loops (see also their survey article [12]).

A further decisive step in this direction was done by Ziman [30]. Building upon the
methods of extension of partial Latin squares preserving some symmetry conditions (see
Cruse [4] and Lindner [20]), he has shown that the class of all loops with antiautomor-
phic inverses, i.e., loops with two-sided inverses satisfying the identity (xy) = = y~ta~!
(briefly AAIP loops), has the FEP (though he didn’t use this notion explicitly). As a conse-
quence, every group is locally embeddable into finite AAIP loops.

Quasigroups and loops experts consider the class of all AAIP loops still as a “rather far
going extension” of the class of all groups. On the other hand, they find the class of all
loops with the inverse property, i.e., loops with two-sided inverses satisfying the identities
x~Y(zy) = y = (yx)x~! (briefly IP loops), which is a proper subclass of the class of all
AAIP loops, a much more moderate extension of the class of all groups (Drépal [8]). In the
present paper we are going to show that Ziman’s result can indeed be strengthened in this
sense. Using mainly graph-theoretical methods and Steiner triple systems, we will prove
that the class of all IP loops still has the FEP. As a consequence, every group is locally
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embeddable into finite IP loops.

When the original version of this paper was already submitted, A. Drapal turned our
attention towards the point that the problem we are solving was implicitly formulated in
Evans’ paper [10] in the last line of the table on page 798. At the same time he remarked
that we have proved even more, namely that every finite partial IP loop can be embedded
into a finite IP loop. Later on, the same point was made by the anonymous referee. We
will discuss these issues in the next section, after introducing the respective notions and
formulating our results more precisely.

For basic definitions and facts about quasigroups and loops the reader is referred to the
monographs Belousov and Belyavskaya [1] and Pflugfelder [26].

1 Formulation of the main results, discussion and plan of the proof

In order to guarantee that the class of all IP loops forms a variety, we define an IP loop as an
algebra (L, 51, _1) with a binary operation of multiplication -, a distinguished element 1
denoting the unit, and a unary operation ~! of taking inverses, satisfying the identities

le =x =21, and z Nay) =y = (yx)z .

Then the identities 7'z = 1 = 2~ ' and (x_l)_1 = 1z easily follow. Also it is clear

that, for any a,b € L, the equations ax = b, ya = b have unique solutions x = a~'b,
y = ba~!in L. Since the unit element 1 and the inverse map x — x~! in every IP loop
are uniquely determined by the multiplication -, referring to an IP loop (L, 51, *1) as just
(L,-) is unambiguous. However, usually it will be denoted simply by L.

A partial IP loop (P, -) is a set P endowed with a partial binary operation - defined on
a subset D(P,-) C P x P, called the domain of the operation -, satisfying the following
three conditions:

(1) there is an element 1 € P, called the unit of P, such that (1,z), (z,1) € D(P,-) and
lx =zl =z forallx € P;

(2) for each x € P there is a unique y € P, called the inverse of x and denoted by
y = 2~ 1, such that (z, ), (y,2) € D(P,-) and zy = yz = 1;

(3) for any z,y € P such that (z,y) D(P,-), we have (xfl,xy), (xy,yfl) €
D(P,-)and ™ (zy) = y, (xy)y ' = 2.

In most cases we will denote a partial IP loop (P, -) as P and its domain as D(P), only;
the more unambiguous notation (P, -) and D (P, -) will be used mainly in case we need to
distinguish the operations on two or more (partial) IP loops.

A partial IP loop (@, *) is called an extension of a partial IP loop (P,-) if P C Q,
D(P,-) C D(Q,*) and x - y = x * y for each pair (z,y) € D(P). Suppressing the names
of the operations, we write P < ) or Q > P. Alternatively we say that the partial IP loop
P is embedded in the partial IP loop ). Obviously, the relation < between partial IP loops
is reflexive, antisymmetric and transitive.

Our main results are the following three theorems.

Theorem 1.1. Every finite partial IP loop P can be embedded into some finite IP loop L.

Given an IP loop L and a finite set X C L, we can form the finite partial IP loop

P=XuU{1}ux
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where X ~! = {x7! : 2 € X}, by restricting the original loop operation on L to the set
D(P)={(z,y) e Px P:zy € P}.

Then, obviously, P < L. Thus Theorem 1.1 readily implies our next, already announced
result.

Theorem 1.2. The class of all IP loops has the Finite Embeddability Property. Equiva-
lently, every finitely presented IP loop is residually finite.

As a special case of Theorem 1.2 we obtain

Theorem 1.3. Every group can be locally embedded into the class of all finite IP loops.
Equivalently, every group can be embedded into some ultraproduct of finite IP loops.

The second, equivalent formulation of Theorem 1.2 answers in affirmative the question
posed by Evans [10] in the IP loop row and R. F. column of the table on page 798.

In order to discuss the relation of our results to Evans’ table we recall the following
three abbreviations used in [10]. Unlike the author, who used them for various classes of
algebras, we apply them just to the class of all IP loops.

E;: Every finite partial IP loop can be embedded into some finite IP loop.
E5: Every finite partial IP loop can be embedded into some (finite or infinite) IP loop.

FE5: Every finite partial IP loop which can be embedded into some IP loop, can be em-
bedded into some finite IP loop.

Obviously, condition E3 is equivalent to the FEP for IP loops, and condition F; is equiva-
lent to the conjunction E5 A E3, depicted (among other relations) in the chart on the top of
page 798 in [10] (the equivalence F1 A E5 < F5 on page 797 is clearly a typo).

Theorem 1.1 seems to contradict the sign “X” (meaning “No”) in the IP loop row and
Ey column of the table in the middle of page 798 in [10]. Evans, however, considered a
seemingly weaker notion of a partial IP loop (hence a stronger concept of embeddability)
there. Paraphrasing and slightly adapting his definition to apply to our situation, we obtain
a rather vague formulation: “A partial IP loop is a set P in which the operations of multi-
plication and taking inverses are defined on some subsets D(P) C P x Pand D'(P) C P,
respectively, which satisfies the defining IP loop identities, insofar as they can be applied
to the partial operations on P” (cf. [10, §3, page 796]). In particular it is not clear (though
not crucial) whether P has to contain the unit element 1 or not. Thus, at least at a glance,
it seems possible that there could exist some finite partial IP loop in his sense, which is not
embeddable into any finite IP loop. However, the responses “X” (i.e. “No”) to £ and “ v ?
(meaning “Yes”) to E5 in Evans’ table, together with our Theorem 1.2 responding Es af-
firmatively, still contradict the equivalence E; < Ea A Es, regardless of the details of the
definition of a partial IP loop. Unfortunately, Evans provided neither any counterexample
to E; nor any proof or reference in favor of F in [10].

A possible clue to resolving this problem lies in the PhD thesis [27] by Evans’ student
C. Treash from 1969. Her definition of the concept of an incomplete IP loop on page 27
is namely equivalent to that of our partial IP loop (cf. our Lemma 2.1). According to her
Theorem 1, stated and proved on page 28: Every (finite or infinite) incomplete IP loop can
be embedded into some IP loop, which implies F as a special case. Thus Evans’ negative
response to Iy seems to be indeed a shortcoming or just another typo.
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After this digression we are returning to the main theme of our paper.

From the course of our arguments it is clear that it suffices to prove just Theorem 1.1.
We divide its proof into three steps consisting of the three propositions below. Their for-
mulation requires some additional notions and notation.

In the absence of associativity there is no obvious way how to define the order of an
element. Nonetheless, the sets of elements of order 2 and 3, respectively, can still be defined
for any partial IP loop P:

Oz(P)={zeP:z#1, (z,x) € D(P)and zx = 1},
Os3(P)={zeP:x#1, (z,z),(z,zz),(zx,x) € D(P) and z(zz) = (zx)x = 1}.

In other words, for z # 1in P we have x € Oo(P) if and only if ~! = z, and z € O3(P)
if and only if (x,2) € D(P) and = = zx. The number of elements of the sets Oy (P),
Os3(P) in a finite partial IP loop P will be denoted by 03(P), o3(P), respectively. The
number of elements of any finite set A is denoted by # A.

Proposition 1.4. Let (P,-) be a finite partial IP loop. Then there exists a finite partial
IP loop (Q, *) such that P < Q and 3| 03(Q).

A pair (z,y) in a partial IP loop P will be called a gap if (x,y) ¢ D(P). The set of all
gaps in P will be denoted by

I(P,-) = (P xP)\D(P,) ={(z,y) € P x P:(,y) ¢ D(P,-)},

or just briefly by I"(P). Obviously, both D(P), I'(P) are binary relation on the set P, and
a partial IP loop P is an IP loop if and only if it contains no gaps, i.e., I'(P) = 0.

Proposition 1.5. Ler P be a finite partial IP loop such that 3 | o3(P). Then there exists a
finite partial IP loop Q > P satisfying the following four conditions:

(4) 3103(Q), #Q =10, #Q=4 (mod6) and I'(Q) € 02(Q) x O2(Q).

Proposition 1.6. Let P be a finite partial IP loop satisfying the above conditions (4),
such that I'(P) # 0. Then there exists a finite partial IP loop Q > P satisfying the
conditions (4), as well, such that #I'(Q) < #I'(P).

Theorem 1.1 follows from Propositions 1.4, 1.5 and 1.6. Indeed, if P is a finite par-
tial IP loop (such that I'(P) # (), because otherwise there is nothing to prove) then, using
Proposition 1.4, we can find a finite partial IP loop @ > P suchthat 3 | 03(Q). If I'(Q) = ()
then L = @ is already a finite IP loop extending P, and we are done. Otherwise, applying
Proposition 1.5, we obtain a finite partial IP loop Q1 > @ satisfying conditions (4) from
Proposition 1.5. If I'(Q1) = () then we are done, again. Otherwise, we can apply Propo-
sition 1.6 and get a finite partial IP loop Q)2 > ()1 satisfying conditions (4), as well, such
that #1'(Q2) < #1°(Q1). Iterating this step finitely many times we finally arrive at some
finite partial IP loop Q,, extending P such that I'(Q,,) = 0. Then L = Q,, > P is a finite
IP loop we have been looking for.

Thus it is enough to prove Propositions 1.4, 1.5 and 1.6. This will take place in the next
four sections.
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2 Some preliminary results

In this section we list the auxiliary results we will use in the proofs of Propositions 1.4, 1.5
and 1.6.

Lemma 2.1. Let P be a partial IP loop and x,y, z € P. Then the following six conditions
are equivalent:

(i) (x,y) € D(P) and xy = z;

(ii) y‘l) € D(P)and zy=' = x;

(iii) x_l,z) € D(P)andx= 1z = y;
(
(

(
(
(iv) (y, z_l) P)andyz=! = x71;
(
(

2,

o O

eD
(v) € D(P)and z o = y~1;

z_l, x)
(vi) y‘l,x_l) € D(P)andy ‘o=t =271

Proof. Using property (3) from the definition of partial IP loops and (if necessary) the fact
that (a’l) ' = afor any a € P, we can get the following cycle of implications:

(i) = () = (v) = (vi) = (@(v) = (i) = ().

We show just the first implication, leaving the remaining ones to the reader. If (x,y) €
D(P) and xy = z then, according to (3),

(z,y7") = (zy,y™") € D(P)

and zy~ ! = 2. O

In particular, we will frequently use the fact that, as a consequence of Lemma 2.1, the
conditions (z,y) € D(P) and (y~',z~') € D(P) are equivalent for any z,y € P.

In the generic case all the six equivalent conditions in Lemma 2.1 are different. There
are just two kinds of exceptions: first the trivial ones, when at least one of the elements z,
y, z equals the unit 1 (which never produce gaps), and second, if x = y € O3(P), when
the six conditions reduce to just two:

(i3) (x,z) € D(P)and zx = 2™ 1,
(ii3) (z7,27') € D(P)andz~ '™t = z.

Since the first condition is satisfied by the definition of order 3 elements, so is the second
one, hence this situation produces any gap, neither.

From now on we will preferably use a more relaxed language: when writing xy = z
for elements x, y, z of some partial IP loop P we will automatically assume that (z,y) €
D(P), without mentioning it explicitly.

The number of gaps in any finite partial IP loop P is related to the size of P and that of
the set O3(P) of order three elements through a congruence modulo 6.

Lemma 2.2. Let P be a finite partial IP loop. Then

LI(P) = (#P = 1)(#P = 2) — 05(P) (mod 6).
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Proof. We know that (z,1), (1,z), (z,2™') € D(P) for any x € P. At the same time,
(a,a) € D(P) for all a € O3(P), as well. Except for these pairs, there are other
(#P — 1)(#P — 2) — o03(P) pairs which can be either in D(P) or in I'(P). Those
which are in D(P) can be split into sixtuples according to Lemma 2.1, hence their number
is divisible by 6, proving the above congruence. O

We will also use the Dirac’s theorem from [7], giving a sufficient condition for the
existence of a Hamiltonian cycle in a graph. For our purpose, the term graph always means
an undirected graph without loops and multiple edges. For the basic graph-theoretical
concepts the reader is referred to Diestel [5].

Lemma 2.3. Let G be a graph with n > 3 vertices in which every vertex has degree at
least n/2. Then G has a Hamiltonian cycle.

3 Extensions of partial IP loops and the proof of Proposition 1.4

All the three Propositions 1.4, 1.5 and 1.6 deal with extensions (@), *) of a partial IP loop
(P, ), which can be combined using two more specific types of this construction: first,
extensions preserving (the domain of) the binary operation - on the original partial IP loop
P and extending the base set of P, and, second, extensions preserving the base set P and
extending (the domain of) the binary operation on P. In symbols, the extending partial
IP loop Q > P satisfies D(P) = D(Q) N (P x P) in the first case, while P = () and
D(P,-) C D(Q, ) in the second. We start with the first type of extensions.

Let P, @ be two partial IP loops such that P N Q = {1}, i.e., their base sets have just
the unit element 1 in common. Then, obviously, the set P U () can be turned into a partial
IP loop, which we denote by P U (), extending both P and @), with domain

D(PUQ) = D(P)UD(Q),

i.e., preserving the original operations on both P and @), and leaving undefined all the
products zy, yx, forx € P\ {1}, y € Q \ {1}. The partial IP loop P LI Q is called the
direct sum of the partial IP loops P and Q.

Let us fix the notation for some particular cases of this construction, considered as
extensions of the IP loop P fixed in advance. In all the particular cases below A denotes a
nonempty set disjoint from P. Then the set A U {1} will be turned into a partial IP loop
(AU {1},-), depending on some map o: A — A.

Let o0: A — A be an involution, i.e., 0(c(a)) = a for any a € A. Then the minimal
partial IP loop [A, o] has the base set A U {1} and the partial binary operation given by
1-1=1,and

la =al = aq, ac(a) =o(a)a =1,

for any a € A, leaving the operation result ab undefined for any other pair of elements
a,b € A. The reader is asked to realize that [A, o] is indeed a partial IP loop, and that it
is minimal (concerning its domain) among all partial IP loops with the base set A U {1},
which satisfy

for any a € A. Then, obviously,

Oz[A,0l={a€ A:0(a) =a},
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i.e., order two elements in [A, o] coincide with the fixpoints of the map o. The direct sum
of the partial IP loops P and [A, o] is denoted by

P[A,0] = PU[A,0].
Order two elements in P[A, o] split into two disjoint easily recognizable parts
O5(P[A,0]) = O2(P) UO5[A,o].
If o =ids: A — Ais the identity on A, we write
P[A,ida] = P[A],

in which case
O5(PJA]) = O5(P) U A.

If A= {a,...,ay} is finite, we write
P[A] = Play, ..., ay)].
In particular, if A = {a} is a singleton (and o = id 4 is the unique map A — A), then
Pl{a}] = Pla).
If A= {a,da’} where a # d/, and o is the transposition exchanging a and o', we denote
P[A, 0] = Pla + d'].

From among the second type of extensions of a partial IP loop P, preserving its base
set P and extending just (the domain of) its operation the simplest ones attempt at filling
in just a single gap in P. This type of extension will be called a simple extension through
the relation xy = z. More precisely, having x, y, z € P such that (z,y) € I'(P), we want
to put zy = z. From Lemma 2.1 it follows that then we have to satisfy the remaining five
relations, too. This is possible only if all the pairs (z, y), (z, yil) , (:1:*1, z) etc., occurring
there are gaps in P. This is a sufficient condition, as well, since in that case we can define
all the products as required by Lemma 2.1. Thus filling in the gap (z,y) enforces to fill in
some other related gaps, too. In that case we automatically assume that the remaining five
relations are defined in accord with Lemma 2.1.

Iterating simple extensions through particular relations we have to check in each step
whether any new relation uv = w (and its equivalent forms) does not interfere not only with
the pairs in D(P) but also with the gaps already filled in by previous simple extensions. In
other words, we are interested in situations when we can fill in a whole set of gaps at once.

If (P,-) is a partial IP loop and * is a partial operation on the set P with domain
T C P x P, such that T C I'(P) then, since D(P) N'T = (), we can extend the original
operation - to the set D(P) U T by putting xy = z * y for (x,y) € T. The resulting
structure will be called the extension of the IP loop P through the operation * and denoted
by P*. The next lemma tells us when such an extension gives us a partial IP loop, again. In
its formulation =1 denotes the inverse of the element x € P with respect to the original
operation - in P.
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Lemma 3.1. Let (P, -) be a partial IP loop and * be a partial binary operation on the set
P with domain T C I'(P). Then the extension of the operation - through the operation *
to the set D(P) U T yields a partial IP loop extending P if and only if T and * satisfy the
following condition:

(5) forany x,y,z € P, if (x,y) € T and x xy = z then also all the pairs
(zy7h), (@742), (v,271), (274 2), (v ha™t)

belong to T and satisfy all the relations
z*y‘lzx, x_l*z:y, y*z_lzx_l,
27! *x:y‘l, y_l st =271,

Proof. In view of Lemma 2.1, condition (5) obviously is necessary. By the same reason,
condition (5) implies that each of the particular relations xy = x * y, for (z,y) € T, can
be separately added to P. Since T' C I'(P), no particular relation zy = x * y can interfere
with the remaining added relations uv = u * v. 0

The following simple combination of both the types of extensions will be used in the
proof of Proposition 1.4.

Let A be a set (disjoint from P) and 0: A — A be a fixpointfree involution (i.e.,
o(a) # a for every a € A). Then [A,o]s denotes the extension of the minimal partial
IP loop [A, o] through (just) the additional relations

aa =o(a)
for any a € A. Formally, [A, o] is the extension of [A, o] through the operation * defined
on the set T = {(a,a) : a € A} by a*a = o(a) for any a € A. It is clear that each
pair (a, a) is indeed a gap in [A, o] and that the condition (5) from Lemma 3.1 is satisfied.
Hence [A, 0] is a partial IP loop extending [A, o] in which
a ' =o0(a) = aa
for each a € A, i.e., every element a € A has order three. For the direct sum
P[A,0l3 = PU[A, 0]
we have
If A = {a,a’}, where a # o/, then the denotations [A, a +> a’]3 and
Pla < a']3 = P[A,a + d']3

are already self-explanatory, and similarly for [A, a <> a’,b <> V|3 and

Pla <> d',b<+> b3 =P[A,a <> d' b+ b3
where the set A consists of four distinct elements a, a’, b, b’

Proof of Proposition 1.4. Let a, a’, b, b’ be four distinct elements not belonging to P. Let
us form the extensions @ = Pla <+ a/]3 and R = Pla <> d’,b <> b']3. Obviously,

03(Q) = 03(P) + 2 and  o03(R) = 03(P) + 4.

Since one of the numbers o3(P), 03(P) + 2, o3(P) + 4 is divisible by 3, one of the partial
IP loops P, @), R has the desired property. O
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4 The proof of Proposition 1.5

A more subtle combination of the two types of extensions introduced in Section 3 will be
required in the proof of Proposition 1.5.

Proof of Proposition 1.5. Let P be a finite partial IP loop such that 3 | 03(P), and A be a
finite set disjoint from P with the number of its elements satisfying

H#A > max{5(#P) — 1, #I'(P)/2} and 10<#P+#A=4 (mod 6).

First we construct the minimal extension P[A], in which every element a of A has order
two, while

O3(P[A]) = O3(P).

Hence the partial IP loop P[A] has the base set PU A with the required number of elements
and the same number of elements of order three as P.

Next, we construct an extension of P[A] in which all the original gaps in I"(P) will be
filled. We take T' = I'(P) C I'(P[A]) and introduce a binary operation * on T, assigning
to each pair of gaps (x,y), (:c’l, y’l) € T a (self-inverse) element

x*y:y‘l*x_lz(x*y)_l

from A. At the same time we arrange that (with the above exception) x*y # uxv whenever
(x,y) and (u,v) are different gaps in P. This is possible, as #A4 > #I'(P)/2. Since all
the pairs (z,y) € P[A] suchthatz € Aory € A, except for (1, a), (a,1) and (a, a) where
a € A, are gaps in P[A], condition (5) of Lemma 3.1 is obviously satisfied. Thus we can
construct the partial IP loop P[A]*, extending P[A] through the operation *. It still has the
base set P U A, while

I'(PIA]*) N (P x P)=0.

At the same time, D (P[A]*) N (A x A) = {(a,a) : a € A}, so thatab = 1 € P for any
(a,b) € D(P[A]*) N(AxA).
Finally, we construct an extension ) of P[A]* with the same base set P U A, such that

I' Q) € 02(Q) x 02(Q).

As all the elements of A are of order two, and P[A]* has no gap (z,y) € P x P, it suffices
to manage that (x,a), (a,z) € D(Q) foralla € A, x € P\ O2(P), z # 1.
We will proceed by an induction argument. To this end we represent the set

P\ (OQ(P) U{l}) = {xl,:cl_l,...,x",z;l},

in such a way that each pair of mutually inverse elements z, ! € P\ (O2(P) U {1})
occurs in this list exactly once. To start with we put Qg = P[A]*. Now we assume that, for
some 0 < k < n, we already have an IP loop Q;, > P[A]* with the same base set P U A,
satisfying the following three conditions:

(6) au,va € Aforany a € A, u,v € P\ {1} such that (a,u), (v,a) € D(Qk),

(7) ab € P for any (a,b) € D(Qx) N (A x A), and

) (x1,a),(a,z;) € D(Qy) forall0 < < k,a € A.
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Observe that (g trivially satisfies all these conditions (with & = 0), and condition (8)
jointly with Lemma 2.1 imply that (:1:;1, a), (a,z; ") € D(Qy,) forall0 < I < k,a € A,
too. For x = 1, we have to fill in all the gaps in @)} in which = occurs, preserving all
the conditions (6), (7), (8) with k replaced by k£ + 1. That way all the gaps in ()} containing
2~ ! will be filled in, as well.

Let us introduce the sets

L,={a€ A:(a,z) € I'(Q)} and R,={a€A:(x,a) € ['(Qx)}.
Then Lemma 2.1 implies that (a,z) € I'(Qy) if and only if (z7%,a) € I'(Qy) for each
a€Ahence L, =R, 1and R, = L.

Claim 1. We have #L, = #R,.

1

Proof. Since ru = v implies v "'z = u~! for any u,v € P U A, we have a bijection

between the sets
(PUA\L,={ue PUA: (z,u) € D(Qk)},
(PUA)\R,={vePUA: (v_l,x) € D(Qr)},

which implies that the sets L, and R, have the same number of elements. O

Thus there exists a bijective map n: L, — R, (with inverse map N~ Ry — Ly);
latter on we will specify some additional requirements concerning it. We intend to use 7 in
defining the extending operation * on the set

Ty = (Le x {z}) U ({2} x Ry) U (Ry x {z7'}) U ({27} x Ly)
u {(am(a)) ta € Lx} u {(n(a),a) ta € Lx}
by putting
axx =n(a)

for any @ € L,. Then we have to satisfy the remaining five conditions of Lemma 3.1, i.e.
(remembering that the elements of A are self-inverse),

axn(a) =z, =z 'xa=na), nla)ra=z"" nla)xz"t=zxnla)=a.

The substitution b = 7)(a) into the last two relations yields
bxaxt=xxb=n"1(b)

for any b € R,.. Thus we have to guarantee that each pair (a,n(a)), where a € L,, will be
a gap in Q. Since (a, a) € D(Qy) forall a € A, this will imply n(a) # afora € L, NR,
(if any). Additionally,  should avoid any “crossing”, i.e., the situation that

nla) =b and nb)=a

for some distinct a, b € L, N R,. This namely, according to Lemma 2.1, would imply that
axb=x = bx*a, and, since (a * b)’1 = b * a, produce a contradiction x = z~ . Now
it is clear that once we succeed to satisfy all the above requirements, the partial IP loop
Qk+1, to be obtained as the extension of ) through the operation * constructed from the



546 Ars Math. Contemp. 17 (2019) 535-554

bijection 7 as described, will satisfy all the conditions (6), (7), (8) (with £+ 1 in place of k).
Thus it is enough to show that there is indeed a “crossing avoiding” bijection n: L, — R,
such that

(a,n(a)) € I'(Qk)

for each a € L,. To this end we denote the common value of #L, = #R, by m,
enumerate the sets

sz{al,...,am}, sz{bl,,bm}

in such a way that ¢ = j whenever a; = b; € L, N R,, and introduce the graph G/, on the
vertex set V' = {1,...,m}, joining two vertices i, j by an edge if and only if ¢ # j and
both (ai,bj), (aj, bz) € F(Qk)

Claim 2. The graph G, has a Hamiltonian cycle.

Proof. According to Lemma 2.3, it suffices to show that m > 3 and that the minimal degree
of vertices in G, is at least m /2. We keep in mind that both the right side and the left side
multiplication in Q) by a fixed element are injective maps.

Since ax € P\ {1} for every a € A such that (a,z) € D(Qy), there are at most
#P — 1 pairs (a, x) in D(Q},). Hence

m=#L, > #A— #P + 1> A(#P) > 3.

Let 7 be any vertex in G,.. Then ¢ is not adjacent to a vertex j if and only if at least one of
the pairs (a;, b;), (a;, b;) belongs to D(Qy). However, for fixed a; or b;, all such products
a;b; or a;b; belong to P and, in both cases, every element of P occurs as a result at most
once. Thus there are at most 2(#P) vertices in G, not adjacent to 4. Therefore,

deg(i)zm—Q(#P)zm—%:%. O
Let 7 be a cyclic permutation of the set V such that (1,7 (1),...,7™~*(1)) is a Hamil-

tonian cycle in G,. We define : L, — R, by
n(ai) = bxg)

for any ¢« € V. Obviously, 7 is bijective, (a;,n(a;)) € I'(Qg) for each ¢ € V, and, since
m > 3, it avoids any crossing.

It follows that in the extension (Jj41 of the partial IP loop Q) through the operation
all the gaps from the set T, are filled in, and the conditions (6), (7), (8) are preserved. The
last partial IP loop Q) = @,, satisfies already all the requirements of Proposition 1.5. O

S Steiner triples and the proof of Proposition 1.6

In the proof of Proposition 1.6 we will make use of Steiner loops and Steiner triple systems.
A Steiner loop is an IP loop satisfying the identity xx = 1, i.e., an IP loop in which every
element © # 1 has order two. Steiner loops are closely related to Steiner triple systems,
which are systems S of three element subsets of a given base set X such that each two
element subset {x,y} of X is contained in exactly one set {z,y, z} € S. Namely, if L is a
Steiner loop L then X = L \ {1} becomes a base set of the Steiner triple system

SL = {{3773/7953/}1957.@6)(}-



M. Vodicka and P. Zlatos: The finite embeddability property for IP loops and local . .. 547

Conversely, if S is a Steiner triple system with the base set X then, adjoining to X a new
element 1 ¢ X, we obtain a Steiner loop with the base set X = X U {1}, the unit 1 and
the operation given by the casework

1, ifx=y,
TY = .
z, where {z,y,z} €S, ifz #y,

for z,y € X. Based on this definition, we will call a Steiner triple any three-element set
{z,y,2} C O2(P) in any partial IP loop P, such that the product of any two of its elements
equals the third one.

It is well known that there exists a Steiner triple system S on an n-element set X if and
only if n =1 orn =3 (mod 6) (see, e.g., Hwang [18]).

The construction reducing eventually the number of gaps in a given partial IP loop
P, satisfying certain conditions which will be emerging gradually, is composed of several
simpler steps, we are going to describe, now. At the same time, it depends on a six term
progression a = (ag, a1, as, as, a4, as) of pairwise distinct order two elements of P chosen
in advance; the criteria for its choice will be clarified later on.

The first step is the triplication construction, which uses Steiner loops heavily. Given
an arbitrary finite partial IP loop P such that #P = 2 or #P = 4 (mod 6) we denote
n = #P — 1. Then Steiner triple systems on n-element sets, as well as Steiner loops on
(n + 1)-element sets exist; assume that Y, Z are two n-element sets, such P, Y, Z are
pairwise disjoint, and that both the sets Y+ =Y U {1}, ZT = Z U {1} are equipped with
binary operations turning them into Steiner loops. In rather an ambiguous way, we denote
by

3p=rPuYytuzt

the direct sum of the partial IP loop P with the Steiner loops Y and Z* (see Section 4).
It is a partial IP loop with the base set P U Y U Z, consisting of 3n + 1 elements, and the
domain

DBP)=DP)U(Y xY)U(Zx Z)U ({1} x (YU Z))U((YUZ) x {1}).

We will extend the partial operation on 3P by filling in all the gaps consisting of pairs of
elements of different sets P, Y, Z. That way we’ll obtain an extension 3P* of 3P with the
same base set PUY U Z, such that I'(3P*) = I'(P). The extending operation * is defined
on the set

T=(Px(YUZ)U((YUZ)xR)U(Y xZ)U(ZxY)CT(PUY*tUZY),
where Py = P\ {1}. It depends on some arbitrary fixed enumerations
Py =A{x0,...,Tn-1}, Y ={yo,-- s Yn-1}s Z ={z0,...y2n-1}
of the sets Py, Y, Z, respectively. Once having them we put
Yi * Zik = Tit2k

for 0 < ¢,k < n, with the addition of subscripts modulo n. Then, in order to satisfy the
conditions of Lemma 2.1, we define

—1
Ti42k * Zi+k = Yi, Yi * Tip2k = Zitk, Tifop ¥ Yi = Zit+k,

-1 -1
Zitk * T; o = Yi, Zitk ¥ Yi = Ty ok



548 Ars Math. Contemp. 17 (2019) 535-554

using the fact that all the elements of Y and Z are self-inverse. As all the pairs (z, y), (y, ),
(z,2), (2,2), (y,2), (2,y), where x € Py, y € Y, z € Z, are gaps in 3P, Lemma 3.1 guar-
antees that the extension 3P* of the partial IP loop 3P through the operation * is a partial
IP loop, again. For lack of better terminology we will call it a Steiner triplication of the
partial IP loop P and suppress the Steiner loops Y+, Z+ and the particular enumerations
in its notation.

The Steiner triplication 3P* of P satisfies I'(3P*) = I'(P), hence it still has the same
number of gaps as P. However, Proposition 1.6 requires us to decrease this number. This
will be achieved in a roundabout way. First we cancel some pairs in the domain D(3P*),
creating that way the potential to fill in more gaps than we have added. In order to allow for
this next step, P has to satisfy some additional conditions, namely, #P > 10 (i.e., n > 9)
and 0o(P) > 6. Though the enumerations of the sets Py, Y, Z, used in the definition of
the extending operation *, could have been arbitrary, we now assume that these sets were
enumerated in such a way that the six term progression a = (ag, a1, as, as, a4, as) chosen
in advance coincides with the sixtuple (zo, x2, 21, 25, 3, Tn—3) and that {yo, y1,y3} is a
Steiner triple in Y *. This artificial trick will facilitate us the description of the next step of
our construction.

As special cases of the above defining relations for the operation * in 3P* we get
20 = YoTo = Y3Tp—3, 21 = YoTz = Y121 and 23 = y1x5 = ysrs. In other words, we
have the following seven Steiner triples in 3P*:

{3607y0720}, {532,?/0721}, {561,?/1721}, {375,91,23}»
{9637?43,23}, {xn737y3320}7 {y()7y17y3}~

We delete these triples from the domain of 3P*. More precisely, for any one of these three-
element sets we delete from D(3P*) all the six pairs consisting of its distinct elements.
That way we obtain a partial IP loop 3P~ < 3P*, called the reduction of 3P*, which still
is an extension of P, however, it has 42 more gaps than 3 P* (6 for each Steiner triple), and,
since I'(P) = I'(3P*), than P, as well.

Instead we introduce some new triples consisting of the same elements, namely

{l’o,ilfz’yo}a {5027961,21}7 {$17I5,y1}7
{I5,x3,23}, {3737%1—3’193}’ {l‘n_?,,.]fo,Zo},
{y07y1,21}7 {y1=y3723}7 {ySayO7Z0}7

which are intended to become Steiner triples, after we define a partial operation o on the
set {xg, T2, X1, T5, T3, Tn—3, Y0, Y1, Y3, 20, 21, 23} by putting the product of any pair of
distinct elements of a given three-element set from this list equal to the third one. That
way we obtain an extending operation of the partial IP loop 3P~ if and only if all the pairs
entering this new operation are gaps in 3P~ . This is obviously true for the 18 pairs arising
from the three triples in the last row above. However, this need not be the case for the pairs
arising from the six triples in the first two rows. The problem can be reduced to the question
which of the pairs (zg, 2), (22, 21), (x1,5), (x5, 23), (T3, Tn—3), (Tn_3,Zo) belong to
I'(P). If, e.g., (z0,22) ¢ I'(P) then we cannot put zo © T3 = Yo, so that {xo, 2, Yo}
cannot become a Steiner triple.

Therefore, we include just those triples {z;, z;, yr } or {x;,x;, zx } for which the pair
(x;,2;) is a gap in P. Every such “good” triple results in filling in six gaps. We already
have 18 gaps filled in thanks to the last row. Thus we need at least five “good” triples in the
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first two rows in order to fill in additional 30 gaps; this would give 18 +30 = 48 > 42 gaps,
while having just four “good” triples results in refilling back 42 gaps, only. In general, we
can fill in 6(3 + g) gaps, where 0 < g < 6 is the number of gaps (z;, z;) in the list.

We refer to this last step of the construction as to “filling in the gaps along the path” a
and denote the final resulting extension of the reduction 3P~ by 3P(a). Obviously, 3P(a)
is an extension of the original IP loop P, as well, having 6(3 + g) — 42 = 6(g — 4) less
gaps than P. This number can be negative, 0 or positive, depending on whether g < 4,
g =4, or g > 4. That’s why we are interested just in the case when g > 4.

After all these preparatory accounts we can finally approach the proof of Proposi-
tion 1.6.

Proof of Proposition 1.6. Let P be a finite partial IP loop satisfying the conditions (4), i.e.,
3| 03(P), #P > 10, #P =4 (mod 6) and I'(P) C O3(P) x O2(P),

such that I'(P) # (). We are to show that there is a finite partial IP loop @ > P satisfying
these conditions, as well, with less gaps than P.

Since I'(P) C O3(P) x Oz(P), it is an antireflexive and symmetric relation on the set
O3 (P). Thus we can form the gap graph G(P) = (V, E)) with the set of vertices

V ={x € Os(P) : (z,y) € I'(P) for some y € O2(P)}

and the set of edges
E={{z.y}: (v,y) € [(P)}.

From the definition of the set of vertices V' it follows there are no isolated vertices in G(P).
Let’s record some less obvious useful facts about this graph.

Claim 3.

(a) The degree of each vertex in G(P) is even.
(b) The number of edges in G(P) is divisible by three.

Proof. (a): Letx € O2(P). Then the conditions 2y = z and xz = y are equivalent for any
Y,z € P. Additionally, as = # 1, from xy = z it follows that y # z. Thus the elements
y € P such that (z,y) € D(P) can be grouped into pairs, hence their number is even. As
#P is even, too, so is the degree

deg(z) = #{y € O2(P) : (z,y) € I'(P)} = #P —3{y € P: (x,y) € D(P)}.
(b): By Lemma 2.2 we have
#I'(P) = (#P —1)(#P —2) —03(P) =0 (mod 6).
On the other hand, #P = 4 (mod 6) and 3 | 03(P), yielding 3 | #I"(P). Obviously, the
number of edges in G (P) is half of the number of gaps #I"(P), hence the number of edges
in G(P) must be divisible by three. O

The structure of connected components in G(P) obeys the following alternative.
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Claim 4. Let C be a connected component of the graph G(P). Then either C contains
a triangle or a path of length five, or, otherwise, C' is isomorphic to one of the following
graphs: the cycle Cy of length four, the cycle Cs of length five or the complete bipartite
graph K ,, where m > 4 is even.

Proof. Let C be any connected component in G(P). As G(P) has no isolated vertices and
the degree of every vertex in C' is even (and therefore at least two), there is a cycle in C.
Assume that C' contains no triangle and no path of length five. Then the length of this cycle
must be bigger than three and less than six. Thus there are just the following two options:

(a) There is a cycle of length five in C. Then there cannot be any other edge coming out
from its vertices since then there would be a path of length five contained in C'. Thus
C coincides with this cycle.

(b) There is a cycle of length four in C; let us denote it by (vg, v1,v2,v3). Then, as
G(P) contains no triangle, neither {vg, v2} nor {v1, v3} is an edge in G(P). If there
are no more vertices in C then C'is a cycle of length four.

Otherwise, we can assume, without loss of generality, that there is a fifth vertex uy € C'
adjacent to vg. As ug has an even degree, it must be adjacent to some other vertex, too. If
it were adjacent to some vertex w1, distinct from all the vertices vg, v1, v2, v3, there would
be a path (u1, ug, vo, V1, Ve, v3) of length five in C. If ug were adjacent to vy or to vs, there
would be a triangle (uq, v, v1) or (ug, vg,v3) in C. That means that {ug, v2} must be an
edge in G(P) and deg(ug) = 2.

It follows that every other vertex in C' must have degree two and it must be adjacent
either to vy and vy or to v; and vs. However, the second option is impossible, since in that
case (ug, Vo, V1, u1, U3, v2) would be a path of length five. This means that C'is isomorphic
to the complete bipartite graph K ,,,, where one term of this partition is formed by the set
{vg, v2 } and the second one by the rest of the vertices in C'. Since every vertex has an even
degree, m must be even. At the same time, m > 4, as K> » has just four vertices (and it is
isomorphic to the cycle Cy). O

Thus the proof of Proposition 1.6 will be complete once we show how to construct the
extension () in each of the cases listed in Claim 4.

(a) G(P) contains a triangle, i.e., a three-element set of vertices {z, y, z} such that all
its two-element subsets are edges. Then we can extend P through the operation *
turning {x,y, z} into a Steiner triple. The corresponding extension @ of P has all
the properties required and six less gaps than P.

(b) G(P) contains a path a = (ag, a1, az, as, aq, as) of length five. Then we can form
the Steiner triplication 3P* of P and, filling in the gaps along the path a in its re-
duction 3P, we obtain the final extension Q) = 3P(a) satisfying the condition (4),
again. If (a5, ap) is a gap in P (i.e., if a is a cycle of length five in G(P)) then () has
twelve gaps less than P, otherwise it still has six gaps less than P.

We still have to prove Proposition 1.6 in the case there is neither any triangle nor any
path of length five in G(P). To this end it is enough to construct, in each of the remaining
cases listed in Claim 4, an extension @Q of P such that the graph G(() has the same number
of edges as G(P), however, there is a path b of length five in G(Q). From such a ) we
can construct another extension 3Q(b) > @ > P with a smaller number of gaps and still
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satisfying the condition (4), similarly as we did in the case (b). So let us have a closer look
at the remaining cases.

(¢) G(P) contains a connected component isomorphic to Ks ,,, where m > 4. Let
{ug,u1} be the two-element partition set and {vg,v1,v2,v3} be any four-element
subset of the m-element partition set in that component of G(P). We denote by a the
six-term progression (v, ug, v1, V2, 41, v3) and construct the extension ) = 3P(a)
of the partial IP loop P with the gap graph G(Q). Then {vo, uo}, {uo,v1}, {ve,u1},
and {u1, v3} are edges in G(P), while {v1, v2} and {vs, vy} are not. Hence the new
graph G(Q) has the same number of edges as G(P) and () has the same number of
gaps as P. At the same time, there are two distinct new vertices y1, z3 in G(Q),
occurring in the enumerations of the sets Y, Z, respectively. Now, one can easily
verify that b = (vg, u1, v1, Y1, V2, Ug) is a path of length five in G(Q).

(d) There are two distinct connected components C and D in G(P), each of them iso-
morphic to the cycle C4q or Cs. Let m and [ denote any of the numbers 4 or 5. We
assume that (ug, w1, ..., Un—1) and (vg,v1,...,v—1) are the cycles forming the
components C' = C,,, and D = (, respectively. Now we take the six term progres-
sion a = (up,u1, ug,vg, v1,v2) and form the extension ) = 3P(a). Once again,
{ug, w1}, {u1,us}, {vo,v1} and {v1, v} are edges in G(P), while {ug, vy} and
{v2, ug} are not. Hence G(Q) has the same number of edges as G(P) and @ has the
same number of gaps as P. Now, picking the new distinct vertices y; € Y, 23 € Z,
we obtain the path b = (ug, us, y1, vo, vi—1, vj—2) of length five in G(Q).

(e) G(P) consists of a single connected component isomorphic either to Cy or to Cs.
However, this is impossible, since the number of edges in G(P) is divisible by three.

This concludes the proof of Proposition 1.6, as well as of Theorems 1.1, 1.2 and 1.3.
O

6 Final remarks

The discussion from the introduction together with Theorem 1.3 naturally lead to the fol-
lowing question.

Problem 6.1. Is there some minimal (ore even the least) axiomatic class K of IP loops
such that every group is locally embeddable into Kg,? Does this class (if it exists) satisfy
the Finite Embeddability Property?

The first candidate which should be examined in this connection seems to be the class
of all Moufang loops introduced in [25]: A Moufang loop is a loop satisfying one (hence
all) of the following four equivalent identities

z(y(z2)) = ((xy)z)2, (zy)(zx) = (2(y2))z,
z(y(2y)) = ((zy)2)y, (zy)(22) = z((y2)z),

cf. Pflugfelder [26], Kunnen [19]. It is well known that every Moufang loop is an IP loop.

The following is not the usual definition of the concept of a sofic group (see Gro-
mov [15], Weiss [29], Ceccherini-Silberstein, Coornaert [2]), however, as proved by Gor-
don and Glebsky [12], it is equivalent to it. A group (G, -, 1) is sofic if for every nonempty
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finite set X C G and every € > 0 there exists a finite quasigroup (@, %) such that X C @,
for all z,y € X satisfying zy € X we have xy = x * y, as well as

#laeQ: (z*xy)xqgFz*(y*q)}
#0Q

<eg,

and, finally,

#{lecQ:1xq#q}
#Q < €.

No example of a non-sofic group is known up today, however, there is a general belief
that not every group is sofic. Theorem 1.3 together with the above description of sofic
groups indicate that the sofic groups could perhaps be characterized as groups locally em-
beddable into some “nice” subclass of the class of finite IP loops, fulfilling some “reason-
able amount of associativity”. A natural candidate is the class of all finite Moufang loops,
once again. For some additional reasons in favor of this choice see [11].

As already indicated, one should start with trying to clarify the following question.

Problem 6.2. Does the class of all Moufang loops have the FEP?

If the answer is negative then it would make sense to elaborate on the following prob-
lem.

Problem 6.3. Characterize those groups which are locally embeddable into finite Moufang
loops.

Finally, let us formulate two possible responses to Problem 6.3.
Conjecture 6.4. Every group is locally embeddable into finite Moufang loops.

Conjecture 6.5. A group G is sofic if and only if it is locally embeddable into finite Mo-
ufang loops.

Unless every group is sofic, these two conjectures contradict each other. Let us remark
that we find the first one more probable to be true than the second one. This would follow
from the affirmative answer to Problem 6.2, however it might be true even if the class of
Moufang loops failed to have the FEP.
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1 Introduction

Throughout this paper, we will consider only undirected graphs without loops or multiple
edges, and denote by A, (I') and §(T") the minimum eigenvalue and the minimum degree
of a graph I, respectively.

P. J. Cameron, J. M. Goethals, J. J. Seidel and E. E. Shult have characterized generalized
line graphs as the graphs with the smallest eigenvalue at least —2 except for finitely many
graphs with at most 36 vertices in [3]. After that, A. Hoffman proved the following theorem
in [6].

Theorem 1.1. There exists an integer valued function f defined on the intersection of the
half-open interval (—1 — /2, —2] and the set of the smallest eigenvalues of graphs, such
that if T is a connected graph with §(T') > f(Amin(T')) then

(i) if =1 > Apin(T') > —2 then I is a complete graph and Apin (') = —1.
(ii) if =2 > Amin(T') > —1 — /2 then T is a generalized line graph and A pin (T') = —2.

In [12], R. Woo and A. Neumaier introduced Hoffman graphs and #-line graphs, where
‘H is a family of isomorphism classes of Hoffman graphs, to extend the result of A. Hoff-
man, and proved Theorem 1.2. Moreover, they raised the problem [12, Open problem 3] to
reveal the list of minimal forbidden graphs for the slim {[h2], [h5], [57], [ho] }-line graphs.
These Hoffman graphs and some ones that appear in this paper and [12] are listed in Fig-
ure 1 (here, the names by, s, ... depend on [12]).

b1 = b = bz =
hs = bs = be =
br = hs = by =

Figure 1: Hoffman graphs with slim (resp. fat) vertices depicted as small (resp. large) black
dots.

Theorem 1.2. Let oy (= —2.4812) be the smallest root of the polynomial z3 + 22 —
2x — 2. There exists an integer valued function f defined on the intersection of the half-
open interval (ay,—1 — ﬁ} and the set of the smallest eigenvalues of graphs, such that
if T is a graph with Apin(T') € (a4, —1 — /2] and 5(T') > f(Amin(T)), then T is an
{[b2], [bs], [b7], [ho]}-line graph.
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Since it is difficult to solve the open problem, T. Taniguchi considered a partial prob-
lem. In [11], he completely determined the 38 minimal forbidden graphs for the slim
{[b2], [b5]}-line graphs by using Theorem 1.3 [10].

Theorem 1.3. A slim {[h2], [h5]}-line graph with at least 8 vertices has a unique strict
{[b2], [b3]; [b5]}-cover up to equivalence.

As an analogue of his result, we reveal the minimal forbidden graphs for the slim
{[h7]}-line graph. In Section 2, we introduce a part of the basic theory of Hoffman graphs
summarized in detail in [7]. In Section 3, we introduce minimal forbidden graphs. In Sec-
tion 4, we aim to prove Theorem 4.11 which reveals the necessary and sufficient condition
that a strict {[b1], [h4], [H7] }-cover of a slim {[h7]}-line graph becomes unique up to equiv-
alence. Furthermore, when the condition is not satisfied, the theorem shows the shape of
the slim {[h7]}-line graph and indicates its strict {[h1], [h4], [h7]}-covers are exactly two
up to equivalence. This helps us to examine the minimal forbidden graphs for the slim
{[H7]}-line graphs. In order to prove our main result Theorem 5.1, in which we determine
the minimal forbidden graphs for the slim {[h7]}-line graphs, we computed the minimal
forbidden graphs with at most 9 vertices by the software MAMGA [2]. In Section 5, we
determine the minimal forbidden graphs apart from those with at most 9 vertices.

2 Hoffman graphs
We introduce definitions related to Hoffman graphs. Details are in [7].

Definition 2.1. A Hoffiman graph 4 is a pair (H, 1) of a graph H = (V, E') and a labelling
map p: V — {f, s}, satisfying the following conditions:

(i) every vertex with label f is adjacent to at least one vertex with label s;

(ii) vertices with label f are pairwise non-adjacent.

We call a vertex with label s a slim vertex, and one with label f a fat vertex. We denote by
Vs(h) (resp. V¢(h)) the set of slim (resp. fat) vertices of b.

For a vertex x of a Hoffman graph fj, we denote by N,{ (z) (resp. Ni(z)) the set of
neighbors labelled f (resp. s) of z, and set Ny(z) = N,f(a:) U Ny (z). For a set X of
vertices of b, we let N,{(X) = Usex Ng(a:) and N{(X) := U, cx N; (z). We regard an
ordinary graph H without labelling as a Hoffman graph (H, 1) without fat vertices, that is,
u(x) = s for any vertex x of H. Such a graph is called a slim graph.

Definition 2.2. A Hoffman graph b/ = (H', ') is called an induced Hoffman subgraph of
a Hoffman graph b = (H, p), if H' is an induced subgraph of H and y|y g+ = /. For a

subset S of V,(h), we denote by ({S))y the induced Hoffman subgraph of h by SU N,{(S).

