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Abstract

We prove that local operations that preserve all symmetries, as e.g. dual, truncation, me-
dial, or join, as well as local operations that are only guaranteed to preserve all orientation-
preserving symmetries, as e.g. gyro or snub, preserve the polyhedrality of simple maps.
This generalizes a result by Mohar proving this for the operation dual. We give the proof
based on an abstract characterization of these operations, prove that the operations are well
defined, and also demonstrate the close connection between these operations and Delaney-
Dress symbols.

Keywords: Embedded graph, map, polyhedral embedding, operation, symmetry, tiling.
Math. Subj. Class. (2020): 05C76, 05C10, 05C40, 52B05

1 Introduction

Symmetry-preserving operations on polyhedra have been studied for a very long time. They
were first applied in ancient Greece. Some of the Archimedean solids can be obtained from
Platonic solids by applying the operation which was later called truncation by Kepler. Over
the centuries, polyhedra and specific operations on them have been studied extensively
[3, 11, 12, 18, 22]. However, a general definition of the concept local symmetry-preserving
operation and a systematic way of describing such operations was only presented in 2017
[2]. This description covers a large class of operations on maps, including all well-known
symmetry-preserving operations such as truncation, dual, or those operations known as
achiral Goldberg-Coxeter operations [4, 5]. Goldberg-Coxeter operations were in fact in-
troduced by Caspar and Klug [4] and can be used to construct all fullerenes or certain
viruses with icosahedral symmetry.
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Figure 1: On the left, the barycentric subdivision of a hexagonal face is shown. In the
middle, the Isp-operation truncation is given and on the right the barycentric subdivision
of the result of applying the operation. The blue shaded area shows one chamber of the
original hexagon.

In addition to these local symmetry-preserving operations (Isp-operations), which pre-
serve all the symmetries of a map, there are also operations that are only guaranteed to pre-
serve the orientation-preserving symmetries. Well-known examples of such operations are
snub and gyro [23], or the chiral Goldberg-Coxeter operations. In [2], a general description
of such local orientation-preserving symmetry-preserving operations (lopsp-operations)
was also presented. The very general way of describing Isp- and lopsp-operations in [2] al-
lows to tackle various problems from a more abstract perspective, and also allows to prove
general theorems about the whole class of operations instead of considering each operation
separately. In this paper we will use the new description to prove that all those operations
(e.g. dual, medial, truncation, snub, ...) preserve polyhedrality of maps i.e., if an Isp- or
lopsp-operation is applied to a simple 3-connected map of face-width at least 3, then the
result is also simple and 3-connected and it has face-width at least 3.

As the description in [2] was aimed at a broader audience than just mathematicians, the
approach was described in a more intuitive way. In that article an operation is defined as a
triangle ‘cut’ out of a simple periodic 3-connected tiling, and it is applied by gluing copies
of that triangle into the barycentric subdivision of a map. Another way of looking at it is
that the faces of the barycentric subdivision, which are triangles, are further subdivided into
smaller triangles. This is done in a way that the subdivisions of the faces of the barycentric
subdivision are identical or mirror images of each other, or — in case only orientation pre-
serving symmetries must be preserved — in a way that each pair of two triangular faces of
the subdivision that share the same edge as well as the same face of the map is subdivided
in the same way. In the remainder of this text we will give the conditions for these subdivi-
sions that guarantee that the result is the barycentric subdivision of another map — the result
of the operation. An example of an Isp-operation and its application is shown in Figure 1.
In this article, we will give the more direct definition based on Delaney-Dress symbols
that forms the base of this approach and show the connection to the original description.
We will also show that for every Isp-operation there is an equivalent lopsp-operation, i.e. a
lopsp-operation that has the same result as the Isp-operation when applied to a map.

In [2], it is proved that the result of applying an Isp-operation to a polyhedron — that
is: a simple 3-connected map embedded in the plane [17] — is also a polyhedron. In [14]
this result is also announced for all lopsp-operations. We will modify some concepts that
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are used in that paper, but due to some serious problems in that paper we will not use the
results given there.

Originally, 1sp- as well as lopsp-operations were only defined for simple plane maps
because of their origin in the study of polyhedra. However, there is no mathematical reason
why these definitions should not be applied to maps with multiple edges or loops and
embeddings of higher genus. The question then arises in how far we can extend the theorem
for 3-connected simple plane maps to 3-connected maps of higher genus.

In general, lopsp-operations do not necessarily preserve 3-connectivity for maps that
are not plane. This is obvious for maps with faces of size 1 or 2, but it is also true for simple
maps in general, even if we require the result to be simple. The most striking example of
a local symmetry-preserving operation that can turn 3-connected maps into (even simple)
maps with lower connectivity is dual. In [1] it is proven that for any & > 1, there exist
embeddings of k-connected simple maps M so that the dual M* is simple and has a 1-cut.

However, even dual always preserves 3-connectivity in simple maps of face-width at
least three, as proven in [20]. In Definition 4.1 and Definition 4.8 we will define ck-maps
and ck-operations. A map is ck if it is k-connected, it has face-width at least &, and all
of its faces have size at least k. In this paper we will prove the general Theorem 4.9 from
which the following key result is a corollary. The result in [20] for dual is a special case of
this result. The map O(M) is the result of applying the operation O to the map M:

Corollary 1.1. Let k € {1,2,3}. If M is a ck-map, and O is a ck-lsp- or ck-lopsp-
operation, then O(M) is also ck.

This theorem is most interesting and relevant for £ = 3. This has two reasons. Firstly,
the set of c3-operations contains all well-known and intensely studied operations. Lsp-
operations that are not c3-lsp-operations were not even included in the original definition
of Isp-operations [2]. Secondly, c3-maps, which are in fact simple embedded 3-connected
maps of face-width at least three, have some very interesting properties. These maps are
also known as polyhedral maps or polyhedral embeddings [20]. They can be defined equiv-
alently as simple maps where every facial walk is a simple cycle and any two faces are either
disjoint or their intersection consists of only one vertex or one edge. As the name suggests,
polyhedral maps are a generalisation of polyhedra to surfaces of higher genus. It turns out
that the key property that these operations preserve is not 3-connectivity but polyhedrality.
This property is equivalent to being simple and 3-connected in the plane, but only in the
plane. The main result of this article follows immediately from Corollary 1.1: If M is a
polyhedral map and O is a ¢3-1sp- or ¢3-lopsp-operation, then O(M) is also a polyhedral
map (Theorem 4.10).

In Section 2 we give the definitions of the terminology we will use in this text. It starts
with some basic concepts and then the definitions of Isp- and lopsp-operations are given.
There is some freedom in the way that lopsp-operations are applied. However, in Section 3
we will prove that the result of applying a lopsp-operation is independent of the choices
that are made in its application. Section 4 holds the main results of this paper: We prove
a general result that implies that all lopsp-operations preserve polyhedrality of maps. To
show that the definition of lopsp-operations we give is equivalent to the original definition
in [2], we explore the strong connection between Isp- and lopsp-operations and tilings in
Section 5.
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2 Definitions

There are many different, often equivalent, definitions of a map. A short description is
that a map is a cellular decomposition of a surface into vertices (0-cells), edges (1-cells),
and faces (2-cells). Perhaps more intuitively, a map is an embedding of a topological
representation of a graph G onto a surface S. In this text we will only consider 2-cell
embeddings, which means that all the connected components of S \ G are homeomorphic
to 2-dimensional disks. We will only consider oriented surfaces. What we will refer to
as map is often called an oriented map in texts where more general maps are also studied.
Maps are often studied from a topological point of view. To make some technical details
easier to describe rigorously, we will use the combinatorial approach that is given below.
This definition is equivalent to the topological ones [16, 21]. We will define a map as a
graph together with a rotation system, which for every vertex imposes a cyclic rotational
order on the edges incident to that vertex.

A graph is a tuple (V, E) where V is the set of vertices and E is the set of edges.
Every edge is incident to two vertices that are not necessarily different. If they are the same
vertex, then that edge is a loop. Though we are mainly interested in graphs without loops
or multiple edges, they will occur in a natural way — e.g. as tools or as the result of an
operation — so that we will in general assume that the underlying graph of a map may have
multiple edges and loops and explicitly restrict the class where necessary.

With every edge of a graph (G, we associate two oriented edges, each starting in one
vertex of the edge and ending in the other. In the literature these are also called directed
edges or darts. If e is one oriented edge, then e~ ! is the other oriented edge associated
with the same edge of GG. For every vertex v of G, a cyclic order is assigned to all oriented
edges starting at v. This way, every oriented edge e has a ‘successor’ o(e). A map — also
known as embedded graph or graph embedding — is a connected graph together with such a
successor function . In a more general context, our maps could be referred to as oriented
maps. As we will not consider unoriented maps we just use the term map. The vertices and
edges of a map are the vertices and edges of the underlying graph. When drawing maps,
the cyclic order around the vertices induced by ¢ corresponds to the clockwise order of
edges around that vertex in the drawing.

A map is simple if it has no loops and no multiple edges that are incident with the same
2 vertices.

A map is k-connected if it has at least k£ + 1 vertices and it has no vertex-cut of fewer
than k vertices.

Consider three oriented edges e, e2, and e3 incident with a vertex v. We say that e is
between e and e if 1, eo, e3 occur in this order in the cyclic order around v, i.e. the cyclic
order of edges around vis of the form (...e7...e2...e3...)andnot (...e3...ea...€1...).

We say that e and (e~ ') form an angle in the map. A face of a map M is a cyclic
sequence of oriented edges such that every two consecutive edges form an angle. We will
use the term facial walk to refer to the closed walk in M corresponding to this cyclic
sequence of oriented edges. This definition of face corresponds to the topological notion
of a face.

For a map M, with Vi, Eyy, and F; denoting the sets of vertices, edges, and faces of
M respectively, x(M) = |V | — |En |+ | Fa| is the Euler characteristic of M. The genus
of M is defined as gen(M) = %Uw) If a map has genus 0, it is called plane. Note that a
plane map is not the same as a planar graph. A planar graph is a graph (not embedded) that
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Figure 2: The left figure shows a map and one of its submaps with bold edges.The right
figure shows the internal component of the only face of the submap that has bridges.

can be embedded such that it has genus 0. A plane map is one specific genus 0 embedding
of a graph.

Let M be a map and G’ a subgraph of the underlying graph of M. The map M’ which
is the graph G’ with the embedding induced by that of M is called a submap of M.

To formalize when a vertex or edge is ‘in’ a face of one of its submaps we will now
define what a bridge for a submap M’ of M is. There are two kinds of bridges:

e Ife € Ej\ Ejpy is an edge with endpoints v, w € Vi, then the submap with vertex
set {v, w} and edge set {e} is a bridge.

* Let C be a component of the submap of M induced by the vertices of M that are not
in M’, and define B, = {e € Eyr | eNVe # 0} and V5, = {v € Vay | e € Ef -
v € e}. Then the submap with vertex set V/, and edge set Ef, is a bridge.

If a bridge has an edge that is between two edges e and ¢’ so that e~! and ¢’ form an
angle in a face of M’, then the bridge is in that face. All the vertices and edges of the bridge
are also said to be in the face. The boundary O f of a face f is the submap of M consisting
of all the vertices and edges in the facial walk of f. A vertex or edge of M is in the interior
of a face of M’ if it is in that face and it is not in the boundary.

If a bridge is in more than one face, we say that those faces are bridged. A face that is
not bridged is called simple.

Let f be a simple face of M’. We will define the infernal component of f as follows.
Start with the submap N of M that consists of the boundary of f together with all bridges
in f. Intuitively, we cut along the boundary of f in IV in such a way that the facial walk
becomes a simple cycle. More formally, we replace every vertex v of N that appears k£ > 1
times in the facial walk of f by k pairwise different vertices vy, ..., v;. If both oriented
edges associated with an edge of M’ appear in the facial walk, this edge is also split into
two different edges between different copies of its vertices. Let (z,v) and (v,y) be the
oriented edges that form the angle in M’ at the i-th occurrence of v. Then we define the
rotational order (and also the neighbours) of v; to be the same as the rotational order around
v in M, but restricted to the edges between (v, ) and (v, y). Of course some vertices may
be replaced by their copies. The result of this is the internal component IC(f) of f. An
example of an internal component is illustrated in Figure 2. If IC(f) is plane, we call f
internally plane.

An important concept in the definition of Isp- and lopsp-operations is the barycentric
subdivision of a map. It is obtained by subdividing every face into triangular faces, which
we will call chambers. We will also use the barycentric subdivision to define contractible
cycles and face-width in a combinatorial way.
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Figure 3: A face in a map M and the corresponding part of Bj;. Edges of colour 1 are
dashed and edges of colour 2 are dotted.

The barycentric subdivision Bj; of amap M is a map that has a unique vertex for every
vertex, for every edge and for every face of M. We always assume that By, comes with
the natural vertex-colouring that assigns colours 0, 1, and 2 to vertices that correspond to
vertices, edges, and faces of M respectively. These colours correspond to their topological
dimension. There are edges between vertices of colour 0 and 1 if the corresponding vertex
and edge are incident. There are edges between vertices of colour 0 or 1 and colour 2 if
the corresponding vertex or edge appears in the boundary of the corresponding face. There
are no edges between vertices of the same colour. For i € {0, 1,2}, an edge is of colour
1 if it is not incident with a vertex of colour ¢. We will also refer to vertices and edges of
colour ¢ as i-vertices and i-edges. The rotational order of the edges adjacent to a vertex of
colour 2 follows the order of the vertices and edges in the corresponding facial walk of M,
and similarly for vertices of colour O and 1. This is illustrated in Figure 3. Every face of
B is a triangle. Note that in every figure in this text, colours are represented by colours
in the order rgb, that is: a red is colour 0, green is colour 1, and black is colour 2. The
edges of colour 1 are dashed and the edges of colour 2 are dotted, so that when looking
at the figures printed in black and white it should still be clear which edges have which
colour. With this rotation system, a short calculation of the Euler characteristic shows that
gen(Byr) = gen(M). If x is a face, edge or vertex of M, then to keep notation simple we
will also write z for the corresponding vertex of Bjy.

Every face of B), is a triangle, with exactly one vertex and one edge of each colour.
We call such a triangle a chamber. Two chambers are adjacent if they share an edge. In the
literature, chambers are also called flags. The flag graph of M is the dual of By, i.e. it is
the 3-regular graph that has the chambers as its vertices, and there is an edge between two
vertices if their corresponding chambers are adjacent. In some papers flags are defined as
triples (v, e, ) where v, e, and f are respectively a vertex, an edge, and a face such that v
is a vertex of e and v and e are in face f [7, 19]. We cannot use that approach here because
with our general definition of a map there is no 1-to-1 correspondence between chambers
and triples (v, e, f). For example, an edge can have the same face on both sides so that
there are multiple chambers with the same vertices.

Lemma 2.1. A map M, vertex-coloured with colours 0,1, and 2 is the barycentric subdi-
vision of another map if and only if:

(1) Every face of M is a triangle.



G. Brinkmann et al.: On local operations that preserve symmetries . .. 161

(ii) There are no edges between vertices of the same colour.
(iii) Every vertex of colour 1 has degree 4.

Proof. Let Vi and E¢ be the sets of vertices of M with colours 0 and 1 respectively.
Conditions (i) and (ii) imply that every face has exactly one vertex of each colour. It now
follows from (iii) that a vertex e € Eg of colour 1 has two neighbours in Vi and two
neighbours f and g of colour 2. This induces an incidence relation on the vertex set V; and
the edge set E that defines a graph G. The rotation system of M induces a rotation system
on G. Let N be the map that consists of G with this rotation system. It is not difficult to
check that M = By. O

The double chamber map Dy of a map M is the submap of B, that only contains the
edges of colours 1 and 2. A double chamber of a map M is a face in D). Every double
chamber has length four: two (in case of no loops different) vertices of colour 0, one of
colour 1, and one of colour 2. Two double chambers are adjacent if they share a 1-edge or
two 2-edges.

In [2], Isp- and lopsp-operations are — following Goldberg [15] — defined in a geometric
way as triangles ‘cut’ out of the barycentric subdivision of a 3-connected tiling of the
plane, such that in case of Isp-operations the sides of the triangle are on symmetry axes
of the tiling. In this article we give purely combinatorial definitions of 1sp- and lopsp-
operations, similar to [14] and [13]. The definitions given here are equivalent to those in
[2] when restricted to what we will later call c3-operations. The equivalence can be seen by
applying operations as defined here to some special periodic tiling, but readers who want
to see the equivalence already before starting on the main results of this paper and who
want to have a deeper insight into the relation of operations and periodic tilings encoded
by Delaney-Dress symbols, can find a direct proof without applications of the operations
in Section 5.

Definition 2.2. Let O be a 2-connected plane map with vertex set V, together with a
colouring ¢: V' — {0, 1,2}. One of the faces is called the outer face. This face contains
three special vertices marked as vy, vy, and vo. We say that a vertex v has colour i if
¢(v) = 4. This 3-coloured map O is a local symmetry preserving operation, Isp-operation
for short, if the following properties hold:

(1) Every inner face — i.e. every face that is not the outer face — is a triangle.
(2) There are no edges between vertices of the same colour, i.e. the colouring is proper.

(3) For each vertex that is not in the outer face:

c(v) =1=deg(v) =4

For each vertex v in the outer face, different from vg, v1, and vs:

c(v) =1=deg(v) =3

and

c(vg),e(vg) #1
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c(vy) =1=deg(vy) =2

An example of an Isp-operation is shown in the middle of Figure 1.

Just like for barycentric subdivisions we say that an edge is of colour i if it is not
incident to a vertex of colour ¢. This is well-defined because of the second property.

Every inner face has exactly one vertex and one edge of each colour. We will refer to
these triangular faces as chambers.

In the original paper [2] only operations that preserve 3-connectivity of polyhedra were
discussed, so the result of the operation also had to have only vertices of degree at least
3. In [13] operations were also discussed that produce maps with 1- or 2-cuts, but the
restriction that vertices in the result should have degree at least 3 was kept. Our definition
of Isp-operations is even more general. With this definition, the result of applying an Isp-
operation may have vertices of degree 1 or 2.

Application of an Isp-operation:

Let O be an Isp-operation and let M be a map. The operation is applied to M by first
replacing for ¢ € {0, 1,2} the i-edges of B)s by copies of the part of the boundary of the
outer face of O between v; and v;, with i # 7, k. The copy of v; is identified with the j-
vertex and the copy of vy with the k-vertex. Then — depending on the orientation — either
a copy of O or a copy of the mirror image of O — which has the same underlying graph
as O but the rotation system is the inverse of that of O — is glued into every face of the
modified Bj;. Note that chambers of B, sharing an edge have different orientations. The
boundary vertices are identified with their copies. This results in a 3-coloured triangulation.
An example of the gluing — restricted to a single face — is given in Figure 1. With
Lemma 2.1 and Definition 2.2 it follows that this triangulation is the barycentric subdivision
of a map O(M), the result of applying O to M.

As any symmetry group acts on the chamber system, lsp-operations preserve all the
symmetries of a map. New symmetries can also occur. However, all known examples of
3-connected maps where Isp-operations can increase symmetry are maps of genus at least 1
or they are self-dual. It is an open question whether Isp-operations can increase symmetry
in plane 3-connected maps (polyhedra) that are not self-dual.

There are also interesting operations such as gyro and snub that are only guaranteed to
preserve the orientation-preserving symmetries of maps. These cannot be described by Isp-
operations. In the supplementary material of [2] and in [14], local orientation-preserving
symmetry-preserving operations (lopsp-operations) are defined similarly to Isp-operations.
The most important difference is that here the decoration is glued into double chambers
instead of chambers. As with Isp-operations, we will give a more explicit definition of
lopsp-operations that is not directly based on tilings.

There are some problems that arise in the original definition of lopsp-operations that
do not appear for Isp-operations. With the original definition, it is possible to cut different
patches out of a tiling that describe the same operation and must be shown to have the
same result. That is why we define a lopsp-operation as a plane triangulation, similar to
[14], and not as a quadrangle that we can glue directly into double chambers. Although
this simplifies the definition of a lopsp-operation, the same problem comes back when it is
described how the operation is applied.

Definition 2.3. Let O be a 2-connected plane map with vertex set V, together with a
colouring ¢: V' — {0, 1,2} and three special vertices marked as vy, v1, and vo. We say
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Figure 4: On the left, the lopsp-operation gyro is shown. The thick edges are the edges of
the path P. On the right the corresponding double chamber patch Op is drawn.

that a vertex is of colour i if ¢(v) = 4. The map O is a local orientation-preserving
symmetry-preserving operation, lopsp-operation for short, if the following properties hold:

(1) Every face is a triangle.
(2) There are no edges between vertices of the same colour, i.e. the colouring is proper.

(3) For each vertex v different from vg, v1, and vs:

c(v) =1=deg(v) =4

and

c(vg),e(vg) #1

c(vy) =1=deg(vy) =2

Again we say that an edge has colour ¢ if it is not incident to a vertex of colour ¢ and this
is well-defined because of the second property. Note that the edges incident with a vertex
have two different colours, and as every face is a triangle, these colours appear alternatingly
in the cyclic order around the vertex. The requirement that O is 2-connected is mentioned
in the beginning, but would in fact also follow from the other conditions. Again every face
has exactly one vertex and one edge of each colour and will be referred to as a chamber.
The dual of O will be referred to as the flag structure of O.

Application of a lopsp-operation:

For vertices v, v’ in a path P we write P, ,+ for the subpath of P from v to v'.

As lopsp-operations are 2-connected, due to Menger’s theorem there are two paths, one
from vg to v1 and one from vy to v that have only vy in common. These paths together
form a longer path P from v; to vy through vg. As a submap of O, P has a single face. In
this facial walk only v; and v, occur once and all other vertices of P occur twice. We say
that such a path P is a cut-path of O. Consider the internal component of the only face of
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Figure 5: On the left the barycentric subdivision of a hexagonal face is shown. In the
middle, a double chamber patch Op of the operation gyro is drawn, and the right image
shows the part of BOp (M) corresponding to the hexagonal face. The blue shaded area
shows one double chamber.

submap P. This is the double chamber patch Op. It can be drawn in the plane, so that the
two copies of P form the boundary of the outer face. Figure 4 shows this for the operation
gyro. The result of the cutting is a 4-gon with corner vertices v1, vz, and two copies of v,
which we will denote as vy 1, and vg . The flag structure of Op is the flag structure of O
where the edges corresponding to edges of P are removed.

The lopsp-operation is now applied by first replacing the edges of a double chamber
map Dy to form the map Djs p. An edge of colour 2 is replaced by a copy of P,, ,, and
an edge of colour 1 is replaced by a copy of P, ., in a way that for i € {0, 1, 2} a copy of
v; 1s identified with a vertex of colour 7.

Gluing copies of the double chamber patch Op into the faces of Djy; p — identify-
ing corresponding vertices in Dy, p and the copies of double chamber patches — gives
a coloured map BOp(M). Note that the orientation inside a double chamber fixes how
the different copies of vy have to be identified. Unlike with Isp-operations, we do not use
mirrored copies of O. Figure 5 gives an example — restricted to one face — of this gluing.
A side of a double chamber is a path in the boundary of the corresponding face of Dy p
that is a copy of the path in O p between v, and vy, 1,, between v, and v g, or between vy 1,
and vg r. A side is a 1-side if it is between copies of vy and vy and it is a 2-side if it is
between two copies of vg.

Lemma 2.4. Let M be a map and let O be a lopsp-operation with a cut-path P. The
3-coloured map BOp (M) is the barycentric subdivision of a connected map.

Proof. This follows immediately from Lemma 2.1. O

As Isp-operations preserve all symmetries of a map, they also preserve the orientation-
preserving symmetries, so one would expect that for every Isp-operation, there is a lopsp-
operation that has the same result when applied to any map. This observation allows to
prove some properties of the result of applying Isp- or lopsp-operations only for lopsp-
operations. The result for Isp-operations can then be deduced from the corresponding
lopsp-operation. Such an equivalent lopsp-operation can be obtained in the following way:

Let O be an Isp-operation, and let ¢ be the boundary of the outer face of O. Let Oyqpsp
be the map obtained by gluing a mirrored copy of the inner face of ¢ into the outer face,
identifying the vertices on ¢ with their copies. The vertices vg, v1, and vg of O are also the
vertices v, v1, and va of Ojgpsp.
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Lemma 2.5. If O is an Isp-operation, then Oopsp is a lopsp-operation, and O(M) =
Olopsp(M) for any map M.

Proof. Ojopsp is obviously a triangulation of the disc and there are no edges between ver-
tices with the same colour. As Oy, consists of two copies of O, glued along the boundary
¢, we can associate a unique vertex o(z) of O with every vertex x of Ojopsp. The degree of
2 in Ojgpsp is given by

) deg(o(x)) if o(z) is notin ¢
deg(w) = {Qdeg(o(x)) —2 ifo(x)isinc

From the degree restrictions for Isp-operations we can now deduce the degree restric-
tions in the definition of lopsp-operations for Ojpsp. It follows that Ojpsp i a lopsp-
operation.

Choosing the cut-path in Oj,ps) that corresponds to the path from vy to vo through vg in
c for the application of O,,s;, shows immediately that the results of applying O and Oy4psp
are isomorphic: a double chamber is filled in the same way by Oj,p,s, as two adjacent
chambers are filled by O. O

3 The path invariance of lopsp-operations

The cut-path chosen to apply an operation is far from unique, so there are many ways
to apply a single lopsp-operation. In this section it is proved that although the ways in
which the operation is applied differ, the result of applying a lopsp-operation to a map is
independent of the chosen path. An essential tool in proving this are chamber flips, which
simulate homotopic deformations.

Definition 3.1. Let P be a directed walk in a barycentric subdivision or lopsp-operation.
For any two different vertices of a chamber C, there are two different simple paths Py, P;
between these vertices in the boundary of C. If for ¢ € {0,1} path P; occurs at a certain
position in P, then a chamber flip of C' (at this position) is the operation of replacing P; by
P

As a first tool we will discuss transformations of one path into another:

Lemma 3.2. Let P, P’ be two directed paths of the form P = PR, P' = P;R' from x to
y in a lopsp-operation T, so that R' R~ is the facial walk of an internally plane face f in
the submap of T consisting of the vertices and edges of P and P’.

Then there is a sequence of paths P = Py, P1,..., P, = P’ so that for1 < i < k
path P; is obtained from P;_1 by a chamber flip and every vertex of P; is in P, or in the
boundary or the interior of f. As chamber flips can be reversed, the same is true with the
role of P and P’ interchanged.

Proof. We will prove this by induction on the number |€’| with ¢ the set of chambers of T
inside f. If |¢’| = 1, then R and R’ are the two paths along the boundary of a chamber, so
one can be transformed into the other by one chamber flip and we are done. Now assume
that |%| > 2. We prove that there are at least two chambers in % that have a connected
intersection with O f that contains at least one edge: Let .%¢ be the dual of T restricted to
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% and without edges that correspond to edges in df. If T is the barycentric subdivision
of a map then % is part of the flag graph of that map. There are at least two chambers
in % that contain an edge of 0 f. Assume that there is a chamber C such that C' N 0f is
disconnected. This chamber C splits the set % into two parts, i.e. the vertex corresponding
to C' is a cut-vertex of .%;. In each component of %, \ C there is at least one chamber
that shares an edge with df. Let Cy be a chamber that contains an edge of Jf that has
the largest distance dp,q, to C along a path in .#;. If this chamber has a disconnected
intersection with 0f, then its corresponding vertex is a cut-vertex of ;. This implies
that there is a chamber that shares an edge with 0f and has a larger distance to C' than
dmaz, Which is in contradiction with the maximality of d,,,,,.. Repeating this argument for
the other component of % \ C, it follows that in each of the two components there is a
chamber that has a connected intersection with the facial walk Jf that contains at least one
edge.

Assume that one of these two chambers intersects 0 f in a single edge or in two edges
of P or of P’. Then we can do a chamber flip to obtain either a path Py or Py _1, so that
we can apply induction to Py, P’ or P, P;_1 and use that each chamber flip can be undone
by a reverse chamber flip.

If the intersection of neither of the two chambers with df is one or two edges of P
or P’, then both intersections consist of one edge of P and one edge of P’. For one of
the chambers, the shared vertex of those edges is the first vertex of R and R’. Applying a
chamber flip replacing the edge of P, we get a path P; to which we can apply induction.

O

Lemma 3.3. Let Q, Q' be two directed paths from x to y in a lopsp-operation, and z a
vertex not contained in either of the paths.

Then there is a sequence of paths Q = Qo, Q1,...,Qr = Q' from x to y so that for
1 < i < k the path Q; is obtained from QQ;_1 by a chamber flip and none of the paths
contain z.

Proof. We will prove this by backwards induction on the number n of edges in the begin-
ning of @ that (Q and Q’ have in common. Remember that for vertices v, v’ in a path Q we
write (), for the subpath of ) from v to v'.

If n = |Q'|, then @ = @', so assume that n < |Q’| and that the assumption is true for
n’ > n. Then there is a first vertex a in @ that is incident with an edge that is in Q' but
not in (). Let b be the next vertex after a in Q' that Q' shares with ). We will show that )
can be transformed to Q;anl »&@b,y in the described way, so that we can apply induction
to transform Q;, , @, ,@s., into Q.

Let c be the cycle @, U Q;7 »- We call the face of ¢ containing z the exterior. Note that
neither @/, , = Qo nor Qy, intersects c in a vertex other than a or b.

There are four possibilities for the position of @) , and Q. These are depicted in
Figure 6. If Q. or Qs are in the interior of ¢, we use them as part of the face boundary
when applying Lemma 3.2, otherwise we do not. As Lemma 3.2 already allows to consider
paths that start with a common part outside the face, we can choose P, P’ from Lemma 3.2
in the following way:

Qp,y outside:  Choose P = Q. oQap, P' = Q) ,Q, 4-
Qp,y inside:  Choose P = Qy,aQapQb,y» P’ = Q5 Q7 1 Q.4
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Figure 6: The four different cases in the proof of Lemma 3.3 are shown here. The shaded
area represents the interior.

Note that in case @), is outside c it forms the P, from Lemma 3.2, otherwise P;
consists of a single vertex. In each case Lemma 3.2 can be applied to prove that () can be
transformed to @7, ,Q, , @by in the described way, and as the beginning of Q. ,Q, , @b,y
has more than n edges in common with ), we can apply reverse induction. O

Let M be a map, O a lopsp-operation with cut-path P and Op the corresponding dou-
ble chamber patch. Recall that BOp (M) is obtained by gluing copies of Op into Dy;.
Therefore every vertex v in BOp(M) is in at least one copy of Op. If v is in more than
one copy, v corresponds to the same vertex of O in each of these copies. Similarly, every
edge or face of BOp (M) also corresponds to exactly one edge or face of O respectively.
This allows us to define a surjective mapping 7 p, that maps every vertex, edge, and face of
BOp(M) to its corresponding vertex, edge, or face of O.

The mapping 7 p is not a bijection, but we can define a kind of inverse function 7r}§1. It
maps a set X of vertices, edges or faces in O to the set of all the vertices, edges or faces in
BOp (M) whose image under 7p is in X. If we apply 7r1§1 to a single vertex, edge or face
x of O, we will often write 75" (2) instead of 75" ({x}). For submaps M’ of O the image
mp' (M) is a subset of vertices and edges of BOp(M). If these form a connected graph,
we interpret it as a map with the embedding induced by BOp(M).

The definition of BOp(M) depends on P. We will now prove that the result of an
operation is independent of P, so that we can define O(M) for a lopsp-operation O.

Theorem 3.4. Let O be a lopsp-operation and let P and Q) be two cut-paths in O. Let M
be a map. Then BOp(M) = BOg(M).

Proof. The idea of this proof is as follows. We define a submap BOp(M)|q of BOp(M)
and prove that the underlying graph of this map is isomorphic as a graph to Djs . Then we
prove that they are also isomorphic as maps, and that the internal component of each face
of BOp(M)|q is isomorphic to Og. It follows that BOp (M) is isomorphic to BOg(M).
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Let e be an edge of Dy, and let j be 1 if e has colour 2 and 2 if e has colour 1. Let
P¢ be the copy of P,; ., in BOp(M) that replaced e. By Lemma 3.3 there is a series of
paths Py, v, = Po, ..., P = ij,vo from v; to vg in O, so that the path P;; is obtained
from P; by a chamber flip of a chamber C; and none of vy, v1, v occur as interior points
of any of the paths. We define a sequence of paths P° = F§,..., P{ in BOp(M) with
np(Pf) = P;for 0 < i < k. The path Pf_; will be obtained from Pf by applying a
chamber flip to a chamber C' € 77131 (C;). The chamber flips in O on the paths P; replace
subpaths of one or two edges. In case of one edge it is clear that a corresponding chamber
flip can be performed on Pf in BOp(M). In case of two edges, we have to prove that
the two corresponding edges of P are also contained in the same chamber. As P is a
path, the two edges share one of their vertices, say v. By definition of the paths P; we get
that 7p(v) ¢ {vg,v1,v2}. For such a vertex v it is true that if eq, eo, . . ., e is the cyclic
order of edges around v, then wp(e1), mp(e2), ..., mp(ex) is the cyclic order of the edges
around the vertex mp(v). If a chamber flip is applied to the edges 7p(e;) and 7p(e;41) to
go from P; to P; 4, then we can apply a chamber flip to the edges e; and e¢;; to go from
Py to a new path Pf, ;. Thus our sequence of paths P¢ = P, ..., Pf in BOp(M) with
7p(Pf) = P;is defined for 0 <4 < k and mp(Py) = Qy, ,- We denote Pf as Q°. Note
that Q¢ is isomorphic to @y, ., not to Q. Let BOp (M)|q be the map consisting of all
the vertices and edges of BOp(M) contained in Q° for some edge e. With the rotational
orders induced by BOp(M) we have that BOp(M)|¢ is a submap of BOp(M). First we
prove that as (non-embedded) graphs, BOp(M)|q and Dy, g are isomorphic.

Two paths Q¢ and Qe/ can only intersect in their endpoints: Every other vertex v of
Q¢ and Q¢ satisfies 7p(v) & {vo,v1,v2}, which implies that v has only two incident
edges that are mapped to edges in @) by wp. It follows that two paths of the form Q€ are
either disjoint — except possibly for their endpoints — or identical. We prove by induction
that P¢ and Piel are disjoint (except for their endpoints) for all 0 < ¢ < k and edges e
and ¢’ in Dyy. If e and ¢’ are edges of a different colour this is trivial as at least one of
their endpoints is different. Assume that e and €’ have the same colour. By our previous
argument it suffices to show that their first edge is different. For ¢ = 0 this is clear. Assume
that it is true for ¢ — 1. Let ¢; and &} be the first edges of P and Pf/ respectively. We
can assume that they are both incident with the same vertex € 75" ({vg,v1,v2}). The
paths P and Pf, are obtained from P ; and Pf;l by one chamber flip for each path.
Either ¢; = ¢;_1 and €} = &_,, or the chamber flips replace ¢;,_; and €]_; by both their
previous edges or both their next edges in the rotational order around z. As €,_; and €;_,
are different edges, €; and ¢} are also different edges, which proves our statement.

It follows that BOp(M)|g and Dy ¢ are isomorphic as graphs. Next we prove that
they are also isomorphic as maps.

Let m denote the total number of chamber flips necessary to transform first P,, ,, to
Qv, v, and then P, ., to Qy, ,,. With every face (that is: double chamber) D of Dy,
and 0 < 7 < m we can now associate a closed walk W, that consists of the four paths
P P2 P23 P2t in BOp(M) where eq,. .., eq are the four edges of D, in the same
order as they appear in D.

Claim: BOp(M)|q is a submap of BOp (M) that is isomorphic as a map to Dys,q
and the internal component of each face is isomorphic to Og,.

Let € be the set of all chambers in BOp(M), and let n be the number of chambers in
O. We will define functions «;: € — Z (0 < i < m) with the following properties:
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Figure 7: The evolution of « after chamber flips. The bold paths with arrows are W; and
Wit1.

(i) Let C,C" in BOp(M) be two adjacent chambers sharing the directed edges e and
e 1, so that C is on the left of e. For ¢’ € {e,e™ !} we define n;(e’) as the number
of times €’ occurs in the cyclic walk W;. Then o;(C) — a;(C') = n;(e) — ni(e™1).

(ii) For every chamber C'in O: ZC’ewgl(C) o (C) =1

As a consequence of (ii) we have ) . a;(C) = n.

The walk W) is an internally plane facial walk of D, p with an internal component
that is isomorphic to Op. We define ag(C) = 1 if C is a chamber on the inside of W} and
ap(C) = 0if C is on the outside. As W, has exactly one copy of each chamber in O inside
we get (ii) for aig. As ag only differs for neighbouring chambers if they share an edge of
W, and then in the way described by (i), we also get (i).

For i > 0 we define o; inductively. Let C be the chamber of O to which a chamber flip
is applied when changing W,_; to W;. These chamber flips occur in two places of W;_1,
and in fact in different directions. Two chambers C~, C* with mp(C~) = np(CT) = C
are involved, C'~ on the left of the cyclic walk and C* on the right. We now define
a;(C7) = a;—1(C7) — 1 and ;(C") = a;—1(C™) + 1. This is illustrated in Figure 7.
As we once add one and once subtract one for two chambers with the same image under
7p, (ii) is immediate. Property (i) can be checked easily by looking at ; for C~, Ct, and
the neighbouring chambers sharing an edge with them.

For 7+ = 0, The function «; describes whether a chamber is inside or outside W;. For
other ¢ this is not always the case. If W, self-intersects the intuitive meaning of «; is less
obvious.

For j = 1 or j = 2, the two edges of W; incident to the j-vertex x of D are always
moved in the same direction by the chamber flips. This implies that {c;(C) | € C} is
the same set for every 0 < i < m. As {ag(C) | x € C} C {0,1} — it can be {1} if
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M has a loop — every chamber that contains x is mapped to O or 1 by «,,. The degree in
W, of every vertex that is not in wgl({vo, v1,v2}) is two, so we can follow W, from v,
and from v, to the copies of vy to conclude that for each edge of W,,,, the two chambers C
and C’ containing it have «a,,,(C) € {0,1} and o, (C’) € {0,1}. The a,, values of two
adjacent chambers can only differ if their shared edge is in W}, so 0 and 1 are the only
values of «a,,,. Note that this argument only works because every vertex of W,,, that is not
in wgl({vo, v1,v2}) has degree 2 in W,,,. For 0 < ¢ < m this is not necessarily the case,
and for those values of ¢ the mapping «; may have values different from 0 and 1.

Consider the submap .%,, of the dual of BOp (M) — i.e. the flag graph of the map N
such that By = BOp (M) — induced by the chambers C' with «,,, (C) = 1, where edges
in that map corresponding to edges in W,,, are removed. By (ii) it follows that for every
chamber Cp in O there is exactly one vertex in .%,,. For every edge in the flag structure of
O there is exactly one edge in .%,,, as by (i) adjacent chambers have the same value under
Qv if their shared edge is not in W,,,. In fact, these are all the edges of .%,,,: The maximum
degree of a vertex in .%,, is 3, as a chamber is adjacent to three others. Let k be the number
of edges in Q. As there are 2k edges in W,,,, we get 2-|Ez, | = > » deg(v) < 3n—2k.
We also have 2|Ez, | > 2|Eo,| = 3n — 2k and thus |Ez, | = |Eo,|. It follows that the
flag structure of O is isomorphic to .%,,. As there are no edges in the flag structure of O
that correspond to edges of @, the walk W, is the facial walk of a face of BOp(M)|q.
It follows that BOp(M)|q and Dy ¢ are isomorphic maps and the internal component of
each face of BOp(M)|¢ is isomorphic to Og. O

Definition 3.5. Let O be a lopsp-operation and let M be a map. Choose any cut-path
P in O. The result O(M) of applying O to M is the map with barycentric subdivision
BOp(M).

By Lemma 2.4 and Theorem 3.4, O(M) is well-defined and independent of the chosen
path. We can also define the map 7 := mp as it is independent of the chosen path.

4 The effect of Isp- and lopsp-operations on polyhedrality

Polyhedral maps are simple maps that are 3-connected and have ‘face-width’ at least three.
The face-width (or representativity) of a map is a measure of ‘local planarity’. Embeddings
of high face-width share certain properties with plane maps. We will define face-width in
a combinatorial way, using barycentric subdivisions. It is not difficult to prove that the
definition given here is equivalent to the definition in e.g. [20].

A cycle in a map M is contractible if — as a submap of M — it has a simple internally
plane face. The face-width of a map M, denoted fw(M ), is the minimal length of a non-
contractible cycle in B)y, divided by two. If M has no non-contractible cycles, i.e. M is
plane, then we define fw(M) = oo.

Definition 4.1. For k£ > 1 we define a map M to be ck if:
e M has no cut-sets with fewer than k vertices
o fw(M) >k
* The size of every face of M is at least k

* The degree of every vertex of M is at least k
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The condition that neither cuts with fewer than k vertices nor vertices with degree
smaller than £ may be present instead of just requiring the map to be k-connected is chosen
in order to deal with small boundary cases. For example, a cycle is 2-connected, but its
dual is a map with only two vertices so it is not 2-connected. Both a cycle and its dual are
c2.

A polyhedral map is a simple, 3-connected map that has face-width at least three.

Lemma 4.2. A map is c3 if and only if it is polyhedral.

Proof. 1t suffices to prove that every c3-map is simple and has at least four vertices. The
rest of the statement is trivial when the definitions are written out. Let M be a c3-map.
Facial loops and facial 2-cycles are excluded by the restrictions on face sizes and non-facial
loops and non-facial 2-cycles imply either smaller cuts or a smaller face-width. Therefore
M is simple. It has at least 4 vertices as it has minimum degree at least 3 and it is simple.

O

The reason why the term c3 is used instead of polyhedral in this article is that many
results are proven for ck maps for general k € {1,2,3}.

The following lemma characterises c2- and c3-maps by a condition based on the cham-
ber system. A 4-cycle in a barycentric subdivision is called trivial if it has a face that has
no vertex or only a single colour-1 vertex in its interior.

Lemma 4.3. Let M be a map.
(1) M is c2 if and only if By has no cycles of length 2.
(i) M is c3 if and only if M is c2, and By has no nontrivial cycles of length 4.

Proof. (i): Let M be a map and assume that M is not c2. There are four possible reasons
for not being c2: the existence of a cutvertex, the existence of a facial loop (a face of size 1),
the existence of a vertex of degree 1, or the existence of a non-contractible 2-cycle in Bj,.
The last three immediately imply the existence of a 2-cycle in Bj, so assume that M has a
cutvertex v. If there is a loop in M, then there is a 2-cycle in Bj;, so assume that M has no
loops. Then vertex v has neighbours x and y in different components such that y follows z
in the rotational order around v. The facial walk (x,v), (v,y), (y,w1),. .., (wg,x) of the
face f containing this angle must also contain v as one of the w; as otherwise part of the
facial walk would be a path from x to y in M \ {v}. This implies that in the barycentric
subdivision there are 2 edges between v and the vertex corresponding to f — a 2-cycle.

Conversely, assume that there is a 2-cycle c in B),. If there is a 0- or 2-vertex of degree
two in Bj; then there is a vertex of degree 1 or a face of size 1 in M, so we can assume
that every vertex of B, has degree at least four. We can also assume that every cycle of
length 2 in B)y is contractible, as otherwise fw(M) = 1 and we are done. This implies
that every 2-cycle has two well-defined sides.

Assume w.l.o.g. that c is innermost, that is: it contains no 2-cycle in its simple, plane
face f.. Let v and w be the vertices of c¢. Assume that v has colour 1. Then the two neigh-
bours of v that are not w are on different sides of c. Every face has only three edges and
there are no vertices of degree 2, so there are two edges between each of these neighbours
of v and w. This is not possible as c¢ is innermost. It follows that the two vertices of ¢ have
colours 0 and 2 respectively. There is at least one vertex ey of colour 1 in the interior of f.
This vertex ey has degree 4. If there are no 0-vertices in the interior of f. then there must
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Figure 8: This figure clarifies the proof of (ii) of Lemma 4.3. The blue vertices are all in
the same component of M \ {z, y}, and the black vertices are not in that component.

be two edges between ey and the 0-vertex of c. This is a contradiction with the assumption
that c is innermost. It follows that f. has a O-vertex in its interior. As every 2-cycle has two
well-defined sides, there is an innermost 2-cycle in the other face g. of c. Using the same
arguments as for f. on that cycle we get that g. also has a O-vertex in its interior. Every
path in B between the O-vertices in the two faces using only 2-edges must pass through
the O-vertex of c. It follows that this vertex is a cutvertex of M, so that M is not c2.

(i1): Let M be a map and assume that M is not c3. If it is also not c2 we are done, so
assume that M is c2. There are four possible reasons for not being c3: the existence of a
cutset {x, y} of size two, the existence of a face of size two, the existence of a vertex with
degree 2, or the existence of a non-contractible 4-cycle in B),. Again the last three, as well
as double edges forming a non-facial 2-cycle in M, immediately give a nontrivial 4-cycle
in By, so assume that there are no double edges or loops in M, but there is a 2-cut {z, y }.

Both x and y have neighbours in different components. Let u # y be a neighbour of
x, so that the previous vertex in the rotational order around z is not in the same component
of M \ {z,y} as u. Let v be the last vertex, as seen from w, in the rotational order around
z such that v and all vertices in the rotational order between u and v are in the same
component as u, as shown in Figure 8. Note that u = v is possible. If the edges (x, u) and
(v, z) would belong to the same face then there would be a colour-1 cycle of length 2 in
By, so they are in different faces f; and f, of M. Both f; and f5 must also contain y as
otherwise the next, resp. previous neighbour of x would belong to the same component as
uw and v. The cycle z, f1,y, f2 is a nontrivial cycle of length 4 in B);.

Conversely, assume that M is c¢3 and that M is not c2 or B); has a nontrivial cycle
of length 4. As M is c3 it is also ¢2, so B)s has a nontrivial cycle c of length 4. Note
that there are no double edges in By, as M is c¢2, and M is simple and 3-connected by
Lemma 4.2.

The cycle ¢ is contractible because fw(M) > 3. It therefore has two well-defined
sides. Assume first that ¢ has no vertices of colour 0 on one side. Then there must be a
2-vertex on that side, as there cannot only be vertices of colour 1. This 2-vertex can have
degree at most 4 as it can be adjacent to at most two 0-vertices in ¢ and there are no double
edges in Bjs. This implies a facial 2-cycle in M, a contradiction. It follows that there is
at least one O-vertex on each side of c. Every colour-2 path between O-vertices on different
sides passes through c. This implies that the vertices and edges of M corresponding to
vertices of ¢ form a cut of M. Ignoring edges if one of their incident vertices is also in c,
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this cut consists of 2 vertices, a vertex and an edge or two edges. For each of the edges we
can choose one of its incident vertices such that we find a cut-set consisting of 2 vertices,
which is a contradiction with the 3-connectivity of M. O

Lemma 4.3 is very useful to determine whether a map is c2 or ¢3. It will often be used in
the following lemmas and theorems. The main theorem of this last section is Theorem 4.9,
which shows the equivalence of different definitions of ck-lopsp-operations and states that
when applying ck-lopsp-operations with k& € {1, 2, 3} to certain maps, the result is ck. The
most difficult part of its proof is captured in Theorem 4.5 for c2-maps and Theorem 4.7 for
c3-maps.

Lemma 4.4. Let O be a lopsp-operation with a cut-path P of minimal length.

(i) If the vertices of an edge e in O are both in P, ,, for an i € {1,2}, then e or an
edge with the same vertices as e is also in P, ,,.

(ii) If the vertices of an edge in Op are in different copies of P, ,,, then there is a
nontrivial 4-cycle in two copies of Op sharing their copies of Py », .

Proof. (i): This follows immediately from the minimality of the length of P.

(ii): If Py, v, 1S Vg = t1,...,tr = v1 and we denote one copy with ¢1, ..., and the other
with ¢, ..., ¢}, then — again due to minimality and as O has no loops — such an edge
connects w.l.o.g. ¢; with ¢, for some 1 < i < (k — 1). Considering two copies of Op
sharing the copies of P, ,, , this gives a 4-cycle ¢ = t;, t! 15 t%, t;11 with vy in the interior.
If ¢ was trivial, then v; would be a 1-vertex adjacent to all 4 vertices on ¢ — also ¢; and ¢/
— which contradicts the minimality of P. O

Theorem 4.5. Let M be a c2-map and let O be a lopsp-operation. Then O(M) is c2 if
and only if for each cut path P in O we have that there is no 2-cycle in Op.

Note that we must consider 2-cycles in Op and not in O. It is possible that there are 2-
cycles in O that do not induce 2-cycles in Op for any cut-path. For example, the operation
gyro, shown in Figure 4, has several 2-cycles but none in O p for any cut-path P.

Proof. If there is a 2-cycle in Op for a cut-path P then each copy of Op inserted into
D, p contains a copy of this 2-cycle. Lemma 4.3 now implies that O(M) is not c2.

Conversely, assume that O(M) is not c2. Then there is a 2-cycle c in Boar). Let
x and y be the vertices of ¢ and let e; and ey be its edges. Let P be a cut-path in O
of minimal length. Note that by Lemma 4.3 applied to M, every double chamber has two
different O-vertices and therefore the boundary of each double chamber is simple. It follows
that if there exists a double chamber that contains both edges of ¢ in its interior or on its
boundary, then c induces a cycle in a copy of Op and we are done. Assume that e; and ez
are in different double chambers D; and D, respectively.

Both D; and D5 contain  and y, so those vertices are on the boundary of both double
chambers. Assume first that  and y are not both on copies of P, ., or both on copies of
Py, v, Then Dy and Dy share their 1-vertex and their 2-vertex which implies a 2-cycle in
B, a contradiction. It follows that = and y are both on copies of P, ,,, or both on copies
of Py, v,. If they are in the same copy of P, ., or Py, »,, then by Lemma 4.4(i) an edge
eo with the same vertices is also in that copy of P, ,, or P, .,, so that Op contains a
2-cycle.
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Figure 9: This figure clarifies a step in the proof of Theorem 4.5. It shows that a 2-cycle
in Bo(ary with its vertices on different copies of the same P, ., cannot exist. The middle
vertex can be the 1- or the 2-vertex of the double chambers. In either case, the left- and
rightmost vertices are the 0-vertices.

Figure 10: The double chamber patch in the proof of Lemma 4.6. There can be no edge
{t},tm} with I < j and m > i.

The last possibility is that x and y are in different copies of P, ., or in different copies
of P, »,- As O does not contain loops we have 7(x) # m(y). Applying Jordan’s curve the-
orem to ¢ we get that the edge €} in Dy with w(e;) = 7w(e)) cannot exist — a contradiction
(see Figure 9). O]

Lemma 4.6. Let M be a c3-map and let O be a lopsp-operation with a cut-path P of min-
imal length. Let f be a 2-vertex of Dy, and consider the submap Sy of Bo(nr consisting
of all the edges and vertices in the double chambers with 2-vertex f. If there is a nontrivial
4-cycle c in Sy, then there is a 2-cycle in Op or c is contained in either only one of these
double chambers, or in two adjacent double chambers.

Proof. As M is ¢3, the submap of all vertices and edges of O(M) belonging to one of
the double chambers containing f is plane. The map formed by the vertices and edges
on the 2-sides of the double chambers in S is a simple cycle, that we consider to be the
boundary of the outer face of the map S;. There are at least three double chambers in S.
If ¢ contains only edges on edges of Dy, then c is the boundary of one double chamber, so
assume that c contains at least one edge in the interior of a double chamber.

The boundary 0D of every double chamber D in Sy is a cycle. As Sy is plane, it
follows with the Jordan curve theorem that ¢ must cross D an even number of times. By
cross we mean that there is a subpath of ¢ whose first and last vertex are on different sides
of ¢, and whose other vertices are all in 9D. Let D be a double chamber in S that contains
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an edge of c in its interior. If ¢ crosses 0D 0 times, then ¢ is contained in one copy of Op
and we are done. If ¢ crosses 0D 4 times then there must be an edge outside of D that has
both its vertices on dD. In this case Lemma 4.4 implies that there is a 2-cycle in Op and
we are done. We can therefore assume that ¢ crosses 0D exactly twice. Note that every
crossing is on a 1-side. Assume that the vertices of these crossings are on the same 1-side
of D. If there would be only one edge of ¢ in D this again leads to a 2-cycle in Op with
Lemma 4.4. If there is no crossing in f it is clear that a chamber D’ adjacent to D also
has two crossings with ¢ on the same 1-side. If f is in ¢ that follows from the fact that f
is on every 1-side and there must be at least two edges of c in a double chamber that has 2
crossings with ¢ on the same 1-side. It follows that ¢ is completely contained in D and D’,
i.e. in two adjacent double chambers.

We can now assume that ¢ has two crossings with 0D that are on different 1-sides and
not in f. As c crosses into the double chambers adjacent to D those must also have two
crossings on different 1-sides. Repeating this argument we get that every double chamber
in Sy has two crossings with c on different 1-sides.

It follows that every double chamber in S¢ contains a subpath of ¢ connecting vertices
different from f on their two 1-sides. As there are at least three double chambers in S
and there must be at least one edge of ¢ in each one, there are exactly three or four double
chambers in Sy. In each case there are at least two adjacent double chambers that contain
only one edge of c. Let e; and es be the only edges of ¢ in two adjacent double chambers.
As the vertices of e; and es are on different 1-sides of Op the edges e; and e5 are not in
P. Therefore the edges 7(e1) and 7(ez) induce unique edges, that we will also denote with
m(e1) and w(ez), in Op. If the vertices of P,, ,, in O are — in this order — tg, 1, ..., s,
then we will denote the vertices on the different 1-sides of Op with tg,%1,...,ts, resp.

0, th,- -, ty. Wehave m(e1) = {t;,t;} and w(e2) = {t;, ¢}, } withwlo.g. 0 <i<j<s.
Note that ¢ # j as there are no loops in O. Due to the Jordan curve theorem applied to the
cycle to = t4,t4,...,t},ti,ti—1,..., to there is no edge {t,,,t} in Op with m > i and
Il <j. Asj > iandm(e2) = {¢tj,t,} is in Op, it follows that & > j. This situation is
shown in Figure 10.

If there are four double chambers in Sy we can repeat this argument on every pair
of adjacent double chambers. With z1, s, 23,24 the vertices of ¢ in cyclic order and
m(xq) = t;, we get that i, < i,41 forall 1 < a < 3 and iy < i1, so that by transitivity
i1 < 41, a contradiction. If there are only three double chambers in Sy, then there must be
two edges e3 and e4 of ¢ in the same double chamber. The edges 7(e3) and 7(e4) form a
path from ¢/ to 5. Such a path would have to cross both the edges 7(e1) and 7(ez), which
is only possible if the path has at least three edges — it must contain ¢; or t;- and t; or t,—
which is a contradiction. O

Theorem 4.7. Let M be a c3-map and let O be a lopsp-operation. Then O(M) is c3 if
and only if it is c2 and for each cut-path P in O we have that there is no nontrivial 4-cycle
in a patch of two adjacent copies of Op sharing one of their sides.

Proof. The implication that O(M) is not c3 if there is a 2- or nontrivial 4-cycle for some
cut-path P is obvious, as corresponding pairs of two adjacent copies of Op in Bo(ar)
would contain such cycles.

For the other implication we assume that O (M) is not ¢3 but it is ¢2, and that there is
no nontrivial 4-cycle in a patch of two adjacent copies of Op for a cut-path P. We will
come to a contradiction by constructing such a 4-cycle. Let P be a cut-path in O of minimal
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length. We will refer to the copies of v, or vy in the double chamber patches as the corners
of the double chamber patches. By Lemma 4.3 there is a nontrivial 4-cycle ¢ in Bo(az)-
Let X be a set of double chambers in Dj; of minimal size, so that the union of all double
chamber patches for double chambers in X contains c. For simplicity we will also refer to
the set of those double chamber patches as X. The fact that c has four edges implies that
1 < |X| < 4. If | X| = 1 then ¢ can be thought of as a 4-cycle in Op, which we assumed
does not exist, so | X | > 1. We make the following observations:

(i) Every double chamber in X shares at least two of its corners with other elements of
X: As |X| > 1 the cycle ¢ ‘enters’ and ‘leaves’ any double chamber D € X in two
different vertices. Both of these vertices must be in the intersection of D with the
other double chambers of X.

(ii) If two double chambers share two corners they also share the side containing those
two corners. This follows immediately from the fact that there are no double edges
in M and Bj,.

(iii) If the intersection of a double chamber D € X with the other double chambers of X
is exactly one side, then there are at least two edges of ¢ in D: Assume that there is
only one edge ¢ of ¢ in D, and let D’ be the double chamber of X sharing the side
with D. Both vertices of e are on the side shared by D and D’, but e itself is not, as
otherwise D could be removed from X and X would not be minimal. If the vertices
of e are on the same edge of D), then Lemma 4.4 implies that there is a 2-cycle in
Op, a contradiction with Theorem 4.5. If the vertices of e are on different copies of
Py, », then Lemma 4.4 implies a nontrivial 4-cycle in two adjacent copies of Op, a
contradiction.

It follows from (i) and (ii) that if | X'| = 2 then c is a 4-cycle in two adjacent copies of
Op, so | X| > 2. We will now prove that there is a cycle of length 4 in D) that contains at
least one edge of each double chamber in X. We call such a cycle a saturating 4-cycle.

Assume first that every double chamber in X shares the same 2-vertex. With (i), (ii),
and (iii), it follows easily that X consists of all the three or four double chambers corre-
sponding to one face of M. Lemma 4.6 now implies that O(M) is not c2 or that there is a
4-cycle in two adjacent copies of Op. Both are contradictions.

Now assume that there is a 2-vertex f of Djs such that there is only one edge e of ¢
in the union of all the double chamber patches of X with 2-vertex f. The edge e has both
its vertices on the same 2-side. As at least one of its vertices is not a corner, both double
chambers sharing that 2-side are in X. This is a contradiction with (iii).

It follows that there are two 2-vertices f and g in Dy such that the unions Xy and X,
of double chambers patches in X with 2-vertex f and g respectively each contain exactly
two edges of c. With (i), (ii), and (iii) it follows that there are O-vertices v and w of double
chambers in Xy and X, such that v, f, w, g is a saturating 4-cycle.

As M is c3, Lemma 4.3 implies that the saturating 4-cycle is the boundary of a double
chamber, or two double chambers sharing the 1-vertex.

If e is the 1-vertex in these one or two double chambers, then ¢ is contained in the set IV,
consisting of all six double chambers that share a side with a double chamber containing e.
We say that the two double chambers with 1-vertex e are the central double chambers, and
the four other double chambers in NV, are the extremal double chambers. The three possible
configurations of N, with respect to shared sides are shown in Figure 11. Using the fact
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Figure 11: The three possible configurations of the six double chambers in the set N, are
shown here. Different vertices in the drawing represent different vertices of D ;.

that there are no nontrivial 4-cycles in B)y it can easily be verified that no two vertices in
Figure 11 represent the same vertex of D).

We already proved that | X| > 3 and that there are two edges of ¢ in Xy and two in
Xg. Therefore we can assume w.l.0.g. that X ; consists of two double chambers. It follows
from (iii) that these two double chambers are extremal double chambers. The two vertices
of the edge e are in c. If the third vertex of cin X is f, then with Lemma 4.4 and the fact
that there are no 2-cycles in Op, it follows that the edges of ¢ in Xy are 1-edges of Dy.
In that case we can replace the two extremal double chambers in X by the central double
chamber so X was not of minimal size, a contradiction. If the third vertex = of ¢ in X
is not f, then the extremal double chambers share a side and x is on this side. Let e; and
e be the edges of c in these double chambers. The edge e; corresponds to an edge in Op
from w.l.o.g. vo g to an internal vertex of P, ,) ., and ez corresponds to an edge from
v0,L 10 Py g),0,- This would imply crossing edges in the plane map Op, a contradiction.

It follows that X'y and X, each consist of only one double chamber, which by (i) must
be the central double chamber. Then c is a nontrivial 4-cycle in a patch of two adjacent
copies of Op, a contradiction. O

For a lopsp-operation O, let Ty be the tiling of the Euclidean plane obtained by apply-
ing O to the regular hexagonal tiling of the plane. We say 1o is the associated tiling of O.
With the definition for lopsp-operations from [2] this is the tiling from which O is defined.
In Section 5 we will further explore the fundamental connection between lopsp-operations
and tilings.

We will use the connectivity of the associated tiling of a lopsp-operation to define when
an operation is ck. With Theorem 4.5 and Theorem 4.7 we will then prove an equivalent
characterisation in Theorem 4.9 which does not depend on the associated tiling.

Definition 4.8. For k € {1,2,3} a lopsp-operation O is ck if the associated tiling T
is k-connected and all faces have size at least k. An Isp-operation is ck if the equivalent
lopsp-operation Oy, is ck.

For a ck-lopsp-operation O and a map M with minimum face size at least £ and min-
imum degree at least k that is not necessarily ck, the map O(M) also has minimum face
size at least k and minimum degree at least k. For the vertices of Bo(xr) of colour 0 or 2
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that are not O-vertices or 2-vertices of Dy, the fact that they have degree at least 2k follows
from O being a ck-lopsp-operation, as these degrees also occur in the tiling 7. For the
others it follows from the degrees of O-vertices and 2-vertices in Djs. In case M is also
ck, we have a stronger result:

Theorem 4.9. The following statements are equivalent for k € {1,2,3} and a lopsp-
operation O:

(@) O is a ck-lopsp-operation
(b) For all ck-maps M, O(M) is ck.

(c) There exists a ck-map M such that O(M) is ck.

P

For k = 1 this is trivial. Assume that there is a ¢2-map M such that O(M) is not c2.
By Theorem 4.5 there is a 2-cycle in Op for some cut-path P in O. This cycle induces a
cycle in Br,,, which implies a 1-cut or a face of size 1 in the tiling 7. It follows that O is
not a c2-operation — a contradiction. Similarly, if there is a ¢3-map M such that O(M) is
not c3, we find a 2-cut in T using the cycle from Theorem 4.7.

(b) = (a) |For k = 1 this is trivial.

The tiling T is obtained by inserting copies of Op (for some P) into the double cham-
ber map of the hexagonal tiling. Let us call the map formed by the subdivided 2-edges of
the double chamber map of the hexagonal tiling the hexagonal skeleton.

Assume now that O is not a c2-lopsp operation. Then there is a face f of size 1 or a
1-cut {z} in Tp. In case of a 1-cut, at least one of the components of T \ {z}, say C,
is finite. Let C' denote a finite submap of the hexagonal skeleton that contains f, resp. Cy
together with the cut vertex z. Using Goldberg-Coxeter operations (see [2] or [4]) with
sufficiently large parameters to construct large icosahedral fullerenes, we get a fullerene
F, that is ¢3 and contains an isomorphic copy of C' with the paths between the O-vertices
replaced by edges. Applying O to that fullerene, we get a submap S of O(F’) that has a
face f’ of size 1 or that is isomorphic to Cy and where all vertices corresponding to vertices
of Cy have — except for the vertex x’ corresponding to z — only neighbours in S. So f’
or the vertex ’, which is a cut-vertex of O(F’), are contradictions to the assumption.

The case k = 3 is completely analogous, with also a 2-face and a 2-cut in the argument.

Trivial.

(¢) = (b) | Note that the conditions in Theorems 4.5 and 4.7 are — except for M being

ck — independent of M, as Op and the union of two copies of Op sharing a side are the
same for all these M. This implies that if O(M) is ck for some ck-map M, then O(N) is
ck for any ck-map V. O

One of the main results of this paper, Theorem 4.10, now follows from Theorem 4.9
and Lemma 2.5.

Theorem 4.10. If M is a polyhedral map and O is a c3-Isp- or c3-lopsp-operation, then
O(M) is also a polyhedral map.
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| oo C

Figure 12: The operation truncation and the Delaney-Dress symbol encoding a tiling from
which the operation can be obtained when the original definition is applied.

S Connection to tilings

In a series of papers [8, 9, 10], Andreas Dress (in later papers together with coauthors)
developed a finite symbol encoding the topology as well as the symmetry of periodic tilings.
He attributed the idea to Matthew Delaney and called these symbols Delaney symbols. In
later papers by other authors, these symbols are called Delaney-Dress symbols. In [6] and
[10] Delaney-Dress symbols of periodic tilings of the Euclidean plane and the hyperbolic
plane are characterized.

In this section we show that there is a very fundamental connection between 1(op)sp-
operations and Delaney-Dress symbols and therefore to tilings. Recall that we defined the
associated tiling 7o of a lopsp-operation O as the tiling that is the result of applying O to
the hexagonal tiling of the plane, i.e. the tiling with Schlifli symbol {6, 3}. We will find the
same tiling in a different way using Delaney-Dress symbols, and we will see that from a
mathematical point of view the choice of the tiling {6, 3} is quite arbitrary. The hexagonal
tiling was chosen because it was also used in the original definition of Isp-operations in
[2], where in turn it was chosen as a tribute to a paper by Goldberg [15]. By proving
this connection it follows that our abstract combinatorial definitions are equivalent — in the
3-connected case — to the definitions of Isp- and lopsp-operations in [2].

As a topological definition of tilings falls outside the scope of this article, we will
directly start with the combinatorial characterization described in [6, 9, 10]. We will sketch
the connection to tilings, but for a detailed description we refer the reader to [6] or [10].

Theorem 5.1 (A.W.M. Dress [9]). Let 2 be a set together with an action (from the right) of
the Coxeter group 3. = (0¢, 01,09 | 02 = 1) on 9, and for (i, j) € {(0,1),(0,2),(1,2)}
let m;j: 2 — N be maps with mo2(C) = 2 for all C' € 9. The tuple (2, mo1, Moz, M12)
is the Delaney-Dress symbol of a tiling of the Euclidean plane if and only if the following
properties hold:

(1) 2 has finitely many elements

(2) ¥ acts transitively on 9
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(3) Fori,j € {0,1,2},i < j, my; is constant on (0;,0;)-orbits and C(c;0;)™ii(C) =

CforallCe 9

(4) We have

1 1 1
C(Z,mo1, Moz, m12) = Z <m01(0) - mi2(C) mOQ(C)) -

Such Delaney-Dress symbols encode the combinatorial structure of periodic tilings of
the Euclidean plane, together with a symmetry group acting on the tiling. If (2, mo1,
mo2,m12) # 0, the tuple can also be a Delaney-Dress symbol, but then it encodes a
periodic tiling of the hyperbolic plane (¥ < 0) or — in case additional divisibility rules
are fulfilled — the sphere (¢ > 0) [6]. The elements of & are the orbits of chambers of
the tiling under the symmetry group. An element C' € & with Co; = C represents an
orbit of chambers with mirror symmetries of the tiling stabilizing the edges of colour <.
If there are no C' € 2 with C'o; = C, the symmetry group contains no pure reflections,
but maybe sliding reflections. If there are no odd cycles, that is Coy, ...o0;, # C for odd
k, all symmetries are orientation preserving. The maps mg; and mqo give information
about the symmetry group of the tiling. Let {4,5,k} = {0,1,2},% < j and for C € &
let 7;;(C) = min{r | C(o;0;)" = C}. Note that 7;; is constant on (o;, 0;)-orbits. If a
(i, 0;)-orbit C{7#73) contains no C’ with C'c; = C" or C'c; = C’, then the vertices of
colour k of the corresponding chambers in the tiling are centers of an f,.-fold rotation with
fr = mi;(C)/ri;(C). If an orbit C{7+7i) contains a C" with C'o; = C" or C'o; = ',
then with f,,, = 2m,;(C)/r;;(C) for f,, > 1 the vertices of colour k of the chambers in
orbit C' are intersections of mirror axes with an angle of 360/ f,,, degrees.

We will now associate a tuple (Zo, mo1, mo2, m12) with an Isp- or lopsp-operation O
and prove that it is a Delaney-Dress symbol. In fact, it will be a Delaney-Dress symbol of
the tiling O(T) where T is the tiling with Schlifli symbol {6, 3}, i.e. the hexagonal tiling
of the plane where every vertex has degree 3 and every face has 6 edges. Due to the relation
between Delaney-Dress symbols and tilings as described in [6] and [10], this also shows
the equivalence of the combinatorial definitions of Isp- and lopsp-operations defined here
and the geometric ones given in [2]. There a I(op)sp-operation is described as a ‘triangle’
cut out of a tiling in such a way that certain conditions on the symmetry are satisfied.

One could replace the values 3 and 6 we will use for defining the mappings m;; by, for
example, 4 and 4, and Theorem 5.3 would still be true. It would however be the Delaney-
Dress symbol of the tiling that can be obtained by applying O to the square tiling of the
plane, which is 4-regular and every face has 4 edges. By using other numbers, other tilings
— even spherical or hyperbolic ones — could be used as source tilings. All of those tilings
can be used to define 1(op)sp-operations in the geometric way that was described in [2] for
the hexagonal tiling.

Let O be an Isp-operation and let Z be the set of chambers of O. We define the action
of ¥ on Pp by letting Co; = C” if C and C” share their i-edge, and C'o; = C' if the i-edge
of C'is in the outer face of O. For (i, j) € {(0,1),(0,2),(1,2)}, let v’/ (C) be the vertex
of chamber C' that is not of colour 7 or j. We get:
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‘O<‘7i7‘71‘>’ deg(vij (©)) if Uij(C) is
) , D) = 5 not in the
ri;(C) =min{r | C(o;0;)" =C} = outer face

|C«(a7;,crj>| — deg(vij(C')) -1 if v% (C) is in
the outer face

To find the Delaney-Dress symbol of the tiling obtained by applying O to {6,3} we
define m;;: Yo — N as follows:

ri;(C) -2 if v (C) = 1y

_ Jri(©)-3 if v (0) = o

mi;(C) = rii(C) -6 ifvi(C) = vy
ri;(C) if v/ (C) ¢ {vo,v1,v2}

Note that the requirements for the vertex degrees in an Isp-operation imply that for all
C € Yo, the value mo2(C) is 2.

We define 2(0) = (%o, mo1, Moz, m12) and call it the Delaney-Dress symbol cor-
responding to the Isp-operation O. This correspondence is illustrated for the operation
truncation in Figure 12. Theorem 5.2 states that it is in fact a Delaney-Dress symbol of a
tiling of the Euclidean plane.

By our previous remarks there is a 2-fold rotation around each copy of v; in that tiling,
a 3-fold rotation around each copy of vy, and a 6-fold rotation around each copy of va.
There are also intersections of mirror axes with 90°, 60°, and 30° angles at vi, vy, and
vg respectively. This is the symmetry we expect when applying an Isp-operation to tiling
{6,3}. This is also the symmetry that is required to define an Isp-operation from a tiling
with the geometric definition.

Theorem 5.2. If O is an Isp-operation, then 2(0) = (Zo,mo1, Mo2, M12) is the Delaney-
Dress symbol of a tiling of the Euclidean plane.

Proof. We have to prove the properties in Theorem 5.1. The first two properties are obvi-
ous, so we will focus on the other two.

(3): Let (i,5) € {(0,1),(0,2),(1,2)}. A (oy,0;)-orbit consists of all the chambers
sharing the same vertex v*(C), so that by definition m;; is constant on (o;,0;)-
orbits. It is clear that C(0;0;)™(C) = O(004)7()F = C

(4): Let {i,j,k} = {0,1,2}. For a vertex v of colour k and ¢ < j we define a(v) =

Y (wke)
CeDo (mij (©)
velC
Counting the number of chambers with a certain vertex and using the definition of

m;;, we get that
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Mmo1 Mi2
5 6
5 6
5 3
5 3
5 3
5 3
5 3
5 3
5 3
5 3

Figure 13: On the left, the double chamber patch of the lopsp-operation gyro is shown and
on the right the corresponding Delaney-Dress symbol.

2 if v is an inner vertex

1 if v is an outer vertex different from v; fori = 0, 1, 2
a(v)=¢1/2 ifv=uv

1/3 ifv=m1p

1/6 ifv =,

Let n be the number of vertices (and equivalently edges) in the outer face. As every
vertex of O has exactly one colour we get that:

1 1 1
€ (Z0,mo1, Moz, M12) = Z (mo1(C) + mi2(C) m02(0)>

Ce%o
1 1 1
B Cgo (mm(C) * mi2(C) - m02(0)> - CEZJ;O @
=Y a) - (Fol-1)
veVo
= (Vol ~m) 24 (n=3)14 5 +3 + 2 (1Fo| - )

=2|\Vo| - |Fo| —n—1

By counting the number of directed edges associated with edges in the triangulated
disk O in two ways, we get that 2|Ep| = 3(|Fo| — 1) 4+ n or equivalently |Fp| =
2|Eo| — 2|Fo| + 3 — n. We also know that O is plane, so [Vo| — |Eo| + |Fo| = 2.
It follows that:

%(Qo,mm,mog,mlg) = 2|Vo| — 2|E0‘ +2‘Fo| —-3+n—m—1=0 O
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We will now prove the corresponding result for lopsp-operations. Let O be a lopsp-
operation and let P be the set of chambers of O. We define the action of ¥ on %, by
letting Co; = C’ if C and C’ share their i-edge. For lopsp-operations there is no outer

face, so r;;(C) is always %w). We define mg1, moz2, m12 : Yo — N exactly as before:

rij(C) -2 ifv(C) =

s itei(0) =

m;;(C) = ri;(C) -6 if v (C) = vy
ri;(C) if v (C) & {vo,v1, v2}

Again mg2(C) = 2 for all C' € Pp. We define 2(0) = (Zo, mo1, Moz, m12) and
in Theorem 5.3 we prove that it is a Delaney-Dress symbol. The operation gyro and its
corresponding Delaney-Dress symbol are shown as an example in Figure 13. Once again,
the tiling described by the Delaney-Dress symbol is the result of applying the operation to
the hexagonal tiling of the plane. In Section 4 we named this tiling the associated tiling Tpp
of O. There are 2-, 3-, and 6-fold rotations at the copies of v1, vg, and vy respectively. In
lopsp-operations there is no chamber C' such that Co; = C' so there are no pure reflections
encoded in the Delaney-Dress symbol. This is the symmetry required in the geometric
definition of lopsp-operations.

Theorem 5.3. If O is a lopsp-operation, then 2(0) = (P, mo1, Moz, M12) is the Delaney-
Dress symbol of a tiling of the Euclidean plane.

Proof. We prove the properties in Theorem 5.1. Again, the first two are obvious.

(3): As in the proof of Theorem 5.2.

(4): Let {i,5,k} = {0,1,2}. For a vertex v € Vo of colour k and ¢ < j we again define

“0= % (i)

Counting the number of chambers with a given vertex v and using the definition of
m;;, we get that

2 lf”U¢ {UQ,’Ul,’UQ}

1 ifv=uv;
a(v) = .

2/3 ifv =1y

1/3 ifv =y

We can now compute € (%o, mo1, Moz, M12):



184 Ars Math. Contemp. 24 (2024) #P2.01 / 155-186

1 1 1
¢10 ot oz miz) = Z <m01(0) * mi2(C) mog>

CeDo
=y < Ly +11)
ooz, \mo1(C)  ma(C)  mos
=Y o) —|%
veVH

2 1
=(Vol=3)-2+ 5 +1+ 5~ |Fo
=2|Vo| - |Fo| — 4

As O is a triangulation, we get that 2|Eg| = 3|Fo| and as O is plane, we have
Vol — |Eol| + |Fo| = 2. It follows that:

€ (Z0,mo1, Moz, m12) = 2|Vo| — 2|Eo| + 2|Fo| —4=0 O

In Lemma 2.5 we proved that for every Isp-operation there is an equivalent lopsp-
operation Ojpsp. Lemma 5.4 proves formally that the Delaney-Dress symbols of the Isp-
operation and its corresponding lopsp-operation in fact encode isomorphic tilings.

Lemma 5.4. The Delaney-Dress symbols 2(0) and P(Oyopsp) are Delaney-Dress sym-
bols of combinatorially isomorphic tilings.

Proof. Mapping each chamber Cjopsp, 0f Z(Oj0psp) 0onto the corresponding chamber C' of
2(0), we have (in the notation of [10]) a morphism between the symbols and in the nota-
tion of [6] a Delaney map f, that is: For all k£ € {0,1,2}, (4,7) € {(0,1),(0,2),(1,2)},
and chambers C' of Z(Ojopsp) We have f(Coy) = (f(C))or and m;;(C) = my;(f(C)).
The existence of such a morphism guarantees (see [6, 10]) that 2(O) and Z(Ojopsp)
code combinatorially isomorphic tilings and that the tiling coded by Z(Ojpsp) can be
obtained from the tiling coded by Z(O) by symmetry breaking — That is: modifying the
tiling, so that the combinatorial structure is preserved, but some metric symmetries of the
tiling are destroyed. O

6 Future work

In the last section of [2] many open problems are described. They are sometimes just
formulated for Isp-operations, but are often as relevant and interesting for lopsp-operations,
so we refer the reader to [2]. A very interesting question is whether ambo is ‘essentially’
the only Isp-operation that can increase the symmetry of polyhedra, i.e. plane 3-connected
maps. More specifically: Assume that for an Isp-operation O and a polyhedron M, the
polyhedron O(M) has more symmetries than M. Is M self-dual and can O be written
as the product of ambo and other Isp-operations? For lopsp-operations this is certainly
not true. For example, applying gyro to the tetrahedron gives the dodecahedron, which
has a much larger symmetry group. Classifying lopsp-operations that can introduce new
symmetries would be an interesting problem, but maybe even more difficult than solving
the problem for Isp-operations.
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We know that there is at least one Isp-operation (dual) that does not always preserve
3-connectivity for maps, if the face-width is at most two [1], so an obvious question is
which other operations do not always preserve 3-connectivity. This was answered for 1sp-
operations in [24], where the class of such operations, called edge-breaking operations, was
characterized. Recently, these results have been extended to lopsp-operations. An article
with the new results has been submitted [25].

Another problem mentioned in [2] — the generation of Isp-operations for a given in-
flation factor — has been solved [13]. Such an algorithm not only allows the generation
of Isp-operations, but also the generation of polyhedra and other maps with some specific
symmetry groups of the embedding. For generating lopsp-operations a program has been
written very recently, but it has not been published yet.
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Abstract

A digraph I' is called a 2-Cayley digraph over a group G if there exists a 2-orbit
semiregular subgroup of Aut(I') isomorphic to G. In this paper, we completely deter-
mine the algebraic degrees of 2-Cayley digraphs over abelian groups. This generalizes the
main results of Lu and Ménius in 2023. As applications, we consider the algebraic degrees
of Cayley digraphs over finite groups admitting an abelian subgroup of index 2. Special
attention is paid to the algebraic degrees of Cayley (di)graphs over generalized dihedral
groups, generalized dicyclic groups and semi-dihedral groups.

Keywords: Algebraic degree, 2-Cayley digraph, Abelian group.
Math. Subj. Class. (2020): 05C25, 05C50

1 Introduction

A digraph T' consists of a finite set V(I") of vertices and a set E(I") of directed edges,
where E(I') C V(') x V(I'). If (u,v) € E(T) implies (v, u) € E(T"), then T is said to be
undirected. For a digraph I" on n vertices, its adjacency matrix A = (Gyy)nxn is defined
as

1, if (u,v) € E(I),
Qyy = .
0, otherwise.

The characteristic polynomial of T is the characteristic polynomial of A. The eigenvalues
of A are called the eigenvalues of T'. The collection of eigenvalues of I" together with their
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multiplicities is called the spectrum of T', denoted by Spec(I"). Note that A is not always
symmetric, so the eigenvalues of I" need not be real numbers.

Let G be a finite group and S C G \ {e}, where e is the identity. The Cayley digraph
I' = Cay(G, S) of G with respect to S is defined by V(I') = G and E(T') = {(g,s9) | g €
G,s € S}.If S = S~ then T = Cay(G, S) is called a Cayley graph. For a digraph T,
the set of all permutations of V'(I") that preserve the adjacency relation of I" forms a group,
called the automorphism group of I', and is denoted by Aut(I"). By a theorem of Sabidussi
[15], a digraph I is a Cayley digraph over G if and only if there exists a regular subgroup
of Aut(I") isomorphic to G. As a generalization of Sabidussi’s Theorem [1], a digraph I" is
called a 2-Cayley digraph over G if there exists a 2-orbit semiregular subgroup of Aut(T")
isomorphic to G. A 2-Cayley graph is also termed as a semi-Cayley graph in [5, 6]. A
special 2-Cayley graph is called a bi-Cayley graph in [19].

For a digraph T, its splitting field SF(T") is the smallest field extension of @ which
contains all eigenvalues of the adjacency matrix of T'. The extension degree [SF(T') : Q)
is called the algebraic degree of T, denoted by deg(T"). A digraph T is called integral
if all the eigenvalues of the adjacency matrix of I' are integers. A digraph I is called
algebraically integral over a number field K if all the eigenvalues of the adjacency matrix
of I are algebraic integers of K. There is a close connection between the splitting field and
the algebraic integrality of a digraph. For example, for any number field K, SF(I') C K
if and only if I is algebraically integral over K. Integral graphs and algebraically integral
graphs have been extensively studied in the literature [2, 3, 4, 8, 9, 11]. In recent years,
the splitting field and algebraic degree have attracted much attention. In 2020, Mdnius [13]
studied the algebraic degrees of circulant graphs Cay (Z,, S) for a prime number p. In
2022, Monius [14] generalized those results in [13] by determining the splitting fields and
the algebraic degrees of circulant graphs Cay (Z,,, S) for arbitrary n. Based on Monius’s
work, in 2022, Huang et al. [18] determined the splitting fields and algebraic degrees of
mixed Cayley graphs over abelian groups. Lu et al. [12] determined the splitting fields
of Cayley graphs over abelian groups and dihedral groups. They also gave bounds for the
algebraic degrees of Cayley graphs over dihedral groups. Also in 2022, Sripaisan et al.
[16] studied the algebraic degrees of Cayley hypergraphs. For more details, one may refer
to the comprehensive survey [10] in this subject.

In this paper, inspired by the above mentioned results, we completely determine the
splitting fields and algebraic degrees of 2-Cayley digraphs over abelian groups in Section 3,
which generalizes the main results of [12]. From computational viewpoints, we also derive
sharp upper and lower bounds for their algebraic degrees. As applications, in Section 4, we
consider the algebraic degrees of Cayley digraphs over finite groups admitting an abelian
subgroup of index 2. Furthermore, we consider the algebraic degrees of Cayley graphs
over generalized dihedral groups and generalized dicyclic groups, and get improved upper
bounds. Finally, we determine the algebraic degrees of Cayley digraphs over semi-dihedral
groups.

2 Preliminaries

Let G be a finite group. A representation of G is a homomorphism p: G — GL(V)
for some n-dimensional vector space over the complex field C, where GL(V') denotes
the group of automorphisms of V. The dimension of V' is called the degree of p . Two
representations p; and ps of G on Vi and V5 respectively are equivalent if there is an



Y. Wu et al.: Algebraic degrees of 2-Cayley digraphs over abelian groups 189

isomorphism 7: V7 — V5 such that T'p; (g) = p2(g)T forall g € G.

Let p: G — GL(V) be a representation. The character x,: G — C of p is defined
by setting x,(g9) = Tr(p(g)) for g € G, where Tr(p(g)) is the trace of the representation
matrix of p(g) with respect to a specified basis of V. By the degree of x, we mean the
degree of p, which is simply x,(1). If W is a p(g)-invariant subspace of V foreach g € G,
then we call W a p(G)-invariant subspace of V. If the only p(G)-invariant subspace of V
are {0} and V, we call p an irreducible representation of G, and the corresponding charac-
ter x, an irreducible character of G. We denote by IRR(G) and Irr(G) the complete set
of non-equivalent irreducible representations of G and the complete set of non-equivalent
irreducible characters of (7, respectively.

For any subset X C G, we denote by dx = (69)9 < the characteristic vector of X over
G, where 6, = 1if g € X and 6, = 0if g ¢ X. For any multi-subset X C G, we denote
by & = ((5;) . the characteristic vector of X over G, where d;, = k if g appears k times
in X and 4, = 0if g ¢ X. Throughout this paper, we use X = [z | 2 € X] to denote
the multi-set X, and ¢(n) to denote the Euler totient function of a natural number n (it is
the number of the positive integers which are smaller than n and coprime to n). Firstly, we
state an equivalent definition of 2-Cayley digraphs.

Lemma 2.1 ([1]). A digraph T is a 2-Cayley digraph over G if and only if there exist
subsets T;; of G, where 1 < i, < 2, such that I is isomorphic to a digraph T’ with

V(1) =G x{1,2}, EM)= |J {((9:9),(tg,) | g € Gandt € T;}.

14,52

By Lemma 2.1, a 2-Cayley digraph is characterized by a group G and four subsets
T;; of G. Thus we denote a 2-Cayley digraph with respect to four subsets 7;; by I' =
Cay (G;T;; | 1 <1i,j < 2). Note that V(I') = G x {1,2}, (g,7) ~ (h,j) if and only if
hg=! € T35, and I is undirected if and only if forall 1 < 4,j < 2,T;; = Tﬁl. Note also
that I is a digraph without loops if and only if T;; C G\{e}, forall 1 < i < 2.

Let w,, = exp (%) be the primitive n-th root of unity. We consider an abelian group

G of order n. It is well known that

Gme@...@ZnM
where n = [];_, n;, and n; is a prime power for 1 < i < r. Without loss of generality, we
assume that G = Z,,, ® -+ ® Z,,, and 0 = (0, ...,0) € G is the identity of G.

Lemma 2.2 ([17]). Let G = Z,,, ®- - -®Z,,, be an abelian group of order n. Then Irr(G) =
{xi|leG} wheife xi(g) = 11—, wﬁffiforalll = (l,..., ), 9 =(91,---,9r) € G,

and wy,, = exp(%).

For simplicity, for any (multi-)subset S of GG, we denote
xi($) = xils).
sES
Arezoomand [1] obtained the following result.

Lemma 2.3 ([1]). Let T' = Cay (G,T;; | 1 < 4,5 < 2) be a 2-Cayley digraph over an
abelian group G = Zy,, @ - - - ® Zy, of order n. Then I has eigenvalues

xi(Ti1) + x1(To2) \/(Xl(Tu) —xt(T22))” + 4x1(To1) X1 (Th2)

le@.
3 , le@G




190 Ars Math. Contemp. 24 (2024) #P2.02 / 187-206

Let K be a field. In what follows, we will refer to the subgroup
KXQZ{.%‘QZ.%‘EK}CKX,

where K* = K \ {0}. More precisely, we shall encounter quite often the quotient
K*/K*?. The image of x € K*in K* /K *? will be denoted by [z] .

Lemma 2.4 ([7, Corollary 1.23]). Suppose K is a field containing a primitive 2-th root of
unity, and let F = K [\/ax, ..., \/ax, | , where a; € K. Then Gal(F/K) is isomorphic to
the subgroup of K* | K*? generated by (a1 , . .., [ak] k-

3 2-Cayley digraphs over abelian groups

In this section, we always assume that G = Z,,, @ - - - ® Z,,,. is an abelian group of order n.
LetT' = Cay (G,T;; | 1 <1,j < 2) be a 2-Cayley digraph over G. For any two subsets X
and Y of G, we define the multi-set X +Y =[x + y | z € X,y € Y. For any (multi-)set
X and k € N, k* X denotes the multi-set in which each element of X appears k times. For
example, if X =[1,1,2,2,2,3,4]and k = 2, then k* X = 4% {1} U6 {2} U2x*{3,4},
with duplicate elements allowed in the union.

For two multi-sets U = k1 * {g1} Uka * {go2} U ... Uks x {gs} and V = q1 * {g1} U
g2 x{g2}U... Uqex{gt} Ukst1 *{gst1} U...Ukspm *{gstm ) where k; > q;, s >t
and g;,1 < i < s+ m are pairwise distinct, we define U \ V = (k1 — ¢1) * {91} U
(k2 —q2) * {g2} U ... U (kt — @) *{ge} Ukip1r * {ge41} U... Uks x{gs}, V\U =
ksy1#{gst1} U .. Ukspm * {gsim]-

Using the symbols in Lemma 2.3, we let

L =[t|teTiiort €Ty,
L=[t|te(Ti+Ti)ort € (Toa+ Tos)ort € 4x (Tia+ Toy)l,
Iy =[t|te€2x (T + Te)l,

where I, I and I3 are multi-sets. For example, for the group G = Zg4, if T11 = {1, 2},
T12 = {1}, T21 = {2} and T22 = {3}, then Il = {1, 2,3}, IQ =06x* {3} U2 % {2} U {0}
and Is = 2% {0, 1}.

By Lemma 2.3, we have the following result.
Lemma 3.1. Let T' = Cay (G, T;; | 1 < 4,7 < 2) be a 2-Cayley digraph over an abelian
group G of order n. Then T" has eigenvalues

xi(l) £ vxila\ Is) — xi(Is \ I2)
2 b

where 1, I, I3 are described as above.

led,

Proof. Firstly, we have
Xi(Th1) + xi(T22) = xi(11)-

In addition,

(x(Thn) = xu(Ta2))* + 4xa(Tor)xa(Th2)
=x1(T11 + T11) + xi(Toz + Too) + x1 (4% (Tr2 + To1)) — X1 (2 % (T11 + Ta2))
=xi(L2) — xu(13)
=xi(l2\ I3) — xa(I3 \ I2),
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so the result follows from Lemma 2.3. O

Using the symbols in Lemma 3.1, for [ € G, let

B =xi(I1) and v, = xi (L2 \ I3) — xa(I3 \ I2). (3.1

As 51,71 € Q (wy) , where n = |G|, without loss of generality, we assume that K is a field
such that Q C K C Q (wy,). Therefore, Gal (Q (w,) /K)) < Gal (Q (wy,) /Q) =X Z% =
{k € Zy, | ged(k,n) = 1}. Let

n: Gal(Q(wn) /Q) = Zy,
be the isomorphism such that o (w,,) = w!'”), where o € Gal (Q (w,) /Q). Let

H =n(Gal(Q(wn) /K)).

Then H is a subgroup of Z}. We consider the action of Z} on G = Z,,, & --- & Z,,. by
setting kg = k (g1,...,9r) = (kg1,...,kg,) forany k € Z* and g € G. Then

o (wli, ) -0 (wnl,/n7> — wz(g)-nli/ni — w:]l(.o)l,;y

where [; € Z,,,(1 <1 < r). Note that for any 0 € Gal (Q (w,,) /Q), we have

o (B)=0(a(lh) =0 (Z waz‘fi) > 1o (i)

tel; i=1 tel i=1

= > TTen " = xaln(o) 1),

tel; i=1
where (o)1 = {(n(o)t1,...,n(o)t,) | (t1,...,¢-) € I1}. Similarly, we have

o) =02\ Iz) —xi(I3\ I2))
=x1((e)I2\ I3)) — xi (n(o) (I3 \ I2)),

where I5 \ I3 and I5 \ 5 are multi-sets as stated in Lemma 3.1.
We first prove the following results.

Proposition 3.2. For the symbols in (3.1), we have B; € K for alll € G if and only if
hI; = Ih forall h € H, where H = 1 (Gal (Q (wy,) /K)).

Proof. Assume that hly = I for all h € H. Then for any 0 € Gal (Q (w,,) /K), we have
n(o) € H. Thus for any I € G, we have

o (61) = xa(n(o) ) = xa(I1) = Br.

It follows that 8; € K foralll € G.
Conversely, assume that 8, € K for alll € G. For any h € H, there exists some
o € Gal (Q(wy) /K) such that (o) = h. Then

xi(hly) = xa(n(o) 1) = o (B1) = Bi = xa(11)-
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Let M = (X1 (9)); geq- We get
M(S;LII == M(S/Il.

Note that M is invertible by the orthogonal relations of irreducible characters of G. So we
have
5%[1 = 5’[1 .

This implies h1; = I;. Since h is arbitrary, the result follows. O

Proposition 3.3. For the symbols in (3.1), we have v, € K for alll € G if and only if
h(Io\I3) = I;\ I3, h(I3\ Is) = I3\ Iz for all h € H, where H = n(Gal (Q (w,,) /K)).

Proof. Assume that h(Iy \ I3) = Is \ I3, h(I3\ Is) = I3\ I, for all h € H. Then for any
o € Gal (Q (wy,) /K), we have (o) € H. Thus, for any I € G, we have

o(m)=xi(n(e)I2\ I5)) —xi (n(o) (I3 \ I2)) = xa(Il2 \ I3) — xi(L3 \ I2) = %

It follows that v, € K foralll € G.
Conversely, assume that v, € K for all [ € G. For any h € H, there exists some
o € Gal (Q (wy,) /K) such that (o) = h. Then

xi (o) (I \ I3)) = xa (n(0)(Is \ 12)) = o (m) = n = xa(la \ Is) = xa(Is \ Ia).
This means that
Xt (h(I2\ 13)) — xi (h(I3 \ I2)) = xa(l2 \ Is) — xa({3 \ I2).
Let M = (x1(9)); geq- We get
M5;1(12\13) - M(S;l(lg\lz) = ]\4(5}2\13 - M(S}g\lg‘

Note that M is invertible and I» \ I3 is disjoint with I3\ I5. So we have h(I3\ I3) = Iz \ I3
and h(I3 \ Iy) = I3 \ I. As h is arbitrary, the result follows. O

Note that 3¢, 70 € Z, so we let
L=K=Q(B,m|leG\{0}) (3.2)
and
H' ={he€Z,|hli =1L, \I3) = >\ I3, I3\ I) = I3\ I} (3.3)
Then we have the following result.
Proposition 3.4. Using the symbols in (3.2) and (3.3), we have H' = 1 (Gal (Q (wy,) /L)).
Proof. By Propositions 3.2 and 3.3, it is clear that
7 (Gal (Q (wn) /L)) € H'.

Now we prove
H' C 1 (Gal(Q (wn) /L))
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For each i’ € H',let o = =1 (h/). It follows that b’ = n(c). For any [ € G, we have

o (1) =xi(n(o)1) = xa(h'I) = xo(I1) = .

Similarly, for any [ € G,

o (m) = xi (o) (T2 \ I3)) = xa (n(0) (I3 \ 12)) = xi(T2 \ I3) — xa(I3 \ I2) = -

Hence
o€ Gal(Q(wy) /L) and ' = n(o) € n(Gal (Q (wy,) /L)) .

Thus the result follows. O

Since H' is a subgroup of ZZ, by Proposition 3.4, we have

1

L=0Q(w,)" ") ={2eQwn) |o(x)=aforalloc €y '(H)}. (34)

Considering H’ acting on G, assume that H'g™"), H'g® ... H’¢*) are all distinct orbits
of H' on G, where g'¥) € G. Let

c= {g“) | GNH gD # @} . (3.5)
Let M be the subgroup of L* /L*? generated by all [y;], for [ € C. Explicitly,
M = <[’W]L ‘ le C> 3.6)

Now we are ready to prove our main result.

Theorem 3.5. Let T’ = Cay (G, T;; | 1 < 4,7 < 2) be a 2-Cayley digraph over an abelian
group G of order n. Then the splitting field of I is L (ﬁ [RAS C) and the algebraic
degree of I satisfies

o(n)| M|
[H'|
where vy, H', L, C, M are given in (3.1) and (3.3) — (3.6), respectively.

deg(I') =

Proof. If a,b are in the same orbit H'g("), then there exists h € H’ such that b = ha. It
follows that
Y = xo(I2 \ I3) = xo(I3 \ I2) = Xna(l2 \ I3) — Xna(l3 \ I2)
= Xa (h(I2\ I3)) = Xa (h(I3 \ I2)) = Xa(I2 \ I3) = Xa(I3 \ I2)
= Ya-

Therefore, there are at most |C| different elements in {7, | | € G}.

Set F =L (/7 |1€C). Notethat F = Q (8 + /1, 8 — 7 | | € G). So the first
assertion follows. By Lemma 2.4,

[Q(wn) : QIF : L] _ p(n)|M]
[Q (wn) : L] =

This completes the proof. O

deg(T) = [F: Q) = [F: L)[L: Q] =
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It is not easy to calculate | M|, but apparently 1 < | M| < 21€1 thus we have
Corollary 3.6. LetI' = Cay (G, T;; | 1 < ¢,j < 2) be a 2-Cayley digraph over an abelian
group G of order n. Then the algebraic degree of T satisfies

p(n)2!!

o(n)
< deg(l) < V2

where H', C are given in (3.3) and (3.5), respectively.

Remark 3.7. Theorem 3.5 and Corollary 3.6 still hold for a 2-Cayley graph. Indeed, we
just need to restrict T;; = Tﬁl forall 1 < 4,7 < 2, and modify the associated multi-sets
117 12 and I3.

The next two examples tell us that both the lower and upper bound in Corollary 3.6 are
sharp.

Example 3.8. LetI' = Cay (Z3,T;; | 1 < i,j < 2) be a2-Cayley graph over G = Zjs. Let
T11 = T22 = {1, 2} and T12 = {1} and T21 = {2} Then Il = 2*{1,2}, 12\13 = 4*{0}
and I3 \ Io = (). It follows that H' = {1,2} = Z%, L = Qand ~;, = 4 for all | € Z3. Thus
[M| =1 and deg(T") = T}(I?jf = 1. In fact, Spec(T") = 2% {—2,0} U {1, 3}.

Example 3.9. Let I' = Cay (Z4,T;; | 1 < 4,5 < 2) be a 2-Cayley digraph over G = Z.
Let Ty = {1,2} and Tho = {1}. Let T5; = {2} and Thy = {3}. Then I, = {1,2,3},
Iob\ I3 = 6% {3} U2x* {2} and I3 \ I = 2 {1} U {0}. It follows that H' = {1}
and C = Z4. By Corollary 3.6, deg(I') < 25 = 32. Infact, L = Q(i) and F =
L (v/5,+/=81 —3,+/=3,+/81 — 3). Obviously, deg(T') = 32.

Observe that L = Q if and only if |H'| = ¢(n), as an application of Theorem 3.5, the
next corollary provides a class of integral 2-Cayley digraphs over abelian groups.

Corollary 3.10. LetT' = Cay (G, T;; | 1 < i,j < 2) be a2-Cayley digraph over an abelian
group G of order n. If H' = Z} and v, is a square of an integer for each | € C, where
~vi, H', C are given in (3.1), (3.3) and (3.5), respectively, then T is integral.

Sometimes, we need not to compute | M | in Theorem 3.5.

Corollary 3.11. LetT' = Cay (G, T;; | 1 < i,j < 2) be a2-Cayley digraph over an abelian
group G of order n. If T11 = Tos and T15 = T1_21 = T51, then the splitting field of I" satis-
fies

SF(T) = Qwn)” ") = {2 € Q(wn) | o(x) = xforallc €y~ (H")},

the algebraic degree of T satisfies

deg(r) = 520

where H" = {h S Z:L | hTy1 =T11,hT = Tlg}.



Y. Wu et al.: Algebraic degrees of 2-Cayley digraphs over abelian groups 195

P}"()Of: Since Il = [t | te?2 *Tlﬂ, .[2 \ Ig = [t | tedx (T12 +T131)] and Ig \ .[2 = @,
we have v = 4x;(Ti2 + Ti5') = 4|xi(Ti2)]? = 4x1(T12)?. Note that Ty, = Ty, So
Xt (T12) is a real number. It follows that

V= 2xa(Th2) or i = —2x1(Th2).

The rest of the proof is similar to that of Theorem 3.5. O

Corollary 3.12. LetT' = Cay (G, T;; | 1 < i,j < 2) be a 2-Cayley digraph over an abelian
group G oforder n. IfT11 = T22, T12 == T1_21 = Tgl, and hT11 = T117 thg = T12f0}" all
h € Z}, then I is integral.

4 Some applications
4.1 Cayley digraphs over groups admitting an abelian subgroup of index 2

A Cayley digraph over a finite group G with a subgroup of index 2 is a 2-Cayley digraph,
as the following result shows.

Lemma 4.1 ([1]). Let T' = Cay(G, S) be a Cayley (di)graph. Suppose that there exists
a subgroup N of G with index 2. If {x1,x2} is a left transversal to N in G, then ' =
Cay (N, S;j | 1 <1,j < 2), where S;; = {a € N | x;laxi €S}=Nnuz;Sz; "

Let A be a finite abelian group of order n > 3. Let f € Aut(A) be of order 2. Let

y € A be such that f(y) = y. Let G be a non-abelian finite group admitting an abelian
subgroup A of index 2. Then G admits a presentation

G = <A,x|x2 =y, zax ! :f(a),a6A>.

Observe that G = AU zA and B = { f(a)a™' | a € A} is a subgroup of A. In particular,
if f(a) = a~! fora € A, then B = A? and y? = e, where ¢ is the identity of A. If y = e,
then G is the generalized dihedral group Dih(A), with the presentation

Dih(A) = (A,z |2® = e,zaz™ ' =a ' a € A).

If y # e (and so n = |A] is even), then G is the generalized dicyclic group Dic(A4, y), with
the presentation

Dic(4,y) = <A,x |22 =y, zaz ' =a" ' a € A>.

As the group operation here is multiplication, we assume that A = {a1), ®- - - ®(ar)n,
and Irr(A4) = {x; | (a,...,alr) € A}, where I = (I1,...,1,). In this subsection, we
always assume that G is a group admitting an abelian subgroup A of order n and of index 2.
As an application of Theorem 3.5, we consider the algebraic degree of the Cayley digraph
I' = Cay(G,S). Note that A =2 A" = Z,,, & --- ® Z,,. It is worth pointing out that the
group operation here should correspond to the addition in Section 3.

By Lemmas 2.3 and 4.1, we get the following result.

Lemma 4.2. Let I' = Cay(G, S) be a Cayley digraph and A = (a1)n, ® -+ ® (Gr)n, be
an abelian subgroup of G of order n and of index 2 with left transversal {x1,x2}. Then T
has eigenvalues

xi(Ti) + xi(To2) £ \/(Xl(Tu) —xi(T22))* + 4x1(To1) xi (Ti2)

l=(,...,l,)e A
2 9 (17 9 )6 ’
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where n = [[_yny Ty = {t=(tr,....t;) | (af',...,al") € 2;Sz; '} and A’ =
Ly, @ &L .

Using the symbols in Lemma 4.2, in a similar way as in Section 3, we define

11:[t|t6T110rt6T22],
L=[t|te (T +Ti)ort € (Tog+Ta)ort €4x(Tia+ To1)],
I3 = [t | te 2*(T11 +T22)].

Let
B =xi(I1) and v, = xq(I2 \ I3) — xa(I3 \ I2). 4.1

Let n: Gal (Q(w,) /Q) — Z be the isomorphism such that o (w,) = wi'”), where
o € Gal (Q (wy,) /Q). Let

L=Q(Bu|le A\ {0} “2)
and
H = {heZ} |hly =11,h(Ix\ I3) = I\ Is,h(I3\ I2) =I5\ I2}. “4.3)

Since I' = Cay (A", T;; | 1 < 4,5 < 2), by Proposition 3.4, we have the following
result.

Proposition 4.3. Using the symbols in (4.2) and (4.3), we have H' = 1 (Gal (Q (wy,) /L)).

Now we consider H' actingon A’ = Z,,, & - -®7Z,, . Assume that H'a(), H'a® | . ..
H'a™® are all distinct orbits of H’ on A’, where a(V) € A’. Let

C = {a“) | A" H'aD # @} (4.4)
and
M= {(vL|leC). 4.5)

Since I" = Cay (A’,T;; | 1 < ¢,j < 2), using the conclusions in Section 3, we imme-
diately get the following results.

Theorem 4.4. Let I' = Cay(G, S) be a Cayley digraph, and A = (a1)p, ® -+ @ (Ay)n,
be an abelian subgroup of G of order n and of index 2 with left transversal {x1,x2}. Then
the splitting field of T is L (ﬁ |l e C) and the algebraic degree of T satisfies

deg(l') = W,

where L = Q(wn)n_l(H,) ={z € Q(wyn) | o(x) = zforalloc € n~'(H'")} and
vi, H',C, M are given in (4.1) and (4.3) — (4.5), respectively.
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Corollary 4.5. Let I' = Cay(G, S) be a Cayley digraph, and A = (a1)p, @ -+ & (Ay)n,.
be an abelian subgroup of G of order n and of index 2 with left transversal {x1, x5 }. Then
the algebraic degree of T satisfies

21)  gog(r) < P27

|H'[ — [H'|

where H', C are given in (4.3) and (4.4), respectively.

Corollary 4.6. Let ' = Cay(G, S) be a Cayley digraph, and A = (a1)n, @ -+ ® (Ay)n,.
be an abelian subgroup of G of order n and of index 2 with left transversal {x1,x2}. If
H' = 72 and ~ is a square of an integer for each | € C, where v, H',C are given in
(4.1), (4.3) and (4.4), respectively, then I is integral.

Corollary 4.7. Let ' = Cay(G, S) be a Cayley digraph, and A = {a1)p, ® -+ & {ar)n,
be an abelian subgroup of G of order n and of index 2 with left transversal {x1,x2}. Let
Tij = {(tl, e ,t,-) | (ail, e atr) (S x]SxZ_l} Ilel = TQQ and T12 = T1_21 = Tgl,

T

then the splitting field of I satisfies
SE(1) = Q(wa)" " = {2 € Qwn) | o(w) = aforall o €~ (H")},

the algebraic degree of I satisfies
p(n)
deg(F) = m7
where H" = {h S Z; ‘ hTy1 =Ti1, T = T12}.
Corollary 4.8. Let I' = Cay(G, S) be a Cayley digraph, and A = (a1)n, @ -+ & (Ar)n,.

be an abelian subgroup of G of order n and of index 2 with left transversal {x1,x2}. Let
Tij = {(tla - 7t7‘) ‘ (ail, - G/tr> S JTJS.I';l} IfT]_l = Ty, Tho = Tlil = T51, and

T

Wy =Ty, Ko = Tha forall h € Z, then T is integral.

4.2 Cayley graphs over generalized dihedral groups

In the following two subsections, we consider Cayley graphs but not digraphs. The gener-
alized dihedral group Dih(A) is given by the following presentation

Dih(A) = (A,z |2® = e,zaz” ' =a ' a € A).

Let I' = Cay(Dih(A), S) be a Cayley digraph. Using the symbols in Subsection 4.1,
note that A = (a1)p, ® -+ ® {ay)n,., and |A| = n, so | Dih(A4)| = 2n. Without loss of
generality, let x1 = e and 92 = x. Then

T ={(ti,.-..ts) | (a7',...,a) € S},

T12 = {(th-"atr) ‘ (azllw"va?) € xS}, (46)
T ={(t1,-..tr) | (a1',-.. ;) € Sz},

Too = {(t1,....t;) | (a},...,al") € xSz} .

For the algebraic degree of the digraph I', we just need to replace T5; given in Subsec-
tion 4.1 with T;; given in (4.6), so we omit the details here.
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We are now interested in the algebraic degree of the undirected Cayley graph I' =
Cay(Dih(A), S). Using the symbols in (4.6), as S = S, we have Ty,' = Thy = T} =

T  and T, = Toy. Lett = (ty,...,t,). In a similar way as in Subsection 4.1, we define
I1:[t|t€T110rt€T22],
I2 = [t | te (Tll +T11) ort € (T22 +T22) ort € 4% (T12 <|’1121)}7
Is=[t|t€2x% (T +T2).

It follows that [y = [t |t € 2% T1], b \ I3 = [t |t € 4% (Th2 + T15")] and I3\ I, = 0.
In fact, by Lemma 4.2, the eigenvalues of the Cayley graph I' = Cay(Dih(A), S) are

xi(Th1) £ [xi(Th2)|, L€ A,

where A = Z,, ® -+ ® Z,,. Note that |x;(T12)| = Xl(Tlg)Xl(Tl_Ql) =

xi(T2 + Tle), the multi-sets I; and I3 \ I3 can be reduced to I1 = 771 and (I3 \ I3)' =

[t|te T+ T5.
Let

Br=xu(I7) and v = xi((I2 \ I3)'). 4.7

Let : Gal(Q (wn)/Q) — Z be the isomorphism such that o (w,) = w!'”), where
o € Gal (Q (wy) /Q). Let

L=Q(B,w|leA\{0}) 4.8)

and
H ={he Zy | Rl =11, h(I\ I3) = (I2\ I3)'}. “4.9)

Note that I; = 2+ I] and I» \ Is = 4 % (I3 \ I3)’. So we have the following result by
Proposition 4.3.

Proposition 4.9. Using the symbols in (4.8) and (4.9), we have H' = n (Gal (Q (wy,) /L)).

Similarly, we consider H' acting on A’. Assume that H'a"), H'a® ... H'a®) are
all distinct orbits of H’ on A’, where () € A’. Let B = {x € A’ | 2z = 0} and
A'= BUEUE™!, where B, E, E~! are disjoint. Let

' ={a | (BUE) N H'a) £ 0} (4.10)
and
M=yl |lecC. @.11)

Then the following results hold.

Theorem 4.10. Let I' = Cay(Dih(A), S) be a Cayley graph over the generalized dihe-
dral group Dih(A) of order 2n. Then the splitting field of T is L (/3 | 1 € C') and the
algebraic degree of T satisfies

o(n)| M|

deg(T") = T
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where L = Q(wn)”_l(H/) ={z € Qwyn) | o(x) = zforallc € n~*(H'")} and
vi, H',C', M are given in (4.7) and (4.9) — (4.11), respectively.

Proof. Since ((I2\ I3)') ™ = (I2 \ I3)’, it follows that
y=xi1(I2\ 1)) = xa((I2 \ I3)") ") = x—i((I2 \ I3)') = 7.
Then the result follows from Theorem 4.4. O

Corollary 4.11. LetT' = Cay(Dih(A), S) be a Cayley graph over the generalized dihedral
group Dih(A) of order 2n. Then the algebraic degree of T satisfies
p(n)2|

v(n)
< < —"

where H',C" are given in (4.9) and (4.10), respectively.

Corollary 4.12. LetT' = Cay(Dih(A), S) be a Cayley graph over the generalized dihedral
group Dih(A) of order 2n. If H' = 7 and ~, is a square of an integer for each | € C’,
where vy, H',C" are given in (4.7), (4.9) and (4.10), respectively, then T is integral.

Corollary 4.13. LetT' = Cay(Dih(A), S) be a Cayley graph over the generalized dihedral
group Dih(A) of order 2n. Let

Ty = {(t1,...,t;) | (atf,...,a?)e Stand Ty = {(t1,....t) | (a?,...,ai*)e xS}
If 1o =T, 151, then the splitting field of T satisfies
SF(I) = Q(wa)” ") = {z € Q(wn) | o(x) = x forall o € 5~  (H")},

the algebraic degree of T satisfies

deg(r) = 20

where H" = {h S Z; ‘ hTy1 =T11, T = T12}.

Corollary 4.14. LetT' = Cay(Dih(A), S) be a Cayley graph over the generalized dihedral
group Dih(A) of order 2n. Let

Ty = {(tl,...,t,«) | (atll,...,aff)e S}andT12 = {(tl,...,tr) | (ail,...,aff)e mS}.

If 1o = T1_21 and for all h € 7, hTh1 = T11 and hT19 = T, then T is integral.

In particular, let Dih(A) = Dy, = {(a,b | a® = b> = e,bab = a~!) be the dihedral
group of order 2n. Then A’ = Z,, I = T1; = {t | a' € S}, Tho = {t | ba' € S} and
(12 \ 13)/ = [t | te T12 -+ Tl_gl} . Note that

B =xi(I1) and v, = xi((I2\ I3)"), (4.12)
where y;(t) = w' and 0 < [ < n — 1. Furthermore,

L=Qum|1<i<n—1).

We first try to simplify the expression of L.
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Lemma 4.15. Let K be a field such that Q C K C Q (wy,). If B1,7 € K, then 8,7, € K
for1 <[ <n-—1

Proof. For 1 < | < n—1,leto; : Q(w,) — Q(w,) be defined by 0; (w,,) = .
It is clear that o; is a homomorphism and 3; = o;(51),y = o0;(71). Thus, for any
o € Gal (Q (wy) /K), we have

g(B)=oc(@B) =0 o | D wh| ]| =D« =01(0(51) =01 (B1) = .

tel] tel;
Similarly, o (v;) = ;. Therefore, 8;,v; € K. O
By Lemma 4.15, we have
= Q (Bla 71) .
Let
H ={heZ: | hI, =T}, h(Io\ Is) = (I, \ I)'}. (4.13)

Then H' = n(Gal (Q (wy,) /L)). Note that

¢'={a® | {0,1,..., [n/2]} N H'a® 20} 4.14)
and
M=(lLlleC), (4.15)

where H'aY, H'a®, ... H'a™) are all distinct orbits of H' on Z,. Consequently, we
have the following corollaries.

Corollary 4.16. Let T' = Cay(Da,, S) be a Cayley graph over the dihedral group Da,,.
Then the splitting field of T is L (\/f% |l e C’) and the algebraic degree of T satisfies

p(n)| M|

deg(F) = Wa

where L = Q(wn)nil(H,) ={r € Qwyn) | o(x) = wforalloc € n~'(H")} and
vi, H',C', M are given in (4.12) — (4.15), respectively.

Corollary 4.17. Let T' = Cay(Day, S) be a Cayley graph over the dihedral group Doy,
Then the algebraic degree of I satisfies

o(n) p(n)2!¢"]
] < 4ee) <

where H',C' are given in (4.13) and (4.14), respectively.

Corollary 4.18. Let T' = Cay(Day, S) be a Cayley graph over the dihedral group Da,,.
Let Ty = {t | a' € S} and Tyo = {t | ba' € S}. If T1o = T,", then the splitting field of
T satisfies

SF(I) = Q(w,)" " = {0 € Q(wn) | o(x) = 2 forall o € n~ " (H")},
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the algebraic degree of T satisfies

deg(T') = ]i(;,l,) 7

where H" = {h S Z: ‘ hTy1 =Ti1, T = T12}.

There are results similar to Corollaries 4.12 and 4.14 as well, we omit them here. We
end this subsection with the following example.

Example 4.19. Let Dig = {(a,b | a® = b?> = e,bab = a~!) be the dihedral group of
order 16 and S = {a, a’, b}. We consider the algebraic degree of I' = Cay(D;sq, S).
Then Ty = {1,—1} and T1» = {0} = T}3'. It follows that H” = {1,—1} < Zj. By
Corollary 4.18, SF(I') = Q (ws)” ") = Q(v/2) and deg(T") = £8) =2, In fact,

Spec(T) = 2% {V2+1,vV2—1,-vV2+1,-v2 -1} U3« {1,-1} U {-3,3}.

4.3 Cayley graphs over generalized dicyclic groups

For the generalized dicyclic group Dic(A, y), it has the following presentation
Dic(A,y) = <A,ac | 2?2 =y, zaz ' =a"ta € A> .

We put our focus on the algebraic degree of the Cayley graph T' = Cay(Dic(A,y), S).
Using the symbols in Subsection 4.1, since A = (a1)n, @ -+ ® {(ay)n,, and |A| = n is
even, say n = 2m, then | Dic(A4, y)| = 4m. Let 1 = e and x5 = . Then

Tll*{(tlw ,tr)| (a§17.. ,ai")GS},
Tlgz{(tl,. ,tr)| (at117.. ,aff’)ExS}
Tgl—{(tl, 7157~)| (a§17.. ,ai*) ES,’E_I},
ng—{(tl, ytr) | (a’iﬂ.. ,a?)exSm 1}

Since S = S~!, we have T2_21 =Ty =T = T1_11 and T1_21 = T5;. Lett =
(t1,...,t,). By similar arguments as those in Subsection 4.2, we just need to consider
I{ = T17 and (12 \Ig)l = [t | te T+ Tlgl] Let

B =xi(I1) and v, = x1((I2 \ 13)"). (4.16)

Letn: Gal (Q (w2m) /Q) — Z5, be the isomorphism such that o (way,) = w'”), where

o € Gal (Q (wam) /Q). o
Let L= Q (B, | 1 € A\ {0}) and

H ={heZs, |hly =1,h(I>\ I3) = (I \ I3)'}. (4.17)

By Proposition 4.3, we have H' = 1 (Gal (Q (w2 ) /L)).

Also, we consider H' acting on A’ = Z,,, &- - -®Z,, . Assume that H'a) H'a(?) | . ..
H'a'™® are all distinct orbits of H’ on A’, where a) € A’. Let B = {x € A’ | 2z = 0}
and A’ = BUE U E~!, where B, F, E~1are disjoint. Let

¢’ ={a¥ [ (BUE) N H'a® 20} 4.18)
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and
M={(v.|leC). (4.19)
In a similar way as in Theorem 4.10, we get the following result.

Theorem 4.20. Let I' = Cay(Dic(A,y),S) be a Cayley graph over Dic(A,y) of order
4m. Then the splitting field of I is L (ﬁ |leC’ ) and the algebraic degree of 1 satisfies

©(2m)| M|
deg(T') = ———

eg(I') O
where L = (@(wgm)"il(Hl) = {2 € Q(wam) | o(x) = zforallc € n~(H')} and
vi, H',C', M are given in (4.16) — (4.19), respectively.
Corollary 4.21. Let T' = Cay(Dic(A,y), S) be a Cayley graph over Dic(A,y) of order
4m. Then the algebraic degree of 1" satisfies

p(2m) o(2m)2!¢"]
< < —7Z
iy = e = T

where H', C' are given in (4.17) and (4.18), respectively.

Corollary 4.22. Let T' = Cay(Dic(A,y), S) be a Cayley graph over Dic(A,y) of order
dm. If H' = 75, and v, is a square of an integer for each | € C’, where v, H',C’ are
given in (4.16) — (4.18), respectively, then I is integral.