We denote by (S)r the ordinary induced subgraph by S of a graph I for a subset .S of
V(T). For a Hoffman graph b, (V,(h))y is called the slim subgraph of h. The diameter of
a graph is the maximum distance between two distinct vertices. Let I' be a graph and C
be a subset of V(T"). Then, C is a clique in T if the induced subgraph (C)r is a complete
graph. The size of the largest clique in I' is called the cligue number. A partition m =
{C1,Cy,...,C} of V(T') is called a clique partition if all cells C; are cliques. Focusing
on cliques is useful for discovering the structure of line graphs. Also in this paper, we may
focus on clique numbers and clique partitions.
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Definition 2.3. Let h be a Hoffman graph, and let ' and h? be two induced Hoffman
subgraphs of h. The Hoffman graph b is said to be the sum of h' and h2, written as
h = ' @ b2, if the following conditions are satisfied:

(i) V(h) =V(h") UV (h?);
(i) Vi(h) = Vi(h') U Vi(b?) and Vi(h') N V(b%) = 0;
(ii) if z € Vy(h'), y € Vy(h) fori = L or2,and z ~ y, then y € Vy(h");

@(iv) if x € V4(h') and y € V;(h?), then = and y have at most one common fat neighbor,
and they have one if and only if they are adjacent.

If b is the sum of some two nonempty Hoffman graphs, then it is said to be decomposable.
Otherwise, §j is said to be indecomposable.

Remark that the sum of Hoffman graphs satisfies commutative and associative laws.

Definition 2.4. Let fh and m be Hoffman graphs, and let ¢ be a graph morphism from the
underlying graph of b to that of m. Mapping ¢: ) — m is called a morphism if it preserves
the labelling, that is, ¢(V;(h)) C Vs(m) and ¢(V¢(h)) C V(m). If ¢ is a morphism and a
graph isomorphism, then it is called an isomorphism, and ) and m are said to be isomorphic,
written as h ~ m. Let [] denote the isomorphism class of b.

Definition 2.5. Let # be a family of isomorphism classes of Hoffman graphs. A Hoffman
graph m is called a H-line graph if it is an induced subgraph of some Hoffman graph
h =D, b’, where [h?] € H for every i. In this case, m is called a slim H-line graph if m
is a slim graph, and b is called a strict H-cover of a graph T" if V() = V(T"). Two strict
H-covers b and b’ of a graph I are said to be equivalent, if there exists an isomorphism
¢: b — b’ such that ¢|r is the identity automorphism of T'.

Lemma 2.6. Let H be a family of isomorphism classes of Hoffman graphs, and let H' be
the family of the isomorphism classes of indecomposable induced Hoffman subgraphs by a
nonempty set of slim vertices in a member of H. Then, every slim H-line graph has a strict
H'-cover.

Proof. Leth = @]_, h’, where [h’] € H for every i. Then, it holds that

n

(S = ED (SN Vi ))s

i=1

for a subset S of V(). Therefore ((S))y is a strict H'-cover of the induced subgraph by S
since every addend is the sum of some indecomposable induced Hoffman graphs of . [

3 Minimal forbidden graphs

In graph theory, various important families of graphs can be described by a set of graphs
that do not belong to that family. This is the concept of so-called minimal forbidden graphs.
First, we give the definition. Suppose that a family G of graphs is closed under the operation
to take induced subgraphs, that is, G satisfies the condition that for a graph G in G, any
induced subgraph of G is also in G. Then, we say that a graph F' is a minimal forbidden
graph for G if both of the following are satisfied:
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(i) FisnotinG;
(i) Every proper induced subgraph of F'isin G.

On the family of ordinary line graphs [1] and the family of slim {[h2], [h5]}-line gra-
phs [11], their minimal forbidden graphs are revealed. Besides this, characterizations of
forests, perfect graphs [4] and Threshold graphs [5] by minimal forbidden graphs are also
known. In addition, Sumner [9] claimed that if I" is a connected K 3-free graph of even
order, then I has a 1-factor. As such, there are also known results that properties of a family
of graphs in the case that “forbidden graphs” are specified in advance. As we can see from
these results, revealing the minimal forbidden graphs is one way to understand families of
graphs. Unfortunately not being finite, but we are able to reveal the minimal forbidden
graphs for the slim {[h7]}-line graphs.

4 The condition that an {[h,], [h4], [h7]}-strict cover of a slim {[h,]}-
line graph is unique up to equivalence

In this section, set H = {[h1], [h4], [h7]}. Note that every slim {[h7]}-line graph has a strict
‘H-cover by Lemma 2.6. For exmaple, the graph I" in Figure 2 is a slim {[h7]}-line graph.
Indeed, considering the sum h = h7 & b @ b4 of Hoffman graphs in Figure 9, we see that

hb=brDh1 Dby =

Figure 2: A slim {[h7]}-line graph and its strict {[h1], [h4], [h7]}-cover.

the slim subgraph of h is the graph I'. (In Figure 2, the dotted lines are used for convenience
to show what kind of small Hoffman graphs the graph I' is decomposed by. In addition, for
two vertices « and y which belong to distinct addends, we omit the edge between x and y
if they have a common fat neighbor since the existence of edge between = and y depends
only on that of their common fat neighbor by Definition 2.3 (iv).) In addition, h; and b4 are
induced subgraphs of b7, so the graph I is certainly a slim {[h7]}-line graph. On the other
hand, since V() = V(T') holds, the Hoffman graph b is a strict {[b1], [h4], [h7]}-cover
of I

Leth = @, h? where [h°] € H for every i. Then, we can regard N,{ as a mapping
from V;(h) to V(h) since every slim vertex is adjacent to exactly one fat vertex. For a slim
vertex x of b, let h(x) denote the addend h* containing x, and let Cy(z) = Ng(N,{(x))
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and
covh = {Ng(u) [ u € Vi(h)} = {Cy(z) [z € Vis(H)}.

Let x be a slim vertex of h. We show that Cjy () is a clique. First, we take u € V() such
that N[{(;v) = {u}. We arbitrarily take two slim vertices y and z in Ni (u) (= Cy(2)). It
suffices to show that y and z are adjacent. If y and z are contained in the same indecom-
posable addend of f, then they are adjacent. Otherwise, so are they by Definition 2.3 (iv).
Hence, the desired result follows. Note that cov b is a clique partition of V(h). Moreover,
it holds clearly that Nhf |a = N{(A));, for any subset A C V().

Lemma 4.1. Let b = @@, b, where [bh'] € H for every i, and let C be a clique of the
slim subgraph of Y. Then, the following hold:

(i) two distinct slim vertices x and y are adjacent if and only if H(z) = b(y) or N,{(x) =
N ();
(ii) C C Cy(x) forany x € C, or C C V5(h(y)) forany y € C;
(iii) If C C Cy(z) N V5(h(y)) for some x,y € C, then |C| < 2.

Proof. Statements (i) and (iii) hold clearly. Assume that C' ¢ Cp(x) for some z € C.
There exists y € C' such that Nbf(x) # N,{(y) Thus, h(x) = h(y) holds by (i). Statement

(ii) follows since Nr{(x) + Néc(z) or Nr{(x) + N,{(z) foreach z € C. O
We introduce some definitions to determine the strict #-covers of a graph.

Definition 4.2. Let I" be a graph, and let {C; },;< s be a partition of the vertex set of I". Then,
define n(z) = Nr(z) — C; for z € C;. In addition, define n°(x) = {z} and

@)=l @wu | )

yenh—1(a)

for a positive integer k. A vertex x of T is said to be good for the given partition {C; }icr
if x satisfies one of the following conditions:

0;

{y} for some y, and n(y) = {z};

1) n(z

o~

(iii) n(x y, z} for some y and z, n(y) = {z}, n(z) = {z}, and y ~ z;

()
(i) n(z)
(x)
(iv) n(z) = {y} for some y, n(y) = {z, 2} for some z, n(z) = {y}, and z ~ =.

Furthermore, a set of vertices is said to be good if every element is good. Let Or be the set
of clique partitions for which every vertex is good.

We can regard cov as a mapping from the set of equivalent classes of strict H-covers of
I" to Or, and Proposition 4.3 holds. It is clear that if n(u) has a good vertex then u is good,
and if u is good then n(u) is good.

Proposition 4.3. The mapping cov for a graph is bijective.
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Proof. We construct the inverse mapping of cov. Let {C; };c;r € Or. A Hoffman graph m
is defined as Vs (m) := V(I'), Vy(m) := {C; };cr and

E(m):=ET)U{{z,C} |2 e V(T), and C € {C;}icr and z € C}.
For x € V(T"), define the induced Hoffman graph m, := ((n?(z)))m. It holds that

m= @{mm |z e V(I)}, and

[m,] = [b1], [4] or [h7] for each vertex x.
Hence, m is a strict H-cover of I". The mapping
¢: Or 3 {C;}icr — m € the set of strict H-covers of T’
is the inverse mapping of the mapping cov. O

We have the following lemma:

Lemma 4.4. Let T be a graph with a partition {C;};cr of the vertex set. Then, a vertex x
is good for {C; }ic1 if and only if x is good for {n>(u) N C;}ies in (n3(u))r.

Let I' be a connected graph, and let K be a nonempty set of vertices. Then, let

Ok r(z) =0k(x) = 0(x) := mind(z, k)

keK

for x € V(I'), where d(z, y) is the distance between x and y. Define

amax = 0 )
ygl‘il(}l(“) r.r(9)

and let U (K) denote the family
{{y € {33} U N(.’L‘) | 8K,F(y) > 8[{){‘(.%‘)} | S V(F) and 8K,p(x) € 2N + 1} U {K}

of sets of vertices. If K € cov b then U (K) = cov b for every strict H-cover h) of I". This
means that we can restore the clique partition if we find a member of a partition in Or. We
have the following lemmas:

Lemma 4.5. Let T be a graph with a clique K. If V1 (K) is a partition of V(T') and T has
no induced subgraph isomorphic to K 3, then Yr(K) is a clique partition.

Lemma 4.6. Let I be a connected slim {[b7]}-line graph with a clique C of size c. Let
be a strict H-cover of . If the following (i) or (ii) holds, then Cy(x) is the maximal clique
containing C for any x € C, and a strict H-cover of I is unique up to equivalence.

(i) c >4,
(ii) ¢ =3, and |Nn{(C)\ = 1 for any strict H-cover m of T.

Proof. In the case of (i), for each clique D which contains C' and any z € C, D C Cy(z)
holds by Lemma 4.1 (ii) and | D| > 4. Hence, Cjy () is a unique maximal clique containing
C for any x € C. In the case of (ii), we can prove as well by Lemma 4.1 (ii) and (iii).
Next, we show the uniqueness of a strict H-cover of I'. The maximal clique D con-
taining C is defined independently of a choice of a strict 7{-cover. Hence, ¥ (D) is also
defined independently of one. By Proposition 4.3, a strict -cover of I" is unique. O
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We define

51 = and SQ =

Lemma 4.7. Let § be a strict H-cover of a graph I'. If T" has an induced subgraph iso-
morphic to S1 or Sa, then the vertices of the triangle of the induced subgraph are adjacent
to the same fat vertex in b.

Proof. Let A be the triangle in the induced subgraph S ~ S; or Se. Let m be a strict
H-cover of I'. We suppose that | N7 (A)| > 2 to prove | N (A)| = 1 by contradiction.
Then, we have A is not contained in Cy, () for every z € V(I") since every slim vertex in
Cin () are adjacent to the same fat vertex. This together with Lemma 4.1 (ii) implies that

A C Vi(m(y)) forany y € A.

We take a vertex y € V(A). Then, A C V,(m(y)), and hence [m(y)] = [h7]. Moreover,
({(V(S)))m is a strict H-cover of S. Hence, we have

<<V(S)>>m = <<A>>m(y) D <<V(S) \ A>>m’
~ b7 & ((V(S)\ A))w,
where m’ denotes the Hoffman graph so that m = m(y) @ m’. It is easy to verify that the

slim subgraph of b7 @ ((V(S)))m’ is distinct from S; and Se. This is a contradiction to
S ~ S; or Ss. Therefore the desired result follows. O

The Lemma 4.6 gives conditions that a strict H-cover is unique, and Lemma 4.7 gives
a concrete situation satisfying one of the conditions.

Lemma 4.8. If the slim subgraph of a Hoffinan graph ) = @fil bt with [b] € H for
every 1 is connected, then that of @Z].V:Li £k h? is connected for some k.

Proof. Note that an {[h7]}-line graph is connected if and only if the slim subgraph is con-
nected. Let I' be the graph with the vertices {1,..., N} whose two distinct vertices x and
y are adjacent if and only if V (h*) NV (h7) # 0. Since I is connected, there exists integer k

such that I — £ is also connected. Hence, @Z]\il itk h? is connected, and the slim subgraph
is connected. O

Let ¢t = (t;)7, be a finite sequence of positive integers. Then, define the graphs P; and
Ct by

V(P) =V(Cy) :={(,j) [1<i<n1<j< U}
E(Pt) = {{(Za.])a (ilvj/)} | i—i = 1, ori= i’ andj #j/}v
E(Cy) = {{(i,7),(@",5)}|i—i =1 (modn), ori=1"and j # j'},

respectively (see Example 4.10). Let

[al,...,ak} = {(al‘,j)GV(F) ‘ 1§i§k,1§j§tui}
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for {a1,...,ar} C{1,...,n}, where I' = P, or C;. In addition, let
TP = {(t)"y € {1,2}" | n € Zog, ti +tip1 <3(1<Vi<n—1)} and (4.1)
TC = {(tl)zlzl S {1,2}" | n e (22)24,ti + t(i+1 mod n) <3 (1 <Vi < n)} “4.2)

Furthermore, a vertex u of a graph is said to be end if the graph is isomorphic to P; for
some t € TP with the length n, and u € [1] or [n]. In the following lemma, we see that P;
and C, are slim {[h7]}-line graphs, and reveal their strict 7-covers.

Lemma 4.9. Fort € TP of length n, we have Op, is the set of
{[1], 12, 3], [4,5],[6,7],...} and {[1,2],[3,4], 5, 6], ...} 4.3)
Fort € CP of length n, we have Oc, is the set of
{[1,2],[3,4],...,[n—1,n]} and {n,1],[2,3],...,[n—2,n=1]}. (4.4

Namely, fort € TP (resp. TC), the graph P; (resp. Ct) has precisely two strict H-covers
up to equivalence.

Proof. Recall that U (C') = 7 holds for every C' € 7 where T is a slim {[h7]}-line graph
and 7 € Or. In order to reveal O, it suffices to verify whether W (K) is in Or for every
clique K of I.

We fix a sequence t € TP of length n, and determine Op,. Since if n = 2 then desired
result holds, we may assume that n > 3. On the other hand, every clique of P; is contained
in [¢,7 + 1] for an integer ¢ € {1,...,n — 1}. The clique partitions in (4.3) are obtained
from cliques [1], [n] and [i,i + 1] for ¢ € {1,...,n — 1}. Moreover we can verify that
U (K) is notin Op, for one clique K of the other following cliques:

(i) non-empty subsets of [i] fori € {2,...,n —1};
(i) {(i,1), (i +1,1)} and {(i,2), (i + 1,1)} fori € {1,...,n — 1} with t; = 2;
(i) {(i,1), (i +1,1)} and {(i, 1), (i + 1,2)} fori € {1,...,n — 1} with t;4; = 2.

Similarly, we can determine O, for every ¢ € T'C. Finally, by Proposition 4.3, which
claims that cov is a bijection from the set of strict H-cover of a slim {[h7]}-line graph I to
Or, P; and C} have precisely two strict #-covers up to equivalence. O

Example 4.10. We give examples of strict 7{-covers of P, and C;. In the case of t =
(1,1,2,1,2), the graph P; is

and Op, is the set consisting of the partitions corresponding to
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By Proposition 4.3, these clique partitions give strict H-covers. They are

respectively. The similar consideration is applied to C; for ¢ € TC. For example, we
consider ¢t = (1,1,2,1,2,1). Then the graph C is

and O, is the set consisting of the partitions corresponding to

By Proposition 4.3, we have the following two strict H-covers:

Theorem 4.11. If a connected slim {[h7]}-line graph T with the clique number c satisfies
one of the following conditions:
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(a) c=1lorc>4;

(b) T has an induced subgraph isomorphic to S1 = <I: or Sy = <Ij,

then it has a unique strict {[h1], [b4], [b7]}-cover up to equivalence. Otherwise, T is iso-
morphic to Py for some t € TP or Cy for some t € TC, and it has precisely two strict

{[b1], [D4]; [b7]}-covers up to equivalence.

Proof. 1f (a) or (b) holds then a strict H-cover is unique by Lemma 4.6 and Lemma 4.7 (see
Example 4.12). Otherwise, it is proved that I" is isomorphic to either P; for some ¢t € TP
or C, for some ¢t € T'C by induction on the number of addends of a strict H-covers of I'.
Fix a strict H-cover h = @Zl\il b, where [h’] € H forevery i. If N = 1 then T ~ Py 13

or P(y 7). Otherwise, we can take an integer & such that the subgraph I"” induced by the

slim vertices of ' = @;N:L#k h? is connected by Lemma 4.8. Each of S; and S, is not

isomorphic to any induced subgraph in I'"'. Note that the clique number ¢’ of T is at most
3. Suppose ¢’ = 2 or 3 since the result follows if ¢ = 1.

h=bh @b =m;ebh* =

The slim subgraph of h =

Figure 3: An example of the case that the slim subgraph of §’ is isomorphic to C; for
te TC.

If IY ~ Cy for some t' € TC, then h = b’ @ h* must have an induced subgraph
isomorphic to either S; or So (see Figure 3). Otherwise, IV ~ P,/ for some t' € TP. Let

my = cov '({[1],[2,3],[4,5],[6,7],...}),
my := cov 1 ({[1,2],[3,4],[5,6],...}),

and let n denote the length of ¢. By the induction hypothesis, we can take j € {1,2} so
that i’ and m; are equivalent. Then, we show that the following two conditions hold:

(A) [Ny, ()] + [N (w)] < 3 holds for every u € Vi (m;) NV (h*);
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(B) Ny, (u) =[1],[1,2],[n] or [n — 1, n] holds for every u € Vy(m;) N V().

First, if [V, ()| 4 [Ng, ()| > 4 holds for u € Vy(m;) NV} (h*), then Ny (u) U Ny (u)
is a clique of size greater than 4 in I', a contradiction to the assumption that I' does not
satisfy the condition (a). Second, we suppose that the condition (B) does not hold. Then
we can take a fat vertex u € Vy(m;) N V;(h*) so that

Ny, (u) = [i,i + 1]

fori € {2,...,n — 2}. Thus, I" has an induced subgraph isomorphic to S; (see Figure 4),
a contradiction to the assumption that I" does not satisfy the condition (b). Therefore the
two conditions (A) and (B) are proved.

Figure 4: An example of the case that I ~ P, and the condition (B) does not hold.

In the case of [h*] = [h;], by the condition (B), the fat vertex u in h* equals
Nnij([l])v N£_j([172])7 anlj([n]) or Nﬁf"lj([n_17n])

forsome j = lor2. If u = N“Jij ([1]) or Nn’ij ([n]) then I is isomorphic to P, for some
y € TP. Otherwise, without loss of generality we can assume that

u= Ntﬁj([l,2]).

Then t; = t5 = 1 by the condition (A). Hence, I is isomorphic to P, for some y € TP.
We consider the case of [h*] = [h4] or [h7]. If n = 2 then the desired result holds.
Thus, we may assume that n > 3. Then

u # Nn{j([i,i+ 1]) for every fat vertex u € Vy(h*)and 1 <i <n —1 4.5)

since if (4.5) does not hold then h has an induced subgraph isomorphic to either Sy or So
(see Figure 5), a contradiction. Let v and v are distinct fat vertices of hk. Then one of the
following holds:

() u= Ngij([l]) and v & Vy(h'), oru = N&i]([n]) and v & Vy(b');
(ii) u = Nay, ([1]), v = N, ([n])

by exchanging u and v if necessary. Hence, h = b’ @ b* is isomorphic to either P, for
some y € TP or Cy for some y € T'C. O
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U H

[1,2] [3,4] [5]

Figure 5: An example of the case that IV = P, h* ~ b, and u = Nn{j ([1,2).

Example 4.12. In Theorem 4.11, there are the two conditions that a slim {[f7]}-line graph
has a unique strict H-cover up to equivalence. For each condition, we give an example.

We let G and b denote the slim {[h7]}-line graph and its strict #-cover in Figure 6,
respectively. Then, the clique number c of G is equal to 4, and the set K of small circles
of G is a maximal clique. Namely, G satisfies the condition (a) in Theorem 4.11. Take a
vertex x in K. As shown in Lemma 4.6, K = Cj(x) holds. Since K = Cy(z) € covh,
we have

VUe(K) =Va(Ch(z)) = covh.

As with the proof of Proposition 4.3, we derive the Hoffman graph h by adding fat vertices
according to ¥ (K).

Figure 6: A slim {[h7]}-line graph whose clique number ¢ is 4 and its strict H-cover corre-
sponding to ¥ (K).

Next, we let H and m denote the slim {[h7]|}-line graph and its strict H-cover in Fig-
ure 7, respectively. Let H' be the subgraph induced by the small circles in H. Then, the
clique number ¢ of H is equal to 3, and H' is isomorphic to S;. Namely, H satisfies
the condition (b) in Theorem 4.11. Let K be the triangle of H’. Take a vertex x in K.
As shown in Lemma 4.7, the vertices in K are adjacent to the same fat vertex of m. In
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particular, K = Cp () holds. Since K = C(x) € covm, we have
Uy(K)=Yg(Cn(x)) =covm.
As with the proof of Proposition 4.3, we derive the Hoffman graph h by adding fat vertices

according to ¥ i (K). Similarly, for a slim {[h7]}-line graph in Figure 8, we can construct
its strict H-cover.

Figure 7: A slim {[h7]}-line graph containing .S; induced by the small circles and its strict
H-cover corresponding to ¥ (K).

Figure 8: A {[h7]}-line graph containing S5 induced by the small circles and its strict
‘H-cover corresponding to W g (K).

Remark 4.13. Let I' be a connected slim {[h7]}-line graph with the clique number at
least 2. Let K be a maximal clique of I'. We suppose that || > 4 when I satisfies the
condition (a) in Theorem 4.11, and that K contains the triangle of S; or that of S; when I"
satisfies the condition (b). Then, as shown in Lemma 4.6, the strict {[h1], [h4], [b7] }-cover
is cov (U (K)).
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5 The minimal forbidden graphs for the slim {[h-]}-line graphs
The following theorem is the main result in this paper.

Theorem 5.1. A graph is a minimal forbidden graph for the slim {[b7]}-line graphs if and
only if it is one of the following graphs:

(i) M;(i=1,2,3,4,6,7,11,12,19) in Figure 9;
(ii) odd cycles with at least 5 vertices;
(iii) graphs in Figures 11 and 13.

We explain the reason that the graphs in Figure 9 are minimal forbidden graphs for
the slim {7 }-line graphs. They are obtained by enumeration by MAGMA. The following
briefly describes the program.

The MAGMA program is available at [8]. It is also available at https://doi.org/
10.26493/1855-3974.1581.b47.

Hoffman graphs can construct large new graphs little by little from small graphs by
using the concept of sum. With this method, all possible {[h7]}-line graphs with a small
number of slim vertices can be obtained by considering all cases where fat vertices can be
stuck together. Therefore, we can obtain all slim {[h-]}-line graphs with a small number
of vertices. On the other hand, the graphs up to 10 vertices have databases in MAGMA [2].
Using this, the list F of graphs with at most 10 vertices that are not slim {[h7]}-line graphs
is completely revealed. After that, the set of minimal elements of F can be calculated.

We will prove Theorem 5.1 separately.

(C1) T has an induced subgraph isomorphic to S7, So or the complete graph Ky;

(C2) For any maximal clique K containing the largest clique of some induced subgraph
isomorphic to Sy, Sy or Ky, Ur(K) is a partition of V' (T').

Proposition 5.2. Let T be a minimal forbidden graph for the slim {[h7]}-line graphs with
at least 10 vertices. Then, ' does not satisfy the condition (C1) if and only if I is an odd
cycle.

Proof. Itis easy to verify that every odd cycle with at least 5 vertices is a minimal forbidden
graph. Thus, the necessity is proved. Next, we prove the sufficiency. Pick two vertices x
and y to determine the diameter of I'. Then, I' — x and I' — y are connected and slim
{[b7]}-line graphs. By Theorem 4.11, I — z is isomorphic to either P; for some ¢t € TP or
Cy for some t € TC'. We have

[Nr(z)| < 4 (.1

since I' — y is also isomorphic to either P; for some ¢t € TP or Cy for some t € TC. By
(4.1) and (4.2), which are the definition of TP and T'C', we have the length [ of ¢ is at least

6 since
l

d ti=[r[-1>9.

i=1
In the rest of this proof, we will consider the decision on whether the vertex is end or
non-endin ' — z.
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Figure 9: The minimal forbidden graphs for the slim {[h7]}-line graphs, with at most 9
vertices.
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Step 1: Show that Np(x) N Npr_,(z) is non-empty if z is a non-end vertex in Np(x).
Suppose that Np(z) N Np_,(z) is empty. Then, there exists two distinct vertices v and v
of I' — x such that u ~ z ~ v and u ¢ v. It is a contradiction that M7 ~ ({z, z,u, v})r.

Step 2: Show that | Np(2) N Np—_,(2)| < 1for z € Np(x). Suppose |[Np(x) N Np_(2)| >
2, and let z; and z5 be two distinct vertices in Np(z) N Nr—_,(z). We have z; # z5 since
Ky ~ ({x,2,21,22})r if 21 ~ 22. Thus, z is non-end. Let ¢ be the integer such that z € [i].
Then, the following hold:

@) if (tifhtivtiJrl) = (1, 1,2), then M3 ~ <{$’} @] [Z — 1,42+ 1]>F;
>ii) if (ti—17ti7ti+1) = (1, 2, 1), then My ~ <{JI} @] [Z —1,4,2+ 1]>1";

@i1) if (ti—1,ts, tiv1) = (2,1,2), then M3 is isomorphic to an induced subgraph in {z} U
[t —1,2,7+ 1].

Then, I is isomorphic to either M5 or M3 by the minimality of I'. This is a contradiction to
|[V(T')] > 10. Consider the case of (¢;—1,t;,t;+1) = (1,1,1). If [Np(z)| = 3then T ~ P,
or Oy where t' = (t1,...,t;—1,2,ti41,...,t;). Otherwise, |Np(z)| = 4 holds by (5.1),
and hence we let {2z, 21, 22, 23} = Nr(z). Then, the following hold:

(i) if z5 € [i — 2,7+ 2] then M3 ~ ({z} U Np(z))r;
(i) if z5 & [i — 2,4+ 2] then My ~ ({z, z1, 22, 23 })T

(see Figure 10). These are contradictions to |V (I")| > 10.

T 23 T
<3
<1 < 22 21 z 22
(@)

(i)

Figure 10: Examples of the case that (¢;—1,%;,t;+1) = (1,1,1) and |Np(z)| = 4 in Step 2.

Step 3: Show that the vertices in Ny (z) are end. Suppose that a vertex z is non-end in
Nr(x). By Step 1 and 2, | Np(z) N Nr—_.(z)| = 1 holds. Thus, we can take a vertex z; so
that

{z1} = Nr(z) N Nr_,(2).

There are ¢ and j such that z € [{] and 21 € [j]. Let I = [¢,5,4 £ 1,5 &+ 1]. It follows
that Ny (x) NI = {z, 21} by Step 2. If z; is non-end, then some induced subgraph of T" is
isomorphic to M; if i = j, S7 otherwise, a contradiction. Otherwise, we may assume that
1 = 2 and 7 = 1 without loss of generality. Then, the following hold:

(i) if (t1,t2) = (2, 1), then M; is isomorphic to some induced subgraph of T';

(ii) if (t1,t2) = (1,2), then M3 is isomorphic to some induced subgraph of T';
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(i) if (t1,t2) = (1,1) and |Np(z)| > 3, then I has an induced subgraph isomorphic to
S1 or Ssy;

@v) if (t1,t2) = (1,1) and |[Np(x)| = 2,then ' >~ Py, 114,...1)-
The result follows. Moreover, I' — x is isomorphic to P;.

Step 4: For i = 1 or [, if Np(z) N [i] # 0 then Np(x) N [i] = [¢] since Ny (z) N [i] # [i]
implies that I" has an induced subgraph isomorphic to S7 by Step 3.

Step 5: If Np(x) = [1] then I'" ~ Py, . ) is an {[h7]}-line graph, a contradiction.
Hence,I' ~ C(y 4, 1,)- If lisodd then C(y 4, . 4, is an {[h7]}-line graph, a contradiction.
Thus, I' is an odd cycle. O

Proposition 5.3. Let I" be a minimal forbidden graph for the slim {[b7]}-line graphs, with
at least 10 vertices and the condition (Cl). Then, I is isomorphic to one of the graphs in
Figure 11 if and only if T does not satisfy the condition (C2).

X0 X1 T21—1 Z2i

@ ®----0 ®
o ®----

® o----

Figure 11: Minimal forbidden graphs for the slim {[h;]}-line graphs, with at least 10 ver-
tices and the condition (C1), without (C2).

Proof. Tt is easy to verify that W (K) is not a partition, where I is one of the graphs of
Figure 11, and K is the rightmost clique of size at least 3.

Next, we prove the necessity. By the condition (C1), I' has an induced subgraph iso-
morphic to 57, S2 or K4. Hence, we can take a maximal clique K containing the largest
clique of some induced subgraph S isomorphic to S7, S or K. Since the condition (C2)
is not satisfied, we may suppose that U (K) is not a partition of V(T'). If | K| > 3 then
we replace S by (K')r, where K’ is a set of 4 vertices in K. Let ] = | (Omax — 1)/2] and
Vi={ze V)| ox(z) <2}

Step 1: There is a vertex g not in V(S) U K with Ok (g) = Omax. Then, {C' € Up(K) |
Ok (c) < 2lforany c € C} = {C € ¥r_4(K) | Ox(c) < 2l forany c € C} is a clique
partition of V"’ since I' — ¢ is a slim {[h7]}-line graph satisfying the condition (a) or (b) in
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Theorem 4.11. Therefore, U(K) is not a partition if and only if there exists vertices x, y,
p and g such that Ok () = Ok (y) = 20 + 1,

g € (N(z) U{z}) N (N(y) U{y}) -V,

and

p € ((N(@)U{z}) — (N(y) U{y}) - V"
If z € V(I') — ({z,y,p,q} US) with Ox (2) > 20 + 1, then I — z is an {[h7]}-line graph
and p ~ y by Remark 4.13. This is a contradiction to p ¢ y. It follows that

{ue V() |dx(u) >20+1} = V(S) ={z,y,p,q}. (5.2)

Step 2: Assume that [ = 0. In the case of |K| > 4 (i.e., S ~ Ky),

{K - {k}v{xvyap»Q}} - \Iijk(K - {k})

is a clique partition for some k¥ € K by Remark 4.13 and (5.2), i.e., | K| > 6. This is a
contradiction to p ¢ y. In the case of |K| = 3 (i.e., S =~ 51 or S3), we obtain [V(I')| < 9
and a contradiction. Hence, [ is a positive integer.

Step 3: Show that © ~ y. In addition, it holds that z # p and = ¢. Suppose that x
and y are not adjacent. Then, p = x and ¢ ¢ {x,y} by Remark 4.13. If z and y are
adjacent to a vertex r with Ok (r) = 2I, then I" has an induced subgraph isomorphic to
K 3, a contradiction. When 9k (q) = 21 + 1, there is a neighbor ¢’ of ¢ with 9k (¢') = 2!
such that ¢’ ¢ N(x) N N(y). Without loss of generality we assume that ¢’ and y are not
adjacent. Then, the induced subgraph IV obtained by deleting the neighbors of y expect ¢
has a clique partition U (K') which contains a set {x,y, ¢}. This is a contradiction, and
Ok (q) = 21+ 2 follows. Then, I" has an induced subgraph isomorphic to an odd cycle with
at least 5 vertices. This is a contradiction since Wr_,(K) is a clique partition in Op_,.

Step 4: Let P denote a path (xq, ..., 2Z21) such that zp € K and © = x9;41. If S ~ Ky,
then replace S by (K')r, where K’ is a set of 4 vertices in K containing x¢ and a vertex
not adjacent to x;. The graph I" by deleting vertices other than V (P) U V(S) U {z, y, p}
is a slim {[h7]}-line graph with a clique partition ¥/ (K'). Thus, it holds that V(I") =
V(PYUV(S)U{z,y,p} and y ~ zo.

Step 5: If Ok (p) = 21 + 1, then p ~ x9;. Thus, ({y,p, z2, x2—1})r ~ Kj 3 holds, a
contradiction. Thus, Jk (p) = 21 + 2.

Step 6: In the case of |K| > 4 (i.e., S ~ K4), deg(x1) < 3 since I' — p is an {[h7]}-line
graph. Obtain the second and third graphs in Figure 11.

Step 7: In the case of |K| = 3 (i.e., S ~ Sy or S3),if 1 & S then |[N(x1) N K| = 1 since
M and M3 are minimal forbidden graphs for the slim {[h7]}-line graphs. Then, we can
replace S by the induced subgraph by K U {x1,w}, where w is a vertex of S not adjacent
to xg. Hence, x1 € S holds. We can draw I as Figure 12. The edge e exists if and only if
the edge e’ does in Figure 12. If the edges e and €’ exist, then T' — z is not an {[h]}-line
graph. Otherwise, we obtain the first graphs in Figure 11.

Let I" be a connected graph, and let K and D be nonempty subsets of V(I'). D is said
to be deletable for K if K — D # (), T' — D is connected, and ¥r_p(K — D) = {C — D |
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Figure 12: In the proof of Proposition 5.3.

C € Up(K)} —{0}. In addition, a vertex v is said to be deletable for K if {v} is deletable
for K.

Lemma 5.4. Let T be a connected graph, and let K and D be nonempty subsets of V (T').
If Ur(K) is a partition of V(T") and O r|r—p = Ok —p r—p, then D is deletable for K.

Proof. Write 0 = Ok r for short. Then, it holds that by Ok r|r—p = dx—p.r-p,
Wr_p(K - D)~ {K - D}
=y e {«}UN()) - D[d(y) = 0(x)} |z € V(I = D),0(x) € 2N+ 1},
and
{C—D|Ceur(K)} - {K - D}
={{ye {2z} UN(z)) - D[ 0d(y) = 0(x)} | v € V(I),0(x) € 2N+ 1},
Letz € D with odd 9(), and take C,, € W (K) containing x. Assuming that C;,—D # 0),
there exists z € C' such that 9(z) = 0(x) by the assumptions. It holds that
Co =D ={y e ({z}UN()) - D][dy) = d(x)}
={ye ({z}UN(2)) - D|0(y) = 0(2)} € ¥r_p(K - D). H
Lemma 5.5. Let I" be a minimal forbidden graph for the slim {[b7]}-line graphs, with the

condition (C1) and (C2). Let S be an induced subgraph isomorphic to S1, Sy or K4. Let
K be a maximal clique of T' contains the largest clique of S. Then, the following hold:

(i) Yr(K) is a clique partition;

(ii) if u is a non good vertex for Up(K), and v ¢ V(S) U K is a deletable vertex for
K, then v € n®(u) and v is non good for Vr(K ), where n*(-) is defined for Ur(K)
and a non negative integer k.

Proof. By the condition (C2), Ur(K) is a partition of V(I'). Moreover, it is a clique
partition of V(I") by Lemma 4.5 since I" has no induced subgraph isomorphic to M; =~
K 3. Next, suppose that the vertex v is not in n3(u). Then,

{Cnnd(u) | C e Vp(K)} ={Cnn3(u) - {v}|C e Vp(K)}
={Cnnd(u)|C € Ir_,(K)}
holds. Thus, the vertex w is good for ¥r_, (K) if and only if it is good for Ur_, (K) in
I' — v by Lemma 4.4. On other hand, v ¢ V(S) U K and I" — v is connected. Hence,
Up_,(K) € Op_,, that is, every vertex of I' — v is good for ¥ (K') by Remark 4.13 since

T is a minimal forbidden graph for the slim {[h7]}-line graphs. Therefore, u is good for
Upr_,(K) and ¥p(K). This is a contradiction that « is non good for U (K). O
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Proposition 5.6. Let I" be a minimal forbidden graph for the slim {[%7]}-line graphs, with
at least 10 vertices and the condition (CI). Then, T is one of the graphs in Figure 13 if and
only if T satisfies the condition (C2).

the number of vertices is f_@

1]
~X

Figure 13: The minimal forbidden graphs for the slim {[h;]}-line graphs, with at least 10
vertices and the conditions (C1) and (C2).

Proof. The sufficiency obviously holds. Prove the necessity. Fix an induced subgraph S
isomorphic to Sy, Sy or K4, and let K be a maximal clique containing the largest clique of
S. By Lemma 5.5 (i), ¥ (K) is a clique partition. Then, n*(-) is defined for ¥ (K') and
a non negative integer k.

If I" has an induced subgraph isomorphic to K4, then replace S by it. Let I = | (Omax —
1)/2]. By the definition of U (K), we can pick the subset

{{y € N(@) U{z} | 9k (y) = Ok (2)} | 2 € V(T), O () = 20 + 1}

of ¥r(K). We denote by {C;}?_, the subset. Note that C; are pairwise distinct. If [ = 0
then let D; = K and m = 1. Otherwise we pick the subset

{y € N(@) U {e} | 0k (y) = Ox(2)} |« € V(T), O () = 20 — 1}

of Up(K). We denote by {D;}?", the subset. Note that D; are pairwise distinct. Without
loss of generality, we can take an integer m such that D; — V(S) is empty if and only
if i > m.

In the case of Omax = 20 4 1, we show that I" is isomorphic to one of the graphs in
Figure 13.
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Step 1: Show that [ # 0. Suppose that [ = 0 to prove by contradiction. Set B =
V(') — (V(S) U K). Then, every vertex in B is deletable by Lemma 5.4. Moreover,
the deletable vertex is non good for ¥r(K) by applying Lemma 5.5 (ii) to a non good
vertex for Ur(K) and the deletable vertex. We obtain a contradiction by checking the
following:

() |B| < 3;

(i) if 7 < V() — K

,then5 < |[V(I') — K| -2 < |B

(iii) if 4 < [V(I') — K| < 6, then S ~ K, and 4 < |BJ;
@iv) if [V(T") — K| < 3, then I is an {[h7]}-line graph.

Assume that | B| > 4. If we find a vertex k& € K with |n(k)| > 3, then we can take a vertex
b € B such that |n(k) — {b}| > 3. This is a contradiction since the vertex b is deletable
and Ur_,(K) € Op_p, by Remark 4.13. Thus,

In(k)| < 2 (5.3)

holds for every k € K. Fix a vertex b € B. Then, |n(b)| > 3 holds by (5.3) and applying
Lemma 5.5 (ii) to the non good vertex b and each vertex in B — {b}. We obtain a contradic-
tion as well and | B| < 3. Next, In the case of |[V(I') — K| < 3, we have |B| <3, |K| > 7
and hence S ~ K,. If 2 < |B] < 3, then |n(b)| < 2 for every vertex b € B. Hence, we
can pick a vertex k in

K- U n(b).

beB

It is clear that k is deletable and Wr_j (K — {k}) € Or_y. Thus every vertex of I is good
for U (K), a contradiction to I' being a non {[h7]}-line graph.

Step 2: Every vertex @ with Ok () = Omax is notin V(S) U K and deletable by [ > 1 and
Lemma 5.4. Moreover, such a vertex z is non good for U (K') by applying Lemma 5.5 (ii)
to a non good vertex for ¥ (K) and the deletable vertex x. Fix a vertex u with Ok (u) =
Omax- By applying Lemma 5.5 (ii) to u and each vertex  with O () = Omax, we have

{z € V(D) | Ok (x) = Omax} C n*(u)

since I" has no induced subgraph isomorphic to M; ~ K 3. For a vertex « with Ok (z) =
Omax — 1 = 21, it holds that x € n3(u) since if n(z) = () then z is deletable by Lemma 5.4
and = € n®(u) holds by applying Lemma 5.5 (ii) to the vertices u and x. Thus,

n3(u) = {z € V(T) | Ok (z) > 21}. (5.4)
Furthermore, D; contains a vertex v; with O (v;) = Omax — 1 for every 1 < ¢ < m, since
every deletable vertex not in V'(.5) U K is contained in n3(u) by Lemma 5.5 (ii).

Step 3: Show that n = m = 1. If n > 2 then I" has an induced subgraph isomorphic to
M by (5.4), a contradiction. Thus, n = 1. Suppose that m > 2 to prove by contradiction.
Without loss of generality, we can assume that v; ~ u ~ vy by (5.4). In the case of m > 3,
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the vertex vg is deletable clearly, and the vertex v is non good for ¥r_,,(K) in I' — vs.
This is a contradiction to Up_4, (K) € Or_g4, by Remark 4.13.

In the case of m = 2, we have C; = {u} since if we find an vertex v’ in C1, then
the vertex v’ is deletable by Lemma 5.4 and « is non good for ¥r_,/(K) in T — «/, a
contradiction to Wr_,/ (K) € Or_,. Fix a vertex v; € D; with O (v}) =2l —1fori =1
and 2, respectively. Then, the set

Dl U D2 — (V(S) U {Ulanav,hvé})

is deletable and u is good. Hence, the set is empty. If v; and v, are not adjacent in T,
then I' has an induced subgraph isomorphic to an odd cycle with at least 5 vertices since
u is deletable and ¥ (K) — {C1} = ¥r_,(K) € Or_,. This is a contradiction to the
minimality of I'. Hence, v; and vs are adjacent in I". First, consider the case of [ > 2. Let
d be the vertex adjacent to v}, with Ok (d) = 21 — 2. Note that d is not in S. Then, ' — d

Figure 14: The cases of n = 1,m = 2 and [ > 2 in the proof of Proposition 5.6.

is not an {[h7]}-line graph since ¥r_4(K) & Or_4 (cf. Figure 14). Second, consider
the case of I = 1. Suppose that S ~ K. Note that n’ = m = 2 holds. If |K| > 5,
then we can take a deletable vertex k in K. By Remark 4.13, Up_, (K — {k}) € Or_4
holds since K — {k} is a maximal clique with at least 4 vertices. However, u is non
good for Ur_(K — {k}), a contradiction to the minimality of I'. We have |V(T')| =
|K|+|D1|+|D2|+|C1] =4+42+2+1 =09, acontradiction to |V (T")| > 10. Thus, I" has
no induced subgraph isomorphic to K. Suppose that S >~ S; or S;. We define the vertices
w; of S as Figure 15. Note that the vertex v} is not in V' (.S) for ¢ = 1, 2 since |V (I")| > 10.
If both v{ and v} are adjacent only to wy, then I" has an induced subgraph isomorphic to
My, a contradiction. Hence, it is not so. Without loss of generality, we can assume that v/,
and wsy, are adjacent. Since I' has no induced subgraph isomorphic to K4, v} is not adjacent
to some vertex w € {wy, ws}. The vertices v4 and wy are adjacent since (v}, w, wa, ws)
is not isomorphic to M;. Furthermore, v is also adjacent to ws since U (K) is a clique
partition. Hence, v} is deletable for K, a contradiction to ¥. We have n = m = 1.

Step 4: Letp = |C1| and ¢ = [{z € V(I') | Ox(x) = 2l}|. The induced subgraph
(C1U Dy)r is an {[h7]}-line graph by the minimality of I. Hence, ¥ (c,up,). (D1) =
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Dy —V(S)

Figure 15: The cases of n = 1, m = 2 and [ = 1 in the proof of Proposition 5.6.

{C4, D1} holds by |Dy| > 4 and Remark 4.13. This is a contradiction since non good
vertices for W (K') in Cy U Dy are also non good for W o, up, ), (D1). Thus, ¢ < 2. When
¢ = 1, p = 3 holds and we obtain the second and third graph in Figure 13 in the same way
as the Step 4 in the proof of Proposition 5.3. Consider the case of ¢ = 2. If p = 1 then
T is an {[h7]}-line graph. When p = 2, we obtain the first and second graph in Figure 13
since I' has no induced subgraph isomorphic to Ms3. If p > 3 then we can assume that
n(u) = {x € V(') | Ox(x) = 21} by (5.4). Then, I" — w is not an {[h7]}-line graph for
some w € Cy — {v}, a contradiction.

Suppose that Opax = 21 + 2. We have [ > 0 and every vertex u with O (u) = 21 + 2 is
deletable for K. By Lemma 5.5 (ii), the vertex u is non good for ¥r(K'). Moreover, every
vertex v with 9k (v) < 2 + 1 is good for ¥ (K) since (n?(v))r is the induced subgraph
of I' — u, where Ok (u) = 21 + 2. Hence, a vertex w is good if and only if O (u) < 21 + 1.
We have n # 1 since a vertex v with Ok (v) = 2] + 2 is non good. Let v be a vertex with
Ok (v) = 21+ 1. If v is not a vertex of S, then we have a contradiction to Lemma 5.5 (ii)
that v is deletable for K. Hence, v is a vertex of S. Thus, S ~ S, = 0 and n = 2. Then,

|[V(T')] < 9since |K| =3, |C1| < 3and |Cs] < 3, a contradiction. O
Proof of Theorem 5.1. The minimal forbidden graphs with at most 9 vertices are revealed
in Figure 9. This theorem follows by Proposition 5.2, 5.3 and 5.6. O
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Abstract

We give necessary and sufficient conditions for lobe-transitivity of locally finite and
locally countable graphs whose connectivity equals 1. We show further that, given any
biconnected graph A and a “code” assigned to each orbit of Aut(A), there exists a unique
lobe-transitive graph I of connectivity 1 whose lobes are copies of A and is consistent with
the given code at every vertex of I'. These results lead to necessary and sufficient condi-
tions for a graph of connectivity 1 to be edge-transitive and to be arc-transitive. Countable
graphs of connectivity 1 the action of whose automorphism groups is, respectively, vertex-
transitive, primitive, regular, Cayley, and Frobenius had been previously characterized in
the literature.

Keywords: Lobe, lobe-transitive, edge-transitive, orbit, connectivity.

Math. Subj. Class.: 05C25, 05C63, 05C38, 20B27

1 Introduction

Throughout this article, I' denotes a connected simple graph. Consider the equivalence
relation = on the edge-set ET' of I' whereby e; = e; whenever the edges e; and e; lie
on a common cycle of I'. A lobe is a subgraph of I" induced by an equivalence class with
respect to =. Equivalently, a lobe is a subgraph that either consists of a cut-edge with its
two incident vertices or is a maximal biconnected subgraph'. A vertex is a cut-vertex if it
belongs to at least two different lobes. Connected graphs other than K» have connectivity
1 if and only if they have a cut-vertex. Clearly no finite vertex-transitive graph admits a

cut-vertex.

E-mail addresses: jegraver @syr.edu (Jack E. Graver), mewatkin @syr.edu (Mark E. Watkins)
I The term “lobe” is due to O. Ore [6]. We eschew the term “block” for this purpose, as it leads to ambiguity
when discussing imprimitivity.
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Graphs of connectivity 1 whose automorphism groups have certain given properties
have been characterized. Those whose automorphism groups are, respectively, vertex-
transitive, primitive, and regular were characterized in [S]. In particular, primitive planar
graphs of connectivity 1 were characterized in [11]?. Cayley graphs of connectivity 1 were
characterized in [9]. Graphs of connectivity 1 with Frobenius automorphism groups were
characterized in [10]. In the present work, we complete this investigation; we characterize
graphs of connectivity 1 whose automorphism groups act transitively on their set of lobes.
As a consequence, we obtain characterizations of edge-transitive graphs and arc-transitive
graphs of connectivity 1.

The conditions for a graph of connectivity 1 to be lobe-transitive or to be vertex-
transitive are independent; such a graph may have either property or neither one or both.
Such is not the case for edge- and arc-transitivity. In Section 3 we give necessary and
sufficient conditions for a graph to be lobe-transitive. We further show that, given any
biconnected graph A and a “list” of orbit-multiplicities of copies of Aut(A), one can con-
struct a lobe-transitive graph of connectivity 1 all of whose lobes are isomorphic to A and
locally respects the given list. We give necessary and sufficient conditions for a countable
graph of connectivity 1 to be edge-transitive in Section 4 and to be arc-transitive in Sec-
tion 5. As the sets of conditions for these latter two properties are more intertwined with
lobe-transitivity than the characterization of vertex-transitivity (for graphs of connectiv-
ity 1), scattered throughout are examples that illustrate some algebraic distinctions among
these various properties.