Corollary 4.23. Let T' = Cay(Dic(A,y), S) be a Cayley graph over Dic(A,y) of order
4m. Let

T = {(tl, ceyty) | (a’il, .. .,afj‘) €S}andT12 = {(tl,...,tr) | (atf,...,ai") € 1’5}.
If Tio = T1_21, then the splitting field of T satisfies

SFT)=Q (wzm)nil(H”) = {2 € Q(wom) | o(x) =z forallo € n~*(H")},
the algebraic degree of I satisfies

2
deg(r) = £27),
where H" = {h S sz | hT = Tll,thg = Tlg}.

Corollary 4.24. Let T' = Cay(Dic(A,y), S) be a Cayley graph over Dic(A,y) of order
4m. Let

Ty ={(tr,....t;) | (a',...,al") € Stand Tio = {(t1,...,t,) | (aft,...,alr) € 25},
If T2 = Tle and for all h € Z5,,, KT11 = Th1 and hTy9 = Tha, then I is integral.

Furthermore, for the dicyclic group Dicay, = (a,b | a®™ = e,a™ = b*,b"'ab=a"'),
as direct consequences of Theorem 4.20 and Corollaries 4.21 — 4.24, we have similar re-
sults, so we omit the details here.

Example 4.25. Let Dicis = (a,b | a® = e,a® = b%,b71ab = a~!) be the dicyclic
group of order 12 and S = {a, a®, ab, a®b, a*b, a5b}. We consider the algebraic degree of
I' = Cay(Dicya,S). Then Tj; = {1,5} and Tho = {1,2,4,5} = T;;'. It follows that
H" = {1,5} = Z{. By Corollary 4.24, deg(I") = 1. In fact, Spec(I') = 4% {—1,1} U3 *
{—2} u{6}.
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4.4 Cayley digraphs over semi-dihedral groups

For the semi-dihedral group SDyg,,,, it has the following presentation
Sng = <a7b | Cl4m — b2 = e’bab — a2m71>.

We now consider the algebraic degree of the Cayley digraph T' = Cay(SDg;,, S).
Using the symbols in Subsection 4.1, it follows that A = (a)4, and A’ = Zg4,. Let

x1 = e and x5 = b. Then
Tnz{t|at€S},

T12:{t|bat65},
T21:{t|atb€S},
T22 = {t | a(szl)t S S} .

In a similar way as in Subsection 4.1, we define

Ilz[t|t€T110rt€T22]7
IQ = [t | te (Tll +T11) ort € (T22+T22) ort € 4x (Tlg +T21)},
Is=[t|te€2x* (T +T2).

Let
B =xi(I1) and v, = xi(I2 \ I3) — xi(I3 \ I2), (4.20)

where x;(t) = wlf, and 0 < [ < 4m — 1. Let K be a field such that Q € K C Q (wam)-
Then Gal (Q (wam) /K)) < Gal(Q (wam) /Q) = Z,,. Let n: Gal (Q (wam) /Q) —
73, be the isomorphism such that o (ws, ) = w7, where o € Gal (Q (wam) /Q). Let
L=QBun|1<li<4m—1).
The following lemma helps to simplify the expression of L.

Lemma 4.26. If 81,71 € K, then 8;,v; € K for1 <1 <4m — 1.

Proof. The proof is similar to that of Lemma 4.15. O
By Lemma 4.26, we have
L=Q(B1,m)-
Let
H = {h S sz | hl; = Iy, h(IQ \Ig) =1 \ I3, h([g \ 12) =13 \ IQ} . 4.21)

By Proposition 4.3, we have H' = 1 (Gal (Q (wgm ) /L)).
Assume that H'a™W, H'a® | ... H'a™ are all distinct orbits of H' on Z4,,. Let

C = {a" | Zy N H'aD # 0} (4.22)
and
M ={(lylr|leC). (4.23)

By Theorem 4.4 and Corollaries 4.5 — 4.8, we have
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Theorem 4.27. Let ' = Cay(SDg,,,, S) be a Cayley digraph over the semi-dihedral group
SDgy,. Then the splitting field of T is L (\ﬁ |l e C’) and the algebraic degree of T’
satisfies
p(4m)| M|
deg(l") = ———
eg(I") o
where L = Q(w4m)"71(H/) = {2 € Q(wam) | o(x) = zforalloc € n~'(H')} and
vi, H',C, M are given in (4.20) — (4.23), respectively.

Corollary 4.28. LetT" = Cay(SDgy,, S) be a Cayley digraph over the semi-dihedral group
SDg,. Then the algebraic degree of T satisfies

©(4m)2/¢]
|H'|

p(4m)
|H'|

< deg(l') <

where H', C are given in (4.21) and (4.22), respectively.

Corollary 4.29. LetT' = Cay(SDg,, S) be a Cayley digraph over the semi-dihedral group
SDs. If H' = Zj,, and ~y, is a square of an integer for each | € C, where v, H', C are
given in (4.20) — (4.22), respectively, then I is integral.

Corollary 4.30. LetT" = Cay(SDg,, S) be a Cayley digraph over the semi-dihedral group
SDgm. If T11 = Tos and Tio = T1_21 = T4, then the splitting field of I satisfies

-1

SF(I') = Q (wam)" ) = {2 € Q(wam) | 0(x) = z forall o € n~*(H")},

the algebraic degree of T satisfies

deg(r) = £,

where H" = {h S sz | hTv1 =Ti1, hTo = Tlg}.

Corollary 4.31. LetI" = Cay(SDgy,, S) be a Cayley digraph over the semi-dihedral group
Sng. IfT11 = TQQ, T12 = T1721 = Tgl andforall h e sz, hT11 = T11 and hT12 = T12,
then I is integral.

We end this paper with the following example.

Example 4.32. Let SDig = (a,b | a® = b* = e,b"lab = a®) be the semi-dihedral
group of order 16 and S = {a?,a®, ba,ba®}. We consider the algebraic degree of I' =
Cay(SDi6,S). Then Tyy = Tao = {2,6} and T2 = {1,5}, 775" = Ty = {3, 7}. Thus,
I =2%x{2,6}, 1o\ I3 =8x{0,4} and I3 \ I = 0. It follows that H' = {1,3,5,7} =
Z%. Since v; = 8[1 + (—1)!] is a square of integer for each [ € Zg, by Corollary 4.29,
deg(T") = 1. In fact, Spec(I') = 10 x {0} U2 % {—2,1,4}.
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1 Introduction

Combinatorial invariants in incidence algebras play a central role in many areas of com-
binatorics as well as in number theory, algebraic topology, algebraic geometry, and repre-
sentation theory. In particular, the Mobius function appears in the inverse of the Riemann
zeta function as well as the coefficients of the chromatic polynomial for graphs. In this
note we study a generalization of the classical incidence algebra by looking at three vari-
able incidence functions. A large portion of this study is focussed on studying a 3-variable
generalized Mobius function inside this generalized incidence structure.

Incidence algebras and Mobius functions were popularized by Rota in [26]. Rota char-
acterized the classical Mobius function from number theory (see [20] and [14]) as the
inverse of the constant function 1 on the intervals of the poset which is called the zeta
function. In [26] Rota gives many results on the Mobius function, including his Crosscut
Theorem. Since then, many advances can be attributed to Mobius functions. Of particular
importance are the counting theorems of Zaslavsky in [33] and Terao’s factorization the-
orem (see [29]) using the Mobius function in the form of the characteristic polynomial of
a hyperplane arrangement. The main motivation for this work is to build invariants which
are finer than the classical Mobius function and characteristic polynomial to obtain more
information about the underlying combinatorial structure.

More recently, there has been considerable developments in understanding of some
classical invariants on matroids. One generalization came from Krajewski, Moffatt, and
Tanasa who built Tutte polynomials from a Hopf algebra in [18]. Taking this a little fur-
ther, in [11] Dupont, Fink and Moci construct a categorical framework to view various
combinatorial invariants and they prove some convolution formulas. The work of Aguiar
and Ardila in [1] framed many combinatorial structures like matroids in terms of general-
ized permutahedra, where there is a natural Hopf monoid governing classical operations.
One possible starting place for this study could be the work of Joni and Rota in [16]. Then,
in [6], Ardila and Sanchez use this Hopf monoid structure to build a concrete method for
investigating valuations on many combinatorial structures. Another aim of this study is to
add another invariant to the list of valuations. Concretely, we use the methods of Ardila and
Sanchez to show that one of our invariants is a valuation on matroids. One view that one
can take for many combinatorial structures is that of posets (e.g. matroids are geometric
lattices) and this is the view that we take here.

The starting point for our study is the collection of 3-variable functions on ordered
triples of elements in a poset. The set of these 3-variable functions also appears in the book
[2] by Aguiar and Mahajan in Appendix C4 where they study 2-cochains and 2-cocycles.
We differ from the work in Appendix C4 [2] by equipping this set of functions with a spe-
cial convolution product. The motivation for this product comes from trying to symmetrize
a more natural convolution product that was studied by the second author in [30] as well as
making new invariants with special properties. This product provides a 3-variable Mobius
function which is a sort of left inverse of the 3-variable analogue of the zeta function. We
call this function the J-function and study many of its properties. It turns out that it is
essentially a staggered product of the classical Mobius functions and hence satisfies gen-
eralizations of many of the classical theorems on the classical Mobius function. To prove
these results we develop and use certain operations and formulas these 3-variable func-
tions satisfy that give maps between various different types of incidence algebras. In [8]
Jose Bastidas studies Type B Hopf monoids and defines an antipode via some convolution
formulas which seem to have some similar properties to the work presented here.
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As an application we build two different polynomials from the J-function: a general-
ized characteristic polynomial and a generalized Mobius polynomial (see [17] and [21] for
Mobius polynomials). It turns out that these polynomials have some interesting properties
that are not apparent from the surface. In the case of matroids, the generalized character-
istic polynomial has positive coefficients. We then compute these polynomials for certain
families of matroids and find special roots. Of particular interest is that the generalized
Mobius function has —1 as a root for modular matroids, which mimics Theorem 1 in [21].
However, we show that the converse is not true and so one is led to question what do these
polynomial count? Could there be some chromatic generalization for the generalized poly-
nomials, or some lattice point or finite field counting formula for these polynomials (like
[9] or [7])? Also, in [8], Bastidas defines some polynomial invariants via characters of a
Hopf monoid. Can the polynomials we define here be put in the framework of [8]?

We finish by employing the methods of Ardila and Sanchez in [6] to show that our
generalized characteristic polynomial is a matroid valuation. This follows from the fact
that the J-function splits as a product of Mobius functions. In the case of the Mobius
polynomial, we are not sure whether or not it is a valuation, yet we show that it does have
a decomposition in terms of the classical characteristic polynomials. We find it interest-
ing that this decomposition looks very similar to the recursive definition of the matroid
Kazhdan-Lusztig polynomial originally defined in [12].

We begin this study with reviewing classical results on incidence algebras and M&bius
functions in Section 2. Then we define our 3-variable incidence structure in Section 3.
There we show that this structure has some interesting properties but that it is neither as-
sociative nor distributive. However, in Section 4 we develop multiple operations which
give nice formulas between these different kinds of incidence functions. Using these for-
mulas we define a generalized Mobius function, the J-function, and study its properties
in Section 5. Finally in Section 6 we define our generalized characteristic and Mobius
polynomials.

2 Incidence Algebras

Let R be a commutative ring and P be a locally finite poset. We follow [28] and [4] for
combinatorics on posets. For the remainder of this note we refer to the order in P by <.
Also, for n € Nlet [n] = {1,2,3,...,n}. In this section we review basic material of
incidence algebras where we follow [27]. First we define the poset of partial flags.

Definition 2.1. The poset of partial flags of length k on P is
FIk(P) = {(z1,22,...,21) € Prloy <ap < < Ty}

with order given by (z1,...,2r) =< (y1,...,yx) if and only if for all ¢ € [k] we have
i < Yi-

Now we define the classical incidence algebras.
Definition 2.2. The incidence algebra on P is the set
I(P, R) = Hom(FI*(P), R)
where R is a commutative ring. Addition in I(P, R) is given by

(f +9)(z,y) = flz,y) + g(z,v),
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the multiplication is given by convolution

Frg)ay) = 3 flx.a)gla,y),

and the scalar product is given by (rf)(z,y) = rf(z,y) forallr € R.

In this note, we will examine multiple different operations on functions on posets. For
this reason we will reserve juxtaposition only for products of elements in the ring R. Oth-
erwise we will denote products of functions with specific operation names like *.

It turns out that I(P, R) is a non-commutative R-algebra with identity element given
by the Kronecker delta function

1 ifz=uy,
6<x,y>={ Y

0 else.

There are two other very important elements in I(P, R).
Definition 2.3. The zeta function ( € I(P,R) is defined as the constant function on
FI2(P)
((z,y) =1
for all (z,y) € FI?(P). The Mébius function p € I(P, R) is defined by

> )= > pla,y) =6(z,y)

z<a<y z<asy

for all (z,y) € FI2(P).

The Mobius function was originally defined by Mobius (see [20]) on the poset of the
natural numbers ordered by division for the purpose of inverting the Riemann zeta function.
Since then the Mobius function has been used in many different contexts and broadened by
the work of Rota in [26]. For our discussion, it is important to note that 4 is the multiplica-
tive inverse of the zeta function

wxC=Cxp=24.

Now we review how the incidence algebra functor factors over products. Recall that for
posets P and Q the product poset is P x Q with order given by (x1,x2) < (y1,y2) if and
only if z; < y; and z2 < yo.

Proposition 2.4 (Proposition 2.1.12 [27]). If P and Q are locally finite posets then
(P, R) @ 1(Q, R) = I(P x Q, R).

Because of Proposition 2.4 we define the following operation on functions. In order to
the make the exposition clear in the case when we are dealing with functions over different
posets, we will put the poset in the subscript. For fp € I(P, R) and go € I(Q, R) define
frp xgo €I(Px Q,R) by

(fr x go)((w1,72), (y1,92)) = fr(®1,y1)90(T2,y2).

We will use this notation and the following consequence of Proposition 2.4 in our study in
Section 5.
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Corollary 2.5. If P and Q are locally finite posets then pp X g = Upx Q-

Next we recall how the Mobius function counts chains (or is an Euler characteristic for
the order complex). For (z,y) € FI?(P) let

ci(z,y) = ’{(ao, cooya;) € FI' Yk ay, < apyq and ag = x and a; = y}|
be the number of chains of length ¢ between x and y.

Theorem 2.6 (Phillip Hall’s Theorem [13]; Proposition 3.8.5 [28]). If P is a locally finite
poset and (z,y) € FI2(P) then

pla,y) = (=1 es(z,y).

%

Now we review Rota’s Crosscut Theorem. Let L be a finite lattice with 0 the minimum
element and 1 the maximum element. Usually, Rota’s Crosscut Theorem is stated globally
in the lattice giving a formula for ,u(@, i). However, for our generalization we will need a
local version.

Definition 2.7. Let (z,y) € FI?(L). A lower crosscut of the interval [z, y] = {a € L|z <
a <yltisaset Sy, C [z,y]\{z} such that if b € [z, y]\(Ss,, U {x}) then there is some
a € Sy with a < b. A upper crosscut of the interval [z, y] is aset T, ,, C [z, y]\{y} such
thatif a € [z, y]\(T%,y U {y}) then there is some b € T, , with a < b.

This definition gives Rota’s famous Crosscut Theorem which we state in the style of
Lemma 2.35 in [22] for use in arrangement theory.

Theorem 2.8 ([26, Theorem 3]). If L is a lattice, (z,y) € FI*(L), and S, , is a lower

crosscut of [x, y] then
p(zy)= Y (~nHl

ACS: .y
V A=y

Dually, if T, ,, is an upper crosscut of [z, y| then

pla,y) = > (=1~

BCTy y
N\ B=z

Next we consider Weisner’s Theorem (see [31]).

Theorem 2.9 ([28, WeiAsner’s Theorem, Corollary 3.9.3]). If L is a finite lattice with at
least two elements and 1 # a € L then

Z w(z,1) = 0.

z€L
xAa=0

Now we recall one more result that follows from this classical result for matroids: the
Mobius function of the lattice of flats of a matroid alternates in sign.

Lemma 2.10. If L is a finite semimodular lattice then sgn(u(x,y)) = (—1)™%@)+rk),
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3 A 3-variable incidence non-associative near-ring

In this section, we define the algebraic structures where our invariants live. It turns out that
these algebraic structures support various operations that can yield nice formulas. Later
these formulas will be used to show certain formulas and relations on our new invariants.

Definition 3.1. Let R be a commutative ring and P be a locally finite poset. Define the
3-variable incidence left near-ring as

J(P,R) = Hom(FI*(P),R)
with binary operations as follows:
e For f,g € J(P, R) we define addition by
(f +9)(,y,2) = f(@,9,2) + 92,9, 2)-
* For f,g € J(P, R) we define a multiplication by
(fr9)@y2)= Y. flx,aa)gayb)f(bb,=2)
(a,0)(z,y,2)

where the juxtaposition in each term is multiplication in the ring R and (a,b) <
(z,y,z)means z < a <y <b< zinP.

First we show that J(P, R) is indeed left distributive.
Proposition 3.2. If P is any poset then the multiplication > in J(P, R) is left distributive.

Proof. Let f,g,h € J(P,R) and (,y, z) € FI3(P). Then

(fr(g+m)@y,2)= Y. flx,a,a)(g+h)(ay,b)f(bb,2)

(a,0)d(z,y,2)

= > flx.a,0)(gla,y,b) + h(a,y, b)) f(b,b, 2)
(a,b)<(z,y,z)
= > flx.a,a)g(a,y,b)f(b,b,2)
(a,b)<d(z,y,2)
+ Z f(maa7a)h(aay>b)f(b7 b,Z)
(a,b)d(z,y,2)
= (f>9)(@,y,2) + (f > h)(z,y,2). O

Remark 3.3. With this + the set J(P, R) is an abelian group. It would be convenient if
J(P, R) were naturally an R-algebra. However, this is far from the case as we will see.
Even the natural action of R on J(P, R) is flawed. Let r € R and f,g € J(P, R) then

re(f>g)=f>@-g)but(r-f)>g=r>-(f>g).

Fortunately, though, there are a few special functions in J(P, R) that provide substantial
information. We will use these to study the structure of J(P, R) and define other special
elements later.



J. Johnson et al.: A non-associative incidence near-ring with a generalized Mobius function 213

Definition 3.4. Assume that 1 is the multiplicative identity and O is the additive identity
in R.

* Define d5 € J(P, R) by

0 otherwise

1 ife=y==2
53(%%2):{ y

* Define (3 € J(P, R) by setting (3(x,y,2) = 1 for all (z,y, z) € FI3(P).

With these functions we can investigate basic properties of J(P, R).
Proposition 3.5. The element 63 € J(P, R) is a left multiplicative identity.
Proof. Let f € J(P, R) and (z,vy,2) € FI>(P). Then

(03 > f)(z,y,2) = Z 03(z,a,a)f(a,y,b)d3(b, b, 2)

(a,0)(w,y,2)
:63(x,x,x)f(x,y,z)&;(z,z,z) :f(xayaz) O

In the next three propositions we note that in general J(P, R) is not commutative, as-
sociative, or right distributive. We could do this with a single example, however these
propositions show that J(P, R) is basically never commutative, associative, or right dis-
tributive.

Proposition 3.6. If P is a non-trivial poset (it has at least two comparable elements) or
the base ring is not Boolean (not idempotent), then the multiplication > in J(P, R) is non-
commutative and &3 is not a right multiplicative identity.

Proof. Let (x,y,z) € FI3(P) and suppose that either z < y or that y < z in P or that R
is not Boolean. Under these assumptions we can construct a function f € J(P, R) that has

fzyy,2) # f(x,y,9)f(y,y, 2). Then from Proposition 3.5 we have (03 > f)(z,y,2) =
f(@,y,2) but (f > 63)(2,y,2) = f(z,9,9)f(y, v, 2)- O

The proof for the next fact is very similar.

Proposition 3.7. If P is a poset with three elements x,y, z satisfying © < y < z or the
base ring is not Boolean (not idempotent), then the multiplication > in J(P, R) is non-
associative.

Proof. Let (x,y,2) € FI*(P) be three elements satisfying + < y < z in P or that R is
not Boolean. Under these assumptions we can construct a function f € J(P, R) that has

@y )y, f(y,y,2) # f(2,9,9)f(y, y, 2). Compute
((f%ég)*&g))(.’l?,y,z) = Z (f%ég)(%,@,d)ég(&,y,b)(f>—(53)(b7b,2)
(a,0)(w,y,2)
= [(f > 03) (@, y, 9)][(f > I3)(y, y, 2)]
= [f@y.9)f .y DI (W99 f (4, 2)].
Then from Proposition 3.5 we have (f > (d3 > 535)(x,y,z) = (f » d3)(z,y,2) =

f(z,y,y)f(y,y, z) which is different from ((f > d3) > d3))(z,y, 2) by our assumption
on f. O
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Proposition 3.8. If P is a non-trivial poset (it has at least two comparable elements) and
R is any non-trivial commutative ring, then the multiplication > in J(P, R) is not right
distributive.

Proof. Let (z,y,z) € FI3(P) and f € J(P, R) be any function such that f(z,y,y) +
f(y,y,2) # 0. Then

(f+G) =)y, 2) = > (f+G) (@ a,a)ds(a,y,0)(f + ()b, 2)

(a,)A(w,y.2)
= [(f + &)=, y, Y[ + ), y,2)]
= f(z,9,9)f(y,y,2) + f(z,9,9) + f(y,9,2) + 1.

On the other hand we have

((f > 03) + (G > 63))(@,y,2) = [y, 9) [ (4,9, 2) + G(2,5,9)C(, y, 2)
= [y, 9)f(y,y,2) +1
which by the hypothesis on f we have the right distributive property not holding. O

With Propositions 3.5, 3.6, 3.7, 3.2, and 3.8 we conclude that J(P, R) is a left only
unital, non-commutative, non-associative, near-ring (see [25] for this terminology). Also,
note that there is the zero function Z € J(P, R) which satisfies Z » f = f > Z = Z for
all f € J(P, R). Further note that addition in J(P, R) is abelian. Hence J(P, R) is an
abelian, zero-symmetric, left only unital, non-commutative, non-associative, near-ring. It
is worth noting that in general J(P, R) is not even close to being associative on both sides
and is not an alternative algebra or any similar generalization.

Now we look at a few special cases that do not satisfy the hypothesis of some of these
propositions.

Example 3.9. Let P = By = {0} be the poset with just one element and R any commu-
tative ring. Then as a set J(By, R) = R, but multiplication is given by a > b = aba = a?b.
If R is Boolean then J(By, R) = R. Otherwise, this near-ring is not associative, not com-
mutative, and is only left unital.

Example 3.10. Let P = B; = {0, 1} be the Boolean poset of rank 1 and R be any Boolean
ring (one example would be ). Then the hypothesis of Proposition 3.7 is not satisfied and

the non-equality f(2,y,y) f(y.v,9)*f(y.y,2) # f(z,y,9)f(y,y, 2) used in the proof is
always equal. It turns out that in this case J(Bi, R) is associative and we prove this now.

In order to shorten the calculation we will denote (0,0, 0) by 0 and (1,1, 1) by 1. First we
see that

-,

) = (f > (g> h))(0).

(0
mpute
9)(0,0,1)

D(f > 9)(T)

)£(0,0,1) + f(0)g(0,0,1) f(1)]

((F > 9) > W)(0) = F(D)9(G
Then for the non-trivial tuple (0,0, 1) we
((f > 9)> h)(0,0,1) =(f > g)(0)A(0)(
+(f >~ 9)(0)h(
=£(0)g(0)h(0)[f(0)g(
+ f(0)g(0)h(0,
(

0)h
co
>
0,0,1)
— 0)g(0)f
0,1)f(1)g(T)

=£(0)g(0)h(0)£(0,0,1) + £(0)g(0)h(0)g(0,0,1) f(T)

-, —.

+ f(0)g(0)h(0,0,1) f(1)g(T).
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Then the other side of the associative identity is

-,

(f > (9> 1))(0,0,1) =£(0)(g = h)(0)£(0,0,1) + f(O
(5) (0)2(0)£(0,0,1) + f(0)
+g(0)n(0,0, 1)g(D)] £(T)
=((f>g)>h)(0,0,1).
Hence J(B1, R) is associative. This example does satisfy the hypothesis of Proposition 3.8.
Hence J(Bj1, R) is a (associative) left abelian (addition is commutative) near-ring. That’s
about as good as it gets though. For example, if R = Fo then J(B1,F5) is not a near-field

because any function with f(0) = 0 and f(0,0,1) = 1 does not have an inverse. For
exactly the same reason 03 € J(B1,F2) is still not a right identity element.

)[(g> 1)(0,0,1)] £(T)
[9(0)1(0)g(0,0,1)

4 Operations on incidence functions

In this section we look at a relationship between the classical incidence algebra I(P, R)
and J(P, R). For f,g € I(P, R) we define fOg € J(P, R) by setting

(FO9)(2,y,2) = flz,y)9(y, 2).

We can use the ¢ operation to construct interesting elements in J(P, R). There are rela-
tionships between the operations  in I(P, R), > in J(P, R), and ¢.

Proposition 4.1. If f,g,7,s € I(P,R) and f(b,b)g(a,a) = 1 forall a,b € P then

(fOg) = (r0s) = (f x7)O(s x g).
Proof. Let (z,y,z) € FI3(P) and f,g,r,s € I(P, R). Then

((£09) > (rOs)(@,y,2) = D (fO9)(w, a,a)(r0s)(a,y, b)(£09)(b, b, 2)

(a,b)d(z,y,2)

= Y flaa)g(a,a)r(a,y)s(y,b)f(b,b)g(b, 2)

(a,0)(z,y,2)

Y. f@ary) | | D sly,b)gb,2)

z<a<y y<b<z

[(f ) (@, y)] (s * 9)(y, 2)]
=((f *r)0(s * 9))(2,y,2)

where the third equality only holds due the the assumption. O

One can see from the proof that without the hypothesis on f and g that the equality will
not hold. Hence there is no hope for this to give any kind of near-ring homomorphism from
a twisted product version of I(P, R) x I(P, R). Also, the natural addition homomorphism
assumption does not hold. Instead we have the following proposition which does not have
special hypothesis on the functions. For this proposition there are two different additions,
for I(P, R) and J(P, R), which for brevity we use the same addition symbol.
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Proposition 4.2. If f,g,r,s € I(P, R) then

(f +9)0(r + 5) = (fOr) + (FOs) + (90r) + (90s).
Proof. For all (x,vy,2) € FI3(P)

(f +9)0(r +9)(2,y,2) =(f(z,y) + g9(x,9))(r(y, 2) + s(y, 2))
=f(z,y)r(y,2) + f(z,y)s(y, 2) + g9(z, y)r(y, 2)+
9(w,y)s(y, z)
=((fOr) + (f0s) + (907) + (908)) (2,9, 2)

which is the identity we are looking for. O

We can also define products of functions on products of posets over 3-flags. We prefer
to limit our study of J(P, R) to this product definition since the technicalities of tensor
products over non-associative near-rings would present significant and unnecessary com-
plications.

Definition 4.3. Let P and Q be locally finite posets, fp € J(P, R), and go € J(Q, R).
Define fp x gg € J(P x Q, R) by

(fr x go)((z1, 22), (Y1, 92), (21, 22)) = fp(z1, 41, 21)90 (%2, Y2, 22).-
Now we show how the {) operation is compatible with products of posets.

Proposition 4.4. If P and Q are locally finite posets, fp,gp € I(P,R), and rg,sg €
I(Q, R) then
(frOgp) x (roQsq) = (fp x 10)0(gp X 5q).

Proof. Let ((x1,72), (y1,Y2), (21, 22)) € FI3(P x Q). Then
((fOg) x (r0s))((z1,22), (Y1, ¥2), (21, 22))

= [(fOg)(z1,91, 21
= [f(z1,91)9(y1, 21

(r0s) (w2, y2, 22)]

= [f(x1,y1)r(z2,92)] [9(y1, 21)5(y2, 22)]
= [(f xr)((z1,91), (72,92))] [(9 % 8)((y1, 21), (y2, 22))]
= ((f x1)0(g x 8))((z1,22), (y1,y2), (21, 22))

which completes the proof. O

)]
)] (@2, y2)s(y2, 22)]
)]y
)]

As in Proposition 4.4 we will now show how the operations x and > factor over prod-
ucts of posets. We use subscripts on these operations to keep track of which poset the
operation is applied.

Proposition 4.5. If P and Q be locally finite posets, fp,gp € J(P,R), and rg,sg €
J(Q, R) then

(fp>Pgp) X (rg>gsa) = (fp X 1g) >pxg (9p X 50).
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(y1,92),Z = (21, 22) € P x Qso that (T,7,%) € FI*(P x

Proof. LetT = (w1,22),7 = T
= (by,b) € P x Qsothat (@,b) € FI2(P x Q). Then

Q) anda = (a1,as),b

= fr(z1,a1,a1)gp(ar, y1,b1) fp(bi, b, 21)

ro(x2, a2, a2)s0(az, y2,b2)ro (b2, be, 22)
= [(fp > gr)(x1,y1,21)] [(ro > s0) (72, Y2, 22)]
= ((fp>pgpr) x (rg >0 50))(7,7,%)

which is the required identity. O

5 The J-function

Let P be a locally finite poset. In this section we define the central invariant of this note
which we call the J function. This function is a generalization of the classical Mobius
function p. We show that it satisfies generalizations of the classical theorems on p. A key
ingredient for these results is the operation ¢.

Definition 5.1. Define J: FI3(P) — Z for all fixed (z,y, ) € FI*(P) by

Z J(a,y,b) = d5(z,y, 2).

(a,0)(z,y,2)

This function is well defined because either x = y = z with J(x, y, z) = 1 or otherwise
all of the following summations are finite

J(x’yaz):_ Z Z J(a’y7b)

r<a<y |y<b<lz

- Z J(aayvz)_ Z J(:C,y,b)

r<a<ly y<b<z
Note that J is exactly the function in J(P, R) such that
(3> J = 03. (5.1)

This is a good reason why we say it is a generalization of the classical Mdbius function
and below we show that there are a few more interesting reasons. It turns out that this
function was actually defined before in [30] with the notation 4 and is exactly given by
the ¢ product construction in the previous section.

Theorem 5.2. For any locally finite poset P we have J = pb = pdp.
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Proof. This follows from Proposition 4.1 since ¢ € I(P, R) satisfies the hypothesis and

G (1Op) = (COC) » (nOp) = (¢ * p)O(p * ¢) = 600 = d3.
Hence J and pQp satisfy the same recursive definition. O

Now we can use all the classical properties of 1 to conclude information about J. We
start by noticing that .J is also a left inverse of (3.

Corollary 5.3. J > (3 = 3.

Proof. Since p satisfies the hypothesis of Proposition 4.1 we get

> Gz = (udp) » (COC) = (u* Q)O(¢ * p) = 605 = 03
which is the desired result. O

Interpreting Corollary 5.3 in terms of the definition and sums in the ring R we get the
following.

Corollary 5.4. For any locally finite poset P and (z,vy, 2) € FI>(P) we have
Z J(x,a,a)J(b,b,z) = d5(x,y, 2)
(a,0)<d(z,y,2)

and in particular

Z u(:p,a)u(b,z) = (53(56,@/,25).

(a,0)d(z,y,2)

Now we look at how the J function behaves over products. It turns out that J factors
over products.

Proposition 5.5. If P and Q are locally finite posets then Jp x Jg = Jpxo.

Proof. For posets P and Q we have Jp x Jg = (upQup) x (pgQpgo) by definition. By
Proposition 4.4 (upQup) X (uoQug) = (up X po)O(up X pg). Then using Proposi-
tion 2.5 we get (up x po)O(up X po) = pipxoOuprxo = Jpxo. O

Next we look at a generalization of Phillip Hall’s Theorem. For (z,y, ) € FI3(P) set
Ciﬁj({E, Y, Z) = |{(a0, ey ai+j) E.Fli+j+1 : Vk, ar <ak+1 and ag = T,05 =Y, Gj45 = Z}|

There is a bijection between the underlying set of ¢; ;(x, y, z) to the product of the under
lying sets of ¢;(z, y) and ¢;(y, z). This results in the following.

Lemma 5.6. If P is a locally finite poset and (x,y,z) € FI3(P) then c¢; j(z,y,z) =
(2, 9)e5 (9 2).

This leads to a generalization of Phillip Hall’s Theorem for the J function.
Theorem 5.7. If P is a locally finite poset and (x,vy, 2) € FI3(P) then

J(z,y,2) = Z (—1)i+jci’j(x,y7z).

i,jEN
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Proof. Let (x,y,z) € FI3(P). By Theorem 5.2 J(z,vy,2) = u(z,y)u(y, z). Then using
Theorem 2.6 we get

J(JJ, Y, Z) = lZ(_l)ici(xa y)] Z(_l)jcj (Z/, Z)

i€N jEN
= > () eilz,y)eily 2).
4,J€N
Lemma 5.6 finishes the proof. 0

Now we focus on a version of Rota’s Crosscut Theorem for the J function. We state
this following the style of Lemma 2.35 in [22] and Theorem 2.4.9 in [19], which are forms
of Rota’s original Crosscut Theorem in [26]. To state this result we need the following
definition.

Definition 5.8. Let L be a finite lattice, (z,y,2) € FI3(L), Sy, be a lower crosscut
of [z,y], and S, . be a lower crosscut of [y, z] as in Definition 2.7. We call S, . =
Sz.y L) Sy,» a double lower crosscut of (z,y, z) and call S, , and S, , the components of
Sz,y.- Similarly we can define T, ,, , = T, | | Ty, > (as well as STy, . = Sy || Ty,-
and T'S; > = Ty y | | Sy,2)-

Theorem 5.9. If L is a finite lattice, (z,y, z) € FI*(L), Sy » is a double lower crosscut
of (z,y, z) with components S, and Sy , then

Sy = 3 (~pAL

ACS, .y -

V(ANSz 4)=y
V(ANSy, -)==

Proof. Again we use Theorem 5.2 together with the classical Theorem 2.8

J(xv Y, Z) :M(‘T7 y),u(y> Z)

Z (—1)l4l Z (—1)l42]

A1CSz,y A2CSy -
\/Alfy \/A272

Z Z \A1\+|A2

A1CSy.y AsCS, .
VAi=y V Ax=z

Since the union in Definition 5.8 is disjoint |A; | + |A2| = |A1 | | A2| and we have finished
the proof. O

We end this section with a generalization of Weisner’s Theorem 2.9. The interesting
observation of this fact is that the middle variable of the function is crucial.

Theorem 5.10. If L is a finite lattice with at least three elements and 0 < a < b € L then

> J(z,b1)=0.

zeL
xAa=0
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Proof. We compute the sum again using Theorem 5.2:

Z J(xabvi): Z H(fﬁab)ﬂ(bai)

el T
2Aa=0 xAa=0
:r/\i:ﬁ
= u(b,1)-0=0
since a < b we can apply Weisner’s Theorem 2.9. O

Remark 5.11. There is a dual version of this result where we sum over the left most
variable as in [26]. However, we do not see a version that sums over the middle variable.

6 Generalized characteristic and Mobius polynomials

In this section we examine two polynomials defined by summing over all values of the J
function on a ranked poset. One mimics the characteristic polynomial of a matroid and the
other looks like a one variable M&bius polynomial. We find more interesting information
inside the generalized Mobius polynomial than the generalized characteristic polynomial.
That is opposite of the state of affairs in the literature on the classical polynomials, but we
do not know why.

Definition 6.1. For P a ranked finite poset with minimum element 0 and maximum element
1 the J-characteristic polynomial of P is

j(P t rk (P) Z trk('P) rk(z )
zeP
Definition 6.2. Let P be a ranked finite poset and for (x,vy,2) € FI*(P) let p(z,y,2) =
3rk(P) — rk(z) — rk(y) — rk(z). The J-Mobius polynomial of P is
MPt)y= > Ty,
(z,y,2)€FI3(P)

We may sometimes refer to rk(P) — rk(x) as crk(z). These polynomials satisfy some
nice basic properties. For example it turns out that the coefficients of 7 (P, t) are positive
for nice P. For convenience if L is a ranked poset let L, = {z € L|rk(x) = k}.

Proposition 6.3. If L is a finite semimodular lattice then the coefficients of J(L,t) are
positive.

Proof. Using Theorem 5.2 we get that

j(L t rk (L) ZM O £E £E 1 trk(L) rk(:r).
z€eL
So, the coefficient of t* is

= (037 (0, 2)u(e, ).

x€Ly,



J. Johnson et al.: A non-associative incidence near-ring with a generalized Mobius function 221

Then note that by applying Lemma 2.10 we have
sgn(p(0, 2)pu(, 1)) = (1 KOO (1D = (1)),
Hence sgn(c) = (—1)2(F) =1, O
Now we look at a foundational property for the J-M&bius polynomial.

Proposition 6.4. If L is a finite lattice with at least two elements then M(L,1) = 0.

Proof. Since L is a finite lattice with at least two elements we know there is a minimum
element 0 and a maximum element 1. Then

M(P,1) = Z J(z,y, 2)

(z,y,z)EFI3(L)

:Z Z J(xayvz)

YeL | (2,2)(0,9,1)

= Z [53(67 Y, i)]

yeL

Since L has at least two elements 0 #+ 1so 53(0 Y, ) is zero for all y. O
We also have products formulas for both of these polynomials.

Proposition 6.5. If P and Q are ranked finite posets then J (P x Q,t) = J(P,t)J(Q,1).

Proof. Using Proposition 5.5 we get that

TPHIT(Q.t) = [ (=1 P37 Jp(0,p, D@ || (~1)MD 3 Jo (0, g, 1)ek@
peEP qeQ
= ()P NS (0,5, 1) Jo 0, g, Dyt ek
pEPGEQ
= (—1)™P*2 N Tpo((0,0), (p.g), (1, 1))tk PD
(p,9)EPXQ
=J(P x Q,t).
O

The proof of the following is almost identical.

Proposition 6.6. If P and Q are ranked finite posets then M(P x Q,t) =
M(P,t)M(Q,1).

Now we can use these product formulas to establish formulas for Boolean matroids.

Proposition 6.7. If B,, is the Boolean lattice then

T(Bnit) = (t+1)".
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Proof. We start with B;. This poset has two elements B; = {0,1}. So, J(Bi,t)
(=1)(J(0,0,1)t! + J(0,1,1)t%) = t + 1. Then the result follows since B,, = (B1)".

o

Proposition 6.8. If B,, is the Boolean lattice then
M(Bp,t) = (t+1)"(t — 1),

Proof. Again we first compute M (By,¢). The only coefficients are J(0,0,0) = 1,
J(0,0,1) = -1, J(0,1,1) = —1 and J(1,1,1) = 1. Then the result follows from

M(By,t) =J(0,0,0)t* + J (0,0, 1)t* + J (0,1, 1)t + J(1,1,1)
=t3 2 —t4+1
=(t+1)(t —1)?

and the application of Proposition 6.6. O

Proposition 6.9. Let P, be a geometric lattice of rank two with n atoms (rank 2 matroid
with n elements a.k.a. Us ). Then M(Py,,t) = (£ —nt + 1)(t + 1)2(t — 1)~

Proof. We prove this by induction on n. The base case is n = 2 and is given by the n = 2
version of Proposition 6.8. Now assume n > 2. The lattice P,, consists of 0, 1, and n
atoms ar, . . . , o, Now Jp, (0,0,1) =n — 1 and Jp, (0,1,1) = n — 1 are the only Jp,
values that do not have «,, as an entry and incorporate ¢, in it’s recursive definition. So,
Jp, (0,0,1) = Jp,_,(0,0,1) + 1 and similarly for (0,1, 1). Incorporating this difference
into the calculation we get that

M(Pryt) =M(Pp_1,t) +t* + 12+ J(0,0, a,)t° + J(0, an, an)t* + J(0, ayy, 1)83
+ J(an, 0y )t 4 J (0t o, 1)1+ T (0, 1, 1)t

B =(n—Dt+ D)+t —1)% = (t° =22 + 1)

=(t? —nt+1)(t+1)%(t—1)2

which is the desired formula. O

Now we consider a decomposition of M(L,t) for a finite lattice L. If L is a finite
lattice then L°P is the same underlying set as L but with the order reversed (i.e. x <°°P y
in L°P if and only if x > yin L). Alsofory € Llet L, = {z € Ljz < y} and
LY = {z € L|x > y}. Now we can state the result.

Proposition 6.10. If L is a finite ranked lattice then

ML, ) = ¢ =gk (LY 1) ((LP)Y, 7).
yeL
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Proof. First we note that for z < y € L the Mobius function on L°P has u°P(y,z) =
w(z,y) and that rank is corank in L°P. Then again using Theorem 5.2 we compute

M(L,t) = Z J(z,y, 2)tP@v?)
(z,y,2)EFI3(P)

=Y 3N ulay)uly, ek reku)tekz)

yELz<yz>y

— Z 2fcrk(y) Z /.L(Z‘, y)tcrk(z) Z Iu(y7 Z)tcrk(z)

yeL <y 22y

= DL, 1) 3 i, )t

yeL z<y
— Z tcrk(y)X(Ly7 t)trk(L) Z Mop (y’ x)t—rk(w)
yeL r>0oPy

=t Y (LY, OX((LP)Y, 7). -
yeL

We can use Proposition 6.10 to compute M (P, t) for cases where x(P,t) is well
known. Let Ly be the modular lattice of all subspaces in Iy, a vector space of dimen-
sion n over a field with g elements. The Mobius function and the characteristic polynomial
of Ly are well known.

Proposition 6.11 ([34, Proposition 7.5.3]). In L;L we have
(0, 1) = (~1)"¢(%)

and
n—1

x(Ly, ) =Tt —d).

=0

Using this we can get a nice formulation for M(L7,t). First we need to recall some
terminology from g-series. Let

[n} _ (" =1---(a—-1)
klg (@"=1)-(g=1-(¢"F=1)---(¢g—1)

be the ¢g-binomial coefficient (aka Gaussian coefficient). Also, we denote by

n _In n—ki| |n—(k1+-kn-1)
ki, ko, ... km q_ k1 . ko . km

the g-multinomial coefficient. We also use the g-Pochhammer symbol

q

n—1

(a;q)n = [T (1 = ad).

=0
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We use [3] for a general reference for g-series. Using Proposition 6.11 we get the following.
Proposition 6.12. If Ly is the modular lattice of subspaces of ¥y then

ot = —1)F " (2)+ (427 gnimi—k
ME = S ] ook

0<i<j<k<n

Proof. Use that [ﬂ counts the number of subspaces of dimension & in Fj and apply

q
Theorem 5.2 to J in M (L, t) together with Proposition 6.11. O

Now we can reformulate Proposition 6.12 using Proposition 6.10 together with Propo-
sition 6.11 to get a nice identity in g-series.

Proposition 6.13. If Ly is the modular lattice of subspaces of Iy, then

n—k—1 k—1
Mg = ¥ e 1] T =) [Te- o)

0<k<n

It turns out that —1 is a root of M(Ly,t). We need a few results in order to prove this.
First we present a formula or g-identity which seems to be a kind of ¢-generalized binomial
theorem (the authors could not find it in the literature). It’s interesting that in the odd case
the sum trivially collapses but not for the even case.

Lemma 6.14. Ifn > 0 then

n

04[] s o

k=0 q

Proof. Let

- B o

which is the left hand side up to the n — 1 term divided by the n'" term. Using tech-
niques from [24] and Mathematica [15] we build a recursion for S(n). We compute
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(14 g )S(m) = 3 (-1 (q’“ {”;1} - {Z:ﬂ > il

— 3 (—1)k {n— 1} <_1§Q>n7k—1(_1§Q)k(qk Fh)

k (—1;¢)n—1

— n—1] (=1 @)n—r(—1;9)

i kzl(il)k [’f - 1] ¢ Ligna

n—2
_( 1yn—lo m—1 k=1 CL@e—k-1(=1@)k g
=T ) () { k } EST —

nfzi c =11 (=L@ (=LiQk ,_;
+kz_:( 1) [ k L (=1;¢)n-1 !

i nz_:(—l)k“ [n — 1} q (—1; Q)T(L_(llc:r;)):—ll; Qrt1

R N e e (A

Now we prove with induction that S(n) = (—1)""!. First we see that S(1) = 1. Then
using the recursion above we have

(1+¢"HS8(n) = (~=1)""2¢" " =" (=) ()" = (=) (" + 1)
which finishes the proof. O

Proposition 6.15. If Ly is the modular lattice of subspaces of Fy} then M(Ly,—1) = 0.

Proof. Evaluate the expression in Proposition 6.13 and apply Lemma 6.14. 0

Now we can prove the main result of this section.
Theorem 6.16. If L is a modular geometric lattice (modular matroid) then M(L, —1) = 0.

Proof. Use the classical result that a modular geometric lattice is product of Boolean and
projective spaces (see 12.1 Theorem 4 in [32] or Proposition 6.9.1 in [23]). Then the result
follows from Propositions 6.15, 6.8, and 6.6. ]

Remark 6.17. The proof of Theorem 6.16 is done in cases. It would be interesting if there
was a case free proof just using the modular property.
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Remark 6.18. At first when looking at examples of M on the lattice of flats L(M) of
a matroid M it seems that the converse of Theorem 6.16 might be true. As for even the
simplest non-modular matroid Us 4 has M polynomial

M(L(Us ), t) = (t —1)(t* = 3t7 — 1% +12¢° — 2¢* — 12¢* + 3t + 5t — 1)

which does not have a factor of (¢t + 1). However, the converse is false, but the example
seems rather special. Using the SageMath computer algebra system [10] we compute

M(L(M*(K33)),t) = (t*° — 9t7 +22¢% + 12¢7 — 8145 + 21¢°

+ 69t* — 183 — 3442 + 15t — 1)(t + 1)(t — 1)
where M* (K3 3) is the dual matroid of the graphic matroid corresponding to the complete
bipartite graph K3 3. Since M*(K33) is a connected non-modular matroid (it does not

have a modular direct summand) this example gives a connected non-modular matroid that
has —1 as a root of M. This example and Theorem 6.16 motivate a few questions.

Question 6.19. Is there a rank 3 non-modular connected matroid M such that M (M, —1) =
0?

Question 6.20. Is there a classification of all matroids whose M polynomial has -1 as a
root?

Question 6.21. Is there a nice enumerative combinatorial interpretation for M (M, —1)
where M is a matroid (i.e. what does it count)?
6.1 No Deletion-Contraction

‘We now show that 7 and M are not some evaluation of the Tutte polynomial for matroids.
We first recall the following definition.

Definition 6.22. We say that a function f from matroids to a ring R is a generalized Tutte-
Grothendieck invariant (following [4] Sec 1.8.6) if there exists a, b € R such that for every
matroid M and element of the ground set e € M

f(M\e)f(L) if e is a loop
fM) =< f(M/e)f(C) if e is a coloop
af(M\e)+bf(M/e) otherwise.

where L is the matroid consisting of exactly one loop and C' is the matroid consisting of
exactly one coloop.

Let U, ,, be the uniform matroid of rank r on n elements and recall that U,. , = B, are
Boolean or free matroids. Then, a direct computation gives J (B1,t) = ¢t + 1 and

T (Uzpyt) = (n—1)t* +nt +n—1.

Hence J(Us 3,t) = 2t2 + 3t + 2. Then any deletion is Us 3\e = By and any contraction
is Uz 3/e = U 5. Putting this together with Definition 6.22 and assuming that 7 is a
Tutte-Grothendieck invariant

202 + 3t +2=a(t* + 2t +1) + b(t + 1).
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However, this is a contradiction since ¢ + 1 is not a factor of the left hand side.
The same result for M needs two more steps. Looking at the same matroid and using
Proposition 6.9 we get

MUz z,t) = (t* =3t + 1)t + 1>t —1)2 =at+ 1)t - D)* + bt +1)(t - 1)?

which reduces to
b=+ 1) =3t +1) —a(t+1)(t— 1)

Then we look at U, 4 and again assume M is a Tutte-Grothendieck invariant
M(Usg,t) = (2= 4t+1)(t+1)%(t—1)% = a(t* =3t +1) (t+1)*(t—1)> +b(t+1) (t—1)2.
Inserting the above value for b and reducing we get
2 —dt+1=a(t> =3t +1)+ (t* =3t +1) —a(t — 1)*
which gives a = 1 and makes b = —¢(¢ 4+ 1). But then
M(Usg,t) = (t — 1) (t% — 3¢7 — % 4 1265 — 2t* — 12¢3 + 3¢2 + 5t — 1)
which does not have a factor of ¢ + 1. This is a contradiction since the right hand side
M(Us.a\e, t) —t(t +1)M(Usa/e,t) = M(Usz,t) — t(t + 1)M(Us3,t)
does have a t + 1 factor.

6.2 Valuations

Here we study the invariant M over matroid subdivisions. One could focus on a wider
range combinatorial objects like posets but we are motived by applications to matroid the-
ory. First we recall the basis matroid polytope (using [6] as our general reference for this
material). A matroid M can be defined via its set of bases B(M) which are all the inde-
pendent sets of M whose size is the rank of M. Then, the matroid polytope of M is

P(M) = Conv{ep|B € B(M)}

where eg = e;, + -+ -+ e;, with B = {iy,...,i,}. Now we need a few key definitions to
state our main result.

Definition 6.23. A matroid polyhedral subdivision of a matroid polytope P(M) is a col-
lection of polyhedra {P;} such that | J P, = P(M), each P; is a matroid polytope whose
vertices are vertices of P(M ), and for ¢ # j if P; (| P; # 0, then P; () P; is a proper face
of both P; and P;.

Now we want to know how invariants decompose across subdivisions which gives rise
to valuations. We will use what is called a weak valuation in [6] but we follow [5] and just
say valuation. This makes sense since by Theorem 4.2 in [6] for matroids weak valuations
are actually strong valuations.
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Definition 6.24. Let P be the collection of matroid polytopes and R a commutative ring.
A function f: P — R is a (weak) valuation if for any matroid polytope P(M) and any
matroid polyhedral subdivision with maximal pieces { P(My), ..., P(M})} we have that
f(0) =0and

M) = Y (FUUf(P(M)N---0 P(M,).

{51, 5i YC[K]
Finally we can state the result for the invariant 7 in terms of valuations.
Proposition 6.25. The polynomial [J is a valuation on matroids.

Proof. Using the decomposition of the J-function given in Theorem 5.2 we know that

T(M,t) = (~) D 3™ (0, X)u(x, Dk
XeL(M)

where 1 is the maximal flat of M. Hence as a function from the collection of matroids to
Z[t] we can represent the function 7 as

J = (il)Zfl*fz

where f1 * fo = mo (f1 ® f2) o Agp from the notation in Theorem C in [6] and f; =
xm(0) and fo = x M(O)trk(M ). Since f; and f, are both Tutte-Grothendieck invariants for
matroids and are evaluations of the Tutte polynomial we can conclude that f; and fo are
both valuations from Proposition 7.5 in [6]. Finally putting it all together Theorem C in [6]
finished the result. [

We conclude with a natural question. The polynomial M (L, t) is slightly more com-
plicated but has promising properties that seems to imply it should be a valuation.

Question 6.26. Is the polynomial M a matroid valuation? It seems that Proposition 6.10
with Proposition 7.5 and Theorem C in [6] is essentially the proof. However that would
use that the characteristic polynomial on the flipped lattice of flats L(M)°P is a matroid
valuation.
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Abstract

The first Weyl algebra A; (k) over a field k is the k-algebra with two generators z,y
subject to [y, ] = 1 and was first introduced during the development of quantum mechan-
ics. In this article, we classify all valuations on the real Weyl algebra .A4; (R) whose residue
field is R. We then use a noncommutative version of the Baer-Krull theorem to classify all
orderings on A; (R). As a byproduct of our studies, we settle two open problems in real
algebraic geometry. First, we show that not all orderings on .4; (R) extend to an ordering
on a larger ring R|[y; 0], where R is the ring of Puiseux series, introduced by Marshall and
Zhang in 2000, and characterize the orderings that do have such an extension. Second,
we show that for valuations on noncommutative division rings, Kaplansky’s theorem that
extensions by limits of pseudo-Cauchy sequences are immediate fails in general.

Keywords: Weyl algebra, noncommutative valuations, skew polynomial rings, orderings, extensions
of valuations, extensions of orderings.
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1 Introduction

Valuation theory was first developed for commutative fields in the context of number theory
and was first defined by Jozsef Kiirschak [12] in 1913. For modern treatments, we refer to
the books of Engler and Prestel [5] or Kuhlmann [10]. Oscar Schilling wrote the first major
work on valuations on (noncommutative) division rings in 1945 [21].

A valuation on a division ring D is amap v: D — T' U {co}, where I is an ordered
group written additively and co ¢ I", oo > ~y for each v € I, with the following properties:
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l.VxeD:v(z) =00 2 =0,
2. Vo,y € D :o(zy) = v(z) + v(y),
3. Vz,y € D :v(x +y) > min{v(x),v(y)}.

It follows that v is a homomorphism from D* to I'. The set O, := {& € D | v(z) > 0} is
called the valuation ring associated to v, and M,, := {z € M | v(x) > 0} is its maximal
ideal. The division ring D := O, /M., is called the associated residue division ring. Since
v is a group homomorphism, the subgroup O is normal in D*. Several alternative ap-
proaches to noncommutative valuations, where v does not define a group homomorphism,
were introduced and studied recently by Nicolai Ivanovich Dubrovin in [7] and [4] (see
also [17] for a more thorough treatment), and by Jean-Pierre Tignol and Adrien Wadsworth
in [23].

Suppose F is a field. Then all valuations on the field or rational functions F'(z) with
residue field F' are well-known, namely, the p-adic valuations for irreducible polynomials
p(x) € Fxz], and the vgeg valuation, defined by

vdeg(g) := deg(q) — deg(p).

The description of all valuations on the field of rational functions in several variables with
residue field equal to the base field is much more involved. There are many descriptions
of constructions of such valuations in the literature. Among famous examples of such
descriptions are the one given by Saunders MacLane in [13] and the one given by Franz-
Viktor Kuhlmann in [11].

As valuations on Ore extensions uniquely extend to their quotient division ring, the
description of all valuations on Ore division rings is equivalent to the description of all
valuations on corresponding quotient division rings. The description of all valuations on
noncommutative Ore extensions R[z; o, d] where R is a domain, 0: R — R is a ring
homomorphism and §: R — R a o-derivation is even more complex than in the commu-
tative case. Additional difficulties arise from the fact that [f, g] = 0 does not hold for all
fyg € R|z;0,6]. Granja, Martinez, and Rodriguez have shown in [6] that the set of all
real valuations extending to the skew polynomial ring has the structure of a parameterized
complete non-metric tree. Further recent progress on valuations on Ore extensions is given
by Onay in [18] and Rohwer in his PhD thesis [20].

1.1 Results

Our main goal is to classify all orderings and real valuations on the real Weyl algebra .A4; (R)
or, equivalently, its quotient division ring D1 (R). The Weyl algebra is the noncommutative
algebra generated by two elements z, y satisfying [y, 2] = 1. Hence its elements are all of
the form

ZOQ'J'(Eiyj7 Q; 5 € R.

i,
Because of this, our approach to constructing valuations on .4; (R) is inspired by classical
constructions of valuations on commutative rational functions in two unknowns mentioned
above. However, the relation [y, z] = 1 gives rise to additional constraints and far fewer
valuations than in the commutative case.
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As we will show, the valuations on A; (R) we are interested in all satisfy v[a, b] > v(ab)
for all nonzero a, b. We call such valuations strongly abelian. They have an abelian value
group and commutative residue field. In Section 2 we give some properties of strongly
abelian valuations. We show that if a valuation v on a division ring D satisfies D = Z(D)
and the value group is of rational rank one, then v is strongly abelian. Under additional
constraints on the residue field and the value group we extend this statement to valuations
of higher rational rank.

In Section 3 we give a characterization of all valuations v on the real Weyl algebra
A1 (R) with residue field R in the spirit of MacLane [13]. The construction is inspired
by the outline given by Shtipelman in [22] for valuations on the complex Weyl algebra
A1 (C). We also explicitly describe the associated value groups and show that they are all
isomorphic to subgroups of Q or Q x Z.

In their attempt to describe all orderings on .4; (R) in [16], Murray Marshall and Yufei
Zhang introduced the Ore extensions R[y; 6] and R[y; 8], with

R;:{Z akm_% | ar € R,m € Z,n € N},

k>m

R:= {Z aqr” 1| A C Qis well-ordered }
qeA

and d(p(x)) = p'(z). As is often done in real algebraic geometry, all orderings are de-
scribed by classifying all real valuations via the Baer-Krull theorem. Marshall and Zhang
described almost all valuations v on R[y; ] with residue field R; in one case, they did not
prove that v is a valuation. In Section 4, we complete their characterization. Marshall
and Zhang also conjectured that all valuations on .A; (R) with residue field R extend to a
valuation on R[y; 0] with the same residue field. We refute their conjecture in Section 4.
Further, we combine our classification of valuations on .4; (R) with Marshall and Zhang’s
description of valuations on R[y; d] to characterize the valuations on 4, (R) with residue
field R that extend to a valuation R[y, §] with the same residue field. All such extensions
are again strongly abelian.

In Section 5, we show that all valuations on R[y; §] with residue field R uniquely extend
to a strongly abelian valuation on R[y, d] with the same residue field. We also show that
the value group of such an extension is not of rational rank one.

As a byproduct of our investigations, we show that Kaplansky’s theorem that all ex-
tensions by limits of pseudo-Cauchy sequences are immediate (in particular, they do not
change the rational rank of the value group) fails for noncommutative division rings.

As Marshall and Zhang observe in [15], all strongly abelian valuations v on a division
ring D with a formally real residue field are compatible with an order on D. In Section 6,
we describe all v-compatible orders on .A; (R) for every valuation v on 4; (R) constructed
in Section 3 using a noncommutative version of the Baer-Krull theorem as given in [2]
(see also [1, 3, 24] and [9] for modern treatments and extensions). We also characterize
the v-compatible orders on .4, (R) that extend to an order on R[y; §] compatible with v’s
extension to R[y; 0].

2 Strongly abelian valuations

We present some properties of valuations on noncommutative division rings which we will
use later to describe order-compatible valuations on the real Weyl algebra .4; (R) and some
of its ring extensions. First, we define a property of valuations on division rings.
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Definition 2.1. Suppose v is a valuation on a division ring D. We say v is strongly abelian
if v]a, b] > v(ab) holds for all nonzero a,b € D.

Any valuation on a field is strongly abelian. In this section, we describe a sufficient
condition for a valuation v to be strongly abelian. This property will be important for us
for two reasons. Firstly, it is obvious that if a valuation v on a division ring D is strongly
abelian, then the associated value group and residue division ring are commutative. Sec-
ondly, we are particularly interested in order-compatible valuations on .4;(R); minimal
such have residue field R, as it was shown in [16]. It follows from Theorem 2.5 of [15]
that a strongly abelian valuation v on a division ring D with a formally real residue field is
compatible with an order on D by the noncommutative version of the Baer-Krull theorem
as given in [24].