2 Preliminaries

Throughout this article, the symbol N denotes the set of positive integers. The symbols
I,J, and K, often subscripted, denote subsets of N of the form {1,2,...,n} or the set N
itself; they appear as sets of indices. All graphs (and their valences) in this article are finite
or countably infinite. The symbol §; ; (the so-called “Kronecker delta”) assumes the value
1ifi = jandQif ¢ # j. For a graph A and any subgroup H < Aut(A), the set of orbits of
H acting on VA is denoted by €(H).

The set of lobes of a graph T is denoted by .Z(T"). We let {%, : k € K} denote the
partition of .Z’(I") into isomorphism classes of lobes. For given k € K and a lobe A € %,
we let O(Aut(A)) = {(VA); : j € Ji}, and we understand that if 0: A — © is an
isomorphism between lobes in %%, then o((VA);) = (VO), for all j € J. Finally, for

each k € K and j € Iy, we define the function 7\ : VT — N by
() = [{A € L v e (VA)}]. @.1)
For Ag € Z(T") and n € N, we recursively define the subgraphs
Lo(Ao) = Ao,
Tpyi(Ao) = J{A € Z(I): VAN VT, (Ag) # 0}.

Lemma 2.1 ([5, Lemma 3.1]). Let A,© € Z(T') and let n € N. If for each k € K and
j € Ji, the function T;k) is constant on VT, then any isomorphism o,,: I',,(A) — I',,(0)

admits an extension to an automorphism o € Aut(T").

2For a short algebraic proof that all 1-ended planar graphs with primitive automorphism group are biconnected,
see [8].
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This lemma was used in [5] to prove the following characterization of vertex-transitive
graphs of connectivity 1.

Theorem 2.2 ([5, Theorem 3.2]). Let I' be a graph of connectivity 1. A necessary and

sufficient condition for I to be vertex-transitive is that all the functions T;k)

VT.

be constant on

Notation. When all the lobes of the graph I are pairwise isomorphic, that is, the index set
K has but one element, then in Equation (2.1) the index k is suppressed; we simply replace

Ji by J and T](k) by 7;.

3 Lobe-transitivity

Let I' be a graph of connectivity 1. It is immediate from the above definitions that the
edge-sets of the lobes of I are blocks of imprimitivity of the group Aut(I") acting on ET.
Hence any automorphism of I' must map lobes onto lobes, and therefore, if Aut(T") is to
act transitively on .Z(T"), then all the lobes of I must be pairwise isomorphic. However,
pairwise-isomorphism of the lobes alone is not sufficient for lobe-transitivity, even when
every vertex of I lies in the same number of lobes.

Let us first dispense with trees; the proof is elementary and hence omitted.

Proposition 3.1. A finite or countable tree is lobe-transitive (and simultaneously, edge-
transitive) if and only if there exist n1,ny € NU{Rq} such that every edge has one incident
vertex of valence ny and the other of valence no. If n1 = no, the tree is also arc-transitive.

For graphs of connectivity 1 other than trees, we have the following characterization of
lobe-transitivity.

Theorem 3.2. Let I be a graph of connectivity 1, and let Ay be an arbitrary lobe of T.
Let {P; : i € I} be the set of orbits of Aut(T"), and let 2 = {Q; : j € J} be the set of
those orbits of the stabilizer in Aut(I") of Ao that are contained in Ao. Then necessary and
sufficient conditions for the graph T to be lobe-transitive are:

(1) Foreach lobe A € ZL(T), there exists an isomorphism o5 : Ay — A.
(2) Foreach j € ], there exists a function T;: VI' = N U {0, R} such that

(a) forallv € VT,
7i(v) ={A € Z(T) : v € 0p(Q;)}] 3.1

and

(b) for eachi €1, 7; is constant on P; and is nonzero if and only if Q; C P;.

Proof. (Necessity) Suppose that I is lobe-transitive. For each lobe A € .Z(T"), there is an
automorphism &5 € Aut(T") that maps the fixed lobe Ay onto A. The restriction to A of
T A is an isomorphism o, : Ag — A that satisfies condition (1).

For any lobe A, an automorphism o € Aut(I") is in the stabilizer of A if and only
if 7 'a@y is in the stabilizer of Ag. It follows that the partition {oA(Q;) : j € J} of
VA is the set of orbits of the stabilizer of A that are contained in A. Furthermore, since
the stabilizer of Ag is a subgroup of Aut(I'), the partition {oA(Q;) : j € I} of VA
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refines the partition {P; N VA : ¢ € I}. If for some indices ¢ and j, the vertex v satisfies
v € oA(Q;) C P;, then for any lobe ©, the vertex oo ' (v) lies in P; N 0o (Q;). This
implies that, for all j € J, the function 7; as given in Equation (3.1) is well-defined and
constant on P;.

Suppose that for an arbitrary index ¢ € I, the vertex v lies in P;. Since by Equation (3.1),
7j(v) counts for each j € J the number of lobes A such that v lies in o (Q);), it follows
that 7;(v) is positive exactly when o, '(v) € @Q; C P; holds, concluding the proof of
condition (2.b).

(Sufficiency) Assume conditions (1) and (2). To prove that I is lobe-transitive, it suffices
to prove that every isomorphism cg: Ag — © is extendable to an automorphism of I'.
(Note that in this direction of the proof, g is not presumed to be the restriction to Ay of
an automorphism g € Aut(I") but, in fact, it is.)

Fix a lobe ©g and a vertex v € VAg and let w = og, (v). For some j € J, the vertex
v lies in )5, and so w € g, (Q;). Since both 7;(v) and 7;(w) are therefore positive, both
v and w lie in the same orbit P; of Aut(T") by condition (2.b). Furthermore, since 7; is
constant on P; for each j € J, there exists a bijection 5; from the set of lobes A such that
v € oA (Q;) onto the set of lobes © such that w € 0o(Q);). Let A; be a lobe in the former
set, and let ©1 = [;(A1).

Although v and w lie in the images of the same orbit (); in lobes A; and ©1, respec-
tively, the vertices lel (v) and 0511 (w) need not be the same vertex of Ag. However, since
both vertices lie in the same orbit (); of Ay, there exists an automorphism o € Aut(Ag)
such that aaxll(v) = J(f)ll(w) Then O’@laUX11 is an isomorphism from A; onto ©; that
maps v onto w and therefore agrees with og,, at the vertex v common to Ay and A;.

The amalgamation of oelaaxll with g, is an isomorphism from Ag UA; to ©gU ;.
By repeating this same technique, we can extend og, to all lobes adjacent to Ag and then
to all of their adjacent lobes and inductively to all of T". O

Example 3.3. Suppose that the lobes of I" are copies of some biconnected, vertex-transitive
graph and that every vertex of I' is incident with exactly m lobes where m > 2. By
Theorem 2.2, T is vertex-transitive. By Theorem 3.2, T" is lobe-transitive, with &'(Aut(T"))
being the trivial partition (with just one big cell P;). Also |J| = 1 and 71 (v) = m for all
ve VL

Remark 3.4. There exists a “degenerate” family of lobe-transitive graphs I" of connectivity
1 that have but a single cut-vertex. For some cardinal & > 2, consider a collection of &
copies of a biconnected graph Ay, and let vg € VAg. Let o5 : Ag — A be an isomorphism
as in Theorem 3.2, and let o5 (vg) = vy for each copy A of Ay in the collection. We
obtain I' by identifying vg and all the vertices vy and naming the new amalgamated vertex
w, which forms a singleton orbit {w} of Aut(T"). Clearly I" is lobe-transitive and w is its
unique cut-vertex. If Ag has finite diameter, then I" has zero ends (see [3]) when Ay is finite
and has R ends when A is infinite; if Ay has infinite diameter, then I" has at least £ ends.
Other than the graphs just described, all countable lobe-transitive graphs of connectivity 1
are “tree-like” with R cut vertices and either 2 or 2%¢ ends.

Theorem 3.5. Let Ay be any biconnected graph. Let H < Aut(Ag), let 2 = O(H) =
{Q; : j €I}, and let # = {Ry, : k € K} be a partition of V A refined by 2. For each
k € K let the function pi,: J — NU{0, Ro} satisfy i (j) > 0 if and only if Q; C Ry, and
(to avoid the triviality of a single lobe) Zjej uk(j) > 2 for at least one k € K. Then there
exists (up to isomorphism) a unique lobe-transitive graph T of connectivity 1 such that
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(1) foreachlobe A € £ (1), there exists an isomorphism op: Ao — A;

(2) for each vertex v € VI' and each j € J, we have
pr(7) = {A € Z(T) s 05" (v) € Q; € Ri}l-

Proof. Let Ay, H, 2, and puy, be as postulated. Let 'y = Ag from which we construct I'y
as follows.

Let v be any vertex of Ag. For some j, k, it must hold that v € Q; C Ry, and so
tx(j) > 0. For each ¢ such that Q; C Ry, we postulate the existence of p(¢) copies
A of Ay (including Ay itself when ¢ = j) such that, if op: Ag — A is an isomorphism,
then some vertex in o (Qy) is identified with the vertex v. The graph I'; is produced by
repeating this process for each vertex of Ag. We repeat this process starting at each vertex
w € VT'1 \ VT, the only notational change being that, if specifically w € o, (Q;-) for
some j’ € J, then we consider the subset o4 (Q;) of VA (instead of @), in Ag) to which w
belongs. Thus we construct I's.

Inductively, suppose that I';, has been constructed for some n > 2. Let w € VI, \
VI,—1, and so w € op(Q,) holds for some m € J and a unique lobe A € Z(T,,) \
Z(T,—1). Supposing that Q,, C Ry, we postulate the existence of 1, (m) new copies of
Ay that share only the vertex w with I';, according to the above identification. In this way
we construct I';, ;. Finally, let I' = Uiozo I,,.

It remains only to prove that I" so-constructed is lobe-transitive. Let © be any lobe of
I". By the above construction, all lobes of I' are pairwise isomorphic, and so there exists
an isomorphism cg: Ay — ©O. Starting with I'; = © and by using the technique in the

proof of Sufficiency in Theorem 3.2, one constructs a sequence I'j, I}, . .. so that for all
n € N, we have I}, 2 T',,, and og is extendable to an isomorphism from T',, to I"/,. Thus
I~ T, and og can be extended to an automorphism of T'. O

Example 3.6. In the notation of Theorem 3.5, let Ay be the 5-cycle with one chord as
shown in Figure 1(a), and let H = Aut(A), yielding the orbit partition {Q1, @2, @3} as
indicated. Let Ry = Q1 U Q3 and Ry = Q-, giving J = {1,2,3} and K = {1, 2}. Define
p1(1) =3, p1(3) =1, and p2(2) = 2. Note that all other values of p; and p2 must equal
0. Then I'; is as seen in Figure 1(b).

@]

o
Q1 Q2 Q3

(@ Ao

Figure 1: Ay and I'; from Example 3.6.

The pairs of conditions in Theorems 3.2 and 3.5 may appear alike, but there is a notable
difference between them. This occurs when the arbitrarily chosen subgroup H < Aut(Ag)
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of Theorem 3.5 is a proper subgroup of the stabilizer of Ag in Aut(I"), where I is the graph
constructed from Ag and the functions pj of Theorem 3.5. We illustrate this distinction
with following example.

Example 3.7. Our initial lobe Ag is a copy of K, with vertices labeled as in Figure 2(a),
and so Aut(Ag) = Sym(4) of order 24. We use Ag to “build” the lobe-transitive graph
I shown four times in Figure 2(b). The action on Ag by the stabilizer of Ay in Aut(T") is
the 4-element group (g1) X (g2) whose generators have cycle representation g1 = (v1,v2)
and g2 = (v3,v4). The shadings of the vertices in the four depictions of T" in Figure 2(b)
correspond respectively to the four different subgroups of {g1) x (g2) described below. For
the sake of simplicity, we assume Z = 2.

®

G ...
(% (%)

(iii)

(iv)
V3 V4

()

Figure 2: The clothesline graph.

(i) H is the trivial group {¢}. Thus H induces four orbits Q; = {v;} forj € {1,2,3,4}.
The functions ju, are then given by pu(j) = 265 for k € {1,2} and pi(j) = 0,1
for k € {3,4}.

(ii) H = (g1). There are three orbits of H: Q1 = {v1,v2}, Q2 = {v3}, and Q3 = {v4},
which give p1 (1) = 2, u2(2) = p3(3) = 1. All other functional values are zero.

(iii) H = (g2). Again there are three orbits of H but not the same ones: Q1 = {v1},
Q2 = {ve}, and Q3 = {vs,v4}. This gives ug(j) = 20, for k € {1,2} and
ps(j) = 6j.3.

(iv) H = (g1) % {(g2). Now there are just two orbits: Q1 = {v1, v} and Q2 = {v3, v4}.
Finally, u1 (1) = 2, pu2(2) = 1, and all other functional values are zero.

All four choices for H, the partition 2, and the functions py, clearly yield the same lobe-
transitive graph I' of connectivity 1 by the construction of Theorem 3.5
4 Edge-transitivity

Lemma 4.1. If T is an edge-transitive (respectively, arc-transitive) graph, then 1 is lobe-
transitive and its lobes are also edge-transitive (respectively, arc-transitive).
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Proof. Fori =1,2,1et ©; € Z(I'), and let e; be an edge (respectively, arc) of ©;. There
exists an an automorphism ¢ € Aut(I") such that ¢(e1) = es. Since ¢ maps cycles through
e1 onto cycles through es, ¢ must map ©; onto ©s. If e; and e lie in the same lobe O,
then ¢ leaves © invariant, and so its restriction to © is an automorphism of ©. O

Theorem 4.2. Let I" be a graph of connectivity 1 with more than one lobe, and let A €
Z(T). Necessary and sufficient conditions for I to be edge-transitive are the following:

(1) The lobes of T are edge-transitive.
(2) For each lobe © € £ (T), there exists an isomorphism og: A — ©.
(3) Exactly one of the following descriptions of T holds:

(a) Both T and A are vertex-transitive, in which case every vertex is incident with
the same number > 2 of lobes.

(b) The graph T is vertex-transitive but A is not vertex-transitive, in which case
A is bipartite with bipartition {Q1, Q2}, and there exist constants my, mg €
NU {Xo} such that for j = 1,2 and all v € VT, it holds that

m; =[{6 € Z(I'):v e oe(@;)}

(c) The graph T is not vertex-transitive, in which case T is bipartite with bipartition
{P1, P>} and there exist constants m1,ms € NU {Xy}, at least one of which
is at least 2, such that for v = 1,2, if v € P;, then

‘{6 S X(F) KNS O'@(Pj OVA)}| = mjém.

Proof. (Sufficiency) Assume all the conditions in the hypothesis and let e;,es € ET be
arbitrary edges in lobes A; and Ao, respectively. By condition (2), there exists an isomor-
phism o: A; — As. By condition (1), there exists an automorphism « € Aut(Az) such
that e = o (ey). Each of the three cases of condition (3) is seen to satisfy the hypothesis
of Lemma 2.1, implying that o : A; — As is extendable to an isomorphism of I" mapping
e1 to es.

(Necessity) Suppose that I' is an edge-transitive graph of connectivity 1. By Lem-
ma 4.1, I' is also lobe-transitive and its lobes are edge-transitive, proving condition (1).
Condition (2), which establishes notation for the remainder of this proof, also follows from
Lemma 4.1.

To prove (3), we continue the notation of Theorem 3.2 with I being the index set for the
set of orbits of Aut(T") and J being the index set for the orbits of the stabilizer of A that are
contained in A. Since both I" and all of its lobes are edge-transitive, |I| and |J| equal either
lor2.

If both " and A are vertex-transitive, then |I| = |J| = 1, and for every vertex v € VT,
71(v) = m holds for some m > 2. This is case (3.a).

Since any odd cycle in I would be contained in a lobe of I', it holds that I' is bipartite
if and only if every lobe is bipartite. If either I" or A is not vertex-transitive, then each —
and hence both — are bipartite, and the sides of the bipartitions (whether or not they are
entire orbits of the appropriate automorphism group) are blocks of imprimitivity systems.
Let { Py, P>} be the bipartition of VT, and so {P; N VO, P, N VO} is the bipartition of
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any lobe ©. Equivalently, letting {Q1, @2} denote the bipartition of A, we have P, =
Ueeczm oo(@Q;) fori =1,2.

Suppose that T' is vertex-transitive but A is not, and so |[I] = 1 and |J| = 2. By
Theorem 2.2, there exist constants mq,ms € NU{Ng} such that forall v € VT and j € J,
wehave m; = 7;(v) = |{© € Z(T) : v € 0o(Q;)}.

Finally, suppose that I' is not vertex-transitive, and so P; and P» are the orbits of
Aut(T"). Also, A is bipartite with bipartition {Q1,Q2}, where Q; = P, N VA. As no
automorphism of " swaps P; with P, no automorphism of " swaps (); with Q5 (even
though A may be vertex-transitive!). Hence |I| = |J| = 2. Since I is lobe-transitive, it
follows now from the “necessity” argument of Theorem 3.2 that, for j = 1, 2, the function
7; satisfies the condition 7,(v) > 0 if and only if v € P;. That means that there exist
constants m1, ma € N U {X¢}, at least one of which is greater than 1, such that, if v € P,
then Tj (’U) = mjéiyj. O

Example 4.3. Suppose in the notation of Theorem 4.2 that I" is edge-transitive and A is
the complete bipartite graph K ; with |Q1| = s and |Q2| = . Suppose that every vertex
of T is incident with exactly two lobes isomorphic to A. If s = ¢, then both I" and A are
vertex-transitive, and we have case (3.a) of the theorem. If s # t and every vertex lies in
one image of (7 and one image of (2, then we have the situation of case (3.b). If again
s # t but each vertex lies in either two images of ()1 or two images of ()2, then we have
the situation described in case (3.c).

Remark 4.4. With regard to Example 4.3, we note that having s = ¢ does not assure
vertex-transitivity of edge-transitive bipartite graphs. There exist edge-transitive, non-
vertex-transitive, finite bipartite graphs where the two sides of the bipartition have the
same size. Such graphs are called semisymmetric. The smallest such graph, on 20 ver-
tices with valence 4, was found by J. Folkman [2], who also found several infinite families
of semisymmetric graphs. Many more such families as well as forbidden values for s were
determined by A. V. Ivanov [4].

Example 4.5. This simple example illustrates how the converse of Lemma 4.1 is false, even
though the lobes themselves may be highly symmetric. Let I" be a graph of connectivity
1 whose lobes are copies of the Petersen graph (which is 3-arc-transitive!). For each lobe
A, let (VA); and (VA)y denote the vertex sets of disjoint 5-cycles indexed “consistently,”
i.e., if A and © share a vertex v, then v € (VA); N (VO), fori = 1 or i = 2. (Observe that
I is not bipartite.) For i = 1,2 define P; = Ug¢ (1) (V' ©);, and suppose that each vertex
in P; belongs to exactly m; lobes. The graph I is lobe-transitive by Theorem 3.2, and I' is
both vertex- and edge-transitive when my = msy, but I' is neither vertex- nor edge-transitive
when my # mo.

5 Arc-transitivity

Theorem 5.1. Let I' be a graph of connectivity 1. Necessary and sufficient conditions for
T to be arc-transitive are the following:

(1) The lobes of T are arc-transitive.
(2) The lobes of T are pairwise isomorphic.

(3) All vertices of T are incident with the same number of lobes.
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Proof. (Necessity) Suppose that I' is arc-transitive. Conditions (1) and (2) follow from
Lemma 4.1. Since arc-transitivity implies vertex-transitivity, condition (3) holds.
(Sufficiency) Assume that the three conditions hold. For & = 1, 2, let a; be an arc of
T, and let © be the lobe containing ay. By condition (2), there exists an isomorphism
0: ©1 — ©,. By condition (1), there exists an automorphism o € Aut(©3) such that
ao(a1) = ag. By condition (3), the functions 7; of Equation (2.1) are constant on VT'. (In
fact, since the lobes are vertex-transitive, there is only one such function.) It now follows
from Lemma 2.1 that a0 is extendable to all of T'. O

Remark 5.2. If conditions (1) and (3) of Theorem 5.1 were replaced by the lobes are edge-
transitive and U is vertex-transitive, the sufficiency argument would fail. There exist finite
graphs [1] and countably infinite graphs with polynomial growth rate [7] that are vertex-
and edge-transitive but not arc-transitive. Let A denote such a graph, and consider a graph
I" whose lobes are isomorphic to A with the same number of lobes incident with every
vertex. Then T itself is vertex- and edge-transitive but not arc-transitive.

The following proposition is elementary.

Proposition 5.3. For all k > 2, the only k-arc-transitive graphs of connectivity 1 are trees
of constant valence.
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Abstract

A graph is a bi-Cayley graph over a group if the group acts semiregularly on the vertex
set of the graph with two orbits. Let G be a non-abelian metacyclic p-group for an odd
prime p. In this paper, we prove that if G is a Sylow p-subgroup in the full automorphism
group Aut(T") of a graph T, then G is normal in Aut(T"). As an application, we classify the
half-arc-transitive bipartite bi-Cayley graphs over G of valency less than 2p, while the case
for valency 4 was given by Zhang and Zhou in 2019. It is further shown that there are no
semisymmetric or arc-transitive bipartite bi-Cayley graphs over GG of valency less than p.

Keywords: Bi-Cayley graph, half-arc-transitive graph, metacyclic group.
Math. Subj. Class.: 05C10, 05C25, 20B25

1 Introduction

All graphs considered in this paper are finite, connected, simple and undirected. For a
graph T', we use V(T'), E(T"), A(T") and Aut(T") to denote its vertex set, edge set, arc set
and full automorphism group, respectively. A graph I is said to be vertex-transitive, edge-
transitive or arc-transitive if Aut(I") acts transitively on V(I'), E(T") or A(T") respectively,
semisymmetric if it is edge-transitive but not vertex-transitive, and half-arc-transitive if it
is vertex-transitive, edge-transitive, but not arc-transitive.

Let GG be a permutation group on a set {2 and o € 2. Denote by G, the stabilizer of
a in G, that is, the subgroup of G fixing the point o. We say that G is semiregular on €)
if G, = 1 for every o € 2 and regular if G is transitive and semiregular. A group G is
metacyclic if it has a normal subgroup N such that both N and G/N are cyclic.

Let T" be a graph with G < Aut(T"). Then T is called a Cayley graph over G if G is
regular on V' (T") and a bi-Cayley graph over G if G is semiregular on V' (T") with two orbits.

*The authors acknowledge the partial support from the National Natural Science Foundation of China
(11731002) and the 111 Project of China (B16002).
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In particular, if G is normal in Aut(T"), the Cayley graph or the bi-Cayley graph I is called
a normal Cayley graph or a normal bi-Cayley graph over G, respectively.

Determining the automorphism group of a graph is fundamental in algebraic graph
theory, but very difficult in general. If I is a connected normal Cayley graph over a group
G, then Aut(T") is determined by Godsil [27], and if T is a connected normal bi-Cayley
graph over G, then Aut(T") is also determined by Zhou and Feng [55]. Thus a natural
problem is to determine normality of Cayley graphs or bi-Cayley graphs over groups.

The normality of Cayley graphs over cyclic group of order a prime and over group of
order twice a prime was solved by Alspach [1] and Du et al. [19], respectively. Dobson [14]
determined all non-normal Cayley graphs over group of order a product of two distinct
primes, and Dobson and Witte [16] determined all non-normal Cayley graphs over group of
order a prime square. Dobson and Kovacs [15] determined the full automorphism groups
of Cayley graphs over elementary abelian group of rank 3. However, it seems still very
difficult to obtain normality of Cayley graphs for general valencies. On the other hand,
many results on the normality of Cayley graphs with small valencies were obtained, and
for example, one may refer to [20, 21, 22] for finite non-abelian simple groups and to
[4, 23, 26, 51, 54] for solvable groups. Due to nice properties on automorphism groups of
non-abelian p-groups, the normality of Cayley graphs with general valencies over certain
non-abelian p-groups was obtained. A connected Cayley graph or bi-Cayley graph over a
non-abelian metacyclic p-group, for an odd prime p, is called a p-metacirculant or a bi-
p-metacirculant, respectively. Li and Sim [34] proved that a p-metacirculant I' is normal
except a special case when the non-abelian metacyclic p-group is a Sylow p-subgroup of
Aut(T"), and Wang and Feng [50] proved that this special case cannot occur. In this paper
we prove the following theorem.

Theorem 1.1. Let I" be a connected bipartite bi-p-metacirculant over a non-abelian meta-
cyclic p-group G. If G is a Sylow p-subgroup of Aut(T"), then G is normal in Aut(T).

It is well-known that Cayley graphs play an important role in the study of symmetry of
graphs. However, graphs with various symmetries can be constructed by bi-Cayley graphs.
The smallest trivalent semisymmetric graph is the Gray graph [6], which is a bi-Cayley
graph over a non-abelian metacyclic group of order 27, and infinite semisymmetric graphs
were constructed in [17, 18, 37]. Boben et al. [5] studied properties of cubic bi-Cayley
graphs over cyclic groups and the configurations arising from these graphs. Kovécs et
al. [31] gave a description of arc-transitive one-matching bi-Cayley graphs over abelian
groups. All cubic vertex-transitive bi-Cayley graphs over cyclic groups, abelian groups or
dihedral groups were determined in [39, 52, 54]. Recently, Conder et al. [11] investigated
bi-Cayley graphs over abelian groups, dihedral groups and metacyclic p-groups, and using
these results, a complete classification of connected trivalent edge-transitive graphs of girth
at most 6 was obtained. Furthermore, Qin et al. [41] classified connected edge-transitive
bi-p-metacirculants of valency p, and as an application of Theorem 1.1, we prove that there
are no such graphs with valency less than p.

Theorem 1.2. For any odd prime p, there are no connected arc-transitive or semisymmetric
bipartite bi-p-metacirculants of valency less than p.

In 1966, Tutte [46] initiated an investigation of half-arc-transitive graphs by showing
that a vertex- and edge-transitive graph with odd valency must be arc-transitive. A few
years later, in order to answer Tutte’s question on the existence of half-arc-transitive graphs
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of even valency, Bouwer [7] constructed a 2k-valent half-arc-transitive graph for every
k > 2. One of the standard problems in the study of half-arc-transitive graphs is to clas-
sify such graphs for certain orders. Let p be a prime. It is well known that there are no
half-arc-transitive graphs of order p or p?, and no such graphs of order 2p by Cheng and
Oxley [8]. Alspach and Xu [2] classified half-arc-transitive graphs of order 3p and Kutnar
et al. [33] classified such graphs of order 4p. Despite all of these efforts, however, further
classifications of half-arc-transitive graphs with general valencies seem to be very difficult,
and special attention has been paid to the study of half-arc-transitive graphs with small va-
lencies, which were extensively studied from different perspectives over decades by many
authors; see [3, 9, 10, 24, 25, 29, 32, 35, 38, 40, 43, 47, 48, 49] for example.

The smallest half-arc-transitive graph constructed in Bouwer [7] is a bi-Cayley graph
over the non-abelian metacyclic group of order 27 with exponent 9. Zhang and Zhou [56]
proved that a half-arc-transitive bi-Cayley graph over cyclic group has valency at least 6,
and this was extended to abelian groups by Conder et al. [11]. In fact, half-arc-regular
bi-Cayley graphs of valency 6, over cyclic groups, were classified in [56], and two infi-
nite families of bipartite tetravalent half-arc-transitive bi-p-metacirculants of order p were
constructed in [11], of which one is Cayley and the other is not Cayley. Furthermore,
Zhang and Zhou [53] classified tetravalent half-arc-transitive bi-p-metacirculants, and all
these graphs are bipartite. This was the main motivation for the research leading to Theo-
rem 1.3, namely the classification of bipartite half-arc-transitive bi-p-metacirculants of va-
lency less than 2p. It was also motivated in part by the classification of half-arc-transitive
p-metacirculants of valency less than 2p, given by Li and Sim [35].

For a positive integer n, denote by Z,, the cyclic group of order n, as well as the ring of
integers modulo n, and by Z the multiplicative group of the ring Z,, consisting of numbers
coprime to n.

Theorem 1.3. Let p be an odd prime and let " be a connected bipartite bi-p-metacirculant
of valency 2k with k < p over a non-abelian metacyclic p-group G. Then T is half-arc-
transitive if and only if

k>2, k|(p—1), G=Gup~, and rgrj;,k}e,

where 0 <y <a < B+~ me Z;a”’ 0<€<kwith (kif) (pgl)’ and Aut(Fi’,M) =
(Ga,pry X L) Zo.

The groups G 3,4 and graphs an,k,f above are defined in Equation (2.1) and Equa-
tion (4.3). By Zhang and Zhou [53], the graphs I‘i o ¢ can be Cayley or non-Cayley for
certain values /m and £, and this implies that the extensions (Ga,B,y X ZL3).Zy above can be
split or non-split.

2 Background results

Let G be a finite metacyclic p-group. Lindenberg [36] proved that the automorphism group
of GG is a p-group when G is non-split. The following proposition describes the automor-
phism group of the remaining case when G is split. It is easy to show that every non-abelian
split metacyclic p-group G for an odd prime p has the following presentation:

Gapry =(ab|a? =1, =1, b~ab=a't?"), @2.1)
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where «, 8,y are positive integers such that 0 < v < o < §+ . Li and Sim characterized
the automorphism group Aut(Gq,g,~) of the group G 3 4.

Proposition 2.1 ([35, Theorem 2.8]). For an odd prime p, we have

| AU(Ga)| = (p = Dprin(e ) smin(3) 43401

Moreover, all Hall p'-subgroups of Aut(G g ~) are conjugate and isomorphic to Zy,_1. In
particular, the map 0: a — a°, b — b induces an automorphism of G, g~ of order p — 1,
where € is an element of order p — 1 in Z..

A p-group G is said to be regular if for any z,y € G there existd; € (x,y)’,1 < i <mn,
for some positive integer n such that 2Py? = (xy)? [}, d¥. If G is metacyclic, then the
derived subgroup G’ is cyclic, and hence G is regular by [30, Kapitel III, 10.2 Satz]. For
regular p-groups, the following proposition holds by [30, Kapitel III, 10.8 Satz].

Proposition 2.2. Let G be a metacyclic p-group for an odd prime p. If |G'| = p", then for
any m > n, we have

(zy)? =a” y",
forany x,y € G.

Remark 2.3. For the non-abelian split metacyclic group G g, given in Equation (2.1),
we have |G}, 5 | = p®~7 and a — v < f3, and by Proposition 2.2, if (p,m) = 1 then
o(b™a™) = max{o(a™),p?}, and if B < avand p | n then o(b™a™) < p®~L.

For a finite group G, N < GG means that N is a subgroup of GG, and N < G means that

N is a proper subgroup of G. The following proposition lists non-abelian simple groups
having a proper subgroup of index prime-power order.

Proposition 2.4 ([28, Theorem 1]). Let T be a non-abelian simple group with H < T, and
let |T : H| = p® for a prime p. Then one of the following holds.

(1) T = PSL(n,q) and H is the stabilizer of a line or hyperplane. Furthermore,
|T: H| = (¢" —1)/(q — 1) = p® and n must be a prime.

2) T=A,and H = A,,_1 withn = p°

(3) T =PSL(2,11) and H = As,

(4) T = Mag and H = My or T = My and H = M.

(5) T =PSU(4,2) = PSp(4,3) and H is the parabolic subgroup of index 27.

For a group G and a prime p, denote by O,(G) the largest normal p-subgroup of G,
and by O,/ (@) the largest normal subgroup of G whose order is not divisible by p. The
next proposition is about transitive permutation groups of prime-power degree.

Proposition 2.5 ([34, Lemma 2.5]). Let p be a prime, and let A be a transitive permutation
group with p-power degree. Let B be a nontrivial subnormal subgroup of A. Then B has
a proper subgroup of p-power index, and O, (B) = 1. In particular, O, (A) = 1.

It is well-known that GL(d, ¢) has a cyclic group of order ¢ — 1, the so called Singer-
cycle subgroup, which also induces a cyclic subgroup of PSL(d, q).
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Proposition 2.6 ([30, Kapitel I, 7.3 Satz]). The group G = GL(d, q) contains a cyclic sub-
group of order ¢* — 1, and it induces a cyclic subgroup of order (q_lq)d(i;il‘d) of PSL(d, q).

Let G and E be two groups. We call an extension E of G by N a central extension if N
lies in the center of E and E/N = G, and if E is further perfect, that is, the derived group
E’' = E, we call E a covering group of G. Schur [42] proved that for every non-abelian
simple group G there is a unique maximal covering group M such that every covering
group of G is a factor group of M (also see [30, Chapter 5, Section 23]). This group M
is called the full covering group of G, and the center of M is the Schur multiplier of G,
denoted by M(G). For a group G, we denote by Out(G) the outer automorphism group of
G, that is, Out(G) = Aut(G)/Inn(G), where Inn(G) is the inner automorphism group
of GG induced by conjugation.

The following proposition is about outer automorphism group and Schur multiplier of
a non-abelian simple group having a proper subgroup of prime-power index.

Proposition 2.7 ([34, Lemma 2.3]). Let p be an odd prime and let T be a non-abelian
simple group that has a subgroup H of index p* > 1. Then

(1) pt[M(T)l;

(2) either pt | Out(T)|, or T = PSL(2,8) and p* = 32.

A group G is said to be a central product of its subgroups Hy,...,H, (n > 2)if
G = H;---H, and for any ¢ # j, H; and H; commute elementwise. A group G is
called quasisimple if G’ = G and G/Z (@) is a non-abelian simple group, where Z(G) is
the centralizer of G. A group G is called semisimple if G’ = G and G/Z(QG) is a direct
product of non-abelian simple groups. Clearly, a quasisimple group is semisimple.

Proposition 2.8 ([45, Theorem 6.4]). A central product of two semisimple groups is also
semisimple. Any semisimple group can be decomposed into a central product of quasisim-
ple groups, and this set of quasisimple groups is uniquely determined.

A subnormal quasisimple subgroup of a group G is called a component of G. By
[45, 6.9(iv), p. 450], any two distinct components of G commute elementwise, and by
Proposition 2.8, the product of all components of G is semisimple, denoted by E(G),
which is characteristic in G. We use F'(G) to denote the Fitting subgroup of G, that is,
F(G) = 0p,(G) x 0p,(G) x -+ x Op,(G), where p1,pa, ..., p; are the distinct prime
factors of |G|. Set F*(G) = F(G)E(G) and call F*(G) the generalized Fitting subgroup
of G. The following is one of the most significant properties of F™*(G). For a group G and
a subgroup H of G, denote by C(H) the centralizer of H in G.

Proposition 2.9 ([45, Theorem 6.11]). For any finite group G, we have
Ce(F*(G)) < F*(G).

An action of a group G on a set 2 is a homomorphism from G to the symmetric group
Sq on €. We denote by ®(G) the Frattini subgroup of G, that is, the intersection of all max-
imal subgroups of G. Note that for a prime p, O, (G) is a p-group and O, (G)/®(0,(G)) is
an elementary abelian p-group. Thus, O, (G)/®(O,(G)) can be viewed as a vector space
over the field Z,. The following lemma considers a natural action of a group G on the
vector space O,(G)/P(0,(G)).
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Proposition 2.10 ([50, Lemma 2.9]). For a finite group G and a prime p, let H = O,(G)
and V. = H/®(H). Then G has a natural action on 'V, induced by conjugation via ele-
ments of G on H. If Cq(H) < H, then H is the kernel of this action of G on V.

Let a group 7" act on two sets €2 and ¥, and these two actions are equivalent if there is
a bijection A: €2 — X such that

(e = (oM forallav € Qand t € T.

When the two actions above are transitive, there is a simple criterion on whether or not
they are equivalent.

Proposition 2.11 ([13, Lemma 1.6B]). Assume that a group T' acts transitively on the two
sets Q) and 3, and let W be a stabilizer of a point in the first action. Then the actions are
equivalent if and only if W is the stabilizer of some point in the second action.

For a group G and two subgroups H and K of G, we consider the actions of G on the
right cosets of H and K by right multiplication. The stabilizers of Hz and Ky are H” and
K'Y, respectively. By Proposition 2.11, these two right multiplication actions are equivalent
if and only if H and K are conjugate in GG.

3 Automorphisms of bipartite bi-p-metacirculants

Let I' v be the quotient graph of a graph I" with respect to N < Aut(T"), that is, the graph
having the orbits of IV as vertices with two orbits Oy, Oy adjacent in I'y if and only if
there exist some v € O and v € O3 such that {u, v} is an edge in I'. Denote by [O4] the
induced subgraph of I by O1, and by [O1, O3] the subgraph of [O; U O3] with edge set
{{u,v} € E(T) |u € O1,v € Os}.

Proof of Theorem 1.1. Let G a non-abelian metacyclic p-group of order p™ for an odd
prime p and a positive integer n, and let I' be a connected bipartite bi-p-metacirculant over
G. Set A = Aut(T"), and let G € Syl (A), where Syl,,(A) is the set of Sylow p-subgroups
of A. To finish the proof, it suffices to show that G < A.

Let Wy and T, be the two parts of the bipartite graph I". Then {W;, W7} is a complete
block system of A on V(T') with |[Wp| = |Wy| = |G| = p™. Let A* be the kernel of A on
{Woy, W1 }, that is, the subgroup of A fixing Wy and W, setwise. Then A* <A, A/A* < Zs
and Syl,(A) = Syl,(A*). It follows that G € Syl,(A*). Noting that |G| = p", we have
p™ | |A] and p"*! f |A|, that is, p" || |A|. The group G has exactly two orbits, that is,
Wy and Wi, and G is regular on both W, and W;. By Frattini argument [30, Kapitel I,
7.8 Satz], A* = GA* forany u € V(T'), implying that A% is a p’-group. Clearly, A,, = A¥,
and so A, is also a p’-group.

Let K be the kernel of A* acting on Wy. Then K < A for any v € Wy, and K < A*.
The orbits of K on W7 have the same length, and so it is a divisor of p”. It follows that if
K # 1thenp ‘ | K|, which is impossible because A is a p’-group. Thus, A* acts faithfully
on Wy (resp. W1). Since Sylow p-subgroups of A are conjugate, every p-subgroup of A is
semiregular on both Wy and W;.

Claim 1. Any minimal normal subgroup /N of A* is abelian.
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We argue by contradiction and we suppose that [V is non-abelian. Then N = T} x - - - X
Ty, with k > 1, where T; = T is a non-abelian simple group. By Proposition 2.5, p ‘ |N|
and so p | |T;| for each 1 < i < k. Since G € Syl,,(A*), we have G N N € Syl,(N), and
hence GNN = Py X --- X P, for some P; € Sylp(Ti), where P; # 1 foreach 1 <1 < k.
Since G is metacyclic and G N N < G, G N N is metacyclic and this implies k£ < 2.

Set = {T1,...,T;} and write B = N 4« (7T}). Considering the conjugation action
of A* on ), we have B < A* as k < 2, and hence A*/B < Sy, forcing B < A*. Thus,
Syl,(B) = Syl,(A*) and so B is transitive on both Wy and 7.

Let I'r, be the quotient graph of I" with respect to 7;. Since T} < B, all orbits of T}
on Wy have the same length, and the length must be a p-power as |Wy| = p™. Since each
p-subgroup is semiregular, this length is the order of a Sylow p-subgroup of 7. Similarly,
all orbits of 77 on W; have the same length and it is also the order of a Sylow p-subgroup
of Ty. Thus, V(I'py ) = {Aq, ..., As, AL, ..., ALY, the set of all orbits of Ty, with W =
Ay U---UAgand Wy = A U--- U A’ Furthermore, for any 1 < ¢,5 < s we have
|A;] = |A;| = p™ for some 1 < m < n, and hence s = p"~ ™. Since 17} < B, B has a
natural action on V(I'y ) and let K be the kernel of this action. Clearly, 77 < K. Recall
that p { |A,| for any w € V(I"). Then p t |(11),]. and by Guralnick [28, Corollary 2], T7 is
2-transitive on each A; or AL. Since p™ || |A*|, we have p™ || | B|, implying that p™ || | K].
Since (77 )., is a proper subgroup of T} of index p-power, Proposition 2.7 implies that either
Ty = PSL(2,8) with p™ = 32, or p | Out(7})|. To finish the proof of Claim 1, we will
obtain a contradiction for both cases.

Case 1. T} = PSL(2,8) with p™ = 3%
In this case, |A;| = |A%| = 9. If s = 1 then |G| = p™ = 37, contradicting that G is

non-abelian. Thus s > 2 and s = 3"~ 2. By Atlas [12], PSL(2, 8) has only one conjugate
class of subgroups of index 9, and by Proposition 2.11, 77 acts equivalently on A; and A;-.

L [l
o ozg-Q
Qipm Qjpym
A Al
Figure 1: The subgraphs [A;, A%].
Set A; = {ay1, g, .., aig} and A = {aj, oy, ..., g} for 1 < 4,5 < 3772

Recall that 77 is 2-transitive on A; and A;. Since T} acts equivalently on A; and A/, by
Proposition 2.11, we may assume that (T1),,, = (Tl)a;Z forany 1 < i,5 < 3”2 and
1 < ¢ < 32. The subgraph [A;, A'] is either a null graph, or one of the three graphs in
Figure 3 because (T1)q,;, = (T1)a;£ acts transitively on both A; \ {ave} and A\ {a, }.
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The three graphs have edge sets {{ai¢, o/, } | 1 < € < 32}, {{ov, o} | 1 < k0 < 3%}
or {{air, afj} | 1 <k, 0 < 3,k # (}, respectively.

For any g € Sy, define a permutation o, on V(I') by (a;¢)?? = ;s and (a;[)”g =
a;-@q forany 1 < 4,7 < 3" 2and 1 < ¢ < 32. Then o, fixes each A; and A;, and
permutes the elements of A; and A;- in the ‘same way’ for each 1 < i,5 < 3"~2. Since
[A;, A;] is either a null graph, or one graph in Figure 3, o4 induces an automorphism of
(A, Al forall 1 < 4,5 < 3"72. Also o, induces automorphisms of [A;] and [A] for
all 1 < 4,7 < 3" 2 because [A;] and [A/] have no edges (I is bipartite). It follows that
og € Aut(T"). Thus, L := {0, | g € So} < Aut(T') and L = S.

Clearly, L < A*. If L £ B, there exists x € L such that T} # T3, and hence
N = Ty x Ty with k = 2 and T = T3, which implies that 77 and 75 have the same
orbits because x fixes each orbit of 77, contradicting that Sylow p-subgroups of N are
semiregular. Thus L < B. Recall that K is the kernel of B acting on V(I'r,) and 3% =
p™ || |K|. Since L fixes each orbit of Ty and 3% | |L|, we have L < K and 3 | |K|, a
contradiction.

Case 2. pt|Out(Ty)].

Since B/T1Cp(T1) < Out(T1), we have p™ || |T3Cp(T1)|. Since T} is non-abelian
simple, T} N Cp(T1) = 1 and hence T1'Cp(Ty) = Th x Cp(Th). If p ‘ |Cg(T1)], then
G is conjugate to Q1 x Q2, where Q1 € Syl,(T1) and Q2 € Syl (Cp(T1)). Since G is
metacyclic, G can be generated by two elements, and since G is a p-group, any minimal
generating set of GG has cardinality 2. It follows that both ()1 and Q5 are cyclic, and so
G is abelian, a contradiction. Thus, p t |Cp(T})| and hence p™ || |T1|, forcing s = 1.
Furthermore, Wy = A;, W, = A} and T is 2-transitive on both W, and W;. Note
that (71),, is proper subgroup of T; of index p™. Since G is a Sylow p-subgroup of A of
order p™, all Sylow p-subgroups of 77 are also Sylow p-subgroups of A, and so they are
isomorphic to GG. Without loss of generality, we may assume G < Tj. By Proposition 2.4,
T, = PSL(2,11), My1, Mas, PSU(4,2), A,n, or PSL(d, ¢) with % =ptandda
prime.

Suppose T} = PSL(2, 11), M1, or My3. By Proposition 2.4, |Wy| = |W;| = 11, 11 or
23 respectively, and hence |G| = 11, 11 or 23, contradicting that G is non-abelian.

Suppose 17 = PSU(4, 2) or A,~. For the former, 77 has one conjugate class of sub-
groups of index 27 by Atlas [12], and for the latter, T} has one conjugate class of subgroups
of index p™. By Proposition 2.11, T} acts equivalently on W, and W7, and since I is con-
nected, the 2-transitivity of 77 on Wy and Wy implies that I' & Kp,n pn or Kpn pn — p" K.
Then A = S, 1Sy or Sy X Zs respectively. Since G is non-abelian, we have n > 3, and
so p"*1 | |Al, a contradiction.

Suppose 71 = PSL(d, q) with % = p" and d a prime. By Proposition 2.6, T}
q’—1
q—1)(g—1,d

(¢ —1,d) = d. Note that (¢ — 1, d) ‘ qqd:11’ If (g—1,d) =dthend =pandp | (¢ —1).
2

has a cyclic subgroup of order 0 - Since d is a prime, either (¢ — 1,d) = 1 or

N U MUES B UES LS RTNYER

Since p > 3 and p? | (¢ — 1)(q — 1), we have p

(a—1)(g,d)
p"*! | |T1|, a contradiction. If (¢ — 1,d) = 1 then T} has a cyclic subgroup of order
% = p", contradicting that G is non-abelian. This completes the proof of Claim 1.

Claim 2. C4-(0,(A%)) < 0,(A4%).
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Suppose that D is a component of A*, that is, a subnormal quasisimple subgroup of
A*. Then D = D' and D/Z(D) = T, a non-abelian simple group. By Proposition 2.5,
D has a proper subgroup C' of p-power index and Z(D) is a p-group. Since |D : C| =
|D : CZ(D)|-|CZ(D) : C|, we have that |D : CZ(D)]| is a p-power. If D = CZ(D)
then D = D’ = C’, contradicting that C' is a proper subgroup of D. Thus, CZ(D) # D.
Since |D/Z(D) : CZ(D)/Z(D)| = |D : CZ(D)|, we have that D/Z(D) has a proper
subgroup CZ(D)/Z(D) of p-power index. By Proposition 2.7(1), p { |M (D/Z(D))| and
hence p t |Z(D)|. Since Z(D) is a p-group, we have Z(D) = 1 and so D = T'. Recall
that E(A*) is the product of all components of A*. Then D < E(A*) and since D = T,
D is a direct factor of E(A*). Clearly, D* is also a direct factor of E(A*) for any a € A*.
It follows that A* contains a minimal normal subgroup which is isomorphic to 7¢ with
€ > 1, contradicting Claim 1. Thus, A* has no component and E(A*) = 1. It follows that
the generalized Fitting subgroup F'*(A*) = F(A*). By Proposition 2.5, O,/ (A*) = 1 and
hence F*(A*) = O,(A*). By Proposition 2.9, C 4+ (0, (A4*)) < O,(A*), as claimed.

Now we are ready to finish the proof. Since |A : A*| < 2 and G has no subgroups of
index 2, we only need to show G < A*.

Let H = O,(A*). By Claim 1, H # 1. Write H = H/®(H) and A* = A*/®(H).
Then O,(A*/H) = 1and H < G as G € Syl ,(A*). By Claim 2 and Proposition 2.10,
A*/H < Aut(H). Since G is metacyclic, H = Z,, or Z;, X Z,.

Assume H = Zy,. Then A*/H < Z,_1,and G = H < A*, as required.

Assume H = Z, X Z,. Then A*/H < GL(2,p). If pt |A*/H| then G = H < A*, as
required. To finish the proof, we suppose p | |A*/H| and will obtain a contradiction.

Since p | |GL(2,p)|, we have p || [A*/H]|, and since Syl,(SL(2,p))
Syl,(GL(2,p)), we have Syl,(A*/H) C Syl ,(SL(2,p)). Note that A*/H - SL(2, p)
GL(2,p). Thenp || |A*/H-SL(2, p)| and sop | [(A*/H)NSL(2,p)|. Since O,(A*/H) =
1, A*/H has at least two Sylow p-subgroups, and hence (A*/H) N SL(2, p) has at least
two Sylow p-subgroups, that is, (A*/H) N SL(2, p) has no normal Sylow p-subgroups. By
[44, Theorem 6.17], (A*/H) N SL(2,p) contains SL(2, p), that is, SL(2,p) < A*/H <
GL(2,p). In particular, the induced faithful representation of A*/H on the linear space H
is irreducible, and hence H is a minimal normal subgroup of A*.