Proposition 2.2. Let v be a valuation on a division ring D such that D = Z(D). Let
a,b € D* be such that v(a) and v(b) are rationally dependent. Then v|a,b] > v(ab).

Proof. Since v(a) and v(b) are rationally dependent, v(ab) = v(ba) < v[a,b]. Suppose
v[a, b] = v(ab). In particular, a and b do not commute. Let 3 := aba—1b—1 € D. We have

B =aba=1b~! = ([a,b] + ba)a=1b~! = [a,bla=tb~1 4+ 1 # 1.

Let v(b) = —£v(a) for £,k € Z, £ and k coprime. It follows that v[a, b] = *£v(a).

= )
Define 7 := (ba)* (ba)ka’=* € D. Let #',+ € Z(D) be such that v(8') = v(y') = 0,3’ = 3
and 4/ = ~. Then on one hand,

v(a(ba)t —+/a" 1) = v(a((ba)*a’F = 5)ab ) > (k = £+ 1)o(a),

and on the other,

lafba)f —+/a"=) = v(ab)*a —7/at=1) = v(((ab) a7k
=(k—£¢+1)v(a)

since

(ab)ka’—F —~' = (aba=1b—1ba)kal=F — v = B¥(ba)ka’—F — ~v £ 0.

In the last equation, we used that (aba=b=1ba)kat=F = (f'ba)kat=F = B'*(ba)kal=—F =
B*(ba)*at=* since D = Z(D) as presumed. This holds if 3% # 1. If ¥ = 1, we repeat
our calculations with roles of a and b interchanged. The new 3 will now be the inverse value
of the former and since gcd(¢, k) = 1, 3~ # 1. In either case, we get a contradiction from
which we deduce v[a, b] > v(ab). O

Remark 2.3. The condition D = Z(D) is fulfilled by every valuation on an algebra over
a field that is isomorphic to the residue field. In particular, this holds for minimal order-
compatible valuations on R-algebras.

Corollary 2.4. Let v be a valuation on a division ring D such that D = Z ( ). If the value
group has rational rank one, then v is strongly abelian.
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Lemma 2.5. Let v be a valuation on a division ring D such that the value group is abelian
and D = Z(D). Then for all z,y € D\ {0}:

(1) Ifvlz,y] > v(xy), then v[z™,y] > v(z™y) for all m € Z.

(2) Suppose v[z,y] = v(xy). Then viz~',y] = v(z~ly) and for each m € N,
v[z™,y] > v(z™y) holds if and only if o = y~ o~ lyx satisfies 1 + @ + -+ +

a1l =0inD.
Proof. To prove (1), first observe

-1 1

7yl =2y —yr " =2 (yz — zy)z",

so if v[x, y] > v(z,y), then

-1

o[zt y] = v[z,y] — 20(z) > v(zy) — 20(z) = v(zy).

Suppose m € N. Then

and since the value group is commutative, v(z™ ‘[z, y]z¢~1) = (m — 1)v(z) + v[z,y] >
v(z™y) foreach 1 < £ < m. Item (1) is thus proved.

To prove (2), suppose v[z,y] = v(zy). Then v[x ™!, y] = v(z~1y) is proved as for the
first case. Since the value group is abelian, v[z™, y] > v(z™y) holds, so we can observe

m m
T g =yl S e, gt = 3 g T g,
(=1 (=1

Foreachl < ¢ <m,

y Tz, gl = {aw )Ty T [z, ylat ]

= ol Ty~ 1z, ylat1 =y~ Tz~ 1z, ylal— L.

We can change the order of  and 2! by Proposition 2.2 since v(«:) = 0. The last equation

follows from v(y 'z~ *[z,y]) = 0 and Proposition 2.2. So now we have

m—1

y~re eyl =yl a,y] Y of,
/=

which proves the equivalence in (2). O

Proposition 2.6. Let v be a valuation on a division ring D such that the value group is
abelian and D = Z(D). Suppose the residue field is formally real and suppose v|x,y] =
v(zy) for some x,y € D. Then v[z™,y] = v(z™y) for all odd m > 2. Ifv[z™,y] >
v(x™y) for some even m, then v[z?,y] > v(x?y) and there is no a € D such that v(a®) =

v(x).
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Proof. Suppose v[z,y] = v(zy). If m is odd, 27:61 @’ = 0 does not have a solution in
the residue field. By Lemma 2.5, it follows that v[z™, y] = v(2™y). Now consider the case
for even m. If v[z™,y] > v(z™y), then @ = —1 by Lemma 2.5 and v[2?,y] > v(2?%y).
Suppose a € D satisfies v(a?) = v(z). We will first show that v[a?, y] = v(a?y). Assume
that v[a?, y] > v(a?y). Then on one hand,

a2x =a2zy~ly =y~ la2zy,

since v(a~2x) = 0. On the other hand,

a 2x =y lya2z = y~la2yx,

where the last equation follows from v[a?,y] > v(a?y), or, by Lemma 2.5 equivalently,
v[a=2,y] > v(a=2y). From z—la~2(zy — yz) = 0 we conclude v[z,y] > v(zy), which
is a contradiction. So v[a?,y] = v(a?y) and v]a,y] = v(ay) follows from Lemma 2.5.
Now we show v[a*,y] > v(ay). On one hand, we can write

a 422 =y lg g2y =y lg dyz?

since v[z?,y] > v(x?y). On the other hand,

a 422 =y lyqg—1g2,

4

so we conclude v[a*,y] > wv(a'y). But by Lemma 2.5, v[a*, 2] > v(a*x) gives us

rax~—la~! = —1. But then, again by Lemma 2.5, v[a?, ] > v(a?z). The proposition
is thus proved. U
Proposition 2.7. Let v be a valuation on a division ring D such that such that D = Z(D),

the value group is abelian and 2-divisible and the residue field is formally real. Suppose
the value group of v is of rational rank 2 and suppose there are x,y € D* such that v(x)
and v(y) are rationally independent with v|x,y] > v(zy). Then v is strongly abelian.

Proof. Suppose a,b € D. Since the value group is abelian, v[a,b] > wv(ab). Suppose
v[a, b] = v(ab). Then v(a*') = v(x~™y~ ") and v(b¥?) = v(x~™2y~"2) for some
ki,mi,n; € Z, i = 1,2. We conclude from Lemma 2.5 that v[a*,b*2] = v(aF1bF2).
This is immediate if k; and ko are both odd. If k; or ks is even, v[a*t, b*2] = v(a*1bF2)
follows from the 2-divisibility of the value group and Proposition 2.6. Let ¢ := x™1y™
and d := x™2y"2. Then on the one hand,

ak1cbk2d = cak1dbk2 = deakrbk2

since v(a**) and v(c) are rationally dependent, v(b*2) and v(d) are rationally dependent
and v(b*2d) = v(a*1c) = 0. On the other hand,

akiebk2d = bk2dakie = dbk2cakt = edbr2a*t = debk2akr.

Here, the last equality follows from v[z,y] > v(zy) and Lemma 2.5. Thus we have
v(dc(ak1b*2 — bF2a*1)) > 0, so we get v[a**, b*2] > v(a¥*b*2) which contradicts our
assumption v[a, b] = v(a, b). We conclude v]a, b] > v(ab). O

The proof of the following proposition is the same as the proof of Proposition 2.7.
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Proposition 2.8. Let v be a valuation on a division ring D such that D = Z(D), the
value group is abelian and the residue field is formally real. Suppose the value group
of v is of rational rank 2 and suppose there are x,y € D* such that for every z € D,
v(zF) = v(z=™my™") holds for some k,m,n € Z where k is odd. Then v is strongly
abelian.

We will later use this result to show that all valuations v on A; (R) with residue field R
are strongly abelian. Propositions 2.7 and 2.8 can be easily generalized to higher rational
ranks of the value group. The proofs are analogous.

Corollary 2.9. Let v be a valuation on a division ring D such that D = Z(D). Suppose the
value group is abelian and 2-divisible of rational rank n and that there are x4, ...,x, € D
such that v(z1), ..., v(xy) are rationally independent with v|x;, x;] > v(z,x;) forall i, j.
Then v is strongly abelian.

Corollary 2.10. Let v be a valuation on division ring D such that D = Z(D). Suppose
the value group is abelian and of rational rank n and that there are x1,...,x, € D such
that for every z € D, v(zF) = v(z[" --- 2™ for some k,my, ..., m, € Z with k odd.
Then v is strongly abelian.

3 Valuations on A, (R)

We now describe the construction of all valuations on .4; (R) with residue field R that was
sketched in [22] over the ground field of C. Since every f € A;(R) can be written as
Zm, >0 Xm,nT™y", the construction will be similar to the construction of all valuations
on the field of rational functions R(z, y) with residue field R (examples of constructions of
such valuations can be found in [11] or [13]), but with some additional constraints arising
from the fact that the generators z,y € A;(R) satisfy [y,2] = 1. We first note that
it follows from Theorem 5.3 of [16] that the value group of any valuation on 4; (R) is
commutative. Also, since every valuation v on .4;(R) can be uniquely extended to its
quotient division ring D; (R), our construction will take place in the quotient ring as we
will use inverses.

To construct a valuation v trivial on R with residue field R, we compare v(z) and v(y).
It is easy to show, as it was done in [16], that v(zy) = v(yx) < 0, so v(z) or v(y) will be
less than zero. Without loss of generality, we can set v(z) = —1 € Q and compare it to

v(y). Ifv(y) & Q, then we get

o( 3 o™y = minfmo(z) + no(y))
m,n>0 ’

for all elements of A; (R). Otherwise, v(y) = 7 € Q. It follows that 21y™ = §; € R,
sov(z™y™ — B1) > 0. Set

wy = a™y"™ — By

and as before compare v(w) to v(z) in terms of rational dependence. If v(w1) = 72 € Q,

then 2w]? = B, for some B2 € R. Hence

wy = Wi — By
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also has value greater than zero. We continue this procedure. If we additionally define
w_1 =z and wy = y, we thus get a sequence

(Wi)iz—1,w; € Ai(R)

which ends with w, for some n € N if v(w,,) € Q or is infinite otherwise.

By the end of this section, we will prove a necessary and sufficient condition for the
possibility to extend v from (w;);>_1 to a valuation on A; (R) with residue field R. Every
such extension from (w;);>—_1 to A; (R) will be uniquely determined. We will also show
that every valuation on 4; (R) with residue field R is strongly abelian.

3.1 Properties of the sequence (w;);>_1 associated to a valuation on .A; (R)

Thorough this subsection let v be a valuation on A; (R).

Lemma 3.1. Suppose (w;);>—1 C A1 (R) is a sequence as described above, withw_1 = ,
wo =y, w; = &™w; " — B foralli > 0. Then |w;, ] equals

N, MNi—1
m; n;—4; mi_1 ni—1—4i—1
z E :W¢71 <x E , with
4 4

i=1 i—1=1

na
(. .. (xmz Z wiwfznlmmlyn]—lw?)wés) .. .)wfil
£o=1
foreachi > 1.
Proof. We prove the lemma by induction on i. If i = 1,
ni
, ny—¢ £—1 : -1
[whx] _ [l‘mlynl _ 51’1,] — g Z ynl 1[y733]y 1 — nlmmlym .
=1

Now suppose that the equality holds for [w;, 2]. Then we have

MNi41

_ i Mi41 _ i
[wigr, @] = [#™ 1w = By, @] = 2™ w2
Ni41
o my ﬂ:+1—€'+1 [+1_1
= gt g w;” Hws, Tlw,”
liy1=1
We can then proceed by the induction hypothesis. O

Before proving the next lemma, we define an equivalence relation between nonzero
elements of A4, (R) that have the same v-value, but their difference does not. For any
a,b € A1 (R)\ {0}, we write a ~ bif v(a) = v(b) < v(a — b). This is also a congurence
relation, as ac ~ be and ca ~ ¢b holds for all a, b, c € A1 (R) \ {0} with a ~ b.

Lemma 3.2. Suppose v is a valuation on A (R) with residue field R and suppose (w;)i>_1
is a sequence such that w_1 = x, wo =y, w; = 2™w""; — B, v(z) = —1 and v(w;) =
ZL—LI forall i > 0 up to either some n > 0 in which case v(w,) & Q, or up to infinity.
Then viwj,w;] > v(w;w;) for all i, < k if and only if v(II§__ wy) < 0, where k < n in
case v(wy,) € Q for some n > 0.



L. Vuksi¢: Valuations and orderings on the real Weyl algebra 239

If any and hence both sides of the equivalence hold, then
V[wj, wi] = —v(TYws -+ wWim1Wig1 - Wi—1)
foralli < j <k.

Proof. Suppose v is a valuation on .4 (R) and (w;);>—1 is a sequence as described in the
lemma. So v(w;) € Q either for all ¢ > 0 or for all 0 < ¢ < n for some n > 0 and
v(wn) & Q. It follows from Proposition 2.2 that v[w;, w;] > v(w;w;) for all 4, j < n since
v(w;) and v(w; ) are rationally dependent. We shall use this fact to evaluate v|w;, w;] for all
i,j < k < n. It follows from Lemma 3.1 that [wy, z] is a sum of products P, all equal to

yr g T pme L e up to the order of factors. Since v{w;, w;] > v(wiw;)
foralli,j <k -1,

- -1 -1
P o~ oym T lgmagpaTigme e g

holds for every product P of the sum. Since

k
- - 1
o(y™ T lemwt T ™ T ™) o (ywy - wg—1) g v(z™w,) =0,
i=1

we can conclude v]wy, ] = v(y™ ~laMw2 T ™ W T e ) = —o(yw - wr—1).
It follows that v[x, wy] > v(zwy) if and only if v(zyw; - - - wg) < 0.
We will now prove that v[w;, w;] = —v(Tywy -+ - Wi—1W;41 * - - Wit+k—1) by induction

onk,1 <k <n— i Itwil then follow that vw;,w;] > v(w;w;) for all 4,5 < n if and
only if v(ITj}__,w,) < 0. If k = 1, then

Wit1,wi] = 2™ 1w = Bigr,wi] = [T wilw
Mi41
_ ( Z l‘mi*’l_e[.ﬂ?, wi]xé_l)w?i“,
=1

. . _ 1 1 )
and since [z, w;] is a sum of products all equal to y™ ~tz™1 w2 ™2 w1 2™ up to

the order of factors, we can, using v[w;, w;] > v(w;w;) for j < 7, deduce that v|w, 1, w;| =
—v(xyws - - -w;—1) just like we did when evaluating v[w;, z]. For k > 1, we have

[wi+k7wi] = [xmlJrkwiJ;Jlrck 1 Bi+ka wi} = [xmiJrk ) wl] zJerk 1 +x itk [wzjrzk 1 wl}
Mtk
= (3 e wile Tl +
Ni+k

h Ni4k— Z i . l
e E:ka 1 Witk—1,wilwiy 1)

i 1 7 i i 1
~ M pa™ TN [ 0] 4 nagaa ™ Wl (w1, wil
and using both Lemma 3.1 and induction on k, we see that the first sum has v-value equal
to —v(zyws - - - w;—1) and the second has v-value equal to —v(zyws - - - wi4k—1). Since the
latter is smaller, it is equal to v[w;t,w;]. This proves the lemma. O
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It follows that if v can be extended from (w;);>_; to a valuation on 4;(R),
Zf>71 v(w;) must be strictly less than 0 for all k¥ < n in case v(w,) ¢ Q for some n,
and for all £ > 0 if v(w;) € Q for all i € N. We will now describe a necessary condition
for the residue field to be R and then proceed to show that if both conditions are fulfilled,
v can be extended from (w;);>_1 to a valuation on A; (R) with residue field R.

To ensure that the residue field is R, it is obviously necessary that wfjlwfil € R holds
for all k;, k; € Z with k; 3+ + k; 7+ = 0. For given , j > 0, all solutions (k;, k;) € Z* to
the diophantine equation ’

are integer multiples of the pair (K; j, — K ;) with

m;n;
— 7"
Kij = )
d;
2y
m;n;
Kji=——",
2]

where d; ; = ged{m;n;, m;n;}.

So for all k;, k; € Z with kﬂs— + kj% = 0, we can write

ki k; nK;; —-nK;; Ki;j —Kji\n
Wi—1W;ly = Wiy "W = (w; Wi_q )

for some n € Z, where we used Proposition 2.2 in the second equality So for every

ki, k; € 7 satisfying 3.1, w!* 1wf | is uniquely determined by w; Tw; %34 For each

i, — K

K;
zy>0 we define o j = w,;_{ w,

j—1""- We immediately see that o ; = a; and hence
4= 1forallz,j > 0. As

dij Kjjdij min; —Min; __ oMj n—my;
Q; 7 = Wi g Wg— =Wy Wi =678,

forall 7,5 > 0, a; ; is one of the possible d;_ ;-th roots for ﬁ;n" B;m"'. If v is a valuation on
D1 (R) with residue field R, «; ; must be real for all ¢, j > 0. For every ¢, j > 0 with even
d; j, this means that ﬁim B J_ ™ > (0 must hold. In the next lemma, we present a necessary
condition on the sequence (5;);>1 so that ;. 7 € R can be chosen for all 4, j. We also prove
that if n; is odd, «;_ ; is uniquely determined for all j > 0.

Lemma 3.3. Let v be a valuation on D1 (R) as in Lemma 3.2. Then the following holds:
(1) If n; is odd, there is a unique possible choice for o; ; € R forall j > 0.

(2) Only if sgn(p;) is constant on the set of all i > 0 for which n; is even can we choose
;5 € Rforalli,j > 0.

Proof. Suppose n; is odd. Then for any j > 0, let d; _;j be the highest odd number dividing

dldzf_” € Z. If nj is odd as well, l5 := d’ LM < 7 holds too.

If n; is even, m; is odd, so d; ; = d; ; as d; ; divides m;n;. In both cases, £y € Z holds.

d; ;. Since n; is odd, 1 :=
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d: imims
Then for £ := {ym; = lym; = =L we can evaluate
1,7
dij _ Kijdiy —Kjadiy _ g o tin, —fany 7 ng Ny (o, 9 V€
Q7 =W 7 TWi g =TT W Wy = (2w )b (2 “%'71) 2
_ plp—L2
— BB,

and since Jl jisodd, a; ; € Ris uniquely determined. The first point of the lemma is thus
proven.

To prove the second point of the lemma, suppose 4, j > 0 are such that n; and n; are
both even. As a consequence, both m; and m; are odd while d; ; is even. So, provided
a;; € R, we compute

dij m; o—m;\ __
L =sgn(a; ") =sgn(B; 7 B; ™) = sgn(BiB;),
which proves the second part of the lemma. O

For even d; ; we have seemingly two choices for o;; ; € R — a positive and a nega-
tive one. We will show that in most cases, we cannot choose sgn(a; ;) for all 4,5 > 0
independently of each other.

Before that, we observe that for any 4, j > 0, at most one of K; ; and K ; is even. In
fact, if at most one of n; and n; is odd, K; ; is odd if and only if n; is divisible by the
greatest power of two that divides n;. For each i > 1, let 2" be the biggest power of two
that divides n;. Define also mg = 1 and ng = —1.

Proposition 3.4. Let v be a valuation on D1 (R) associated to a sequence (w;);>_1 with
v(w-1) = v(z) = =1, v(wi—1) = =L with ged(m;,n;) = 1 and x™iw | = B; € R

for each i > 1. Suppose sgn(f;) is constant on the set of all i > 0 for which n; is
even. Suppose o ; € R is determined for all i,j > 0. Then TIi_,wr | € R is uniquely
determined for each set of integers ko, k1, ..., k. € Zwithy ._.k; i = 0ifand only if

foreach a,b,c > 0, ag ptg,con,c > 0 whenever h, = hy < h. holds.

Proof. To prove the necessity of the condition, suppose a,b,c > 0 are such that h, =
hy < hc holds. Suppose K, ; and K . are both odd. Choose kg, ky, k. € Z \ {0} such
that k, 72 + kb% + ko< = 0 and that k, and k;, are odd while k. is even. Then on one
hand,

kw  ky Ko . ke Ky ke @
sgn (W, jwy? 1 Wes 1) = sgn(Wa® 1wy 1 We )

— Kabv—
ka | k ke P —kaKba kaKpa
= sgn(w, W wety wyly o Wt )
ko 0p Lo
= Sgn(aa,bwbilwc—l)
with
by = kKo p + kaKpq,
le=kcKqp.
As v(wit jwhe)) = 0, (by,l.) = UKy, —K,.p) for some ¢ € Z with —(K,, =
le = k.K,p. So we can conclude

ke, Ky ke ka
Sgn(wa—lwbilwc—l) = Sgn(aa,ball;,c)'



242 Ars Math. Contemp. 24 (2024) #P2.04 / 231-271

On the other hand, we see by analogous computations that

_ -k
Fa R0 Fe ) R T
SgN (W, Wy 1 Wes 1) = SE0(We" Wy 1 We e
- @K —
_ ka ky ke ¢ —kaKea, kaKea
- Sgn(wa—lwalwc—l wc—l wc—l )

14 . o X
= sgn(agrwy, ' we ) = sgn(agsas, o)

for some ¢;, 0., ¢’ € Z with

é;; = kaa,c = éle,Ca
U =kKge+t kaKeq

We have chosen k,, k; odd and k. even. In this case, the greatest power of two that divides
k. is 2he—hat1 On the other hand, the greatest power of two that divides K. , and K is
2he—ha We can thus conclude from lKep = —keKqpand 'Ky, . = ky K, . that £ is even
while ¢ is odd since K, 3, K, . and K}, . are all odd. So we see that

ko ko, ke
sgn(w,® jwy? jwes ) = sgn(aap) = sgn(aq,com.c),
which proves the necessity of the condition.

Now suppose sgn(ag ptq,c0pc) = 1 for all a,b,¢c > 0 with hy = hy < he. Let
K = (ko,...,k;) € Z""! be such that Z: okt = 0. Letsupp K := {i | k; # 0}

and n := |supp K|. We prove that IT" sz 1 € R is uniquely determined by induction on
n > 2. We first suppose 0 ¢ supp K. We will deal with the case 0 € supp K at the end of
our proof.

If n = 2, then IIj_ 0% 1= wlk 1w 7, for some 4, j > 0, and its value in the residue

field is a power of a; ;.
Now suppose n > 2. Take two distinct a,b € supp K. As at least one of K, ; and
Ky, q 1s 0odd, so suppose K, ; is odd. Then

K, K.,
IT;_ Wk - =1I7_ wh bw wp =1I7_ w ologka
=1"i— 1 =1"i—1 b— 1 b—1 =1""i— l a,b

with Ea 1 =0, éb 1=k Ka b+ kaba and éi,l = kiKa,b for ¢ 7é a,b. Since ‘{Z | 61,1 7é

0} is strictly smaller than n, IT7_ wa 1 € R is uniquely determined by the induction

——Kap -
hypothesis. So we have determined II;_ wa 1 € R. As K3 is odd, IT}_ OwL 1 €ERis
determined as well.

We now need to show that in this way, IT7_,w¥? | is uniquely determined, that is, if we

choose another a’, b’ € supp K instead of a, b, we get the same value for IT7_,w!* | € R,
We will show this by choosing ¢ € supp K \ {a, b} and proving that the evaluated value of
I _ 1wfi , 1s the same whether we factor a power of «, 3 as above, or . Or oy, . instead.
By transitivity of the equality relation, this will imply that the obtained value of IT}_ 1% 1

is independent of the choice of a,b € supp K. Suppose without loss of generality that
hq < hy < heand that K, 3, K, . and K3, . are odd. Above, we have evaluated

——Kar
T % T
Im;_ w;? =1I; 1% laa Y
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with 051 = 0,01 = ko Kqop + ko Kpq and ;1 = k; K, for i # a,b. We proceed by
evaluating, in the same way as before,

Li Ko.e Di,1 Lb1
T T, T 7,
I w;ty =1II; —1W; 1% ¢

withp, 1 =pp1 =0, pe1 = le1Kp e + 1Koy and p; 1 = 41Ky o fori # a, b, c. So

———Kau Kb S—
kg o vTe Pi1, kaKp e Ll
T — ™ ) ’ ’
Im_ w,™ =10 w0, oy (3.2)

with £; 1 and p; ; for all 0 < ¢ < r as above. In particular, we see that for i # a,b,c,
pi1 = i1 Ky = ki Ko pKp o Similarly, we can compute

K. K _ -
kq aetroe ko \K P2 kaKp,c [b 2
s i T b, J— s
7wty = (IIZ 104 ) e =TI wi ] cale Q¢ (3.3

with

1. b2 =0,lco=koKqc+kcKeqlin =kiKq,fori#a,c, and

2. pa2=0b2=0,pc0="Ly2Kcp+ oKy, Di2=kilKoc Ky, fori#a,b,c
Let N := K, , K4 Ky . On one hand, we see from 3.2 that

N Ko e
5 N o iiKee oKy oKae ly1Kae
I qwity =1 wy Qg p Qp ) (3.4)

and on the other hand, we see from 3.3 that

Kap ofaKocKap lo2Kap

N _
r ki 1 Di,2
w2y =1 w ™y oale (3.5)

b,c

We need to show that in both equations, we get the same value. We first see that for all
i # ¢, pinKa,e =pi2Kap. So, given that

szl szZ

we can see p..1 K4, = pe,2Kq,p holds as well, and thus we conclude

- K — Kuu
r Pi,1 *° _ r Di2 @
Iy w; 2y =1L w;
It then follows that
kaKa,cKpe ly1Kae ka,Kb.cKa.bO/b,zKa,b
a,b b,c - =a,c b,c ’

. . . Nke—pe1Ka,c .
since both sides of the equation are equal to w(]lv kl wév kfw Pet and the signs of

Qg b, Qg and oy, . were chosen so that the signs of both 51des of the equality match. We

—
conclude that the value of IT]_ w’ﬁl is the same in both 3.4 and 3.5. As NV is odd (since

Ko, Kq,c and Ky, . are all odd), we conclude that H’_lwk 1 1s the same whether we factor

a power of oy, ; or o .. If we factored a power of oy, ., we would, as similar computations

as above would show, get the same value for TT7_ w’ .
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We have now shown that if the condition of the proposition is fulfilled, TI7_,w!* | is
uniquely determined for all k1,...,k,. € Zwith >\, k; 7:, =0.

Now we consider the case 0 € supp K. Let K = (ko,...,k.) € Z"*! be such that
ko # 0and >7_o k%t = 0. Let N := ged{n; | i € supp K'}. If N is odd, i.e., if n; is

odd for every ¢ € supp K, then II. OwL 1 is uniquely determined. This is because

—N -
M_gw®, = (M_x kot y_gwf® )N = Moy (amiwpd hies = T, B¢

where ¢; = ﬂ for each 7 < ¢ < r. We thus conclude II}_ wa"' 1 € Ris the uniquely

determined N the real root of IT}_; ﬁk ¢ Now suppose 7; is even for some j € supp K.
Then m; must be odd since gcd(m],n]) = 1. Let k} := k; — kon; and k; := k; for all
i € supp K \ {0,7}. Then >-7_, k;%* = 0 and

r M —ms g ko (T ki \m, ko (117 ki \m,
IT; sz = @) (I w )™ = B (11 1% )"

k

K! ) . .
We evaluate (II]_,w,” ;)™ as above k‘o = 0 and conclude that IT}_,w,”; € R is the

unique m j-th real root of ﬁko (I1;_ 1w1 1)mf.
This concludes the proof of our proposition. O

In Lemma 3.6, we suppose that v is a valuation on D, (R) extended from (w;);>—_1 to
D1 (R) and compute the value of certain elements of D1 (R) in this case.

Lemma 3.5. Let D be a division ring endowed with a valuation v with an abelian value
group and a commutative residue field with characteristic zero. Let a,b € D be such that
a ~ b, v(a) = v(b) = 0 and v(ab) < v[a,b]. Then v(a™ — b") = v(a — b) for all
n € Z\ {0}. If there exist c,d € D such that c* = a,d" = b, ¢ = d for some n € N, then
v(c™ —d™) =v(a—0) forallm € Z.

Proof. Forn € N, write a™ — b" = (a — b) Y1, ' a"~1=ipi 4 terms with higher v-value.

Since a”~1~%b? is the same for all 0 < ¢ < n — 1, the v-value of the sum is equal to
zero, proving the statement for positive integers n. For negative n € Z, the statement

follows from a™ — b™ = —a™(a™™ — b~ ")b™. The last statement of the lemma follows
froma — b~ (¢ —d) Y1 O
Lemma 3.6. Suppose v is a valuation on A1(R) and suppose i1,is,...,i, € N and

ko € Z, kij,kiy,-.., ki, € Z \ {0} are such that v(x’“owffl_l---wf:il) =0 I

min; <j<,{v(ws,)} is achieved at exactly one j, then

ko kil kir k k?7,1 kir _ . . .
v(xw; Ly w Ty —akow Tty wp ) = minfu(wi;) [ 1< <}
Proof. Letn be the least common multiple of n;,, ..., n;, and ¢;; = = for each i;. Since
)
(ko ki L ki =117 kJT( kiy R )
LW, —q Wy q)7 = 4T Wip—1 Wy 1

n; ki.c;.

— r m; . i Ykisci, _ 17 3T
=M, (2™ w; 7y)" ™ =115 15% )
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by Proposition 2.2, we can compute

iy kijci;

ki,«
(xkow“,l"'wiﬁl) — lﬁzj

2 ms, , M1 \ki,c; mi. o, i1 ki L ci._
~ (gj llwilfl) 1 "1.-.(3: i—1(. 1) j—17"j—1.

1j—1—
PN ki.ci, ki.c;. ki.cqi.

((xmzjwiji ) i;Cij 761']-] J)ﬁijil J ”,6“1 i

For each j such that k'z-]. >0,
ki.ci.—1
. Nii k.. cs ki.ci. I " nij \k; Sci )
(‘(I;mljwi]‘il) i Cij _Bij] J ~ wi, Z (il' /ljwijil) i) ZJ
i=0

which gives us v((z™% wz_il)klﬂ' i — @j’c 7) = v(w,). Incase k;; < 0, we see that

, . ki ci.

(-qujw,:,’il)h Cij _Bij@](‘J _
) i e Skiici; ) PN —k . cs —ki,ci;
_ (xmw'wz_il)kljclj ﬂijfc I ((xmijwz_il) kijei; B;, 393,

which again implies v((z"™% wZil)kU G — Bij’cj) = wv(w;,). We conclude, using
Lemma 3.5,

v(zFow ) - -wfjll —ahow; - -wfr‘il)

k kiT % ki
=v((z 0%11—1 cwp )" (f”kow Liewmy)")
= min{v(w;;) |1 <j <7} O
. . ks .
With the help of Lemma 3.6, we will evaluate v(xk"wi PR 'wf:T_1 —

ks ks ks ks . .
xhow:™ o wm ) when v(zFow; ™ | - -w; ") = 01in general. As in Lemma 3.6, we
i1—1 ip—1 i1—1 —1

assume ko € Z, k;; € Z\ {0} for all 1 S j < r. This will be helpful when we will
later construct a valuation v associated to a sequence (w;);>—_1. Let us assume for now that
11 < ig < --- < 1,; at the end of the calculation we will see that the order of ¢; does not
affect the v-value.

To start, we introduce some abbreviations to make the written equations easier to read.
Letn and ¢, for all j be as in the proof of Lemma 3.6,

_ ko, kiy ki,

Ag:=u Wi tyw
BO = AO
(n) nko 7'1 nk’tr

Ay T w“_l cw;
( ). No) kij i

A 1617
Since By is in R, we can write
n—1 n—1

Ao — By = (A3 — B)(O_ Ay BT~ (AT - BEY(O A3 BT (3.6)
=0 =0
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Since v(31 -, AT TIBE) = w(A§Ti1BE) = 0 for all 4, which holds due to A7 "' B}

= By~ for all i,v(Ag — Bo) = v(Aé " _ Bé")). To evaluate the right-hand side of (3.6),
we first proceed as we have done in the proof of Lemma 3.6, so

T
(n) (n) J=1/ m;,, Mg \ki,c; mg, i kg 3 Cij kijcij
Ay =By~ E A e ) e (€ dw; 1y)tat = B )
ki i Cij
Hl ]+15u
If k;. > 0, we proceed b
J
kijei;—1
mi; i Nkic kijei mi; G kijei;—p—1
(z ]Wij—1) K J_ﬁij ~ Wi, E (z sz‘j—l) zJ
p=0
For ¢; > 0, kij < 0, we can on the other hand write
(z™ Wijqiﬂk”c” =B~ i (w7 )t C”ﬁ o
_k’j%_l
2 : m; . T ki.ci.—p—1
(.17 7 7,171) 1
p=0
We now define, if k; > 0,
ki.ci.—1
3 e A ) ki
R j—1 i Mig \Nki,ci, | (oM, VY i;Ci; —P— ip u
Cj = E: ooy (2™ew; 2y ) ete - (2w, 7)™ % 52‘ 1B,
p=0
and, if k; <0,
—k; =y
X ki.c; .
o m. Vi Nkioci ol § mg, Mg \ki,ci, .
CJ — —(x Jwij_l) J '761',- H ( ewzj—l) igCip
my. Tij \—ki.ci.—p—1p ki, ci,
(z Jwijq) 7 51‘_7»' —it1bs,

for each 1 < j < r. Further, we define

ALj = wijC’j
T T
A~ B > wi G =Y Ay
j=1 j=1

for each 1 < j < r. Thus we can conclude that v(A; ;) = v(w;,), since the image of

c; ka Ci;
Cj in the residue field is equal k; ¢;; - szlﬁi;l ¢ #0ifki; > 0and —f;
nglﬂf;ec” # 0if k;; <0, making v(Cj) = 0. We can now write

AP~ B = ZAMA- > At XY Ay

v(A1,;) is minimal v(A1,;) is not minimal

Cz‘j|'
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Here we note that the second of both finite sums on the right-hand side of this equation
includes A, which denotes the sum of all terms obtained by changing the order of factors
of the form w;, (which was not explicitly written above). The fact that the v-value of these
terms is higher than the v-value of the terms of the first sum (the ones with minimal v-value)
follows from Lemma 3.2.

If min;<j<,{v(w;,)} is achieved at more than one j, we take the sum of all w;,C;
that have the minimal v-value, i.e., > A, ;, then factor w;,, so the sum now
looks like

— . -1 . 1. .
E Arj = wiy E wy, A = wyy E : w;, wi, Cj

v(Aj1,;) is minimal v(Ajq,;) is minimal v(Aj1,;) is minimal

v( Ay, ;) is minimal

and, since v(wi_1 1wij Cj) = 0, for each j, we can evaluate the sum of their images in the
residue field. If this sum is not equal to zero, then v(Ay — By) = minj<;j<,{v(41;)}.
Otherwise write

_1 — . _1 . ¢ — _1 . .
Wiy g w;, wi; Cj = g w“(wil wi; Cj — wy, w”CJ).
J J

For every j, we write w;, 1w1-_7. C; — Wy, 1wij C; as an R-linear sum of terms of the form
ngZ‘_l (in the same way we did with Ay — By). We sum all of the newly obtained terms,
as well as the terms in ZU(AL]_) Ay j, and relabel them as A, ; where j goes
from 1 to the number of all terms.

As Ay — By can be written in the form

Ap— By = ( Z A i+ Z Ay ;)D,

v(Az,;) is minimal v(Az,;) is not minimal

is not minimal

where we use D as the label of the product of all terms of the form (>, A*~*B%)~! where

7

_ k! r LJ . . 12 12
A = ahlll_jw, 7, for some iy, ... i, € N, ko, ki,

...k} € Zand B = A, that we

factor out when we evaluate w;_ 'w;, C; — w;, 'w;, C; for each j. All terms (3, A¥="B%)~1
have v-value equal to zero and their image in the residue field, which is of the form
(mB™ 1)~ € R for some m € N, is easy to determine.

We repeat the described procedure, writing Ag — Bo = (3_; Ak,;)D for increasing k.
We stop when for some &, 3, Ay.;) is minimal Ak.j 18 either composed of one single term
or, after factoring out one of the terms, the image of the sum in the residue field is not zero.
In this case, we conclude that v(Ay — By) is equal to v(Ay ;) for any term of the sum
Zj,v(Ak,j) is minimal Akvj‘

We must show that the process ends at some point even if the number of terms whose v-
value we evaluate at each step is growing. We see that whenever we write 2*° szlwff_l —
xko szlwfgﬂl as a sum of terms with strictly positive v-value, the value of each of these
terms is v(w;,) for some ¢ = 1,...,r. It follows that v(Ag — Ap) is a sum of v(wy) for
some ¢ > 1.

If v(wy) is irrational for some N > 0, the process either stops beforehand or, after
k> N — i, steps we get a unique term Ay, ; that has v-value equal to v(w;, w;, +1 - - WN ).
This is the term we get when we take the last term of A" — B{™, written as a sum of
terms A ; with higher v-value and in each of the following steps whenever the v-value of
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this term is minimal, take the last term when Ay, ; is written as a sum of terms with higher
v-value.

If on the other hand, v(wy) € @ for an infinite sequence (wy)r>—1, then
limg_ oo v(wg) = 0 since by Lemma 3.2, Z§>—1 v(wg) < 0forall k > —1 and v(w;) > 0
for ¢ > 1. Then for some N > 1, v(wy) < v(w;) for all 1 < ¢ < N. The evaluation of
v(Ap — By) again either stops beforehand or we get a unique term Ay, ; that has v-value
equal to v(w;, w;, +1 - - -wn ). As in the first case, this term is the one we get when we take
the last term of A(()n) - B((J”), written as a sum of terms A; ; with higher v-value and in
each of the following steps whenever the v-value of this term is minimal, take the last term
when Ay, ; is written as a sum of terms with higher v-value.

In both cases, the value of this term, v(w; w;, +1 - wy) is strictly smaller than the
value of all additional terms we get when we change the order of the factors in a product.
It follows that given the v-values of (w;);>—_1, v(Ag — By) is the same as it would be if
all elements of the sequence (w;);>—1 commuted. This follows from the fact that when we
change the order of factors w; and w; in some Ay, ;,, the term we obtain has v-value greater
by vjw;, w;] — v(wiw;) = —v(zywr - w;) for =1 < i < j < N while v(Agy15,) —
v(Ay,j,) is for any ji1, j2 equal to v(w;,+1) for some ¢, such that Ay ;, contains a power
of w;,. Since, as we have shown in the proof of Lemma 3.2, Zi]iq v(w;) < 0, it follows
that the terms we obtain by changing the order of the factors have v-value greater than

. ki ki i ki . .
v(Ag — By). And since v(zFow;t ) - w] T — :ckOw“l_l -+-w; ") is higher than the
v-value of any terms we get when we change the order of factors, the order of w;,, ..., w;,

does not matter.

3.2 Extending v from the sequence (w;);>_1 to A; (R)

We can now prove that every v associated to either a finite or an infinite sequence (w;);>—_1
can be extended to a valuation on Dy (R).

Lemma 3.7. For every r > 0, there exists a finite number M of elements of the form
ki,—1, kio, ki kir—1

a; = w_ Wy wy s w BT for some ki, ... ki r—1 € Z such that v(a;) = 0 for
all 1 <i < M and every wé’f - -wffll € D1 (R) with v-value zero is ~-equivalent to a
product of positive integer powers of a1, . .., apr.

Proof. Since v(w_1) = —1 and v(w;) = m’“ € Qforj > 0, the problem translates to
finding general classes of solutions to the dlophantlne equation zgag + - - - xpar, = 0 with
ag = —H?Zlni and a; = 7 Hleni forall0 <i < k. O

Theorem 3.8. Let v and (w;);>_1 be as described in the beginning of the section, i.e.,
wor =3, w =y v(wo1) = L oow) = T € Q amnw = By € R

Njf1
Wiy1 = MW" — By fori,0 < i < N — 1 and v(wy) & Q for some N > 0 or
v(w;) € Qfor infinitely many i, that Z?:—l v(w;) < Oforall k > —1. Suposse that sgn 3;
is constant on the set of all i for which n; is even. Then v can be extended to a valuation
on D1 (R) with residue field R. The valuation is unique for every choice of {c; ;}i j>0

Kij Kji _ myn; _ mlnj
where o j = w; 7 w;” LK = o K= =g with d; j = ged{m;n;, m;n;}.

The associated value group is group-isomorphic to a subgroup of Q x Z generated by

{o(wi)}biz-1.
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Proof. The following construction of the valuation v associated to the sequence (w;)i>_1
was first sketched in [22]. Here we present it in full detail.

Before we begin with the construction of the v-value for an arbitrary element of D; (R),
we define it for some specific elements of Dy (R).

1. Since we have defined v(w;) forall —1 <4 < N, (Y. k) = Ef\iq kiv(w;)
must hold forall k_1,...,ky € Z.

2. Since we supposed Zf:_l v(w;) < 0 forall k& > —1, it follows from Lemma 3.2
that

v[wi, wj] = —v(Ww_1wo -+ Wi—1Wig1 - Wi—1),
which must be strictly greater than v(w;w;) for all § < j.

3. We also see that if v(w", - --w"" ) = 0 for some ko, . . . , k, € Z, then w* - wFr |
is uniquely determined by {c; ; }; j>o as in shown in Proposition 3.4. In this case,
v(Wh WPt —w - wFr ) must be equal to the value determined in Lemma 3.6
and the discussion following it.

In all three cases, the chosen values were the only possible extensions of v from (w;);>_1
if we want v to be a valuation.

To determine v(F') for any ' € A;(R), we first note that F' can be written as a finite
sum

F = Zagx”y-”, ag € R.
‘

Let Fy be the sum of all terms ayxy’¢ such that ipv(x) + jev(y) is equal to u =
ming{ipv(z) + jev(y)}-

If F; consists of only one such term, then we define v(F') = u; this is obviously always
the case whenever v(y) ¢ Q. Otherwise, we factor out z°1y7* with the smallest power of
and get

Fy ~ xhyjl Z Ozg.%‘ie_ilyje_jl.
£, igv(x)+jev(y)=u
Since
(ie —i1)v(x) + (Je — J1)v(y) =0,

for each £ in the sum, ﬁ = K/;Z—ll for some K, € 7Z. We can write

Fi~ oty flamy™)

where f(t) is a polynomial in R[¢]. Since we know v(w;) > 0 and v(a) = 0 fora € R*, v
is uniquely determined on Rw;]. From this, it follows that v(f(2™!y™*)) = 0 if and only
if f(1) # 0since 2™ y™ = wy + F.

In this case, v(F7) = w and since all terms in F' — F; have v-value strictly greater than
u, v(F) = w must hold. Since v(u) is a sum of integer powers of v(z) and v(y), v(F) is in
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the abelian group, generated by {v(w;)};>_1.Ifu =0, F = ¥ f(8;) € R. If on the other
hand f(B3;) = 0, write f(t) = g1 (t)(t — B1)* with g1(31) # 0 and we have
F~ i yjl g1 (:Eml y™ )wlfl .

We set v(Fy) = u + kjv(wr) and add all terms we get from exchanging the order of
factors, whose v-value can be lower than the newly set v(F} ), although still strictly higher
than u due to v[z,y] > v(xy), to F — Fy. It is immediate that v(F}) is in the subgroup
of I, generated by v(z),v(y) and v(w;) and that if v(Fy) = 0, F; € R. It is important
to note that in both cases, we consider F; as a single term. It follows that during our
transformation, the number of terms (if we ignore the ones we got when we changed the
order of factors in a product) is strictly smaller than before (unless, of course, F; was just
a single term in the beginning and we get v(F') = v(F})).

We now consider the values of the terms in F' — F}. If all of them have v-value strictly
greater than that of Fj, we conclude v(F') = v(F}). Otherwise, we take all terms of

0, igv(x)+iev(y)>u

for which igv(x) + jov(y) = v := ming{ipv(z) + jrv(y)} and then as before define

F, = T2 ng E Oég/l‘i@/ *izyjzf —J2
v igo(@)+ipo(y)=v

As above, we write Iy ~ 2272 g (™1™ ) (2 — B1)*2, ko > 0, go(B1) # 0 and add all
the terms we get when we change the order of factors to /' — Fy — F5. Their v-value is
strictly greater than u’ due to v[z, y] > v(xy).

We continue this process, defining F}, Fs, ..., Fj, until all terms in £' — F; — -+ — F},
have v-value strictly greater than min{F1, ..., F} }. Note that it is possible that F}, consists
of only one term from F' — F} — --- — Fj_;.

Afterwards, we sum together all those F; for 1 < i < k for which v(F;) = u; :=
min{v(F}),...,v(Fk)}. If the minimum is achieved at exactly one such F;, we set v(F') =
v(F;). This is always the case whenever v(w;) ¢ Q. Otherwise we can relabel the terms so
the minimum is achieved at I, . .., F}. for some r < k. As we have shown, each F;; can be
written as F; = x'iydig;(z1y™ )wl’. We sum the terms together, factor out 1371w,
the term that has, written as a polynomial in x and y, the lowest power of x, and label the
new sum Fi ;.

To evaluate v(F} 1), we follow a procedure similar to the one evaluating v(F}). After

factoring 271 y71 W', we are left with

A ’ i Ao ko—k
Fl,l ~ lethll(gl(l{m]yn1) +g2($m1yn1)x12 zlng jlwlz 1 N

+ g, (.’Eml y™ )xi'r—il yj'r'_jlwiﬁ‘_kl )

R
~ a:“yjlwlfl ZaJx“yj"wf", withay € R,iy, 55, k; € Z,R > 1.
J=1

Each term in the sum has v-value zero. Let aq,as,--- ,ay be the terms such that each
product of the form x'yw}, i, j,k € 7Z that fulfills the condition v(z'y/w}f) = 0 is a
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product of positive integer powers of some of a; up to the order of factors x, y and w;. The
existence of ay, ..., ay is assured by Lemma 3.7. We can then write

R
Fiq~ :L‘ilyjlwlfl Z,y]a;nl“]a;ﬂz,,] . aznlf,J
J=1
Nx“yjlwllg(ala'” 7a2)7g€R[t17"' 7t4] (37)

withy; € R,my ;€ Zforalll < I </fand1 < J < R. As before, we add all terms
we get when we change the order of multiplication of x, y or w; in a product to ' — F ;
since the value of its terms is strictly greater than u;. Since, as we have determined in the
beginning, each term in the sum (3.7) has v-value equal to zero and we know what @; € R
isforeach1 <1i < ¢, v(g(ay,...,ar)) will have to be greater than or equal to zero, we can
define g(aq,...,a¢) = g(ag,...,a).

If g(at,...,az) # 0, then we set v(g(as,...,ar)) = 0 and v(F) = v(Fi1) =
i1v(x) + j1v(y) + k1v(wy). Otherwise write

L
g<t17~ .. >t€) = h(tl —a1,...,1p _aié) = Znﬁzl(t]‘ —CTj)mi’jhi(tl, - ,tg)
=1

with b, hy, ..., hy € Rlt1,...,t,] and h;(@7,...,a7) # 0 for all i. We factor out the
I1;(t; —@;)™ for those i for which _; v(a; —@;)™" is minimal. Then

g(tl, Ce 7t[) = Hj(tj —Tj)mi'jg(tl, Ce 7tk)7 Wlthg € R[tl, Ce ,td.

If g(a1, ..., ax) # 0, we set

v(Fy1) = v(zyit) + Zmi’jv(aj —aj).
J

If on the other hand, §(at,...,ax) = 0, we do the same thing as we did with g. The
process cannot go on indefinitely since g is a polynomial and hence of finite degree. All
terms we get when we exchange the order of x,y and w; are added to ' — F ;. Their
v-value must be strictly greater than ;. It follows from the construction that v(F 171) must
be in the group generated by {v(w;)};>—1 since this holds for v(a; — @;) for all ¢ and that
if’U(Fl,l) =0, ﬁ’l e R.

Since v(a; — @;) is, as we have shown in Lemma 3.6 and the discussion following it, a

sum of v(w;) and thus v(Il;w; " (a; — @;)) = 0, we can write I} 1 as one term of the form

Hg":_lwfig(al, as,...,ay) withn € Nand g € R[ty, ..., and g(a7,az,...,as) # 0.

After v(F1 1) is set, we compare it to both v(F;) for all F; that are not part of F ;
and the terms of F' — Fy — --- — F}, — Fy 1. If all of these terms have v-value strictly
greater than v(F} 1), then we can set v(F') = v(F} 1). Otherwise, we collect all terms with
minimal v-value in a sum which we label F} 5. We determine v(F} 2) in the same way we
determined F ; and then sum all of the remaining terms that have v-value less or equal to
min{v(Fy 1),v(F1,2)} to a sum labeled F; 3.

We repeat the process until for some k, min{v(Fi 1), -+ ,v(Fi )} is strictly smaller
than the v-value of any of the remaining terms.
If min{v(F11), - ,v(F1)} is achieved at exactly one i, we set v(F) = v(Fy ;).

Otherwise we sum all the terms with the minimal v-value and label the sum F5 ;. We
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evaluate v(F> 1) in the same way we evaluated v(F} 1). We repeat the process, defining
F; ; and determining its v-value in the same way as above. We point out that after v(F; ;)
is defined, we regard F; ; as one single term in future evaluations.

Now we must show that at one point, the process ends, i.e., that for some 1, j, v(FL j) is
strictly smaller than the v-value of all other terms. This holds because each time we define
F; ; for some ¢, j, we sum a number of different terms into one single term and because
whenever we change the order of factors in a term, the degree of = and y in the difference
is strictly smaller. This means that we eventually run out of terms. We have thus defined v
for an arbitrary polynomial F' € A;(R). What we essentially did was that we wrote

F=F+F

where F' is written as a single term, v(ﬁ) is computed as if x and y commuted and the
v-value of each term of F7 is strictly greater than v(F'). For another G € A;(R), we can
write

FG =FG+ (FG),

and since we evaluate v(F) and v(G) as if 2 and y commuted, v(FG) = v(F) + v(G).
We use the same reasoning to show v(F + G) > min{v(F'), v(G)}.

It follows from the construction that for each ¢, j, v(F; ;) is a linear combination of
{v(wi)}i>—1 and that in case v(F; ;) = 0, F; ; € R. O

Theorem 3.9. Let v be a valuation on A;(R) trivial on R with residue field R. Then v is
strongly abelian.

Proof. If v’s value group is Q, then the theorem follows from Corollary 2.4. Otherwise,
v(wy) € Q for some N by our construction. But as we have shown in Lemma 3.2,

vjwn,z] = —v(ywy - -wn-1). Ifv(wnz) = v[wn, ], it follows that v(wy) € Q, a
contradiction. Since the value group is generated by {v(w;)}i>_1, it follows from Propo-
sition 2.7 that v is strongly abelian. O

4 Valuations on R[y; 6]

In this section, we explain a construction of valuations on the ring R[y; 6] with

R::{Z ak;z;*% | ax € R,m € Z,n € N}

k>m

and §(p(z)) = p'(x). This construction, which was first introduced in [16], will, as we
will see in this section, give us all valuations on R][y;d] with residue field R. Then, we
will prove exactly which valuations on .4 (R) with residue field R extend to a valuation on
Rly; 0] with the same residue field, answering the question posed by Marshall and Zhang
in [16]. We will see the extensions of valuations on R]y; d] are strongly abelian.

Every valuation on R][y; 6] can be uniquely extended to its quotient ring, which we label
as D, because R[y; d] is an Ore domain. Since [y, z] = 1 as before, v(zy) < 0 must hold.
We set v(x) = —1, 2z := y and consider v(y). If v(y) & Q, then

0<i<n

o> pile)y’) = min {w(pi(@)) +iv(y)}
1=0
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for any >0 pi(z)y® € R[y;d]. Otherwise v(y) = r1 € Q and hence v(y — y127 ™) >
v(y) for some v; € R. If v(z1) = ro € Q for z; := y — 127", we proceed to find
29 = 21 — Y2x "2 such that v(z9) is greater than 5. We repeat this process to construct a
sequence (2;)i>0.

If v(zx) ¢ Q for some k € N, then we can write every f € R[y; 0] as Y ., pi(2)z},
and deduce

o(f) = min {v(pi(z)) +iv(z)}.

0<i<n

The value group is then group-isomorphic to Qx Z. Since v[x, zx] = v[z,y] = 0 > v(zzy),
v is strongly abelian by Proposition 2.7. Otherwise, the sequence (z;);>0, v(2;) = Ti41 €
Q is infinite. We take note of the fact that v(z;4+1) > v(2;) and since [z;, z] = [y, 2] = 1
for all 4, v(z;) < 1 for all i. We define 7 := lim; o, r; < 1.

41 Caser <1

If » < 1, it has been shown in [16] that v can be extended to a valuation on R[y; ] with
residue field R. We first extend v from R to

R= {Z aqgz™ 1| ag € R, A C Qis well-ordered }
qgeA
in a natural way, i.e., by defining
v(z agr”?) =min A
qeA

foreach ) 4 aqz™9 € Rly; 8. Then for every f(t) € R[t], define v(f(y)) = v(f(2))

with z := Y23 a;x " and f(y) = > i, piy" for f(¢) = D1, pst'. This gives rise to a
valuation on R[y; §].
However if r = 1, we cannot define a valuation in this way. Let & € N be such that

2ry > 1+ 71, whichexists since r = 1, and ap, =y — 2 = Zle Yz~ Let
ft) = (t —ax)(t — az) = t? — 2tay, + a3 € RJt].

On one hand,
v

—~

f@) = v(f(2)) = 20(z — ar) = 2re41.

On the other,
21 = v((y—ar)(y—ar)) = v(y* —2yar+ai+[y, ax]) = min{2rp 1, 14ri} = 14,

contradicting the assumption that v is a valuation, as shown in [16].

Of course, even in case r < 1, there may also exist a k such that 2r; > 1 + r;. But the
important difference between the two cases is that if » < 1, there is always an £ € N such
that 1 + r, > 2ry, for all £ € N, which does not hold in case » = 1. Then, since

f: Rly; 0] = Rly; 6], f(y) = z, f(a) =afora € R

is a real algebra automorphism of R[y; ], we can translate the sequence by replacing y
with z,.

We see that since the associated value group is QQ, v is a strongly abelian valuation by
Corollary 2.4.
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42 Caser =1

The question whether in case 7 = 1, v can be extended from a sequence (z;);>o to a
valuation on R[y; d] was left open in [16]. In this subsection, we show that it can be done
using model theory (for reference, see for example [19]). We also show that the valuation
we get in this way is uniquely determined.

Suppose we have infinite sequences (z;);>0 € R[y;d], (r;)i>1 € Q and (y;);>1 C R
and v: (2;)i>0 = Q with 29 = y, 241 = 2z; — Yis12~ "+ and v(2;) = 141 € Q with
(r;)i>1 astrictly increasing sequence with » = lim;_,, ; = 1. Then for each n > 0, there
is a valuation v,, on R][y; 0] such that v,,(z;) = ;41 forall0 < i < n—1and v,(z,) € Q.

We now present the first-order theory that the valuation associated to the infinite se-
quence we wish to prove exists is a model of. The theory will be a union of the theory of
D, the quotient division ring of R[y; d] and the theory of valuations. We will see that each
finite subset of this theory has a model. By compactness, so does the whole theory.

The language of our theory will be

FU{+,—7"0,<) Ufes, |2 1)

where F' is the set of all constants ¢, for each a € D, +, - and < are binary function
symbols, — and ~! are unary function symbols, O is an unary relation symbol and c., is a
constant for all ¢ > 0. Let .4 be the theory of the quotient division ring of the ring R|[y; d].
By B we will denote the set of axioms for valuation rings O on division rings:

1. O(0) AO(1)

2. Va:O(a)VO(a™?)

3. Va,b: O(a) A O(b) — O(a + b) A O(ab) A O(ba)

We add all sentences C that will give proper meaning to the constants c,, forall ¢ > —1:
4. ¢y = ¢y

5. ¢y =Coy — Copppra i1

6. O(meﬂzi) A O(C(mf'ri+1zi)—1)

Our theory is then the union of all the above axioms from 4 to C. Since all finite
subsets of the theory have a model, namely, the valuation v,, described in the beginning of
this subsection, so does, by compactness, the whole theory. Since the theory contains F/,
the set of all constants ¢, for each a € D, the models are valued division rings which all
contain D. We pick a model of the theory, a pair (D1, v), where D; is a division ring with
valuation v.

We now show that the v-value is uniquely determined for every f € Rly;d]. It will
then follow that v is uniquely determined on the whole quotient ring D. Every f € R[y; ¢]
can be written as

f= Zpgo)(x)yi, with pl(»o) (x) € Rforeach0 < i <mn.
=0
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For the time being, we ignore the terms we get when we change the order of multipli-
cation. At the end of this subsection, we will see that they do not influence v( f). For each

k > 1, we define
k
ap =y —z =) yr "
i=1

and write
F=Y 0@y = ZP§O) (x)(ay, + 21,)"
i=0 i
~ Zp 03 (D)eirtsd - pr
j=0 J
with

n

k i\ (o i—j
w3 ()i @i
i=5
foreach 0 < j < nand k > 1. Foreach 0 < j < n, g;(t) := Z" ( )pgo)( )t is a
polynomial in R[t]. The quotient field of

C;:{Z agr " | ar € C,m € Z,n € N}

k>m

is the algebraic closure of the quotient field of R, as shown in for example [14]. Since
Yoo iz~ " is not in the quotient field of C, it is not a root of g;(t) for any 0 < j < n.
We conclude that for some K € N, v(p (k)( ) = v(pEK)( )) for all £ > K and all

0 < j < n. We can then write

=3 @y = y () " ()
IAETES WAEEES >

with U(pgk)(x)) = v(pEK)(x)) forall k > K.

We now show that from some K’ > K, v(pék)) < v(pl(-k)z,i) forall 1 < ¢ < n and all
k> K'. Forall k > K,

Py ZP )k — ax)’ ZP ) (Vo1 TR

with v(p; (k )( ) =v(p (K)( ))- Since (7;);>1 is an increasing sequence with lim;_, o 7; =
1, there exists K’ > K such that

_min {o(p" (@) +ira} = min {o(pi™ (@) +irgoa)

is achieved at exactly one 0 < 7 < n. We conclude v(péK +1))

1<i<n,

(K))

= v(py ). Then for each

v(pF (@)2) = v (@) Firg = v (@) Firga > vE (@) ir > o).
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To show that v(f) is equal to v(péK)(x)) € Q, we must show that the v-value of all
the terms we get when we change the order of multiplication must be strictly greater than

v(péK) (z)). Forall k > 1, we write

k n ki
» (@ pr) me) D)) =30 > pt (@aia
j=1

i=0 j=1

with ¢; € Qforall 1 < j < k;and 1 < i < n. Since forall 0 < i < n, p{” (z) € R and

1
(r;)i>1 1s an increasing sequence with lim,_,, r; = 1, there exists some & > 1 such that

the term of the sum with v-value

i {o(p” (@) + (= Dry+ i}

ey

is the only term in the sum with its v-value. We conclude

v (@) = v (2)) < vP (2)) + (i — L)ry + 1 @.1)

for all 1 < ¢ < n. On the other hand, we can write

f= Zp(o) ' =30 (@) (ar + 2"
=0

For all 0 < i < n, all terms of (aj + zk)i when expaned are of the form af;l ziz . .ail ! f;
with ¢1,...,¢; > 0and ¢, + --- + ¢; = 4. Since v(ay) = r1, v(2k) = Tk41 and

k
%Zk—vZ% Ly - Z% T =0() e y]) = 14,
i=1

it follows that the v-value of each term we get when we change the order of multiplication
is at least v(pgo)( )+ (i — 1)r + 1 foreach 1 < ¢ < n, which is, as is immediate from
(4.1), strictly greater than v(péK) (x)). We thus conclude v(f) = v(p(()K)(a;)) € Q It
also follows that v(f) = vi(f) for all & > K’ with vy, as defined in the beginning of this
section. As every element of D, the quotient ring for R[y; d], can be written as fg—* with
fsg € R|y; 0], it follows that v is uniquely determined on D. We see that the value group
for v is equal to Q. We conclude from Corollary 2.4 that v is strongly abelian.

It remains to show that the residue field for v is equal to R. Suppose v(f) = 0 for some
f € D. Then vi(f) = 0 forall k > K for some K € N. We can write

(K i (K _
=0 p"z Zq] V23!
i=0
Wlthp( ), %) ¢ R and
U(ZPEK)Z% (K) ) =v( Zq(K)z%( ) =v( q(()K )=q€qQ.

Tt follows that (2 37, p\™) 2 ) = v(a >0 qj(K)zK) —Oanda := 29 3" pt) 2
a:qpéK) € R=R, 38 := a4 Z] OqJ(K)zK = xqqéK) € R = R. We conclude
= af~! € R. So the residue field for v is indeed equal to R.

| ||
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4.3 Extensions of valuations from A, (R) to R[x; 4]

In this section, we characterize the valuations on A; (R) with residue field R that have an
extension to R[y; 6] with the same residue field.

Since 2™ € Rly; ], it follows that any valuation v’ that extends v to a valuation on

Rly; 8] with residue field R must satisfy v’(xT: wi—1) = 0and 7; := 27 w;_1 € R. In
the next proposition, we show the necessary condition for a valuation v on A; (R) to have
an extension v’ to R[y; §] with the same residue field.

Proposition 4.1. Let v be a valuation on A; (R) with residue field R associated to a se-
quence (w;);>—1 with v(w;_1) = %ﬁ‘fori > land x™iw | = f; € R Let a;; € R
be as in Section 3. Let 2" be the greatest power of two dividing n; for all i > 0. Then
v can be extended to a valuation on R|y; 0] with the same residue field only if it fulfils the
following conditions:

(1) For each i such that n; is even, 3; > 0 must hold, and
(2) foreachi,j, £ with hy < hj < hy, a; jo ¢ > 0 must hold.

Proof. Since

T = (@7 wi )™ = awl ) = B
due to Proposition 2.2, it is obvious that +; must be equal to an n;-th root of 5;. If n; is
odd, ¥; € R is uniquely determined regardless of sgn(f;), while if n; is even, 7; € R only
if 8; > 0. It is thus obvious that 8; > 0 must hold for all 7 where n; is even if v can be
extended from a valuation on A; (R) to a valuation on R[y; §] with the same residue field.
This proves the necessity of the first condition.

To prove the necessity of the second condition, we first observe that
Ki; —K;; K~ K,

Qij = wipwi oyt =g
holds for all 4,5 > 0. If h; < h;, K; ; is odd while K ; is even, so sgn(vy;) = sgn(o ;)
must hold. We can therefore see that

~ Ki i+ Kie s,

—Kji5 —Kei
Qi 0G0 =i v

forall 4,5, > 0. If h; < h; < hy, both K; ; and K; ; are odd while K ; and K, ; are
even. It follows that if v can be extended to a valuation on R[y;d] with residue field R,
o ja ¢ > 0 must hold for all 4, j, £ > 0 with h; < h; < hy. O

In this section, we show that the conditions (1) and (2) of Proposition 4.1 are also
sufficient for v to have an extension to R[y; ] with residue field R. Let v be any valuation
on A; (R) satisfying the conditions described in Proposition 4.1. We will first determine
v; € Rfor all ¢ > 0. If n; is odd, there is a unique choice of §; € R. Suppose then n;
is even and 3; > 0 for some ¢ > 0. If h; < h; for some j, then sgn(7¥;) = sgn(a ;) =
sgn(; 5174, %5%) since K ; is even while K ; is odd.

We can conclude that if for every power of two 2" there is an i > 0 (or, equivalently,
if the v-value group is 2-divisible), 7; € R is uniquely determined for all # > 0. If on the
other hand, the value group is non-2-divisible, there is an ¢ > 0 such that 2hi is maximal
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for all ¢ > 0. We then have two choices for ; - a positive or a negative one. The sign of +;
is then uniquely determined for all j > 0 since

a; ;= §i i,
where K; ; is even and K; ; is odd. We will now take an arbitrary valuation v on A, (R)
satisfying the conditions of Proposition 4.1, constructed by a sequence of (w;);>_1 as
shown in Section 3. We also pick y; € R for all ¢. Then we will describe v’s extension to
Rly; 6] with a sequence of (z;);>0 like in the beginning of Section 4.

Suppose the valuation v on A;(R) is given by a sequence (w;);>—1 with w_; =
z,wo = y and w; = ™ w, — B;, Bi € R and ged(m;,n;) = 1 for all <. Suppose
also that v satisfies conditions (1) and (2) of Proposition 4.1. We will show that there is
exactly one extension of v from 4 (R) to R[y; d] for each appropriate choice of (7;);>1.

Lemma 4.2. For each k > { > 0, wy, can be written in the following form:

k m;
o TR B — 527 )55 B,
wk'—( i=01T L)wé( i=0+1 Z) Z( j=i+1l )71( J=t ])
=041
k m;
+ Z (I y 7™ ) A (I 1 By,
i=0+1
with
n;—1 s . s .
A= Z (2w e [ i Jw]
Jj=1
n;
’Vni _1
B’L — (x ni W, l)nL ]py]
j=1

foreach 1 <i <k.

Proof. We prove the lemma by induction on k& > ¢. For k = ¢, it is trivially true since we
get wy = wg.
Suppose now the equation holds for some k > ¢. Then

mEgg1

W1 = 2™ — By = (7 wg — Y1) Br1 + Akt
mp i 5 my & k b T R k
= x "+ (I 27 Jwe (g g1 Bi) — Z (52 )i, By)
=041
k -
+ > (e ) AT Bi)Bryt — k1Bt + Arit
=041
» 1 "
k1 T k1 k T o kel
= (Hiig_o.lx i )Wé(Hi:H.lBi) - Z (Hjii1+1x ’ )%‘(Hjii B;)
i=t+1
k+1

k ’:Li k
+ Z (Hji.l_Hx J )Ai(Hjii1+1Bi)a
i=0+1
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where we used the induction hypothesis, which is

k
Wk = (Hf:eJrle)wg(Hf:HlBi) - Z (Hf er19’j " )’YZ(Hk Bj)
i=0+1
+ Z ] =i+1% J)Ai(H§:i+1Bi)
=041
in the second equation. 0

’7’; and x%wz;l =9, v(B;) = 0 and B; = n;¥;

7~ must hold for

Since v(w;—1) =
all7 > 1. From

n;—1

[™, wi—1] E i e wig o m j),

we can see that v(A;) = v[xﬁ,wi,l} = v[z, w;—1] o= —v(zyws .. .w;—1). Since
Z?Z—l v(w;) < 0 for every k by Lemma 3.2,
k -
o 3 (Mymina ™ ) AT By)) > v(wy)
i=C+1

will hold for every k, which is why we can ignore the terms containing A; during our
evaluations of v(z;) where for each i, z; € R]y; 4] is as in the beginning of this section.

Lemma 4.3. Suppose v is a valuation on A;(R) constructed from a sequence (w;);>—_1
that extends to a valuation on Rly; 0| and thus D, its quotient division ring. For a given
i > 1, define a sequence (S; ;);>1 by:

@ Sip = (z™ wis1 — ;)" (Bi — By,
() S jp1 = (7 wiiy —Fi) "M (Sij — Sij) forj > 1.
Then for each j > 1:

Sviy) Nej, and
2 ’U(S’L»]) =0, ?,] = Nl’j+1f%n%_j—1
Joralll <j<n;—1

Proof. We prove the first statement of the lemma by induction on 5 > 1. To show the basis
of induction, we evaluate

g .
B —B; = (x7 w1 — 7)) ((@™ w1
k=1
(@7 wimg)™ F 2 4 TR
nifl

= (z™ wi_1 — i) Z fe(xm wi—g)™ R gk
k=1
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1 mg R T mg
We can thus see S; 1 = > po; k(™ w;_1)™ k=15.k=1 and since ™ w;_q = = 9;, we

see that the lemma holds in case j = 1. Now we suppose that the statement is true for
some j > 1,ie., S;; = > o) Ny j(zm "W )Tk R and v(Si;) =0,8, =
Ni 7™ —J=1 'We then write

n;—j

i ni—j—k ~ k—1 cmi—j—1
Sig—Sij = Nejlmiw )" 7FgF = Ny 9,7

n;—j . n;—j
e n;— k~k 1 ng 1
= g N (™ w )™ E N7~
k=1
nifjfl

mg

D Nig((@m w77 — g gk

n;—j—1
my

Nk ((xnl wiil)nifjflfk_’_ +,yn1 j—1— k)'sz 1

my

= (2™ wio1 — %)

‘ Eod
m Il m
—_

n;
my

= (v7 wi—1 — %) (Nk.,j + Ni+1,j + -+ Nos—j—1,5)

k=1
(& wim )T gL
. mioio1 .
= (z7 w1 — i) Z Ny jar (7w )iy k=1
k=1

proving the first statement of the lemma. The second statement immediately follows from

the first since x i w;_1 = -; and thus

n;—j

n;—j .
my

Z Ny j(x™iw;_q)i—i— gkl = =Ny j17%" -1 O
Lemma 4.4. Supose v is as in Lemma 4.3. For a given i > 1, define a sequence (D; ;) j>1
by:
(@) Di1 =B1By---B; — B1By--- B,
(b) Dy jp1 = 2P D; ; — 2v(Pis) D; ;.
Then for each j > 1:
1. D ; is a R-linear sum of terms which are products of elements from the set
{witi U{B:}i U{B; '} U {Sii}is, 4.2)

where parts of the product are conjugated by a rational power of x.
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2. v(D; ;) is a sum of v(wy) for finitely many wy.
3. x”(Dw‘)Di,j is sum of products of Vi for various k.

Proof. Since

BiBy---B; — B1Bs - - B_ZBl \(B; - B;)Bjs1 - B;

= ZBl e Bj_leB;15j71m7

and
mit1 1 -
T i1 Bl"'Bj—leBj Sj,lBi+1"'Bi

migq migq miyq

— (J? njt1 B1 e Bj_11'7 iyl )CC Vi1 w]B S] 1BL+1 . Bi7

for each 1 < j < k, the first two statements of the lemma follow from:

my

i ~ -1
1. xm Wi—1 —Yi = wiBi

my

2. Bi—Bi=(z7 wis1 —7)Si1 = wiB; ' Sia,

- ~ -1
3. S5y~ Sig = (@™ wimt — 841 = wiB S 11,

4. Brl _E_l = _Bi_l(Bi - E)E_l = _B _1w7, lsz lB 1a
where we ignore the terms we get when we change the order of multiplication. We can do
that that since these terms are procucts of A; as defined in Lemma 4.2 and terms with zero
v-value. As we have already mentioned, these terms will not influence the construction
of the extension of a valuation on .4; (R) to R[y; ¢]. Indeed - we can see by induction on
7 > 1 that each term of the sum is a product of factors equal to, modulo conjugation by a
rational power of x, one of the elements of the set (4.2); that is,

1. either equal to w;, or
2. equal to a power of B; or S ; for some 1, j.

Since the latter have v-value equal to zero and since both B; — B, and Sij — Tj are
products of w;, a power of B; ' and S; ; for some i, j, v(D; ;) is a sum of v(w;) for some
i. The last statement of the lemma follows from the fact that for all 4, j, B; and S;,; are of
the form N7; for N € N. O

If v is a valuation on R[y; d] with residue field R, then, as we have presented in Sec-
tion 4, v can be constructed from a sequence (z;);>0 C R[y; 6]. In the next proposition, we
make the first comparison between this construction and the construction of a valuation on
A; (R) from a sequence (w;);>—1 described in Section 3.
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Lemma 4.5. Suppose v is as in Lemma 4.3. Suppose that for some k, ¢ > 0, we can write
wp = gz )ze(TE, By) + C,
where C'is a R-linear sum of elements of the form D; ; for some i,j > 0. Then:
1. Ifv(wg) > v(Hlex%ZZ) € Q, then

Wi = (Hlexﬁ)zéJrl(Hf:lBi) + C1.

2. Ifv(wg) = v(Hlex%z/g) € Q, then

Wk+1 = (Hi@f%ﬁ)szl(HfillBi) + Cs.

3. Ifv(wg) < v(Hlex%ZZ), then, if v(wy) € Q,

Wk+1 = (Hk+11xﬁ)zé(nfi113i) + Cs.

1=

Here, Cy, Cy and Cs5 are other R-linear sums of elements of the form D; ; as in Lemma 4.5
for some i,5 > 0.

Proof. Suppose first v(wy) > U(Hlem%z[) =v(C). Since v(C) = rpy 1 — Zk i ¢

=1 n;
Q, then rp41 := v(z¢) € Q as well. So, for zp41 = zp — x~"+17p41, We can write

wi = (T 270 ) 2041 (T By) + o (T i )~ (I, B;) + C
= (27 )21 (M, Bi) + 27D (o4 (T, By) + 29 0)

Since v(zg41) > v(2¢), we see that v(y,y 115 B; + 2°(€)C) > 0. It follows that v, =
—11%_,B; 'z-"(©)C, hence

Cl = 'ngHf:lBi + CL’i’U(C)C = ’Y£+1H§:131‘ + 1’7U(C)C - in(C)C + l’iv(c)c
= e (M, B — I By) + (2790 — 27(O)C)

We see that since C' is an R-linear sum of D; ; for various ¢, j, so is, by Lemma 4.4,
V() C — x=(O)C. Hence, C} is an R-linear sum of D; ;.

Now consider the case v(wg) = U(Hlex%zy) < v(C). Since v(wy) = ZL:—E € Q,

we can evaluate

Me4+1 m, MmE41
~ " k+1,_. 5+ ™
Ve+1 = T "L W = (Hiil w7 )zo(T_ B;) 4+ a1 C

ME+1

= el Bi + 2™+ C,
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and then deduce

—_—
"t Wy — Yig1) Braa

Wk+1 = (
(Hk+1lx i )ZZ(HfillBi) + »T%CBkH — Yep1Br11
= (I e o )2Z+1(Hf:+113i) + e (I Bi) + x%03k+1 — Yet+1Br+1
= (e ) 2 (U By) + yes (T, By — T By) B +
M1 R

(x "k+1 C' — x "*+1 C)By4q

(Hk+13} i )2:4.,.1(1_[z 1 !B, ) + Cy

where C is, again, an R-linear sum of D; i1 for some i, j.

Lastly, we consider the case v(II¥_,z ™ z) > v(wy) = v(C) € Q. In this case,
T T
Vi1 = @ "1 wy = x "k+1 C, so we can write

ME41
W1 = (@ "1 W — Yi41) Brga

MEk41 ME+1

= (I 2™ )2 (T By) + (27t € — 2741 C) By

and the statement again follows. O

Theorem 4.6. Suppose v is a valuation on A;(R), constructed from an either finite or
infinite sequence (w;);>_1 with v(w;) = % Suppose also that v satisfies the following
conditions:

1. For each i such that n; is even, 3; > 0 must hold, and
2. foreachi,j,{ > 0with h; < h;j < hy, o 50 ¢ > 0 must hold.

Then v has a unique extension to a valuation on R[y; ] with residue field R for each choice
of (Fi)i>1-

Proof. As we know from the beginning of Section 4, each valuation on R[y;d] and D
with residue field R can be constructed by either a finite or an infinite sequence (z;);>0.
For every sequence (w;);>_1, we will use the lemmas proved in this section to find the
unique sequence (z;);>¢ which, as we have shown in the beginning of this section, uniquely
determines a valuation on R[y; ¢]. Our calculations will then show that the valuation on D
defined by the sequence (z;);>¢ is the extension of the valuation on 4, (R) associated to
the sequence (w;);>—1.

We determine the finite or infinite sequence (z;);>o associated to v’s extension to
Rly;d]. In the first step, we consider v(y). If v(y) € Q, then v’s extension to R[y; ]
is clearly uniquely determined, namely the one defined by

v(zpi(w)y" = min {v(pi(z)) + iv(y)}

0<i<n

for every 31" pi(2)y’ € Rly; ).
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So suppose v(y) = ’:—11 € Q. Then, in the second step of our evaluation, we write

my mq

wp =a™y" — = ( & y—TN)Bi=zm(y—a m)B

and since v(wy) > 0, v(y — x_%'ﬁ) > 2 = o(y). We deduce z1 =y — 17_%71 with
Y1 = 1. Obviously, v(21) = v(w1) + 7+ € Qif and only if v(w1) € Q. If either and
hence both values are irrational, we get a unique extension of v to R[y; §]. Otherwise, if
v(wi) = 72 € Q and hence 1y = v(z2) = 71 + 2, we continue with the third step of
our evaluation by writing

mo mo Mg

Wy = ($T2W1 — ’}72)_82 = (wTQﬁﬁlel - ’}72)32'

. m2 mi . —=—1
Since v(wz) > 0, we conclude that v2 = ™2 2 ™1 z; must be equal to 72 B; . To evaluate
the v-value of 29 = 21 — Y92~ "2, we write

Wy = (ngngzzBl +72B1 —72)By = s am 298 By + (72B1 — V2)Bs.

We note that wy is here written as a sum of 117,z w ,221_[z 1Bi + C where C is as in
Lemma 4.5. To determine v(22), we compare v(wg) and v(~2B; — 72), the latter being
equal to v(wy) since ¥2 By — Y2 = y2(B1 — By). There are three possible cases:

1. If v(w2) < v(wy), then v(x%x%@) must be equal to v(ws), so r3 = v(z2) is
determined by v(22) = v(w2) — 7+ — 22, I v(w) = 72 € Q, then v(22) =
r3 € Q and v3 = v3(B1B2) ! must hold. It follows that v(23) € Q if and only
if v(w2) € Q. In this case, the v-value of z3 = 2o — y32~"® will be determined in

the subsequent steps, i.e., by considering (v(w;));>3 and (¥;);>3. By Lemma 4.5,
wy =1I5_z "1 23113_, B; + C1, C; being an R-linear sum of D; e

2. If v(wa) = v(w1), then v(22) depends on 73:

(a) If v5 = a (v2B1 — ¥2)Ba, then v(m%x%@) must be greater than v(w1)
since in this case, wy ~ (72B1 — 2)Bs and will be determined in the sub-
sequent steps, i.e., by considering (v(w;))i>3 and (¥;);>3. By Lemma 4.5,
wsy =1_,z 2 2I13_, B; + Cs, C5 being an R-linear sum of D; ;.

my my
(b) Otherwise, v(xz ™ x ™ 29) = v(ws). In this case, we get

mo

Y3 =73 — 272 (y2B1 — 72) Ba.

By Lemma 4.5, wg = H3 1:L‘ i ZgH,L 1Bi + Cs, with C'5 an R-linear sum of
D;

2

mg Mg

3. If v(ws) > v(wr), then v(z ™2 2z 29) = v(wy) and 73 = —x w5 (yaB1 — 92) Bt
By Lemma 4.5, wy = H 1:c " 231'[Z 1Bi 4+ C4, with C4 an R-linear sum of D; ;.
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The general step of the evaluation is similar to the first three. Suppose that in the
previous steps, we have evaluated v(z1) = 72, ...,v(2¢—1) = r¢ € Q. In the last step, we
have, by considering (w;)¥__, for some k, begun to evaluate v(z;) and we are, with

wg = (Hlefﬁ)zlJrl(Hf:lBi) +C,

where C is as in Lemma 4.5, in one of the five situations:
-1

k ; =
L If v(wg) < 0(C), then v(ze) = v(wk) — Y5y k B
In case rp11 = v(z¢) € Q, our next step is to evaluate the v-value of 211 =
zp — 1y, 1 by writing

w1 = (™) 2, (T4 By) 4 €.

2. If v(wg) > v(C), then v(z;) = v(C) and vp41 = 61_[?:1?,;_1. In case rp41 =
v(z¢) € Q, our next step is to evaluate the v-value of zp1 1 = 2, — 71y, by
writing

wi, = (I 2™ ) 2041 (T, B;) + Cs.

3. 1f v(wy) = v(C) & Q. then v(z) = v(wy — C) — Yp; 2
v(wr — C) > v(wg), C ~ wi must hold, but since, given that C # wy, and that C'
is a sum of D; ;, v(wy — C) must be in Q. This terminates our evaluation of the
sequence (z;);>o associated to v’s extension to R[y; d].

MEg+1 MEg+1

4. If v(wy) = v(0) = 2L € Q and ™+ wy, = x "+ C, v((TTE 135 = )Zg) >

NE+4+1
v(wy ). We continue with our evaluation by writing

Wk+1 = (H?:SLUTZ)ZZ(H;ZTB%‘) + Cs.

M1 mE 1]

5. Ifv(wg) = v(C) = 2 € Q and z "++1 wy, # o "k+1 C, then v((Hlex%)ZK) =

NE+1

’Vnk+1 77Lk+1 7_1
v(wg) and Yo = (T "+ wy — T R C) Y B, . We write

Wet1 = (Hkﬂx " )zep1 (XL By) + Cu.

For each 1 <i < 4, (; is, as is C, an R-linear sum of D; ; for various ¢, j. This is assured
by Lemma 4.5.

We point out that for each ¢, v(zy) is determined in a finite number of steps. In case v is
determined by a finite sequence (wi)f\;_l for some N > 0, this is immediate. In the infinite
case, it follows from Lemma 3.2 that limy, o, v(wi) = 0, so, given that by Lemma 4.4,
v(C) is a sum of v(w; ), v(wy) < v(C) must hold for some k. And since, in the step where

v(z) is determined, we get v(IIF_ 2™ z) = v(z) — Zle v(wi—1) < v(wy) for each
¢ >0, we get v(zg) < Zf:o v(w;) < 1 by Lemma 3.2. Since for each ¢ > 0, zp41 =
zg — x4 1, we did indeed find a unique sequence (z;);>0 that uniquely determines a
valuation v on R[y; d]. This valuation is v’s extension from .4, (R) to R[y; d]. O

The construction introduced in the proof of Theorem 4.6 can be reversed. Given a val-
uation v on R[y; 8], we could use the reverse construction to find the sequence (w;);>—1 C
Aj (R) associated to v’s restriction to A; (R).
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5 Valuations on R|[y; 4]

The ring R[y; 6] is an extension of Ry, ] where R is defined as R((z2)), the generalized

power ring of sums geq Q™7 with well-ordered support. We first show that every

valuation on R[y; 8] can be easily extended to R[y; d].

Lemma 5.1. Every valuation on Rly; 0] with residue field R can be extended to a valuation
on Rly; 8] with the same residue field.

Proof. Suppose first v is defined on R[y; ] by a finite sequence (z)F, with v(2x) € Q.
Then, as we can write every f € R[y;d] as Y., pi(z)z} with p;(z) € R, we define
v(f) = miny<;<n{v(pi(z)) + iv(2x)}. This gives us a well-defined valuation on R[y; d]
which clearly extends the one we defined on R[y; d] in the previous section.

Now suppose v is defined by an infinite sequence (2;);>0 with 7 = lim;_,oc v(2;) < 1.
Define z := y—> oo, a;z" " € RJy; 9]. In the same way as before, write every f € R|[y; ]
as 37 pi(z)2" with p;(z) € R and define v(f) = minj<i<,{v(pi(z))y +i(r — p)}
where 1 is a positive infinitesimal. Thus we once more get v’s extension to R[y; d]. O

In case » = 1, this is the only possible extension up to isomorphism of the value group,
for v(z) must be 1 — . This is because on the one hand, since v(z) > v(zx) = k41
for all k > 0, v(z) is greater than any rational number ¢ < 1. On the other hand, since
v[y — z,x] = v[y, z] = 0 and the value group is commutative, v(z) < 1. Thus if v(z) € R,
v(z) = 1. But if we restricted v to the quotient ring of the R-algebra, generated by x and
z, we would get a valuation on a division ring, isomorphic to D; (R), with a rational value
group, residue field R and v[z, 2] = v(zz), which contradicts Corollary 2.4.

Proposition 5.2. Let v be a valuation on R[y, 0] with residue field R. Then the value group
is not of rational rank one.

Proof. The only case in the proof of Lemma 5.1 where it does not immediately follow
that the value group is not Q is when v’s restriction to R[y; d] is constructed by an infinite
sequence (z;);>0 with r := lim; , o v(y — #;) < 1. In this case, we can set v(z) =r € R
and if r € Q, define y(!) := z and restart the construction of v. We may get another
infinite sequence (zfl))izo with 7(1) = limiqoov(zgl)) < 1. If r®M € Q, we start
over with 4 := 2(1). Though we may have to repeat the process infinitely many times,
the set {z\)} ;51 430 is countable and A := {v(z)},;51.450 is a well-ordered set of
rational numbers smaller than one. At one point, v(z) will have to be irrational for some
z =) ,ca0qr~ 7 since we would otherwise get z € R such that v(z) = 1 which, as we

have shown, contradicts the fact that the value group is rational. O

Recall that a pseudo-Cauchy sequence in a division ring D with a valuation v is a
sequence (ax)yea C D, where A is an ordinal such that there exists A\ € A for which
v(as —a,) <v(a, —a,)forallo,p,7 € Awith A < o < p < 7. Let D' be an extension
of D and v’ and extension of v to D’. Then a € D’ is a limit of the pseudo-Cauchy
sequence (ay)xea if v'(a — ay) = v'(ag4+1 — a,) forall o € A, A < o. Recall also the
definition of a immediate extension of a valuation.
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Definition 5.3. Let v be a valuation on a division ring D, the division ring D’ an extension
of D and v’ a valuation on D’ that extends v. Let I and D and I'” and D’ be the value
groups and residue division rnigs associated to v and v’. Then we say v’ is an immediate

extension of v if [V : T') = 1 and [D’ : D).

As a byproduct of our investigations, we show that not every extension of a valued
division ring by limits of pseudo-Cauchy sequences is immediate. This differs from the
commutative case since, as Kaplansky proved in [8], every extension of a valued field by
limits of pseudo-Cauchy sequences is immediate.

Corollary 5.4. There exist division rings D C D' and a valuation v on D which extends
to a valuation v' on D’ such that D' is an extension of D by limits of pseudo-Cauchy
sequences in D whereas v' is not an immediate extension of v.

Proof. Let v be a valuation on R[y; §] with residue field R and value group Q as described
in Section 4. Then v(z) = —1 and R[y; ] is an extension of R[y; 8] by limits of pseudo-
Cauchy sequences. This holds because every Zie@ a;z~" € R is a limit of the pseudo-
Cauchy sequence (Zle a;x~ %) g>1 in R[y; d].

As we have shown in this section, v can be uniquely extended to ]:B[y; d]. By Proposi-
tion 5.2, this extension is not immediate. Let D be the quotient division ring of R[y, ], to
which v uniquely extends, and D’ the quotient division ring of R[y; ], to which v’ uniquely
extends, since both rings are Ore domains. D’ is not an immediate extension of the ring
D with valuation v, even though D’ is an extension of D by limits of pseudo-Cauchy
sequences. O

6 Compatibility with orderings on .4, (R) and R[y; §]

In Section 3, we mentioned that every strongly abelian valuation on a division ring with
an ordered residue field is compatible with an ordering on the valued division ring. In
this section, we will use a noncommutative version of the Baer-Krull theorem to determine
all orderings on .4; (R) compatible with one of the valuations v we have described in the
previous sections. We will then show which of these orderings on .4; (R) can be extended
to an ordering on R][y; d] compatible with a v’s extension to R[y; d].

Recall that an order P on a division ring D is compatible with a valuation v on D if for
every a,b € D* such that v(a) = v(b) < v(a —b), ab € P holds.

Let v be a strongly abelian valuation on a division ring D with a formally real residue
field D. Let I be its value group. Let s: I' — D* be a semisection of v, i.e., a map for
which

1. s(0) =1,
2. v(s(g)) =gforallg €T,
3. s5(g1 + g2) = s(g1)s(g2)u? for some u € D* forall g1, go € T

Let x: I'/2I' — {—1,1} be a group homomorphism called a character and let P be an
ordering of D. Then, as it was shown in [24],

P,={aeD|a-s(v(a))*x(v(a)+2T) € P}
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is an order of D compatible with v. Moreover, if X denotes all orders of the residue field,
X, denotes all v-compatible orders on D and (T'/2T")* denotes the set of all characters on
T'/2T, then by Proposition 3 of [24], the map

f: X x (0/2I)* = X,
f((?, X)) = PX

is a bijection. The choice of a semisection s on I' does not matter. Using f, we will now
describe all orders on .A; (R) that are compatible with a valuation described in Section 3.

Suppose v is a valuation on A, (R) associated to an infinite sequence (w;);>_1 with R
as aresidue field. There is only one possible order of R, so the orders of .4; (R) compatible
with v will only depend on the characters x: I'/2I" — {—1,1}. Then there are three
different options for the value group I' C Q@ x Z.

1. T is a 2-divisible subgroup of Q,
2. T"is a non-2-divisible subgroup of Q,
3. T'is a direct sum of a non-2-divisible subgroup of Q with Z.

Since in each case the value group I is generated by {v(w;)};>_1, the characters and thus
the v-compatible orders will be determined by the signs of the w;.
In the first two cases, v is determined by an infinite sequence (w;);>—1 With v(w;) =

% € Qforeachi > —1. In the third case, v is determined by a finite sequence (w;)Y _;
with v(w;) = 2+ € Qforeach —1 < i < N — 1 and v(wy) € Q.

MNi41
If the value group is a 2-divisible subgroup of Q, then for each w;, there is a j # 4 such

that K; ; € Z is odd while K ; € Z is even. Since wiK_'if ij_j‘f = o j, it follows that
w;—1 > 01if and only if o ; > 0.

Conversely, if the value group is a non-2-divisible subgroup of QQ, we choose one @
such that n; is divisible by the greatest power of two that divides n; for any j > 0. After
choosing either w; < 0 or w; > 0, the order on .4; (R) is defined.

In the last case, where the value group is a direct sum of a non-2-divisible subgroup of
Q and Z, the order is determined by choosing either w; < 0 or w; > 0 and, independently,
either wy > 0 or wy < 0 where 4 is as in the second case and v(wy) ¢ Q. All four
combinations define an ordering on A; (R).

We have thus proven the following proposition.

Proposition 6.1. Suppose v is a valuation on Ay (R) with residue field R and value group
T'. Then:

1. If T is a 2-divisible subgroup of Q, there is a unique v-compatible ordering on

A1 (R).

2. If T is a non-2-divisible subgroup of Q, there are two v-compatible orderings on

A1 (R).

3. If T is a direct sum of a non-2-divisible subgroup of Q with Z, there are four possible
v-compatible orderings on A1 (R).
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6.1 Extensions of orderings on A; (R) to orders on R[y; 4]

In this section, we show which orders on A; (R) are extendable to an order on R[y;d],
thereby answering the question posed by Marshall and Zhang in [15].

Every order on .4 (R) is compatible with a unique finest valuation v on the same ring
with residue field R, as proved in [15]. Suppose v is a valuation on 4; (R) associated to
an infinite sequence (w;);>—_1 with v(w;—1) = 2 and w; = 2™ w;""; — B;. In Section 4,
we showed that provided both conditions of Theorem 4.6 are fulfilled, v can be uniquely
extended to a valuation v’ on R|[y; d] with residue field R if the value group is 2-divisible
and that it has two extensions to R[y; J] with the same residue field if the value group is
non-2-divisible. Here we show all v-compatible orders on A;(R) we have described in
the first part of this section can be extended to a v’-compatible order on R]y;d] for some
extension v’ of v from A (R) to R[y; d].

Theorem 6.2. Let P be an ordering on A, (R) and v be the unique finest valuation on
A1 (R) compatible with P. Then:

1. The order P can be extended to an ordering on R|y; 0] if and only if v can be extended
to a valuation on Rly; 6] with residue field R.

2. If the v-value group T is a 2-divisible subgroup of Q, then the extension of P is
unique. If on the other hand, T is a subgroup of I'1 X Z, where 'y is a non-2-
divisible subgroup of Q, i.e., when U is not a 2-divisible subgroup of Q, there are
two extensions of P to R[y; ). Each of the two extensions of v to a valuation v’ on
Rly; 6] with residue field R uniquely determines one of the two of P’s extensions to
Rly; d].

Proof. The first statement of the theorem follows from the fact that every ordering on
Rly; 4] is compatible with a valuation on the same ring with residue field R.

To prove the second statement, suppose that v is the unique P-compatible valuation on
A; (R) with residue field R that extends to a valuation on R[y; §] with the same residue
field.

If the value group I" of v on A, (R) is either a 2-divisible or non-2-divisible subgroup
of Q, then the value group I" of v’s extension to R[y; ¢] is Q. In this case, there is exactly
one v’'-compatible order of R[y; d] for each of v’s extensions v’ to R[y; d].

Suppose T is a 2-divisible subgroup of Q. Then there is a unique extension v’ of v to
Rly; d]. It follows that in case T" is a 2-divisible subgroup of Q, the only v-compatible order
on A; (R) extends to an order of R[y; d] that is compatible with v’.

If, on the other hand, I" is a non-2-divisible subgroup of Q, there are two extensions v’
of v to R[y; 6]. We will now show that for each of the v-compatible orderings on .4; (R),
there is a unique extension v’ of v to R[y;d] such that the ordering on A;(R) can be
extended to the unique v’-compatible ordering on R[y; d].

In this case, a v-compatible ordering on A; (R) is, as we have shown in the beginning
of this section, uniquely determined by the sign of w;_; where ¢ > 1 is such that n; is
divisible by the greatest power of two that divides n; for any j > 1. Furthermore, v, the
extension of v to R[y; ], is uniquely determined by choosing the sign of -; for this i.

We first choose an extension v’ of v to R[y; §]. We observe that 2% > 0 must hold for

every * € (Q since all rational powers of x are in R[y; d]. Since x%wi,l = 4, for each
1 > 1, ;w;—1 > 0 must hold for all ¢ > 0 for the order to be extendable to a v-compatible
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order on Rly; 0]. This holds for exactly one of the two v-compatible orders on A; (R). It is
clear from the construction that for each ordering on 4, (R), there is exactly one extension
v" of v to Rly; 8] such that this ordering is extendable to the unique v’-compatible ordering
on R[y; d].

In case T is a subgroup of Q x Z of rational rank two, I = Q X Z holds. In this case,
there are two v’-compatible orderings on R]y; 6] for every extension v” of v to R[y; §]. We
will now show that for each of the four v-compatible orders on A (R), there is a unique
extension v’ of v to R[y; ¢] and a unique v’'-compatible ordering P’ on R][y; ] such that P’
is an extension of P. The ordering P compatible to a valuation v on A; (R) is determined
by the signs of w; 1 and wy where ¢ > 1 is such that n; is divisible by the greatest power of
two that divides n; for any 7 > 1, and v(wn) & Q. The extension v’ of v to R[y; 6] and the
v'-compatible ordering on R[y; d] that extends P are the valuation v’ for which w;_;; > 0
and the v’-compatible ordering that agrees with the signs of w;_1 and wy in P.

We have thus proved the second statement of the theorem. O
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Abstract

Gareth Jones asked during the 2014 SIGMAP conference for examples of regular dessins
with nonabelian fields of moduli. In this paper, we first construct dessins whose moduli
fields are nonabelian Galois extensions of the form Q((,, ¢/q), where p is an odd prime
and (, is a pth root of unity and ¢ € Q is not a pth power, and we then show that their
regular closures have the same moduli fields. Finally, in the special case p = ¢ = 3 we
give another example of a regular dessin of degree 2'°-3* and genus 14155777 with moduli

field Q(Cs, ¥/3).
Keywords: Dessins d’enfants, coverings.

Math. Subj. Class. (2020): 14H57, 14H30

1 Introduction

Grothendieck first coined the term Dessin d’enfant in Esquisse d’un Programme [4] to
denote a connected bicolored graph embedded on a compact connected oriented topolog-
ical surface. The study was motivated by the one to one correspondance between dessins
d’enfant, the combinatorial data of the associated cartographical group, and the geomet-
ric concept of coverings of P! by compact Riemann surfaces ramified at most over three
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points. Moreover, by Belyi’s theorem any such covering is given the structure of an alge-
braic curve defined over a number field, therefore we obtain a natural action of the absolute
Galois group Gal(Q/Q) on the set of isomorphism classes of dessins. A lot of the interest
for dessins stems from the fact that this action is faithful, providing a way to study the
absolute Galois group through its action on the set of dessins. A particularly interesting
family of dessins is that of regular dessins, characterized by the fact that their automor-
phism groups act transitively on their sets of edges, and the Galois action was proved to
remain faithful when restricted to the subset of isomorphism classes of regular dessins [3].

To any dessin we associate a number field called its moduli field, which is defined as the
subfield of Q fixed by the subgroup of Gal(Q/Q) that fixes the dessin up to isomorphism.
Conder, Jones, Streit and Wolfart noted in [1] that the moduli fields of all the examples
of regular dessins known at the time were abelian Galois extensions of Q. Herradén con-
structed in [6] an explicit equation for a regular dessin whose moduli field Q(+/2) is not
a Galois extension of Q, and Hidalgo later generalized his construction in [7] to produce
regular dessins whose moduli fields are of the form Q(</2) where p is an odd prime num-
ber. However there is as of yet no known example of regular dessin whose moduli field
is a nonabelian Galois extension of Q. This is the starting point of this paper, in which
we will exhibit examples of regular dessins with moduli fields that are nonabelian Galois
extensions of Q.

In the present paper, we begin by recalling the main definitions and results on dessins
d’enfant. We will then expose constructions of regular dessins whose moduli fields are
nonabelian Galois extensions of Q. We first exhibit dessins whose moduli fields are of
the form Q((3, ¢/q), where (3 is a primitive third root of unity and ¢ € Q is not a third
power, and show that the regular closures of these dessins possess the same moduli fields.
We then generalize this construction to show that there exist regular dessins with moduli
fields Q((p, ¥/q). where (,, is a primitive pth root of unity and ¢ € Q¢ is not a pth power.
Finally, we give an example of a regular dessin of degree 2!% - 3% and genus 14155777 with
moduli field Q(C3, V/3).

Notations

* Gp: the group of self-bijections of the set E, similarly &,, is the group of permu-
tations of a set of n elements (we favor a right action, hence we write the product
OT :=TO0O0)

Gal(E/F): the Galois group of F-automorphisms of £

Cx: the kth primitive root of unity exp(ZZ )
* Fy: the free group of rank 2 with generators (&, )

¢ Crit: the set of critical values of a function

2 Preliminaries on dessins d’enfant
We refer the reader to existing expositions of the theory such as [5, 8, 9] and [2] for proofs

of the presented facts and further details.

A dessin d’enfant is a connected bipartite graph embedded on a compact connected
orientable topological surface, such that the complement of the graph is a disjoint union of
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2-cells. Two such dessins are equivalent if there exists an orientation preserving homeomor-
phism between the underlying surfaces that induces an isomorphism between the embedded
bipartite graphs.

A dessin is determined up to isomorphism by a pair (C, 3) where C' is a smooth alge-
braic curve and 3: C' — P! is a meromorphic mapping ramified at most over {0, 1, 0o},
and by Belyi’s theorem we can further ask for C' and 3 to both be defined over a number
field. We call (C, 3) a Belyi pair and (3 a Belyi function. The corresponding graph embed-
ding on the underlying surface is recovered by pulling back the segment [0, 1] along 3, we
define black and white vertices as the preimages of 0 and 1 respectively, and the edges as
the preimages of ]0, 1].

By covering theory a dessin is also determined up to isomorphism by the monodromy
action of the fundamental group of the complex projective line 71 (P) on the fiber over the
point § which is identified to the set of edges of the dessin. The fundamental group 7 (P')
is isomorphic to the free group of rank two Fy = (&, n) with generators £ and 7 which are
two loops with base point % and circling counter-clockwise around 0 and 1 respectively.
The monodromy action of the generators ¢ and 7 then corresponds to the product of the
counter-clockwise cyclic permutation of the edges around black and white vertices respec-
tively. We call monodromy map M : F5 — &g the map that associates to each element of
F5 the corresponding permutation of the set of edges, and we call cartographic group the
image of the monodromy map, which is a transitive subgroup of the group of permutations
of the set of edges.

When the automorphism group of a dessin D acts transitively on the set of edges, we say
that D is a regular dessin. When that is the case the cartographic group G acts transitively
and freely on the set of edges, the monodromy action is thus given by the canonical action of
G on itself. There is a natural bijection between regular dessins and finite groups generated
by two distinguished elements £ and 7 up to isomorphism. Two regular dessins determined
by G1 = (£1,m1) and Go = (€2, 1)2) respectively are isomorphic if and only if there exists
an isomorphism between GG and G that preserves the distinguished generators. Given
a dessin D, there exists a unique regular dessin D with a morphism ¢: D — D such
that any morphism from a regular dessin to D factors through ¢. We call D the regular
closure of D. Moreover, there exists an isomorphism Cart(D) = Cart(D) that preserves
the distinguished generators. There exists a natural action of the absolute Galois group
Gal(Q/Q) on the set of isomorphism classes of dessins, we denote by D? the action of an
automorphism o on a dessin D, and this Galois action commutes with regular closure, i.e.

we have (D)7 = (D7).

Given a dessin D, we say that a number field £ is a field of definition of D if D is
isomorphic to a dessin defined over k. However there does not necessarily exist a smallest
field of definition. We thus define the moduli field of a dessin D as the subfield of Q fixed
by the subgroup of Gal(Q/Q) constituted of the elements fixing D up to isomorphism. The
moduli field of a dessin is contained in all fields of definition but is not necessarily itself a
field of definition, however it is the case in particular for regular dessins.

3 Constructions of regular dessins with nonabelian moduli fields

We are now ready to give examples of regular dessins whose moduli fields are nonabelian
Galois extensions of Q. To do so, we will first exhibit dessins with such moduli fields, and
then prove that their regular closures admit the same moduli fields.
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Before proceeding with the examples, let us first present a classic family of Belyi poly-
nomials that we will use in the following constructions. For positive integers m,n € N we
define the polynomial

(m + n)m+n

By = xm_ x)m e QX].

mmn
By computing the derivative B),, , = %Xm H1=X)""Ym— (m+ n)X) we
verify that By, ,, : P! — Plisa Belyl function that ramifies only at 0, 1, oo and —— with

ramification indices m, n, m + n and 2 respectively, and B,, ,,(0) = 0, B,, »(1) = 0,
By n(00) = 0o and By, , (-2-) = 1 (see Figure 1).

m+n

Figure 1: Dessin corresponding to the Belyi pair (P*, B, ).

3.1 Regular dessins with moduli fields of the form Q((3, </q)

Let ¢ € Q¢ be a positive rational number that is not a third power

Let m,n € N be coprime positive integers such that 27 +q = +n’ and let

C:y® =a(z—(1-G))(= - ),
B:C — P (x,y) — (2% +27)™(¢* — %)™

1
27mq2n
The function S is given by the composition 8 = ;1 o 3y o 7 of the following maps.

1. 7: C — P! is the projection on the coordinate z, which is ramified over {0,1 —

4-37 W»OO}

2. By = X® € Q[X], Crit(By) = {0} so 81 o 7 ramifies over {0, (1 — (3)° =
—27,¢%, 00}

3. B1 = Bmm(ggﬁ;), s0 3 = 1 o fBp o m ramifies over {0, 1, 00}.

The pair (C, 3) is thus a Belyi pair, and we call D the corresponding dessin. The dessin
D is defined over Q((3, {/q). so its moduli field is a subfield of Q((3, \/(j) By taking
the regular closure we then obtain the inclusion of moduli ﬁelds M(D) € M(D) C
Q(¢3, /q), and moreover D is regular so it is defined over M (D D). We shall prove that

M(D) is in fact exactly Q((3, {/q), which is a nonabelian Galois extension of Q with
Galois group

Gal(Q(¢s, V/4)/Q) =

To that end we must show that an automorphism o € Gal(@ /Q) fixes D if and only if it
fixes (3 and /g, or equivalently that Gal(Q((3, ¢/q)/Q) acts freely on the orbit of D.
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Let 0 € Gal(Q/Q), the Galois conjugate D7 is given by the Belyi pair (C7,37),
where

C7:y? =z — (1 - 0(G:)))(x — o(Y2)),

and 37 has the same expression as 3 because all of its coefficients are rational. The orbit
of the pair ({3, ¢/q) by Gal(Q/Q) is {¢%, (3 ¢/q}1<i<2,0<j<2. Elliptic curves given by
equations of the form y? = (x — a)(z — b)(z — c¢) are isomorphic if and only if the cross-
ratios of the tuples (a, b, ¢, 00) coincide. We verify that the cross-ratios are all distinct, so
the orbit of D is given by the six dessins D7 for o € Gal(Q((3, {/q)/Q). As a consequence

M(D) = Q((3, ¢/q). To prove that the regular closures D constituting the orbit of D are
also non isomorphic, we must first draw the dessins D to compute their cartographic
groups.

Let us first draw the dessin Dy corresponding to the Belyi pair (P!, 3; o 3g) (see Fig-
ure 3). The dessin Dy is defined over Q, so the dessins D in the orbit are then obtained
by lifting Dy to the curves C”. To simplify the graphical representations of the dessins, we
will use the notation in Figure 2 for consectutive edges incident to a vertex.

Figure 2: Notation for consecutive edges.

Figure 3: Construction of Dj.

The dessins Dy, .. ., Dg conjugate to D are embedded on a torus, so in the representa-
tions in Figure 4 we will identify the outermost edges on opposite sides.
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Gya ® [ X7

(C) D3 = Dgao—: (437 \S/a) = (C37C3\3/§)

(b) D2 =D, 0: (G, /2) = (3. G Q)

Gy * g 1

1-¢

(d) D4 = Dgao—: (Cff’n \3/(?) = (4-327C32\3/a)
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G/a

10

() D5 =D, 0: (C3’ \3/6) = (<3a<§\3/a) (H) D¢ =D, 0: (437 \3/5) = (<325 \S/a)

Figure 4: Dessins Dy, . .., Dg in the Galois orbit of D.

We will now establish that bvl is not isomorphic to 272, .. ,ﬁ;. To that end it suffices
to show that there is no isomorphism between the cartographic groups fixing the canonical
generators. We shall therefore exhibit an element w € F» = (£,n) such that Mj(w)
commutes with My, (n?) only when k = 1, where M}, is the monodromy map of Dy.

We have defined m and n to be positive coprime integers such that ﬁ = m”j_n, SO
we cannot have m = n = 1. We will treat the case where m # 1 does not divide n, the

other case being treated similarly. Let
w = fnnflgmfnné-n.

We shall show that M}, (w) commutes with My (n?) only when k = 1.

Let By, := {1,2,...,24} be the set of edges of Dy, incident to 0. The action of 7 fixes
the set £, on which it induces the cyclic permutation (1,2, ..., 24), and every white vertex
except 0 has degree one so the action of 7 is trivial on the complement of E.

We can write Fy = Egdd L Ep¥e" as the disjoint union of the sets of respectively
odd and even numbered edges incident to 0, such that 7 sends one to the other. The black
vertices of E,‘gdd are of degree m except for the two black vertices of the edges 1 and 13 that
are of degree 2m. Therefore if m does not divide some integer [ then &! sends every edge of
E244 to the complement of E};, and otherwise the action of £™ on EP94 corresponds to the
sole transposition (1, 13). Similarly if n does not divide / then &! sends every edge of Epven
to the complement of Ej;, and the action of ™ on E}V*" is the transposition (2k, 2k + 12).

In particular, by hypothesis n is not a multiple of m, so m — n is not a multiple of m
either, hence both £ and £~ send the edges of Ezdd to the complement of ;. However
n acts trivially on the latter, so £"n~ 1™~ and £™~"né™ both fix the set £ on which
they induce the same action as £, i.e. the transposition (1,13). Therefore the action
of w = £~ LEmmpEn is the same as that of £™n¢™ on E294 and the same as that of
Enp~LEm on ESVen. See Figure 5.

The action of w fixes the set F/;;, on which it induces the permutation

My ()]s, = (1,13)(2k, 2k + 12) - (1,2)(3,4) - - - (23,24) - (1,13)(2k, 2k + 12)
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Figure 5: Action of w on EQ49\ {1,2k — 1} and on E¢Ven \ {2, 2k}.

Therefore for k = 1,

My (w)|g, = (1,13)(2,14) - (1,2)(3,4) - - - (23,24) - (1,13)(2, 14)
= (1,2)(3,4) - -- (23,24)

so w and 72 commute on E;. Moreover 7 acts trivially on the complement of E; so
M (w)|p,\£, and M1(n®)|p,\ g, automatically commute. Finally, we obtain that M (w)
and M (n?) commute.

For k£ = 2, we observe that qon® — 157’2 — 17 but 47°% = 6“ = 5. Similarly, for
3 < k < 6, we observe that 197° = 147" = 16 but 17w — 3“ = 4. We have thus shown
that My, (w) and My (n?) commute only for k = 1.

This concludes the proof that D is a regular dessin with moduli field Q(Cs, &)

3.2 Regular dessins with moduli fields of the form Q({,, ¢/q)

Let p be an odd prime, and g € Q- a positive rational number that is not a pth power. In
this example we will need an additional parameter v € Q \ {0}. Let

Cry? =a(w— (1 - G))@ —7/4)-

We construct the Belyi function 3: C' — P! as the composition 3 = 32031 0 fpo 7
of the following maps.

1. 7: C — P! is the projection on the coordinate x, which ramifies over {0,1 —
Cpa 'Yf/zla OO}

2. By = X? € Q[X], and Crit(By) = {0,00} so By o 7 ramifies over {0, (1 —
(p)*P, 7% g, 00}

3. B1 € Q[X] is chosen independently of ~y such that Crit(51) U {81((1 — ¢,)*")} =
{0,1, 00}, B1((1—¢,)?") = 0 < B1(0) < 1and B;(0) > 0. The existence of 3; veri-
fying those conditions is assured by Proposition 3.2 below. Under those assumptions
B1 o Bo o 7 ramifies over {0, 1, 31(0), B1(v*P¢?), 00 }.

4. v € Qs is then chosen small enough so that 3] > 0 on [0, v*?¢?]. This guarantees
us that we have 0 < 31(0) < f1(v*¢*) < 1.
5. B3 == By 0 By, n, where (m,n) and (r, s) are pairs of coprime positive integers

such that 31 (7y?P¢?) = s and By, 5 (B1(0)) = 2. Finally, 8 = fy0 810 g om
ramifies over {0, 1, 00}.
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The pair (C, 3) is thus a Belyi pair, and we call D the corresponding dessin. With
the same arguments as before, the moduli field of D is Q((,, {/@), which is a nonabelian
Galois extension of Q with Galois group

Gal(Q(Gp, ¢/9)/Q) = Z/pZ » (Z/pL)"

generated by o: (! ¢/q — (7' /g and 7: (! ¢/q — (I' ¢/q where g generates (Z/pZ)*.
We shall show that there exists v € Q \ {0} such that the regular closure of the dessin D
thus obtained also has moduli field Q((,, /7).

Remark 3.1. In the previous subsection we treated the case p = 3. In that specific case
we gave a simpler expression for 3, mainly due to the fact that 3y o 7 already had all of its
critical values in Q U {oo}. However in the general case we must use the intermediate map
(1 as well as the parameter +y to conclude the proof.

Let us first prove the existence of ;.

Proposition 3.2. Let E C QN R\ {0} be a finite set. Then there exists P € Q[X] such
that P(E) C {0}, Crit(P) C {0,1}, 0 < P(0) < 1 and P'(0) > 0.

Remark 3.3. In the context of this proposition we only deal with polynomials so for P €
Q[X] we define Crit(P) := {P(z)| z € C, P'(z) = 0}, which does not include the point
at infinity to simplify notations.

Proof. To show this we will proceed similarly as in the proof of the only if part of Belyi’s
theorem, by applying additional transformations to ensure that 0 < P(0) < 1. Let us first
prove that we can reduce to the case where F is a subset of rational numbers.

Lemma 34. Let E C QN R\ {0} be a finite set fixed by Gal(Q/Q). Then there exists
P € Q[X] such that P(0) = 0 and Crit(P) U P(E) C Q\ {0}.

Proof. Let{ay,...,am} = ENQand{by,...,b,} = E\Q. We construct P by induction
on the number n of non rational elements of F.
For a € Q, define F,,, G, € Q[X] by

= ﬁ (bj —a)?) and G, =F,((X —a)?) = ﬁ(X—bj)(Xerj—za).

Jj=1

Let us first assume that there exists o € Q such that G, (0) ¢ Crit(Go) U Go(E).
Define P;(X) = Go(X) — G, (0) € Q[X], then P;(0) =0 ¢ E' :== Crit(P)UP(E) C
QN R\ {0}. Note that E’ is stable under the action of Gal(Q/Q), and |E’ \ Q| =
| Crit(F,) U F,(0) \ Q| = | Crit(F,) \ Q| < deg F, = n. By induction, there exists
P, € Q[X] such that P»(0) = 0 and Crit(P) U Py(E’) C Q\{0}. Now P := P,o P, has
the desired properties, since P(0) = 0 and Crit(P)U P(FE) = Crit(P2) U Po(Crit(Py)) U

Let us now prove that there exists @ € Q such that G,(0) & Crit(Ga) U Go(E).
Let us first treat the case where 0 < by < ba,...,b,. When a approaches % , Go(0) =
H?Zl —b;(b; — 2cv) approaches 0 but the critical values of G, do not. Indeed, Crit(G,) =
Crit F,, UF, (Crit((X —a)?)) = Crit(F,)U{F,(0)}; F,(0) approaches Fz% (0) # 0, and

since F'», does not have multiple roots, the critical values of F, approach the critical values
2
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of F'», which are all non zero. Therefore for o # %1 in the neighborhood of %1 we have
2

G4 (0) & Crit(G, ). Moreover G (0), Go(aq), . .., Gqo(ay,) are all distinct polynomials in
the indeterminate «, so they coincide at only finitely many points. In particular for o # %1
in the neighborhood of % we have G, (0) € {Ga(a1),...,Gqa(am)}. Since a € Q we

also have G, (0) # 0 = G4(b1) = -+ = Gu(bn) hence G,(0) ¢ G, (E), proving the
existence of « as desired.
Let us now treat the general case where b1, ..., b, are not assumed to be positive by

reducing it to the previous case. For o € Q, define Hy € Q[X] by
Hy = (X —a')?—a'? € QX].

Note that Crit(H,/) = {—a’}. For o/ > 0 sufficiently small we have —a/> < H,, (0) =
0 < Hy(a1),...,Ho(am), Hor (b1), ..., Ho (by). Let B = Crit(Hy ) U Hy (E).
The set E” is a finite subset of Q N R \ {0} fixed by Gal(Q/Q), and E” has at most
n non rational elements, which are all positive. By the above, there exists P3 € Q[X]
such that Crit(Ps) U P5(E”) € Q\ {0} and P3(0) = 0. Then P := P3 o H, has the
desired properties, since P(0) = 0 and Crit(P) U P(E) = Crit(Ps) U P3(Crit(Hy)) U
Pg(Ha/(E)) = CI’it(Pg)UPg(E”) C Q\{O} O

Let us denote by P; the polynomial obtained using this lemma, which verifies P; (0) =
0 and B’ := Crit(P) U P1(E) C Q\ {0}. We can further assume that P;(0) > 0 by
taking (—Py) if necessary. We now send the points E’ to {0, 1}.

Lemma 3.5. Let E C Q\ {0} a finite set. Then there exists P € Q[X] such that P(E) C
{0}, Crit(P) C {0,1}, 0 < P(0) < 1 and P'(0) > 0.

Proof. For a € Q, let F, :== (X — a)? € Q[X], and note that Crit(F,) = {0}. There
exists a < 0 sufficiently small such that 0 < F,,(0) < F,(a) forall a € E. We take

F = _Fe )
max,ep Fa(a)

Let {a1,...,a;} = F(E)suchthat0 < F(0) < a3 < --- < aq; = 1. We also add a
rational point ag € Q such that F(0) < ag < a;.

Let m and n be the coprime positive integers such that a;—; = .7~ We recall that
By, verifies Crit(B,.,) = {0,1}, Byyn(0) = Bpn(1) = 0, Bm,n(miw) =1, and
By is strictly increasing between 0 and "t Let Py = By, p, then Crit(P1) = {0,1}
and 0 < PyoF(0) < Pi(ag) < --- < Pi(a;—1) = 1. There is one point fewer than before,
so we can iteratively construct P, ..., P, in the same way, so that P :== Pyo---0 P;
verifies Crit(P) C {0,1}, P(a1) = -+ = P(a;) = 0 < P(F(0)) < 1 = P(ap) and
P'(F(0)) > 0. Therefore P o F' has the desired properties. O

Let us denote by P, the polynomial obtained using this lemma with the finite set £’
obtained previously. Then the polynomial P := P o P; verifies P(E) C {0}, Crit(P) C
{0,1},0 < P(0) < 1 and P’(0) > 0, thus concluding the proof of Proposition 3.2. O

We can now use Proposition 3.2 with the finite set

E={1- Cg)%hgkg%
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to obtain the map (3 as desired. For 1 < k < % we have (1 — 4'5)2]) = (]1 -
C{;K%I]f*l)% = |1 - C[;FP € Rso E C QN R, and the set E is the Galois orbit of
(1 —¢p)? soitis fixed by Gal(Q/Q), hence E verifies the conditions of Proposition 3.2.