Recall that A* < A and H = O,(A*), which is characteristic in A*. Then H < A,
and since ®(H) is characteristic in [, we have ®(H) <J A. Let I'g(g) be the quotient
digraph of I' relative to ®(H ), and let L be the kernel of A acting on V' (I'g(z)). Clearly,
Lg(m) is bipartite. Furthermore, L < A, L < A*, ®(H) < L and L = ®(H)L, for
any u € V(I') because both ®(H) and L are transitive on the orbit of ®(H) containing
u. Since ®(H) < G, ®(H) is semiregular on V(T'), and hence ®(H) N L,, = 1. Since
p1|Aul, Ly is a Hall p'-subgroup of L. Since ®(H) < L and ®(H ) € Syl (L), the Schur-
Zassenhaus Theorem implies that all Hall p’-subgroup of L are conjugate. By Frattini
argument [30, Kapitel I, 7.8 Satz], A = LN4(L,) = ®(H)L,Na(L,) = ®(H)N4(L,)
and H=HNA=HN(®(H)NA(Ly,)) = P(H)(HNN4(Ly)). Since Frattini subgroup
is generated by nongenerators (see [30, Kapitel III, 3.2 Satz]), H = ®(H)(H N Na(Ly))
if and only if H = H N N4(L,,), thatis, H < N4(L,,). It follows that A = N4(L,,),
that is, L, < A. By taking u € Wy, we have L, = L, for any v € Wy because A is
transitive on Wy, and since A* acts faithfully on Wy, we have L, = 1. It follows that
L = ®(H), that is, the kernel of A acting on V(g sr)) is ®(H). Thus A = A/®(H)
is faithful on V' (I'g(f7)), and then A~ is faithful on each of the parts of V(L)) that is,

VAl
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A* is a transitive permutation group with p-power degree (the cardinality of each part of
V(Taom)))-

Since A*/H = A*/H, we have SL(2,p) < A*/H < GL(2,p). Write R/H =
Z(A*/H). Then R < A* and 1 # R/H is a p'-group. Since H < R and H € Syl (R),
the Schur-Zassenhaus Theorem [44, Theorem 8.10] implies that there is a p’-group V < R
such that R = HV and all Hall p’-subgroup of R are conjugate. Note that V # 1. By
Frattini argument [30, Kapitel I, 7.8 Satz], A* = RN5=(V) = HN5=(V). Since H is
abelian, H N N-=(V') < A*, and by the minimality of H, we have H N No(V) = H or
1. If HN No=(V) = H then H < N=(V) and A* = HN5(V) = N=(V), that is,
V < A*. This implies that O,/ (A*) # 1, contradicting Proposition 2.5. If HNNo(V) = 1
then A* = HN4=(V) implies ASL(2,p) < A* < AGL(2,p) as SL(2,p) < A*/H <
GL(2,p). It follows that a Sylow p-subgroup of A* is not metacyclic. On the other hand,
since both normal subgroups and quotient groups of a metacyclic group are metacyclic, any
Sylow p-subgroup of A* is metacyclic because each Sylow p-subgroup of A* is metacyclic,
a contradiction. This completes the proof. O

4 Edge-transitive bipartite bi-p-metacirculants

A connected edge-transitive graph should be semisymmetric, arc-transitive or half-arc-
transitive. In this section, as an application of Theorem 1.1, we prove that there are no con-
nected arc-transitive or semisymmetric bipartite bi-p-metacirculants with valency less than
p. Furthermore, we classify the connected half-arc-transitive bipartite bi-p-metacirculants
with valency less than 2p.

Let G be a group and let R, L and S be subsets of G such that R = R~!, L = L1,
1 ¢ RULand 1 € S, where 1 is the identity of G. Let BiCay(G, R, L, S) be the
graph having vertex set the union of the right part Wy = {go | g € G} and the left part
W1 = {g1 | g € G}, and edge set the union of the right edges {{ho, g0} | gh=* € R},
the left edges {{h1, g1} | gh~* € L} and the spokes {{ho, g1} | gh~! € S}. For g € G,
define a permutation § on V(T') = Wy U W by the rule

W9 = (hg);, Vi € Zy, h,g € G.

It is easy to check that § is an automorphism of BiCay(G, R, L, S) and G = {j | g € G}
is a semiregular group of automorphisms of BiCay(G, R, L, S) with two orbits W, and
Wi. Thus, BiCay(G, R, L, S) is a bi-Cayley graph over G, and BiCay(G, R, L, S) is also
called a bi-Cayley graph over G relative to R, L and S. Furthermore, BiCay(G, R, L, S)
is connected if and only if G = (R U L U S), and BiCay(G, R, L, S) = BiCay(G, R?,
L%, S%) for any 6 € Aut(G).

On the other hand, if I is a Bi-Cayley graph over G then I" = BiCay(G, R, L, S) for
some subsets R, L and S of G satisfying R= R\, L=L"',1¢ RULand1€ S.

For 6 € Aut(G) and z,y, g € G, define two permutations on V (BiCay (G, R, L, S)) =
Wy U Wy as following:

800y ho = (zh?)1, by (yh?)o, Vh € G,
00,91 ho > (h%)0, hy = (gh’)1, Yh € G.
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Set

I := {59@77; | 0 e Aut(G) st. R = x_le7 L = y_lR:U, 5% = y_ls_lx}7
F:={05y|0€Aut(G)st. R* =R, L = g"'Lg, 5° = g~'S}.

The following proposition characterizes the normalizer of G in Aut(T).

Proposition 4.1 ([55, Theorem 1.1]). Ler I' = BiCay(G, R, L, S) be a connected bi-
Cayley graph over a group G, where R, L and S are subsets of G with R = R L=L71
1 ¢ RULand1 € S. If I = 0 then Nywyry(G) = G x F, and if I # (), then

Naw(r)(G) = G(F, 6¢,2,y) for some 6g 5, € 1.

Write N = NAut(p)(G‘). By Proposition 4.1, Ny, = F and Ny,1, = {091 | 0 €
Aut(G)st. R = R, LY = L, S = S}. In particular, F is a group. For the special case
R =L ={,itis easy to see that ' = {0y , | 0 € Aut(G),s € 5,59 =s71S}as1€S.

Lemma 4.2. Let T = BiCay(G, 0,0, S) be a connected bipartite bi-Cayley graph over G
relative to S with 1 € S. Then F = {ag 5 | 0 € Aut(Q), s € S, S = s~1S} is faithful on
S1={s1|se€S} IfGisap-group and F is a p'-group, then F = {0 | 09 s € F}.

Proof. Set L = {0 | 0y }. Since I is connected, G = (S), and since Fy, = {091 | 6 €
Aut(G) s.t. S% = S}, F is faithful on Sy. The group F has operation 0 .05, = 0gs.yus
for any 0¢ 5,05,y € I, and so the map ¢: 0g s — 0 is an epimorphism from F' to L. Let
K be the kernel of ¢. Then 0y 5 € K if and only if § = 1.

(o1,8) _

Let G be a p-group and F' a p’-group. If 01 5 € K for some 1 # s € S, then s,
{51,57,...,5°0)=1 1, } because 17" = s1 and (s} 71)71s = s} for any positive integer [.
Since G is a p-group, o(s) is a p-power and hence p | o(o; ), which is impossible because
F'is a p’-group. Thus, s = 1 and hence K = 1. Since ¢ is an epimorphism from F to L,
we have F' = L. O

By Equation (2.1), Ga g = (a,b | a* = 1, v

O<y<a<fB+n.

=1, b"'ab = a*?") with

Lemma 4.3. In G g ., the following properties hold:

(1) For any non-negative integers i, j, we have a'b? = b’ a'+e7)’

(2) Let 0 € Aut(Gop ) such that a® = b™a™ with (m,p) = 1. Then 3 < a.

Proof. From b~lab = a'*?", we have b~1a’b = a?+?") and hence b7 aibi = qi(1+7P")
Part (1) follows. Since a’ = b™a", we have o(b™a™) = o(a) = p®, and since {a) <G4 5.~
we have (b™a") < Gy g, Then (p,m) = 1 implies G, 5, = (a,b"a™) = (a)(b"a™),
and hence

@)l [ pp®
[(a) 0 {bmam)] ~ lay 0 (bmar)

pa+5 — |G04757’Y| — I S pa 'poz’

thatis, 8 < a. If 8 = «, then [(a) N (b™a")| = 1 and hence G4 5., = (a) x (b"a™),
contradicting that G g ~ is non-abelian. Thus, 3 < « and part (2) follows. O
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A graph T is called locally-transitive if the stabilizer Aut(T"),, for any v € V(T'), is
transitive on the neighborhood of w in V/(T").

Theorem 4.4. There are no connected locally-transitive bipartite bi-p-metacirculants of
valency less than p for any odd prime p.

Proof. Suppose to the contrary that I" is a connected locally-transitive bipartite bi-Cayley
graph of valency less than p over a non-abelian metacirculant p-group G. Since p is odd, the
two orbits of G are exactly the parts of ', and we may assume that ' = BiCay(G, 0,0, S),
where 1 € S, |S] < pand G = (S). Let A = Aut(I"). Since I has valency less than p, A
is a p/-group, and by Theorem 1.1, G < A. Write F = {04, | 6 € Aut(G), S = g~'S}
and L = {0 | 09 s € F'}. By Proposition 4.1, A;, = F, and by Lemma 4.2, F = L.

Assume that G is non-split. By Lindenberg [36], the automorphism group of G is a
p-group. Thus, p | |L| and hence p | | Ay, |, a contradiction.

Assume that G is split. Then G = G g,, as defined in Equation (2.1). Since F' is
a p/-group and F' = L, Proposition 2.1 implies that F is cyclic and |F| | (p—1). Let
|S1| = k and F = (0p), where § € Aut(G), s € S and S¢ = s71S. Since F is
transitive on S1, 0g, s permutes all elements in Sy cyclically, and so 0573 fixes all elements

in S;. By Proposition 4.1, F' is faithful on S7, implying that ag’s = 1. It follows that
09,s has order k and is regular on S;. Since F' = L, 0 also has order k. Furthermore,

S = 1077 = {1y, s (571, (55”8} and 1 = (s 57, that i,
S={1,ss5% .. ss% s }and
ssf .0 = 1. (4.1)

Note that for any 7 € Aut(G), we have I' = BiCay(G, 0,0, S) = BiCay(G, 0,0, S7),
where ST = {1,t,¢t% ... tt? 4@ Y and 19" .. 40" = 1 with t = s™. By
Proposition 2.1, all cyclic groups of order k in Aut(G) are conjugate, and so we may
assume that 6 is the automorphism induced by a — a®, b — b, where e € Z;u has order k.

Let s = bial € Gqop-. By Lemma 4.3, a’b’ = bia’+P")’ and since o’ = a® and
b? = b, we have 557 - - 5% = b¥ ¢ for some € € Zye. By Equation (4.1), b* = 1, that
is, ki = 0 (mod p?). Since k < p, we have i = 0 (mod p”), and hence G = (S) =

(1,a7,ala?®, ... ,a’a?® - a?®" ) < (a), a contradiction. This completes the proof.  [J

Theorem 1.2 is a direct corollary of Theorem 4.4.
To prove Theorem 1.3, we need two technical lemmas on integer numbers.

Lemma 4.5. Let p be an odd prime and « a positive integer. Let e be an element of
order k (k > 2) in L} with k | (p — 1). Then ¢ — 1 € Zya for any 1 < i < k, and
l+e+---+e 1 =0 (mod p®).

Fori € Zy, lett; = (e — 1)1 (e — 1) and T = {t; | i € Zy}, where (e — 1)~ " is the
inverse of e — lin Lya. For x,y € Zpe, let Tx+y ={tx+y |t € T} ThenTx+y =T
in Zpo ifand only if v = €' (mod p*) andy = (e — 1)~"1(e! — 1) (mod p®) for some
l € Zy. In particular, Tx = T in Zpe if and only if v = 1 (mod p®).

Proof. Suppose ¢! — 1 ¢ Zy. for some 1 <4 < k. Then p | (¢ — 1), and since e has order
k, we have €' Z 1 (mod p®) and (e')¥ =1 (mod p®). Furthermore, p | (¢! — 1) implies
that there exist | € Z3. (p{1)and 1 < s < o such that e’ = 1 + Ip®. Note that

(e —1=(1+1Ip*)F —1=klp* + C2(Ip*)* + -- - + CF 1 (Ip*)F 1 + (Ip*)*.
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Since (¢/)* = 1 (mod p®), we have p | kI, and since 2 < k < p, we have p | [, a
contradiction. Thus, p { (e’ —1), thatis, e’ —1 € Z*.. The equation 14+e+- - el =0
(mod p®) follows from (e—1)(1+e+- - -4€*~') = e*~1 =0 (mod p*) and e—1 € Z..

Note that T C Zpe and Tz +y C Zye. Since 1 + e+ -+ e*~1 =0 (mod p®), we
have

dt=(e-1)7" D ("= 1)

teT 1€y
=(e=1)7le=1)+ -+ (= 1)
=—k(e—1)"" € Za.

Assume Tz +y = T in Zye. Then Y, ,(tx +y) = > ,cpt, and hence ky =
(1—2)>,ert=—(1—2)k(e—1)"" in Zye. It follows y = (¢ — 1)~ (z — 1) because
k € Zt.. Then Tz 4 (e — 1)~ (z — 1) = T implies z[T'(e — 1) + 1] = T(e — 1) + 1.
Since T'(e — 1) + 1 = {e' | i € Zy} = (e), we have z(e) = (e) in Zj., thatis, z = ¢!
(mod p®) for some | € Zj,. Furthermore, y = (e — 1)~!(e! — 1) (mod p®).

On the other hand, let z = ¢! (mod p®) andy = (e — 1)"%(e! — 1) (mod p®) for
some [ € Zj. Then in Z«, we have

Te+y={cle—1)" e —1)+(e—1)" e 1) i€z}
=(e—1)"Hel(e! = 1)+ (e = 1) | i € Zy}
=e—1)" e —1]icZy}={(e—1)" e =1)]|icZ}=T.
Thus Tz +y = T in Zye if and only if z = ¢! (mod p®) andy = (e — 1)"1(e! — 1)

(mod p®) for some | € Zj. Applying this with y = 0, we obtain that Tz = T in Zye if
andonly if z = 1 (mod p®). O

Lemma 4.6. Let p be an odd prime and let o,y be positive integers with 0 < v < . Let
e be an element of order k (k > 2) in Zya with k | (p — 1). Then for any m € Zy ., and
any 0 < 0 < k — 1, the following equation in Zpa

f(l+p)m =[1+p)" —a(l—e) “.2)

has a solution if and only if ﬁ | (2 ;1), and in this case, there are exactly two solutions.

Proof. Since e*(1+p?)™ € Zj., Equation (4.2) has a solution if and only if e*(1+p7)™ is
asquare in Zy.. Since Zpa = Zya-1(,_1), squares in Zy. consists of the unique subgroup

of order @po‘*l in Zya, and so Equation (4.2) has a solution if and only if the order
of e/(1 + p?)™ in Zye is a divisor of (”—gl)pafl. Clearly, (1 + p”)™ has order p®~7,
and e’ has order ﬁ. Thus, Equation (4.2) has a solution if and only if ﬁ | (=1 1t

2
e!(1 4+ p?)™ = u? for some u € Zyo then (1 — )~ '[(1 + p?)™ + u] are the only two
solutions of Equation (4.2) in Zpe. O

Now we construct the half-arc-transitive graphs in Theorem 1.3. Let p be an odd prime,
and let «, 3,y be positive integers such that 0 < v < o <  + «. Let e be an element of
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order k (k > 2) in Zy. with k | (p — 1). Choose 0 < ¢ < k such that G e) | (p D Recall
that

Ga,ﬁ,»y = <a,b | apa =1, b:ﬂﬂ =1, bilab _ a1+p~/>.

Let

U={a"|te{(e—1)""(e"—1)|i€ Z}}and
V={p"a"|iec{le—1)" e = 1)A+p)" +en|icZ}},

where m € Z;.,_, and n is a solution of e (1+p)™ =[(1+p")™ —z(1 — €))% Define
I ke = BiCay(Ga g, 0,0,UUYV). 4.3)

By Lemma 4.6, there are exactly two solutions n of equation e‘(1 + p?)™ =
[(1 4+ p?)™ — z(1 — €)]? in Zyo, and so the notation ", . is also written as an koo
as used in Theorem 1.3. We first prove the sufficiency of Theorem 1.3.

Lemma 4.7. The graphs an ko are independent from the choice of element e of order k in
Zyo and half-arc-transitive, and Aut(I'E mke) = (Gapy X L) ZLo.

Proof. Write T' = T2, ,and A = Aut(T). Let T = {(e — 1)7'(e" = 1) | i € Zy}
and 7" = {(e — 1)71(e! = 1) (1 +p")™ +en | i € Z}. ThenU = {a” | n € T}
and V = {b™a" | n € T'}. Furthermore, I' = BiCay(G, 0,0, S) with G = G, 3., and
S =UUV. Clearly, 1 € U and G4 g, = (S), implying that I" is connected. Note that
T'=T[1+p")™" +n(e—1)]+n.

Since e € Zj., any element of order k in Zj. can be written as e? with (¢, k) = 1 and
hence {e’ | i € Zy} = (e) = (e?) = {(e?)" | i € Zp}. By Lemma 4.5, ¢ — 1 € Z. and
el — 1€ Zya. Let

T={(e?=1)" (e —1)|i€Z},

T ={(e?—1)" () = )X +p")™ + (eD)'n | i € Zy},
U={a"|neT}and

V={p"a"|neT}.

It is easy to see that a@ — a7 and b — b induce an automorphism of G, say p.
Then

Ur — {a(e—n(e‘I—l)*l(e—l)*l(ei—l) |i€ Zi}
= {a(eqfl)’l((eq)ifl) lieZyy={a" |neT}=T
and similarly, V* = V. Thus, BiCay(G,0,0,U U V) = BiCay(G,0,0,U U V), that is,
I" is independent from the choice of element e of order k in Zy.. To finish the proof, it

suffices to prove that I' is half-arc-transitive with Aut(I") = (G4 5,y X Zy).Zo.

Claim 1. p{|A4;,]|.
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We argue by contradiction and we suppose p | |A1,]- Let P is a Sylow p-subgroup of
A containing G and let X = N4(G). Then G’ < P, and hence G < Np(G) < X. In
particular, p | |X : G|, and so p | | X1, Let 7 be the automorphism of G induced by
a v+ a®andb— .

First we prove 0., € Xi,. By Proposition 4.1, it is enough to show S™ = a~'S.
Clearly,

U ={a*"|neT}={a"|neTe}and
a'U={a"'|neT}={a"|neT -1}

By taking ¢ = 1 in Lemma 4.5, we have Te = T — 1 and hence U™ = a~U. Similarly,

VT ={b"a" |neT'} ={b"a" |neTe}and
oW ={a"ma" |neT'} = {bma” P g | e T’}
— (e T - (4

By Equation (4.2), (14 p”)™ +n(e — 1) € Z5«, and hence T'e = T' — 1 implies
T[A+p")" +nle—1]et+ne =T[1+p")" +nle -] +n—(1+p")™.

Since T/ = T[(1 + p")™ + n(e — 1)] + n, we have T"e = T — (1 + p?)™, that is,
V7™ =a V. It follows that S™ = ¢~ 1S, as required.

SetU; = {us |ue UL Vi ={{vy |veV}iandS = {s; | s € S}. Then
U, = 1§UT’Q> and V] = (bma”)§07"L>. Since 0, € Xi,, either X, has two orbits of
length k on S, or is transitive on S;. By Lemma 4.2, X, acts faithfully on S;, and since
D ’ | X1,|, any element of order p of X, has an orbit of length p on S;, implying that

X1, is transitive on S as k < p. From |X1,| = [X1,1,] - |1f1°| = |X1,1,] - 2k, we
have p | [X1,1,]. By Proposition 4.1, X1,1, = {091 | 0 € Aut(G)s.t. S% = S}. Let
091 € X1,1, be of order p with § € Aut(G). Then  has order p and S? = S. Recall that
k> 2.

Assume k > 2. Sincea € S, wehavea? € S = S = U UV. If ¢ € V then
a? = b™a’ for some i € T'. Note that a'1¢ € S as k > 2. Since m € Z;a_w, we have
(m,p) = 1, and by Lemma 4.5, (p,1 + ¢€) = 1. Then (a'*¢)? = (b™a?)'** € V, and
considering the powers of b, we have m(1 + ¢) = m (mod p?), thatis, e = 0 (mod p?).
It follows that p | e, contradicting that e € Z*.. Thus, a’ € U, and hence, o’ = a’
for some j € T. If a® # a then a]*" = {ay,af,...,a!" '} is an orbit of length p of
0g,1 on Sq, which is impossible because there are exactly k& < p elements of type a’ in
S. Thus, ¢’ = a and 6 fixes U pointwise. Furthermore, 6 also fixes V' pointwise because
|V| = k < p. It follows that # = 1 as G = (S}, and s0 0¢,; = 1, a contradiction.

Assume k = 2. Thene = —1 (mod p®) and

Sl = {11, ay, (bma")l, (bma(l—"_pv)”yL_n)l}.

Since 17”" = 17 and p > 3, 0y ; has order 3 and we may assume that a{”" = (b™a"),
(bman)llfe,l _ (bma(1+p7)m7n)1 and (bma(1+p7)mfn)<179,1 = aj (replace 00,1 by gg’l if
necessary), that is, a’ = ™a", (b™a™)? = a1 TP = and (Ha(1HP)T )0 = g,
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By Lemma 4.3, 8 < «. It follows that

a = (bma TP )0 = [(pm )P 200
— bma(ler'Y)mfn(bman)(ler“’)”Lon’
and so 0 = m + m[(1 + p?)™ — 2n] (mod p?). Thus, p | (1 — n), which is impossible

because otherwise p® = o(a?”) = o(bma(1+P)" 1) < pe.
Summing up, we have proved p { | Ay, |, and this completes the proof of Claim 1.

By Claim 1, Ay, is a p’-group, and by Theorem 1.1, I" is normal. By Proposition 4.1,
Ay, = X1, = F = {0ps | 0 € Aut(G),s € S,5% = 5715}, and by Lemma 4.2,
F = L < Aut(G), where L = {0 | 095 € F'}. By Proposition 2.1, F'is cyclic, and since
0ra € Ay, F is transitive on S; or has two orbits. By Lemma 4.2, F' is faithful on S,
and since F is cyclic, either F is regular on Sy, or F' = (0, 4).

We suppose that F' is regular on S7 and will obtain a contradiction. Note that F' = Zoj
and |F' : (074)| = 2. Then (0, ,) < F, and the two orbits U; and V; of (o, ,) consist of
an imprimitive block system of F" on S;. By the regularity of F, there exists oy s € F such
that 17%° = (b™a™);, implying that s = b™a™ and S = s71S = (b™a") 19, and hence
U/%® = Vi because 1; € U; and (b™a"); € V;. It follows that o’ € (b™a™)~1V. Ttis
easy to see that

(bma")flS _ (bman)flU U (bman)fl‘/,
where
(bman)flU — {(bman)flan | ne T} — {bfma*"(lﬂpr)*m%»n | ne T}
={b""a" |neT —n(l+p”) ™} and
(bman)—lv _ {(bman)—lbman | ne T/}
={a " |neT}={a"|neT —n}.
Since 7" = T[(1 + p?)™ + n(e — 1)] + n, we have
(b"a™) "V =A{a" [ € T[(1+p")™ +nle - 1]}

Let @’ = a" € (b™a™)~'V for some r € T[(1 + p?)™ + n(e — 1)]. Since p® =
o(a?) = o(a"), we have r € Z.. Note that

Ul ={a" |neT}={a"|neTr} C (®ma")" V.

Then
Ul = (b™a™)"'V = {a" | n e T[(1+p")" +n(e—1)]},

andsoTr =T[(1+p")™ +n(e—1)]in Zpe. By Lemma 4.5, r = (1+p7)™ +n(e —1).
Since S? = (b™a™)"1S = (b™a™) U U (b™a™) "'V, we have V? = (b™a™)"1U.
In particular, (b™a™)? = b~™at for some t € T — n(1 + p?)~™. Forn € T", since

(bman)Q — [(bman)a'r]—n]Q — b—matav'(n—n) — b—mar'q—v"n-l—t7
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we have

{b™™a" | neT —n(l+p")~ "}
_ (ma) U = VO = () | e T)
={bma" " e T ={b"™a" |n€T'r —rn+t}.

This implies that

T—n(l4+p")™ ™
=Tr—rm+t=Tr[(1+p")" +nle—1)]+rn—rn+t
= Tr[(14p")" +ne = D]+t =T[(1+p)" +nle -1 +1

in Z,«. By Equation (4.2), /(1 + p)™ = [(1 + p?)™ + n(e — 1)]2. It follows that
T—n(l+p") "™ =Te1+p")™ +t,

and hence

T=Te1+p)™ +t+n(l+p))"™
By Lemma 4.5, there exists £/ € Zj such that e/ = e‘(1 4+ p?)™ (mod p®), that is,
e’ =t = (14 p")™ (mod p*). Since e is an element of order k, we have (1 + p7)™* =1
(mod p®) and since (mk, p) = 1, we have p” =0 (mod p®), implying that v > «, which
is impossible because 0 < v < a.

Thus, A1, = F = (0r,4) = Zg. Since Ay, has two orbits on Sy, thatis Uy and V4, T’
is not arc-transitive. To prove the half-arc-transitivity of I', we only need to show that A is
transitive on V' (I') and E(T"). Note that 1; € U; and (b™a"™); € V;. By Proposition 4.1, it
suffices to construct a A € Aut(G) such that

Sxpmar1 € I ={6x0y | A € Aut(G), S* =y 1S 'z},

that is S* = S~1b™a™, because (1g, 11)%*vmem 1 = ((b™a™)y, )
Letpy = —(1+p)™ —n(e—1)and v = —(e — 1)"1u? — (e — 1)~ p. Then
uw+1+n(e—1)=0 (mod p”) and hence

v—pn=—(e=1)""p? —(e—1)"\p—pn
=—(e—1)"tup+1+ne—1)]=0 (mod p?).

By Proposition 2.2, o(b™a”~#") = p®. Denote by m~! the inverse of m in Z,5. Then
(b™a=+nym ™" = pac for some € in Zye, and it is easy to check that a# and (b™a¥—Hm)™ "
have the same relations as do @ and b. Define A as the automorphism of G induced by
ars at, b (bma?=rm)m ' Clearly, (b™) = bma?—Hn,

Note that S = U U V. First we have

A={a"[neT}={a"|neTu}and
V=homa™ = {(0™a") e | n e T}
={a ™" |neT'}={a"|ne-T +n}.
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Recall that 7/ = T[(1 + p*)™ + n(e — 1)] + n = =T + n. Then
~T'+n=Tu—n+n="Tu,

and so U* = V= 1p™a.
On the other hand,
VA= (07 | € T') = (e e |y € T')
={b™a" |neT' u—pun+v}and
U '™a" = {(a") " '0™a" | ne T} = {bmafn(”p
={b"a" |ne-T(A+p")™ +n}.

'y)wn

" neT}

To prove VA = U~'b™a™, we only need to show 'y — pun + v = —T(1 +p?)™ + nin
Zye, which is equivalent to show that T'(1+p7)™ = Tu? — v +nbecause T = —Tp+n.
By Equation (4.2),

(L+p)™ =[(1+p)" —n(l —e)]? = 4’
and by Lemma 4.5, T = Te* + (e — 1)~!(e* — 1). It follows
T(L+p")"™ =Te (1+p")" + (e~ 1)1 (" = 1)(L+p")"
=Tp + (e~ 1)~ — (L+p")"].
Note that
—v4n=€-1)"p+e-1)"tu+n
=(e— D)7 +ptnle—D]=(e—1)7 [ = 1+p)"].
Then T'(1 + p¥)™ = Tu? — v + n, and hence V* = U~ 1b"a".
Thus, S* = U U V> = V- 1pmgn U U 1p™ma™ = S—1p™a™, and so T is half-arc-

transitive.

Let A* be the subgroup of A fixing the two parts of I setwise. Then A = A*.Z5. Since
Ai, & Zyj and T is normal, we have A* = G x Zj, and hence A = (G X Zy,).Zs. O

Now we prove the necessity of Theorem 1.3.

Lemma 4.8. For an odd prime p, let I be a connected bipartite half-arc-transitive bi-p-
metacirculant of valency 2k (k < p) over G. Thenk > 2, k | (p — 1), G = G4 3,4 and

= Fi,k,é’ where m € Zr, ., and 0 < ¢ < k with ﬁ (pgl).

Proof. Clearly, the two orbits of G are exactly the two parts of I'. Then we may assume
that ' = BiCay (G, 0,0, S), where 1 € S, |S] < 2pand G = (S). Let A = Aut(T).

Since I' is half-arc-transitive, I' has valency at least 4, that is, k& > 2, and A, has
exactly two orbits on S; = {s1 | s € S}, say Uy and V4 with 1; € Uy, where U and V
are subsets of G with 1 € U. Then S = UUV, |U| = |V| = k > 2 and |S| = 2k.
Since k < p, the Orbit-Stabilizer theorem implies that A, is a p’-group. By Theorem 1.1,
G < A, and by Proposition 4.1, Ay, = F = {09, | § € Aut(G),s € S,8° = s71S}. By
Lemma 4.2, Ay, is faithful on S7,and F = L := {0 | 09 s € F}.
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Suppose that G is non-split. By Lindenberg [36], the automorphism group of G is a
p-group. Thus, p | |L| and hence p | |A4,], a contradiction.

Thus, G is split, namely G = G, g+, as defined in Equation (2.1). By Proposition 2.1,
F is a cyclic subgroup of Z,_1, and hence F' = (o, s) for some § € Aut(G) and s €
S with S? = s71S. Then 09,5 has order k and (op ) is regular on both U; and V4.
Furthermore, Ay, = F = (0¢,s) = Zs,

U, = 1§ag,5> = {14, s1, (559)1, e (559 e sek_2)1}, and

; 2 k=2 pk—1
‘/1 :t§0975> = {tlv(Ste)la(ssete )1a'~'7(380“'56 te )1}

with (ss? -+ s ") =1y forany ¢ € V. It follows
U={1,s,s5° ..., 5. ~59k_2} and
V = {t,st’, 859t92, oo, ss? sekfztekfl}.

In particular, k | (p — 1), 6 has order k, and
ssf .0 = 1. (4.4)

By Proposition 2.1, we may assume that 6 is the automorphism induced by a — a®,
b+ b, where e € Z;. has order k.

Let s = bia/ and t = b™a" with i,m € Z,s and j,n € Zya. Since s* = bia®, we
have ss? - -- 59" = bFig¢ for some ¢ € Zyo. By Equation (4.4), b = 1, that is, ki = 0
(mod p?). Since k < p, we have i = 0 (mod p”), and hence s = a. Since

ssf .0 = gigie. .. qie T = gilem TN,
we have
U=1{1,a,a’a’°,... a7 a’®" --ajekd} = {aj(e_l)fl(ei_l) | i € Zy}.
By Lemma 4.3,
qile= D7 e =Dpm _ bmaj(efl)’l(eifl)(1+pw)”l’
and since (b’”a”)ei — b ", we have
V= {aj(efl)_l(eifl)(bman)ai | ie Zk}
- {bmaj(efl)*‘(e’él)(1+p")’"+ein i€ Z).
By the connectedness of I', G = (S) = (UUV) < (a?,a™,b™), forcing G = (a?, a™,b™).
It follows that p { m and som € Z7,.
Since I is half-arc-transitive, Proposition 4.1 implies that there exists 0y , , € I such
that (1o, 1;)%=v = ((b™a™)1, 1p) with A € Aut(G) and S = y~'S~'x. In particular,

(b™a™); = 13“”‘ =gz, and 1o = 1‘15*’”’ = 1. It follows that z = b™a", y = 1 and
SA = §—pmgn = U—1pman U V1™ g, Furthermore,

U—lbman = {a_j(e_l)il(ei_l)bman | (RS Zk}
= {pmg eV THED AT 40 | e 7,1
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and since

(Bmaie DT D) ety Sgm g =i(e=1) T (1) () n (1)

)

we have , _
Volpman = {o I em DTN (e | e 7,3,

Suppose p | j. Since G = (a’,a™,b™), we have p { n and p { m. By Proposition 2.2,
every element in both V and U~'0™a" has order max{p®, p®}. Clearly, every element in
U has order less than p®, but the element ¢—7(1+P")"+n(1=¢) ¢ Y =1pmgn hag order p®
because p { (1 — e) by Lemma 4.5. This is impossible as A € Aut(G) and (U U V)* =
S* = §=1pma™ = U~ tb™ma™ U V—16™a". Thus, p 1 j.

Now, there is an automorphism of G mapping a’ to a and b to b, and so we may assume
j = 1and s = a. It follows that

U={a"|neT}, (4.5)

where T = {(e — 1)"Y(e? = 1) | i € Z};

V={t"a"|neT}, (4.6)
where 77 = {(e — 1) (e! = 1)(1 +p")™ +e'n | i € Zy}.
As
(e— 1) (=)L +p)" +en
=[(e—1)7"(e' = DI +p")™ +nle = 1)] +n,
we have
T =T[14p")" +n(e—1)] +n. 4.7)
Since

—(e=D)7He' =D +p)" +n=[le-1)7 e = DI[-(1+p")"] +n
and
—(e=1)7 ' =) +p)" +n(l-¢)
=[le—1) e = D][-(1+p)" +n(1l -e)],

we have
U™ "ma™ = {b™a" | n € T1}, (4.8)

where 77 = T[—(1 +p")™] + n;
Vma™ = {a" | n € T)}, 4.9)

where T] = T[—(1 4+ p7)™ + n(1 — e)].
Noting that T, 7", Ty, T| C Zpa, we have U, V, U~ *b™a™, V= 1b™a™ C G.

Claim 1. ¢* € V-1pman.



Y.-Q. Feng and Y. Wang: Bipartite edge-transitive bi-p-metacirculants 611

Suppose to the contrary that a* ¢ V~1b™a™. Since a* € S* = U~1b"a"UV ~1b"a",
we have a* € U~'b™a™, that is, a* = b™a* for pn € T;. By Lemma 4.3, 3 < «. Recall
k> 2.

Let k > 2. Then a'*® € U and (a!™¢)* = (b™ma*)!*t¢ € U~1b™a™. Note that p { m
and by Lemma 4.5, p 1 (1 + ¢). Considering the power of b of (b™a*)! ¢ and elements
in U='b™a", we have m(1 + ¢) = m (mod p”) and so e = 0 (mod p?), contradicting
e € ZLyo.

Letk =2.ThenT = {0,1} and e = —1 (mod p*). By Equations (4.5) and (4.6),

S = {1,a,bma”,bma(1+pw)m_”},
and by Equations (4.8) and (4.9),

S—lbman = {1,a_(1+p7)m+2n’ bman7bma’_(1+p'y)m+n}.

Note that a* € U™1b™a™ = {b™a™, b™a~ P " Hn},
Case 1. ¢ = b™a™.
As S* = S~1p™a™, it is easy to see that
((bm@n)k, (bma(l*"pw)m*n)k)
= (a7 AP = (P op (pmg = (P

— Yym
a—(+P") +2n).

For the former,
pmg— (P4 (bma(lﬂrﬂ)mfn)A — [(bman)a(lﬂﬂ)mf%]A
= a—(1+P”)m+2n(bman)(l-%p”)m—?n’
implying that m = m[(1 + p?)™ — 2n] (mod p?), and since p { m, we have p | n. This

is impossible because otherwise p* = o(a*) = o(b™a™) < p® (3 < «). For the latter, we
can verify that

a_(1+p’7)7n+2n — (bma(1+p“r)m_n))\ _ [(bma")a(l""pw)m_zn])‘
_ bmaf(ler'Y)ern(bman)(1+p'y)mf2n.
Thus, 0 = m~+m[(1+p”)™—2n] (mod p?), and hence p | (1—n), but it is also impossible
because otherwise p® = o(a) = o(b™a") = o((b™a™)*) = o(b™a~1+P)"+n) < po,
Case 2. a* = bmq~ (1P 1,
In this case, we have
(B™a™), (B aIFPT) TN
_ (a—(1+p7)7"+2n7 bman) or (bman, a—(l-&-p”)m—f—Qn).
For the former,
bar = (bl < (a0

_ a_(1+p’Y)7rL+2n(bma_(1+p’v)77L+n)(1+p7)n1,_2n7
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implying m = m[(1 + p?)™ — 2n] (mod p?), and since p { m, we have p | n. By
Proposition 2.2,

O(bma7(1+p7)m’+n) _ O(bma(lﬂﬂ)’“n)
= max{o(a!" 7" ") = o(a” DT o(0™)},
and it follows that
p* = o(a?) = o(b™aIHPTHNY = o(pma(1TPT)T 1
= o((0™al P IMA) = o(b™a) < p®,
a contradiction. For the latter,
q—(+P")"+2n (bma(lﬂn”)mfn)/\ — [(bman)a(ler”)mon}/\

= b (hmg AP ) (P =2

Thus, 0 = m + m[(1 + p?)™ — 2n] (mod p?), and hence p | (1 — n), but it is also
impossible because otherwise p® = o(a*) = o(b™a~(1+P")"+7) < p* This completes
the proof of Claim 1.

By Claim 1, a* = a* € V~1b™a™ for some p € TY. Since p* = o(a*) = o(a"), we
have u € Z;... By Equations (4.5) and (4.9),
Ur={a"™|neT}=1{a"|necTu} CV bma".

Then U* = V~-1vma"™ = {a" | n € T}}, and so Ty = T} in Zya. By Equation (4.9),
Tu=T[-(1+p")™+n(1—e)]. Since p{ p, wehave T' = T[—(1+p?)" +n(1—e)|p .
By Lemma 4.5, p = —(1+p")™ +n(l —e).

Since S* = S~1lpmar = U~ 1p™a™ U V- 1p™ma", we have V* = U~ 1b™a™. In
particular, (b™a™)* = b™a" for some v € Ty. Forn € T, since

(b™a")* = [(B™a™)a" "N = bma¥ @Mt = pmghTrn Y
we have that
{bma" |ne Ty =U"Wma" =V* = {®"aM* | ne T’}
= {b"a" T | e T'Y = {b"a" | n € T' 1 — pn + v}.
By Equations (4.7) and (4.8),
T-Q+p")"4+n=T=T'pn—pn+v
=T[1+p")" +nle—1)]p+pn—pn+v

in Zpe. Thus, T[(1 +p?")™ —n(l —e)?(1+p")™™ — (v —n)(1 + p?)~™ = T. By
Lemma 4.5, there exists £ € Zj, such that e’ = [(1 + p?)™ — n(1 — €)]?(1 + p?) ™™, that
is, n satisfies Equation (4.2).

Recall that« — v < Band m € Z;ﬁ. Letm = my + Ip®~ 7 withmy € Z;a,w. Since
(1+p") has order p*~7 in Zj., we have

(1+97)" = (497" = ()
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This implies that replacing m by my, Equation (4.2) has the same solutions, and
T'={(e=1)7" e =D +p)™ +e'n | i€ Ly} C ZLpe.

The automorphism of G induced by @ — « and b — pram maps U to U, and V =
{o"a" | np € T'} to {b™a" | n € T'}. Thus, we may assume that m € Z7. ., and

therefore, I' = I'}', . ;. O
Proof of Theorem 1.3. This is a consequence of Lemmas 4.7 and 4.8. O
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Abstract

In this article, we study flag-transitive automorphism groups of non-trivial symmetric
(v,k, ) designs, where A divides k and k > A\2. We show that such an automorphism
group is either point-primitive of affine or almost simple type, or point-imprimitive with
parameters v = A2(\ +2) and k = A(\ + 1), for some positive integer A\. We also provide
some examples in both possibilities.

Keywords: Symmetric design, flag-transitive, point-primitive, point-imprimitive, automorphism group.
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1 Introduction

A t-design D = (P, B) with parameters (v, k, A) is an incidence structure consisting of
a set P of v points, and a set B of k-element subsets of P, called blocks, such that every
t-element subset of points lies in exactly A blocks. The design D is non-trivial if t <
k < v —t, and is symmetric if |B| = v. By [7, Theorem 1.1], if D is symmetric and
non-trivial, then ¢ < 2, see also [12, Theorem 1.27]. Thus we study non-trivial symmetric
2-designs with parameters (v, k, A) which we simply call non-trivial symmetric (v, k, \)
designs. A flag of D is an incident pair («, B), where « and B are a point and a block of
D, respectively. An automorphism of a symmetric design D is a permutation of the points
permuting the blocks and preserving the incidence relation. An automorphism group G of
D is called flag-transitive if it is transitive on the set of flags of D. If GG leaves invariant
a non-trivial partition of P, then G is said to be point-imprimitive; otherwise G is called
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point-primitive. We here adopt the standard notation as in [8, 23] for finite simple groups
of Lie type. For example, we use PSL,, (), PSp,,(¢), PSU,(q), PQa2n+1(q) and PO, (q)
to denote the finite classical simple groups. Symmetric and alternating groups on n letters
are denoted by .S, and A,,, respectively. Further notation and definitions in both design
theory and group theory are standard and can be found, for example in [10, 12, 14]. We
also use the software GAP [21] for computational arguments.

Flag-transitive incidence structures have been of most interest. In 1961, Higman and
McLaughlin [11] proved that a flag-transitive automorphism group of a linear space must
act primitively on its points set, and then Buekenhout, Delandtsheer and Doyen [5] studied
this action in details and proved that a linear space admitting a flag-transitive automorphism
group (which is in fact point-primitive) is either of affine, or almost simple type. Thereafter,
a deep result [6], namely the classification of flag-transitive finite linear spaces relying
on the Classification of Finite Simple Groups (CFSG) was announced. Although, flag-
transitive symmetric designs are not necessarily point-primitive, Regueiro [18] proved that
a flag-transitive and point-primitive automorphism group of such designs for A < 4 is of
affine or almost simple type, and so using CFSG, she determined all flag-transitive and
point-primitive biplanes (A = 2). In conclusion, she gave a classification of flag-transitive
biplanes except for the 1-dimensional affine case [17]. Tian and Zhou [22] proved that a
flag-transitive and point-primitive automorphism group of a symmetric design with A <
100 must be of affine or almost simple type. Generally, Zieschang [25] proved in 1988 that
a flag-transitive automorphism group of a 2-design with ged(r, \) = 1 is (point-primitive)
of affine or almost simple type, and this result has been generalised by Zhuo and Zhan [24]
for A > ged(r, \)2.

1.1 Main result

In this paper, we study flag-transitive automorphism groups of symmetric (v, k, A) designs,
where \ divides k and k& > A2, and we show that such an automorphism group is not
necessarily point-primitive:

Theorem 1.1. Let D = (P, BB) be a non-trivial symmetric (v, k, \) design with A > 1, and

let G be a flag-transitive automorphism group of D. If X divides k and k > )2, then one of
the following holds:

(a) G is point-primitive of affine or almost simple type;

(b) G is point-imprimitive and v = \*(\ + 2) and k = \(\ + 1), for some positive
integer \. In particular, if G has d classes of imprimitivity of size c, then there is a
constant | such that, for each block B and each class A, the size |B N A| is either 0,
orl, and (c,d,l) = (N2, A\ +2,)) or (A +2,)2,2).

We highlight here that if A divides &, then ged(k, \)? = A% > X which does not satisfy
the conditions which have been studied in [24, 25]. Moreover, in Section 1.2, we provide
some examples to show that both possibilities in Theorem 1.1 can actually occur.

In order to prove Theorem 1.1(a), we apply O’Nan-Scott Theorem [15] and discuss
possible types of primitive groups in Section 3. We further note that our proof for part (a)
relies on CFSG. To prove part (b), we use an important result by Praeger and Zhou [20,
Theorem 1.1] on characterisation of imprimitive flag-transitive symmetric designs.
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1.2 Examples and comments on Theorem 1.1

Here, we give some examples of symmetric (v, k, \) designs admitting flag-transitive au-
tomorphism groups, where A divides k and k > A2. In Table 1, we list some small ex-
amples of such designs with A < 3. To our knowledge the design in Line 2 is the only
point-primitive example of symmetric designs with v < 2500 satisfying the conditions
of Theorem 1.1 and this motivates the authors to investigate symmetric designs admitting
symplectic automorphism groups [3]. More examples of symmetric designs admitting flag-
transitive and point-imprimitive automorphism groups can be found in [20] and references
therein.

Line 1. Hussain [13] showed that there are exactly three symmetric (16, 6,2) designs, and
Regueiro proved that exactly two of such designs are flag-transitive and point-imprimitive
[18, p. 139].

Line 2. The symmetric design in this line arises from the study of primitive permutation
groups with small degrees. This design belongs to a class of symmetric designs with pa-
rameters (3(3™+1)/2,3m~1(3™ —1)/2,3m™~1(3m~1 —1)/2), for some positive integer
m > 1, see [4, 9]. If m = 2, then we obtain the symmetric (45, 12, 3) design admitting
PSp,(3) or PSp,(3) : 2 as flag-transitive automorphism group of rank 3, see [4].

Lines 3—4. Mathon and Spence [16] constructed 2616 pairwise non-isomorphic symmet-
ric (45, 12, 3) designs with non-trivial automorphism groups. Praeger [19] proved that there
are exactly two flag-transitive symmetric (45,12, 3) designs, exactly one of which admits
a point-imprimitive group, and this example satisfies Line 4, but not Line 3.

Table 1: Some symmetric designs satisfying the conditions in Theorem 1.1.

Line v k& A ¢ d [ Case Examples Reference Comments

1 6 6 2 4 4 2 (b 2 [13],[18] imprimitive
2 45 12 3 - - - (3 1 [4] primitive

3 45 12 3 5 2 (b) None [19] imprimitive
4 45 12 3 5 3 (b 1 [19] imprimitive

2 Preliminaries

In this section, we state some useful facts in both design theory and group theory.

Lemma 2.1 ([1, Lemma 2.1]). Let D be a symmetric (v,k,\) design, and let G be a
flag-transitive automorphism group of D. If ais a point in P and H := G, then

(a) k(k—1)=Xv—1);
(b) k divides |H| and v < k>.

Lemma 2.2 ([2, Corollary 4.3]). Let T be a finite simple classical group of dimension n
over a finite field F, of size q. Then
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(a) If T = PSL,(q) withn > 2, then |T| > g
(b) If T = PSU,(q) withn > 3, then |T| > (1 — ¢~ 1)g""~2;
(c) If T = PSp, (q) withn > 4, then |T| > q2"("+1) /(20), where o = ged (2, q — 1);
(d) If T = PQE (q) withn > 7, then |T| > 2"~V /(453), where 3 = ged(2, n).
Lemma 2.3. Let T be a non-abelian finite simple group satisfying
IT| < 8- |Out(T)]>. 2.1)
Then T is isomorphic to As or Ag.

Proof. If T is a sporadic simple group or an alternating group A, with n > 7, then
| Out(T)| € {1,2}, and so by (2.1), we must have |T'| < 64, which is a contradiction.
Note that the alternating groups A5 and Ag satisfy (2.1) as claimed. Therefore, we only
need to consider the case where 7' is a finite simple group of Lie type. In what follows, we
discuss each case separately.

Let T = PSL,,(q) with g = p®* andn > 2. If n = 2, then ¢ > 4 and | Out(T)| =
a - ged(2,q — 1), and so by Lemma 2.2(a) and (2.1), we have that ¢*> < |PSLa(q)| <
8a3 - ged(2,q — 1) < 64a®. Thus, ¢> < 64a®. This inequality holds only for (p,a) €
{(2,1),(2,2),(2,3),(2,4),(2,5),(2,6),(2,7),(3,1),(3,2),(3,3),(5,1),(7,1)}. Note in
this case that ¢ > 4, and hence by (2.1), we conclude that T is either

PSL2 (4) = PSL2(5) = A5, or PSLQ(Q) = Aﬁ,

as claimed. If n = 3, then by Lemma 2.2(a), we have that ¢" < 64a® - gcd(3,q — 1)3 <
64aq>, and so ¢* < 64a>. If ¢ would be odd, then we would have 3¢ < 64a?, which
is impossible. If ¢ = 2%, then 2¢ < 64a® would hold only for a = 1, 2. Therefore, T is
isomorphic to PSL3(2) or PSL3(4). These simple groups do not satisfy (2.1). If n > 4,
then (2.1) implies that ¢'! < 64a?, but this inequality has no possible solution.

Let T = PSU,(q) with ¢ = p® and n > 3. By Lemma 2.2(b), we have that |T| >
(1 fq’l)q"k?, and so (2.1) implies that (1 fq’l)q”z*2 < 64a®-ged(n, q+1)3. Ifn = 3,
then (1 — ¢~ 1)¢" < 64a® - ged(n, ¢ + 1)3, and so ¢° < 27 - 64a>. This inequality holds
only for (p,a) € {(2,1),(2,2),(3,1)}. Note that PSUj3(2) is not simple. Therefore, T is
isomorphic to PSU3(3) or PSU;5(4). These simple groups do not satisfy (2.1). If n > 4,
then since (¢+1)3 < 4-¢®(g—1), we would have ¢"° 3 < 6443 cged(n,q+1)3/(g—1) <
4-64a3(q+1)3/4(qg—1) < 4-64a3¢3, and s0 ¢" ~ < 4-644>, and hence ¢'° < 4-64a3,
which is impossible.

Let T' = PSp,,(¢) with ¢ = p® and n > 4. By Lemma 2.2(c), we observe that |T'| >
¢ /2¢d (2, g—1) = g2+ /4. By (2.1), we have that ¢ < ¢2"(" 1) < 4.6443,
and so qu < 4 - 64a®, which is impossible.

Let T = PQ,(q) with ¢ = p® odd and n > 7. Then we conclude by Lemma 2.2(d) that
IT| > qz"(»=1) /8. Since | Out(T")| = 2a and n. > 7, it follows from (2.1) that ¢2! < 8343,
which is impossible.

Let T' = PQ; (q) with ¢ = p® and n > 8 and € = +. It follows from Lemma 2.2(d)
that |T| > ¢2™(™=1)/8. Note that | Out(T)| < 6a - ged(4,¢? — €) < 24a. Then (2.1)
implies that ¢?8 < 82 - 24343, which is impossible.
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Let 7" be one of the finite exceptional groups

Fy(q), Es(q), E7(q), Es(q), *Fu(q) (¢ = 2*"""), ®Dy(q) and *Es(q).

Then |T'| > ¢2°, and so (2.1) implies that ¢*° < 8 - 23 - 3343, which is impossible. If T' =
G2 (q) with ¢ = p® # 2. Then by (2.1), we have that ¢'2 < ¢5(¢®> — 1)(¢% — 1) < 8- 2343,
and so ¢'? < 8- 23a?, which is impossible. Similarly, if 7" is one of the groups 2Bs(q)
with ¢ = 22+ and 2G5 (q) with ¢ = 32™+1 then |T| > ¢*, and so (2.1) implies that
¢* < 8a?, which is impossible. O

3 Point-primitive designs

In what follows, we assume that D = (P, B) is a non-trivial symmetric (v, k, A) design
admitting a flag-transitive and point-primitive automorphism group G. Let also A divide &k
and k > A% and set t := k/\. Notice that A < k, and so ¢ > 2. We moreover observe by
Lemma 2.1(a) that

t—1
k:%; (3.1

v+1t—1
)\:T. (3.2)

Since also G is a primitive permutation group on P, by O’Nan-Scott Theorem [15], G is
of one of the following types:

(a) Affine;

(b) Almost simple;
(c) Simple diagonal;
(d) Product;

(e) Twisted wreath product.

3.1 Product and twisted wreath product type

In this section, we assume that G is a primitive group of product type on P, that is to say,
G < H1Sy, where H is of almost simple or diagonal type on the set T" of size m := [T'| > 5
and ¢ > 2. In this case, P = I'Y.

Lemma 3.1. Let G be a flag-transitive point-primitive automorphism group of product
type. Then k divides M(m — 1).

Proof. See the proof of Lemma 4 in [18]. O

Proposition 3.2. If D = (P, B) is a non-trivial symmetric (v,k,\) design admitting a
flag-transitive and point-primitive automorphism group G, where \ divides k and k > N2,
then G is not of product type.

Proof. Assume the contrary. Suppose that G is of product type. Then v = m’. Note by
Lemma 3.1 that & divides AM(m — 1), and so ¢t = k/\ divides £(m — 1). We also note by
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Lemma 2.1(b) that A\v < k2. Then v < At?, and since A < ¢, we have that v < t3. Recall
that ¢ divides £(m — 1). Hence

mt < 03(m —1)>. (3.3)

Then m’ < £3m3, or equivalently, m‘=3 < ¢3. Since m > b5, it follows that 53 < ¢3,
and this is true for 2 < ¢ < 6. If £ = 6, then since m®—3 < 63, we conclude that m = 5,
but (m, £) = (5,6) does not satisfy (3.3). Therefore, 2 < £ < 5.

Suppose first that £ = 5. Then by (3.3), we have that m® < 53(m — 1)2, and so
5 < m < 9. It follows from (3.1) that ¢ divides m® — 1. Foreach 5 < m < 9, we can
obtain divisors ¢t of m® — 1. Note by (3.2) that ¢? must divide m® — ¢ + 1. This is true only
for m = 7 when ¢t = 2 or 6 for which

(v, k, \) = (16807, 8404, 4202) or (16807, 2802, 467),

respectively. Since A\? < k, these parameters can be ruled out.

Suppose that £ = 4. Then by (3.3), we have that m® < 43(m —1)3,andso 5 < m < 9.
By the same argument as in the case where ¢ = 5, by (3.1) and (3.2), we obtain possible
parameters (m, t, v, k, A) as in Table 2. Note by Lemma 3.1 that & must divide 4\(m — 1),
and this is not true, for all parameters in Table 2.

Table 2: Possible values for (m, ¢, v, k, A) when £ = 4.

m t v k A

13 51 28561 o561 11
31 555 923521 1665 3
47 345 4879681 14145 41
57 416 10556001 25376 61

Suppose now that / = 3. We again apply Lemma 3.1 and conclude that ¢ divides
3(m — 1). Then there exists a positive integer = such that 3(m — 1) = tz, and so m =
(tx 4+ 3)/3. By (3.2), we have that

m24+t—1 _ t2x3 + 9ta? + 27z + 27
12 N 27t '

Then 27Xt = t223 + 9tx? + 27z + 27. Therefore, t must divide 27z + 27, and so ty =
27x + 27, for some positive integer y. Thus,

)\:

Ct(ty —27)3 +9-27(ty — 27)% + 27y

A 3.4
= : 3.4
for some positive integers ¢ and y. Since A\? < k, we have that A\ < ¢, and so
t(ty — 27)2 +9 - 27(ty — 27)% + 273y < 27%¢. (3.5)

If y > 32, then

t(ty — 27)% +9 - 27(ty — 27)% + 273y
> (32t — 27)% +9-27(32t — 27)% + 32 273 > 27%,
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fort > 2. Thus 1 < y < 31, and so by (3.5), we conclude that 2 < ¢ < 107. For each
such y and ¢, by straightforward calculation, we observe that A as in (3.4) is not a positive
integer.

Suppose finally that £ = 2. Recall by Lemma 3.1 that ¢ divides 2(m — 1). Then
2(m — 1) = ta for some positive integer x, and so m = (tx + 2)/2. It follows from (3.2)
that A = (t2% + 4x + 4)/4t, or equivalently, 4t\ = tz? + 4x + 4. This shows that ¢ divides
4z + 4, and so ty = 4x + 4, for some positive integer y. Therefore, 42\ = (ty —4)2 + 16y.
Since A2 < k, we have that A < ¢, and so (ty — 4)? + 16y < 43t. If y > 6, then
(6t — 4)2 4+ 6 - 16 < 43t, which has no possible solution for t. Thus 1 < y < 5. Since also
(t —4)% + 16 < 43, we conclude that 2 < t < 71, and so (3.1) and (3.2) imply that

t(t2y? — 8ty + 1 1 — 4241
(#Fy” — 8ty + 16y +16) ;= By =4+ 16y
64 64

where 2 < ¢t < 7l and 1 < y < 5. For these values of ¢ and y, considering the fact
that m > 5, k > A2 and \ divides k, we obtain (v, k,\) = (121,25,5) or (441,56, 7)
respectively when (¢,y) = (5,4) or (8,3). These possibilities can be ruled out by [4] or
[22, Theorem 1.1]. O

k=

Proposition 3.3. If D = (P, B) is a non-trivial symmetric (v,k,\) design admitting a
flag-transitive and point-primitive automorphism group G, where \ divides k and k > N2,
then G is not of twisted wreath product type.

Proof. If G would be of twisted wreath product type, then by [15, Remark 2(ii)], it would
be contained in the wreath product H ¢ S,,, with H = T x T of simple diagonal type, and
so G would act on P by product action, and this contradicts Proposition 3.2. O

3.2 Simple diagonal type

In this section, we suppose that G is a primitive group of diagonal type. Let M =
Soc(G) = Ty x -+ X Ty, where T; = T is a non-abelian finite simple group, for
i = 1,...,m. Then G may be viewed as a subgroup of M - (Out(7T") x S,,). Here,
G, is isomorphic to a subgroup of Aut(T") x S,,, and M,, = T is a diagonal subgroup of
M, andso [P| = |T|™ .

Lemma 3.4. Let G be a flag-transitive point-primitive automorphism group of simple di-
agonal type with socle T™. Then k divides Am1h, where my < m and h divides |T|.

Proof. See the proof of Proposition 3.1 in [22]. O

Proposition 3.5. If D = (P, B) is a non-trivial symmetric (v,k,\) design admitting a
flag-transitive and point-primitive automorphism group G, where \ divides k and k > N2,
then G is not of simple diagonal type.

Proof. Suppose by contradiction that GG is a primitive group of simple diagonal type. Then
v = |T|™~1, and so by Lemma 2.1(b), A\v < k2. This implies that \|T'|™ "1 < k? = \?¢2.
Since A% < k, we must have \ < t, and hence

|T|™t < 3. (3.6)

Note by Lemma 3.4 that k divides Amih and mih < m|T|. Then ¢ divides mqh, and
sot < m|T|. We now apply (3.6) and conclude that |T|™~! < m?|T|3. Therefore,
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|T|™=* < m3. Since |T| > 60, we must have m < 6. If m = 5, then |T| < 53, and
it follows that 7 = A5. Note that k divides A\(v — 1) = A(|T|™~! — 1). Then ¢ divides
|T|™=t—1=60*—1=13-59-61-277. Since t < m|T| = 300 and ¢ > 2, it follows that
t € {13,59,61,277}. For each such ¢, we have that A < t and k = t\, and so we easily
observe that these parameters does not satisfy Lemma 2.1(a). Therefore m € {2,3,4}.
Note that G, is isomorphic to a subgroup of Aut(7") x S,,. Then by Lemma 2.1(b), the
parameter k divides |G|, and so k divides (m!) - |T'| - |Out(T)|. On the other hand,
Lemma 2.1(a) implies that & divides A(|7'|™~! — 1), and so t divides |T'|™~! — 1 implying
that ged(t, |T'|) = 1. Since k divides (m!) - |T| - | Out(T)| and ¢ is a divisor of k, we
conclude that ¢ divides (m!) - | Out(7")|. Recall by (3.6) that |T'|™~! < t3. Therefore,

7™ < (m!)? - | Out(T) 3, (3.7

where m € {2,3,4}.

If m = 2, then [T < 8- |Out(T)[. If m = 3, then |T|?> < 63| Out(T)|?, and so
IT| < 63| Out(T)|. If m = 4, then |T|* < 243| Out(T)[?, and |T| < 24| Out(7T’)|. Thus
for m < 4, we always have

7| <8-|Out(T)[%,

where 7' is a non-abelian finite simple group. We now apply Lemma 2.3 and conclude that
T is isomorphic to As or Ag. If m = 2, then since ¢ divides |T|™"! — 1 = |T| — 1,
we have that ¢ divides 59 or 359 when T is isomorphic to A5 or Ag, respectively. Thus
(v,k,\) = (60,59, A) or (v,k,\) = (360,359\, \). Since A > 1, in each case, we

conclude that £ > v, which is a contradiction. For m = 3,4, since | Out(A4s)| = 2 and
| Out(Ag)| = 4, it follows from (3.7) that |T| < 48 or |T'| < 96 when T is isomorphic to
As or Ag, respectively, which is a contradiction. O

4 Proof of the main result

In this section, we prove Theorem 1.1. Suppose that D = (P, B) is a non-trivial symmetric
(v,k,\) design with \ divides k and k& > 2. Suppose also that G is a flag-transitive
automorphism group of D.

Proof of Theorem 1.1. If G is point-primitive, then by O’Nan-Scott Theorem [15] and
Propositions 3.2, 3.3 and 3.5, we conclude that G is of affine or almost simple type. Sup-
pose now that G is point-imprimitive. Then G leaves invariant a non-trivial partition C of
‘P with d classes of size c. By [20, Theorem 1.1], there is a constant [ such that, for each
B e Band A € C, |BNA| € {0,1} and one of the following holds:

(@ k< AAN—3)/2;
) (v,k,A) = (N2(A+2),A(A+1),\) with (¢,d, 1) = (A2, A+ 2,X) or (A +2,)2,2);
(©

A+2) (A2 =2X+2) A2  A+2 A2-2\+2 2>

(U,k,)\,c,d,l): ( 4 7?3A7 9 ) 92

and either A = 0 (mod 4), or A = 2u?, where u is odd, u > 3, and 2(u®? — 1) is a
square;
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2 _ 2 _
0.k e, d 1) = (()\+6)()\ +4A—1) AA+5) A2 4 4) 173)7

i AN+ 6,

where A =1 or 3 (mod 6).

We easily observe that the cases (a) and (c) can be ruled out as k > A2. If case (d) occurs,

then A(\ +5)/2 = k > A\? implying that A < 5. Since A = 1 or 3 (mod 6), it follows
that A\ = 3 for which (v, k, A\, ¢,d, 1) = (45,12,3,9,5, 3) which satisfies the condition in
Theorem 1.1(b). Therefore, the case (b) can occur as claimed. O
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Abstract

Let S denote the set of positive integers that appear as the symmetric genus of a finite
abelian group and let Sy denote the set of positive integers that appear as the strong sym-
metric genus of a finite abelian group. The main theorem of this paper is that S = Sp. As
a result, we obtain a set of necessary and sufficient conditions for an integer g to belong to
S. This also shows that S has an asymptotic density and that it is approximately 0.3284.

Keywords: Symmetric genus, strong symmetric genus, Riemann surface, abelian groups, genus spec-
trum, density.

Math. Subj. Class.: 57M60, 30F35, 20F38

1 Introduction

Let G be a finite group. Among the various genus parameters associated with G, one of
the most important is the symmetric genus o(G), the minimum genus of any Riemann
surface on which G acts faithfully. The origins of this parameter can be traced back over a
century to the work of Hurwitz, Poincare, Burnside and others. The modern terminology
was introduced in the important article [10].

A natural problem is to determine the positive integers that occur as the symmetric
genus of a group (or a particular type of group), that is, to determine the symmetric genus
spectrum for the particular type of group. Important results about the symmetric genus
spectrum of all finite groups were obtained by Conder and Tucker [1]. They showed that
the symmetric genus spectrum of finite groups contains well over 88 percent of all positive
integers. In particular, they showed that if g is any non-negative integer such that g is not
congruent to 8 or 14 (mod 18), then g is in the spectrum [1, Theorem 1.2]. However, there
are no known gaps in the spectrum, and evidence suggests that there are none. Here see [1,
Conjecture 1.3].

Our focus here is the symmetric genus spectrum of abelian groups. Let

S ={g € N:g=o0(A) for some abelian group A}

E-mail addresses: cmay @towson.edu (Coy L. May), jzimmerman@towson.edu (Jay Zimmerman)

©@@® This work is licensed under https://creativecommons.org/licenses/by/4.0/
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denote the symmetric genus spectrum of abelian groups. Henceforth, we will refer to S
simply as the “spectrum.”

Closely related to the symmetric genus is the strong symmetric genus ¢°(G), the mini-
mum genus of any Riemann surface on which G acts faithfully and preserving orientation.
Obviously o(G) < ¢°(G) always, but in some (important) cases, the two parameters agree.
If the group G does not have a subgroup of index 2, then GG cannot act on a surface revers-
ing orientation and thus o(G) = ¢°(Q). In particular, if G is a group of odd order, then
o(G) = 0°(G). Spectrum questions about this parameter have been considered, with some
success. The basic problem was settled for the family of all finite groups in [6]: there is a
group of strong symmetric genus g, for all ¢ € N. The strong symmetric genus spectrum
of abelian groups was studied in [3]. Let

So = {g € N: g = 0°(A) for some abelian group A} .

Necessary and sufficient conditions were developed in [3] for an integer g to belong to the
spectrum of abelian groups for this parameter; further, this spectrum was shown to have
an asymptotic density, approximately equal to 0.3284. In addition, the strong symmetric
genus spectrum of nilpotent groups was shown to have lower asymptotic density greater
than or equal to § in [9].

Our original expectation was that the two spectra S and Sy would have a significant
intersection, but that there would be integers that are in each spectrum but not the other.
Interestingly, this is not the case. Our main result is the following.

Theorem 1.1. S = S,.

Our fundamental tool here is the result that determines the symmetric genus o(A) of
an abelian group A [5, Theorem 5.7]. An easy but important consequence of this result is
that the spectrum S contains the entire congruence class ¢ = 1 (mod 4).

To establish the containment S C Sy, we show that, given an abelian group A, either
o(A) =1 (mod 4) or 7(A) = 0°(A) (or both), unless the Sylow 2-subgroup group of A
has rank 2 and is isomorphic to Zs X Zge, for some ¢ > 1. Our approach utilizes the strong
constraints on the Sylow 2-subgroup of a group (not necessarily abelian) acting on a surface
of even genus or a surface of genus congruent to 3 (mod 4); here see [7, Theorem 8] and
[8, Theorem 5]. In the exceptional case (in which the Sylow 2-subgroup has a special
form), we show that there exists an abelian group A; such that o(A4) = 0%(A4;).

To establish the reverse containment S; C S, we utilize the characterization of the
integers in the spectrum Sy in [3, Theorem 1]. For each integer g satisfying one of the five
conditions in that result, we exhibit an abelian group G such that g = o(G).

2 Background results

Let A be a non-trivial finite abelian group of rank r. Then A has the standard canonical
representation
A= Zn, X Zpy X o+ X Ly, 2.1

with invariants my, ma, ..., m, subject to m; > 1 and m; | m;q for 1 <i <r.

The abelian group A also has another canonical form that is useful in calculating genus
parameters of abelian groups. Define the alternate canonical form for A as the direct
product of three subgroups 7', B and D of A. First, the group D is the subgroup of A
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generated by the factors Z,,_, where m is divisible by 4. Then write A = D x D. Now
let T' be the Sylow 2-subgroup of D, which is elementary abelian, and B be its direct
summand of odd order. Therefore, A = T' x B x D. Define t = rank(T), b = rank(B),
d = rank(D). It follows that r = rank(A) = d+max(b,t). We point out that this notation
differs from that used in [5].

The groups of symmetric genus zero are the classical, well-known groups that act on
the Riemann sphere (possibly reversing orientation) [2, §6.3.2]. The abelian group A has
symmetric genus zero if and only if A is Z,,, Zo X Zs,, or (Z2)3; see [2, §6.3.2].

The groups of symmetric genus one have also been classified, at least in a sense. These
groups act on the torus and fall into 17 classes, corresponding to quotients of the 17 Eu-
clidean space groups [2, §6.3.3]. Each class is characterized by a presentation, typically a
partial one. The abelian group A has symmetric genus one if and only if A is Z,,, X Zn
withm > 3, Zy X Zy X Za, withn > 2, or (Z3)*4; see [2, §6.3.3].

Let A be a finite abelian group. The strong symmetric genus of A has been completely
determined by Maclachlan [4, Theorem 4], and if A has odd order, then o(A4) = 0%(A).

The focus of [5] was the determination of the symmetric genus of an abelian group of
even order. The approach was to show that, among the various genus actions of A, there is
one induced by an NEC group with a signature of one of three types. We established the
following result [5, Theorem 3.10].

Theorem A. Let A be an abelian group of even order. Among the NEC groups with min-
imal non-euclidean area that act on A, there is a group I whose signature has one of the
following forms:

(D) (g:+: Ay Al £ 3);
(1) (0,4, [A1,. .., Xs], {()F)) for some k > 1;
() (0,+,[1,{0)*, (2)}) for some v > 2.
Furthermore, in cases (I) and (II), \; divides \i11 for 1 <i <r —1.

In (IIT) the notation (2¥) means, as usual, a period cycle with v link periods equal to 2.

We denote by 7(A) (here and in [5]) the minimum genus of any action of A induced
by an NEC group of Type IL. The size of the largest elementary abelian 2-group factor of A
determines whether o (A) is given by an action induced by a group of Type I, II or IIL. The
main result of [5] is the following [5, Theorem 5.7].

Theorem B. Let A be an abelian group of even order with canonical form
A (Z2)" X Ziy X Ly X =+ X Ly
where my > 2. If the symmetric genus o(A) > 2, then
(i) o(A) =1+ |A|-(a+3¢—4)/8 ifa>q+2;
(i) c(A) =71(A), ifl<a<qg+1;
(iii) o(A) = min{c?(A),7(A)}, ifa = 0.

Thus Theorem B gives the symmetric genus of an abelian group A in terms of the invariants
of A and the numbers 0°(A) and 7(A).

The main result in [3] is the characterization [3, Theorem 1] of the integers in the
spectrum Sy, and this will be important here.
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Theorem C. Let g > 2. Then g € Sy if and only if g satisfies one of the following
conditions:

(i) g =1 (mod 4) or g = 55 (mod 81);
(ii) g — 1 is divisible by p* for some odd prime p;
(iii) g — 1 is divisible by a® for some odd integer a with (a — 1) | g;

(iv) g—1is divisible by b*>a?(a—1) for some odd integers a,b > 1, witha = 3 (mod 4).

3 S CS

To establish the containment Sy C S, we use the characterization of the integers in the
spectrum Sy in Theorem C. For each integer ¢ satisfying one of the five conditions in that
result, we exhibit an abelian group G such that ¢ = o(G). This is quite easy, as we shall
see.

In this section, we will assume that A is always written in alternate canonical form,
A=TxBxD.

We begin by noting some consequences of Theorem B. Directly from part (i) we have
the following; this formula was also pointed out in [7, p. 4094].

Proposition 3.1. o(Z3 x Za,,) = 1 + 4m for any integer m > 2.

Since 0((Z2)*) = 1 and o((Z2)%) = 5 [7] (the general genus formula is o((Z2)") =
14273 (n — 4) [5, Corollary 5.4]), it follows that the spectrum S contains the entire
congruence class g = 1 (mod 4). These odd integers are also in Sy [3, p. 342].

A special case of Theorem B [5, p. 423] will be important here.

Theorem 3.2. Let the abelian group A have alternate canonical form A =T x B x D. If
T is trivial, then o(A) = o°(A).

Let A be a finite abelian group. Then o(A) = 0°(A) in another important case.

Lemma 3.3. Let A be an abelian group of rank three or more. If the Sylow 2-subgroup S
of A is cyclic, then o(A) = o°(A).

Proof. By Theorem 3.2, we may assume that 7" is non-trivial. If .S is cyclic, then we must
have So = Z> and D = 1. Now write A = Zy x B = Zy x Zg, X Zg, X -+ X Zg, for
b > 3, where each f3; is odd. In this case,t = 1,d = 0and b > 3. Sincet < d + 1, [5,

p- 416] gives
1 ’ 1
T(A) =1+ §|A| (—1 + Z (1 — ﬁ))
i=1 v

(see also (4.1) in Section 4).

The group A has canonical form A = Zg, x Zg, X --- X Zag,, and is the image of
a Fuchsian group T" with signature (0, +, [B1, - - ., 20, 20p),{ }). When we calculate the
genus arising from the action of this Fuchsian group on A, we get that it is equal to 7(A).
Now applying Maclachlan’s formula shows that 0°(A) < 7(A) and hence o(A) = 0°(A)
by Theorem B. O

Theorem 3.4. S, C S.
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Proof. First suppose that ¢ = 1 (mod 4). Then g € S by Proposition 3.1 (and the com-
ments after its statement).

Next suppose that g = 55 (mod 81). Write g = 55+81j. Let G = Z3X Z3 X Z3X Zs3y,
where n = j + 1. Then by Maclachlan’s formula, g = O’O(G); here also see [3, p. 344].
But since the Sylow 2-subgroup of G is clearly cyclic, we also have o(G) = 0°(G) = ¢
by Lemma 3.3.

Now assume that ¢ = 1 + mp* for an odd prime p. First let p > 5 and set G =
Zy X Zy X Zy X Zinp. Then g = 0%(Q); see [3, p. 344]. Again the Sylow 2-subgroup of G
is cyclic, and 0(G) = ¢°(G) = g. For the prime p = 3, see the calculations in [3, p. 344]
and use Lemma 3.3.

Suppose that g satisfies condition (iii) of Theorem C for some odd a. Then, as shown
in the proof of Proposition 5 of [3, p. 343], g is the strong symmetric genus of the group
G = Zy X Zy X Zay for some n. Once again, 0(G) = ¢°(G) = g by Lemma 3.3.

Finally, assume that g satisfies condition (iv) of Theorem C for some odd a, b > 1, with
a = 3 (mod 4). Then g = 0°(G), where G is a group of the form Z, X Zu, X Zapn,
[3, p. 343], a group with a cyclic Sylow 2-subgroup, so that o(G) = ¢°(G) = g by
Lemma 3.3. O

4 The Type II genus

The Type II genus 7(A) was considered in [5, §4]. The genus 7(A) is the minimum genus
of any action of A induced by an NEC group with signature (0, +, [A1, ..., A, {( )*}) for
some k > 1 (the integer k is the number of empty period cycles). Among the signatures of
the NEC groups that induce the Type II genus 7(A), Lemmas 4.2 and 4.3 of [5] identify one
value of k that can be used to calculate 7(A). These two lemmas are correct. Unfortunately,
there is a mistake in [5, Formula (4.5)], which is used in the final determination of 7(A).
We correct that here.

Let A = T'x B x D be the alternate canonical form for A. Remember that t = rank(T),
b = rank(B), d = rank(D) and so r = rank(A4) = d + max(b,t). The odd order group
B is generated by elements with orders 31, ..., 8y, Where 3; divides 3; for i < j.

In the case in which ¢t < d 4 1, the formula for 7(A) [5, p. 416] is correct. Note that
k =t gives minimal area by [5, Lemma 4.2]. In the new notation, this formula is

1 b 1 d+1—t 1
A)=14+-|A| k-2 1-— 1—-— 4.1
=1+ ( +§( @-)* > ( 5)) .
where the group D is generated by elements with orders 61, . . ., 64 satisfying d; divides 6;
for¢ < j.
Next, we consider the case t > d + 1.

Theorem 4.1. Let A be an abelian group in alternate canonical form. Suppose that t >
d+ 1 and k is given by [5, Lemma 4.3]. There are two cases and in each case, define
v=b+d—k+1

(i) Suppose thatt + d is odd. Then k = (t +d+1)/2;

(a) If b< (k—1) —d, then 7(A) = 1 + 3| A|(k — 2);
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(b) If b> (k—1)—d, thenv > 1 and

T(A):1+;|A|< —2+Z(1_>>

(ii) Suppose thatt + d is even. Then k = (t + d)/2;

(@) If b< (k—1) —d, then T(A) = 1+ L|A|(k — 2);
(b) If b> (k—1) —d, thenv > 1 and

T(A):1+%|A| (ks—2+§<1—;)+(1—2;>>.

Proof. Among the NEC groups that induce the Type II genus 7(A), let I' be one with sig-
nature (0; +; [A1,...; As]; ()¥) in which the number k of empty period cycles is given by
kE=[(t+d+1)/2] [5, Lemma 4.3, p. 414]. Tt follows that ¥ > d + 1. The group I" has
generators 1, ...,Ts, €1,..., €k, and involutions ci, ..., ck. The defining relations for "
consistof z1 - - - xseq - - - e = 1, conditions on the order of the elements x; and certain ele-
ments commuting. Clearly, one generator is redundant, and, since x(I") is minimal, we may
assume that ey, is that generator. Now let aq, . .., a, be a generating set for A in canonical
form so that the orders of these elements satisfy the standard divisibility condition. With
1(T") minimal, the elements eq, ..., ex_1 are mapped onto the subgroup generated by the
k—1elements a,_g42, ..., a, of highest order. In particular, since k—1 > d, the subgroup
D of A is contained in the image of {(e1, ..., ex_1).

Ift 4+ dis odd, then 2k — 1 = ¢t + d. Since t + d is the rank of the Sylow 2-subgroup
Sy of A, we have that S5 is contained in the image of {¢1,...,ck, e1,...,ex—1). It follows
that (T, D) is contained in the image of (c1,..., ¢, €1,...,ex—1). If t + d is even, then
2k = t + d. In this case, there is an additional generator x, so that (T', D) is contained in
the image of (z¢,¢1,...,Ck, €1, .., €6—1).

If b < (k — 1) — d, then the images of the generators e; which are not mapped into D
generate all of B. Therefore, if ¢t + d is odd, then A is the image of the NEC group with
signature (0;+;[]; {()*}) and 7(A) = 1 + J|A|(k — 2). If ¢ + d is even, then we need
a generator z; in order to map onto A, and with x(I") minimal, |z1| = 2. Therefore, if
t + d is even, then A is the image of the NEC group with signature (0; +; [2]; {( )*}) and
7(4) = 1+ 3|A|(k - 3).

The last case is when b > (k — 1) — d. Let E be the subgroup of A generated by the
images of eq, . .., ex_1. Then the subgroup B can be decomposed as B = B; x By, where
By = BNE. Letv =b+d— k + 1 so that v is the rank of B; and v > 1. We need
generators i, ..., T, to map onto B;. If t + d is odd, then A is the image of the NEC

group with s1gnature (0;4; (B, -+, Bl {()F}) and

T(A)=1+;|A|< —2+Z<1—)>.

Suppose that ¢ 4+ d is even. As in the previous case, we need generators z1,...,z, to
map onto B;. However, the generator z,, must map onto an element of order 23, for the
NEC group to map onto A. This is because there is the extra involution not in the image
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of {c1,...,cx). If t + d is even, then A is the image of the NEC group with signature

03+ [B1, - - -s Bu—1,28,1: {()*}) and

T(A):1+;|A|(k—2+§<1—;i)+<1—2;>>. O

i=1

5 General results

Again in this section, we assume that A is written in alternate canonical form, A = T' x
B x D.

Let A be a finite abelian group so that the integer g = o(A) is in the spectrum S. We
want to show that ¢ is in Sp as well. This is clearly the case if A has rank one or two or A
has a trivial factor 7 in its alternate canonical form. Thus we may assume that A has rank
at least 3 and T is not trivial. In particular, A has even order.

Our approach utilizes the Sylow 2-subgroup S5 of A.

Lemma 5.1. Ler A be an abelian group of rank three or more with o(A) > 2. If the Sylow
2-subgroup of A is isomorphic to (Z)3, then T(A) =1 (mod 4).

Proof. Since Sy = (Z3)%, wehave T' = S5, D =land A =T x B. Now t = 3, d = 0,
and k = 2. Since b = 1 would imply 6(A) = 1,b > 2. Wehavet > d+ 1 with t + d
odd. The Type Il genus is 7(A) = 1+ |A|- M /2, where M = (k—2+ 7, (1— é)) by
Theorem 4.1(i)(b). Since M - | B| is an integer and |A| = 8|B|, we clearly have 7(A) = 1
(mod 4). O

Lemma 5.2. Let A be an abelian group of rank three or more with o(A) > 2. If the Sylow
2-subgroup of A is isomorphic to Zy X Za X Zae for some £ > 2, then 7(A) =1 (mod 4).

Proof. In this case we have T = Z, x Z, and D is cyclic with order divisible by 2¢.
Therefore, ¢ = 2 and d = 1. This implies that k = ¢t = 2 by [5, Lemma 4.2]. Since
b =1 would imply 0(A) = 1,b > 2. We have t = d + 1 and by (4.1), the Type II genus
T(A) =1+ |A|- M/2 where M = (k — 2+ Z?Zl(l - i)) Since M - | B] is an integer

and |A| = 4 - |D| - | B| with | D| divisible by 2¢, again 7(A) = 1 (mod 4). O

Lemma 5.3. Let A be an abelian group. If the Sylow 2-subgroup of A is isomorphic to
(Z2)%, then T(A) =1 (mod 4).

Proof. Since So = (Z3)*, wehave T = So, D =1land A =T x B. Nowt = 4,d = 0,
k=2andb > 1. We havet > d+1 with {+d even. We apply Theorem 4.1(ii) and get that
k=2.1fb =1, then M = 1/2 by Theorem 4.1(ii)(a). If b > 2, then by Theorem 4.1(ii)(b),
M - 2|B| is an integer. In either case, 2 - | B| is an integer. Since |A| = 16|B|, we again
have 7(A) =1 (mod 4). O

Theorem 5.4. Let A be an abelian group of rank three or more with c(A) > 2. Then
either o(A) = 1 (mod 4) or o(A) = o°(A) (or both), unless the Sylow 2-subgroup of A
has rank 2 and is isomorphic to Zs X Zse, for some £ > 1.

Proof. First, if A has odd order, then o(A) = 0%(A). Assume, then, that A has even order
so that o (A) is given by Theorem B. Let A have canonical form

AZ(Z2)" X Zmy X Ziy X =+ X Ly
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as in Theorem B. It is easy to see in case (i), we always have that 0(A) = 1 (mod 4).

Suppose a < g + 1. By Theorem B, o(A) is either equal to 0*(A) or 7(A). Let A act
on a surface X of genus g = o(A) > 2, and write |A| = 2™ - m, where m is odd.

Assume first that g is even. Then by [7, Theorem 9], A is not a 2-group so that m # 1.
We consider the possibilities for the Sylow 2-subgroup S5 of A. If S, is cyclic, then by
o(A) = 0%(A) by Lemma 3.3. Assume then that S, is not cyclic. If A contains an element
of order 2"~ ! with |S2| = 2", then Sy is isomorphic to Zs X Z,n-1, the exceptional case.

Assume then that A has no elements of order 2", and apply [7, Theorem 8]. Since A
and S, are abelian, the only possibility is that Sy is isomorphic to (Z2)3. But in this case
7(A) =1 (mod 4) by Lemma 5.1.

Therefore, by Theorem B, if g is even, then either 0(A) = 1 (mod 4) or o(A) =
0%(A), unless Sy = Zy X Zye, for some £ > 1.

Now suppose g = 3 (mod 4), and use [8, Theorem 5]. The Sylow 2-subgroup .S also
acts of the surface X of genus g > 2. By [8, Theorem 5], S5 contains an element of order
27=3 or larger. Further, if Exp(S2) = 2773, then S5 contains a dihedral subgroup of index
4. We consider the possibilities for Exp(.S2).

If Sy is cyclic, then by o(A) = 0°(A) by Lemma 3.3.

If S5 is not cyclic and contains an element of order 27=1 then S5 is isomorphic to
Zs X Zan-1, the exceptional case.

Suppose Exp(S2) = 2"72. Then S; is isomorphic to either Z X Zy X Zyn-2> or
Zy X Zgn—2.If Sg & Zy X Zy X Zgn-2, then by Lemma 5.2, 7(A) = 1 (mod 4). If on the
other hand, Sy = Z; X Zyn-2, then by Theorem 3.2, 0(A) = o%(A).

Suppose Exp(S2) = 273 and S, has a dihedral subgroup of index 4. Since Ss is
abelian, this forces n = 4 and Sy = (Z3)*. In this case, 7(A) = 1 (mod 4) by Lem-
ma 5.3.

Therefore, by Theorem B, if g = 3 (mod 4), then either 0(A) = 7(4) = 1 (mod 4)
or o(A) = 0%(A), unless Sy = Zy X Zye, for some £ > 1. O

A consequence of the proof is perhaps worth noting, in connection with the well-known
conjecture that “almost all” groups are 2-groups.

Theorem 5.5. If A be an abelian 2-group of positive symmetric genus, then
c(A)=1 (mod 4).

Proof. Assume A is an abelian 2-group with o(A) > 2. Then o(A) is not even by [7,
Theorem 9]. The proof of Theorem 5.4 shows that o(A) cannot be congruent to 3 (mod 4)
either, since A = S5 and A is not an abelian group of genus zero or one. O

Next we handle the exceptional case in Theorem 5.4.

Theorem 5.6. Let A be an abelian group of rank three or more with o(A) > 2. If the
Sylow 2-subgroup of A is isomorphic to Zy X Zge, for some £ > 1, then there exists an
abelian group Ay such that 0(A) = o"(Ay).

Proof. Let A have alternate canonical form A = T x B x D. We consider two cases, £ = 1
and ¢ > 2.
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First assume that Sy = (Z3)%2. Now 7' = S, D = land A = T x B, with t = 2,
d=0,and k = 1. Write A = Zy X Zy x B = Zy X Zy X Zg, X Zg, X -+ x Zg, for
b > 3, where each f3; is odd. By Theorem 4.1(ii)(b), the Type II genus is

T(A)—1+;A|< 2(1—) (1—21&))

By Theorem B, 0(A) = min{c’(A),7(A)}. If 0(A) = o°(A), then set A; = A
and we are done. So we assume that 7(A) < ¢%(A). Maclachlan’s formula uses the non-
euclidean areas of the groups Ay with signature (0, 4+, [51,- .., 208b—1, 20, 28], { }) and
I, with signatures (p, +, [B1, - - -, Bo—2p, Bo—2p), { }) for p > 1 to obtain 6°(A) .

Let Ay = Zg, x -+ X Zg,_, X Zp, be an abelian group. Maclachlan’s formula for
0%(A;1) uses the minimum non-euclidean areas of the Fuchsian groups I'y with signature
(0,4,[81,- -+, Bo-1,48p,4Bs), { }) and T, for p > 1 as in the calculation of ¢°(A). By
assumption the Fuchsian groups Iy, for p > 1 give genus larger than 7(A). The Fuchsian
group Iy gives the same genus as 7(A). Therefore, 7(A) = 0%(A;) and so o(4) =
O'O(Al).

Now assume that So 2 Z5 X Zge, for some £ > 2. Now T' = Z5 and D is isomorphic
to Z,,9¢, where m is odd. We have alternate canonical form A = Zy X B X Z,,9¢ =
Zy X Zg, X Zg, X -+ X Zg, | X Zmoe, Where each j3; is odd, §; divides 3; for i < j and
m is divisible by 8,_1. It follows thatt = 1,b > 3, d = 1, and k = 1 by [5, Lemma 4.2].
By (4.1) the Type II genus is

T(A)=1+;|A|< 1+Z<1—) (1-&))

By Theorem B, 0(A) = min{o®(A),7(A)}. If 0(A) = o"(A), then let A; =
and we are done. So we will assume that 7(A4) < ¢%(A4). Now let A; = Zg, x
Zg, X Zmaer1. The Fuchsian group with signature (0, +, [81, - . . , Bp, m2/TL, m2¢H1] {
has genus action equal to 7(A). As in the previous case, 7(A4) = 0°(A;) and so o(A)
O'O (Al)

Combining Theorems 5.4 and 5.6 yields the following.

O X

Theorem 5.7. S C S.

Of course, Theorems 5.7 and 3.4 provide the proof of Theorem 1.1. Theorem 1.1 and
the results in [3] give some interesting results about the symmetric genus spectrum S of
abelian groups. Now Theorem C gives a necessary and sufficient condition for a positive
integer to be in the spectrum S. Two other consequences are perhaps worth stating.

Corollary 5.8. The spectrum S has an asymptotic density 6(S) ~ 0.3284.

Corollary 5.9. If g — 1 is a square-free integer, then g ¢ S.

References

[1] M. D. E. Conder and T. W. Tucker, The symmetric genus spectrum of finite groups, Ars Math.
Contemp. 4 (2011), 271-289, doi:10.26493/1855-3974.127.eb9.



636

(2]

(3]

[4]

(5]

(6]

(7]

(8]

(9]

(10]

Ars Math. Contemp. 17 (2019) 627-636

J. L. Gross and T. W. Tucker, Topological Graph Theory, Dover Publications, Mineola, New
York, 2001.

A. V. Kumcheyv, C. L. May and J. J. Zimmerman, The strong symmetric genus spectrum of
abelian groups, Arch. Math. (Basel) 108 (2017), 341-350, doi:10.1007/s00013-016-1018-8.

C. Maclachlan, Abelian groups of automorphisms of compact Riemann surfaces, Proc. London
Math. Soc. 15 (1965), 699-712, doi:10.1112/plms/s3-15.1.699.

C. L. May and J. Zimmerman, The symmetric genus of finite abelian groups, lllinois J. Math.
37 (1993), 400-423, doi:10.1215/ijm/1255987058.

C. L. May and J. Zimmerman, There is a group of every strong symmetric genus, Bull. London
Math. Soc. 35 (2003), 433—439, doi:10.1112/50024609303001954.

C. L. May and J. Zimmerman, The groups of symmetric genus o < 8, Comm. Algebra 36
(2008), 4078-4095, doi:10.1080/00927870802174793.

C. L. May and J. Zimmerman, The symmetric genus of 2-groups, Glasg. Math. J. 55 (2013),
9-21, doi:10.1017/s0017089512000316.

C. L. May and J. Zimmerman, The strong symmetric genus spectrum of nilpotent groups,
Comm. Algebra 47 (2019), 3056-3063, doi:10.1080/00927872.2018.1549666.

T. W. Tucker, Finite groups acting on surfaces and the genus of a group, J. Comb. Theory Ser.
B 34 (1983), 82-98, doi:10.1016/0095-8956(83)90009-6.



creative ARS MATHEMATICA
@commons CONTEMPORANEA

ISSN 1855-3966 (printed edn.), ISSN 1855-3974 (electronic edn.)
ARS MATHEMATICA CONTEMPORANEA 17 (2019) 637-652
https://doi.org/10.26493/1855-3974.1474.d54
(Also available at http://amc-journal.eu)

Extremal embedded graphs*

Qi Yan, Xian’an Jinf

School of Mathematical Sciences, Xiamen University,
Xiamen 361005, P. R. China

Received 3 September 2017, accepted 19 October 2019, published online 13 December 2019

Abstract

Let GG be a ribbon graph and p(G) be the number of components of the virtual link
formed from G as a cellularly embedded graph via the medial construction. In this paper
we first prove that 4(G) < f(G)+v(G), where f(G) and v(G) are the number of boundary
components and Euler genus of G, respectively. A ribbon graph is said to be extremal if
w(G) = f(G) + v(G). We then obtain that a ribbon graph is extremal if and only if its
Petrial is plane. We introduce a notion of extremal minor and provide an excluded extremal
minor characterization for extremal ribbon graphs. We also point out that a related result
in the monograph by Ellis-Monaghan and Moffatt is not correct and prove that two related
conjectures raised by Huggett and Tawfik hold for more general ribbon graphs.

Keywords: Ribbon graph, medial graph, Petrie dual, extremal minor, orientation.

Math. Subj. Class.: 05C10, 05C83, 57M15

1 Introduction

A cellularly embedded graph is a graph G embedded in a surface X such that every con-
nected component of 3 — G is a 2-cell, called a face. If G C X, the homeomorphism
class of the surface X generates an equivalence class of cellularly embedded graphs, and
we say that cellularly embedded graphs are equal if they are in the same equivalence class.
We assume familiarity with cellularly embedded graphs, referring the reader to [6, 13] for
further details.

We use standard notations V' (G), E(G) and F(G) to denote the sets of vertices, edges,
and faces, respectively, of a cellularly embedded graph G and v(G) = |V(G)|, e(G) =
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|E(G)| and f(G) = |F(G)|, respectively. In general, a finite number of connected cel-
lularly embedded graphs will form a disconnected cellulary embedded graph. Let k(G)
denote the number of connected components of G. A graph is said to be bipartite if it does
not contain odd cycles. A face of a cellularly embedded graph is called even if its boundary
has an even number of edges (it is possible that a single edge appears twice in the boundary
of a face and under such circumstances the edge will be counted twice).

Let 1(G) be the number of components of the virtual link formed from a cellulary
embedded graph G via the medial construction. It was originally called left-right paths of
cellularly embedded graphs in [16]. Let T (x, y) be the Tutte polynomial [17] of the graph
G. Itis shown in [10, 11] that

TG(—I, —1) = (_1)6(6)(_2)M(G)—17

if G is embedded in the plane, the real projective plane or the torus. For many families
of planar graphs, their link component numbers have been determined, see, for example,
[5, 8, 14, 15].

Cellularly embedded graphs are equivalent to ribbon graphs. In this paper we mainly
work in the language of ribbon graphs. In this paper we first prove that u(G) < f(G) +
~(G) for any ribbon graph G, where f(G) and v(G) are the number of boundary compo-
nents (i.e. faces of the corresponding cellularly embedded graph) and Euler genus of G,
respectively. A ribbon graph is said to be extremal if u(G) = f(G) + v(G) and a rib-
bon graph is plane if its Euler genus is zero. In [9], the authors studied extremal plane
graphs and in [7], Huggett and Tawfik studied extremal cellularly embedded graphs on ori-
entable surfaces of positive genus. In this paper we extend their results to any ribbon graph
and also obtain that a ribbon graph is extremal if and only if its Petrial is plane. In [12],
Moffatt introduced the notion of minors of ribbon graphs and gave an excluded minor char-
acterization of the family of ribbon graphs that represent knot and link diagrams. In [3],
Chudnovsky et al introduced a notion of bipartite minor and proved a bipartite analog of
Wagner’s theorem. In this paper we imitate them and introduce a notion of extremal minor
and provide an excluded extremal minor characterization for extremal ribbon graphs.

In [7], Huggett and Tawfik also conjectured

Conjecture 1.1 ([7]). If G is an extremal graph cellularly embedded on a torus then each
face of G is even.

Furthermore,

Conjecture 1.2 ([7]). If G is an extremal graph cellularly embedded on a torus then G is
bipartite.

It is obvious Conjecture 1.2 implies Conjecture 1.1. In this paper, we shall show Con-
jecture 1.1 holds for any extremal cellularly embedded graphs and Conjecture 1.2 holds
for any orientable extremal cellularly embeded graphs, but is not true for non-orientable
extremal embedded graphs. We also point out that the second claim of Proposition 3.27 in
[4] is not correct.

2 Preliminaries

There are several ways to represent cellularly embedded graphs, and it is often more con-
venient and natural to work in the language of one or the other of these representations.
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Thus, we briefly describe ribbon graphs. We refer the readers to [1, 2] and the monograph
[4] for details. Readers familiar with them can skip this section.

Definition 2.1 ([1]). A ribbon graph G = (V(G), E(G)) is a (possibly non-orientable)
surface with boundary, represented as the union of two sets of topological discs, a set
V(G) of vertices, and a set E(G) of edges such that

1. the vertices and edges intersect in disjoint line segments, we call them common line
segments;

2. each such line segment lies on the boundary of precisely one vertex and precisely
one edge;

3. every edge contains exactly two such line segments.

If we delete the two common line segments from the boundary of an edge in a ribbon
graph then we obtain exactly two disjoint line segments, we call them edge line segments
of the edge. Two ribbon graphs are said to be equivalent or equal if there is a homeomor-
phism between them that preserves the vertex-edge structure. A ribbon graph is said to be
orientable if it is orientable when viewed as a surface with boundary. Similarly, the genus,
g(G), of a ribbon graph G is its genus when viewed as a punctured surface. The genus of
a disconnected ribbon graph is the sum of the genera of its connected components. The
genus of a surface is not additive under connected sums. For example the connected sum
of a torus and a real projective plane, which, are both surfaces of genus 1, is homeomor-
phic to the connected sum of three real projective planes, a surface of genus 3. To get over
this technical difficulty, the Euler genus, ~, which is additive under the connected sum, is
defined. Let G be a connected ribbon graph. Then

() = 2¢g(G), if G is orientable,
~ 1g(G), if G is non-orientable.

If G is not connected, then (&) is defined as the sum of the Euler genus of each of its
connected components. We say that a ribbon graph G is a plane graph if v(G) = 0.

It is well known that ribbon graphs and cellularly embedded graphs are equivalent:
if G is a cellularly embedded graph, a ribbon graph representation results from taking a
small neighbourhood of the embedded graph G. Neighbourhoods of vertices of the graph
G form the vertices of a ribbon graph, and neighbourhoods of the edges of the embedded
graph form the edges of the ribbon graph. On the other hand, if G is a ribbon graph, we
simply cap off the punctures to obtain a closed surface and then the core of the ribbon graph
is exactly cellularly embedded in this surface. An example is given in Figure 1 [4]. Since
cellularly embedded graphs and ribbon graphs are equivalent, we can, and will, move freely
between these representations, choosing whichever is most convenient at the time for our
purposes. In the context of ribbon graphs, f(G) is the number of boundary components of
the ribbon graph G.

The Euler characteristic, x(G), of a ribbon graph G, is defined by

X(G) = v(G) = e(G) + f(G).
It is related to the Euler genus by the following formula:

X(G) = v(G) — e(G) + f(G) = 2k(G) = 7(G).
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4 \
(a) A cellularly embedded graph G. (b) G as aribbon graph.

Figure 1: Two presentations of the same embedded graph.

A loop (respectively, cycle) in a cellularly embedded graph is said to be non-orientable
if its small neighbourhood is homeomorphic to a Mobius band. Otherwise it is said to be
orientable. It is more obvious if we use the language of ribbon graphs.