Let us denote by D(3;) the dessin corresponding to the Belyi pair (P!, 31). The Belyi
pair (P, 3) is fixed by the action of the complex conjugation, so the embedding of D(;)
on P! admits a symmetry along the real line. Moreover the Belyi function 3; is a polyno-
mial, so D(1) N R is a (graph theoretic) path. Let v; < --- < v; be the negative vertices
on the path, and let e; denote the edge (vi—_1,vx). By hypothesis 51(0) > 0 so v is a

dy.
black vertex, and for k < [, the vertex vy, is of even degree 2d;. We then have ei P = €k+1
d d d
and eifl = ey, if k is odd, or e} " = epyq and eZJfl = ¢, if k is even. See Figure 6.
As remarked earlier, the Galois orbit of (1 —(,)?7is {(1—¢¥)*}, ,.»-1 CR_,and
SRS

po1
(1- C:2 )2P < oo < (1= ¢p)?P < 0. By construction 31 ((1 — ()?) = 0,50 (1 — ()%
and all its Galois conjugates are black vertices of D(3;) lying on the path (vq, - -, v;). Let
t > 0 be the index such that v; = (1 — (,)??, and v; is a black vertex so ¢ is odd. Then

o = gdlnﬂb .. ndt71§2dt7’dt71 .. nd2§d1

fixes the edge e; (Figure 6).

[l \ 1 [l \ 1

]
v U2 lvl 0 \

[
[

d
f’ﬂ\
Ut
=

—
Y
- @ * Q@
e @\, @ N 7 ",
(e a2 ay AN}
3 = s

I
I

R 1 \ R ! \

Figure 6: Dessin D(;) corresponding to (P!, 3;).

Let v > 0 small enough so that 5] > 0 on [0,7*"¢?]. Let us next draw the dessin
D(32) corresponding to the Belyi pair (P!, 32 = B,. s 0 By,.»). See Figure 7.

3

& (P!, id)

(P', B,s)

(]Plv 62 = Br,s o Bmm)

Figure 7: Dessin D(f2) corresponding to (P!, 35).

By lifting the dessin D(/32) along (31 we obtain the dessin D(S2 o 81) corresponding to
the Belyi pair (P!, 33 o 31). This amounts to replacing each edge of D(31) by a copy of
D(B2). Note that the degrees of the black and white vertices are thus multiplied by mr and
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nr, respectively. Analogously to py we define

U ::(£MT€11 nfsn) (gnrdzngsn) . (gmrdt_gngsn) (€nrdt_1n§sn)
(&g ) (€Mt ) (€M gt y) - - (€M gt ETT

and we verify again that y fixes the edge (0, v1). Note also that £2* fixes the edge (0,7 ¢/q).
See Figure 8.

Figure 8: Dessin D (B, o 31) corresponding to (P!, 35 o f1).

Let Dy be the dessin corresponding to the Belyi pair (P, 33 o 81 o Bo). To simplify
the representations of the dessins we only show the vertices 0, Cfp(l —(p), 1 — }’,f , and
¢5,7/q. We decorate the vertices ¢5,(1 — (,) (which map to (1 — () € R_ by )

and (5,7 ¢/q (which map to v*7¢* € R, by f5) respectively with the symbols & and & to
distinguish them. See Figure 9.

(1-¢»
D(Brofy) - @mmm- e
(1=¢) (1-¢)% 7?Pq?
v /
Y /
o

Dy =D(B2 0 810 bo)

o
R
/e Y

~ ,’ \

/

Figure 9: Dessin Dy corresponding to (P!, 35 o 81 o By).

We may now draw the Galois conjugates D for o € Gal(Q/Q) by lifting the dessin
D, along the projection 7, by treating separately the cases o((,) € {(p,(p} and o({p) €
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{Cg, ey (5*2}. We call the dessins respectively Dy and DI, see Figure 10. We identify
the outermost edges on opposite sides in the representations.

Ded

04 4:4;1 ,,,,,,, c 0 0 1-¢ c 0
i\:/? “K et Y % 7
I (0 ! e
\\\ tP & , \ | @ //,

Goae™y - % SGeT G Y

’;\.C;W

,
Ny
*Q
o
Jer
*R
o
4D

x(k—1) “ox(2p—k B X(kfl)//, X2 —k) g

A VoS B

77777777777777 . 0 A 1-¢

0

(a) Dy, := D with () = GF'. (b) D] := D7 with 0((,) = (J where j €
{2,...,p—2}.

Figure 10: Dessins (a) Dy, and (b) D{; in the Galois orbit of D.

For all k, we have in fact Dyr_1 = D7 where o: ((p, ¢/4) — (Cp, (1 /4), and
Doy, = D7 where 0 (p, /) — (Cp, € ¢/q). We have similar expressions for the dessins
DJ.

Let £ be fixed, and let us consider the dessin D,. Let A denote one of the two

edges incident to 0 and on the path to the ramification point 1 — Cpﬂ. We also call
2k—1

B:=A"""" 0= A% D= """ (See Figure 10a). Let F denote the set of edges inci-
dent to 0. The action of 7 induces the cyclic permutation of the edges of &/ = {A"Z Yo<i<sp-
Furthermore by construction every white vertex aside from 0 has degree 1 or 2, so 1 fixes
every edge in the complement of . We can write £ = E© L E® as the disjoint union
of E® = {A%}o<i<ap and E® := {B%}<;_4,, such that ) sends one to the other. The
action of ;2 on E® is the transposition (A4, C), and similarly the action of £2* on E? is the
transposition (B, D). _

We do the same for the dessins of the form D, with the only difference that this time
the action of 4 on E® is trivial, including on the edges A and C (see Figure 10b).

We are almost in the same configuration as in the first example. We define analogously

w = € g,

and we shall prove that for some choices of +, the actions of w and of ? commute only for
D;. To reproduce the proof in the first example we need only show that for some choice of
7 the actions of pnu~1¢% and = 1€25n 1 on the set E¥ is the same as that of €25,

Note that for any edge e € E®, the edge ¢’ is fixed by 7 if 7 is not a multiple of s.
To that end we shall show that for some choice of v the action of ;2 on E® is the same as
that of £ 9 where 6 is the number of occurences of ¢ in the word g, and then that § is not a
multiple of s.
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We define the words p1, p, p2, p5, - - -, P2t—2, Pay_o € Fy to be the increasing subse-
quence of the prefixes ending in 1 of the word 1 defined above, such that p; = ™%y,
ph = pr&n, pa = piEMT R, phy = pain, etc., and p = ph, oE™". We shall show by
induction that for some choice of y the action of p; (resp. p}) is the same as the action of
€% (resp. 55;), where ¢; (resp. d}) is the number of occurences of £ in the word p; (resp.
p;). By induction it suffices to show that d;, §; are not multiples of s. Modulo s we have
d; = d} equal to the non empty partial sum of

mrdy +nrdo+---+mrdi_o+nrdi_1 +2mrd; +nrdi_1 +mrdi_o+- - - +nrds +mrd;

consisting of the first ¢ terms.

To proceed we shall use the following result, but let us first introduce some notations.
Let P = Zg:o ¢;iX' € Z[X] and ¢ € Z such that 3; = £. Note that P and ¢ do not
depend on the choice of 7y, and 0 < 31(0) = @ <1500 < ¢y, c— cy. We define

o =v(v?¢%), v i=1vy(co) + valc — co),
where vy denotes the 2-valuation.

Lemma 3.6. If o« > v, then there exists e € 7 such thatem = ¢y mod 2% and en = c—cy
mod 2% and va(s) > a — v.

. o e

Proof. Let a,b € Z coprime such that y°P¢* = $2°.
Firstly,

_ pu(lgey = PG2) _ Ty a2

' b & ble )

so there exists f € Z such that fm = Z?:o ¢;a’2%b? " and f(m + n) = blc, so

m

m-+n

em=cyg mod?2% en=c—cy mod 2%

for e € Z such that eb? = f mod 2.
Secondly,

ro _ BAO)™A = BA(0)”
r+s Brnn(51(0)) = Br(§29)m (1 — Br(§22))"
bd(m+n)c6n(c _ CO)n
BTP(§2%)) (e — PG

so there exists g € Z such that gr = b4t (c—co)"™ and g(r+s) = (b2P(42%))™ (b%e—
b P(%2%))". In the expansion of (b P($2*))™, aside from the constant term b cf, ev-
ery other term is a multiple of an integer of the form ¢;2%’ with: <m —1and j > m —1.
By hypothesis o > 1 > wy(cg), so those other terms are all multiples of 20+ (m—1)vz(co)
hence there exists A € Z such that (b4P(22%))™ = b¥m e + A20F(m—1valco) | Similarly
there exists B € Z such that (b%c — b4 P(£2%))" = b@"(c — o) + B2a+n=Hvale—co),
Then g(r + s) = b+ (¢ — ¢)™ + C20+H(m=Dvz(co)+(n—1)v2(c=co) for some C' € Z,
s0 gr = bAmAN)er (¢ — )" and gs = C20+(m=Dva(co)+(n=1jv2(c=co) The integers r
and s are coprime, so after dividing gr and gs by their greatest common dividor we obtain
that

va(8) > a—v > 0. O
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Using this lemma, we know that if a > v, then there exists e € Z such that em = ¢y
mod 2% and en = ¢ — ¢g mod 2%, va(s) > a — v where v does not depend on -y, and
is coprime to s so is not a multiple of 2. Therefore there exists ¢’ € Z such that e'mr = ¢
mod 2% and e'nr = ¢ — ¢y mod 2%. Moreover 2% is a common divisor of 2% and s,
so by the above modulo 2¢~¥ we have ¢’d; = €'d} equal to the non empty partial sum J;
consisting of the first ¢ terms of the sum

Cod1 =+ (C — Co)dQ —+ -4 Codt_g + (C — CO)dt—l =+ QCodt
+(C — CO)dt—l + codi—g + -+ + (C — Co)d2 + copdy.

Similarly €’§ is equal modulo 2%~ to the whole sum
g = 2(00d1 —+ (C - Co)dg + 4 COdt—2 + (C — CO)dt—l + Codt).

By construction co, ¢ — co, d; are positive and do not depend on the choice of v, so
0 < cody < §; < 6, thus for any choice o~f fy~such that o > v and § < 2%~ (for instance
v = % with 1 < u < v), we obtain d;, Z 0 mod 2%, and in consequence d;, 0,
and ¢ are not multiples of s. Therefore we can now conclude by induction that the actions
of p; and p) are the same as that of €% and 552, respectively. Indeed, d; is not a multiple
of 550 p; = &% and &% have the same action on E®. If p; has the same action as £%
on E®, then p, = p;&*n has the same action as £oigsy = 55’277 on E®, and also the same
action as 552 because 0] is not a multiple of s. Similarly, if p} has the same action as 552
on E®, then p;, 1 has the same action as £%+17 on E®, and also the same action as &%+
because d;1 is not a multiple of s.

We have thus proved that ;. has the same action as £° on E®, and by symmetry p~!

has the same action as £~ on E®. And § and 2s — § are not multiples of s, so pnu '€
and p~ €2y~ ! have the same action as £2* on £, as announced. We shall now observe
the action of w = pnu~'¢**n~ 1y on E. Let M), and M; denote the monodromy maps of
the dessins Dy, and Di.

For the dessins Dy, for 1 < k < 2p, the action of x on E® is the transposition (4,0),
and the action of £2¢ on E is the transposition (B, D), therefore the action of w fixes the
set E/ on which it induces the permutation

p1 i 2741
My(w)|e = (A,0)(B,D)- [ (A", A™"") - (A,C)(B, D).
=0
Hence for k = 1,
4p—1 ) )
My (@] = (A, AT ) (A7, A7) TT (A7, A7) - (4, A7) (Aan, A7)

1=0

4p_1 - -

= [ ™ 4™
1=0

so w and 1% commute on E. Moreover 1?2 acts trivially on the complement of E, so finally
M (w) and M;(n?) commute.
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1

For k = 2. we observe that B¥"" — Dn:’72 = QD" but3 B = B”Qn; = BZ.
Similarly, for 3 < k < 2p, we observe that A¥"" = C"" = (C" but AT« = AT" = A",
Therefore Mj,(w) and My (n?) do not commute for 2 < k < 2p.

For the dessins Di forl1 <k <2pand2 < j < %, 523 on E® is the transposition

(B, D), and p acts trivially on E°, therefore the action of w fixes the set E' on which it
induces the permutation

4p—1 )
M} (w)|e = (B,D)- [] (A", A7
=0

241

)- (B, D).

Hence we observe that B<"" = D" """ = D" but B"'* = B = B, 50 M} (w) and
M7 (n*) do not commute.

We have thus shown that the actions of w and n? commute only for Dy, this concludes
the proof that D is a regular dessin with moduli field Q((p, ¥/q).

3.3 Regular dessin with moduli field Q((s, v/3)

Finally, let us exhibit a regular dessin with moduli field Q(C3, v/3) of smaller degree by
choosing a Belyi map that is a rational function instead of a polynomial as was done in the
previous subsections. Let

C:y* = z(x—(1—GC))(x— \3/3)’
(v + 3%)3

. 1
B:C =P (z,y) — FIPSETIER

The function /3 is given by the composition of the following maps S = /31 o 5y o .

1. 7: C — P! is the projection on the coordinate x, which ramifies over {0,1 —

C37 \?/ga OO}

2. By = X® € Q[X], Crit(By) = {0} so By o 7 ramifies over {0, (1 — (3)¢ =
—33,32, 00}

3. B = 7355(;_3;;2, Crit(51) = {0,1} so 8 = 1 o By o 7 ramifies over {0, 1, co}.

The pair (C, 3) is thus a Belyi pair, and we call D the dessin corresponding to (C, ).
Similarly as in 3.1, D has moduli field Q((3, v/3). We will proceed analogously to show
that the regular closure D has the same field of moduli. Let us first draw the dessin Dy
corresponding to the Belyi pair (P!, 31 o 3y) (see Figure 11), and lift it to the conjugate
curves C to obtain the conjugate dessins D7 for o € Gal(Q((3, v/3)/Q) (see Figure 12).

As usual we identify the outermost edges on opposite sides.

We can now compute the cartographic groups of the dessins. Let M}, denote the mon-
odromy map of Dj. Then

M (€) = (1,13,14,7,25,26)(2,15,16)(3,17,18)(4,19,20)(5,21,22)
FISTT(6,23,24)(8,27,28)(9,29,30)(10,31,32)(11,33,34)(12,35,36)

foralll < k <6, and
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[}
—

o0 (P!, id)

i S 5% . 5)

(Plyﬁl o Bo)

Figure 11: Construction of Dj.

0

(b) DZ = DU,O-: (<37 \S/ZI) — (C§7<3\3/Z])
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0 1 1-¢2 7 0

(C) D3 = DU7O-: (C?n \3/6) = <<3ac3\3/a) (d) D4 = DUaU: (C37 \3/6) = (C:?achs/a)

2)

0 1 1-¢ 7 0

() D5 :=D%,0: ((3, /q) — (Cg,(%%) (H) D =D, 0: ((3, ¥/q) — (¢3, ¥q)

Figure 12: Dessins Dy, . . ., Dg in the Galois orbit of D.
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(1,2,3,4,5,6,7,8,9,10,11,12)(13,36)(14,15)(16,17)(18,19)

M (77) - (20,21)(22,23)(24,25)(26,27)(28,29)(30,31)(32,33)(34,35) °’
() = (123456789.10.11.12)(13.36)(14.27)(15.26)(16.29)
2U1) = (17.28)(18,19)(20.21)(22.23)(24.25)(30.31)(32.33)(34.35) °
. M( )_ (1,2,3,4,5,6,7,8,9,10,11,12)(13,36)(14,27)(15,26)(16,17)
3U) = (18,31)(19,30)(20,21)(22,23)(24,25)(28,29)(32,33)(34,35) °’
- M ( )_ (1,2,3,4,5,6,7,8,9,10,11,12)(13,36)(14,27)(15,26)(16,17)
A1) = (18,19)(20,33)(21,32)(22,23)(24,25)(28,29)(30,31)(34,35) °
My~ (123456789.10.1112)13.36)(1427)(15.26)(16.17)
5) = (18,19)(20,21)(22,35)(23,34)(24,25)(28,29)(30,31)(32,33) °’
(1,2,3,4,5,6,7,8,9,10,11,12)(13,24)(14,27)(15,26)(16,17)
* Meg(n) =

(18,19)(20,21)(22,23)(25,36)(28,29)(30,31)(32,33)(34,35) °
Using the computer algebra system SageMath [10], we determined that
[(M(€), My(n))| = 42467328 = 219 . 3%,

Moreover, M (&), M1 (n) and M (€n) respectively have orders 6, 12 and 12, so the Euler
characteristic of the underlying surface of D; is

1 1 1
= [(M1(&), M1(n))] - (ord M, (€) T ord M (n) * ord My (€n) b
— 928311552 = —220. 33

and its genus is g = 1 — ¥ = 14155777.

We will now show that 23: is not isomorphic to 13;, e ,ZA)E;. We claim that w :=
[€71n2¢, &n) € ker My \ Uy < ker My, thus concluding the proof. Indeed, we obtain:

o Mi(w) =

e My(w) = (13 25)(15, 27)(21, 33)(23, 35);
o Ms(w) = (17,29)(21, 33);

e My(w) = (13,25)(15,27)(19, 31)(21, 33);
o Ms(w) = (13,25)(17,29);

e Mg(w) = (13,25)(19, 31)(21, 33)(23, 35).

We have thus constructed a regular dessin D of degree 2! - 3* and genus 14155777
with moduli field Q((3, V/3).
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Abstract

In this paper, we first introduce a new product of finite graphs as a generalization of
the X-join of graphs. We then give necessary and sufficient conditions for a graph to be
isomorphic to a generalized X-join. As a main result, we give necessary and sufficient
conditions under which the full automorphism group of a generalized X-join is equal to the
generalized wreath product of the automorphism groups of its factors.

Keywords: Automorphism, generalized wreath product, graph, lexicographic product, permutation
group, X-join.

Math. Subj. Class. (2020): 05C25, 20B25, 20E22

1 Introduction

One of the main problems in the theory of graphs, known as the Konig problem, asks for a
concrete characterization of all automorphism groups of graphs. In particular, the problem
of computing a generating set of the automorphism group is equivalent to the graph isomor-
phism problem [9]. The automorphism groups of many graphs can be expressed in terms of
the automorphism groups of their subgraphs. For instance, in most cases the automorphism
groups of the graphs which are the lexicographic product of graphs are expressed in terms
of the automorphism groups of their factors. The lexicographic product of graphs is one of
the important products of graphs, defined by Harary in [7]. Sabidussi in [11] showed that
under some conditions the automorphism group of the lexicographic product of two graphs

*The authors are grateful to the anonymous referees, whose comprehensive reports helped to improve the
quality of this paper.
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E-mail addresses: bagherian@sci.ui.ac.ir (Javad Bagherian), h.memarzadeh.762 @sci.ui.ac.ir (Hanieh
Memarzadeh)
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" and IV can be expressed as the wreath product of the automorphism groups of I" and T".
An important generalization of the lexicographic product is the X-join. It was introduced
by Sabidussi as the graph formed from a given graph ' = (V] R) by replacing every vertex
v of I' by a graph B, and joining the vertices of B, with those of B, whenever uv € R
[11]. Note that the graphs B,, v € V, need not be mutually isomorphic. Hemminger in
[8] gave necessary and sufficient conditions for the automorphism group of the X-join of
graphs { B, },cv to be the natural ones, i.e., those that are obtained by first permuting the
graphs B, v € V, according to a permutation of subscripts by an automorphism of I
and then performing an arbitrary automorphism of each B,. Note that Hemminger did not
determine the structure of the automorphism group of the X-join of {B,},cv in terms of
automorphism groups of B,, v € V. It should be mentioned that the above results have
been generalized to directed color graphs in [3]. If for a color digraph C' = (V, R) and a
collection of color digraphs {D.. | ¢ € V'}, each vertex ¢ of C is replaced by a copy of D,
and all possible arcs of color k from D, to D, are included, if and only if there is an arc
of color k from c to ¢’ in C, we get the C-join of these color digraphs. The wreath product
of two color digraphs C' and D is the C-join of {D. | ¢ € V'} where D. = D for every
¢ € V. In [3], all automorphism groups of digraphs that can be written as a wreath product
have been determined.

In this paper we first give a generalization of the X-join of graphs (see Definition 2.1).
This generalization, as a new operation on finite graphs, is a natural generalization of the
X-join of graphs (a more algebraic way was considered by Weisfeiler [12, page 45] as
the wreath product of a family of stable graphs with another stable graph). Also this new
graph product generalizes the generalized wreath product of circulant digraph which de-
fined in [2] (see Remark 2.9). It is also closely related with the wedge product of association
schemes introduced and studied in [10] (see Remark 2.8). In Section 2 we give necessary
and sufficient conditions under which a graph is isomorphic to a generalized X-join (see
Theorem 2.4). But the main result of this paper deals with the connections between the au-
tomorphism group of a generalized X-join and the automorphism groups of its factors. For
computing the automorphism group of the generalized X-join of graphs, we need a general-
ization of the wreath product of permutation groups. Recently, such a generalization, called
the generalized wreath product, has been given in [1, 5]. We first show that under some
conditions the automorphism group of the generalized X-join of graphs contains the gen-
eralized wreath product of the automorphism groups of their factors (Theorem 4.1). As a
main result, we then give necessary and sufficient conditions under which the full automor-
phism group of the generalized X-join of graphs is equal to the generalized wreath product
of the automorphism groups of their factors (Theorem 4.2). In particular, we determine the
structure of the natural automorphism group of the X-join of graphs (Corollary 4.7).

Terminology and notation: Throughout this paper, by a graph I' = (V, R) we mean
a finite undirected graph without multiple edges with the vertex set V' = V(I') and the
edge set R = E(I'). We denote the complement of T" by T'. If all pairs of vertices of
a subgraph IV of T that are adjacent in " are also adjacent in I, then IV is an induced
subgraph. For X C V we write I'[X] for the subgraph of I" induced by X and we also
denote by I'(X) the graph with vertices X and edge set E(T'[X]) U {(x,z) | « € X}.
For two graphs I' = (V, R) and I" = (V’/, R’), by a graph homomorphism f: I' — I we
mean a mapping f: V' — V' such that (f(u), f(v)) € R whenever (u,v) € R. In the
case when f: V — V' is surjective, f: I' — T" is called a graph epimorphism. More-
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over, if f: V — V' is a bijection and f~': I” — T is also a graph homomorphism, then
f: T — I" is called a graph isomorphism. Two graphs I" and I are called isomorphic if
there exists a graph isomorphism between I' and IV, In this case we write I' ~ IV, When
I’ = T” every graph isomorphism f: I' — T is called a graph automorphism of I". The
set of all graph automorphisms of I" is denoted by Aut(T") and is called the automorphism
group of I

If IT is a partition of the vertices of a graph I', then the quotient graph I'/II is a graph
with vertex set II, for which distinct classes X, X’ € II are adjacent if some vertex in X is
adjacent to a vertex of X".

LetT' = (V, R) be a graph. The X-join of a set of graphs {B, = (Y, E,) | x € V'}
with T, denoted by I'[ B, ].cv, is a graph W = (Y, E) where Y = Uzevyz and

E ={(yz,9}) € Yo x Y | (x,2") € R,orelse x = 2’ and (y.,y.,) € E.}.

If B= (Y’,E')and B, = B for every € V, we can identify Uweva with Y’ x V and
then the X-join of {B,, = (Y3, E,) | * € V'} is the lexicographic product of I and B and
isdenoted by I' 0 B.

We denote by K, a complete graph with n vertices. For the graph theoretical terminol-
ogy and notation that are not defined here, we refer the reader to [6].

For a finite set V, we denote by Sym(V') the group of all permutations of V. Every
subgroup of Sym(V) is called a permutation group on V. For ' < Sym(V)and A C V,
the setwise stabilizer of A in F is Fiay = {f € F | A/ = A} and the pointwise stabilizer
of Ain F'is Fiay = {f € F| xf =2, Vr € A}. We say that two permutation groups
F < Sym(V) and F’ < Sym(V") are permutation isomorphic if there exist a bijection
A: V. — V' and a group isomorphism n: F' — F” such that for every f € Fandv € V
we have A(v!) = A(v)"(H),

By a system of blocks II for a permutation group F' < Sym({2) we mean

(1) ITis a partition of £2;

(2) forevery A € ITandevery f € F, AT NA =2 or A/ =A.
If 11 is a system of blocks for F' and A € II, by F* we mean the group induced by the
action of Fiyay on A. Then FA/F(A) < Sym(A) is a permutation group.
2 A generalization of the X-join of graphs

In this section we first introduce a new product of graphs, called the generalized X-join of
graphs. Then we give necessary and sufficient conditions under which a graph is isomor-
phic to a generalized X-join.

Definition 2.1. LetT" = (V, R) be a graph and II be a partition of V. Suppose that for every
X € II we are given a graph By = (Yx, Ex) and a graph epimorphism 7y : Yx — X
from Bx onto I'(X). Put Y = (JyqYx and m = |Jymx where for every y € Yx,

7(y) := mx (y). We define a graph W with vertex set Y and edge set F such that (y,y’) €
E if and only if

(1) either (y,y’) € Ex, for some X € II;
(2) or (y,y') € mx'(z) x mx (2) where X # X’ and (z,2') € R.
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We call the graph W = (Y, E)) the generalized X-join of I' and { Bx } xerr with respect to
7, and we denote it by " o, { Bx } xem- (See Figure 1.)

r
Figure 1: The generalized X-join of I" and {Bx } xem.

In the following we show that the X-join of graphs is a special case of the generalized
X-join of graphs.

Example 2.2. Let I' = (V, R) be a graph and II be a partition of V' such that for every
X €I, X = {z} for some x € V. Suppose that {B, = (Y3, E;) | x € V}isa
set of graphs. Define a graph epimorphism 7, : Y, — X from B, onto I'(X) such that
7 (yz) = x for every y, € Y. Then the generalized X-join of I and {B; }.en with
respect to m = Uxevﬂm is a graph with vertices Y = U Y, and the edge set £ such

that (y,, y.,) € E if and only if

zeV

(1) either z = 2’ and (yu,y,) € Ey;
(2) orz # 2’ and (z,2’) € R.
One can see that in this case I' o { By }zev = I'[Bz]zev, the X-join of graphs { By }zcv -

Example 2.3. Let I' = (V, R) be the graph in Figure 2. Consider the partition II =
{X, X', X"} of V where X = {1,2}, X’ = {3,4}, and X” = {5,6}. Suppose that
BX = (Yx, Ex), BX/ = (YX/,EX/), and BX// = (YX/’7 EX//) are the graphs in Figure 2
with vertices Yx = {a,b,c}, Yx: = {d, e, f},and Yx» = {g, h, 1, k}, respectively.

Now define the graph epimorphisms wx: Bx — I'(X), mx: Bx: — I'(X’), and
wxn: Bxn — F(X//) as follows:
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1 3 4 6 a
g h
\></ < g '
?ﬁ ,
2 5 T c Bx f By je—o Bxn

Figure 2: Graph I and set of graphs { Bx } x e

rxor(g) = () = 5
mxn (i) = mxn (k) = 6.

Then the generalized X-join of I" and { Bx, Bx', Bx~ } with respect to 7 is the graph
in Figure 3.

Figure 3: Graph W =T o, {Bx, Bx/, Bx»}.

LetT' = (V, R) be a graph and let A, B C V. We say that A is externally related with
respect to B, if every vertex v € B that is adjacent to at least one element in A is adjacent
to all vertices of A. Moreover, if B is also externally related with respect to A, we say that
A and B are externally related to each other.

Suppose that W = (Y, E) is the generalized X-join of I' = (V,R) and {Bx =
(Yx,Ex) | X € II} with respect to . Then we can define two equivalence relations
FEyand E; onY as follows:

(u,v) € By & wu,v€my'(x), for some X € Iland x € X; (2.1)
(u,v) € By & w,v € Yy, for some X € IL (2.2)

Clearly, £y C E;. In the following we give a characterization of the generalized X-join of

graphs in terms of the equivalence relations Ej and Fj.

Theorem 2.4. A graph W = (Y, E) is a generalized X-join of graphs if and only if there
exist two equivalence relations Ey and E1 on'Y such that
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() Eo C Ey;

(i) for every equivalence class P of Ey which is contained in a equivalence class Q) of
FE, P is externally related with respect to every equivalence class of Ey which is not

in Q.

Proof. Suppose that W = (Y, E) is the generalized X-join of I" and {Bx } xen with re-
spect to . Then as we saw above, there are two equivalence relations Ey and E7 on Y
such that Fg C E;. Since for every z € X and 2/ € X’ where X # X', w;(l(:c) and
w;(} («') are externally related to each other, it follows that condition (ii) holds.

Now suppose that there exist two equivalence relations Fy and E; on Y such that
conditions (i) and (ii) hold. Let Y/FEy and Y/ E be the sets of the equivalence classes of
Ey and E; on Y, respectively. Let I" be the quotient graph W/Ej. Moreover, for every
U € Y/Eq, let U be the equivalence classes of Ey which are contained in U and By, be
the subgraph of W induced by U. Since Ey C Ey, {Uy | U € Y/E;} gives a partition
IT on Y/Ey. Then for every U € Y/FE; we can define a graph epimorphism 7y, from the
graph By, onto I'(Uy). Suppose that W' is the generalized X-join of I and { By, }u,emn
with respect to 7w. Then V/(IW’) = Y and it follows from condition (ii) that the set of edges
of W and W' are the same. Thus W = W’ and so W is a generalized X-join of graphs. [J

Remark 2.5. The following example shows that unlike the X-join of graphs, a graph can
be represented as a generalized X-join of graphs, but not a unique way. This means that if
W and W' are two isomorphic generalized X-join of graphs then it is not necessarily true
that the factors of W and W’ are isomorphic.

Example 2.6. Consider the graph W = (Y, E) in Figure 4. If we consider two equiva-
lence relations Ey C Ej such that Y/Ey = {{a},{b,c},{d,e, f,g9},{h}} and Y/E; =
{{a,b,c},{d,e, f,g,h}}, then one can see that conditions (¢) and (i) of Theorem 2.4
hold. So it follows from Theorem 2.4 that W =T o, { Bx, Bx'} where the graphs I', Bx
and Bx are shown in Figure 5. On the other hand, consider the graphs I, B’ and B,
that are shown in Figure 6. Set I' = {X = {1,2,3}, X’ = {4,5}} and define the graph
epimorphisms 7’ : By — I''(X) by

a—1
b,c — 2
h—3

and 773(/ : BS(/ — F/(XI) by

d,e — 4
fa g — 5
Then one can see that W is the generalized X-join I'V o+ { B, B’ } with respect to 7’

The following lemma that gives a sufficient condition under which two generalized
X-join are isomorphic, is straightforward and therefore left to the reader.

Lemma 2.7. Let W =T o, {Bx}xenm and W =T" o {Bx' }x/em. Suppose that the
following conditions hold.
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a
b c
d e
f g
h

Figure 4: Graph W.

d e
2 3 a
D ﬂ A g
1 dr b € By h Bx

Figure 5: Graph I and set of graphs { Bx, Bx }.

(1) There exists a graph isomorphism o: T' — T which maps every partition class
X € Il onto a partition class X' € 1I';

(2) For every X € I, there exist graph isomorphisms Bxx:: Bx — Bx: with X' =
X% such that the following diagram is commutative.

Yx M Yy

ﬂxl lﬂx,

X —< 5 X

Then 1): UXeHYX — UX’eH’YX' defined by yx — PBxx'(yx) is a graph isomorphism
between W and W',

Remark 2.8. The generalized X-join is closely related with the wedge product of asso-
ciation schemes. The wedge product of association schemes which provides a way to
construct new association schemes from old ones has been given in [10]. In the following
we give the relationship between the relations of a wedge product of symmetric association
schemes and the generalized X-join.
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Figure 6: Graph I"” and set of graphs { B, By, }.

Suppose (V, G) is an association scheme and F is an equivalence relation on V' such
that it is a union of some relations Rg, R1,..., Ry of G. Put D = {Ry, Ry,..., R;} and
suppose X is the set of equivalence classes of E. Forevery X € X, let Dx = {gx | g €
D} where gx = g N X x X. Moreover, assume that

(1) there is a set of association schemes {(Yx,Bx) | X € X} such that all Yy are
pairwise disjoint and for every X € X there exists a scheme normal epimorphism
mx:Yx UBx - XUDx.

(2) for every X, X’ € X, there exists an algebraic isomorphism ¢ xx/: Bx — Bx-
such that the diagram

Pxx!

BX e BX’

ﬂxl l”’

g ’
Dx —*% Dx

is commutative, where e x x/(gx) = gx-.

PutY = UXeEYX’ T = UXeEﬂ'X and for every b € By, b = UX,EE oxx (bx).
Moreover, for every g € G put

7= U Px (@) X P ().
(z,2")EgNX X X',
X, X' eX,X#£X'

Fix Z € X. Put By = {b | b € By}. Then it follows from [10, Theorem 2.2] that
the pair (Y, By U (G'\ D)) is an association scheme, is called the wedge product of
(Yx,Bx),X € ¥,and (V,G). Nowletg € G\ D and bx € Bx suchthatmx (bx) = gx.
Then one can see that the graph with vertices Y and the edge set g U b is the generalized
X-join of g and {¢xx (bx )} x’ex with respect to .

Remark 2.9. The generalized wreath product of Cayley digraphs on abelain groups was
first introduced in [2] and an entire section of the recent book [4, Section 5] is devoted
to their study. A Cayley digraph Cay(G, S) of G with connection set S is a generalized
wreath product if there are subgroups 1 < K < L < G such that S'\ L is a union of cosets
of K. In the following we show that the generalized X-join generalizes the generalized
wreath product. To see this, let Cay(G, S) be a generalized wreath product on abelian
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group G such that 1 ¢ Sand S = S™'. Let V = {g1,...,9:} be a set of left coset
representatives of K in G and I" be the subgraph of G induced on V. Suppose that {ag =
1,a1,...,a;,m} is a set of left coset representatives of L in G. For every 0 < i < m, let
X, ={g9; € V]gj € aL}. Then I = {Xo, Xq,...,X,,} is a partition of V. Put
By = Cay(L,L N S) and for every 1 < i < m, let B; = ¢;(By) where ¢;: By — B;
is a graph isomorphism defined by ¢;(I) = a;l for every [ € L. Then there is the graph
epimorphism 7;: B; — I'(X;) such that m;(g; K) = g;. Now let W = (G, E) be the
generalized X-join of I and { By, B, ..., By, } with respect to 7 where 7 = U:':o”i- We
show that for every z,y € G, zy € E if and only if zy~! € S. Clearly, if 2,y € a;L,
then xy € Eifandonlyifxy~' € SN L. Ifz € g, K Ca;Landy € g, K C a; L where
i # j, then xy~! € g,.g; ' K. Then zy € E if and only if g,g;* € S\ L if and only if
grgs 1K C S\ L, since S\ L is a union of cosets of K. So in this case zy € E if and
only if zy~! € S\ L. Thus we conclude that W = (G, E) = Cay(G, S). This means that
Cay(G, S) is a generalized X-join.

3 Generalized wreath product, definition and construction

The generalized wreath product of permutation groups has been defined in [1, 5]. Since in
the next section we need to construct the generalized wreath product of the automorphism
group of graphs, here we have a look at the definition of this product which has been given
in [1].

LetT' = (V, R) be a graph and F' = Aut(T"). Suppose that IT is a system of blocks for
F. Moreover, suppose that we are given a set of graphs {Bx = (Yx, Ex) | X € II} such
that the following conditions hold.

(G1) If for some f € F, X/ = X’ then Bx ~ Bx/,

(G2) If A is an orbit of F on II, then for some X € A, there exists a graph epimorphism
wx: Yx — X from Bx onto I'(X) and there exists an epimorphism 7x : Aut(Bx)
— FX /F xy such that

Fx(yl) = (ﬂX(y))"X(l), Yy € Yx,l € Aut(Bx).

By condition (G1), if there exists fxx/ € F such that Xfxx’ = X', we have a graph
isomorphism ¢x x/: Yx — Yx/ from graph Bx onto Bx:. Then ¢xx/: Aut(Bx) —
Aut(Bx) defined by

Uxx(a) = ¢XX’01¢;(1X/7 YV a € Aut(Bx),

is an isomorphism from Aut(Bx) onto Aut(Bx-).
Moreover, by condition (G2), Ax = {rny'(z) | = € X} is a system of blocks for
Aut(BX),

nx: Aut(Bx)/KX — FX/F(X)

is an isomorphism, and Aut(Bx)/Kx < Sym(Ax) and FX/F x) < Sym(X) are per-
mutation isomorphic where K x = ker(nx).

Lemma 3.1. Let X' € A with X' # X. Then
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(1) there exists a graph epimorphism 7x. from Bx: onto T'(X') such that the following
diagram is commutative, where {xxi: X — X', given by Exxo () = afxx for
everyx € X.

Yy 225y,

wxl lﬂx,

X EXX’ X/

(2) there exists an epimorphism nx:: Aut(Bx/) — FX,/F(X/) such that the follow-
ing diagram is commutative, where px x : FX/F(X) — FX'/F(X/), defined by
pxx (hF x)) = fXX/hf)E;(/F(X/)forevery hF x € FX/F(X).

Aut(By) 25 Aut(By)

nxl l”"/

FX/Fxy 22X X Fxn

Proof. (1) If we define mx/ = EXX/de);(lX/, then wx: Yx, — X' is a graph epimor-
phism from By onto I'(X”) such that the diagram mentioned above is commutative.

(2) Define nx: = pXX/an;(g(,. Then nx/: Aut(Bx/) — FX'/F(X/) is an epimor-
phism such that the above diagram is commutative. O

Now suppose that a graph I' = (V/, R) and a set of graphs {Bx = (Yx, Ex) | X € II}
satisfy conditions (G1) and (G2). Set Y = |JyYx. Since for every X € II, Ky <
Aut(By) it follows that the action of [ [y .y Kx on Y defined by

yk::ykxa yEYX7k:HkX€K
Xell

is faithful. Set K = [y oy Kx. Then K < Sym(Y).

Moreover, every element of F' can be also considered as an element of Sym(Y"). In
fact, for every g € F' we can associate § € Sym(Y). To do this, let yx € Yx and T'x be a
set of left coset representatives for Kx in Aut(Bx) such thatidy,, € Tx. Letg € F. We
associate to g an element g € Sym(Y") as follows:

(i) if X9 = X, then (yx)7 = (yx)! where Nx (tKx) = gFx) for some t € T'y;

(i) if X9 = X', then (yx)7 = dxx'((yx)t) where Tx (tKx) = fxx 9F(x) for some
teTx.

Set F = {g | g € F}. Clearly, F C Sym(Y) and (K,F) < Sym(Y). According to
[1, Definition 2.1], the permutation group (K, F'), is the generalized wreath product of
{Aut(Bx)}xemn and F. We denote it by F o {Aut(Bx)}xen-

Remark 3.2. It should be mentioned that the generalized wreath product of {Aut(Bx )} xen
and F' is independent of the choice of representatives T'x for every X € II. To see this,
let yx € Yx and T% be a set of left coset representatives for Kx in Aut(Bx) such that
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idy, € T% and T% # Tx. Let g € F and g be an element of Sym(Y’) associated with g
by the above argument. If X9 = X then (yx)? = (yx)! where x (! Kx) = gFx for
some ¢ € T%. Since t’ = tkx, for some ¢t € Ty and kx € Kx, we have

thx _ ( gkx

(yx)? = (yx)" = (yx) yx)

Similarly, if X9 = X', then (yx)? = ¢xx/((yx)!) where 7x (' Kx) = fx x/9Fx) for
some ¢’ € T%. If t' = tkx for some t € Tx and kx € Kx, then

(yx)§ = ¢XX’((yx)t/) = ¢XX’((yx)th) = ¢XX/((yX)§kX).

Then we conclude that N B
<F K>=<F,K >,

where F' = {f | f € F}. This shows that F o {Aut(Bx)}xen =< F, K >.
Example 3.3. Let " and {Bx, Bx-, Bx } be the graphs in Figure 7. Then

Aut(T) = {idy, (14)(25)(36), (23), (56), (23)(56), (2635)(14), (2536)(14),
(26)(35)(14)}

and
M= {X ={2,3}, X' = {5,6}, X" = {1,4}}

is a system of blocks for F' = Aut(T). Put fxx: = (14)(25)(36). Since X xx" = X' we
have the following graph isomorphism from Bx onto Bx:.

¢XX’:YX_>YX’
a—ad
b—
c—c
d—d

So condition (G1) holds, because, {X, X'} and {X"} are the orbits of F on II. More-
over, there exist the graph epimorphisms 7x: Bx — I'(X), nx/: Bx: — T'(X’), and
mxn: Bxn — T(X") such that {7y!(z) | 2 € X} = {{a,c},{b,d}}, {1 (2) | = €
X'} = {{d,},{V,d'}}, and {7y, (x) | * € X"} = {{b", "}, {a",d"}}. If we de-
fine the epimorphisms nx : Aut(Bx) — FX/F(x),nx:: Aut(Bx/) — FX//F(X/), and
nx: Aut(BXu) — FX///F(X//) by

{nx(idYx) = Fix)
nx ((ab)(cd)) = (23) Fx)

nX/(idYX,) - F(Xl)
nx ((a@'t)(c'd")) = (56)F(xr
and
nxr(idyy, ) = Fixm
nx((a”b")(¢"d")) = (14)(25)(36) F(x



304 Ars Math. Contemp. 24 (2024) #P2.06 / 293-315

2 3
4
1 b d b/ d b’ d"’
6 SF a C BX d/ C/ BX’ d// C” BX”

Figure 7: Graph I and set of graphs { Bx } xem.

then it is easy to verify that condition (G2) holds.

PutY = {a,b,c,d,a’, V', d',a",b",¢",d"}. Consider element g = (2536)(14) € F.
Since X = {2,3}, X’ = {5,6}, and X" = {1,4} we have X9 = X', X"Y = X and
X9 = X". Now we associate to ¢, an element g such that

() (yx)? = dxx:(yx). since Tx (Kx) = fxx:.9F(x) = (56)Fx) = F(x):

(i) (yx)? = dxrx((yx) D) since 7 ((@'V)(Cd)VKxr) = fxixdFixn =
(56)F(x):

(i) ()T = (o )@V D), since (a8 (A" K x) = gFixm) =
(14)(25)(36) Fyx .-

Then g = (aa'b’)(cc'dd’)(a"b")(c"d"). Similarly,
(1) if g = (23) then g = (ab)(cd);
(2) if g = (56) then g = (a'b')('d");
(3) if g = (23)(56) then g = (ab)(cd)(a't')(¢d');
(4) if g = (2635)(14) then § = (ab'ba’)(cd'dc’)(a"b")(c"d");
(5) if g = (14)(25)(36) then § = (aa’)(bb')(cc')(dd") (a"b")(c"d"):
6) if g = (14)(26)(35) then g = (ab)(ba’)(cd’)(de') (a"b")(c"d").

Since K x, Kx: and Kx are trivial groups, it follows that

Aut(T) o {Aut(Bx)}xen = (idy, (ab)(cd), ('t')(¢/d'), (aa'b¥')(cc'dd) (a"b")("d"),
(ab'ba’)(cd'de’) (a"b")("d"), (aa’) (b¥') (cc) (dd') (a"B") (" "),
(ab')(ba')(cd') (de') (V") (<" d")).

4 Automorphism group of the generalized X-join of graphs

In this section we show that the automorphism group of some graphs which are isomorphic
to a generalized X-join can be expressed in terms of the generalized wreath product of
automorphism groups of its factors.
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Theorem 4.1. With the notation above, suppose that a graph T' = (V, R) and a set of
graphs {Bx = (Yx, Ex) | X € I1} satisfy the conditions (G1) and (G2). Then

Aut(F) 9] {Aut(Bx)}Xen S Aut(F Or {BX}XEH)-

Proof. Let W = (Y, E) be the generalized X-join of I and {Bx } xcr1 with respect to T,
and H = (K, F) be the generalized wreath product of {Aut(Bx )} xem and Aut(T).

We show that for every h € H and u,v € Y, if (u,v) € E, then (u",v") € E. To do
this, we assume that (u,v) € E and we consider the following cases.

Case 1. Suppose that h = [y kx € K.

(i) Ifu,v € Yx for some X € II, then since for every X € II, kx € Aut(Bx) we have
(u,v)" = (uh, o) = (uPx,vFx) € Ex.

(ii) If w € Yx and v € Yx/ for some X and X’ in IT where X # X', then (x, ')
(mx (), mx/(v)) € Randsince (uFx,vFx") € 7' (z) x w3} (2') we have (u,v)"
(u,0") = (ub, o) € E.

Case 2. Suppose that h = g for some g € F and u,v € Yx for some X € II.

(i) If X9 = X, then since (u,v)9 = (u9,v9) = (u’,v") where Tx (tKx) = gFx) for
some t € Aut(By), we have (u,v)" = (u”,vh) = (u?,o?) € E.

(i) If X9 = X’ for some X' € II, then since (u,v)? = (u9,v9) = (Ppxx/(ul),
dxx (vt)) where Tx (tKx) = f)};(/gF(X) for some ¢ € Aut(By) we have
(u7v)h = (’u’havh) = (¢XX’(ut)7¢XX’(Ut)) ckr.

Case 3. Let h = gforsome g € F, u € Yx and v € Yx- for some X, X’ € II where
X # X'. In this case since (z,2') = (mx(u),7x/(v)) € Rand g € Aut(I") we have
29,2'%) € R. Then the following cases arise.

( g

() If X9 = X and X'9 = X', then (u,v)9 = (u9,v9
gF(x) and Tx7 (' Kx/) = gF(x». Since mx(

v9) = (ut,v") where Tx (tKx) =
u') = mx(u)™*® = 29 and

mx (01 = s (0)1x' ) = 29 we have
(uf, o) € w3t (29) x wx(2'?).
Then (u",v") = (uf,v') € E.

(i) If X9 = X and X’9 = X", then (u,v)? = (u9,09) = (ul, px/x~(v')) where
ﬁ?(th) = gF(X) and W(t/KX/) = f;(,lX,,gF(X/). Then Fx(ut) =
7x ()% ) = 29 and by condition (G2) we have

o (fxrxn (V') = Exoxn (mx (01))
= leX/l (’]TX/ (’U)nx/(t/))
= fX’X”W(t/KX’)(’/TX’ ('U))
= gFxn(mx:(v))
= (mx:(v))?

/¢
qu.
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So (ut, pxrxn () € m (29) x7mh (2/7) and then (u”, v") = (uf, px:xn (v?)) €
E.

(iii) If X9 = X’ and X9 = X", then (u,v)? = (u7,09) = (dxx/ (u'), px/xr (V"))
where X (tKx) = fxx 9F(x) and x' (! Kx/) = fx/x»9F(x). From condition
(G2) we have

mx(dxx(u')) = Exxo (mx (u'))
= Exxr(mx (u)™x®)
= [xxx (tKx)(mx (u))
= 9Fx)(mx (u))
= (mx ()’
=29.

Similarly, wx (¢x/x (v')) = 2’9 Then

(dxx (u), pxrxn(v')) € T (@9) x wgh (2'7)

and so (u”, v") = (¢pxx(u), pxrxn (V")) € E.

(iv) If X9 = X" and X'9 = X", then (u,v)7 = (u7,09) = (¢pxxr (u'), pxxm (v!))
where TTx (tKx) = f;}%(,,gF(X) and Tx (t' Kx/) = f)},lX,,,gF(X/). Then an argu-
ment similar to that given in (i) shows that mx~(¢xx~(u')) = z9 and
mxm (dxrxm (VF)) = 2’7 So (pxxr(ul), pxrxm (v!)) € Txh(x9) X Txhi (29)
and hence (uh,vh) = (¢XX” (ut),¢X/X/// (’Ut )) e E.

Then we conclude that (K, F) C Aut(I" o, {Bx}xemn). Thus
Aut(T) o {Aut(Bx)}xen < Aut(l o {Bx }xen).- &

The inclusion Aut(I')o{Aut(Bx)}xen < Aut(To,{Bx } xem) in the above theorem
may be proper. For example

Dg = Aut(Kz) ¢} Aut(KQ) < Aut(Kg o KQ) = 547

where S, is the symmetric group on 4 elements V' = {1,2, 3,4} and Dg = {idy, (12),
(34),(12)(34), (13)(24), (14)(23), (1324), (1423)} is the dihedral group of order 8; see
[6, Chapter 10]. In the following we give necessary and sufficient conditions under which
the above inclusion is proper.

Theorem 4.2. With the notation above, suppose that the graph T' = (V| R) and the set
of graphs {Bx = (Yx,Ex) | X € I} satisfy the conditions (G1) and (G2). Let W =
(Y, E) be the generalized X-join of T and { Bx } x et with respect to w and let Ey C E; be
the equivalence relations defined in (1) and (2). Then the inclusion

Aut(T') o {Aut(Bx)} xemr < Aut(W)

is proper if and only if there exist equivalence relations E), C E{ on'Y such that the
following conditions hold.



®

(i)

(iii)

(iv)
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Ej C Eyand Ef C E1, and W = T" o {Az}zerw, where the graph T is the
quotient graph W/ E(, TI' is a partition of V(I'"), {Az}zem are the subgraphs of
W induced by the equivalence classes of £y, 7' = ],y and (7', () |z e
V(I'), Z € II'} is the set of equivalence classes of E,.

There exist Z # Z' € TI' — 11 and a graph isomorphism ¢: Yz — Yz from Az onto
Agz/, such that ¢ preserves equivalence classes of E{ contained in'Y .

For every equivalence class S" of E|) contained in Yz, if W[S'] is a union of con-
nected components of W|S] for some S € W/Ey, where S" C S then 7, (S") and
7y (9(S)) are nonadjacent, otherwise w7, (S") and w7, (¢(S")) are adjacent. In
both cases w7, (S") and 7', (¢(S")) have the same neighbors in V(I')\ Z U Z'.

For each two distinct equivalence classes S , S} of E|, that are contained in Yz, S
and ¢(S%) are adjacent if and only if ¢(S7) and S} are adjacent.

Proof. Suppose that there exists ¢ € Aut(W) \ Aut(I") o {Aut(Bx)}xen. Let U be
the set of all elements of Y that are moved by ¢. Since Y/E; = {Yx | X € II} and
Y/Ey = Uxen Ax, where Ay = {ry'(z) | # € X}, are two system of blocks for
Aut(T) o {Aut(Bx)} xem, then there exist

ey
(@)

3)

X e suchthat Uy = U NYx # 0;

X’ € I such that X # X’ and ¢(Ux) C Yx. Note that if X = X', then the
restriction of ¢ to Yx is an automorphism of By and ¢(Ux) C Yx. But since
¢ ¢ Aut(T') o {Aut(Bx)}xen we must have at least two equivalence classes
S1,52 € Ejy such that a part of S; is moved by the automorphism ¢ to a part of
Sy. This contradicts the fact that Ax = {73 (z) | # € X} is a system of blocks for
Aut(Bx).

at least one equivalence class S of Ey such that SN Ux & S. Indeed, if Ux =
ngl Si C Yx where every S; is an equivalence class of Ey, then by (2), $(Ux) C
Y+ for some X’ # X and ¢(Ux) is a union of some equivalence classes of Ej
which are contained in Y. This means that the vertices mx (S1), ..., 7x (S¢) of X
can be moved to the vertices wx/(4(S1)), ..., mx/ (#(St)) of X’. This contradicts

the fact that IT is a system of blocks for Aut(T").

Put Vx: = ¢(Ux). Let S1,5s,...,S: be the equivalence classes of Ey contained in Yy
such that for every 1 < ¢ < ¢,

SX =8,nUx #0.

Then for at least one 7, Sl-X C S;. Moreover, we have the following.

()

(b)

The restriction of ¢ to Ux gives an isomorphism between W[Ux] and W [Vx], the
subgraphs of W induced by Ux and V.

For each i the vertices in S¥ U ¢(S7 ) have the same neighbors in Y\ (Ux U V).
Indeed, suppose that u € S and w is a neighbor of u. Suppose that 71, ..., T}
are equivalence classes of Ey such that ¢(SX) N T; # 0 and v; € T; \ ¢(S:%).
Ifw e Y\ (Yx UYx), then ¢(w) is adjacent to all vertices of T;, specially v;.
So w and ¢~!(v;) = v; are adjacent. Thus w is adjacent to all vertices of ¢(S;¥).
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Moreover, if w € Yx \ Uy, then since w is adjacent to u, ¢(w) = w is adjacent to
#(u). Then w is adjacent to all vertices of ¢(S;X). Similarly, if w € Yx/ \ Vi, then
w is adjacent to all vertices of ¢(S;X). Hence we conclude that S;* U ¢(S;¥) have
the same neighbors in Y\ (Ux U Vx/).

(c) If W[S;X] is a union of connected components of W [S;], then S and ¢(S;¥) are
nonadjacent; otherwise by the definition of W, S, \ Si¥ and ¢(S;X) are adjacent and
since ¢ € Aut(W), S and S; \ S are adjacent and this contradicts the hypothesis
that W[S;X] is a union of connected components of W[S;]. Also if W[SX] and
WS; \ Si] are adjacent, then since ¢ € Aut(W), S; \ S and ¢(S;X) must be
adjacent and the definition of W implies that ¢(S;X) and S; are externally related to
each other. Moreover, S; \ S and S;* are also externally related to each other.

(d) For two different equivalence classes S7 and S5 of Ey with Sf( , ng # (0, if Sy and
#(S5°) are adjacent then from the definition of W it follows that S; and ¢(S5%) are
externally related to each other. Moreover, since ¢ € Aut(W) we must have ¢(S57%)
and S, are also externally related to each other. Similarly, if Sy and ¢(S;%) are
adjacent then ¢ (S5 ) and S; are externally related to each other.

Now we consider two equivalence relations £, C Ej on Y such that
Y/E; ={Ux,Vx,Yx \Ux,Yx: \ Vx,Y/E1 \ {Yx,Yx'}},
and the equivalence classes of E|) are equal
S¥,SiNSKLG(SY). T\ @(SF), 1<i<t,

and Y/Ep \ {S;,T; | 1 < i < t}, where for every 4, T; is an equivalence class of Ey such
that ¢(S*) C T;.

From statements (b) and (c¢) we conclude that the condition (ii) of Theorem 2.4 holds and so
W =T" o {Ax}xem, where I is the quotient graph W/ E{, IT' is a partition of V (I'")
induced by Y/E1, and {Ax }xer are the subgraphs of W induced by the equivalence
classes of Ef. So (i) holds. If we denote by Ax and Ax: the subgraphs of W induced
by Ux and Vx-, respectively, then the restriction of ¢ to Ux gives a graph isomorphism
between Ax and Ax/. Clearly, ¢ preserves the equivalence classes of E{, contained in Ux.
Thus condition (ii) of theorem holds. Moreover, (b), (¢) and the definition of 7’ imply that
condition (iii) holds. Finally, condition (iv) follows from statement (d).

Conversely, suppose that there exist equivalence relations £, C Ej on Y such that
conditions (i) — (iv) hold. Let Uz and Uy be the vertex sets of Az and Az, respectively.
Assume that ¢: Uz — Uy is the graph isomorphism from Az onto Az/. We define a
bijection ¢: Y — Y as follows:

o(v) if veUyg,
P(w) =< o7 (v) if ve Uy,
v if U¢{U2,UZ/}.

We claim that ¢» € Aut(1). To do this, we suppose that (u,v) € E and we consider the
following cases.
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(1) Ifu,v € Y\ Uz UUg, then clearly (¢)(u), ¢ (v)) = (u,v) € E.

(2) If u,v € Ug, then since ¢ is a graph isomorphism it follows that (¢o(u), ¥ (v)) =
(qS(u),d)(v)) € E. Similarly, if u,v € Uz we have (¢(u),¥(v)) = (¢~ (u),

61 (v)) € E.
3) fu € Uzandv € Y \ Uz U Uy, then since v is a neighbor of w it follows from
(#41) that v is also a neighbor of ¢(u). Hence (¢(u), ¢ (v)) = (¢(u),v) € E.

(4) If u € Uz and v € Uy such that for some equivalence class S’ of E{, v € S’ and
v € ¢(S’), then the definition of W implies that all vertices in S’ are adjacent to all

vertices in ¢(S”) and so (¢ (u), ¥ (v)) = (¢(u), ¢~ (v)) € E.

(5) If u € Uz and v € Uy such that for two equivalence classes S| and S% of Ef,
u € S and v € ¢(S5), then by the definition of W, all vertices in S are adjacent
to all vertices in ¢(.S5). On the other hand, it follows from (iv) that ¢(S7) and S}
are adjacent. So all vertices of ¢(S7) are adjacent to all vertices of S} and thus

(¥ (u),¥(v)) = (¢(u), ¢~ (v)) € E.
Hence ¢ € Aut(W). Since E{; & Ep and Z, Z' € TI' —T1, and ¢ preserves the equivalence
classes of E, we conclude that 1) € Aut(W) \ Aut(T") o {Aut(Bx)} xem. O

Example 4.3. Suppose that I is the graph in Figure 8 with vertices V' = {1,2,3,4,5,6}.
Then one can see that

F = Aut(T) = {idy, (12)(56)(34), (13)(24), (23)(56)(14) }

and

I={X={1,2}, X' = {3,4}, X" = {5,6}},

is a system of blocks for F.. Moreover, FX = FX' = {idy, (12)(56)(34)}, FX" = F,
F(X) = F(X’) = {idv}, and F(X”) = {idv,(13)<24)}. Suppose that Bx, Bx/, and
Bx are the graphs in Figure 8 with vertices Yx = {a,b,¢,d}, Yx» = {d/,V,,d'},
Yxn = {a", V", ", d"}, respectively.

Now consider the graph epimorphisms 7x: Bx — I'(X), mx.: Bxs — T'(X’), and
wx: Bxr — T'(X") as the following:

1 2 c b d a’ o’ d"’
3 4 T d a B X C/ b/ BX , a” b// BX”
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and

Since Aut(Bx) = {idy,, (bc)(ad)}, Aut(Bx/) = {idy,,, (V'c')(a’d’)}, and
A_ut(BX//) — {idYX“, (a”b”), (C//d//)7 (a/llb//)(cl/d/l)7 (a//cllblld//)7 (a//dllbllc//)
, (a”c”)(b”d//), (a//d/,)(b//C,/)},
we can define epimorphisms nx : Aut(Bx) — F* /F(x),nx:: Aut(Bx/) — FX'/F(X/),
and nx: Aut(BX//) — FX“/F(XN) by

{nx (idyx) = idv
nx ((be)(ad)) = (12)(56)(34) Fix)

{77)(/ (idyX, ) = idv
nx((0'¢)(d'd’)) = (12)(56)(34) Fix1)

and

o (idyy,) = e ((@767)) = mx ((1d7)) = nxo (@87 (")) = idy
7]X// ((allcllbl/d//)) — 77X” ((a/ld//b//C//)) — 7]X” ((allcll) (b//d/l)) — 77X” ((a//dl/)(bllcll)) —
(12)(56) (34) F

Then Kx and K x- are trivial groups and
KX// _ {idYX”7 (a//b//), (c//d//)7 (a”b”)(c”d//)}.
Let Tx = {idyX, (bC) (ad)}, Tx = {idyx,, (b'c’)(a’d’)}, and Tx» = {idyx,,,
(a”d")(b"d")}. Put fxx = (13)(24). Then the elements (12)(56)(34), (13)(24) and
(23)(56)(14) in Aut(") are associated to (bc)(ad)(b'c')(a'd")(a”c")("d"),
(aa")(bb')(cc')(dd") and (bc')(ad’)(cb’)(da’)(a” ") (b"d"), respectively. Then we have

Aut(T)o{Aut(Bx)}xen = (idy, (aa’)(bb')(cc')(dd"), (b ) (ad")(cb')(da’) (a” ") (b d"),
(a///b//>7 (C/Id//), (bc)<ad>(b/c/)(a/d/)(a//c//)(b//d//)>.

Now let W = (Y, E) be the generalized X-join of I" and { Bx } x 1 with respect to . (See
Figure 9.) Consider the equivalence relations E, and E} on Y with the following classes,

Y/Ey = {{a}, {0}, {c}, {d}, {a'}, {0’} {} {d'}, {a", 0"} {c", d"}}

V/E} = {{a,d} {b,c},{a’,d'}, {V', '}, {a", 0", ", d"}}.

Then one can see that
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C” dll

a a/

a// b'l/
Figure 9: Graph W =T o, {Bx } xen-

(1) Tor {Bx}xen = IV on {Az}zemv, where TV is the quotient graph W/ E}, with
vertices V(I'") = {1,2,...,10}, and { Az} zer are the subgraphs of W induced by
the equivalence classes of £}, and 7/ = UZEH,’N’Z maps {a}, {b}, {c}, {d},{a’},
{V'}{c}{d'} {”,d"},{a”,b"} onto 1,2,. .., 10, respectively. (See Figure 10.)

(2) PutYy = {b,c}and Yz = {b',c'} and let Ay = W[Yz] and Az, = W[Yz/]. Then
¢: Yz — Yz such that ¢(b) = b’ and ¢(c) = ¢’ is a graph isomorphism from Az
onto Az . Clearly, ¢ preserves the equivalence classes of E{, contained in Y.

(3) Yz contains two equivalence classes S| = {b} and S5 = {c} of Ej) such that S} C
S1 and S5 C Sy where S7 = {a,b} € Y/Ey and So = {¢,d} € Y/E,. Moreover,
W[S4] is connected and 7/, (b) and 7', (¢(b)) are adjacent and have the same neigh-
bors in V(I)\ {Z U Z'}, where Z = {n’,(b), 7% (c)} and Z' = {nl,, (V'), 7. ()}
Similarly, WW[Sz] is connected and 77, (c) and 7, (¢(c)) are adjacent and have the
same neighbors in V(I')\ {Z U Z'}.

(4) The vertex b is nonadjacent to ¢(c) and vertex ¢ is nonadjacent to ¢(b).
Then the conditions of Theorem 4.2 hold. So
Aut(I‘) o {Aut(Bx)}XGH < Aut(F (o {BX}XEH)~

In the following as a main result, we give necessary and sufficient conditions under
which the full automorphism group of the generalized X-join of graphs is equal to the
generalized wreath product of the automorphism groups of their factors.
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3 7 b a v a ! a
10 c d d d’ a v

Figure 10: Graph I' and set of graphs {Az} zem.

Corollary 4.4. Suppose that W =T o, {Bx } xen is such that the graph T' = (V, R) and
the set of graphs {Bx = (Yx, Ex) | X € I1} satisfy the conditions (G1) and (G2). Then
Aut(T o {Bx}xemn) = Aut(T) o {Aut(Bx)} xemn if and only if there are no equivalence
relations E), C E on'Y satisfying the conditions (i), (ii), (iii), and (iv) of Theorem 4.2.

Proof. This follows immediately from Theorem 4.2. O

Example 4.5. Let W = (Y, E) be the graph in Figure 11. It is easy to see that IV is the
graph I" o {BX7 Bx, BXH} where I" and {.BX7 BX/,BXN}, and ™ = 7wx Umx Umxr
are given in Example 3.3. Moreover, Y/FEy = {{a, ¢}, {b,d},{a’, '}, {¥/,d'}, {b", "},
{a",d"}} and Y/E; = {{a,¢,b,d},{a’,, 0/, d'},{b",c",a",d"}}. Since there are no
equivalence relations E{; C F4 on Y that satisfy the conditions (i), (ii), (iii), and (iv) of
Theorem 4.2, it follows that

<l Y7
(a't')
(aa”)(bb')(cc)
(ab)(ba’)(cd’)(d
The next corollary follows directly from Theorem 4.2.
Corollary 4.6. Suppose that the graph T = (V, R) and the set of graphs {Bx = (Yx, Ex) |
X € II} satisfy the conditions (G1) and (G2). Let W = (Y, E) be the generalized X-join
of T and { Bx } x cr1 with respect to 7 and let Ey C E be the equivalence relations defined
in (1) and (2). Then

Aut(T) o {Aut(Bx)}xen = Aut(I' or {Bx }xen)
if W is uniquely determined by Ey and E\.

Corollary 4.7 (See [8, Theorem 2.10]). LetT' = (V, R) be a graph and {B, | x € V'} be
a set of graphs such that B, ~ B, whenever ¥ = 1’ for some f € Aut(T'). Then

Aut(T[Bglzev) = Aut(T) o {Aut(B,) brev

Aut(W) = Aut(T)o{Aut(Bx)} xen = ab)(ed), (aa'bb’) (ec'dd") (a”b")("d"),
(@), (o b )(edde’) (@) ("),
c ((dd/)(a”b”)((}”d//),

)(a//b//)(cl/d//)>'

if and only if
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bll
dll ” CI/

d’ b a d
Figure 11: Graph W.

(1) By is connected if there exists at least one vertex w € V such that x and w are
nonadjacent and have the same neighbors in'V,

(2) B, is connected if there exists at least one vertex w € V such that x and w are
adjacent and have the same neighbors in V' \ {x, w}.

Proof. By Example 2.2, W = T'[Blyev = I' of {By}gev where Il = {{z} | x € V}
and 7, : Y, — X is a graph epimorphism from B, onto I'(X) such that 7, (y,) = « for
every y, € Y. In this case £y = F; and FX = F(x). If we define

nx = Aut(Bx) — FX/F(X)

by nx (@) = 1px p,, forevery o € Aut(Bx), then nx is an epimorphism and condition
(G2) holds. Then it follows from Corollary 4.4 that

Aut(I[Bzlaev) = Aut(I') o {Aut(By) faev

if and only if there is no equivalence relation Ej, on Y satisfying the conditions (i), (ii),
(iii), and (iv) of Theorem 4.2.

Now suppose that Aut(I'[By].ev) = Aut(T) o {Aut(B,)}.cv and there exist z,w €
V such that x and w are nonadjacent and have the same neighbors in V. If B, is discon-
nected then B,, is also disconnected and we can define an equivalence relation Ej on Y
such that the equivalence classes of Ej are Y,,z ¢ {x,w}, together with the connected
components of B, and B,,. Since x and w are nonadjacent and have the same neighbors in
V, one can see that the conditions (i), (ii), (iii), and (iv) of Theorem 4.2 hold, a contradic-
tion. So B, is connected. Moreover, suppose that there exist x,w € V such that x and w
are adjacent and have the same neighbors in V' \ {z, w}. If B, is disconnected, then there
exist at least two subsets S1, S5 C Y, such that all vertices of S; are adjacent to all vertices
of Sy. Similarly, there exist subsets S7, S5 C Y, with the property that all vertices of S}
are adjacent to all vertices of S5. Then we can define an equivalence relation £ on Y such
that Sy, Sa, Si, and S} together with Y, z & {z, w} are its equivalence classes. One can
see that in this case the conditions (i), (ii), (iii), and (iv) of Theorem 4.2 hold and thus again
we have a contradiction.
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Conversely, suppose that conditions (1) and (2) hold and suppose on the contrary that
v € Aut(T[Bylzev) \ Aut(T) o {Aut(By) }rev-

Then there is an equivalence relation E{, on Y satisfying the conditions (i), (ii), (iii), and
(iv) of Theorem 4.2. It follows from condition (i) that W = I" o/ {A.}.cv(rv), where
the graph I'' is the quotient graph W/ E{ and {A.}.cy (1) are the subgraphs of W induced
by the equivalence classes of Ej. It follows from (ii) that there exist z,w € V such that
the equivalence classes of E{, contain Y, C Y, and Y., = ¢(Y,) C Y,,. By (ii) if B,[Y]
is a union of connected components of B,, then z and 2’ are nonadjacent and all of their
neighbors are exactly the same in V(I'), otherwise z and 2’ are adjacent and have the
same neighbors in V(I") \ {z, z'}. This implies that if B, is disconnected then z and 2’
are nonadjacent and all vertices in Y, and all vertices in Y, have the same neighbors in
Y\ (YUY, ). Since Y, C Y, and Y., C Y, it follows that z and w must be nonadjacent
and have the same neighbors in V', which contradicts (1). Moreover, if B, is connected,
since z and 2’ are adjacent and have the same neighbors in V(I'') \ {z, 2’} it follows that
all vertices in Y, are adjacent to all vertices of Y., and all vertices in Y, and all vertices in
Y. have the same neighbors in Y\ (Y, U Y./). Then all vertices in Y, are adjacent to all
vertices of Y,,. So = and w must be adjacent and have the same neighbors in V' \ {z, w}.
Furthermore, since all vertices in Y, are adjacent to all vertices of Y, \ Y, it follows that
B, is disconnected, which contradicts (2). Thus we have

Awt(T[B,lsey) = Aut(D) o {Aut(B,)}aey - O

5 Conclusion

A generalization of the X-join of graphs has been introduced and necessary and sufficient
conditions under which a graph is isomorphic to a generalized X-join has been given. A
generating set for the automorphism groups of a class of graphs which are isomorphic to a
generalized X-join has been computed.

Since the generalized X-join of graphs is a natural generalization of the X-join of
graphs, the results on the X-join or lexicographic product of graphs can be also studied
for the generalized X-join of graphs.
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Abstract

We determine the automorphism group of the zero-divisor digraph of the semiring of
matrices over an antinegative commutative semiring with a finite number of zero-divisors.
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1 Introduction

In recent years, the zero-divisor graphs of various algebraic structures have received a lot
of attention, since they are a useful tool for revealing the algebraic properties through their
graph-theoretical properties. In 1988, Beck [3] first introduced the concept of the zero-
divisor graph of a commutative ring. In 1999, Anderson and Livingston [1] made a slightly
different definition of the zero-divisor graph in order to be able to investigate the zero-
divisor structure of commutative rings. In 2002, Redmond [15] extended this definition to
also include non-commutative rings. Different authors then further extended this concept
to semigroups [6], nearrings [4] and semirings [8].

Automorphisms of graphs play an important role both in graph theory and in algebra,
and finding the automorphism group of certain graphs is often very difficult. Recently, a
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lot of effort has been made to determine the automorphism group of various zero-divisor
graphs. In [1], Anderson and Livingston proved that Aut(T'(Z,,)) is a direct product of
symmetric groups for n > 4 a non-prime integer. In the non-commutative case, the case of
matrix rings and semirings is especially interesting. Thus, it was shown in [10] that, when p
is a prime, Aut(I'(M2(Z,))) is isomorphic to Sym(p + 1), the symmetric group of degree
p+ 1. More generally, it was proved in [13], that Aut(I'(Mz(F,))) = Sym(¢+1). In[18],
the authors determined the automorphism group of the zero-divisor graph of all rank one
upper triangular matrices over a finite field, and in [16] they determined the automorphism
group of the zero-divisor graph of the matrix ring of all upper triangular matrices over a
finite field. Recently, the automorphism group of the zero-divisor graph of the complete
matrix ring of matrices over a finite field has been found independently in [17] and [20].

In this paper, we study the zero-divisor graph of matrices over commutative semirings.
The theory of semirings has many applications in optimization theory, automatic control,
models of discrete event networks and graph theory (see e.g. [2, 5, 12, 19]) and the zero-
divisor graphs of semirings were recently studied in [9, 7, 14]. For an extensive theory of
semirings, we refer the reader to [11]. There are many natural examples of commutative
semirings, for example, the set of nonnegative integers (or reals) with the usual operations
of addition and multiplication. Other examples include distributive lattices, tropical semir-
ings, dioids, fuzzy algebras, inclines and bottleneck algebras.

The theory of matrices over semirings differs quite substantially from the one over
rings, so the methods we use are necessarily distinct from those used in the ring setting.
The main result of this paper is the determination of the automorphism group of the zero-
divisor digraph of a semiring of matrices over an antinegative commutative semiring with
a finite number of zero-divisors (see Theorem 3.12).

2 Definitions and preliminaries
2.1 Digraphs

A digraph T consists of a set V(T') of vertices, together with a binary relation — on V(T').
An automorphism o of T is a permutation of V(T') such that u — v <= o(u) — o(v).
The automorphisms of I" form its automorphism group Aut(T).

Let I" be a digraph and let v € V(I'). We write N~ (v) = {u € V(I'): v — v} and
Nt(v) = {u € V(I'): v — u}. If, for u,v € V(I'), we have N~ (u) = N~ (v) and
N*(u) = N*(v), then we say u and v are twin vertices. The relation ~ on V(T"), defined
by u ~ v if and only if v and v are twin vertices, is clearly an equivalence relation preserved
by Aut(T). For v € V(I'), we shall denote by v the ~-equivalence class of v. Let T be
the graph with these equivalence classes as vertices and ©u —¢ v if and only if u —r v.
For 0 € Aut(I") we denote by 7 the induced automorphism of I'.  An automorphism
o € Aut(T) is called regular if 7 is the identity map.

2.2 Semirings

A semiring is a set S equipped with binary operations + and - such that (.S, +) is a commu-
tative monoid with identity element 0, and (.5, -) is a semigroup. Moreover, the operations
+ and - are connected by distributivity and O annihilates S.

A semiring S is commutative if ab = ba for all a,b € S, and antinegative if, for all
a,b € S, a+ b= 0implies that a = 0 or b = 0. Antinegative semirings are also called
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zerosum-free semirings or antirings. The smallest nontrivial example of an antiring is the
Boolean antiring B = {0,1} with addition and multiplication defined so that 1 + 1 =
1-1=1.

Let S be a semiring. For x € S, we define the left and right annihilators in S by
Anny(z) ={y € S: yr = 0} and Anng(z) = {y € S: zy = 0}. If S is commutative,
we simply write Ann(z) for Anny (z) = Anng(z). We denote by Z(.S) the set of zero-
divisors of S, thatis Z(S) = {x € S: Ty € S\ {0} such that zy = 0 or yx = 0}. The
zero-divisor digraph T'(S) of S is the digraph with vertex-set S and © — v if and only if
uv = 0.

It is easy to see that if n > 1 and S is a semiring, then the set M, (S) of n x n matrices
forms a semiring with respect to matrix addition and multiplication. If S is antinegative,
then so is M,,(S). If S has an identity 1, let E;; € M, (S) with entry 1 in position (%, j),
and 0 elsewhere. For s € S, define sE;; € M, (S) as the matrix with entry s in position
(i,7), and 0 elsewhere.

3 The automorphisms of the zero-divisor digraph
The following fact will be used repeatedly.
Lemma 3.1. Let S be a semiring. If A, B € S and o € Aut(I'(S)), then
o(Anny(A)) = Annp(0(A)) and o(Anng(A)) = Anng(o(A)).
Proof. We have
X € o(Anng(A)) <= o }(X) € Anny (A)
—= o HX)A=0

<~ Xo(A)=0
<= X € Ann(0(A)).

O

The proof of the second part is analogous.

Lemma 3.2. Let S be an antiring and let T' = T'(S). If A,B € S and 0 € Aut(T'),
then o(A 4+ B) and o(A) + o(B) are twin vertices and, in particular, c(A+ B) =
o(A)+ o(B).

Proof. Using antinegativity, we have

We have proved that Anny,(6(A+B)) = Anny,(0(A)+0(B)). An analogous proof yields
Anng(o(A+ B)) = Anng(c(A) +o(B)). This implies that 0 (A + B) and 0(A) + o(B)
are twin vertices. O
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Definition 3.3. Let S be a commutative semiring, let n € N and let A € M,,(S) with
(i,7) entry a;;. Forevery i,j € {1,...,n}, we define C;(A) = (,_, Ann(ax;) and
R;(A) = N, Ann(a;i). Let Ag(A) := (C1(A),...,Cy(A)) € P(S)™ and Ay (A) :=
(R1(A),...,R,(A)) € P(S)™, where P(S) denotes the power set of S.

The next theorem characterizes the twin vertices of I'(M,, (.5)).

Theorem 3.4. Let S be a commutative antiring, let n € N and let A, B € M,,(S). Then
A and B are twin vertices of T' (M, (S)) if and only if Ap,(A) = Ap(B) and Ar(A) =
Ar(B).

Proof. Let a;; and b;; be the (4, j) entry of A and B, respectively. Suppose first that A
and B are twin vertices of I'(M,,(.5)) and assume that Ar(A) # Ag(B). This implies
that, for some ¢ € {1,...,n}, we have C;(A) # C;(B). Swapping the role of A and B if
necessary, there exists s € S such that s € C;(A) and s ¢ C,;(B). Therefore, there exists
k € {1,...,n} such that s ¢ Ann(bg,;). Now, let C = sE;; € M, (S) and observe that
AC = 0but BC # 0, so N (A) # NT(B), which is a contradiction with the fact that A
and B are twin vertices. We have thus proved that Ar(A) = Ag(B). A similar argument
yields that Ay, (A) = AL(B).

Conversely, assume now that Ay (A) = Ar(B) and Ag(A) = Agr(B). Suppose there
exists X € M,(S5) such that AX = 0. Therefore, for all 4,5 € {1,...,n} we have
22:1 a;xr; = 0. Since S is an antiring, this further implies that a;,x1; = 0 for all
i,j,k € {1,...,n}. So, zx; € Ann(a;;) and therefore z; € Ci(A) = Ci(B) for
all k € {1,...,n}. Thus, forall 4,5,k € {1,...,n}, we have x; € Ann(b;;). This
yields b;pxy; = 0 for all 4,5,k € {1,...,n}, so BX = 0. Thus, we have proved that
N*+(A) C NT(B). By swapping the roles of A in B we also get N*(B) C NT(4), so
N*(A) = N*(B). A similar argument yields that N~ (A) = N~ (B), thus A and B are
twin vertices. O

Definition 3.5. Let S be a commutative semiring and let o« € S\ Z(.S). We say that
a = e + e+ -+ es such that e; # 0 for all ¢ and e;e; = O forall ¢ # jisa
decomposition of « of length s. The length ¢(a) of « is the supremum of the length of a
decomposition of « (note that £(«) can be infinite). We say that « is of maximal length if
l(a) > £(B) forall B € S\ Z(S).

A semiring S is decomposable if S\ Z(S) contains an element of length at least 2,
otherwise it is indecomposable.

Lemma 3.6. Ler S be a commutative antiring and let o € S\ Z(S) be of finite maximal
length s with decomposition o = e1 + e3 + - - + e5. Then, for every i € {1,...,s}, the
subsemiring e;S is indecomposable.

Proof. Suppose that ¢;S is decomposable for some ¢ € {1,..., s}, say i« = 1 without loss
of generality. By definition, there exists e;w € €15 \ Z(e1S) such that e;w = f1 + fo,
where f1, fo € e1 S\ {0} and f1fo = 0. For all j # 1, we have eje;w = 0 and thus
ej f1 = e; fo = 0 by antinegativity. Let § = e;w + eg + - - - + €s.

Suppose that S2 = 0 for some x € S. By antinegativity, we have (e;w)(e;x) = 0 and
eax = -+ = egx = 0. Since e;w is not a zero-divisor in e1.5 this implies that e;x = 0 and
therefore also ax = 0. However, « is not a zero-divisor, so we can conclude that x = 0.

This shows that 5 = f; + fo + e3 4+ -+ + e, is not a zero-divisor in S, which is a
contradiction with the maximal length of «. O
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We shall investigate commutative antirings with identity where 1 is an element of finite
maximal length. The next lemma shows that in this case, we can study the automorphisms
of the zero-divisor digraph of the matrix ring componentwise.

Lemma 3.7. Let S be a commutative antiring and suppose 1 € S is of finite maximal
length s with decomposition 1 = e1 + e + - - -+ e5. Letn € Nand o € Aut(T'(M,(S5))).
Then there exists w € Sym(s) such that, for everyr € {1, ..., s}, we have o(e, M, (95)) =
ew(T)Mn (S)

Proof. Letr € {1,...,s},leti,j € {1,...,n} and let B = o(e,E;j). So, o(e,E;j) =
> r_; exB. By Lemma 3.2, we have e, E;; = > ,_, 0~ !(exB). Since S is antinegative,
for every k € {1,...,s}, there exists fy € S such that o0~ *(exB) = f,E;;. Since
fe = fuler +ea+ -+ e) = fre, €e,.S, wehave > ;. _, fr = e,z forz=>"1_, fr.
Observe that e, E;; = zE;; yields z € S\ Z(S5).

Let k, k' € {1,...,s}. We have Anny (frE;;), Anng(fu Eij) € Anng(fr fu Eij)
hence AnnL(ekB),AnnL(ek/B) C AnnL(a(fkfk/Eij)). If & 75 k', then Mn(S) -
Anny, (exB) + Annp (e B), which is possible only if fifrr = 0. We have shown that
frufw =0forevery k, k' € {1,...,s} withk # k.

It follows that

S
Z:(61+62+~~-+65)2226i2+2fk
iET k=1

is a decomposition of z. Since z ¢ Z(.S), e;z # 0 and, since £(z) < £(1) = s, it follows
that all but exactly one of the fi’s are 0. This implies that all but one of the e; B’s are 0
and there exists k € {1,..., s} such that o(e, E;;) = e, B. This shows the existence of a
permutation w € Sym(s) such that o (e, Ej;) = ey () B.

Lett € {1,...,n}. Wehavee? = ¢, # 0,50 ¢, Ejje, Ej; # 0and (ey,(r)B)o (e, Ej¢) #
0. This implies o (e, Ejt) € ey(ryMn(S).

As this holds for all j, ¢ € {1,...,n} and for any A € M,,(S), we have A = (e1 +e2+
---+es)A, we have o (e, M, (S)) C ey()Mp(S). By the same token, we can conclude that
a twin vertex to a vertex from e, M,, (S) is itself in e, M,, (S), therefore also o (e, M,,(S)) C
ew(ryMn(S). Since o is a bijection, o (e, M (S)) = ey ()M, (). O

We next focus on the automorphisms restricted to the matrices over indecomposable
subsemirings.

Proposition 3.8. Let S be a commutative antiring and suppose 1 € S is of finite maximal
length s with decomposition 1 = e; + e3 + -+ + e5. Letu,v € {1,...,s}, S1 = €,S
and Sy = €,S. Letn € Nand o € Aut(T'(M,,(5))) such that c(M,,(S1)) = M, (S2).
Ifi,j € {1,...,n}, then there exist y € Sy \ Z(S2) and k,¢ € {1,...,n} such that
J(euEij) = yEkg.

Proof. Write U(euEij) = Zk,zﬁkakf' Let Ay = U_l(ﬁ;ggEke). By Lemma 3.2,

o(e,Fij) and o (Z iy Ak4> are twin vertices, therefore e, F;; and ), , Ay, are twin ver-

tices as well. Now, twin vertices of e, F;; must be of the form zE;;, so > w0 Are = 2B
for some z € S. Since z = z(e; + e + - -+ + e5), we conclude that z € S;. Note also
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that z is not a zero-divisor in S, since e, E;; and zE;; are twin vertices. Since S is an-
tinegative, we can conclude that, for all k,¢ € {1,...,n}, there exist agy € S; such that
Akg = OzMEij and Zk,f Ay = Z.

Let k, k', 0,0 € {1,...,n} with (k,¢) # (k',¢'). Now, we either have k # k' or
¢ # (. Suppose first that k& # k’. Since S is commutative, we have Anny (Age) =
Anny (areE;;) € Anng(ageare E;j). By Lemma 3.1, this implies Anny (BgeEre) C
AHHL (O'(Oékgak/elEij)). Similarly, we have AHHL (Bklgl Ek/[/) - AnnL (O’(akgak/g/Eij)).
Since k # K, Mn(5> = AnnL(ﬁMEM) + AnnL(Bk’Z’Ek:’Z’) - AnnL(O‘(OzkgOzk/g/Eij)),
which implies o (agear e Eij) = 0 and thus ageoyr e = 0. If £ £ £/, we arrive at the same
conclusion by using right annihilators, namely that distinct age’s annihilate each other.
Since S; is indecomposable by Lemma 3.6, the sum Zk,é oy = z has at most one non-
zero summand. It follows that there is at most one non-zero Ay, and at most one non-zero
BreEye. This concludes the proof of the first part, with y = Sy.

It remains to show that y ¢ Z(S2). Suppose, on the contrary, that y € Z(S2). By the
first part of the result, there exist y’ € Sy and i/, 5’ € {1,...,n} such that 0~ (e, Ey¢) =
y,Ei/j/. Since y € Z(Sg), we have AnnL(evEM) - AHHL(yEkg) and AnnR(eka[) g
Anng(yEre). By Lemma 3.1, it follows that Anny(y'E; ) € Anng(e,E;;) and of
course also Anng(y'Ey;j) € Anng(e,E;;). This is only possible if ¢ = ¢’ and j = j’
which implies Annz,(y'E;;) € Anng (e, E;;), a contradiction. O

Lemma 3.9. Let S be a commutative antiring and suppose 1 € S is of finite maximal
length s with decomposition 1 = e; + ea + -+ + e5. Let u,v € {1,...,s}, S1 = e,S5
and Sy = €,S. Let n € N and o € Aut(I'(M,,(5))) such that 0(M,,(S1)) = M,,(S2). If
x € Z(S1) and i,j € {1,...,n}, then there exist z € 7(S3) and k,¢ € {1,...,n} such
that 0(xE;j) = zEg.

Proof. By Proposition 3.8, we know that o(e, E;;) = yEy, for some y ¢ Z(S2) and k, ¢ €
{1,...,n}. Since x € Z(S1), we have Anny, (e, E;;) C Anny(zE;;) and Anng(e, F;j) €
Anng(zE;;). By Lemma 3.1, it follows that Anny,(yEr,) € Anng(o(xE;;)) and also
Amng(yEre) C Anng(o(zE;;)). This implies that all entries of o(zE;;) are zeros
except entry (k, (), so o(zE;;) = zEjye for some z € S;. Because Anny (yErs) #
Anny (o(zE;;)) = Anng(2Ege) and Anng(yEyge) # Anng(o(zE;;)) = Anng(2Eke),
we must have z € Z(S5). O

Lemma 3.10. Let S be a commutative antiring and suppose 1 € S is of finite maximal
length s with decomposition 1 = ey + ea + -+ -+ es. Letu,v € {1,...,s}, S1 = €,5 and
Sy = €,S. Letn € Nand o € Aut(I'(M,,(S5))) such that 0(M,,(S1)) = M, (S2). Then
there exists m € Sym(n) such that 0(e,Eij) = e, Er(iyxj) forall i, j € {1,...,n}.

Proof. Leti,j,j" € {1,...,n} with j # j'. By Proposition 3.8, there exist k, k', £, ¢’ €
{1,...,n}suchthato(e, E;;) = e, Exeand o (e, E;j/) = ey Eyrer. Forallr, s € {1,...,n}
with s # i, we have e, F,s(e,E;j + e,E;;7) = 0. By Lemma 3.2, this implies that
o(ewErs)(eyEre + €y FErrer) = 0 and thus (Zns# U(euErs)) (ewFEre + ey Exrpr) = 0.
By Proposition 3.8, (e, E,s) = e, E.s for some 1/, s € {1,...,n}. Since o is a per-
mutation, > i o(e,Eyrs) is a matrix with exactly n entries equal to 0. It follows that
k=K.

By the paragraph above, there exists 7 € Sym(n) such that o'(e, Eap) = €y Er(q)e, for

some c. A similar argument yields that there exists a permutation such that o (e, Fqp) =
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ey Beri(v), for some c. However, for every j,k € {1,...,n} with j # k, we have
E;;Ey, = 0 and thus E. ()2 ) Eryr )y = 0. This implies that w(k) # «'(j) for
every k # j, so w(j) = 7’'(j). Therefore 7’/ = 7. O

For m € Sym(n) and A € M,,(.5), let 6 (A) be the matrix obtained from A by applying
the permutation 7 to its rows and columns. Note that 6, induces a permutation of M,, (.S).

Corollary 3.11. Let S be a commutative antiring and suppose 1 € S is of finite maximal
length s with decomposition 1 = ey +ea+---+es. Letu,v € {1,2,...,s}, S1 = e, S and
Sy = e,S. Letn € Nand o € Aut(T'(M,,(S))) such that 0(M,,(S1)) = M, (S2). Then
there exist T € Sym(n) and T an isomorphism from T'(S) to T'(S2) such that, if we extend
T entry-wise to a mapping M,,(S1) — M,,(S2) and restrict o to M,,(S1), thend = 0, o 1.

Proof. By Lemma 3.10, there exists 7 € Sym(n) such that o(e, E;;) = 6r(e,E;;) for
alli,j € {1,...,n}. Let p = 01 o o and note that p € Aut(I'(M,,(S))) and we have
plenEij) = ey Eyj foralli,j € {1,...,n}.

Let x € Z(S1) and 4,j7,7' € {1,...,n}. Clearly, p(M,(S1)) = M,(S2) so, by
Lemma 3.9, there exist z, 2’ € Z(S2) such that p(xE;;) = zE;; and p(xE;j1) = 2’ E;j.

Let X = {s € Sy;sz = 0}. We show that X C Ann(z’). Let a € S such
that az = 0. Note that (aE;;)(2E;;) = 0. Since a € Z(S>), Lemma 3.9 implies that
there exists b € Z(S) such that aE;; = p(bEy;), hence p(bE;;)p(xE;;) = 0 and there-
fore also (bE;;)(xE;;) = 0 which implies bx = 0. It follows that (bE;;)(zE;j) = 0,
p(bE;)p(xE;j) = 0 and (aE;;)(2'E;jr) = 0 which yields a2z’ = 0.

We have shown that X C Ann(z’). A symmetrical argument yields Ann(z’) C X
hence X = Ann(z’) which implies that p(zE;j) = 2'Eij = zE;j (where for A €
M,,(S2), by a slight abuse of notation, A now refers to the image in I‘( »(S2)) and not in
T(M,,(S))). A similar argument shows that p(zE; ;) = zFEy; forall i’ € {1,...,n}. This
implies that p(xExp) = zEg forall k, £ € {1,...,n}.

Let 7 denote the mapping S; — So that satisfies p(zF11) = 7(z)E1;. Since p is a
bijection from M,, (S1) to M,,(S2), 7 is a bijection from S to So. If z,y € S1, thenzy = 0
ifand only if (xE11)(yF11) = Oif and only if 7(2)7(y) = 0, therefore 7 is an isomorphism
from T'(S1) to T'(S2). Now, extend 7 to an entry-wise mapping M,,(S1) — M,,(S2). Let
A = [ai;], B = [bij] € M, (S1). Note that AB = 0 if and only if _}'_, a;bi; = 0 for
every 1 < ,j < nif and only if a;;b; = 0 forevery 1 < 4,5,k < n, so 7 induces an
isomorphism from I'(M,, (S1)) to I'(M,,(S2)). Observe that, restricted to V(I'(M,,(S1))),
we have p = 7. As 0 = 0, o p, this concludes the proof. O

‘We can now join these findings into the following theorem.

Theorem 3.12. Let S be a commutative antiring and suppose 1 € S is of finite maximal
length s with decomposition 1 = e1 +ex+ -+ +e5. Letn € Nand o € Aut(T'(M,(9))).
Then there exist w € Sym(s) and, for every i € {1,...,s}, there exist m; € Sym(n)
and an isomorphism 7;: I'(e;S) — T'(ew(;)S) such that, if we extend T; entry-wise to a
mapping My, (e;S) — My (e iyS), then

S

o(A) = (Z (e Ti)(eiA)> forall A € M, (95).

i=1
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Conversely, if w € Sym(s) has the property that, for every i € {1,...,s}, we have
['(esS) = T(ey(s)S), 7i is an isomorphism from I'(e;S) to I'(e,,(:)S) and m; € Sym(n),
then o defined with o(A) = >°7_, (0, o 7;)(e;A) is an automorphism of T'(M,,(.S)).

Proof. By Lemma 3.7, there exists w € Sym(s) such that, for every i € {1,...,s}, we
have o (e;M,,(S)) = e, iyMn(S5).

By Corollary 3.11, there exist m; € Sym(n) and 7; an isomorphism from I'(e;S) to
I'(ew (i) S) such that, if we extend 7; entry-wise to a mapping M,,(e;S) — My, (e.(;)S) and
restrict o to M, (e;5), thena = 0, o 7.

Now, let A € M,,(S). We have A = e1 A + e A + - - - + e A and the result follows by
Lemma 3.2. O

Remark 3.13. Throughout the paper, we restricted ourselves to studying semirings with
the property that no non-zero-divisor element can be written as a sum of infinitely many
mutually orthogonal zero-divisors. Obviously, any semiring with a finite set of zero-
divisors satisfies this condition.
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Abstract

A skew morphism of a finite group B is a permutation ¢ of B that preserves the identity
element of B and has the property that for every a € B there exists a positive integer i,
such that p(ab) = ¢(a)p' (b) for all b € B. The problem of classifying skew morphisms
for all finite cyclic groups is notoriously hard, with no such classification available up to
date. Each skew morphism ¢ of Z, is closely related to a specific skew morphism of Z,,y ,
called the quotient of (. In this paper, we use this relationship and other observations
to prove new theorems about skew morphisms of finite cyclic groups. In particular, we
classify skew morphisms for all cyclic groups of order 2°m with e € {0,1,2,3,4} and m
odd and square-free. We also develop an algorithm for finding skew morphisms of cyclic
groups, and implement this algorithm in MAGMA to obtain a census of all skew morphisms
for cyclic groups of order up to 161.

During the preparation of this paper we noticed a few flaws in Section 5 of the paper
Cyclic complements and skew morphisms of groups from 2016. We propose and prove
weaker versions of the problematic original assertions (namely Lemma 5.3(b), Theorem 5.6
and Corollary 5.7), and show that our modifications can be used to fix all consequent proofs
(in the aforementioned paper) that use at least one of those problematic assertions.

Keywords: Skew morphism, cyclic group, coset-preserving, quotient, square-free.

Math. Subj. Class. (2020): 20B25, 05C25, 05E18

1 Introduction

A skew morphism of a finite group B is a permutation ¢ of B that preserves the identity
element of B and has the property that for every a € B there exists a positive integer i,
such that ¢(ab) = ¢(a)p' (b) for all b € B. The order of a skew morphism, denoted by
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ord(y), is defined as the order of the cyclic group (). Note that for each a € B there
is a unique choice for i, such that i, € {1,2,...,ord(¢) — 1} (unless ¢ is the identity
permutation). The function 7 that maps each element a € B to this integer i, is called the
power function of o, and it satisfies ¢(ab) = p(a)e™ @ (b) for all a,b € B. In the case
when ¢ is the identity permutation of B, we define 7(a) = 1 forall a € B.

Skew morphisms were first introduced by Jajcay and Sirafi in [18], with primary inter-
est in their connection to the regular Cayley maps. Skew morphisms are also intriguing
from a purely group-theoretical point of view, mainly due to their close relationship with
group automorphisms, with which they share a number of important features. The prob-
lem of classifying all skew morphisms for given families of finite groups has gained much
attention in the last two decades; see [8, 10, 23, 24] for example. Recently, in [4], skew
morphisms were classified for all finite simple groups, and we understand that a classifica-
tion for dihedral groups is imminent; see [19]. On the other hand, the problem of finding
all skew morphisms for finite cyclic groups remains open, despite recent positive progress,
which we discuss next.

Automorphisms of a finite group B are special cases of skew morphisms (with 7(a) =
1 for all @ € B), and as such can be viewed as an important family of skew morphisms.
There are also other intriguing families of skew morphisms, for example, coset-preserving
(sometimes also called smooth) skew morphisms, which are defined as skew morphisms
satisfying 7(a) = m(¢(a)) for all @ € B. Coset-preserving skew morphisms have been
fully classified for all finite cyclic groups in [6]. Another interesting family of skew mor-
phisms that is fully understood for finite cyclic groups consists of all skew morphisms ¢
such that ©? is an automorphism of the same group; see [16].

While there is no classification of skew morphisms of finite cyclic groups available
to date, skew morphisms have been fully classified for some specific (infinite) families of
finite cyclic groups. Most notably, this was done for cases where the order of a cyclic
group is a prime [18] (in this case, all skew morphisms are automorphisms), a product of
two distinct primes [20], and any power of an odd prime [21]. Some partial progress for
cyclic 2-groups can be found in [14].

Another approach for studying skew morphisms of finite cyclic groups is to find a
connection between skew morphisms of a given cyclic group B and skew morphisms of
cyclic groups of smaller orders. Presumably the strongest finding to date made in this
direction is the observation of Kovdcs and Nedela proved in [20] which states that if
ged(m,n) = ged(m, ¢(n)) = ged(¢(m),n) = 1, then the skew morphisms of Z,,,
are exactly the direct products of skew morphisms of Z,, and Z,,. There is also a useful
connection between general skew morphisms and coset-preserving skew morphisms for fi-
nite cyclic groups. Namely, for each skew morphism ¢ of a finite cyclic group B there
exists an exponent e such that ¢ is a non-trivial coset-preserving skew morphism of B;
see [5].

In this paper, we combine a number of known facts about skew morphisms (which we
summarise in Sections 2 and 3) with new observations presented in Section 4, to prove a
number of theorems about skew morphisms of cyclic groups. Namely, in Section 5 we
develop a new method for finding skew morphisms of cyclic groups, and implement it to
obtain a census of all skew morphisms of cyclic groups of order up to 161. (Up to the
time of writing this paper, and apart from some specific orders, skew morphisms of cyclic
groups were known only up to order 60; see [9].) Further, in Section 6 we show that all skew
morphisms of Z,, are coset-preserving if and only if n = 2°m for some e € {0, 1,2, 3,4}
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and m odd and square-free. As a consequence, we obtain a complete classification of skew
morphisms for all cyclic groups of order expressible in this form, significantly expanding
the list of finite cyclic groups for which such classification is available. During the review
process, it was communicated to us that Kan Hu, Istvdn Kovéics and Young Soo Kwon has
recently submitted a paper devoted to similar ideas to those we investigated in Section 6 of
this paper.

2 Preliminaries

In this section, we recall some definitions from group theory and provide some background
from the theory of skew morphisms. All groups considered in this paper are assumed to be
finite. For the cyclic group of order n we use the additive notation Z,,, and so the elements
of Z,, may be viewed as integers in the interval [0, n — 1]. We also let Sym(G) denote the
symmetric group on (the underlying set of) a group G.

The core of a subgroup H in a group G is the largest normal subgroup of H contained
in G. We say that H is core-free in G if the core of H in G is trivial. A complement for H
in G is a subgroup K of G such that G = HK and H N K = {1}. The following theorem
proved by Lucchini in [22] will be helpful.

Theorem 2.1 ([22]). Let C be a cyclic proper subgroup of a group G. If C'is core-free in
G, then |C| < |G : C|.

Next, let ¢ be a skew morphism of a group B, and identify B with the subgroup of
Sym(B) which acts by left multiplication. Then it can be easily checked that B(y) is a
subgroup of Sym(B) (see [20] for example). Moreover, B{() is a complementary factori-
sation and () is core-free in B{(p) (see [12, Lemma 4.1]). A group G containing B which
has a cyclic core-free complement C' for B is called a skew product group for a group B,
and we say that C' is a skew complement (for B in G). The skew product group B{p) (for
B) with skew complement () described in this paragraph is said to be induced by .

Conversely, let G be a skew product group for a group B, and let ¢ be a generator of a
skew complement for B in GG. Note that every element g € G is uniquely expressible in a
form g = ac’ with a € B and ¢/ € C. Then for every a € B there exists a unique o’ € B
and a unique exponent j € {1,2,...,|C| — 1} such that ca = a’c¢’, and this induces a
bijection ¢: B — B and a function 7: B — N, defined by ¢(a) = o’ and 7(a) = j. It
can be easily checked that ¢ is a skew morphism of B with power function 7. We say that
 is induced by the pair (B, ¢).

Recall that if ¢ is a skew morphism of B with power function 7, then we have p(ab) =
©(a)e™@ (b) for all a, b € B. (Hence, if B = Z,,, then p(a+b) = ¢(a)+ ™ (b) for all
a,b € Zy.) Also recall that an automorphism of B is a skew morphism with 7(a) = 1 for
all @ € B. In what follows, it will be often convenient to distinguish between general skew
morphisms and skew morphisms that are not automorphisms, and so we will refer to the
latter as proper skew morphisms. We say that ¢ is trivial if it is the identity permutation
of B. The kernel of ¢, denoted by ker ¢, is the subset {a € B | w(a) = 1} of B. By
definition, ¢ is an automorphism of B if and only if ker ¢ = B. In the case of proper skew
morphisms Kker ¢ is not equal to B, but it is always a subgroup of B; see [18, Lemma 4].

Since ker ¢ is a subgroup of B and also p(ab) = ¢(a)e(b) for all a,b € ker, it
follows that ¢ restricts to a group isomorphism from the kernel to its image. In particular,
if ker ¢ is preserved by ( set-wise, then ¢ restricts to an automorphism of ker ¢. In [11]
this was shown to always be true for abelian groups. We also have the following.
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Lemma 2.2 ([18]). Let ¢ be a skew morphism of a group B with power function 7. Then
two elements a,b € B belong to the same right coset of the subgroup ker ¢ in B if and

only if t(a) = w(b).
Theorem 2.3 ([12]). Every skew morphism of a non-trivial group has non-trivial kernel.

An immediate consequence of Theorem 2.3 is that every skew morphism of a group
of prime order is an automorphism. The following facts about kernels of skew morphisms
will be useful, too.

Lemma 2.4 ([12]). Let G be a skew product group for a group B with skew complement
C, and let ¢ be a generator of C. If p is the skew morphism induced by (B, c), then ker ¢ is
the largest subgroup H of B for which cHc™' C B. In particular, @ is an automorphism
of B if and only if B is normal in G.

Proposition 2.5 ([12]). Let  be a skew morphism of a group B, and let N be a subgroup
of ker ¢ that is normal in B and preserved by @. Then the mapping ©% : B/N — B/N
given by o (x) = Ny(z) is a well-defined skew morphism of B/N.

Lemma 2.6 ([12]). Let ¢ be a skew morphism of a finite abelian group A with power
Sfunction . Also suppose that N is any non-trivial subgroup of ker @ preserved by o, let i
be the exponent of N, and let @’ be the skew morphism of A/N induced by . If a is an
element of A such that Na lies in the kernel of ¢, then im(a) =i (mod ord(y)) and, in
particular, if ged (i, ord(p)) = 1, then a € ker .

Note that if ¢ is a skew morphism of Z,,, then ker ¢ is normal in Z,, and ¢ restricts to
an automorphism of ker . Moreover, since Z,, is cyclic, so is (its subgroup) ker . Noting
that every automorphism of a cyclic group preserves all of its subgroups, we deduce that
@ preserves all subgroups of ker . Hence it follows from Proposition 2.5 that ¢} is a
well defined skew morphism of Z,, /N for each subgroup N of ker ¢. In the case when
N = ker ¢, we will write simply ¢* instead of 7.

We proceed with some useful facts about orders of skew morphisms.

Proposition 2.7 ([20]). Let ¢ be a skew morphism of a group B, and let T' be an orbit of
(p). If (T) = B, then ord(yp) = |T.

Theorem 2.8 ([12]). The order of a skew morphism of a non-trivial group B is less than
the order of B.

Theorem 2.9 ([20]). If ¢ is a skew morphism of a group Z,,, then ord(y) is a divisor of
no(n). Moreover, if ged(ord(p), n) = 1, then ¢ is an automorphism of Zr,.

The periodicity of a skew morphism ¢ of a group B, denoted by p,, is the smallest
positive integer such that 7(a) = 7(¢P# (a)) forall a € B. Similarly, the periodicity of a €
B (with respect to ¢) is the smallest positive integer p, such that 7(a) = 7(¢P*(a)). Note
that if ker ¢ is preserved by ¢ (which is always true if B is abelian), then the periodicity of
o can be defined equivalently as the order of *.

Recall that ¢ is coset-preserving if 7(a) = 7(¢(a)) for all a € B. Equivalently, coset-
preserving skew morphisms can be viewed as skew morphism that preserves all right cosets
of ker  in B, or as skew morphisms with the periodicity equal to 1. The following theorem
about periodicities underlines the importance of coset-preserving skew morphisms in the
study of skew morphisms of abelian (and, in particular, cyclic) groups.
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Theorem 2.10 ([S]). If ¢ is a skew morphism of an abelian group A, then ©P# is a coset-
preserving skew morphism of A. Moreover, if A is cyclic, b is a generator of A, and  is
non-trivial, then p, = py and p, < ord(yp).

The following fact will be helpful too.

Lemma 2.11 ([12]). Let ¢ be any skew morphism of a finite group G, and let H be any
finite group. Then ¢ can be extended to a skew morphism 0 of G x H, such that 0 [g= ¢
and ker 6 = ker p x H.

We conclude this section with two well-known facts about skew morphisms that are
easy exercises, but we include their proofs for completeness.

Lemma 2.12. Let ¢ be a skew morphism of an abelian group A. If p(a) = a for some
a € A, then a € ker .

Proof. Let a’ be any element of A. Since a is fixed by ¢, we have p(aa’) = ap™® (a').
On the other hand, we have p(aa’) = ¢(a'a) = ¢(a’)¢™*)(a) = p(a')a, and hence
o(a’) = @™ (a’) for all a’ € A. It follows that 7r(a) = 1, and therefore a € ker (. O

Lemma 2.13. Let ¢ be a skew morphism of a group B with power function m, and let
a € B. Then:

o(a?) = p(a)p™@ (a)ap”(GQ)(a) e @”(aifl)(a)for alli € N.

Proof. The assertion is trivially true for + = 1. Next, if it holds for some positive integer

j, then p(a?t1) = p(a’a) = p(a?)p™*)(a) = p(a)p™W(a)... o™ V(a)p™ (@) (a),
and so it is also true for 7 + 1. Hence the proof follows by induction. 0

3 Skew morphisms of abelian groups

Several useful facts about skew morphisms of abelian groups (which we also apply in this
paper) were proved in [12]. During the preparation of this paper, however, we noticed
that three assertions in [12] do not hold. In this section, we list the incorrect findings and
provide a counterexample for each of them. We also propose and prove weaker versions
of the original statements. Finally, we discuss all proofs in [12] that use at least one of the
flawed statements, and show that in all cases it is sufficient to replace the flawed statements
by our modifications. For the rest of the section, we let  be a skew morphism of an abelian
group A with power function 7. Also, to distinguish between references to this paper and
references to [12], we put an asterisk after each numbered reference in the latter case.

The first flawed assertion in [12] is part (b) of Lemma 5.3*. It states that if N is a non-
trivial subgroup of ker ¢ preserved by ¢, and ¢ is not an automorphism of A, then ord(y)
has a non-trivial divisor in common with the exponent of N. To show that this is not true,
note that according to [9] the cyclic group of order 12 admits a proper skew morphism
1) of order 3 with kernel (which is preserved by ) of order 6. Since ker ¢ is cyclic and
preserved by %, so is its unique subgroup of order 2. But the exponent of this subgroup,
which is 2, does not have a non-trivial divisor in common with ord(z)). We propose the
following modification:

Lemma 3.1. If  is a proper skew morphism of an abelian group A, then ord(y) has a
non-trivial divisor in common with the exponent of ker .
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Proof. Let K = ker ¢, let e be the exponent of K, and let L/ K be the kernel of the skew
morphism ¢* of A/K induced by (. Since ¢ is proper we know that A/K is a non-trivial
group, and by Theorem 2.3 it follows that L/ K is non-trivial. In particular, there exists an
element a of A such that « ¢ K and a € L. It follows that 7w(a) # 1 (mod ord(yp)), by
Lemma 2.6 we have enr(a) = e (mod ord(y)), and the rest follows. O

Part (b) of Lemma 5.3* is used in the proofs of six theorems presented in [12]. Proofs of
Theorem 5.4*, Theorem 5.10*, Theorem 6.2* and Theorem 6.4* are all easily fixable, since
in each case Lemma 5.3(b)* is applied for N = K, and hence it is sufficient to replace it
with Lemma 3.1. The proof of Theorem 6.1* can also be corrected. Here Lemma 5.3(b)* is
used to show that if ¢ is proper and A 2 Z,,, then ged(ord(¢),n) # 1. Since A is cyclic,
the exponent of ker ¢ is equal to the order of ker ¢ (which necessarily divides n), so this
is an easy consequence of Lemma 3.1. Finally, since Theorem 7.3* was already proved
previously in [20], there is no need to fix its alternative proof presented in [12]; although
we believe that it is possible.

Another flawed assertion in [12] is Theorem 5.6*. It states that if L/(ker ¢) is the
kernel of the skew morphism ¢* of A/(ker ) induced by ¢, and p is a prime that divides
|L| but not |ker ¢|, then p < ¢ for every prime divisor g of |ker ¢|. Again, we provide
a counterexample that shows that this is not true. According to [9] the cyclic group of
order 42 admits a proper skew morphism p of order 7 with kernel of order 14. Since
Z42/ (ker p) is isomorphic to Zz and Zjz does not admit any proper skew morphism, it
follows that the kernel L/(ker p) (of the skew morphism of Z,2/(ker p) induced by p) is
equal to Z4z/(ker p). Therefore, |L| = |Z42| and, in particular, 3 divides |L|. But 3 is
greater than 2, and 2 is a prime divisor of |ker p|. We propose the following modification:

Theorem 3.2. Let ¢ be a skew morphism of the finite abelian group A, let K = ker ¢, and
let q be any prime divisor of |K|. Also let N be a subgroup of K consisting of the identity
and all elements of order q, and let L/N be the kernel of the skew morphism @’ of A/N
induced by . If p is a prime that divides |L| but not | K|, then p < q.

Proof. Suppose that such a prime p exists. Since K is abelian, we know that NV is a
subgroup of K of exponent ¢ that is invariant under . Next, let a be any element of
order p in L, let m = ord(y), and let 7 be the power function of ¢. Since L/N is the
kernel of %, we know by Lemma 2.6 that g(mw(a) — 1) = 0 (mod m). If ¢ is relatively
prime to m, then w(a) = 1 (mod m) and so a € K, which is impossible since K has
no element of order p. Thus ¢ divides m and 7(a) — 1 = 0 (mod m/q). In particular,
m(a) =1+ i(m/q) where 1 < i < q — 1, so there are at most ¢ — 1 possibilities for 7(a).

The same holds for every non-trivial power of a. So now if p > ¢, then by the pigeon-
hole principle two different powers of a will have the same value under 7, in which case
they lie in the same coset of N. But that cannot happen since K N (a) is trivial. Thus
p <q. L]

The only application of the flawed original version of Theorem 5.6* is Corollary 5.7*.
This final problematic assertion in [12] states that every prime divisor of |ker | is greater
than every prime that divides |A| but not |ker ¢|. To see that this is not true, take the skew
morphism p of Z45 with kernel of order 14 discussed earlier. Since 2 divides |ker p| and 3
divides |Z42| but not |ker p|, the statement is clearly not true. The following, however, still
holds.
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Corollary 3.3. Let A be a non-trivial finite abelian group, and let p be the largest prime
divisor of |A|. Then the order of the kernel of every skew morphism of A is divisible by p
when p is odd, or by 4 when p = 2.

Proof. Let ¢ be any skew morphism of A, let K = ker , and suppose to the contrary that
p does not divide | K|. Also let ¢ be any prime divisor of | K|, let N be a subgroup of K
consisting of the identity and all elements of order ¢, and let L /N be the kernel of the skew
morphism %, of A/N induced by . If p divides |L/N|, then by Theorem 3.2 we know
that p is smaller than ¢, so this cannot happen. It follows that p does not divide |L/N|, so
we can repeat the same argument for the skew morphism % of A/N with kernel L/N.
(Note that p divides |[A/N|.) Since A is finite, this will eventually terminate for some
groups A’, N’ and L' with |L’ /N'| = 1. Then since the kernel L' /N’ is trivial, it follows
by Theorem 2.3 that A’ /N’ is a trivial group, and hence | A’| = | N’|. But this is impossible,
since p divides | A’| but not | N”|. The second part for p = 2 follows from the original proof
of [12, Corollary 5.7]. O

Both applications of Corollary 5.7*, namely the proofs of Theorem 6.2* and Theo-
rem 9.1*, only use the fact that the order of ker ¢ is divisible by the largest prime divisor
of |A]. Since this follows by Corollary 3.3, both theorems still hold, and their proofs can
be corrected by minor changes in their wording.

4 Quotients and their properties

In this section, we will show that if BC is a complementary product of two cyclic groups
with C core-free in BC, then not only C' corresponds to some skew morphism of B (of
order |C|), but also B corresponds to some skew morphism of C' (of order smaller than
|B|). Let ¢ be a skew morphism of a cyclic group B, let G = B{(p), and let C' = ().
Also let b be a generator of B. To distinguish between ( as a permutation of B and ¢ as a
generator of the cyclic group C, we use c in the latter case. Since C' is core-free in G, by
Theorem 2.1 we have
|G:B|=|C] <|G:C|=|B],

so (again by Theorem 2.1) we find that B has a non-trivial core in G. Let K denote the
core of B in G, and for every X < G let X denote XK /K (= X/(X N K)). Next, let
H be a subgroup of B such that cHc~! C B. Then, since B is cyclic, H is the unique
subgroup of B of order |H|, and so cH ¢! = H. It follows that H is normal in G, and so
it is contained in K. Moreover, since K is the core of B in G, we have cKc¢~ ! = K C B,
and hence by Lemma 2.4 we find that K = ker ¢.

Now we look closely at the product G = B C. First, noting that K N C = {1} we
have C' = C (and so C is cyclic, and hence abelian) and B N C = {1}. Since B is
cyclic, so is its quotient B3, and by the definition of K we deduce that B is core-free in G.
Now it is straightforward to check that the bijection that maps every element d e C tothe

unique element &’ € C such that db = b’d’ defines a skew morphism of C, with power
function 7 given by 7(d) = j. (We choose b to be the image of b € B under the natural
homomorphism from B to B; since b is a generator of B, it follows that b is a generator of
B.)

A skew morphism of C' (= C) constructed in the way described in the previous para-
graph is called the quotient of ¢ (with respect to b), and will be denoted by ©. Since a
cyclic group B can be generated by different elements, ¢ can have more than one quotient.
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(In fact, by [4, Remark 5.1] this is always true unless B has a unique generator.) In the
case of additive notation B = Z,,, and unless otherwise specified, by the quotient of  we
understand the quotient with respect to 1.

The above construction (proposed in the author’s PhD thesis [3]) was also introduced
independently in [15], where it was noted that if ¢ is a skew morphism of Z,, and P is a quo-
tient of ¢, then (i, @) is an (ord(y), n)-reciprocal pair of skew morphisms. A pair (¢, p) of
skew morphisms of Z,, and Z,,, with power functions 7 and 7 is called (m, n)-reciprocal if
ord(¢y) divides m, ord(p) divides n, and the congruences (i) = p*(1) (mod ord(y)) and
7(j) = ¢?(1) (mod ord(p)) hold for each i € Z,, and j € Z,,. We note that while every
pair (p, ) gives an (ord(y), n)-reciprocal pair of skew morphisms, not every reciprocal
pair arises in this way. For example, there exist (m, n)-reciprocal pairs of skew morphisms
with m = n, but by Theorem 2.8 we know that ord(y) is always strictly smaller than n.

The following observation is an easy consequence of the fact that a skew morphism (of
a cyclic group) and its quotient always give a reciprocal pair of skew morphisms.

Lemma 4.1. Let ¢ be a skew morphism of Z,, with power function m, and let p be the
quotient of © with power function 7. Then for every i € N:

(@) 7(i) = @%(1), so in particular ord(p) = n/|ker ¢|; and

(b) ¢i(1) =7 (i) (mod n/|ker pl).

Proof. First, since (v, ®) is an (ord(y), n)-reciprocal pair of skew morphisms, we have
m(i) = $'(1) (mod ord(p)). Hence, since both 7 and ¥ are mappings into Ze,q(y), it
follows that 7(i) = ®%(1). The second part of (a) follows from the fact that n/|ker |
is the smallest non-zero integer in ker . Finally, (b) follows easily as 7(i) = (1)
(mod ord(®)) and ord(®) = n/|ker ¢|. O

Next we provide a lemma which shows that quotients can be used to check whether a
skew morphism of a cyclic group is an automorphism or a coset-preserving skew morphism.

Lemma 4.2. A skew morphism @ of Z,, is coset-preserving if and only if the quotient  of
@ is an automorphism. Moreover, @ is proper if and only if © is non-trivial.

Proof. Let o be a coset-preserving skew morphism of Z,,. This is equivalent with ¢(1) = 1
(mod n/|ker ¢|), which by Lemma 4.1(b) happens if and only if 7(1) = 1. This proves
the first part. The second part follows easily by Lemma 4.1(a) as ¢ € Aut(Z,,) if and only
if 7(1) = 1, and @ is trivial if and only if (1) = 1. O

We note that a part of the Lemma 4.2 was proved in [17], where it was shown that if ©
is an automorphism, then ¢ is coset-preserving, but not the other way around. Also note
that since the only skew morphism of Zs is the identity mapping, it follows immediately
from Lemma 4.2 that if a skew morphism of a cyclic group has order 2, then it must be an
automorphism. (This is also an easy consequence of Lemma 2.4.) Another consequence of
Lemma 4.2 is the fact that a proper skew morphism of Z,, is coset-preserving if and only
if the quotient of its quotient is the identity mapping. Somewhat interestingly, Lemma 4.2
also implies that by taking quotients every skew morphism of a cyclic group can be reduced
to a non-trivial automorphism of the same group.
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5 Using quotients to generate skew morphisms

In this section, we describe an algorithm for finding recursively skew morphisms of cyclic
groups based on various observations about the quotients of skew morphisms.

5.1 Skew morphisms with a given quotient

First, we explain how to find all skew morphisms of a cyclic group with a given quotient.
The following observation about quotients of skew morphisms of cyclic groups will be
useful.

Proposition 5.1. Let ¢ be a skew morphism of Z., with power function =, and let p be the
quotient of @ with power function 7. Then:

(a) the periodicity p, of ¢ is the smallest generator of ker @;
(b) ord(y) = |ker @|p,; and

(c) the orbit T of (p) that contains 1 is expressible in the form

T = (xla s ,.pr,?ﬁ(ﬂjl), s 7¢(J"P¢)’ s 7word(d})71(xl)7 s 7¢Ord(¢)71(33p¢)),
(5.1
for some coset-preserving skew morphism 1 of Zy, such that ord(y) = ord(y)/p,
and (1) =1 (mod n/|ker ¢|), andwithxy = 1 and z; = 7(i—1) (mod n/|ker ¢|)
foreachi € {2,...,p,}.