We use the language of ribbon graphs to define the deletion and contraction of an edge.
Let G = (V(G), E(G)) be aribbon graph and e € E(G). We denote by G — e the ribbon
graph obtained from G by deleting the edge e. We denote by G /e the ribbon graph obtained
from G by contracting the edge e. In the case that e = (u, v) is not a loop, G /e is obtained
from G by deleting e, u and v and adding a vertex disc along the boundary of e, v and v
and in the case that e = (v, v) is a loop, G/e is obtained from G by deleting e and v and
adding a vertex disc or two vertex discs along the boundary of e and v (it is an annulus if
the loop is orientable and a Mobius band otherwise). Alternatively, G/e := (G* — e)*,
where * represents the geometrical dual.

3 Medial graphs and Petrials

Medial graphs as a tool will be used very often throughout this paper. If G is cellularly
embedded in X, we construct its medial graph G, in the embedded surface by placing a
vertex on each of its edges, and for each face f with boundary ey, ez, ..., eqs), drawing
d(f)edges{e1,ea},...,{eq),e1} inside the face f along the boundary of f. Itis obvious
that GG,,, is also cellularly embedded in . We can form the medial graph of a ribbon graph
inside the ribbon graph as shown in Figure 2. In particular, the medial graph of an isolated
vertex is a free loop. Another example is given in Figure 3. In the language of medial
graphs, u(G) is exactly the number of “straight-ahead” walks in the medial graph G,,,, as
described in [18].

Figure 2: The formation of the medial graph of a ribbon graph.

An all-crossing direction of G, is an assignment of a direction to each edge of G, in
such a way that at each vertex v of G,,,, when we follow the cyclic order of the directed
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0@

Figure 3: A non-orientable loop G and its medial graph G,, (u(G) = 2, red component
and blue component).

edges incident to v, we find head, head, tail and tail. If z,,, is equipped with an all-crossing
direction, then we can partition the vertices of G, into c-vertices and d-vertices according
to the scheme shown in Figure 4. Accordingly edges of GG are divided into c-edges and

d-edges.

(a) c-vertex (b) d-vertex
Figure 4: c-vertex and d-vertex.

The Petrial of a cellularly embedded graph GG, which we denote by G*, is formed with
the same vertices and edges as G, but for the faces taking the Petrie polygons, which are the
result of closed “straight-ahead” walks in GG,,, (see Wilson [18]). Since the “straight-ahead”
pattern effectively means crossing over each edge, when the graph is viewed as a ribbon
graph, this is simply giving each edge a half-twist, and hence G* is simply the result of

giving a half-twist to all of the edges as shown in Figure 5. An example of a ribbon graph
and its Petrial is given in Figure 7.

Figure 5: Add a half-twist to an edge of a ribbon graph.
Lemma 3.1. Let G be a ribbon graph. Then

Proof. This follows immediately from Figure 6. O

Notice that rather than adding a half-twist to each of the edges of G, we may add
half-twists to only some of the edges of G. The result is a partial Petrial of G. Let G be a
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Rt

Figure 6: The relation between medial graph and Petrial.

ribbon graph and A C E(G). Then the partial Petrial, G™(4), of G' with respect to A is
the ribbon graph obtained from G by adding a half-twist to each of the edges in A. Let
Orb(,(G) = {G™™ | A C E(G)} denote the set of all partial Petrials of G. Ellis-
Monaghan and Moffatt in [4] claimed:

Proposition 3.2 ([4]). Let G be a ribbon graph. Then

1. | Orb(;y(G)| is bounded above by two raised to the power of the number of cycles
inG

2. if G is bipartite, then G* = G.
In fact the second claim of Proposition 3.2 is not true. A counterexample is given below.

Example 3.3. As shown in Figure 7, we have v(G2) = 0 and v(G5) = 2, and hence
G2 # G but G is bipartite, contradicting the second claim of Proposition 3.2.

«

Figure 7: Counterexample G (and its Petrial G5) of the second claim of Proposition 3.2.

4 Upper bound and extremal graphs

In this section, we give some basic properties of u(G), extending results in [7] and [9]
from orientable ribbon graphs to non-orientable ones, and obtaining several new results at
the same time.

Lemma 4.1. Let G + e be the ribbon graph obtained from a ribbon graph G by adding a
new edge e connecting two (not necessarily distinct) vertices of G. Then

w(G) -1 < pu(G+e) < p(G)+1.

Proof. 1f e is a loop and the common line segments of the loop are adjacent, then there are
two cases:

Case 1.1: If e is an orientable loop, then p(G + e) = p(G), as in Figure 8.
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Y

Figure 8: Case 1.1.

Case 1.2: If e is a non-orientable loop, then u(G + ¢) = p(G) + 1, as in Figure 9.

P

Figure 9: Case 1.2.

Otherwise, there are also two cases (see Figure 10).

Figure 10: Case 2.1 and 2.2.

Case 2.1: If the arcs « (joining a and b) and /3 (joining ¢ and d) are contained in different
components of G (here “components of G”” means components of the virtual link formed
from G via the medial construction, in the following we take this convention and it causes
no confusion in the context), then u(G + ¢) = u(G) — 1.

Case 2.2: If the arcs « and (3 are contained in same component of G, then there are two
subcases.

Case 2.2.1: Along this component, if the order of the four endpoints of the two arcs « and
Bisa,b,c,d, then u(G + e) = p(G).

Case 2.2.2: If the order of the four endpoints of the two arcs « and S is a, b, d, ¢, then
w(G+e)=pu(G) + 1. O
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Theorem 4.2. Let G be a ribbon graph. Then
k(G) < u(G) < f(G) +7(G).

Proof. 1t is trivial that k(G) < p(G). Take a maximal forest F' of G, it is obvious that
w(F) = k(G). There are e(G) — v(GQ) + k(G) edges of G outside F'. By Lemma 4.1, we
have

(@) < k(G) + (e(G) = v(G) + k(G)) = f(G) +7(G). H

A ribbon graph G is called extremal if u(G) = f(G) + v(G). The following lemma
expresses (G) in terms of G and its petrial G*.

Lemma 4.3. Let G be a ribbon graph. Then
w(@) =(G) + f(G) —~(G7).
Proof. Note that

X(G) = v(G) — e(G) + f(G) = 2k(G) — (),
X(G) =v(G") = e(G") + f(GT) = 2k(G™) —v(G™).

In addition, v(G) = v(G*),e(G) = e(G*), k(G) = k(G*) and f(G*) = u(G) by
Lemma 3.1. Hence u(G) = v(G) + f(G) — v(G*). O

The upper bound in Theorem 4.2 is also a direct consequence of Lemma 4.3 since
~v(G*) > 0. The following theorem is simple, but critical in the next two sections.

Theorem 4.4. A ribbon graph G is extremal if and only if v(G*) = 0, i.e. G* is plane.

If G, P and @ are ribbon graphs, then we say that G is the join of P and @, written
G = PV @, if G can be obtained by identifying an arc on the boundary of a vertex of P
with an arc on the boundary of a vertex of () as indicated in Figure 11. The two arcs that
are identified do not intersect any common line segments.

@ P (b) Q ©PVQ

Figure 11: The join PV Q of P and Q).

Lemmad.5. Let G = B1V ByV B3V ---V By. Then

k
w(G) =D n(Bi) —k+1.

i=1
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Proof. Tt suffices to show that Lemma 4.5 holds for £ = 2. Let v be the new vertex of G
formed by merging a vertex of By and a vertex of Bs. Since v is a cut vertex, the arcs ¢; and
¢ must belong to a single component, and ¢; and ¢}, must belong to different components,
that is, splitting By V By at v into By and Bj increases the number of components by one,

as in Figure 12. Thus u(G) = u(B1) + u(Bs) — 1. O
C1 — i Cll C/2 i
C2
(a) B1 V By (b) By (©) By

Figure 12: A component of B; V By is split into a component of B; and a component
of Bg.

Lemma 4.6. Let G be a ribbon graph and e be a bridge of G. Then u(G) = (G /e).

Proof. This follows immediately from Figure 13. Since e is a bridge, the arcs c; and co
must belong to a single component, and so do the arcs ¢} and . We have ;(G) = p(G/e).

O
€1 ch
e
C2 ch
(@G (b) G/e

Figure 13: The medial graphs of G and G/e.

Lemma 4.7. Let G be a ribbon graph and e; and es be two distinct edges of G (see
Figure 4.7).

1. Ifthe 2-cycle given by {ey, ea} is orientable and the common line segments of e, and
e are adjacent as in Case 1, then 1(G) = (G — e — e3).

2. If the 2-cycle given by {e1, es} is non-orientable and the common line segments of
ey and eq are adjacent as in Case 2, then ji(G) = u(G/eq/e2).

3. If eq and e are not parallel edges, but are incident with a common vertex of degree
2 as in Case 3, then u(G) = u(G/e1/ea).



646 Ars Math. Contemp. 17 (2019) 637-652

(a) Case 1 (b) Case 2
| e () e |
(c) Case 3

Figure 14: The three cases of Lemma 4.7.

Proof. We illustrate the proof with the following figures.

Case 1:
ER~=D0 02D«
Case 2:
je 2 By @)
(G/eir/e2)m
Case 3:
G G (G/er/e2)m

Theorem 4.8. Let G be a ribbon graph.

(1) If G is extremal and e is not a bridge of G, then G — e is extremal.
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(2) If G = BV ByV B3 V- -V By, then G is extremal if and only if each B; is extremal.
(3) If e is a bridge of G, then G/ e is extremal if and only if G is extremal.

(4) Let v be a vertex of degree 2 with exactly one adjacent vertex, the two edges joining
these vertices are as in Case 1 of Lemma 4.7. Then G — v is extremal if and only if
G is extremal.

(5) Let v be a vertex of degree 2 with two different adjacent vertices x and y. Then
G/{v,z}/{v,y} is extremal if and only if G is extremal.

Proof. (1): Since G is extremal, 1u(G) = f(G) + v(G). By Lemma 4.1, we have
(G —e) = f(G)+4(G) — 1.
Moreover, (G — ¢) < f(G — ¢) + (G — ¢) by Theorem 4.2 and
f(G=e)+9(G—e)=f(G) +7(G) - L

Therefore u(G — e) = f(G —e) + (G — ¢). Hence G — e is extremal.
(2): Suppose that GG is extremal. Then from Lemma 4.5 we have

=

8

I
M-

&
Il
-

u(Bi) —k+1

I
=
8
+
2

(@)

[
M=

k
f(Bi)_k+1+Z'7<Bi)

.
Il
_

|
™=

f(Bi) +~(Bi) — k+ 1.

.
Il
_

Therefore
k k

> uBi) =D f(B) +(By),

=1 =1

and so each B; is extremal. The converse is proved similarly.
(3): This follows from Lemma 4.6:

1(G/e)=wG), [f(G/e)=f(G) and ~(G/e)=~(G).
(4): This follows from Case 1 of Lemma 4.7:
(G —v)=p(G)—1, f(G-v)=[f(G)-1 and (G —v)=7(G).
(5): This follows from Case 3 of Lemma 4.7:

w(G/{v, z}/{v,y}) = u(G), F(G/{v, 2} {v,y}) = f(G) and
1G/{v, 2}/ {v, y}) = (@), O
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5 Excluded extremal minor characterization

Definition 5.1. Let G = (V, E) be a ribbon graph and v € V and e € E. A deletion
G — e or G — v of G is admissible if e is not a bridge of G or v is an isolated vertex of G; a
contraction G//e or G /v is admissible if e is a bridge of G or v is a vertex of degree 2 with
two different adjacent vertices u, w and G /v = G/{v,u}/{v, w}.

Definition 5.2. Let G be a ribbon graph. We say that a ribbon graph H is an extremal minor
of G, denoted H < G, if there is a sequence of ribbon graphs G = Gy, G1,...,G =
H where for each ¢, G;11 is obtained from G; by either an admissible deletion or an
admissible contraction.

Lemma 5.3. Let G be an extremal ribbon graph and H < G. Then H is extremal.

Proof. 1t suffices to prove that admissible deletions and admissible contractions preserve
extremity. Cases of G — e, G/e and G /v follow from Statements (1), (3), and (5) of
Theorem 4.8, respectively. Let v be an isolated vertex of G. Then (G — v) = u(G) — 1,
f(G —v) = f(G) — 1 and (G — v) = 7(G). Thus if G is extremal, G — v is also
extremal. O

Lemma 54. H* < G* ifand only if H < G.

Proof. We only need to prove the sufficiency since G = (G*)*. Then by Definition 5.2,
it suffices to prove that Lemma 5.4 holds for H = G — e and H = G — v (admissible
deletions), and H = G/e and H = G /v (admissible contractions). For clarity, we denote
by e* (respectively, v*) the edge (respectively, the vertex) of G* corresponding to the
edge e (respectively, the vertex v) of G. Then e is a bridge if and only if e is a bridge of
G*, v is an isolated vertex if and only if v is an isolated vertex of G*, and v is a vertex
of degree 2 with two different adjacent vertices of G if and only if v is a vertex of degree
2 with two different adjacent vertices of G*. Hence H < G implies H* < G*. O

Theorem 5.5. Let G be a ribbon graph. Then G is extremal if and only if it contains no
extremal minor equivalent to By, B, Is, I5, Ty or T5 (see Figure 15).

Proof. Ttis not difficult to obtain that
V(Bi) =) =1 and ~(BJ)=~(I3) =y(17") =(T5) = 2.

By Theorem 4.4, By, Bg, I3, I5,T1 and 75 are not extremal. It follows from Lemma 5.3
that G contains no extremal minor equivalent to By, Bs, I3, I5,1) or T5. To prove the
converse we suppose that G is not extremal. Without loss of generality, we assume that G
is connected. Then, by Theorem 4.4, v(G*) > 0.

Case 1: If G* is non-orientable, then G* contains a non-orientable cycle C. If C is odd,
then C' in G is orientable. The edges of G not on C' can be deleted or contracted admissibly,
and thus C' < G. Note that B; < C and hence B; < G, a contradiction. If C' is even, then
C'in G is non-orientable. It follows that C' < G, I3 < C' and thus I5 < G, a contradiction.

Case 2: If G* is orientable, then g(G*) > 1.

Step 1: If f(G*) > 1, we can take an edge e of G* whose two edge line segments belong
to different boundary components of G*. Such an edge e must be not a bridge, we can



Q. Yan and X. Jin: Extremal embedded graphs 649

(a) By (b) By (©) I3

) Iz () Th H T3

Figure 15: The “forbidden” minors in Theorem 5.5.

delete it in G*. Deleting such an e will decrease boundary component number by 1 and
preserve orientability and the genus. Repeat Step 1 we obtain an orientable ribbon graph
(G*)" with f((G*)") = Land g((G*)") = g(G™).

Step 2: If g((G*)") > 1, (G*)’ must have non-bridges. Take a non-bridge e of (G*)’,
deleting e will preserve orientability and connectedness, and must increase boundary com-
ponents by 1 since f((G*)") = 1 and hence decrease the genus by 1.

Now go to Step 1. Then carry out Step 2 if the genus is greater than 1. Repeat above
process, finally we obtain an orientable ribbon graph (G*)” with f((G*)") = 1 and
g((G*)") = 1. Note that (G*)"” < G* and (G*)" has the cyclomatic number 2. After
contracting all bridges and vertices of degree 2 with two distinct adjacent vertices in (G*)”,
we obtain four possible (G*)”" as shown in Figure 16. Note that a*,b*,¢* and d* in
Figure 16 are Bs,T1,T5 and I3, respectively. By Lemma 5.4, we have Bs < G, Iz < G,
T, < G or T5 < G, a contradiction. O

(a) (b) (©) (

Figure 16: Four possibilities for (G*)"".

d)
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As a corollary, we obtain an excluded extremal minor characterization of extremal plane
graphs. We need the following lemma and leave its proof to readers.

Lemma 5.6. If H < G, then v(H) < ~v(G).

Corollary 5.7. A plane graph G is extremal if and only if it contains no extremal minor
equivalent to B or I3.

Proof. By Lemma 5.6, an extremal plane graph can not contain Bs, I5, T} and 15 as ex-
tremal minors. It then follows from Theorem 5.5. O

6 Two conjectures and their generalizations

We first prove Conjecture 1.2 holds for any extremal cellularly embedded graphs on ori-
entable surfaces.

Theorem 6.1. If G is an orientable extremal ribbon graph, then G is bipartite.

Proof. By Theorem 4.4, v(G*) = 0 which implies that G* is a plane graph and thus
orientable. If G is not bipartite, then it contains an odd cycle C. C, as a subgraph of the
orientable ribbon graph G, is also orientable which will become a non-orientable cycle of
G*. Tt follows that G* is non-orientable, a contradiction. O

This theorem is not true for non-orientable extremal ribbon graphs. For example, the
non-orientable loop, as in Figure 3, is extremal, but not bipartite. By Theorem 6.1, any
orientable extremal ribbon graph with non-zero Euler genus (including the G* in Exam-
ple 3.3) is a counterexample of the second claim of Proposition 3.2. To show that Conjec-
ture 1.1 holds for any extremal cellularly embedded graphs we need the following lemma.

Lemma 6.2. Let G be a ribbon graph. If G* is orientable, then G,, has an all-crossing
direction such that each of the edges of G is a d-edge.

Proof. Since G* is orientable, it follows that G* can be drawn on the plane such that
each of its edge discs is untwisted. We orient each edge disc anticlockwise as illustrated
in Figure 17(a). Note that straight-ahead walks of G,,, correspond exactly to boundary
components of G*. Then G,, is oriented in Figure 17(b) as boundary components of G*.
This is an all-crossing direction such that each of the edges of G is a d-edge. O

G* G
e
/7 >
(a) Orient each edge disc anticlockwise. (b) Get an all-crossing direction of G,

and e is a d-edge.

Figure 17: The all-crossing direction of G,,.
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Theorem 6.3. If G is an extremal ribbon graph, then each face of G is even.

Proof. Since G is an extremal ribbon graph, it follows that v(G*) = 0 by Theorem 4.4,
and thus G* is orientable. By Lemma 6.2, GG,,, has an all-crossing direction such that each
of the edges of G is a d-edge. Since each edge is d-edge, we call one of edge line segments
in-edge line segment if two marking arrows are all “in” arising from the all-crossing direc-
tion of GG,,,. Otherwise, we call the other out-edge line segment, as in Figure 18(a). It is
immediate that the in-edge line segments and out-edge line segments are alternating in the
every face boundary of G, as in Figure 18(b). It follows that each face of G is even. O

out-edge line segment out 3 . out
- o o in in .
f out
\ m

) ) out out
in-edge line segment n m

(a) (b)

Figure 18: in-edge line segment and out-edge line segment.
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Abstract

Let H be a graph and let k > x(H ) be an integer. The k-colouring graph of H, denoted
G (H), is the graph whose vertex set consists of all proper k-vertex-colourings (or simply
k-colourings) of H using colours {1,2,. .., k}; two vertices of G (H) are adjacent if and
only if the corresponding k-colourings differ in colour on exactly one vertex of H. If
G (H) has a Hamilton cycle, then H is said to have a Gray code of k-colourings, and the
Gray code number of H is the least integer ko(H) such that G (H) has a Gray code of
k-colourings for all k > kq(H ). Choo and MacGillivray determine the Gray code numbers
of trees. We extend this result to 2-trees. A 2-tree is constructed recursively by starting with
a complete graph on three vertices and connecting each new vertex to an existing clique on
two vertices. We prove that if H is a 2-tree, then ko(H) = 4 unless H is isomorphic to the
join of a tree T" and a vertex u, where 7' is a star on at least three vertices, or the bipartition
of T has two even parts; in these cases, ko(H) = 5.

Keywords: 2-trees, graph colouring, Gray codes, Hamilton cycles, reconfiguration problems.

Math. Subj. Class.: 05C15, 05C45

1 Introduction

Let H be a graph and k£ a positive integer. We define a proper k-vertex-colouring of H as a
function f: V(H) — {1,2,...,k} for which f(z) # f(y) for any 2y € E(H). Since we
are concerned only with proper k-vertex-colourings, we use the simpler term k-colouring,
and refer to f(x) as the colour of x. For notation and terminology not defined here, the
reader is referred to Bondy and Murty [1].

A graph H has a Gray code of k-colourings if it is possible to list all the k-colourings
of H in such a way that consecutive colourings in the list (including the last and the first)
differ on exactly one vertex of H, and the Gray code number of H is the least integer

E-mail addresses: mcavers@ucalgary.ca (Michael Cavers), kseyffar@ucalgary.ca (Karen Seyffarth)

©@@® This work is licensed under https://creativecommons.org/licenses/by/4.0/
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ko(H) for which H has a Gray code of its k-colourings for all k > ko(H). Equivalently,
we may define the k-colouring graph of H, denoted G, (H ), to be the graph whose vertices
correspond to all k-colourings of H, and whose edges connect two k-colourings of H that
differ on exactly one vertex of H. In this context, H has a Gray code of k-colourings if
and only if G (H) has a Hamilton cycle, and the Gray code number of H is the the least
integer ko (H ) for which G (H) has a Hamilton cycle for all k > ko(H).

The k-colouring graph is an example of a reconfiguration graph. Such graphs are often
used in the study of what are known as reconfiguration problems. Generally, a reconfigu-
ration problem asks: given two (different) feasible solutions to a problem, can one solution
be transformed to the other through a sequence of allowable moves, while maintaining fea-
sibility at each stage? In the context of k-colourings, the k-colouring graph is connected if
and only if any k-colouring can be reconfigured into any other k-colouring by re-colouring
one vertex at a time in such a way that each intermediate colouring is a k-colouring. Re-
cently, reconfiguration problems have been receiving wide attention, and have been studied
for various graph colouring problems [2, 3, 4, 10, 15], for dominating sets [12, 13, 18],
and for various other graph problems including vertex covers, cliques, and independent
sets [14].

The k-colouring graph arises in the context of theoretical physics, where it is the graph
of the Glauber dynamics Markov chain; the goal is to find efficient algorithms for almost
uniform sampling of k-colourings of graphs [16]. The Glauber dynamics Markov chain
converges to the uniform distribution provided that the k-colouring graph is connected,
prompting Cereceda, van den Heuvel and Johnson [4] to ask the question: given a graph
H and a positive integer k, is G (H) connected? They prove that if H has chromatic
number k£ € {2,3}, then G (H) is never connected, whereas for k& > 4, there are k-
chromatic graphs H for which G (H) is connected, and other k-chromatic graphs H for
which G (H) is not connected. In general, they prove that Gy, (H) is connected for all
k > col(H) + 1, where col(H), the colouring number of H, is defined as col(H) :=
max{d(G) | G C H} + 1. A slightly weaker version of this result is proven in [8].

Choo and MacGillivray [6] initiated the study of Hamilton cycles in k-colouring graphs
by proving that the Gray code number of H is well defined, i.e., Gi(H ) has a Hamilton
cycle for all k& > col(H) + 2. This gives the upper bound ko(H) < col(H) + 2. Note that
if T is a tree, then col(T) = 2 and G2(T') is disconnected; hence 3 < ko(T) < 4. Choo
and MacGillivray [6] determine which trees have ko(7T") = 3 and which have ko(T') = 4.
In particular, they prove that if 7" is a tree, then ko(7') = 3 unless T' = K o, for £ > 1,
in which case kq(T") = 4. They also determine the Gray code numbers of complete graphs
and cycles. Celaya, Choo, MacGillivray and Seyffarth [3] establish the Gray code numbers
of complete bipartite graphs. Haas [11] studies a variation of k-colouring graphs, namely,
canonical colouring graphs, and uses techniques developed in [6] to show that canonical
colouring graphs of trees have Hamilton cycles.

Given the results for trees and complete graphs, a natural question is to determine the
Gray code numbers of k-trees. We use the definition of k-tree given in [9], that is, a k-tree is
constructed recursively by starting with a complete graph on k + 1 vertices and connecting
each new vertex to an existing clique on & vertices (hence a 1-tree is simply a connected
acyclic graph). A vertex of degree k in a k-tree is called a leaf. Let H be a k-tree. Then it is
clear that the chromatic number of H is x(H) = k+ 1, and that Gj41 (H) is disconnected.
Since every induced subgraph of H has a leaf, col(H) = k + 1. Thus it follows from [6,
Theorem 3.4] that ko(H) < k + 3, and therefore k + 2 < ko(H) < k + 3. The problem
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is therefore reduced to classifying k-trees into those with Gray code number k£ + 2 and
those with Gray code number £ + 3. The answer appears to be far from trivial. In the
current paper, we provide a complete solution for 2-trees; the characterization can be stated
in fairly non-technical language, but the proof involves numerous cases and generalizations
of the techniques used in [3, 6]. The join of graphs G; and G, denoted by G V G, is
obtained from the disjoint union of G; and G5 by adding all edges between vertices of G
and vertices of Gls.

Theorem 1.1. If H is a 2-tree then ko(H) = 4, unless H = TV {u} for some tree T and
vertex u, where T is a star on at least three vertices or the bipartition of V(T') has two
even parts; in these cases, ko(H) = 5.

The remainder of the paper is devoted to proving this theorem. We first characterize
2-trees of diameter two (Lemma 3.2). We then determine the 2-trees, H, of diameter two
for which G4(H ) has a Hamilton cycle (Lemmas 3.3 and 3.5). This is done by considering
the structure of G'3(T"), where T is a tree (Lemmas A.2 and 3.6). We show that if H is a
2-tree with diameter at least three, then G 4(H ) has a Hamilton cycle (Lemmas 6.3 and 6.4).
To do so we describe a specific recursive procedure for constructing 2-trees of diameter at
least three (Theorem 4.3).

2 Preliminaries

Definition 2.1. Let H be a graph, and let X and Y be disjoint subsets of V' (H). We denote
by [X, Y] the set of edges of H that have one end in X and the other end in Y.

Definition 2.2. Let H be a graph and L a function that assigns to each vertex v € V(H)
a set of positive integers, L(v), called the list of v. An L-colouring of H (also called a
list colouring of H with respect to L) is a (proper) colouring ¢: V(H) — N such that
c(v) € L(v) for each v € V(H). We define the L-colouring graph of H, denoted G, (H),
to be the graph whose vertex set consists of all L-colourings of H; two L-colourings are
joined by an edge of G, (H) if they differ in colour on just one vertex of H.

Remark 2.3. If k > x(H) and L(v) := {1,2,...,k} foreachv € V(H), then GL(H) =
Gy (H), the k-colouring graph of H.

We use G J H to denote the Cartesian product of graphs G' and H, and @),, to denote
the n-dimensional hypercube, defined as the Cartesian product of n copies of K.

Remark 2.4. Let H; and H; be vertex disjoint graphs and let L be an assignment of lists
to the vertices of H, U Hy. Then

Gp(Hy U Hy) = Gp(H,) DGy (Hs).

Lemma 2.5. Let H be a 2-tree with cliqgue X = {x1, 22, ..., 2.} where { < 3, and let L
be an assignment of lists to the vertices of H so that

1. |L(z;)| = 1and L(x;) €{1,2,3,4}, 1 <i <4
2. L(z;) # L(zj) forall 1 <i#j < {;
3. L(v) ={1,2,3,4} foreachv € V(H) \ X.
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Then G1,(H) has a spanning tree T with A(T') < 4.

Proof. The proof is by induction on |V (H)|. For the basis, H = K3 with V(H) =
{v1,v2,v3}. When £ = 0, G(H) = G4(K3), which has a Hamilton cycle [6, Theo-
rem 4.1], so take T to be a Hamilton path in G4(K3). When £ = 1, we may assume,
without loss of generality, that L(vy) := {1} and L(v2) = L(vs) := {1,2,3,4}. Then
Gp(H) = G3(K3), which has a Hamilton cycle [6, Theorem 4.1], so take T to be a
Hamilton path in G3(K>). When ¢ = 2, we may may assume, without loss of generality,
that L(vy) := {1}, L(v2) := {2}, and L(v3) := {1,2,3,4}. Then G (H) = K3, and
the result holds. Finally, when £ = 3, we may assume, without loss of generality, that
L(vy) := {1}, L(ve) := {2}, and L(vs3) := {3}. Then G (H) = K3, and the result holds.

Now suppose H is a 2-tree with |V (H)| > 3 and clique X = {x1,...,24}. Since
¢ < 3, thereis aleaf v € V(H) with v ¢ X, and thus H — v is a 2-tree containing the
clique X. It follows by induction that G (H — v) has a spanning tree 7 with A(T) <
4. Let V(GL(H — v)) == {fo, fi,..., fn-1}, and for each f; € V(Gp(H — v)), let
F; C V(GL(H)) be the set of L-colourings of H that agree with f; on V(H — v). Then
{Fo, F1,...,Fn_1} is a partition of the vertices of G,(H). Since v is a leaf of H, there
are two ways to extend an L-colouring of H — v to an L-colouring of H, and hence for
each j,0<j <N —1, F; = {a;,b;} is aclique.

For each edge f; f; € E(T), there is a unique vertex w € V(H —v) for which f;(w) #
fi(w). If wv ¢ E(H), then [F;, F}] consists of two disjoint edges, and the subgraph of
G1(H) induced by F; U Fj is a 4-cycle. Otherwise, wv € E(H), so [F;, F};] has only one
edge, and the subgraph of G (H) induced by F; U F} is a path of length three. In both
cases, label the edge f; f; in T with |[F}, F}]|.

Let S denote the spanning subgraph of G, (H) corresponding to the spanning tree T
of G1,(H — v) as described above, that is, S has edge set

U [Pl ufab [0<i<N—1}
fifi €E(T)

Since [F}, F;] is nonempty for each f; f; € E(T), S is connected. Also, since A(T) < 4
and [F}, F};] contains either one edge or two disjoint edges, A(S) < 5. Furthermore, since
there are only two vertices adjacent to v in H, at most two edges incident to f; in G, (H —v)
have label ‘1°.

Let S” be the graph obtained from S by deleting the edges a;b; for each f; € V(T)
with d7(f;) = 4. Then A(S") < 4, since if a; € V(S) has ds(a;) = 5, then d7(f;) = 4,
and thus dg/(a;) = 4. We also claim that S’ is connected. To prove this, it suffices to show
that there is a path in S’ from a,, to b, for each f, € V(T) with dr(f,) = 4. Suppose
fp € V(T) has d7(fp) = 4. Construct a path, P, in T starting at f,, using edges labelled
‘2’, and whose final vertex f, has dr(f,;) < 4. Such a path exists since T has no cycles,
and each degree four vertex in 7 is incident to at least two edges labelled ‘2. The union

U [Fi, Fj] | U{agbg}

fif; €E(P)

gives us a path in S’ from a,, to b,,.
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Therefore, S’ is a connected spanning subgraph of G1,(H ), and thus S’ has a spanning
tree T that is also a spanning tree of G, (H ). Since A(S") < 4, A(T) < 4, thus completing
the proof of the lemma. O

The result in Lemma 2.5 is best possible in that A(7") cannot be reduced from four to
three, as illustrated in the following example. Let D denote the unique 2-tree of diameter
three on six vertices, with vertices labelled as shown in Figure 1(a).

3412 4312
3413 4314
vz maus 3423 4324
3421 4321
3123 2123
wo ous us 3124 4124
3143 2134
3142 732
(a) D (b) G (D)

Figure 1: The 2-tree D and G (D).

Let L: V(D) — {1, 2, 3,4} be defined as follows.

L(uy) == {1},
L(ug) := {2}, and
L(u;) == {1,2,3,4} for3 < i < 6.

If f is an L-colouring of D, then f(u;) = 1 and f(us) = 2, and thus we may denote the
vertices of G, (D) by strings ijk¢ where f(ug) = 1, f(ua) = j, f(us) = k and f(ug) = £.
Using this convention, G, (D) is depicted in Figure 1(b). Notice that G,(D) is unicyclic,
and has exactly two nonadjacent vertices of degree four, ‘3123’ and ‘4124’. Thus every
spanning tree of G (D) has a vertex of degree four.

As part of their proof [6, Theorem 5.5], Choo and MacGillivray prove the following.

Remark 2.6. Let G be a graph with vertex partition { Fy, F1, ..., Fnx—_1}, such that
(i) G[F;]isad4-cycle foreachi, 0 <i< N —1;
(il) G[F;_1 U F;] is isomorphic to either Py K5 or Q3 foreachi, 1 <i < N — 1,

(iii) if G[F;—1 U F;] and G[F; U F;44] are both isomorphic to Py K, then G[F;_1 U
F; U F;14] is not isomorphic to the graph in Figure 2.

Then G has a Hamilton cycle.

The conditions imply that [F;_, F;] # (), 1 <4 < N —1, and hence there is a function,
h, from a spanning subgraph of G to a path fyf1--- fy—_1 of length N — 1 defined by
h(u) = f; forallu € F;,,0<i< N —1.

In our next lemma, we adapt the result of Choo and MacGillivray to a more general
scenario. Suppose G is a graph with vertex partition {Fp, F, ..., Fiy—1} where G[Fj)
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Figure 2: Forbidden subgraph.

contains a spanning cycle for each 4, 0 < 7 < N — 1 (these cycles form a 2-factor of G).
Further, assume that there is a function, /, from a spanning subgraph of G to a tree with
vertex set { fo, f1,.-., fn—1} such that h(u) = f; forallu € F;, 0 < i < N — 1. The
general idea is to choose, for each edge f; f; of the spanning tree, appropriate edges from
the set [F;, F;] of G so that we are able to construct a Hamilton cycle from among these
edges and edges of the 2-factor. See Figure 3 for an illustration of this result.

Lemma 2.7. Let G be a graph with vertex partition {Fy, Fy,...,Fy_1}, and let T be a
tree with V(T) := {fo, f1,.-., [n—1}. Suppose there is a function, h, from a spanning
subgraph of G to T such that h(u) = f; forallu € F;, 0 < i < N — 1. Furthermore,
suppose that for each f;f; € E(T), 0 < i,j < N — 1, there exist edges e; j in G[F;] and
e;,; in G[F}] such that

(i) ifj # kand fif;, fifx € E(T), then e; j # e; 1;
(ii) ife; ; = acand e;; = bd, then G[{a, b, c, d}] contains a 4-cycle;
(iii) G[F;] has a Hamilton cycle C; such that
M :={ei; | fif;y € E(T)} € E(Cy).

Then G has a Hamilton cycle C such that
N-1

U @)\ My) € E(C).

=0

Proof. The proof is by induction on N. The result is trivial when N = 1.

Let N > 1. For each f;f; € E(T),0 <1i < N — 1, suppose ¢; ; € E(G[F}]), e;; €
E(G[F;]), and C; (a Hamilton cycle in G[F;]) satisfy conditions (i), (ii) and (iii). Without
loss of generality, we may assume that f_; is a leaf of 7', and that fy_1fn_2 € E(T).
LetG' :=G — Fy_1andT" :=T — fy_1. Using ¢, ;, €;; and C; as previously defined,
0 <i < N —2,and M; as defined in (iii) except with My _o replaced by M]’\F2 =
Mp_2\ {en—2 n—1}, we apply the induction hypothesis to G’. The result is a Hamilton
cycle C’ in G’ such that

N-3
( U (E(Cs) \Mi)> U(E(Cn-2)\ My_,) € E(C"),

i=0

andey_an—1 € E(C'). Letey—_a N—1 := ac, en—1,n—2 := bd; without loss of general-
ity, abdca is a 4-cycle in G[{a, b, ¢, d}], and hence

C = (C/ — 6N72,N71) U (CN,1 — €N71’N72) + {ab, Cd}

is a Hamilton cycle in G with the required property. O



M. Cavers and K. Seyffarth: Reconfiguring vertex colourings of 2-trees 659

12NN
Figure 3: Illustration of Lemma 2.7.

We remark that if dr(f;) = 1 for some 4, then the Hamilton cycle C' constructed in
Lemma 2.7 contains all except one edge of E(C;).
3 2-trees of diameter two

In this section we characterize 2-trees H of diameter two in which G4(H) has a Hamilton
cycle. We begin by defining a class of 2-trees that we denote by T'(p, ¢, ) (see Figure 4).

Figure 4: The 2-tree T'(p, q, 7).

Definition 3.1. Let P, (), and R be pairwise disjoint independent sets of vertices with
|P| :=p, |Q| := ¢, and |R| := r. The graph T'(p, ¢, ) is the graph on p+ g+ + 3 vertices
defined on vertex set {x,y, 2} U P U @ U R where the subgraph induced by P UQ U R is
an independent set, and

o the subgraph induced by {z,y} U P is isomorphic to K1 1 p;
e the subgraph induced by {y, z} U Q is isomorphic to K1 1 4;
e the subgraph induced by {z,z} U R is isomorphic to K7 1 .

A dominating vertex in a graph is a vertex adjacent to all other vertices of the graph.
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Lemma 3.2. A graph H is a 2-tree of diameter two if and only if H has a dominating
vertex or H = T(p, q,r) for p,q,7 > 0.

Proof. Any 2-tree with a dominating vertex has diameter two, and one can easily verify
that T'(p, g, r) is a 2-tree of diameter two for any p, g, > 0.

For the converse, suppose H is a 2-tree of diameter two. We proceed by induction on
n := |V (H)|. When n = 4, H is isomorphic to the graph obtained from K, by deleting
one edge, and has a dominating vertex. Now suppose that n > 5, and let u € V(H)
be a leaf of H, i.e., dg(u) = 2. By the induction hypothesis, H — u has a dominating
vertex, or H —u = T(p',¢',r’) for some p’,¢',r" > 0. If H —u = T(p',q¢,r") for
some p’, ¢, > 0, thenlet V(H — u) := {z,y,2} UP UQ' U R/, where |P’'| .= p/,
|Q'| := ¢/, and |R’| := +'. Since H has diameter two, u must be adjacent to at least two
vertices from {z, y, z}. However dy (u) = 2, and thus Ny (u) = {z,y}, Ng(u) = {y, z},
or Ny(u) = {z,z}. It follows that H = T(p' + 1,¢',r"), H = T(p',q¢ + 1,7'), or
H>T({, ¢, v+ 1), respectively.

Now suppose H — u has a dominating vertex, . If uz € E(H), then x is a dominating
vertex in H. Otherwise, let y and z denote the neighbours of u in H, and note that yz €
E(H). Since H has diameter two, every vertex in V (H — u) is adjacent to = and at least
one of y or z. Let P’ be the set of vertices in H — u adjacent to both = and y, R’ be the

set of vertices in H — w adjacent to both x and z, and suppose |P’| := p’ and |R’'| := 7.
Since H — w is a 2-tree, P’ U R’ is an independent set. Therefore, P’ U R’ U {u} is an
independent set in H, and thus H = T'(p/, 1,7"). O

In what follows, we first prove that if p, g, > 0, then G4(T(p, q,r)) has a Hamilton
cycle. Let G be a graph with vertex partition {Fy, Fy,...,Fy_1}. Foreachi, 1 < i <
N—1,1etS;_1 C F;_; and S; C F; denote the vertices incident to the edges of [F;_1, F;].

Lemma 3.3. Ifp,q,r > 0, then G4(T(p, q,7)) has a Hamilton cycle.

Proof. Let V(K3) = {z,y,z}. Suppose f: V(K3) — {1,2,3,4} is a 4-colouring of
K3 and V(G4(K3)) == {fo, f1,---, fn—1}. Since G4(K3) has a Hamilton cycle by [6,
Theorem 4.1], we may assume that fo f - - - fy_1 is a Hamilton path in G4(K3).

For 0 < i < N — 1, let F; be the set of 4-colourings of T'(p, ¢,r) that agree with
fi on {x,y,z}. In order to simplify notation, we define G := G4(T(p,q,7)). Then
{Fo, Fi1,...,Fn_1} is a partition of the vertices of G, and G[F;] = Qpigt+r, 0 < 7 <
N —1.

Let st € [F;_1,F;], where s € S;_; and ¢t € S] for some 1 < ¢ < N — 1. Then
s(u) = t(u) forall u € V(G) \ {v}, where v is one of {x,y, 2z}, and s(v) # t(v). Thus,
[Fi—1, F;] is a set of independent edges. If v = z, then s(u) = s(w) for all u,w € P and
for all u,w € R, and t(u) = t(w) for all u, w € P and for all u,w € R. Thus G[S;_1] =
Qq = G[S]], and G[S;_1 U S]] = Qq+1. Analogously, if v = y, G[S;—1] = @, = G[5]]
and G[SZ',1 @] Sz/] = QT+1; and if v = z, G[Slfﬂ = P = G[S;], G[Sifl U S;] = Qp+1.

Consider the path f;_1 f; fi+1 in G4(K3), 1 <4 < N — 2. Note that

Jic1(2), fi(x), firi(x)

use at most two different colours; otherwise, there would be only one colour available for
y and z, which is impossible since y and z always receive different colours. Analogously,
fi—1, fi, fi+1 assign at most two different colours to each of y and z. It follows that if
|[Fi717Fi]| = |[Fi;Fi+1]| = 2, then [Fithi] @] [Fi;Fi+1] % 2P3
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For each edge f;_1f; with 1 < ¢ < N — 1, we choose a 4-cycle, B;_1, containing
exactly two edges of [F;_1, F;] as follows.

e Foreach |[F;_1, Fi]| = 2, G[S;-1US!] is a 2-cube, so we choose B;_; := G[S;—1U
S;] = ai_lci_ldibiai_l, where Aj—1,Ci—1 € Fi—l and bi, dz S Fz

e Fori =1,2,...,N — 1, and |[F;_1, F}]| > 2, first note that |[F;_1, F;]| > 4 since
G[Si—1 U S]] = @, for some n > 3. Thus it is possible to choose edges a;—1b; and
c;_1d; of [Fl:—17 Fl] so that B;_1 := a;_1¢;—1d;b;a;_1 is edge disjoint from B;_o,
and also edge disjoint from B; if |[F}, Fi+1]| =2and ¢ < N — 1.

Let €iit1 = G[Sl] N B; and €it1, ‘= G[Sz/+1] NB;, 0 <1< N — 2. Observe
that G and the path fjyf1 - - - fy—1 satisfy conditions (i) and (ii) of Lemma 2.7. Recall that
GIF] = Qptqtr. 0 <i < N—1,and p+q¢+r > 3. Since any pair of edges of Q,,, n > 2,
is contained in a Hamilton cycle (see [7, Theorem 4.1]), there exist Hamilton cycles Cj in
G| F}) containing eg 1, Cn—1 in G[Fy_1] containing ey _1 y_2, and, for 1 <i < N — 2,
C; in G[F;] containing e; ;1 and e; ;1. Therefore, by Lemma 2.7, G has a Hamilton
cycle. O

In the case where p > 0 and ¢ = r = 0, T'(p, ¢,) has a dominating vertex, and is
isomorphic to Ko V K,,.

Lemma 3.4. Forn > 2, G4(Ky V K,,) has no Hamilton cycle.

Proof. Let H := Ky V K, forn > 2, let H := G4(H), and let u, v be the two vertices of
H of degreen + 1. Foreach 1 < i # j < 4let

Vij={ceV(H)|c(u) =iand c(v) = j}.

Then
{Vi2, Vis, Via, Var, Vas, Vau, Va1, Vag, Vayg, Var, Vao, Vas}

is a partition of V(#). Note that [V, V,s] # 0 if and only if &« = y or § = §. For 1 <
i # j < 4, let L;; be an assignment of lists to the vertices of H such that L;;(u) := {i},
Lij(v) := {j} and L;j(x) := {1,2,3,4} forx € V(H — {u,v}). Note that G, (H) =
’H[Vij] > @Q,, foreach 1 < i # j < 4. Define the three-coloured vertices of 7 (that is, the
colourings of H with three colours) by c;; € V;; such that

i, ifx=u,
cijp(x) =17, ifz=nw,
k, otherwise.

Each V;; has two such vertices, ¢;jx, and ¢;;i,, where k1, ko € {1,2,3,4}\{¢, j}. Further-
more, 1 — {¢;jk, ; Cijk, } is disconnected so that any Hamilton cycle in 7 must contain the
edges of a Hamilton path of 7[V;;] with endpoints ¢;jx, and ¢;;,, foreach 1 <1i # j < 4.

By [6, Lemma 2.1] there is no Hamilton path in the n-dimensional cube from 00 - - -0
to 11 -1 whenever n is even. Thus, for n even, there is no Hamilton path in H[V; j] with
endpoints ¢;;x, and c;;,. Therefore, H has no Hamilton cycle when n is even.

For n odd, such Hamilton paths exist and must be used in any Hamilton cycle of H,
if one exists. We construct an auxiliary graph A (see Figure 5(a)) where the vertex (3, j)
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represents a Hamilton path in #[Vj;] from ¢;;x, to ¢;jx,. There is an edge in A between
(41, 71) and (42, j2) whenever ¢;, j, 1 is adjacent to ¢;,;,1 in 7. We label the edge between
(i1,741) and (i2, j2) by the unique element of {1,2,3,4} \ ({4é1,71} U {é2,52}) (see Fig-
ure 5(b)). Notice that the edges labelled 7, 1 < ¢ < 4, induce a 6-cycle, and the edges of
these four 6-cycles partition E(A).

4 2
(12) (13) (14)
3 3
I 4
2,0 23 1 i 2
24 al 304 ]2 |
G| 62 3 4 !
G4 LI
S 2 2
3 1
RN C)) @3 5
(a) (b)

Figure 5: The auxiliary graph A.

A Hamilton cycle in # corresponds to a Hamilton cycle, C, in A in which any two
consecutive edges of C have different labels. Such a cycle C uses a matching of size three
from each labelled 6-cycle in A. Without loss of generality, we may assume C contains
horizontal edges of the 6-cycle labelled 1. Now, C uses horizontal edges from one of
the remaining labelled 6-cycles, otherwise, C contains a K3. Regardless of whether C
uses horizontal edges of the 6-cycle labelled by 2, 3 or 4, using vertical edges of the two
remaining 6-cycles gives C = C4 U Cy, a contradiction. Therefore H has no Hamilton
cycle. O

Observe that if H is a 2-tree of diameter two having a dominating vertex u, then H =
T V {u} for some tree T'.

Lemma 3.5. Let T be a tree on at least two vertices. Then G4(T V {u}) has a Hamilton
cycle unless T is a star on at least three vertices or the bipartition of V(T') has two even
parts.

The proof of this lemma requires a result that we state here, but whose proof is technical
and is postponed to the Appendix A.

Lemma 3.6. Let T be a tree with bipartition (A, B), where |A| := { and |B| := r, and
let G3(T') be the 3-colouring graph of T with colours C = {1,2,3}. Define c;; to be the
vertex of G3(T) with ¢;;(a) = i for all a € A and ¢;;(b) = j for all b € B.

(1) If £,r > O are both even, then G3(T') has no spanning subgraph consisting only of
paths whose ends are in {c12, ¢13, Co1, C23, C31, C32 }-

(2) If £ > 1is odd and r > 0 is even, then G5(T) has a Hamilton path from c;5 to ca3.

(3) If ¢ > 1 and r > 1 are both odd, then G3(T') has a Hamilton path from ci2 to c13.
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Proof of Lemma 3.5. Let T be a tree with |V (T')| > 2 and bipartition (A, B), where A :=
{z1,22,...,2¢} and B := {y1,y2,...,yr}. Let H := T V {u}, and let H := G4(H) be
the 4-colouring graph of H with colours {1,2,3,4}. For each 1 < k < 4, define

Vi i={ce V(H) | c(u) = k}.

Then {V4, V2, V3, V,} is a partition of V(). Define Ly, to be an assignment of lists with
Li(u) := {k} and Li(w) := {1,2,3,4} forw € V(T). Note that G, (H) = H[Vy] =
G3(T). Define the three-coloured vertices of H (that is, the colourings of H with three
colours) by ¢;j, € Vi so that ¢;;i () ;=i forallx € A, ¢;;5(y) :=jforally € B.

Observe
V1, Va] = {c3a1€342, cazicasal}, Vi, V3] = {coa1€243, caz1ca23},
V1, Va] = {ca31¢a34, C321C324}, [Va, V3] = {c142¢143, car2ca13},
[Va, Va] = {c132¢134, 312314}, [Vs, Va] = {c123¢124, C213C214}-

Case 1. Suppose |V (T')| = 2. Then T'V {u} = K3 and G4(K3) has a Hamilton cycle by
[6, Theorem 4.1].

Case 2. Suppose 7 is a star with |V (T)| > 3. Then G4(T V {u}) = K, V K,, for some
n > 2. By Lemma 3.4, G4(T V {u}) has no Hamilton cycle.

Case 3. Suppose both |A| and |B| are odd. By Lemma 3.6, there is a Hamilton path
in H[V7] from 401 to cg31, in H[V5] from cy3s to ¢132, in H[V3] from cy34 to ¢124 and in
H[‘/Zﬂ from cy23 to c423. The union of these paths with edges {6431 €432, C132C134, C124C123,
C423C421 } gives a Hamilton cycle in H.

Case 4. Suppose one of | A| and | B| is even and the other is odd. Without loss of generality,
|A| is odd and | B] is even. By Lemma 3.6, there is a Hamilton path in #[V;] from ca3;
to 341, in H[Va] from c340 to c412, in H[V3] from c413 to ¢123 and in H[Vy] from c194 to
¢234. The union of these paths with edges {¢341¢342, C412€413, C123C124, C234C231 } gives a
Hamilton cycle in H.

Case 5. Suppose both |A| and |B| are even, and suppose H contains a Hamilton cycle C.
Then C[V4] is a spanning subgraph of H[V;] 2 G3(T) consisting of a union of paths whose
endpoints are three-coloured vertices of V7, contradicting Lemma 3.6. Thus in this case, H
has no Hamilton cycle. O

4 Constructing 2-trees of diameter at least three

To complete the proof of our main result, we must show that if H’ is a 2-tree with diameter
at least three, then ko(H') = 4. Naively deleting two leaves with the intention of applying
Remark 2.6 may be problematic. For example, let H' be a 2-tree with diameter at least
three having leaves = and y of distance at least three. Let H = H' — {x,y}, Ny (x) =
{1,225}, and suppose G4(H) has a Hamilton cycle fof1--- fn—1fo. Let F; be the set
of 4-colourings of H' that agree with f; on V(H), 0 < ¢ < N — 1. In the case that
fi—1fi arises from a colour change on x; and f; f;11 arises from a colour change on x5, the
subgraph G[F;_1 UF;UF;11] is isomorphic to the forbidden subgraph in Figure 2. Because
of this we take a more general approach. Suppose a 2-tree H' is obtained from a 2-tree H
by repeatedly adding vertices of degree two. Instead of a Hamilton cycle in G4(H) we take
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a spanning tree satisfying certain properties providing the flexibility needed to construct a
Hamilton cycle in G4(H’). Our approach does not require G4(H) to have a Hamilton
cycle. To facilitate this procedure, we define nine operations (see Figure 6).

Definition 4.1. Let H be a 2-tree. Then H' is obtained from H by

Operation I if {a,5,v} = V(H') \ V(H), {a1az2,b1b2,c1c2} C E(H), and
Nyi(a) = {a1, a2}, Nu:(B) = {b1, b2}, N/ (v) = {c1, c2}.

Operation II if {«, 8,7} := V(H')\ V(H), {za,zb,c1¢c2} C E(H), and Ny (a) =
{z,a}. Ny (B) = {z,b}, Nur(7) = {c1, e}

Operation III if {«,8,~v} := V(H') \ V(H), {az,zy,yc} C E(H), and Ny () =
{a, 2}, Nu (B8) = {=,y}, N (v) = {c, y}-

Operation IV if {«, 8,7,0} := V(H') \ V(H), {zy,zw} C E(H), and Ny (a) =
N (B) = {z,y}, Nu (v) = N (6) = {w, z}.

Operation V if {«, 3,7v,0} := V(H')\ V(H), {zy,zw} C E(H), and Ny (a) =

{8, 2,9}, Nu(B) = {e,y}, Nu'(7) = Nu(6) = {w, z}.
Operation VI if {«, 3,7,0} := V(H') \ V(H), {zy, 2w} C E(H), and Ng/ () =
{8, 2,9}, Nur(B) = {e,y}, Nu'(7) = {0, w, 2}, Nu(8) = {, 2}.
Operation VII if {«, 3,7,0} := V(H')\ V(H), {zy,2z} C E(H), and Ng(a) =
{6, 2,9}, Nu(B) = {a,y}, Na () = {6, 2, 2}, N (6) = {7, 2}
Operation VIII if {«, B v,60} == V(H')\ V(H), {zy,zz} C E(H), and Ny (a) =
{8,2,y}, Nu(B) = {z,a}, Nu () = {0,z 2}, Nu: (6) = {, 2}.
Operation IX if {«, 3,7,0} := V(H') \ ( ), {zy,xz} C E(H), and Ny (o) =
{B,2,y}, Nu(B) = {a,y}, Nur(v) = Nu (8) = {z, 2},

Remark 4.2. Since each of Operations I through IX can be performed by sequentially
adding simplicial vertices of degree two to H, H' is a 2-tree.

Recall that D denotes the unique 2-tree of diameter three on six vertices (Figure 1(a)).

Theorem 4.3. A graph H' is a 2-tree of diameter at least three if and only if H' = D or
H' can be obtained from a 2-tree H by applying one of Operations I through IX.

Proof. (<): If H' = D, the result is trivially true. Otherwise, it follows from Remark 4.2
that H’ is a 2-tree. Since each operation produces two leaves that are distance at least three
apart, H' has diameter at least three.

(=): As already observed, D is the unique 2-tree of diameter three on six vertices.
The 2-trees on three, four and five vertices all have diameter less than three. Thus, we may
assume that H’ is a 2-tree of diameter three and |V (H')| > 7. Since H' has diameter
at least three, there are at least two leaves whose neighbourhoods are vertex disjoint. We
consider cases based on the number of edges induced by the neighbourhoods of the leaves
of H', and the number of leaves of H’'.

Case 1. First assume that the neighbourhoods of the leaves of H’ induce at least three
distinct edges.
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Figure 6: Operations I through IX applied to a graph H by the addition of vertices «, /3, 7,
and 0 where applicable. The solid edges belong to H and the dotted edges are added to
construct H'.

If H' has three leaves whose neighbourhoods are pairwise vertex disjoint, then H’
contains vertex disjoint edges ajas, b1ba, ¢1c2, and leaves «, 8,y with N(a) = {a1, a2},
N(B) = {b1,b2}, N(v) = {c1,co}. Letting H := H' — {a, 8,v} results in a 2-tree, and
applying Operation I to H produces H'.

We may now assume that no three leaves of H’ have neighbourhoods that are pairwise
vertex disjoint. Choose two leaves a and v whose neighbourhoods are vertex disjoint, and
let 8 & {«,~} be aleaf such that N(5) & {N(«), N(v)}. If N(B) intersects exactly one
of N(«) and N (7), then we may assume without loss of generality that [N (8)NN(a)| =1
and N(8)NN(v) = 0. Then H' contains a path of length two, axb and an edge c; ¢ that is
vertex disjoint from axd, such that N(«) = {a,z}, N(8) = {z, b}, and N(vy) = {c1, 2 }.
Letting H := H' — {«, 3, ~} results in a 2-tree, and applying Operation II to H produces
H'. Otherwise, |[N(8) N N(«)| = |N(8) N N(v)| = 1, and H’ contains a path of length
three, cyzycs such that N(«) = {c1,z}, N(8) = {z,y} and N(v) = {y,c2}. Letting
H := H' — {«, 8,7} results in a 2-tree, and applying Operation III to H produces H'.

Case 2. We may now assume that the neighbourhoods of the leaves of H’ induce exactly
two edges.
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Case 2(a). Suppose that H' has at least three leaves. Let leaves 3 and ~ have neighbour-
hoods that are vertex disjoint, and let 6 &€ {8,~} be a leaf. Without loss of generality,
N(6) = N().

If there exists a leaf « with N(«) = N(f), then H := H' — {«, 3,7, d} is a 2-tree,
and applying Operation IV to H produces H'. Otherwise, no other leaf of H’ has the same
neighbourhood as 3. If we let N(8) := {«,y}, then at least one of {a,y} is a leaf of
H' — B; without loss of generality, « is a leaf of H' — 3, and so d(«) = 3. It follows that
N(a) ={B,y,z} forsome = ¢ {«, 8,7, 9,y}, and that xzy € E(H').

Let N(v) = N(9) = {w, z}. We consider two cases depending on |{z} N {w, z}|. If
{z} N{w,z}| = 0, then H := H' — {a, 8,7, 6} is a 2-tree, and applying Operation V
to H produces H'. If |[{z} N {w,2}| = 1, then y = w or y = 2, and the two cases are
analogous. The graph H := H' — {«, 8,7, d} is a 2-tree, and applying Operation IX to H
produces H'.

Case 2(b). Finally, assume that H' has exactly two leaves, 5 and §, with N(3) = {«, y}
and N () = {v, z}. Since dp/(8,0) > 3, {a,y} N {7, 2} = 0. We may assume, without
loss of generality, that « and +y are leaves in H' — {3, ¢}, and so d(«)) = 3 and d(v) = 3.
It follows that N(«) = {8, y,p} and N(v) = {9, 2z, ¢} for some p,q & {5, «, d,~v} with
p#y.q# zand py,qz € E(H").

We consider three cases depending on [{p,y} N {q,z}|. If {p,y} N {q,z}| = 0,
then H := H' — {«, 8,7,d} is a 2-tree, and applying Operation VI to H produces H'.
If |{p,y} N{q,z}| = 1, then either p = ¢, p = 2, or ¢ = y. In the case p = g,
H:= H —{a,B,v,d} is a 2-tree, and applying Operation VII to H produces H'. In the
casep =z, H := H' — {«, 8,7, d} is a 2-tree, and applying Operation VIII to H produces
H'. The case ¢ = y is analogous to the case p = z. Finally if [{p,y} N {q, z}| = 2, then
the fact that y # z implies that p = 2 and ¢ = y, and hence H' = D, contradicting the fact
that [V(H')| > 7. O

S Operations and the 4-colouring graph

Let H be a 2-tree, and let H' be the 2-tree obtained from H by applying one of the Op-
erations I through IX. As before, let V(G4(H)) = {fo, f1,..., fv-1}, and let F; C
V(G4(H")) be the set of 4-colourings of H' that agree with f; on the vertices of H,
0 < 7 £ N — 1. For each Operation I through IX, what follows is a description of the
subgraph of G := G4(H’) induced by F;, 0 < ¢ < N — 1, and also a description of the
subgraph of G induced by F; U F; when f; f; € E(G4(H)),0 <1i,j < N — 1. Each edge
fifj of G4(H) is also assigned a label to indicate the structure of G[F; U F;]. We remark
that for a path f; f; fi of length two in G4(H), if f;(u) # f;(u) for some u € V(H), then
fi(u) = fulw)

5.1 Operation I

If H' is obtained from H using Operation I, then there are two choices of colour for each
of the vertices «, 3, and 7, so for each i, 0 < i < N — 1, G[F;] & Q3. To simplify the
labelling of the vertices of G[F;], we label the faces of a plane drawing of ()3 as shown
in Figure 7(a), where o1 and «p are the possible colours of vertex «, /31 and 5 are the
possible colours of vertex 3, and 7; and -y, are the possible colours of vertex . Without
loss of generality, assume these colour choices are as shown in Figure 7(b). A vertex u of
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Qs is assigned label o; 8;vi where ¢, j, k € {1,2}, and w is incident with the faces labelled
o, B and vy, (see Figure 7(c)).

Q2 2 223 243
n 3 123 143

P 1| B 2|1 4 124 144
72 4 224 244
(a) (b) ©

Figure 7: Labelling G[F;].

The following arguments can be made with sets of colours {f;(a1), fi(az2)}, {fi(b1),
fi(ba)} and {f;(c1), fi(c2)} each chosen independently as a subset of {1,2,3,4}. To ease
notation, we assume that f;(ay) = 3, fi(a2) =4, fi(b1) = 1, fi(b2) = 3, fi(c1) = 1, and
fi(ea) = 2. Then the colour choices for o are {1, 2}, for § are {2, 4}, and for -y are {3, 4}.
As already noted, G[F;] = (3; assume that G[F}] has been drawn in the plane and labelled
as in Figure 8(a).

If fif; € E(G4(H)), then f; is obtained from f; by changing the colour of a single
vertex in V(H). We label each edge f;f; € E(G4(H)) according to the structure of
G[F; U Fj.

2 2 2
3 3 3
) 2/l 1 |\4 2/l 1 |\4 21 [\4
3 4 4 4
2014
3 2 3
1 3 3 3
2\[ 1 |/4 2\[ 1 |/4 301 |/4
4 4 4

(a) (b) (©) (d)

Figure 8: G[F;] and G[F; U F}] for Operation I, II and IIL.

@ fi(v) # fj(v) for v € {a1,as}. Without loss of generality, suppose v = a;. Since
H is a 2-tree, there is a vertex ag € V(H) such that H[{a1, az, as}] = Ks3. Observe
fi(as) € {1,2}; we may assume f;(a3) = 1. Then fj(a;) = 2.! Since f;(az) =

ISince f;j(a1) is uniquely determined there is no f, with £ # j such that f; and f, differ on a;.
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fi(az) = 4, the colours available for « are {1, 3}; the colours available for 3 and
7 are unchanged. Therefore [F;, F;] is a matching of size four between the 4-cycle
bounding the «; face in G[F;] and the 4-cycle bounding either the «; face or the ap
face in G[F}]. Thus G[F;UF}] is isomorphic to the graph in Figure 8(b). We label the
edge f; f; by a-sq. It follows from Footnote 1 that there are at most two edges incident
to f; having label a-sq. Furthermore, we remark that if f;f;,, fif;, € E(G4(H))
both have label a-sq, then the four vertices of F; incident to the edges of [F;, I}, ] are
the same four vertices of F; that are incident to the edges of [F}, F},], and induce a
4-cycle in G[F;] that bounds a face with label a; or ao.

@) fi(v) # fj(v) for v € {b1,b2}. Asin (i), we label the edge f;f; by b-sq. Note
that there are at most two edges incident to f; having label b-sq. If f;f;,, fif;, €
E(G4(H)) both have label b-sq, then the four vertices of F; incident to the edges of
[F;, Fj,] are the same four vertices of F; that are incident to the edges of [F;, Fj, ],
and induce a 4-cycle in G[F;] that bounds a face with label 8 or 3.

(i) fi(v) # f;j(v) for v € {c1,c2}. As in (i) and (ii), we label the edge f;f; by
c-sq. Note that there are at most two edges incident to f; having label c-sq. If
fifii, fifj» € E(G4(H)) both have label c-sq, then the four vertices of F; incident
to the edges of [F;, Fj, | are the same four vertices of F; that are incident to the edges
of [F;, Fj,], and induce a 4-cycle in G[F;] that bounds a face with label y; or .

(v) fi(u) # fj(u) foru € V(H) \ {a1,a2,b1,b2,c1,c2}. In this case, the vertex labels
on G[F;] and G[Fj] are identical. Thus [F}, F}] is a perfect matching, and G[F; U Fj]
is isomorphic to the graph in Figure 8(c). We label the edge f; f; by pm.

Table 1: Summary of Operation I.

Subgraph induced by
Vertex whose colour is changed F,UF; Label of f; f;
ai,as Figure 8(b) a-sq
by, bo Figure 8(b) b-sq
c1,Co Figure 8(b) c-sq
u e V(H) \ {a17a27b17bg,61762} Figure 8(¢c) pm

5.2 Operation II

As with Operation I, G[F;] = Qs for each i, 0 < ¢ < N — 1. We may assume that
fila) =4, fi(x) =3, fi(b) =1, fi(c1) = 1, and f;(c2) = 2. Then the colour choices for
a are {1, 2}, for B are {2, 4}, and for ~y are {3,4}. Using the same labelling convention as
for Operation I, we assume that G[F;] is drawn in the plane and labelled as in Figure 8(a).

If fif; € E(G4(H)), then f; is obtained from f; by changing the colour of a single
vertex in V(H). We label each edge f;f; € E(G4(H)) according to the structure of
G[Fl U Fj].

(i) fi(v) # fj(v) forv € {a,b,c1,c2}. This is analogous to Operation I when the
colour of one of {a1, az, b1, ba, ¢1, c2} is changed, and thus G[F; U Fj] is isomorphic
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to the graph in Figure 8(b). We label the edge f; f; by either a-sq, b-sq or c-sq as in
Operation I.

(i) fi(x) # f;j(x). We may assume that f;(2) = 2. Then the colours available for o
are {1,3} and the colours available for § are {3,4}; the colours available for -y are
unchanged. Therefore, [F;, F}] is a matching of size two where G[F;] and G[F}] are
edges whose endpoint labels are unchanged, and thus G[F; U F}] is isomorphic to
the graph in Figure 8(d). We label the edge f; f; by e.

(i) fi(u) # f;(u) foru € V(H) \ {a,b,z,c1,c2}. In this case, the vertex labels on
G[F;] and G[Fj] are identical. Thus [F;, F;] is a perfect matching, and G[F; U F}] is
isomorphic to the graph in Figure 8(c). We label the edge f; f; by pm.

Table 2: Summary of Operation II.

Subgraph induced by
Vertex whose colour is changed F,UF; Label of f; f;
a Figure 8(b) a-sq
b Figure 8(b) b-sq
c1,Co Figure 8(b) c-sq
T Figure 8(d) e
ue V(H)\{a,bx c1,c} Figure 8(c) pm

5.3 Operation II1

As with Operations I and II, G[F;] & Q3 foreach 4, 0 < i < N — 1. We may assume
that f;(x) = 3, fi(y) = 1, fi(a) = 4, and f;(¢) = 2. Then the colour choices for « are
{1,2}, for 3 are {2,4}, and for -y are {3,4}. Using the same labelling convention as for
Operation I, we assume that G[F;] is drawn in the plane and labelled as in Figure 8(a).

If fif; € E(G4(H)), then f; is obtained from f; by changing the colour of a single
vertex in V(H). We label each edge f;f; € E(G4(H)) according to the structure of
G[F‘Z @] Fj}

(i) fi(v) # f;(v) for v € {a,c}. This is analogous to Operation I when the colour is
changed on one of {a1, az, ¢1, ¢z}, and thus G[F; U F] is isomorphic to the graph in
Figure 8(b). We label the edge f; f; by either a-sq or c-sq as in Operation I.

() fi(v) # fj(v) forv € {z,y}. This is analogous to Operation II when the colour of
is changed, and thus G[F; U F}] is isomorphic to the graph in Figure 8(d). We label
the edge f; f; by e.

(i) fi(u) # f;(u) for vertex u € V(H) \ {a, ¢, z,y}. In this case, the vertex labels on
G|[F;] and G[Fj] are identical. Thus [F;, F}| is a perfect matching, and G[F; U F}] is
isomorphic to the graph in Figure 8(c). We label the edge f; f; by pm.

Remark 5.1. We note that for Operations I-1IIL, if f;f;,, fifj, € E(G4(H)) have the
same label that is not e, and F}!, F? C F; are incident to the edges of [F}, F}, ], [Fy, Fj, ],
respectively, then F}! = F2.



670 Ars Math. Contemp. 17 (2019) 653-698

Table 3: Summary of Operation III.

Subgraph induced by
Vertex whose colour is changed F, UL Label of f; f;
a Figure 8(b) a-sq
c Figure 8(b) c-sq
Y Figure 8(d) e
uwe V(H)\{a,c,z,y} Figure 8(c) pm

5.4 Operation IV
We may assume that f;(z) = 1, f;(y) = 2, fi(w) = 2 and f;(z) = 3. Then the pairs of
colour available for « and 3, respectively, are

{(4,3),(3,3), (3,4), (4,4)},

and the pairs of colours available for «y and J, respectively, are

{(1,4), (1, 1), (4,1), (4,4)}.

Thus the subgraph of G induced by F; is isomorphic to Cy 0 Cy, and we assume that it is
drawn as shown in Figure 9(a), with the rows labelled by the pairs of colours available for
« and S, respectively, and the columns labelled by the pairs of colours available for  and
4, respectively.

If fif; € E(G4(H)), then f; is obtained from f; by changing the colour of a single
vertex in V' (H ); there are three cases to consider.

(1.4 (1,1D)4.1)4.4) (1.4 (1,1H)4.1)(4.4)

@3) @3)

G.3) 3.3) _jr
43 G4 G4
33) ‘}‘ @4 @4
G4 (1.3) “3)
“h 33) 33)

1411 @, 1) (4.4) o —}- oo —)— ‘}-
(1) @4

A4)(L1)E1)(44) 1222111
(a) () (©) (d)

Figure 9: G[F;] and G[F; U F}] for Operation IV.

@ fi(v) # f;(v) forv € {x,y}. We may assume that f;(z) = 4. Then the pairs of
colours available for « and 3, respectively, are

{(1,3),(3,3).(3,1), (1, 1)},

and the pairs of colours available for v and § are unchanged. Hence, G[F; U F}] is
isomorphic to the graph in Figure 9(b).



M. Cavers and K. Seyffarth: Reconfiguring vertex colourings of 2-trees 671

i) fi(v) # fj(v) forv € {w,z}. We may assume that f;(w) = 4. Then the pairs of
colours available for y and 4, respectively, are

{(2,2),(2,1),(1,1), (1,2)},

and the pairs of colours available for o and § are unchanged. Hence, G[F; U F}] is
isomorphic to the graph in Figure 9(c).

(i) fi(u) # fi(uw) foru € V(H) \ {z,y, w, z}. In this case, the vertex labels on G[F;]

and G[F;] are identical. Thus [F;, F}] is a perfect matching, and G[F; U F}] is
isomorphic to the graph in Figure 9(d).

Table 4: Summary of Operation IV.

Subgraph induced by
Vertex whose colour is changed F,UF; Label of f; f;
x,y Figure 9(b) r
Z, W Figure 9(c) c
uweV(H)\{z, v,z w} Figure 9(d) pm

Remark 5.2. We note that for Operation IV, if f;f; € E(G4(H)) has label r and e €
[F;, F;], then each colouring corresponding to an end of e assigns the same colour to «
and f. Similarly, if f;f; € E(G4(H)) has label ¢ and e € [F;, F}j], then each colouring
corresponding to an end of e assigns the same colour to -y and 9.

5.5 Operation V

We may assume that f;(z) = 1, fi(y) = 2, fi(w) = 2 and f;(2) = 3. Then the pairs of
colour available for « and f, respectively, are

{(3,4),(3,1),(4,1), (4,3)},

and the pairs of colours available for v and §, respectively, are

{(4,1),(1,1),(1,4), (4,4)}.

Thus the subgraph of G4(H’) induced by F; is isomorphic to Py Cy, and we assume that
itis drawn as shown in Figure 10(a), with the rows labelled by the pairs of colours available
for o and S, respectively, and the columns labelled by the pairs of colours available for -y
and 9, respectively.

If fif; € E(G4(H)), then f; is obtained from f; by changing the colour of a single
vertex in V' (H); there are five cases to consider. Since H is a 2-tree, there are vertices
a,b € V(H) such that H[{z,y,a}] = K3 and H[{w, z,b}] = K3. Observe f;(a) € {3,4}
and f;(b) € {1,4}. We may assume that f;(a) = 4 and f;(b) = 1. Even though b
(respectively, a) could be equal to = or y (respectively, w or 2), this does not affect the
argument.
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Figure 10: Subgraphs induced by F; U F}; for Operations V and IX.

@ fily) # fj(y). Then f;(y) = 3 and the pairs of colours available for « and f3,
respectively, are

{(4,2),(4,1),(2,1),(2,4)},

and the pairs of colours available for v and ¢ are unchanged. Hence, G[F; U F}] is
isomorphic to the graph in Figure 10(b) with appropriate labels.

() fi(z) # fj(z). Then f;(x) = 3 and the pairs of colours available for o and S,
respectively, are

{(4,1),(4,3),(1,3),(1,4)},

and the pairs of colours available for v and § are unchanged. Hence, G[F; U F}] is
isomorphic to the graph in Figure 10(c).

(iii) fi(2) # fj(2). Then f;(z) = 4 and the pairs of colours available for v and 4,
respectively, are

{(3,3),(1,3), (1,1), (3, 1)},
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and the pairs of colours available for o and 3 are unchanged. Hence, G[F; U F}] is
isomorphic to the graph in Figure 10(d).

(iv) fi(w) # fj(w). Then f;(w) = 4 and the pairs of colours available for v and ¢,
respectively, are

{(3,3),(1,3),(1,1),(3, 1)},

and the pairs of colours available for o and 3 are unchanged. Hence, G[F; U F}] is
isomorphic to the graph in Figure 10(d).

V) fi(u) # fij(w)w e V(H) \ {z,y,w, z}. In this case, the vertex labels on G[F;] and
G[F;] are identical. Thus [F;, F}] is a perfect matching, and G[F; U F}] is isomorphic
to the graph in Figure 10(f).

Table 5: Summary of Operation V.

Subgraph induced by
Vertex whose colour is changed F; UF; Label of f; f;
Y Figure 10(b) T
z Figure 10(c)
Z, W Figure 10(d) c
uweV(H)\{z,y,z,w} Figure 10(f) pm

We informally refer to the rows and columns of vertices in G[F;] according to the
drawing in Figure 10(a). For Operations IV and VI through IX we use a similar convention.

Remark 5.3. We note that for Operation V, if f; f; € E(G4(H)) has label r, then the set
of vertices S; ; C Fj incident to the edges of [F;, F};] consists of row two or three?. If
fifj € E(G4(H)) has label rr, then the set of vertices S, ; C F; incident to the edges of
[F;, F;] consists of rows one and two, or rows three and four. If f;f; € E(G4(H)) has
label c and e € [F;, F;], then each colouring corresponding to an end of e assigns the same
colour to 7y and 4.

5.6 Operation VI

We may assume that f;(z) = 1, fi(y) = 2, fi(2) = 3 and f;(w) = 1. Then the pairs of
colour available for « and f3, respectively, are

{(3,4),(3,1),(4,1), (4,3)},

and the pairs of colours available for v and 4§, respectively, are

{(2,4),(2,1),(4,1),(4,2)}-

Thus G[F;] is isomorphic to Py O P;, and we assume that it is drawn in the plane as shown
in Figure 11(a), with the rows labelled by the pairs of colours available for « and 3, respec-
tively, and the columns labelled by the pairs of colours available for v and §, respectively.

2Rows are numbered from top to bottom and columns from left to right.
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2421 1)(4.2) 2421 1)(4.2) Q421 1)(42)
G4 (B4 (B4
CHCDED(2) G G.D G.D \
i) @1 @1 @1 \\
3.1 4,3) ) ) ) “4.3) 4,3) \\
@D “2) 1) (3.4) \\
4.3) 1) (4,3) 3.1 \
@n 1,3) @10
2.4 (1,4) 43)
(2)G.H2,1D2.3)
(a) (b) (©) )
24214 1)(42) 2H@EHEDHE2) 2421 1)(42)
(3.4) (3.4) (G4
3,1 \/ \ 3.1 \ 3,2)
0 Ll w21
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43) G0 (1,3)
@A 1,4)(1,2) @124 (1,4)(1,2) @.DEH1,4)(1,2)
(e) () (2) (h)

Figure 11: Subgraphs induced by F; U F; for Operations VI, VII and VIIL

If fif; € E(G4(H)), then f; is obtained from f; by changing the colour of a single
vertex in V' (H); there are five cases to consider. Since H is a 2-tree, there are vertices

a,b € V(H) such that H[{z,y,a}] = K3 and H[{w, z,b}] = K3. Observe f;(a) € {3,4}

and f;(b) € {2,4}. We may assume that f;(a) = 4 and f;(b) = 2. Even though b
(respectively, a) could be equal to x or y (respectively, w or z), this does not affect the

argument.

@ fiy) # fi(y). Then f;(y) = 3, and the pairs of colours available for o and S,
respectively, are

{(4,2),(4,1),(2,1),(2,4)},

and the pairs of colours available for v and § are unchanged. Hence, G[F; U F}] is
isomorphic the the graph in Figure 11(b).

() fi(z) # fj(x). Then f;(x) = 3, and the pairs of colours available for o and S,
respectively, are

{(4,1),(4,3),(1,3),(1,4)},

while the pairs of colours available for v and ¢ are unchanged. Hence, G[F; U Fj] is
isomorphic to the graph in Figure 11(c).
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(iii) fi(z) # fj(2). Then f;(z) = 4 and the pairs of colours available for v and 4,

respectively, are
{(3,2),(3,1),(2,1),(2,3)},

while the pairs of colours available for «w and 3 are unchanged. Hence, G[F; U F;] is
isomorphic the the graph in Figure 11(d).

(iv) fi(w) # fj(w). Then f;(w) = 4 and the pairs of colours available for v and J,
respectively, are

{(2,1),(2,4), (1,4), (1, 2)},
while the pairs of colours available for « and § are unchanged. Hence, G[F; U F}] is
isomorphic the the graph in Figure 11(e).

V) fi(u) # f;(u) for some w € V(H) \ {x,y, z,w}. In this case, the vertex labels on
G[F;] and G[Fj] are identical. Thus [F;, F;] is a perfect matching, and G[F; U F}] is
isomorphic to the graph in Figure 11(f).

Table 6: Summary of Operation VI.

Subgraph induced by
Vertex whose colour is changed F; UF; Label of f; f;
Y Figure 11(b) r
x Figure 11(c) T
z Figure 11(d) c
w Figure 11(e) cc
uwe V(H)\{z,y,z,w} Figure 11(f) pm

Remark 5.4. We note that for Operation VL if f; f; € E(G4(H)) has label r (respectively,
c), then the set of vertices S; ; C F; incident to the edges of [F}, F};] consists of row (re-
spectively, column) two or three. If f;f; € E(G4(H)) has label 1r (respectively, cc), then
the set of vertices S; ; C Fj incident to the edges of [F;, Fj] consists of rows (respectively,
columns) one and two or rows (respectively, columns) three and four.

5.7 Operation VII

We may assume that f;(z) = 1, f;(y) = 2 and f;(z) = 3. Then the pairs of colours
available for v and 3, respectively, are

{(3,4),(3,1),(4,1), (4,3)},

and the pairs of colours available for v and J, respectively, are

{(274)7 (2’ 1)’ (47 1)’ (4’ 2)}

Thus G[F;] is isomorphic to P, [J P,, and we assume that it is drawn in the plane as shown
in Figure 11(a) with rows labelled by the pairs of colours available for « and 3, respectively,
and the columns labelled by the pairs of colours available for v and d, respectively.

If fif; € E(G4(H)), then f; is obtained from f; by changing the colour of a single
vertex in V' (H). There are four cases to consider.
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@) fi(z) # f;(x). We may assume that f;(z) = 4. Then the pairs of colours available
for o and 3, respectively, are

{3,1),(3,4),(1,4), (1,3)},

and the pairs of colours available for v and 4, respectively, are

{(2? 1)7 (27 4)’ (17 4)7 (17 2)}'
Hence, G[F; U F] is isomorphic to the graph in Figure 11(g).

(i) fi(y) # f;(y). This is analogous to Operation VI when the colour of y is changed,
and thus G[F; U F}] is isomorphic to the graph in Figure 11(b).

(iii) fi(2) # f;(2). This is analogous to Operation VI when the colour of z is changed,
and thus G[F; U F}] is isomorphic to the graph in Figure 11(d).

@iv) fi(u) # fj(u) for some v € V(H) \ {z,y, z}. In this case, the vertex labels on
G[F;] and G[Fj] are identical. Thus [F;, F;] is a perfect matching, and G[F; U F}] is
isomorphic to the graph in Figure 11(f).

Table 7: Summary of Operation VIL

Subgraph induced by
Vertex whose colour is changed F, UL Label of f; f;
T Figure 11(g) sq
Y Figure 11(b) r
z Figure 11(d) c
uweV(H)\{z,y,z} Figure 11(f) pm

Remark 5.5. We note that for Operation VIL if f; f; € E(G4(H)) has labelr (respectively,
c), then the set of vertices S; ; C Fj incident to the edges of [Fi, Fj} consists of row
(respectively, column) two or three. If f;f; € E(G4(H)) has label sq, then the set of
vertices S; ; C F; incident to the edges of [F}, F};] induces a four-cycle using a degree two
vertex of G[F;].

5.8 Operation VIII

We may assume that f;(z) = 1, fi(y) = 2 and f;(¢) = 3. Then the pairs of colours
available for o and 3, respectively, are

{(4,3),(4,2),(3,2),(3,4)},
and the pairs of colours available for «y and 4, respectively, are
{(2,4),(2,1),(4,1),(4,2)}.

Thus G[F}] is isomorphic to P, [J Py, and we assume that it is drawn in the plane as shown
in Figure 11(a) with rows labelled by the pairs of colours available for a and 3, respectively,
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and the columns labelled by the pairs of colours available for v and §, respectively (but not
the same labels as in the figure).

If fif; € E(G4(H)), then f; is obtained from f; by changing the colour of a single
vertex in V' (H ), and there are four cases.

@ fi(z) # f;(x). We may assume that f;(x) = 4. Then the pairs of colours available
for o and S, respectively, are

{(1,3),(1,2),(3,2), (3, )},

and the pairs of colours available for y and d, respectively, are

{(2,1),(2,4),(1,4),(1,2)}-
Hence, G[F}; U Fj] is isomorphic to the graph in Figure 11(h) with appropriate labels.

(i) fi(y) # f;(y). This is analogous to Operation VI when the colour of x is changed,
and thus G[F; U F}] is isomorphic to the graph in Figure 11(c) with appropriate
labels.

(iii) fi(z) # f;(2). This is analogous to Operation VI when the colour of z is changed,
and thus G[F; U Fj] is isomorphic to the graph in Figure 11(d) with appropriate
labels.

(iv) fi(u) # fj(u) for some v € V(H) \ {x,y,2}. In this case, the vertex labels on
G[F;] and G[Fj] are identical. Thus [F;, F}] is a perfect matching, and G[F; U F}] is
isomorphic to the graph in Figure 11(f).

Table 8: Summary of Operation VIIIL.

Subgraph induced by
Vertex whose colour is changed F;UF; Label of f; f;
T Figure 11(h) e
Yy Figure 11(c) oy
z Figure 11(d) c
ue V(H)\{z,y, 2} Figure 11(f) pm

Remark 5.6. We note that for Operation VIIL, if f; f; € E(G4(H)) has label c, then the
set of vertices S; ; C I} incident to the edges of [Fi, Fj] consists of column two or three.
If f;f; € E(G4(H)) has label rr, then the set of vertices S; ; C F; incident to the edges
of [F;, F;] consists of rows one and two or rows three and four. If f; f; € E(G4(H)) has
label e, then the set of vertices S; ; C F; incident to the edges of [F;, F;] induces an edge
that is the first or last edge of row two or row three.

5.9 Operation IX

We may assume that f;(z) = 1, fi(y) = 2 and f;(z) = 3. Then the pairs of colours
available for « and 3, respectively, are

{(47 3)7 (47 1)7 (37 1)’ (3’4)})
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and the pairs of colours available for « and J, respectively, are

{(2,2),(2,4),(4,4),(4,2)}.

Thus G[F;] is isomorphic to Py 0 Cy, and we assume that it is drawn in the plane as shown
in Figure 10(a) with rows labelled by the pairs of colours available for a and 3, respectively,
and the columns labelled by the pairs of colours available for v and §, respectively (but not
the same labels as in the figure).

If fif; € E(G4(H)), then f; is obtained from f; by changing the colour of a single
vertex in V' (H ); there are four cases.

(i) fi(z) # fj(x). We may assume that f;(x) = 4. Then the pairs of colours available
for « and (3, respectively, are

{3:1),(3,4),(1,4), (1,3)},

and the pairs of colours available for v and 4, respectively, are

{(2,1),(2,2),(1,2),(1,1)}.
Hence, G[F; U F}] is isomorphic to the graph in Figure 10(e) with appropriate labels.

(i) fi(y) # f;(y). This is analogous to Operation V when the colour of y is changed,
and thus G[F; U F}] is isomorphic to the graph in Figure 10(b) with appropriate
labels.

(iii) fi(2) # f;(2). This is analogous to Operation V when the colour of z is changed,
and thus G[F; U F}] is isomorphic to the graph in Figure 10(d) with appropriate
labels.

@v) fi(u) # fj(u) for some v € V(H) \ {z,y, z}. In this case, the vertex labels on

G[F;] and G[Fj] are identical. Thus [F;, F;] is a perfect matching, and G[F; U F}] is
isomorphic to the graph in Figure 10(f).

Table 9: Summary of Operation IX.

Subgraph induced by
Vertex whose colour is changed F, U F; Label of f; f;
T Figure 10(e) e
Y Figure 10(b) r
z Figure 10(d) c
ue V(H)\{z,y,z} Figure 10(f) pm

Remark 5.7. We note that for Operation IX, if f;f; € E(G4(H)) has label r and e €
[F;, F], then each colouring corresponding to an end of e assigns the same colour to «
and (. Similarly, if f;f; € E(G4(H)) has label ¢ and e € [F;, F}], then each colouring
corresponding to an end of e assigns the same colour to y and §. If f;f; € E(G4(H))
has label e and e € [F}, F}], then the set of vertices S; ; C F; incident to the edges of
[F;, F;] induces an edge that is either the first or last edge in a column, and each colouring
corresponding to an end of e assigns the same colour to -y and 9.
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6 4-colouring graphs of 2-trees of diameter at least three

Let H be a 2-tree, and let H' be a 2-tree obtained from H by applying one of the Opera-
tions I through IX. We prove G4(H') has a Hamilton cycle.

6.1 Operations L, IT and IIT

We first prove a result about Hamilton cycles in a cube Q)3 that will later be used to show
the existence of edges satisfying Lemma 2.7. In this section, we let each face label in
Figure 12(a) denote the 4-cycle bounding that face.

042 hl
At dl d2
Br| | B2 wi| wa| M2 |ws |wy
hs
V2 d4 d3
hy

(@ (b)
Figure 12: Labelling G[F;].

We label the six Hamilton cycles of a plane drawing of 3 as shown in Figure 13.

(@) C Ol (© 3 (U (e)H Gn

Figure 13: Labels for the Hamilton cycles of Q3.

To simplify notation for multisets, we write n.Z to mean n copies of Z.

Lemma 6.1. Let Q = Q3 be drawn as in Figure 12(a), and let e be an edge of Q. Let
Z =A{Z1,Zs,...,Z,} be a multiset such that Z C {2a1,201,271,5Q3} and n < 5.
That is, each Z; is an induced subgraph of () and is either the entire 3-cube or one of the
4-cycles of Q labelled by vy, 31, or 1. Then there exists a Hamilton cycle in Q) containing
distinct edges {e,e1,ea, ... e} such thate; € E(Z;), for1 <i < n.

Proof. Tt is enough to prove the result when n = 5 and Z = {21,201, v1}. Note that
the Hamilton cycles LI and M in ) each contain three edges of o, three edges of 31, and
two edges of ;. When any single edge is deleted from U or I, we see that the resulting
Hamilton path contains five distinct edges, two from a4, two from (3; and one from ~;.
Since at least one of LI and M contains the edge e, either U or M contains distinct edges
{e,e1,e9,...,e5} suchthate; € F(Z;),for1 <4 <5. O
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Lemma 6.2. Let Q = Q3 be drawn as in Figure 12(a) with edges labelled as in Fig-
ure 12(b). Assume {e, e’} C E(Q) withe € {wy,wa, w3, wy}. Let Z ={Z1,Za,...,Z,}
be a multiset such that Z C {oq,81,271,4Q3} and n < 4. That is, each Z; is an
induced subgraph of Q) and is either the entire 3-cube or one of the 4-cycles of Q la-
belled by a1, B1, or y1. Then there exists a Hamilton cycle in () containing distinct edges
{e,€',e1,€9,...,e,} suchthate; € E(Z;), for1 <i < n.

Proof. 1t is enough to prove the result when n = 4 and Z = {1, 81, 271} with Z1 := ay,
Zy := P1, Z3 := vy and Zy := 1. Let H := {hq, ha, hs, he}, W = {w1, wa, w3, ws}
and D := {dy,ds,ds,ds}. For each Z;, we designate a set of candidate edges for e; as
follows (see Table 10).

Table 10: Cases in the proof of Lemma 6.2.

Cycle Edges e; assigned to Z;
e, e inQ 7 \ Zs | Zs]| 74
e € H,e € {w,ws} T |{ho,hs}\{e'}| {wr,w2}\{e} |dz|{h1,h2}\{e'}
e € H,e € {ws,wa} 3 [{he,hs}\ {e'} dy di |{h1,ha} \ {e'}
{e,e'} = {w1, w2} n ws ds hi ho
e,e’ € W, {e,e'} #{wi,w2}| U hs {wi, w2} \ {e, €'} | dx d>
e €D,e€ {w,ws} H hs {d1,ds} \ {€'} |hi|{di,d2}\ {€e'}
e €D, e € {wz,ws} T |{wz,wst\{e}| {di,da}\{e'} |hi|{d1,d2}\{e'}

As indicated in Table 10, the first case has ¢/ € H and e € {w7, wa}. We claim that
C has the required property. We take e3 := do, and as [{wi, w2} \ {e}| = 1, we take
{ea} := {wy,wa} \ {e}. Observe that the sets {ha, hs} \ {€'} and {h1, ho} \ {€'} are
distinct and non-empty. Thus, we may take ey € {ho, hg} \ {¢'} and eg € {h1,h2} \ {€'}
so that e; # e4. The remaining five cases follow using analogous arguments. O

Lemma 6.3. Suppose H' is obtained from a 2-tree H by applying one of Operations I, Il
or III. Then G4(H'") has a Hamilton cycle.

Proof. Case 1. Suppose H' is obtained from H by applying Operation I. By Lemma 2.5,
G4(H) has a spanning tree T' with A(T') < 4. Let V(T) := {fo, f1,.-., fn—1} such that

fo is a leaf, and root T" at fj, turning 7" into a branching, 7', by directing all arcs away
from fy.
Let G := G4(H'), and let F; be the set of 4-colourings of H' that agree with f; on

—
V(Ga(H)),0 <i < N—1.Labeleach f; f; € A(?) with the label of f; f; € E(G4(H)),
as described in Section 5, and let S; ; C Fj denote the vertices incident to the edges
of [Fi; F]] .

For each arc f; f; € A(?), we choose edges e; ; in G[F;] and e, ; in G[Fj] satisfying
conditions (i) and (ii) of Lemma 2.7 as follows. Suppose fofi € A(T). The fact that
G[Fy U Fy] is isomorphic to the graph in Figure 8(b) or 8(c) gives us the flexibility to
choose eg 1 € E(G[Fy]) and eq 9 € E(G[F1]) satisfying (ii) of Lemma 2.7.

Edge choosing procedure. Now suppose for some 4, e, , has been chosen in G[F;] but
e;,; has not yet been chosen for each j where f;f; € A(?) For this ¢, let J := {j |
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—
fifj € A(?)} We choose edges e; ; and e; ; for j € J as follows. Assume that G[F}] is
1 = Sij, whenever f; f;, and f; f;, have the

same label. Without loss of generality, we may assume that an arc f; f; with label a-sq has

drawn as in Figure 12(a). By Remark 5.1, S;

G|[S;,;] isomorphic to the 4-cycle a1, an arc JTf; with label b-sq has G[S; ;] isomorphic
to the 4-cycle (1, and an arc ffj with label c-sq has G[S; ;] isomorphic to the 4-cycle ;.
For each j € J, let Z; := G[S; ;], and define the multiset Z := {Z; | j € J}. Then each
Z; is either a 3-cube or one of the 4-cycles ay, 31, or ;. Since f; is incident to at most
two edges with label a-sq, at most two edges with label b-sq, and at most two edges with
label c-sq, Z C {201,251, 271,5Q3}. Observe | Z| < 4 since A(T) < 4. By Lemma 6.1,
using e := e; i, there is a Hamilton cycle C; in G[F;] and an edge ei; € E(Z;) for each
Z; € Z such that e; ;, # e;, whenever j1 # jo. Thus (i) of Lemma 2.7 is satisfied.
Furthermore, for each j € J there is an edge e;; € E(G[Fj]) such that e; ; and e; ; satisfy
(i1) of Lemma 2.7.

—

Now suppose for every f;f; € A(?), e;,; and e;; have been chosen as above. By
construction, (i) and (ii) of Lemma 2.7 are satisfied, and for each G[F;],0 <i < N — 1,
the Hamilton cycle C; satisfies condition (iii) of Lemma 2.7. Therefore, G has a Hamilton
cycle.

Case 2. Suppose H' is obtained from H by applying Operation II. Let H := G4(H) and
V(H) :={fo, f1,---,fn_1}. Foreach1 <i <4letV; :={ce€ V(H) | c(x) = i}. Then
{WV1, Va, V3, V,} is a partition of V(#). Let L; be an assignment of lists with L;(z) := {i}
and L;(w) = {1,2,3,4} for w € V(H) \ {z}. Note that G1,(H) = H[V;] and that
H[V1] = H[Va] =2 H[V3] =2 H[V4]. Thus, H can be partitioned into four copies isomorphic
to G, (H) with edges between pairs of copies. Furthermore, each edge in E(H[V;]),
1 <t < 4, has label a-sq, b-sq, c-sq or pm, and each edge with one endpoint in V; and the
other endpoint in Vj, ¢ # 4, has label e.

By Lemma 2.5, H[V;], 1 < ¢ < 4, has a spanning tree T; with A(T;) < 4. Note
that [V;,V;] # 0 for 1 < i # j < 4. Choose one edge from each of [V1, V5], [V2, V3],
and [V3,V,]. Without loss of generality, suppose the chosen edges are f;fo € [Vi, V5],
f5fs € [Va, V3], and f§fy € [V3, V4] such that f; € Vi, 1 <4 < 4. Since fi fo, f5f3 and
/4 fa each have label e in H and each vertex of V() is incident to at most one edge with
label e, the vertices f1, f2, f4, f3, f4, fa are distinct. Thus, we may assume that f; = fj
and f5 = f5.

Let T" be the spanning tree of H consisting of the union of T4, 7%, T3, T}, and the edges
{f1f2, fofs, f5fa}. Then A(T) < 5 and the only edges of T with label e are fi fa, fofs
and f, f5. Root T" at f1, turning 7 into a branching, ?, by directing all arcs away from fi.
This gives a branching f for each T;, 1 < i < 4, and by our choice of labels, f; is the root
of ﬁ

Let G := G4(H’), and let F; be the set of 4-colourings of H’ that agree with f; on
V(G4(H)),0 < i < N — 1. Label each f,f, € A(T') with the label of f,f; € E(), and
let S; ; C Fj and S C F} denote the vertices incident to the edges of [F}, F}].

For each arc fl—f; € A(?), we choose edges e; ; in G[F;] and e, ; in G[Fj] satisfying
cigditions (i) and (ii) of Lemma 2.7 as follows. For (i, 7) € {(1,2),(0,3), (5,4)} (where
fif; has label e), let e; ; be the unique edge of G[S; ;] C G[F;] and e; ; be the unique edge
of G[S}] C G[F}]. For Ty and 7—“4> we apply the edge choosing procedure used in Case 1,
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— —
starting with with e; o in G[F4] for T4, and ey 5 in G[Fy] for T4. The resulting set of edges
0 B —_—
{eij,eji | fifj € (A(TY UTy) U{f1fo, fsfa})}

_>
and set of cycles {C; | f; € V4 UV,} satisfy Lemma 2.7. For_> T>, we let fys be the
parent of fo and fj the parent of fy;. Let 75’ be the subtree of 75 obtained by deleting
the descendants of fj; and T5” be the subtree of 15 rooted at fp;. If M = 2 then k = 1,
so ey, k = e21. Otherwise apply the apply the edge choosing procedure used in Case 1 to
Ty, starting with e 1 in G[F»]. This leads to the designation of an edge e 1, in G[Fay].
— =

Let J :={j | fmf; € A(T2)}. We choose edges enr,; and e; ps for j € J as follows.
Without loss of generality, we may assume that an arc fa; f; with label a-sq has G[S)s ;]
isomorphic to the 4-cycle o, an arc fas f; with label b-sq has G[S)s,;] isomorphic to the
4-cycle (31, an arc fys f; with label c-sq has G[S)s, ;] isomorphic to the 4-cycle y;, and an
arc with label pm has G[Sj,;] isomorphic to Q3. Let Z be a multiset consisting of the
graphs Z; := G[Sy ;] for j € J.

-

Suppose there exists £ € (J \ {0}) such that both fy fo and fas fe have label c-sq. We
apply the edge choosing procedure used in Case 1 to 75", with chosen edge eps ;. The
resulting set of edges {ers; | j € J} and cycle C)y satisfy Lemma 2.7. Observe that
en,0,eme € E(y1). Suppose epr 0 = ab, and let the vertices of [{a, b}, Fy] incident to Fj
be {c,d}. If g3 = cd then exchange eps o with epz o. It now follows that for each j € J
there is an edge e; ps € E(G[F)}]) such that eps ; and e; s satisfy (ii) of Lemma 2.7, with
€o,M F €0,3-

e e P

Otherwise fas fo is the only arc in {farf; | j € J} labelled c-sq, or fas fo has label
a-sq, b-sq, or pm. To ensure (i) of Lemma 2.7 is satisfied for ¢ = 0, we duplicate Zp € Z
and apply Lemma 6.1. Let Zy := Zy and Fy := Fp. Observe |Z U {Zy }| < 5 since
A(T) < 4. Since f) is incident to at most one edge with label a-sq, at most one edge with
label b-sq, and at most two edges with label c-sq, (£ U {Zy'}) C {201,201, 271,5Q3}.
By Lemma 6.1 applied to Z U {Zy }, and using e := e i, there is a Hamilton cycle Cy
in G[Fy] and edges eyr,; € E(Z;) for each j € (J U {0'}) such that ers j, # e j,
whenever j; # jo. Thus (i) of Lemma 2.7 is satisfied for ¢ = M. Furthermore, for each
j € (JU{0'}) there is an edge e; ps € E(G[F}]) such that e; 5; and ejs,; satisfy (ii) of
Lemma 2.7. Since enr,or # ear,0, We have eg ar # e/, ar, and hence, one of eg s and
ey, n is different from eg 3. If eg ar 7# eo,3 then we ignore ey pr and epsor; otherwise,
redefine eg ar to be eor as and eps o to be epr,or so that (i) of Lemma 2.7 is satisfied for
1 =0.

Finally, let G[Fy] = @3 be drawn as in Figure 12(a) with edges labelled as in Fig-
ure 12(b). Observe that e = eg 3 € {w1, we,ws, wa} and let €’ := e ps. Let J := {j |
— —
fof; € A(T2)}. We choose edges eg ; and e; o for j € J as follows. Without loss of

S

generality, we may assume that an arc f; f; with label a-sq has G[Sy ;] isomorphic to the
4-cycle a1, an arc fj f; with label b-sq has G[Sp ;] isomorphic to the 4-cycle (1, an arc
—

fof; with label c-sq has G[Sp ;] isomorphic to the 4-cycle y;, and an arc with label pm
has G[Sp ;] isomorphic to (3. Let Z be a multiset consisting of the graphs Z; := G[Sy ;]
for j € J. Observe Z C {1, f1,271,4Qs} and | Z| < 4. By Lemma 6.2, there exists a
Hamilton cycle Cy in G[Fp] containing distinct edges {e, e’} U {eg; | j € J} such that
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eo,; € E(Z;) for j € J. Thus (i) of Lemma 2.7 is satisfied for ¢ = 0. Furthermore, for
each j € J there is an edge e; o € E(G[Fj]) so that e; o and ey ; satisfy (ii) of Lemma 2.7.
—>

We now apply the edge choosing procedure used in Case 1 to the remaining nodes of 75.
This designates edges e; ; in G[F;] and e, ; in G[F)], and cycles C; satisfying Lemma 2.7.

_>
For T3 we apply the argument for 75 giving us edges e; ; in G[F;] and e; ; in G[F}], and
cycles C; satisfying Lemma 2.7, for each f; f; € A(T3).

Now e; ; and e; ; have been chosen for all f;f; € A(T'). By construction, each such
e; ; and e; ; satisfy (ii) of Lemma 2.7, and for each G[F;], 0 < ¢ < N — 1, the Hamilton
cycle C; satisfies condition (iii) of Lemma 2.7. Furthermore, the collection of chosen edges
are all distinct. Therefore, GG has a Hamilton cycle.

Case 3. Suppose H' is obtained from H by applying Operation III. Let H := G4(H) and
V(H) :={fo, f1,.-.,fn-1}. Foreach1 <1i # j <4let

Vij i ={ceV(H)|c(x)=1iand c(y) = j}.

Then
V= {Vi2, Viz, Via, Var, Vas, Vau, Var, Vag, Vag, Var, Vo, Vas}

is a partition of V(#). Note that [V,g,V,s| # 0 if and only if @ = ~ or § = §. Further-
more, each edge in E(H[V;;]), 1 < i # j < 4, has label a-sq, c-sq or pm, and each edge
with one endpoint in V;, ;, and the other endpoint in V;, ;,, (i1, j1) # (i2, j2), has label e.
Let {i,7,k} C {1,2,3,4}. As H is a 2-tree, H is 3-colourable and for each 1 <
i # j < 4, there is a unique vertex ¢;jr € V(H) with ¢c;jk(x) = 1, ¢;j1(y) = j and
cijr(w) € {i,j, k} forw € V(H) \ {z,y}.
Consider the ordering

(Via, Vi, Vo, Vay, Va1, Var, Vay, Vaz, Viz, Vis, Via, Vi)

of V. For each V;; € V' \ {V41}, suppose Vz,, immediately follows V;; in the list. Then
{i,j} U {¢,m}| = 3, and hence there is a unique k;; € {1,2,3,4} \ ({i,7} U {{,m})
such that ¢;;x,; € Vj;. The ordering of V' ensures that for each Vi; € V' \ {Via, Vi }
with V;,,, immediately following V;; in the list, k;; # k¢n. Choose the edge c14¢, from
[Via, Vi2] with endpoint ci4 := c143 € Via; note that ¢}, # ci24. For each [V;, Vip,]
where Vp,,, immediately follows V;; in the list, there is a unique edge cijc; j with endpoint
Cij = Cijky; S V;]

By Lemma 2.5, H[V;;], 1 < ¢ # j < 4, has a spanning tree T;; with A(T;;) < 4.
Let T be the spanning tree of H with T3; C T, 1 < ¢ # j < 4, and cijcgj € E(T),
1 <i# j <4with (i,7) # (4,1). Then A(T) < 5 and the only edges of T" with label
e are cijc;j, 1 <i#j<4with (i,j) # (4,1). Root T at ¢143 € V34, turning T into a

—

branching, ?, by directing all arcs away from c;4. This gives a branching 7T;; for each T,
—

1 <4 # j < 4. Now repeat the argument in Case 2 for each T35, 1 <1 # j < 4. O

6.2 Operations IV to IX

We introduce some labelled Hamilton cycles of Cy 0 Cy, P, Cy and P, Py to be used
in Lemma 2.7 to show the existence of a Hamilton cycle in G4(H"), where H' is obtained
from a 2-tree H by applying one of Operations IV through IX.



684 Ars Math. Contemp. 17 (2019) 653-698

Let I'J be the edge labelled Hamilton cycle in Cy [1Cy shown in Figure 14, with the
edges in rows two and four labelled by r, the edges in columns two and four labelled by
¢, and the remaining edges left unlabelled. Let C and ' be the edge labelled Hamilton
cycles in Py 0 C, shown in Figure 14, and let T, T” and I” be the edge labelled Hamilton
cycles in P, [ P, shown in Figure 14.

r c T c cle cle
A5 R r r
r r
c r I c cle cle
r
(@!d (b C ©rC’
cc cc Sq Sq
L R ‘r/sq r/sq| Ty e e |
C C C C C C
. L . 1/sq 1/sq o e e o
cc cc sq sq
@ L @I I

Figure 14: Labelled Hamilton cycles of Cy 1 Cy, P, Cy and P, [ P;.

Lemma 6.4. Suppose H' is obtained from a 2-tree H by applying one of Operations IV
through IX. Then G4(H') has a Hamilton cycle.

Proof. By Lemma 2.5, H := G4(H) has a spanning tree 7' with A(T) < 4. Let V/(T) :=
{fo, f1,---, fnv—1} such that fy is a leaf, and root T" at f, turning 7" into a branching, T,
by directing all arcs away from fy. Let G := G4(H’), and let F; be the set of 4-colourings
of H' that agree with f; on V/(#), 0 < i < N — 1. Label each JTE € A(?) with the label
of fif; € E(H), and let S; ; C F; and S; C Fj denote the vertices incident to the edges
of [Fi; F]] .

We first traverse ? using breadth-first search starting at f; to construct a drawing of
each G[F;] as shown in Figure 9(a) for Operation IV, Figure 10(a) for Operations V and IX,
and Figure 11(a) for Operations VI, VII and VIII, so that each drawing has the following
property, denoted (x).

(*) The rows are labelled by the pairs of colours available for o and /3, respectively, and
the columns are labelled by the pairs of colours available for  and §, respectively.
In the case of Operations IV, V and IX, we further assume that the second and fourth
columns have  and d the same colour. Also, in the case of Operation IV, we assume
the second and fourth rows have « and 3 the same colour.

—
Start with a drawing of G[Fy] satisfying (x). Assume f;f; € A(?) where G[F;] has
been drawn but G[F}] has not. We draw G[F)] satisfying (x) as follows. If f; f; has label
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o pm, then draw G[F)] so that the labels of the rows and columns are in the same order
as in G[F;].

e r, then draw G[Fj] so that the column labels of G[F] are in the same order as the
column labels of G[F}], and so that the row number of S} in G[F}] is the same as
that of S; ; in G[F;]. This can be done for Operation IV due to the cyclic structure of
C4 0 CYy; furthermore, (*) guarantees that S; ; and S’ ; have row number two or four.
For Operations V, VI, VII and IX, this can be done by Remarks 5.3, 5.4, 5.5 and 5.7.
Thus, one of the two possible labellings for the rows of G[F}] gives a drawing of
G[Fj] such that the row number of S’ in G[F}] is the same as that of S; ; in G[F}].

o ¢, then draw G[Fj] so that the row labels of G[F] are in the same order as the row
labels of G[F;], and so that the column number of S} in G[Fj] is the same as that of
S;.; in G[F;]. This can always be done using a similar argument as in the case for
fif; having label r. For Operations IV, V and IX, () guarantees that .S; ; and S}
have column number two or four. For Operations VI, VII and VIII, by Remarks 5.4,
55and 5.6, S; j and S ; have column number two or three.

e rr, then draw G[F)]| so that the column labels of G[Fj] are in the same order as the
column labels of G[F;], and so that the set of row numbers of S} in G[Fj] is the
same as that of S; ; in G[F;]. This can be done for Operations V, VI and VIIL, since
by Remarks 5.3, 5.4 and 5.6, the set of row numbers of S; ; and S} is either {1, 2}
or {3,4}.

e cc, then draw G[F}] so that the row labels of G[Fj] are in the same order as the row
labels of G[F;], and so that the set of column numbers of S’ in G[F}] is the same as
that of S; ; in G [F;]. This can be done for Operation VI, since by Remark 5.4, the
set of column numbers of S; ; and S is either {1,2} or {3, 4}.

o sq, then draw G[F}] satisfying ().

o e, then draw G[Fj] satisfying (). Note that for Operation IX, (x) guarantees that S, ;
and S ; belong to column number two or four.

For Operation IV (respectively, V, VI, VII, VIII, and IX), foreachi,0 < i < N — 1,
let C; be the Hamilton cycle [J (respectively, =, T, ', T”, and ') in G[F;].
We describe how to construct a set of edges

E:={eij.ej:| fifi €e E(T)}

s

so that for each arc f; f; € A(?) the edges e; ; in G[F;] and e;; in G[F}] satisfy con-
ditions (i) and (ii) of Lemma 2.7, and so that e; ; € E(C;) and e;; € E(Cj). Start with
& := (. We consider the arcs of ? in the following order according to their labels.

(1) For each f,—fj> € A(?) with label e (Operations VIII and IX), e; ; € G[F;] and
e;j; € G[F}] satisfying condition (ii) of Lemma 2.7 are uniquely determined. Note
that for Operation VIII, e; ; € C; and has label e, and e; ; € C; and has label e; this
follows by the symmetry of T” and the drawings G|[F;] and G[F}]. For Operation IX,
e;,; € C; and has label c/e, and e;; € C; and has label c/e; this follows from the
drawings of G[F;] and G[Fj;], and Remark 5.7. Add e; j and e;; to &.
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For each fz—f]> € A(?) with label sq (Operation VII), choose ¢; ; in C; with label
sq and e; ; in G[F}] satisfying condition (ii) of Lemma 2.7. Note that e; ; € C; and
has label sq or label 1/sq; this follows from the drawings of G[F;] and G[Fj], and
Remark 5.7. Add e; j and e;; to &.

For each ij; e A(?) with label rr (Operations V, VI and VIII), choose e; ; in
C; with label 1t and e; ; in G[F}] satisfying condition (ii) of Lemma 2.7. Note that
e;; € C; and has label rr; this follows from the drawings of G[F;] and G[F}]. Add
ejjand ej; to £.

—
For each f; f; € A(?) with label cc (Operation VI), choose e; ; in C; with label cc
and e; ; in G[Fj] satisfying condition (ii) of Lemma 2.7. Note that e; ; € C; and has
label cc; this follows from the drawings of G[F;] and G[F}]. Add e; j and e;; to €.

—
Foreach f; f; € A(?) with label r (Operations V, VI and IX), choose ¢; ; in C; with
label r and e; ; in G[F)] satisfying condition (ii) of Lemma 2.7. Note that e, ; € C;
and has label r; this follows by the drawings of G[F;] and G[Fj]. Add e; j and e; ;
to &.

For each fz—f]> € A(?) with label r (Operation VII), choose ¢; ; in E(C;) \ € with
label r/sq and e; ; in G[F}] satisfying condition (ii) of Lemma 2.7. This is possible
since T’ has four edges with label r/sq. Note that e;; € C; and has label t/sq; this
follows by the drawings of G[F;] and G[F;]. Add e; j and e; ; to E.

In the context of Operation IV, let 77 be the subgraph of T" induced by edges with
label r. Each component of 7" is a path since each f; is incident to at most two edges
of T with label r. Let P be a component of T”, and assume without loss of generality
that P = fof1- - fm—1. Foreach i, 0 < i < m — 2, starting at ¢ = 0, choose
eii+1 in E(C;) \ € with label r and e;41,; in G[F;41] satisfying condition (ii) of
Lemma 2.7. This is possible because the Hamilton cycle ['J has two edges labelled r
in both rows two and four. Note that e;11 ; € C;11 and has label r; this follows by
the drawings of G[F;] and G[F;1]. Add e; ;41 and e;41 ; to E.

For each ]Tf; IS A(?) with label ¢ (Operations VI, VII and VIII), choose e; ; in C;
with label ¢ and e; ; in G[Fj] that satisfies condition (ii) of Lemma 2.7. Note that
e;; € C; and has label c; this follows by the drawings of G[F;] and G[F}]. Add e; ;
ande;;to €.

For each ]T)fj € A(?) with label ¢ (Operation IX), choose e; ; in E(C;) \ € with
label c/e and e;; in G[F}] satisfying condition (ii) of Lemma 2.7. This is possible
because the Hamilton cycle ' has two edges labelled c/e in columns two and four,
and f; is incident to at most one edge in I" with label ¢ and at most one edge in T’
with label e. Note that e;; € C; and has label c/e; this follows by the drawings of
G[F;] and G[F;]. Add e; jand e ; to E.

In the context of Operations IV and V, let 7" be the subgraph of 7" induced by edges
with label c. Each component of 7" is a path since each f; is incident to at most two
edges of T with label c. Let P be a component of 77, and assume without loss of
generality that P = fyf1 -« fn_1. Foreach i, 0 < i < m — 2, starting at i = 0,
choose e; ;41 in E(C;) \ € with label ¢ and e;11 ; in G[F;41] satisfying condition
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(ii) of Lemma 2.7. This is possible because the Hamilton cycles [J and C have two
edges labelled c in both columns two and four. Note that e; 1 ; € C;4; and has label
c; this follows by the drawings of G[F;] and G[F;11]. Add e; ;41 and e; 41 ; to &.

—
(7) Foreach f; f; € A(?) with label pm, choose e; ; in E(C;)\€ and e; ; in E(G[Fj])\
& satisfying condition (ii) of Lemma 2.7. Add ¢; ; and e; ; to &.

—
Now e; ; and e;; have been chosen for all f; f; € A(?) By construction, (i) and (ii)
of Lemma 2.7 are satisfied, and for each G[F;], 0 < ¢ < N — 1, the Hamilton cycle C;
satisfies condition (iii) of Lemma 2.7. Therefore, G has a Hamilton cycle. ]

As a consequence of Lemmas 3.3, 3.5, 6.3 and 6.4, we now have our main result.

Theorem 1.1. If H is a 2-tree then ko(H ) = 4, unless H = TV {u} for some tree T and
vertex u, where T is a star on at least three vertices or the bipartition of V(T') has two
even parts; in these cases, ko(H) = 5.

As pointed out in Section 1, if H is a k-tree then k + 2 < ko(H) < k + 3. For both 1-
trees (i.e., trees) and 2-trees, equality can occur in both the upper and lower bound. By [6,
Corollary 5.6] and Theorem 1.1, if H is a tree or 2-tree of diameter at least three, then the
lower bound holds. We ask if this extends to k-trees, that is, if H is a k-tree with diameter
at least three, is it the case that ko(H) = k + 2? On a related note, k-trees are a subclass of
chordal graphs. We ask if the techniques presented here can be extended to determine the
Gray code numbers of other chordal graphs.
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Appendix A 3-colouring graphs of trees

A 2-tree with a dominating vertex u has the form 7'V {u} for some tree T. Lemma 3.5
characterizes when ko(T V {u}) = 5. Its proof requires a technical result (Lemma 3.6)
that we prove in this appendix. To do so, we introduce additional terminology along with
structural results on the 3-colouring graphs of trees.

Define L; to be an assignment of lists to the vertices of 7'V {u} with L;(u) := {i} and
L;(w) :={1,2,3,4} forw € V(T). Then G, (T V{u}) = G5(T) and thus, G4 (T V {u})
can be partitioned into four copies of G3(T") with edges between pairs of copies. We prove
that when 7" has even number of vertices then G5(T') is bipartite. First, we prove a more
general result for G, (H) where H is a connected graph.

Lemma A.1. Let H be a connected graph on n vertices and L an assignment of lists to
the vertices of H such that L(v) C {1, 2,3} for eachv € V(H). If H is L-colourable and
there is a vertex w € V(H) with |L(w)| < 3, then G,(H) C Qy,. In particular, G, (H) is
a bipartite graph.

Proof. The proof is by induction on n. Observe that the result is true forn = 1 and n = 2.

First suppose that |L(w)| = 1 and without loss of generality, L(w) = {1}. In any
list colouring of H, each vertex v € Ny (w) cannot be coloured ‘1’. Thus, let L be an
assignment of lists of allowable colours defined as

i) = {?v) \{1}. ifve Ny(w).

(v), otherwise.

Denote the components of H — w by Hy, Hs, ..., Hy. Then by the inductive hypothesis,
foreachi,1 <3 <N,

G (Hi) € Qv m,)

Since w must be coloured using the colour ‘1°, we have

Gr(H) = Gi(H —w)
=Gy, (UL H))

N
= '91 G;(H;), by Remark 2.4
N
Sy Qv (H,)|» by the inductive hypothesis
= Qn-1.

Next suppose that |L(w)| = 2 and without loss of generality, L(w) := {1,2}. For

i = 1,2, define L; as L;(w) := {i} and L;(v) := L(v) for v # w with v € V(H). Also

define L; as L;(w) := {i} and L;(v) := {1,2,3} for v # w with v € V(H). Observe

that G, (H) € G (H) and G,(H) C G; 2( ). Furthermore, G; (H) = G; (H),

and hence, G, (H) C G, (H)O K. By the preceding argument, Gil( ) C Qn 1, and
therefore

GL(H) - Qn—l UK, = Qn 0

Lemma A.2. If T is a tree with an even number of vertices then G5(T) is bipartite.



690 Ars Math. Contemp. 17 (2019) 653-698

Proof. If T = K, then G3(T') = Cs. Let T be a tree on an even number of vertices with
|[V(T')| > 4 having bipartition (A, B). Fix u € A, v € B with u adjacent to v in T'. Define
H :=G3(T). Foreach 1 < i # j < 3let

Vij ={ceV(H) | c(u) =iand c(v) = j}.

Then {Vi2, Vis, Vaz, Va1, Va1, Vao} is a partition of V(7). Observe each H[V;;] is con-
nected (this can be shown by induction on |V (T')|), and that [V, V,5] # 0 if and only
ifa = yor g = 6. It follows that Hy = H[Vi2 U Vig U Vaz U Vo] is connected,
and by Lemma A.1 is bipartite. Similarly, Ho = H[Vaz U Voy U V31 U Vao] and Hy =
H[V31 U Vao U Vig U Vi3] are connected and bipartite. Denote the two-coloured vertices of
‘H (that is, the colourings of T" with two colours) by ¢;; € V;; such that

i, ifz € A,
Cij((E) = 3 .
j, ifzxeB.

Suppose the bipartition of each H[V;;] is (A;;, B;;) where ¢;; € Bjj.
If |A| and | B| are even, then dy (c;;, ¢iv;+) is even. It follows that

(A12 U Aj3 U A3 U Ay, Bia U Bz U Baz U Boy)
is a bipartition of H1,

(A23 U Agy U Az U Az, Bas U Bay U B3y U Bo)
is a bipartition of Ho, and

(A31 U Aza U Ao U Ayz, B3 U B3z U Bia U Bys)

is a bipartition of H3. Hence,
A = U Aij and B = U Bij
1<i#5<3 1<i#5<3

are independent, and thus form a bipartition of H.
If |A| and |B| are both odd, dy(c;;, civ;¢) is even if and only if ¢ # " and j # j/. It
follows that
(A12UB13U A3 U Bay, Bia U A3 U Bz U Agy)

is a bipartition of H1,
(A23 U Bay U Az U Bsg, Baz U A U B3y U Azp)
is a bipartition of H, and
(A31U B3 U Ajo U Byg, B3p U Azp U Bia U Asg)
is a bipartition of H3. Hence,
A= {A12U B3 U A3 U By U A3y U Bsa}

and
B ={B12UA13U Ba3 U Ag U B31 U A3a}

are independent, and thus form a bipartition of . O
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Definition A.3. A connected bipartite graph with bipartition (A, B) is Hamilton laceable
if there is a Hamilton path between any © € A and v € B.

Remark A.4. The following are Hamilton laceable.
1. Py, 0P, 0P, ,0---0PF,,forn>2and k; > 1,1 <i<n[l7].
2. Qn, forn >11[5].

Definition A.5. A B-graph with vertex partition {Fy, F1, ..., Fx_1} is a bipartite graph
G with bipartition (A, B) together with a partition {Fy, Fy, ..., Fy_1} of V(G) so that,
fori =0,1,..., N — 1, G[F;] is Hamilton laceable.

Lemma A.6. Let G be a B-graph with vertex partition {Fy, Fy, ..., Fx_1} and biparti-
tion (A, B). Suppose for eachi = 1,2,...,N — 1, there is an edge b;_1a; with b;_1 €
BNF;_1and a; € ANF;. Then G has a Hamilton path between any vertex in AN Fy and
any vertex in BN F_1.

Proof. Letag € ANFyandby_1 € BN Fy_1.Foreach F;,i=0,1,..., N — 1, choose
a Hamilton path P; in G[F;] between b; and a;. Then

(U {biaiJrl}) U ( U E(Pz‘)>

i=0
are the edges of a Hamilton path in G between ag and by . O

Corollary A.7. Let G be a B-graph with vertex partition {Fy, Fy,...,Fn_1} and bi-
partition (A, B) such that [F;_1, F;] is a set of independent edges and |[F;_1, F}]| > 2,
1 =12 ...,N—1 Ifforeachi = 1,2,..., N — 1, the endpoints of any pair of edges
in [F;_1, F}] induces a 4-cycle in G, then G has a Hamilton path between any vertex in
AN Fy and any vertexin BN Fyy_1.

Proof. Let ag € AN Fyand by_1 € BN Fy_y. Foreach [F;_1,F;], i = 1,2,...,
N — 1, choose two edges b;_1a; and b,_,a}. Then G[{a;,a},b;—1,b,_;}] induces a 4-
cycle a;aib;_,b;—1a;. Note that either b;_; € Bor b;_, € B. Without loss of generality,

suppose b;_1 € B. Then a; € A. The result follows by Lemma A.6. O

Definition A.8. An odd flare is a tree obtained from K ;, ¢ > 3 and odd, by a single
subdivision of one edge.

Lemma 3.6. Let T be a tree with bipartition (A, B), where |A| := ¢ and |B| := r, and
let G3(T') be the 3-colouring graph of T with colours C' = {1,2,3}. Define c;; to be the
vertex of G3(T') with c;j(a) =i forall a € A and c;;(b) = j forallb € B.

(1) If £,r > 0O are both even, then G3(T') has no spanning subgraph consisting only of
paths whose ends are in {c12, ¢13, Co1, Ca3, C31, C32 }-

(2) If £ > 1is odd and r > 0 is even, then G5(T) has a Hamilton path from c12 to ca3.

(3) If £ > 1 and r > 1 are both odd, then G3(T') has a Hamilton path from ¢y to ¢13.
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Proof. (1): Suppose ¢,7 > 0 are both even. By Lemma A.2, H := G3(T) is bipartite.
Suppose H has bipartition (A, B). Without loss of generality, assume c;2 € A. Since
dy (012, Cij) is even for each Cij € {0127 C13,C21, C23,C31, 632} and H is bipartite, we have
{c12, ¢13, €21, Ca3, €31, c32} € A. By [6, Theorem 5.5] there is a Hamilton cycle in H, and
thus |A| = |B|. It follows that there is no spanning subgraph of # consisting only of paths
whose ends are in {c12, €13, Co1, Ca3, C31, C32 } (otherwise | A| > |B]).

(2): Suppose ¢ > 1is odd and r > 0 is even. Then £+ 7 > 5. We first prove that G5(T")
has a Hamilton path between c15 and co3 whenever T is Ps or any odd flare. If T' = P;
(with |A| = 3, |B| = 2), then there is a Hamilton path between c;2 to ca3 in G3(Ps), as
described in Figure 15. A 3-colouring f of P5 = x1z2x3245 is represented by the string
fz) f(z2) f(x3) f(xa)f(x5); for example, ¢12 = 12121 and co3 = 23232.

12121 21313 32321 13131 23231 31212
12321 21323 32121 12131 13231 31232
12323 21321 32123 32131 13232 31231
12313 31321 12123 32132 13212 21231
12312 31323 13123 12132 13213 21232
32312 31313 23123 13132 23213 21212
31312 32313 23121 23132 21213 23212
21312 32323 13121 23131 31213 23232

Figure 15: A Hamilton path in G3(Ps) from ¢;5 to ca3.

Let T" be an odd flare on n vertices with u denoting the unique vertex of degree two and
let Ny (u) = {v,v'} where v is the unique vertex of degree n — 2 (Figure 16).

Figure 16: An odd flare T'.

Here |A] = n — 2 and |B| = 2. We partition # := G3(T) according to the colours of
vand v. Foreach 1 <i # j <3,letV;; := {c € V(H) | c(u) =i and ¢(v) = j} and let
L;; be an assignment of lists to the vertices of H such that L;;(u) := {i}, L;;(v) := {j}
and L;j(w) := {1,2,3} forw € V(H — {u,v}). Note that G, (H) = H[V;] = Qpn_2,
foreach1 < ¢ 7éj < 3. Let Hq := 7‘[[‘/32 U Vlg} = Q3 OPy, Hy := H[Vél U ‘/31] =
Qn_g O P4, HQ = H[Vlg], and H3 = H[Vgg]

For {i,j,k} = {1,2,3}, let d;;z € V(H) denote the vertex with d;;x(v) = j,
dijk('l)l) = ]C, and d”k(UJ) =idforallw € NT(’U). Then [V12, Vlg] = {Clgdlgg,d123613}
and [Va3, Va1] = {ca1das1, da1scas}.

Claim. For m > 2, every edge of Q,,, 1 Py is in a Hamilton cycle of Q,, (I P;.

The claim follows by induction and the fact that any pair of distinct edges of Q1
(m > 3) belongs to a Hamilton cycle of @,,,—1 (for example, see [7, Theorem 4.1]).

In what follows, we define cycles and paths to construct a Hamilton path from c;5 to
o3 in G3(T) when T is an odd flare on n vertices. See Figure 17 for the case n = 5; here,



M. Cavers and K. Seyffarth: Reconfiguring vertex colourings of 2-trees 693

the labels of the two columns of V;; represent the colour choices for v’ and the labels of
the rows of V;; represent the colour choices for the two vertices in Np(v) \ {u}. Let C; be
a Hamilton cycle of H; containing c¢12d123 and Cy be a Hamilton cycle of H4 containing
da13¢21; these exist by the previous claim. Let ¢ € Ny, (ca3) have ¢(v') = 3 and d € Vi3
be the unique vertex of Hy adjacent to c. By [7, Theorem 4.1], there is a Hamilton cycle
C'5 in H3 containing the edges ccas and cogdasy. Observe dyy, (d, ¢13) is odd. Since Hs is
Hamilton laceable, there is a Hamilton path P between d and c;3 (see Figure 17).

|
o Cl2 123 | 122 g623 da31 |

11 \ i \ | T
| | 21 |
‘ ‘ . | X

13 I d | c |

33 | I 111 | |

E \“\ Id132 / c13! :d213 c21 :

31 . I 12 | .

1 2 2 3, 2 3, 3 3 Lo 2
| | | | |
V32 : Vig Vis ‘ Vas Va1 : V31

Figure 17: H = G3(T'), T an odd flare on five vertices, along with C;, P, C3, and Cj.
Now,

(C1 — {c12d123}) U {di23c13} U P U {dc} U (Cs — {casc, ca3dazi })
U {das1c21} U (Cs — {ca1d213}) U {da13ca3}

is a Hamilton path in H between c12 and co3 (see Figure 18 for n = 5).

| | | |
G2 123 | 122 g623 do31 |

e S R Y
| | |

21

‘ ‘ ‘ ‘ X

13 | d | c |

33 | I 111 | |

3 \“\ Id132 / c13! :d213 c21 :

31 . I 12 | .

1 2 2 3 2 3, 3 13 1,1 2
| | | |
V32 : Viz Vis ‘ Vas ! Va1 : V31

Figure 18: A Hamilton path between c;2 and co3 in H = G3(T'), T an odd flare on five
vertices.

Now suppose 7' is a tree on n > 5 vertices with n odd that is not isomorphic to a star or
an odd flare. Then there are leaves x,y € V(T with dp(z,y) > 3. By choosing leaves z
and y so that dr(z,y) > 3 is minimum, 7" := T — {z, y} is not a star. Let Np(z) := {2’}
and Nr(y) := {y'}; since dr(x,y) > 3, 2" # y'.

Let (A’, B’) denote the bipartition of 7" with A’ C A, B’ C B, and define c;j to be
the vertex of H' := G3(T") with ¢};(a) = i foralla € A’ and ¢};(b) = j forall b € B’
By the inductive hypothesis, 74’ has a Hamilton path between ¢}, and c45. Let V(H') :=
{fo, f1,---, fn—1}- Since H' has a Hamilton path, we may assume that fof; --- fy_71isa
Hamilton path in H' between fy = ¢}, and fy_1 = ch3. Since ¢}, and ch4 differ in colour
on at least two vertices, fy is not adjacent to fy_1 in H'.
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For 0 < ¢ < N — 1, let F; be the set of 3-colourings of # that agree with f; on
V(T"). Then {Fy, Fy,...,Fy_1} is a partition of the vertices of H, and H[F;] = Cy,
0<i<N-—1.1If f;_; and f; differ on the colour of a vertex of V(T”) \ {2/, y'}, then
|[Fi—1, Fi]| = 4 and H[F;_1 U F;] = Q3. Otherwise, f;_; and f; differ on the colour of
2’ or y/, implying that |[F;_1, F;]| = 2, the subgraph of H induced by the endpoints of the
edges of [F;_1, F;] is a4-cycle, and H[F;_1 U F;] = P, O K>.

Consider the spanning subgraph G of H with edge set

N-1 N-1
(U E(H[Fi])> U (U [Fz'—uFi]) :

=0 =1

Note that G is a connected B-graph. Let (A, B) be the bipartition of G and assume
C12 € A.

First suppose co3 € B. As ¢12 € Fy and co3 € Fiy_1, it follows from Corollary A.7
that there is a Hamilton path in G between c15 and co3. Now suppose co3 € A. Since
dg(c12, ca3) is odd, H must have an edge e with both endpoints in .4 or both endpoints in
B. Suppose e € [F},, Fy], where 0 < p < ¢ < N — 1. Since fj is not adjacent to fy_1
in H', either p # 0 or ¢ # N — 1. Without loss of generality we assume p # 0. Then
fpfq € E(H'), and either

() |[Fp, Fy)| = 4and H[F, U F,] =2 Qs, or

(ii) |[Fp, Fy]| = 2, the subgraph of 7 induced by the endpoints of the edges of [F},, F]
is a 4-cycle, and H[F, U F;| = P, 0 Ks.

In either case, there exists another edge e’ € [F),, F,] such that e := wv, ¢ = u'v/,
u,u’ € F,, and wvv'v/u is a 4-cycle. The choice of e = uv ensures that u,v € A or
u,v € B. R

Consider the spanning tree T of H' with edge set

E(T):={firfi|1<i<q—1}U{fic1fi la+1<i< N =1} U{fpfe}.

We define J to be the spanning subgraph of H with edge set

N-1
(U E(’H[FA)) ul U EF

=0 fil;€B(T)

Then J is a connected B-graph. Let (K, £) be the bipartition of .J; we may assume that

c12 € K. Since f,f, € E(T), [F,, F,] C E(J); in particular, e = uv and €/ = v/v’ are
edges of J, so u and v are in different parts of the partition (XC, £), and thus co3 € L.

Case 1. If |[F),, Fpi1]| = |[Fp, Fy]| = 2, then f,fy, fpfor1 € E(H') arise from colour
changes on x’ and 3’. Since there are only three possible vertex colours, there is only
one possible colour that z’ could change to, and only one possible colour that 3’ could
change to; i.e., one of f, f,, fp fp+1 arises from a colour change on 2’ and the other from a
colour change on y'. Assuming that 7{[F,] is the 4-cycle uu/ww'u, it follows that u, u’ are
incident to the edges of [F),, F;] and that without loss of generality «’, w are incident to the
edges of [F),, Fppy1].
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Let [Fy, Fy] = {uwv,uw/v'} and [F, Fj1] = {wz,u'2’'}. Since uu’ € E(J), exactly
one of u, v isin L.

Case 1(a). First suppose that u € L. Let .J; denote the subgraph of J induced by U?_ F;.
Then J; is a B-graph with vertex partition {Fy, Fi, ..., F,} and bipartition (IC, £) satis-
fying the conditions of Corollary A.7, with c12 € KN Fyand w € L N F,. Thus J; has a
Hamilton path R; between c;2 and . Note that the proof of Corollary A.7 implies that R,
can be constructed so as to contain the edge u/w.

Let J5 be the subgraph of J induced by UZN: ;1Fi. Then J5 is a B-graph with vertex
partition {F, Fy11,...,Fn_1} and bipartition (/C, £) satisfying the conditions of Corol-
lary A.7, withv € KN Fj and co3 € LN Fy_1. Thus J; has a Hamilton path Ry between
v and ca3.

Finally, let J3 be the subgraph of .J induced by Ug;; F;. Then by Lemma 2.7, J3 has a
Hamilton cycle C' containing the edges uu’, ww’ and uw’. Let R3 be the path between u/
and w obtained by deleting v and w’ from C.

Now concatenate paths Ry, Rs, R3 and delete edge uw'w € R; to form a Hamilton path
between c12 and ca3.

Case 1(b). Now suppose that u € K. Then v/ € L. Since p > 1 and |[F}, Fpt1]| =
|[Fp, Fyl| = 2, we have |[F,_1, F},]| = 4. Lett € F,_; be such that tu € [F,_1, F}]. Then
te L.

Let J; denote the subgraph of J induced by Uf;ol F;. Then J; is a B-graph with ver-
tex partition {Fo, Fi, ..., Fj,_1} and bipartition (/C, £) satisfying the conditions of Corol-
lary A7, with c;o € KN Fyand t € £ N F,_;. Thus J; has a Hamilton path R, between
c12 and t. Let Ry be the concatenation of paths Ry and tuw’wu/'.

We define J> and Rj3 as in Case 1(a). The same argument with v’ in place of v gives a
Hamilton path Ry between v’ and co3. Now concatenate paths Ry, Ro, R3 and delete edge
u'w € Ry to form a Hamilton path between c15 and co3.

Case 2. Suppose |[F},, F;]| = 4 and label the 4-cycle of H[F}] as uv/ww'u. Let Js be
the subgraph of J induced by U?:_; F;. Then by Lemma 2.7, J3 has a Hamilton cycle C.
Without loss of generality, suppose C' contains the edges uu’, ww’ and uw’. Let R3 be the
path between v’ and w obtained by deleting « and w’ from C'.

Let J; denote the subgraph of J induced by UY_,F;. Then J; is a B-graph with ver-
tex partition {Fp, Fi, ..., F,} and bipartition (IC, £) satisfying the conditions of Corol-
lary A.7, with ¢;o € K N Fy. Thus J; has Hamilton paths R} and R/ between c12 and
the two vertices in £ N F},. Let Ry be one of R} and RY such that R; contains edge u/w.
Suppose R; is between c12 and ¢t. Thent € L. Let t’ € F, be such that tt’ € [F), F].
Then ¢’ € K.

We define J5 as in Case 1(a). The same argument with ¢’ in place of v gives a Hamilton
path R between t’ and co3. Now concatenate paths Ry, Ry, R3 and delete edge v'w € Ry
to form a Hamilton path between c;5 and co3.

Case 3. Suppose |[F},, F},+1]| = 4. Let J; denote the subgraph of .J induced by (U?_ F;) U
(vazlel) Then J; is a B-graph with vertex partition

{Fo, I,y oo By By By oo Fnea )

and bipartition (K, £) satisfying the conditions of Corollary A.7, with ¢c12 € K N Fp and
co3 € LN Fy_1. Thus J; has a Hamilton path R between c15 and co3. Note that the proof



696 Ars Math. Contemp. 17 (2019) 653-698

of Corollary A.7 implies that R can be constructed so as to contain three edges of H[F}].

Let J3 be the subgraph of J induced by Ug:_; .1 F;. Then by Lemma 2.7, J3 has a
Hamilton cycle C. Note that C' contains three edges of H[F),41].

By the Pigeonhole Principle there are s,t € F), and s',t' € F,1 withst € R, s't' € C
such that ss’tt’s is a 4-cycle in H[F, U Fj,41]. Now (RU C) — {st, s't'} is a Hamilton
path in J between c12 and ca3.

(3): Finally suppose, £ > 1 and » > 1 are both odd. We define 55’,5 to be the tree
obtained from Pj, with ends u and v by appending s leaves to u and ¢ leaves to v. The
proof is by induction and has the following base cases.

Base Case 1. We first prove that H := G3(T") has a Hamilton path between c15 and ¢;3
when T = Eg’%“ for k > 0, that is, when T' = Py 4o. If T = P5 then c12¢32¢31C21C23C13
is such a Hamilton path. Suppose k¥ > 0 and T' = P,42. Let u and v be the leaves of
T, Nr(u) := {u'}, Np(v) := {v'}, Nr(v') := {u,u”} and Np(v') := {v,v”}. Then
T":=T — {u,u,v,v"} is isomorphic to Py,_1)42. Let (A’, B") denote the bipartition of
1" with A" C A, B C B, and define cj; to be the vertex of H' := G3(1") with ¢};(a) =i
foralla € A"and ¢j;(b) = j forallb € B’. By the inductive hypothesis, 7" has a Hamilton
path between ¢, and ¢}5. Let V(H') := {fo, f1,..., fn—1}. Since H’ has a Hamilton
path we may assume that fo f - -+ fy—1 is a Hamilton path in ' between fy := ¢}, and
fN-1:=ci3.

For 0 < ¢ < N — 1, let F; be the set of 3-colourings of # that agree with f; on
V(T"). Then {Fy, F1,..., Fx_1} is a partition of the vertices of H, and H[F;] = P, O Py,
0<4i<N—1.1If f;_; and f; differ on the colour of a vertex of V(7”) \ {v”,v"}, then
|[Fi717 FZH = 16 and H[Fifl @] Fz} = (P4 O P4) ([l KQ. Otherwise, fi*l and fz differ on
the colour of u” or v”, implying that |[F;_1, F;]| = 8, and the subgraph of H induced by
the endpoints of the edges of [F;_1, F;] is Cy O Py.

Consider the spanning subgraph G of H with edge set

<L] E<H[FA)) U <L] ml,m) .

=0 i=1

Note that by Remark A.4, G is a connected B-graph. Let (A, 13) be the bipartition of G and
assume c1o € A. Since H is bipartite by Lemma A.2, and dy;(c12, ¢13) is odd, ¢13 € B.
As c1a € Fp and ¢35 € Fy—_1, it follows from Corollary A.7 that there is a Hamilton path
in GG between ¢ and c¢13.

Base Case 2. Let T = &1 52 or T = £3%,, 5, ) withs,t > 1,k > 0,and 7" = Py 45 be
obtained from 7T by deleting 2s leaves adjacent to u and 2t leaves adjacent to v.

Let (A’, B’) denote the bipartition of 7" with A’ C A, B’ C B, and define ¢ ; to be the
vertex of H' := G3(1") with ¢j;(a) =i foralla € A" and ¢;;(b) = j forall b € B’. By
Case 1, 1’ has a Hamilton path between ¢}, and ¢j5. Let V(H') := {fo, f1,-. ., [n-1}
Since H’ has a Hamilton path we may assume that fo f1 - - - fx_1 is a Hamilton path in H’
between fy := ¢}, and fy_1 := ).

For 0 < i < N—1, let F; be the set of 3-colourings of H := G3(T') that agree with f; on
V(T"). Then {Fy, Fy, ..., Fn_1} is a partition of the vertices of H, and H[F;] = Qas+2¢»
0<i< N-—11If fi_; and f; differ on the colour of a vertex of V(1”) \ {u, v}, then
[Fie1, F]| = 222" and H[F,_1 U F}] = Qoey2t K2 & Qasqai41. If fi—1 and f;
differ on the colour of u then |[F;_1, F}]| = 22!, and the subgraph of # induced by the
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endpoints of the edges of [F;_1, F;] is Q2¢+1. Otherwise f;_1 and f; differ on the colour
of v implying that |[F;_1, F;]| = 22%, and the subgraph of H induced by the endpoints of
the edges of [F;_1, F;] is Qas1-

Consider the spanning subgraph G of ‘H with edge set

N-1 N-1

i=0 i=1
Note that by Remark A.4, G is a connected B-graph. Let (A, B) be the bipartition of G and
assume c12 € A. Since H is bipartite by Lemma A.2, and d3(c12,c13) is odd, ¢15 € B.
As c1s € Fp and c13 € Fy—_1, it follows from Corollary A.7 that there is a Hamilton path
in G between c15 and ¢;3.

Base Case 3. Let T' = Sﬁ*ﬁu with s,k > 1, and let 77 2 Pyj,_o be obtained from 1" by
deleting the 2s + 2 leaves and the vertices u and v. Define u’, v’ as the leaves of T” so that
in T, v is adjacent to v and v’ is adjacent to v.

Let (A’, B’) denote the bipartition of 7" with A’ C A, B’ C B, and define ¢ ; to be the
vertex of H' := G3(1") with ¢j;(a) = i forall a € A" and ¢;;(b) = j forall b € B’. By
Case 1, 1’ has a Hamilton path between ¢}, and ¢j5. Let V(H') := {fo, f1,-. ., [n-1}
Since H’ has a Hamilton path we may assume that fo f7 - - - fx_1 is a Hamilton path in H’
between fy := ¢}, and fy_1 := ).

For 0 < ¢ < N — 1, let F; be the set of 3-colourings of H := G3(T) that agree with
fion V(T"). Then {Fy, F1,...,Fy_1} is a partition of the vertices of H, and H[F;] D
P, Py2s42,0 < i < N — 1. This follows since G, (K1 25+1) has a Hamilton path Py2s+2
where L is an assignment of lists in which vertices of degree one have lists {1, 2, 3} and the
remaining vertex has list {1,2}. If f;_; and f; differ on the colour of a vertex of V(T”) \
{u’, 1}/}, then |[Fi_1, Fl]| = 4~228+1 and ’H[Fi_l UFi] D) (P4 ([l P225+1) (Il KQ. If fi—l and
f: differ on the colour of v’ then |[F;_1, F}]| = 2 - 225", and the subgraph of # induced
by the endpoints of the edges of [F;_1, F;] contains (P O Py2s+1) 0 K5. Otherwise f;_1
and f; differ on the colour of v’ implying that |[F;_1, F}]| = 4 - 2%, and the subgraph of H
induced by the endpoints of the edges of [F;_1, F;] contains (Py 0 P2s ) O K.

Consider the spanning subgraph G of ‘H with edge set

N1 N-1
(U E(H[Fz])> U (U [Fi—hFi]) .

i=0 =1
Note that by Remark A.4, G is a connected B-graph . Let (A, 13) be the bipartition of G
and assume ¢y € A. Since H is bipartite by Lemma A.2, and dy;(c12, ¢13) is 0dd, ¢13 € B.
As c1s € Fp and ¢35 € Fy_1, it follows from Corollary A.7 that there is a Hamilton path
in G between c¢15 and ¢;3.

Induction Step. Now suppose 7 is a tree with bipartition (A, B), where |A| := ¢ > 1 and
|B| := r > 1 are both odd and T is not isomorphic to any of the graphs in Base Cases 1 to
3. If every pair of leaves x,y € A or z,y € B satisfy dr(z,y) < 2, then T = £F ; since

£, > 1 are both odd, T is isomorphic to one of the graphs in Base Cases 1 to 3. Thus,
there are leaves z,y € A (or x,y € B) with dp(z,y) > 3.

Case 1. If T — {x,y} is a star, then T is the graph obtained from K; 5511, s > 1, by
subdividing two of its edges. Let u € V(T') be the vertex of degree 2s + 1 and v € V(7))
a leaf adjacent to u. Define 7" := T'[{u, v}] and observe T = K.
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Let H' := G3(T") have Hamilton path fof1fafsfafs := loChychichichachs, where
c;;(u) = dand ¢;(v) = j. For 0 < i < 5, let F;; be the set of 3-colourings of H := G3(T')
that agree with f; on V/(T"). Then {Fy, Fy, ..., F5} is a partition of the vertices of H, and
HIF;) =2 P, OP0OQ2s—2,0 <i <5.If f;_1 and f; differ on the colour of vertex v, then
|[Fi—1; Fz” =4-4. 22572 and H[Fi—l U Fz] = (P4 DP4 DQQS_Q) DKQ If f,j_l and
fi differ on the colour of u then |[F;_1, F;]| = 4, and the subgraph of # induced by the
endpoints of the edges of [F;_1, F;] is Cy.

Consider the spanning subgraph G of H with edge set

5 5
(U E(H[Fi])> U (U[Fi_l,Fi]> :
i=0

=1

Note that by Remark A.4, the graph P, P, [0 Q25— is Hamilton laceable since Py []
P, Py2s-2 is a Hamilton laceable spanning subgraph. Thus, G is a connected B-graph.
Let (A, B) be the bipartition of G and assume c15 € A. Since H is bipartite by Lemma A.2,
and dy (c12,c13) isodd, ¢13 € B. As ¢12 € Fy and ¢33 € F, it follows from Corollary A.7
that there is a Hamilton path in G between c12 and c13.

Case 2. Suppose Nr(z) := {z'} and Np(y) := {¢'}, and that 7" := T — {z,y} isnot a
star. Let (A’, B) denote the bipartition of 7" with A" C A, B’ C B, and define c;; to be
the vertex of H' := G'3(T") with ¢;(a) = i forall a € A" and ¢j;(b) = j forallb € B'.

By the inductive hypothesis, ' has a Hamilton path between ¢, and ¢} 5. Let V(H') :=
{fo, f1,---, fn—1}. Since H' has a Hamilton path we may assume that fof1 --- fy_1isa
Hamilton path in H’ between fj := ¢}, and fn_1 := c]5.

For 0 < i < N — 1, let F; be the set of 3-colourings of H := G3(T') that agree with f;
on V(T"). Then {Fy, F, ..., Fnx_1} is a partition of the vertices of H, and H[F;] = Cy,
0<i<N-—1.1If f;_; and f; differ on the colour of a vertex of V/(T") \ {2/, '}, then
[[Fiz1, Fi]| = 4 and H[F;—1 U F;] & Q3. Otherwise, f;_1 and f; differ on the colour of
a’ ory/, implying that |[F;_1, F;]| = 2, the subgraph of H induced by the endpoints of the
edges of [F;_1, F;] is a4-cycle, and H[F;_1 U F;] = P, 0 K>.

Consider the spanning subgraph G of H with edge set

(L_J E(H[E])) u <L_J [FZ-_hFi]) .

Note that G is a connected B-graph. Let (A, BB) be the bipartition of G and assume c¢15 €
A. Since H is bipartite by Lemma A.2 and dy (c12, ¢13) is odd, ¢13 € B. As ¢12 € Fy and
c13 € Fy_1, it follows from Corollary A.7 that there is a Hamilton path in G between ¢y
and c;3. O
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