Proof. First, by Theorem 2.10 we have p, = p;. Then, since the values taken by =
at any two elements of Z,, are equal if and only if they belong to the same right coset
of ker ¢ in Z,, it follows that p; is the smallest positive integer such that 1 = P (1)
(mod n/|ker ¢|), which by Lemma 4.1(b) is equivalent with 1 = 7(p;) (mod n/|ker ¢|).
Noting that n/|ker | = ord(%), we deduce that p; is the smallest positive integer such
that 7(p1) = 1, and (a) follows. Moreover, since D, is the smallest non-trivial element of
ker @, which is a subgroup of Zg,q(y,)., it follows that ord(y) = [ker @|p,, which proves
(b).

To prove the final assertion, let 7' denote the orbit of () that contains 1, and let
1 = P, By Theorem 2.10 we know that 1) is a coset-preserving skew morphism of
Z,, and by the definition of the periodicity we have (1) = 1 (mod n/|ker ¢|). By
Proposition 2.7 we know that the size of T is equal to ord(y). Moreover, p; divides |T|
(see [6, Lemma 3.1]), and hence ord(¢)) = ord(¢P') = ord(y)/p1, and the effect of
on T induces p; cycles, each of length ord(y)/p;. Finally, by Lemma 4.1(b) we have
;= ¢ 1(1) =7(i — 1) (mod n/|ker p|) and the rest follows. O

Let p be a skew morphism of a cyclic group Z,,. We will provide a detail explanation
of the method for finding all skew morphisms ¢ of Z,, with quotient p.!

First, we find the smallest positive integer j such that j € ker p. Then by Propo-
sition 5.1(a) we have p1 = p, = j. Next, since p is a quotient of ¢, it follows by

't is important to emphasise here that this method finds all skew morphisms with a particular quotient only for
a given cyclic group. If we do not restrict ourselves to a specific group, then in some cases we can find infinitely
many skew morphisms with a given quotient. For example, using the classification of skew morphisms for cyclic
p-groups of odd order (presented in [21]) it can be shown that each cyclic 3-group of order at least 9 admits a
skew morphism whose quotient is the skew morphism (1, 3, 5) of Zg.
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Lemma 4.1(a) that ord(p) = n/|ker |, and hence ker ¢ is the unique subgroup of Z,, of or-
der n/ord(p). As anext step we find all coset-preserving skew morphisms v of Z,, satisfy-
ing ord(¢) = m/py,and (1) = 1 (mod n/|ker ¢|) (note here that m = |Z,,| = ord(y)).
This allows us to identify all possible candidates for the orbit 7' of () that contains 1,
using (5.1). (For each choice of 1, we have at most |ker ¢|P*~! = (n/ord(p))P*~! candi-
dates; the number of candidates could be smaller since sometimes (5.1) does not define a
cycle on B.)

Next, suppose that ¢ is a skew morphism, and let ¢; be the cyclic permutation of T'
induced by ¢. Then by Lemma 4.1(a) we have 7(i) = p*(1), and hence by Lemma 2.13
we find that

2 i—1
o) =)+ oYW +of D)+ +of V() forallieN.  (5.2)

As a final step, for each candidate for ¢; we use (5.2) to define a function ¢: Z,, — Z,,
and then check whether ¢ is a skew morphism of Z,,, and T an orbit of (). It can be easily
verified that if this is true, then p is the quotient of (.

Remark 5.2. Note that to use (5.2), we do not need to know the complete orbit 7', but only
the elements o 1'(1)(_1) for each i € {0,1,...,0rd(p)}. In fact, since for every positive
integer j we have 7 7' (1) = 4)({ (1)), only elements of the form ¢ (1) with e = p’(1)
(mod p) are needed to define . In some cases, this significantly reduces the number of

possible candidates for ;.

5.2 Algorithm for finding all skew morphisms of a cyclic group

We are ready to describe our algorithm for finding all skew morphisms of cyclic groups
up to any order. This algorithm is recursive in the sense that it takes the sets of all skew
morphisms of the groups Z,, for m € {2,3,...,n — 1} as input and outputs all skew
morphisms of Z,,. Since the only skew morphism of Zs is the identity permutation, the
algorithm can be easily initialised.

As the first step, we use the method presented in [6] to find all coset-preserving skew
morphisms of Z,,. Further details on this method are available in Section 6.3. Next, let
 be a skew morphism of Z,, that is not coset-preserving, and let i be the quotient of .
Then by Lemma 4.2 we know that o is a proper skew morphism of Z,q(,). Moreover, by
Theorem 2.8 and Theorem 2.9 we find that ord(y) < n, and that ord(y) divides ng(n),
and ged(ord(y), n) # 1. Since we know all skew morphisms of Z,,, for each m < n, and
we also know all coset-preserving skew morphisms of Z,,, it follows that we can simply
apply the method explained in the previous subsection to find all skew morphisms of Z,,
that are not coset-preserving. Together with the coset-preserving skew morphisms of Z,,
(which include all automorphisms and were found earlier), this gives all skew morphisms
of Zy,.

A MAGMA [7] implementation of the described algorithm succeeded in finding all skew
morphisms of cyclic groups of order up to 161. (The file listing all of these skew morphisms
is available at [2].) This significantly improves the previous largest complete list [9] which
goes up to the order 60. In Table 1 we summarise the information obtained about skew
morphisms of cyclic groups Z,, for n < 161. We include a group in the table if and
only if it admits a proper skew morphism. Moreover, if a listed group admits a proper
skew morphism that is not coset-preserving, then the order of the group is preceded by
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n Skew Classes n Skew Classes n Skew Classes

6 2+ 2 1 58 28 + 28 1 114 148 + 36 7

8 2 +4 1 60 80 + 16 17 116 112 + 56 3
*9 4+ 6 2 62 30 + 30 1 *117 88 + 72 11
10 4 + 4 1 *63 44 + 36 7 118 58 + 58 1
12 4 + 4 2 *64 268 + 32 42 120 208 + 32 43
14 6 + 6 1 66 60 + 20 13 *121 900 + 110 920
16 12 + 8 4 68 64 + 32 3 122 60 + 60 1
*18 24 + 6 6 70 72 + 24 11 124 60 + 60 2
20 16 + 8 3 *72 156 + 24 36 *125 1568 + 100 152
21 12 + 12 1 74 36 + 36 1 *126 348 + 36 34
22 10 + 10 1 *75 96 + 40 24 *128 1132 + 64 114
24 16 + 8 7 76 36 + 36 2 129 84 + 84 1
*25 48 + 20 12 78 104 + 24 9 130 144 + 48 17
26 12 + 12 1 80 152 + 32 26 132 120 + 40 26
*27 64 + 18 20 *81 676 + 54 110 134 66 + 66 1
28 12 + 12 2 82 40 + 40 1 *135 256 + 72 80
30 24 + 8 7 84 104 + 24 14 136 228 + 64 10
*32 60 + 16 14 86 42 + 42 1 138 132 + 44 25
34 16 + 16 1 88 80 + 40 15 140 240 + 48 29
*36 48 + 12 12 *90 216 + 24 36 142 70 + 70 1
38 18 + 18 1 92 44 + 44 2 *144 552 + 48 96
39 24 + 24 1 93 60 + 60 1 146 72 + 72 1
40 44 + 16 9 94 46 + 46 1 *147 960 + 84 68
42 52 + 12 7 *96 272 + 32 58 148 144 + 72 3
44 20 + 20 2 *08 480 + 42 38 *150 648 + 40 74
*45 16 + 24 8 *99 40 + 60 20 152 144 + 72 23
46 22 + 22 1 *100 512 + 40 42 *153 64 + 96 32
48 64 + 16 20 102 96 + 32 19 154 180 + 60 17
*49 180 + 42 30 104 132 + 48 13 155 120 + 120 1
*50 152 + 20 18 105 48 + 48 4 156 352 + 48 22
52 48 + 24 3 106 52 + 52 1 158 78 + 78 1
*54 246 + 18 33 *108 492 + 36 66 *160 616 + 64 84
55 40 + 40 1 110 168 + 40 9

56 48 + 24 11 111 72 + 72 1

57 36 + 36 1 112 192 + 48 36

Table 1: Skew morphisms of cyclic groups of order n.

the asterisk character (*). All included groups are listed by their orders, and for each of
them we provide the total number of skew morphisms (written as the sum of the numbers
of proper skew morphisms and automorphisms), and the number of conjugacy classes of
proper skew morphisms in Aut(Z,,). Note that the automorphism group of a cyclic group
Z,, is always abelian, and hence the conjugation action of Aut(Z,,) on itself is trivial. It
follows that the number of conjugacy classes of Aut(Z,,) is equal to |Aut(Z,,)|. For this
reason, we list the number of conjugacy classes only for proper skew morphisms. We also
note that the numbers of skew morphisms in Table 1 for n < 60 coincide with the numbers
of skew morphisms in [9].

5.3 Remarks concerning Table 1

An inspection of Table 1 suggests various interesting questions regarding skew morphisms
of cyclic groups. Possibly the most natural question to ask here is which values n actually
appear in Table 1 or, equivalently, which cyclic groups admit a proper skew morphism.
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This was answered in [20] for cyclic groups, and later in [12] for all other abelian groups.
Specifically, if an abelian group A does not admit any proper skew morphism, then A is
cyclic of order n where n = 4 or ged(n, ¢(n)) = 1, or A is an elementary abelian 2-group.

Next, we look at values 7 such that Z,, admits (up to conjugacy in Aut(Z,,)) only one
proper skew morphism. In [20] this was shown to be true for all cases where n is a product
of two distinct primes and ged(n, ¢(n)) > 1. The only other value n that appears in Table 1
and has this property is n = 8. An interesting question raised in this context is whether this
covers all such values n, or if there are others.

We are also interested in those cyclic groups that admit only coset-preserving skew
morphisms. Unlike general skew morphisms, coset-preserving skew morphisms are well
understood for cyclic groups, and, in particular, we can list all coset-preserving skew mor-
phisms of Z,, in polynomial time; see [6]. Thus, if for some n we can show that all skew
morphisms of Z,, are coset-preserving, then we can find all skew morphisms of Z,, much
faster than by using the algorithm explained in Section 5.2. In the following section we
completely solve this problem by characterising all cyclic groups that admit only coset-
preserving skew morphisms.

6 Cyclic groups that admit only coset-preserving skew morphisms

In this section we focus on cyclic groups admitting only coset-preserving skew morphisms.
Our main theorem is the following:

Theorem 6.1. All skew morphisms of Z,, are coset-preserving if and only if n = 2°m with
e € {0,1,2,3,4} and m odd and square-free.

Note that Theorem 6.1 include all groups Z,, that does not admit any proper skew
morphism, as in that case either n = 4, or (n, ¢(n)) = 1, which forces n to be square-free
(for if some prime square p? divides n, then p is a common factor of n and ¢(n)). In what
follows, we will say that the positive integer n is resolvable if it is expressible in the form
n = 2°m with e € {0,1,2,3,4} and m odd and square-free. The proof of Theorem 6.1
is split into two parts; in Section 6.1 we show that if n is not resolvable, then Z,, admits a
non-coset-preserving skew morphism, and in Section 6.2 we show that if n is resolvable,
then Z,, does not admit a non-coset-preserving skew morphism. Then in Section 6.3 we use
Theorem 6.1 (and further facts about coset-preserving skew morphisms of cyclic groups) to
enumerate all skew morphisms for many finite cyclic groups for which no such enumeration
was available to date. Finally, in Section 6.4 we give an example that demonstrates how
Theorem 6.1 can be applied to find a precise formula for the number of skew morphisms
of Z,, in the case when n is resolvable and has a relatively small number of prime factors.

6.1 Cyclic groups admitting non-coset-preserving skew morphisms

Here we show that if the order of a cyclic group is divisible by 32 or by the square of an
odd prime, then this group admits a skew morphism that does not preserve the cosets of its
kernel. To do this, we will use some facts about skew morphisms of Z,, that give rise to a
regular Cayley map. First, we have the following:

Proposition 6.2 ([18]). A skew morphism ¢ of a finite group B gives rise to a regular
Cayley map for B if and only if the set of elements of some orbit of (p) is closed under
taking inverses and generates B.
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We say that a skew morphism ¢ of a group B is t-balanced if its kernel has index 2
in B. The value ¢t is given by ¢ = 7(a), where a is any element of B not contained in
ker . In the special case when ¢ = ord(p) — 1 we say that ¢ is anti-balanced. For further
information on ¢-balanced skew morphisms we refer the reader to [11]. The following
observation shows that every coset-preserving skew morphism of Z,, that gives rise to a
regular Cayley map is either an automorphism of Z,,, or a t-balanced skew morphism of
L,

Lemma 6.3. If © is a coset-preserving skew morphism of Z,, that gives rise to a regular
Cayley map, then the index of ker p in Z,, is at most two. In particular, if n is odd, then
ker o = Z,, and ¢ is an automorphism of Z.,.

Proof. Since ¢ gives rise to a regular Cayley map, by Proposition 6.2 there exists some
orbit T of (i) that is closed under taking inverses and generates Z,. Further, by [20,
Corollary 3.3] we know that T contains some element ¢ such that (¢) = Z,, and since
T = —T, we also have —t € T'. Next, from the fact that ¢ is coset-preserving we deduce
that ¢ and —¢ are both in the same coset of ker ¢ in Z,. It follows that 2¢ € ker ¢, and
noting that ¢ is a generator of Z,,, we also have ged(n,t) = 1. Hence 2 € ker ¢, and the
rest follows. O

Throughout the proof of the following proposition we repeatedly refer to the classifica-
tion of regular Cayley maps for cyclic groups given in [13].

Proposition 6.4. If a positive integer n is divisible by 32 or p? for some odd prime p, then
Z., admits a skew morphism that is not coset-preserving.

Proof. First, assume that n is odd and divisible by p? for some odd prime p. Then there
exists a regular Cayley map for Z,, with non-balanced representation (see [13, Section 8]),
and hence there exists a proper skew morphism ¢ of Z,, that gives rise to this Cayley map.
Since ¢ is proper and 7 is odd, by Lemma 6.3 we deduce that ¢ is not coset-preserving.

Next, if n is even and divisible by p? for some odd prime p, then we have Z,, = Zy x Zoe
with ¢ odd. Since / is clearly divisible by p?, from the previous paragraph we know that
Z, admits a skew morphism ¢ that is not coset-preserving. By Lemma 2.11 there exists a
skew morphism 6 of Z,, such that 6 [7,= ¢ and ker 0 = ker ¢ X Za.. Now it can be easily
seen that since ¢ does not preserve the cosets of ker ¢ in Zy, the same is true for 6 and
cosets of ker 0 in Z,,.

Finally, let n be even and divisible by 32, and consider the factorisation Z,, = Zge X Zy
with ¢ odd. Note that to show that Z,, admits a non-coset-preserving skew morphism, it is
sufficient to prove this for Zs. (and the rest will follow by Lemma 2.11). Let M (2m,r)
be the regular Cayley map for Z,,, given by [13, Definition 3.6]. This map is defined for
every unit 7 modulo m such that if b is the largest divisor of m that is relatively prime
to r — 1, then either b = 1, or r is a root of —1 modulo b of multiplicative order 2k
where £ is relatively prime to m/b. Let m = 271, r = 273 4 1, and M = M (2m,r).
Note that the largest divisor of m relatively prime to » — 1 is 1, and hence b = 1. Also
note that r is not a root of —1 modulo m, and since e > 5 we have r2 % 1 (mod m).
It follows that M has no balanced, no ¢-balanced, and no anti-balanced representation;
see [13, Section 8]. Since every automorphism of Zse gives rise to a skew morphism with
a balanced representation, and every skew morphism of Zy. with kernel of index 2 in Zge
gives rise to a skew morphism with either ¢-balanced or anti-balanced representation, we
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deduce that a skew morphism ¢ of Zs. that gives rise to M has kernel of index greater than
two in Zo.. Hence by Lemma 6.3 we find that ¢ is not coset-preserving. O

6.2 Cyclic groups admitting only coset-preserving skew morphisms

Next we show that if the positive integer n is resolvable, then all skew morphisms of Z,,
are coset-preserving. We start with the following technical lemma.

Lemma 6.5. Let ¢ be a skew morphism of a cyclic group Z,, let N be any non-trivial
subgroup of ker ¢, let @} be the skew morphism of Z, /N induced by ¢, and let L/N be
the kernel of ¢, Also let s be a prime factor of n/|ker p|, let ks denote the largest power
of s that divides |(ker ¢)/N|, and let a = n/(s|ker ¢|) be an element of Z,,. If sks divides
|L/N|, then a ¢ ker ¢ and a € L.

Proof. First, since alker ¢| = n/s < n, we have a ¢ ker . (Note that this part is true
regardless of whether sk, divides |L/N|.) Next, let K = ker ¢, and let m be an integer
such that | K/N| = mk;,. (Observe that m and k, are relatively prime.) Then since K /N is
a subgroup of L/N, we know that mk divides |L/N|. But |L/N/| is also divisible by sk,
and since ged(m, ks) = 1, it follows that | L /N| must be divisible by msks. Hence |L| is
divisible by s| K|, and therefore a € L. O

We are now ready to prove the key part of the proof of Theorem 6.1.

Proposition 6.6. Let n = 2°m with e € {0,1,2,3,4} and m odd and square-free. Then
every skew morphism of Z.,, is coset-preserving.

Proof. Suppose to the contrary that the assertion is not true, and let n be the smallest
resolvable integer such that Z,, admits a skew morphism ¢ that is not coset-preserving.
Also let K = ker ¢, let ©* denote the skew morphism of Z,, /K induced by ¢, and let
© be a quotient of ¢. Since the only skew morphism of the trivial group is clearly coset-
preserving, we have n > 1. Recalling that every skew morphism of a non-trivial group has
a non-trivial kernel, it follows that |K| > 2. In particular, it follows that | K| has at least
one prime factor. We proceed by considering the two following cases:

Case (a): | K| is a prime power

Let p be the largest prime divisor of n. Then by Corollary 3.3 we know that p di-
vides |K|. If p = 2, then n = 2, 4, 8, or 16, in which case Z,, does not admit a skew
morphism that is not coset-preserving; see [9]. Hence p is odd and |K| = p, and thus
|Z,,/K| = n/p. Then since p is the largest prime divisor of n, we know that p does not
divide |Z,,/ K|¢(|Z,,/ K|), and it follows from Theorem 2.9 that p does not divide the order
of p*. Further, by Lemma 3.1 we know that p divides ord(y), and since ord(¢*) = p,,
we deduce that p divides ord(¢P¢). On the other hand, noting that P+ preserves the
cosets of K in Z,, we have ord(pP¢) < |K| = p, and hence ord(pP#) = p. Therefore
ord(y) = pp,, and then by Proposition 5.1(b) we have |ker | = p. But p does not di-
vide (n/p), which (by Lemma 4.1(a)) is the order of 3, and so by Lemma 3.1 we find that
© is a group automorphism. Hence by Lemma 4.2 we deduce that ¢ is coset-preserving,
contradiction.

Case (b): | K| has at least two distinct prime factors
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Let k = | K|, and let d denote the integer satisfying n = kd. (Note that the elements of
K are exactly the multiples of d modulo n.) Also letd = ry ..., be a factorisation such
that each factor is either an odd prime or the maximum possible power of two. Since ¢ does
not preserve the cosets of K in Z,,, we know that ©(1) # 1 (mod d). Hence, noting that
all factors r; for i € {1,...,/¢} are pairwise relatively prime, it follows from the Chinese
Remainder Theorem that there exists 7 € {ry,...,r¢} such that ¢(1) # 1 (mod r). We
will show that this cannot happen.

First, assume that r is odd. It follows that r is a prime, and also that n is not divisible
by 72. (And so, in particular, r does not divide |K|.) Let p be any prime factor of |K]|, let
N be the unique subgroup of K of order p, and let %, be the skew morphism of Z,, /N
induced by . Also let L/N be the kernel of 7, and suppose that |L/N| is not divisible
by r. Since the order of the cyclic group Z,, /N is clearly resolvable, by the assumption of
minimality of n we know that ¢7%; is coset-preserving. Then since r divides Z,,/N but not
L/N, we have ¢(1) = ¢%(1) = 1 (mod r). But this contradicts the fact that (1) # 1
(mod r), and hence we deduce that r divides |L/N|. Now, since r does not divide | K|, it
follows that r does not divide |K/N|, and thus we may use Lemma 6.5 (with s = r and
ks = 1). Hence we deduce that the element a = d/r of Z,, is not contained in K, but
also a € L, and by Lemma 2.6 it follows that pr(a) = p (mod ord(y)). Since p was an
arbitrary prime factor of | K|, the same is true also for some other prime factor ¢ of |K|.
(Here we use the assumption that the order of K has at least two distinct prime factors.)
Hence we have

pr(a) =p (mod ord(p)),
gr(a) =¢q (mod ord(y)),

for a pair of distinct primes p and ¢. Then since ged(p, ¢) = 1, we deduce that 7(a) = 1
(mod ord(y)), and consequently a € K, contradiction.

Next, assume that r is even. Again let p denote a prime factor of | K|, and define N,
> and L/N same as in the case when r was odd. Also let k3 denote the largest power of
2 that divides |K/N|, and suppose that |L/N]| is not divisible by 2k,. Noting that K /N is
a subgroup of L/N, it follows that the largest power of 2 that divides |L/N| must be ks.
Then since ¢}, must be coset-preserving (due to the minimality of n) and the largest power
of 2 that divides |Z,,/N| is equal to rke, we deduce that (1) = 3 (1) = 1 (mod r),
contradicting the fact that ¢(1) £ 1 (mod r). Hence it follows that 2ko divides |L/N]|,
and Lemma 6.5 (in this case we take s = 2 and ks = k2) implies that the element a = d/2
of Z,, satisfies a ¢ K and a € L. Using the same argument as for 7 odd this again leads to
a contradiction. O

Theorem 6.1 now follows directly from Propositions 6.4 and 6.6.

6.3 Enumeration

In [6] it was shown that each coset-preserving skew morphism ¢ of Z,, is uniquely de-
termined by the following four parameters: the smallest non-zero element d of ker ; the
element h of Z,, such that (1) = 1+h; the smallest positive integer s such that p(d) = sd;
and the positive integer e = 7(1). (Note that s always exists since d € ker ¢ and ¢ re-
stricts to an automorphism of ker ¢.) Using various properties of coset-preserving skew
morphisms it can be checked that if ¢ is non-trivial, then the parameters d, h, s and e must
satisfy the following properties (see [6, Section 4] for details):
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(1) all four parameters are positive integers;
(ii) d is a proper divisor of n;
(iii) s < n/dand ged(s,n/d) =1;
(iv) his a multiple of d strictly smaller than n;

(v) if r is the smallest positive integer such that h Z:;(} s'=0 (mod n),

then e is a (multiplicative) unit modulo r of order d and e < r;

d—1 4o )
(vi) sd= Y (1+h ) s") (mod n), where {; = ¢/ — 1 mod r; and
j=0 i=0

(vii) s~ =1 (mod n/d).

On the other hand, for each set of parameters (d, h, s, e) satisfying all of the above prop-
erties there exists a unique non-trivial coset-preserving skew morphism of Z,, (which can
be constructed in a straightforward way) with this parameter set; see [6, Section 5]. This
gives a one-to-one correspondence between non-trivial coset-preserving skew morphisms
of Z,, and the sets of parameters (d, h, s, ¢), and this correspondence can be used to find
all coset-preserving skew morphisms of a given cyclic group in a polynomial time (in the
cardinality of the group). Hence, by Theorem 6.1 we can quickly find all skew morphisms
of Z,,, where n is resolvable. Using the above observations, we developed an algorithm
that can enumerate all skew morphisms for any given cyclic group of any resolvable order.
A G+ implementation of this algorithm succeeded in enumerating all skew morphisms for
cyclic groups of resolvable orders smaller than 10000 within a second, even without paral-
lelisation. In comparison, the best available method to date for finding all skew morphisms
for cyclic groups of general order (described in Section 5.2) is computationally feasible
only up to order 161. In our enumeration, which is available at [1], we provide the total
number of skew morphisms of Z,,, and also the total number of automorphisms and their
proportion among all skew morphisms.

6.4 Skew morphisms of Z4,,

Although coset-preserving skew morphisms can be generated efficiently, there is no known
explicit formula for the number of coset-preserving skew morphisms of Z,, for general n.
Such a formula would be useful, and in the case when n is resolvable it would give the
number of all skew morphisms of Z,,. Resolvable integers n with the simplest structure
(with respect to their prime factorisation) are primes, in which case all skew morphisms of
Z., are automorphisms of Z,,. The situation is also completely understood in the case when
n is a product of two distinct primes p and ¢, in which case the number of skew morphisms
of Zpqis (p—1)(¢—1) if ged(p,g—1) = ged(p—1,¢) = 1, and 2(p—1)(g— 1) otherwise;
see [20] for example. Here we go one step further and find a formula for the number of
skew morphisms of Z,4,,, where p is an odd prime. We will use the following fact:

Proposition 6.7. Let p be an odd prime. If o is a proper skew morphism of Zay, then the
action of p on its kernel is trivial.
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Proof. Let w and K denote the power function and the kernel of ¢, and let o* be the skew
morphism of Z,,/K induced by . Note that by Theorem 6.1 we know that ¢ is coset-
preserving, and so ¢* must be trivial. Further, by Corollary 3.3 we know that p divides
||, and since ¢ is proper it follows that the order of K is either p or 2p. We proceed by
considering these two cases. In each case, we let T be the orbit of () that contains 1. Note
that by Proposition 2.7 we have |T'| = ord(yp).

Case (a): |[K|=1p

Since ¢ is coset-preserving, we know that the cosets of K in Z,, are preserved set-wise
by ¢. Note that only one element of the coset 1 + K does not generate Z,, (either p or 3p,
depending on whether p = 1 (mod 4) or p = 3 (mod 4)), and since by Lemma 2.12 no
elements outside of K are fixed by ¢, it follows that each orbit of (¢) on 1 + K generates
Z.,,. Hence by Proposition 2.7 we know that all of these orbits have size ord(¢), and since
|1 + K| = |K| = p, we see that ord(¢) = p. Since ¢ restricts to an automorphism of K,
and ord(p) = |K| = p, we deduce that the action of ¢ on K is trivial.

Case (b): |K| =2p

In this case, since ¢ is proper, by Theorem 2.9 we have ged(ord(y),4p) > 1. If the
order of ¢ is odd, then we have ord(¢) = p or ord(¢) = 3p, but the latter case can be
easily excluded since ¢ must preserve both cosets of K in Z,, of size 2p.

Next we deal with the case when ord(y) is even. Note that by Lemma 4.1(a) we have
7(1) = (1), and since P is an automorphism of the cyclic group Zg,q(,) of even order,
we deduce that (1) is odd. We will use this observation to show that both p and 3p are
contained in some orbits of () that generate Z,,. Suppose to the contrary that this is not
true. Since every element of 1 + K other than p and 3p generates Z,, and no element of
1+ K is fixed by ¢, we must have ¢(p) = 3p and ¢(3p) = p. Then since (1) is odd, we
have ™ (1) (p) = 3p, and therefore (1 +p) = (1) + ¢ (p) = ©(1) + 3p. On the other
hand, we have p(p + 1) = o(p) + ™) (1) = 3p + ™) (1). But then p(1) = ™ P)(1),
and since |T'| = ord(y) we find that w(p) = 1. This forces p € K, contradicting the fact
that the order of K is 2p. Hence we deduce that all orbits of (¢) on 1+ K generate Z,,. In
particular, ord () divides 2p, and it follows that ord(y) = 2p.

We have shown that if |K| = 2p, then ord(y) is equal to p or 2p. Hence by order
considerations it can be easily seen that ¢ acts on K either trivially, or by the inversion. To
exclude the latter, first note that 1 and (1) are in the same coset of K in Z4p, and hence
o(1)—1€ K. Ifweleth = (1) — 1, then we have ©?(1) = p(h+ 1) = ¢(h) + (1) =
—h + h + 1 = 1, but then by Proposition 2.7 we have ord(¢) = 2, which is impossible.
Hence we again conclude that the action of ¢ on K is trivial. O

Using Theorem 6.1 and Proposition 6.7 we can now easily enumerate all proper skew
morphisms of Z,,.

Theorem 6.8. If p is an odd prime, then the number of skew morphisms of Zy, is

6p—6 ifp=1(mod4)
dp—4 ifp =3 (mod4).

Proof. Throughout this proof we refer to the properties (i) to (vii) and the parameters d,
h, s and e of coset-preserving skew morphisms for cyclic groups explained in Section 6.3.
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We know that |Aut(Z4p)| = 2p — 2, so we proceed by counting proper skew morphisms
of Z4,. Let ¢ be a proper skew morphism of Zy),, and recall that by Theorem 6.1 it is
coset-preserving. Let d, h, s and e be the four defining parameters of ¢, and note that by
Proposition 6.7 we have s = 1. Since p is the largest prime divisor of 4p, by Corollary 3.3
we know that p divides |ker ¢|, and it follows that d = 2 or d = 4. (The case d = 1 can be
excluded as ¢ is proper.)

First let d = 2, and let h be any positive multiple of 2 strictly smaller than 4p. If 4
divides h, then by (v) we find that » = p and e = p — 1. Since s = 1, both (iii) and (vii) are
trivially true, and (vi) holds as (1+h)+(1+h(p—1)) = 2+hp = 2 (mod 4p). If 4 does not
divide h and h # 2p, then by (v) we have r = 2p and e = 2p — 1. Again both (iii) and (vii)
hold trivially, and (vi) is also true since (1+h)+(1+h(2p—1) = 2+2hp = 2 (mod 4p).
If h = 2p, then it can be easily verified that ord(p) = r = 2, contradicting the fact that
 is proper. Since for all but one choice of h we obtain exactly one coset-preserving skew
morphism, it follows that in this case we have exactly 2p — 2 skew morphism of Z4,.

Next let d = 4, and let h be any positive multiple of 4 strictly smaller than 4p. Then by
(v) we deduce that » = p, and e must be a fourth root of unity modulo p. It follows that
necessarily p = 1 (mod 4), in which case there are two possible candidates for e. Note
that for either candidate we have e = —1 (mod p) and €* = —e (mod p). Again (iii)
and (vii) hold trivially, and (vi) holds as well since (1 4+ h) + (1 + he) + (1 + h(p— 1)) +
(1+h(p—e)) =4+ 2hp =4 (mod 4p). Hence, if p = 1 (mod 4), then every choice
of h gives two coset-preserving skew morphisms (one for each choice of e), which gives a
total of 2p — 2 skew morphisms of Z,,. O
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Abstract

Let D be a triple system, and let G be a finite simple group. In this paper we almost
determine all possibilities of D admitting G as its flag-transitive automorphism group.
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1 Introduction

A 2-(v, k, \) design is a pair D = (P, B) where P is a set of v points and B is a collection
of b k-subsets (blocks) of P with the property that every 2-subset of P occurs in X blocks
of B. If no blocks are identical, then D is called simple.

An automorphism of a design D is a permutation of P which leaves B invariant. The
full automorphism group of D, denoted by Aut(D), is the group consisting of all automor-
phisms of D. A flag of D is a point-block pair («, B) such that o € B. For G < Aut(D),
G or D is called flag-transitive if G acts transitively on the set of flags, and point-primitive
if G acts primitively on P. A set of blocks of D is called a set of base blocks with respect
to an automorphism group G of D if it contains exactly one block from each G-orbit on the
block set. In particular, if G is a flag-transitive automorphism group of D, then any block
B is a base block of D.
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In this paper, we focus on simple 2-(v, 3, A) designs also known as simple triple sys-
tems, which can be denoted by 7'S(v, \). One possibility is to take all possible 3-subsets
of P however such designs are called complete and will be ignored. A triple system is a
Steiner triple system, or ST'S(v), when A = 1.

Let r be the number of the blocks through a given point. For a T'S(v, \), it is well
known that a necessary and sufficient condition for the existence of a T'S(v, A) is v # 2
and A\ = 0 (mod (v — 2,6)), and

3b = vr; (L.1)
_ w(v—1)

b= (1.3)

b> 0. (1.4)

A 2-(v, k, 1) design is also called a finite linear space. A classic result is that of Higman
and McLaughlin [8] who proved that for a finite linear space, flag-transitivity implies point-
primitivity. Then Buekenhout, Delandtsheer and Doyen in [1] proved that if G acts flag-
transitively on a linear space, then G is of affine or almost simple type. In 1990, the
six-person team [2] classified all flag-transitive linear spaces apart from those with an one-
dimensional affine automorphism group.

For 2-(v, k, 1) designs with small values of k, one of the first classifications was for
Steiner triple systems in [4], which considered what happens when the action was block-
transitive but not 2-transitive on points. It is described in [11] what happens when the
action on points is 2-transitive. This result depends on the classification of all finite simple
groups and is subsumed into the general results proved by Kantor in [10].

Let G be a flag-transitive automorphism group of a T'S (v, A). It is shown in [6, 2.3.7(c),
(e)] that G is point-primitive. Moreover, we can easily prove that G is 2-homogeneous (see
Lemma 2.2 below). This result makes it possible to classify all flag-transitive triple systems
using the classification of the finite 2-transitive permutation groups. Our main purpose is
to give a classification of all triple systems admitting a simple flag-transitive automorphism
group.

We now state the main result of this paper:

Theorem 1.1. Let D be a triple system, and let G be a finite simple group. If G acts
flag-transitively on D, then one of the following LINES of Table 1 holds.

Remark 1.2.
 All but the triple systems listed in LINES 20 and 21 exist.

* If G = PSU(3, q) with ¢ = 5, then there are only two flag-transitive triple systems
corresponding to LINES 19 and 20.

* The existence of triple systems with 3 { ¢ and ¢ # 5 corresponding to LINES 20 and
21 is in doubt.
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Table 1: G and corresponding triple systems.

LINE G D Notes

1 Az TS(15,1)

2 T5(15,12)

3 PSL(2,11) TS(11,3)

4 TS5(11,6)

5 HS TS(176,12)

6 TS(176,72)

7 T5(176,90)

8 Cos T5(276,112)

9 T5(276,162)

10 PSp(2d,2) TS(Q‘i 1271+ 1),227°2) d>3

11 TS(2971(2% 4+ 1),2(2%7 ' —1)(2972 + 1))

12 PSp(2d,2) TS(2% 1(2d 1),2%0-2) d>3

13 TS(2471 (2% — 1),2(27 1 +1)(2472 - 1))

14 PSL(d,q) TS(i=t,q—1) d>3

15 TS(‘IcH1 el _g-1)

16 PSL(2,q) TS(g+1,%7%) q = 1(mod 4)

17 Ree(q) TS(¢® +1 2(q —-1)) q=3*T">3

18 TS(¢° +1,q—1)

19 PSU3,q) TS(F+1,q-1) qg>3
2

20 TS(¢* +1, d71y)

21 TS(g® +1, 20

> (3,9+1)

2 Useful lemmas

The notation and terminology used is standard and can be found in [5, 6] for design theory
and in [7, 9] for group theory. In particular, if G is a permutation group on a set €, and
{a, 8} C A C Q, then G, denotes the stabilizer of a point « in G, and G, denotes the
pointwise stabilizer of two points « and 3 in GG, and G denotes the setwise stabilizer of
AinG.

The following result about flag-transitive 2-designs is well-known.

Lemma 2.1. Let D = (P, B) be a 2-(v, k, \) design, and let G be an automorphism group
of D. Forany o € P and B € B, G is flag-transitive if and only if G is point-transitive
and G, is transitive on the pencil P(«) (the set of blocks through «), if and only if G is
block-transitive and G g is transitive on the points of B.

Lemma 2.2. Let D = (P, B) be a triple system, and let G be a flag-transitive automor-
phism group of D. If G is a simple group, then G acts 2-transitively on P.

Proof. Let {«, 3} and {~, d} be arbitrary two unordered pairs of P. By the definition of a
triple system, there are two points € and 6 such that B; = {«, 8,e} and By = {7, 9, 0} are
two blocks of D. The flag-transitivity of G implies that there is a ¢ € G such that

(5731)9 - (5933?) - (9732)7

and so {a, 8}Y = {v,d}. Thus G is 2-homogeneous. If G is a simple group, then G acts
2-transitively on P by [7, Theorem 9.4B]. O
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Lemma 2.3. Let D = (P, B) be a triple system, and let G < Aut(D) be a 2-transitive
group on P. Then the following conditions are equivalent:

(1) G acts flag-transitively on D.

(i) If B = {o, 3,7} € B, then {{c, 3,7} | vi € ¥¢ (=81} is the set of all blocks
through points o and 3.

Proof. (i) = (ii): Let B(«, 8) = {B1, Ba, ..., By} be the set of blocks through points «
and 3, where B; = {a, 8,7}, v € P\ {«, B}. Clearly, B(a, 3)%t>#} = B(a, B). If G
acts flag-transitively on D, then for any two flags (v;, B;) and (v;, B;), thereisag € G
such that (73, B;)9 = (75, Bj), s0 7 = v; and g € Gy, 3. Thus Gy, 5} acts transitively

on B(a, 8) and hence {71, ..., 7} =75 7.

(ii) = (i): Let (v, B) and (¢, C') be two flags of D with B = {«, 8,7}, C = {6, 1, €}.
By the 2-transitivity of G, there exists g1 € G such that {¢, 5} = {4, n}, thus B9 =
{8,1m,791} is a block containing & and 7. Since {{5,7,¢;} | & € €“tom} is the set
of all blocks through § and 7, there exists go € G{g,n} such that 49192 = ¢, and then
(v, B)9192 = (¢, C). Therefore, G acts flag-transitively on D. O

Corollary 2.4. Let G be a 2-transitive group on a point set P with |P| = v, and let
A1, Ag, ..., A be all sizes of orbits of Gag on P\ {a, B}. If \i # \j for i # j, then there
exist k different flag-transitive T'S (v, \;).

Proof. Without loss of generality, let A = y%=# with |A| = \;, where v € P\ {«, 3}.
Since Gop < Gyq,p), the group Gop acts %-transitively on yGie.61, that is, G o p-orbits
on y%te.#} have the same length. The uniqueness of the G o p-orbit with size A; implies
that y&«# = ~G(.8r, Thus Ga,py has a unique orbit with size \;. Let B = {a, 3,7}
and B = BY. We shall prove below that D = (P, B) is a T'S(v, A1) admitting G as its
flag-transitive automorphism group.

Since G is 2-transitive, for any pair {d,n}, there exists g € G such that {a, f}9 =
{6,n}. So Gys,y has a unique orbit A9 = (79)%em with [A9] = |A] = Ai. Let
B(d,n) be the set of elements of B containing 6, n with | B(d,n)| = A. Itis easy to see that
A={{n,e} | e € A9} C B, sowehave A > \;. On the other hand, for C = {4, n,0} €
B(6,n), there exists h € G such that C = B". As [y%=#| = [a%#| = |%| = Ay,

we may assume that = 4. Then |[§C G| = |[yCtom| = |yCtamh| = |AR| = Ay,
it implies A; > A. Thus, A = Ay and B(d,77) = A. Hence D isa T'S(v, A1), and G is a
flag-transitive automorphism group of D by Lemma 2.3(ii). O

Lemma 2.5. Let G be a 2-transitive group on a point set P with |P| = v, and let A =
{a, B,~} be a 3-subset of P. If Gup is a cyclic group of order X and |y%=#| = X, then

() D = (P, A%) is a flag-transitive T'S(v, \) if and only if GR = Ss, or
(i) D = (P, A%) is a flag-transitive T'S (v, 2)\) if and only if G} = Zs.

Proof. Here we only prove case (i), and case (ii) can be proved by same procedure. Since
G op is a cyclic group for any points « and /3, we have that Go = GR. Let D = (P, A%).
If D is a flag-transitive 7'S (v, A), then using Lemma 2.1 and Equation (1.3), we have that

Av(v—1)

b=
6

=AY =[G : Ga] =[G : Gopl[Gap : Gal.
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By 2-transitivity of G and |G,p| = A, we obtain |Ga| = 6. The flag-transitivity of G
implies that G o acts transitively on the points of A by Lemma 2.1. Thus Ga = Ss.

If Ga = 83, then Gy, 6y, = Zs and A =[G : Gopl[Gap : GA] = %ﬂ. Thus,
DisaTS(v, ) as G acts 2-transitively on P. Clearly,

|,YG{a,B}| = [G{a,ﬁ} : G{a}[g},y] = )\7

where G, 81y = G,y N G. Therefore, G acts flag-transitively on D by Corollary 2.4.
O

Lemma 2.6. Let G = Ree(q) act 2-transitively on (), where || = ¢*+1 and g = 3%¢*! >
3. Then there exist subsets [\, ¥ of size 3 such that

GA =1Zs, GE = Ss.

Proof. Let Q be a Sylow 3-subgroup of G. Then |Q| = ¢>, and there exists o € €2 such that
Q is regular on Q \ {a}. Thus each subgroup of () is semiregular on Q\ {a}. Letz,y € Q
such || = |y| = 3,z ¢ Z(Q) and y € Z(Q), where the centre Z(Q) is elementary abelian
of order q.

Let A be an orbit of (x). Then |A| = 3 and G} = Z3 or Ss. Further, since z is not
conjugate to ! in G (reference [12]), we have G} = (z) = Zj.

Consider y acting on Q \ {a}. Since y is in the centre Z(Q), there is an involution
z € G, such that y* = y~*, and the subgroup H = (y, z) = S3. Since (y) is semiregular
on 2\ {a}, the set Q \ {a} is divided into £¢* orbits of (y):

A15A27"',Ama

where m = ¢ is odd. Since each H-orbit X contains a (y)-orbit, the cardinality |X| = 3
or 6. As the number %qs of (y)-orbits is odd, it follows that there is at least one H-orbit
on Q\ {a} has length 3. Therefore, G¥ = Hs = S3 with |X| = 3. O

3 Proof of Theorem 1.1

Let D = (P,B) be a T'S(v, A), and let G be a simple group acting flag-transitively on D.
Then G acts 2-transitively on P by Lemma 2.2. Since we neglect the case D is complete,
we may assume that G is not 3-homogeneous group on P. Thus, all such groups are known
and we can find a classification in [3] and we have that G must be one of the following
Table 2.

We will prove Theorem 1.1 by analyzing the 11 cases in Table 2 one by one.

Proof of Theorem 1.1. Let o and 8 be two points of P. For Cases 1 — 7, we have the
following facts by the proof of [10, Theorem 1]:

If G = A7 and v = 15, then G, 3 has orbit-lengths 1 and 12 on P \ {«, 8}.

If G = PSL(2,11) and v = 11, then G, has orbit-lengths 3 and 6 on P \ {«, 3}.

If G = HS and v = 176, then G, has orbit-lengths 12, 72 and 90 on P \ {a, 5}.

If G = Cos and v = 276, then G5 has orbit-lengths 112 and 162 on P \ {«, 8}.

If G = PSp(2d,2) and v = 224~ 4 24=1 then G,z has orbit-lengths 2(2¢1 —
1)(2972 4 1) and 2242 on P \ {a, B}.
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Table 2: 2-transitive, not 3-homogeneous simple groups.

Case Group Degree Notes
1 Az 15
2 PSL(2,11) 11
3 HS 176
4 003 276
5  PSp(2d,2) 2%-142d-1 d>3
6  PSp(2d,2) 2%-1_2d-1 d>3
7 PSL(d,q) (¢*-1)/(g—1) d>3
8 PSL(2,q) q+1 g =1 (mod4)
9 Suz(q) ?+1 g=2%t1>2
10 Ree(q) ¢ +1 q=3%t1>3
11 PSUB,q) ¢+1 qg>3

If G = PSp(2d,2) and v = 22971 — 29=1 then G,p has orbit-lengths 2(2¢71 +
1)(297%2 — 1) and 2292 on P \ {, B}.
If G = PSL(d,q) withd > 3 and v = %, Gop has orbit-lengths ¢ — 1 and
d7
qq_ll —q—1onP\{a,pB}.
It follows from Corollary 2.4 that D is one of triple systems corresponding LINES 1-15
in Table 1.

Case 8: G = PSL(2,q) with ¢ = 1(mod4) and v = ¢ + 1. In this case, there are
2
exactly two G-orbits on 3-subsets of ¢ 4+ 1 points with size %. Also, Gop = Z%l

has two orbits with length % on P\ {«a, 8}, denoted by I'y and I's. Suppose that I'; =
{ag, o, ... mz%}, Iy = {ﬁl,ﬂg,...ﬁ%l}. Fori € {1,2}, let D; = (P, A¥) where
A; = {a, B,7;} and y; € T';. Tt is easy to calculate that |Ga,| = 6, and hence Ga, = Ss.
By Lemma 2.5(i), both Dy and Dy are T'S(q + 1, q;—l) Let

g = (avﬁ)(alaﬂl) (a%lvﬁ%l)

Clearly, g is an isomorphism from D; to Ds, thatis Dy = Dy. Thus, DisaT'S(g+1, q;21)
Case 9: G = Sz(q) and v = ¢? + 1. Since G acts flag-transitively on D, then 3 | |G| by
Lemma 2.1. But this contracts the fact that 3 1 |G| (see [9, Theorem 3.6]). Therefore, there
is no triple system admitting Sz(q) as its flag-transitive automorphism group.

Case 10: G = Ree(q) and v = ¢® + 1 with ¢ = 32¢*! > 3. From Lemmas 2.5 and 2.6, we
have that D is one of triple systems corresponding LINES 17 and 18 in Table 1.

Case 11: G = PSU(3,q) and v = ¢ + 1. Since Gop = Z ,2_, has a unique orbit O

(3,9+1)
Similar to proof of Lemma 2.4,

2
(??7q+11) )
we can prove that there exists a unique 7'S(¢® + 1, ¢ — 1) admitting G as its flag-transitive
automorphism group.

If ¢ = 3¢ > 3, there exist subsets A, ¥ of size 3 such that GA =75, GE = S5 by the
same proof as Lemma 2.6. In this case, D is one of triple systems corresponding LINES 20
and 21 in Table 1 from Lemma 2.5.

with size ¢ — 1 and ¢(3, ¢ + 1) orbits with size
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If ¢ = 5 then D can only be a flag-transitive 7'S(126, 8) in addition to 7'S(126,4) by a
simple calculation. This means that there is no flag-transitive 7°.5(126, 16) in this case.

Unfortunately, we don’t know whether Lemma 2.6 holds when 3 1 g. Thus the existence
of TS(q3 + 1, - ER +1)) (or TS(q® + 1,4 (3 Py )) with 3 1 ¢ and g # 5 is in doubt.

This completes the proof of Theorem 1.1. 0

Conjecture 3.1. Let D be a triple system T'S(q® + 1,\), and let G = PSU(3,q) act
flag-transitively on D with 31 g and q # 5. If X # q — 1 then one of following holds:

(i) If q is even, then A = 2(:())qq;11))
2_
(i) If q is odd, then A = G, +11) or Q(i(fqﬂl))'

In fact, using MAGMA, we have already proved that the conjecture holds when ¢ < 100.
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1 Introduction

The rectilinear crossing number ¢t(G) of a graph G is the minimum number of edge cross-
ings in a rectilinear drawing of G in the plane, i.e., a drawing of G in the plane where the
vertices are points in general position and the edges are straight line segments. A drawing
of G with exactly cr(G) crossings is crossing-minimal.

Determining the rectilinear crossing number ¢r(K,) of the complete graph K, is a
well-known open problem in combinatorial geometry (see for instance [5, 11]). In [9]
Aichholzer et al. determined the exact values of ¢T(K,,) for 13 < n < 17. In that paper
also the following question was raised.

Question 1.1. Is it true that, for every integer n > 4, there exists a crossing-minimal
drawing of K, that contains a crossing-minimal drawing of K, _?

The exact value of ¢r(K,,) is known for n < 27 and n = 30 (see [3, 7, 8, 9, 10]). The
value of ¢r(K15) = 1029 was established in [8]. Crossing-minimal rectilinear drawings of
K, for this range of values of n can be found in [2] and [6]. In particular, from [6], we
know that there are at least 37269 non-isomorphic crossing-minimal drawings of Ky7.

Let 6 denote the counterclockwise rotation of 27/3 around the origin, and let
W = {(-51,113),(6,834), (16,989), (18, 644), (18,1068), (22,211)}. From [2], we
know that the 18-point set W U (W) U §2(W) induces a crossing-minimal drawing of
Kg. See Figure 1 for an illustration of such a point set.

Our main result is the following.

Theorem 1.2. Up to order type isomorphism, there is a unique 18-point set whose induced
rectilinear drawing of K1s has ¢r(K1g) crossings.

Let D be the (unique, in view of Theorem 1.2) crossing-minimal rectilinear drawing
of Kig. It is easily verified that every subdrawing of D with 17 points has more than
cr(K17) = 798 crossings. This settles Question 1.1 in the negative.

In the next section, we introduce the necessary notation and additional concepts re-
quired for the proof of Theorem 1.2. In Section 4 we prove Theorem 1.2.

2 k-edges, (< k)-edges, and 3-decomposability

Throughout this section, () is a set of n > 3 points in general position in the plane. If p
and ¢ are distinct points of (), then we denote by pq the directed line spanned by p and ¢,
directed from p towards g. Furthermore, pg™ and pg~ denote the set of points in Q on the
right and left, respectively, of pg. Thus Q = pg~ U {p,q} U pq™ for all p,q € Q with
p#q

Letk € {0,1,...,|n/2| —1}. A k-edge of Q is a directed line spanned by two distinct
points of @), which leaves exactly & points of () on one side. A (< k)-edge (respectively,
a (> k)-edge) is an i-edge of @ with 0 < ¢ < k (respectively, k& < i < |[n/2| — 1).
Let E;(Q), E<k(Q), and E~;(Q) denote, respectively, the set of k-edges, (< k)-edges

and (> k)-edges of Q. We use ex(Q), e<k(Q), and e~ (Q) to denote, respectively, the

number of elements in Ex(Q), E<k(Q), and E~(Q). Then e<x(Q) = E?:o e;(Q) and

esk(Q) = (3) — e<k(Q).
The vector E<¢(Q) = (e<0(Q),e<1(Q), ..., e<|ns2/-1(Q)) is the (< k)-edges vec-
tor of Q. Finally, e<j(n) denotes the minimum of e<,(P) taken over all n-point sets P
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Figure 1: This is the 18-point set produced by the union of W = {(—51,113), (6,834),
(16,989), (18,644), (18,1068), (22,211)}, (W) and §(W). It is not difficult to see that
P produces a crossing-minimal rectilinear drawing of K1g. The triangle and the six straight
line segments show that P is 3-decomposable.

in the plane in general position. The exact determination of e<y(n) is another well known
open problem in combinatorial geometry (see for instance [3, 4, 7, 8]).

The number of crossings in a rectilinear drawing of K,, and the number of k- and
(< k)-edges in its underlying n-point set P are closely related by the following equality,
independently proved in [4] and [12]:

cmpyzmgf2m—ak—3ygkg§—z<§>+(1+(—U”“)é(;). @.1)

k=0

This equality allows us to fully determine the (< k)-edges vector of any 18-point set
whose induced drawing attains the rectilinear crossing number of Kig.

Proposition 2.1. If P is an 18-point set such that Tt(P) = ¢r(Kis), then E<p(P) =
(3,9, 18, 30,45, 63, 87, 120, 153).

Proof. Let (Q be an 18-point set in the plane in general position. It is known (see [3]

or [7]) that E<;(Q) = (e<0(Q),e<1(Q),...,e<s(Q)) is bounded below entry-wise by
(3,9,18,30,45,63,87,120, 153). On the other hand, from (2.1) we know that

ﬁ(Q):—612+15'€§0(Q)+13~6S1(Q)+"'+1'6§7(Q).

From the coefficients of this equation and the fact that e<g () = 153, it follows that if
e<r (Q) is greater than the k-th component in the vector (3,9, 18, 30, 45, 63, 87, 120, 153),
then r(Q) > 1029. O
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Finally, we introduce a concept that captures a property shared by all known crossing-
minimal rectilinear drawings of K, for n a multiple of 3. A point set Q) is 3-decomposable
if it can be partitioned into three equal-size sets A, B and C, such that (i) there exists a
triangle 7" enclosing the point set ; and (ii) the orthogonal projection of () onto the three
sides of T" shows A between B and C on one side, B between C and A on the second
side, and C between A and B on the third side. In such a case, we say that {A, B, C}
is a 3-decomposition of ). For instance, {W, (W), 6%(W)} is a 3-decomposition of the
18-point set shown in Figure 1.

As in [2], if {A, B, C} is a 3-decomposition of @), we define two types of edges. Let
p and ¢ be distinct points of Q. If p,q € A, p,qg € B or p,q € C then we call pg
monochromatic; otherwise, pq is bichromatic. Let E}(Q) and E}(Q) denote the set of
monochromatic and bichromatic k-edges of @), respectively. As before, we use ej(Q)) and
¢ (Q) to denote | Ep(Q)| and | E}(Q)], respectively. Note that e, (Q) = ep™(Q) + €5(Q).
Now we partition the monochromatic edges of @ into three types. If p,q € A, then we
say that pq is an edge of type aa. Similarly, we define the edges of types bb and cc. For
z € {a,b,c}, we denote the number of monochromatic k-edges of type zz by " (Q).

Then ¢;™(Q) = ¢*(Q) + ¢;°(Q) + €°(Q).

3 Overview of the proof of Theorem 1.2

For the rest of this paper, P is an 18-point set in the plane in general position where the
rectilinear crossing number of Kg is attained. That is, ¢r(P) = ¢r(Ks).

The first step in the proof, carried out in Section 4.1, consists of giving an algo-
rithm that yields a canonical, unambiguous labelling of the points in P. The 18 points
in P get labelled zg, x1,...,%5,Y0,Y1,---, Y5, 20, 21, - - -, 25. Thus P gets naturally par-
titioned into three sets X = {xg, z1, 22,23, 4,25}, Y = {yo,¥1,Y2,Y3, Y4, Ys}, and
Z = {29, 21, 22, 23, 24, 25 . As we shall prove shortly afterwards, {X,Y, Z} happens to
be a 3-decomposition of P.

Once we have laid out the foundation by giving a canonical labelling of the points of
P, the rest of the proof consists of showing the following:

Lemma 3.1 (Implies Theorem 1.2). For each pair of distinct points p,q € P, the set pq*
is uniquely determined.

Clearly Lemma 3.1 implies Theorem 1.2: if the lemma holds, then the unambiguity of
the labelling of the points in P implies that P is unique up to order type isomorphism.

First we establish the lemma for the case in which pq is a (<5)-edge. This is actually
done in Section 4.1, where we give the algorithm to label the points in P. Indeed, the
unambiguity in the labelling of the points in P is established in Proposition 4.3(1), and in
order to prove this we need to prove simultaneously Proposition 4.3(2), which in particular
implies Lemma 3.1 for the case in which pq is a (<5)-edge.

We then move on to proving Lemma 3.1 for the case in which pq is a (>5)-edge, that is,
when pq is either a 6-edge, or a 7-edge, or an 8-edge. As we shall see, even if this follows
from elementary observations, the investigation of these cases is remarkably more involved
than the case in which pq is a (<5)-edge.

The first step towards the investigation of (>5)-edges is given in Section 4.2, where we
prove that {X,Y, Z} is a 3-decomposition of P. This allows us to classify each edge of
P as either monochromatic or bichromatic, as we explained at the end of Section 2. Also
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in Section 4.2 we show that for each k € {6,7,8} it is easy to determine the number of
bichromatic k-edges and the number of monochromatic k-edges.

After proving these elementary properties of P we move on to Section 4.3. This is the
most technical and long part of the paper, and its purpose is to establish a collection of
structural properties of P. On a first read it may be advisable to skip this section, and only
come back to it whenever its main results are invoked in Sections 4.4 and 4.5.

Finally, in Section 4.4 (respectively, Section 4.5) we prove Lemma 3.1 for the case in
which pq is a monochromatic (respectively, bichromatic) 6-edge, 7-edge, or 8-edge. As we
shall see, using the structural results from Section 4.3 these tasks are reduced to a relatively
straightforward case analysis.

For completeness, the conclusion of the proof is presented in Section 4.6.

4 Proof of Theorem 1.2

We recall that throughout this paper, P is an 18-point set in the plane in general position

such that ¢t(P) = cr(K13).

4.1 The algorithm to label the 18 points in P, and proof of Lemma 3.1 when pq is a
(< 5)-edge

It follows from Proposition 2.1 that the convex hull of P has exactly 3 vertices. Without
loss of generality (the whole set P may be rotated, if necessary) we may assume that all
three vertices have distinct z-coordinates. Let xg denote the vertex with the smallest z-
coordinate. As we travel counterclockwise along the convex hull starting from g, let yg
be the first vertex we find, and let zg be the other vertex. See Figure 2.

20

Zo

Yo

Figure 2: The convex hull of P.
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Observation 4.1. Eo(P) = {Zl'oyo, y02071'02’0}. O

We have already unambiguously determined a labelling for the three convex hull ver-
tices of P. It remains to unambiguosly determine a labelling for the remaining 15 points of
P.

For j € {0,...,5}, let #7> denote the j-th point in P that we find as we rotate the line
Yyoxo clockwise around yq (we consider x to be the O-th point in P hit by the rotating line,
so that x> = xp). We define yJ“ and zj”‘ similarly, using 2oy and xzo as the clockwise
rotating lines, around 2y and xq, respectively. See Figure 3(a).

In an analogous manner, we let 27" denote the j-th point in P that we find as we rotate
the line zpx( counterclockwise around zy (again, we consider x( to be the 0-th point in
P hit by the rotating line, so that z5" = x¢). We define y7" and 27" similarly, using
ZoYyo and ypzp as the counterclockwise rotating lines, around z( and yg, respectively. See
Figure 3(b).

20 20

E

Zo Lo

(a) Yo (b) Yo

Figure 3: (a) As we rotate the line yoz clockwise around yyg, the third point in P we find
is labelled x5>. The points z{> and x5 are also indicated. (b) As we rotate the line zpzg
counterclockwise around zy, the third point in P we find is labelled 3. The points 7" and
x5 are also indicated. By definition z(> = x> = z(. Note that in this example z{> = ="
fort =0,1,2,3.

Observation 4.2. For each j € {0,...,5}, yoz§™, 207}, 20y5", Toy; ', 025", and yo2;"

are all j-edges. O

The next statement is our first major result on the structure of P. In particular, it yields
a labelling of all the points of P. As it happens, this proposition simultaneously establishes
Lemma 3.1 for the case in which pq is a (< 5)-edge.

Proposition 4.3. Let j € {0,...,5}. Then:
(1) Foru € {z,y,z}, u3™ and u}" are the same point, which will be denoted u;

(2) For all nonnegative integers m,n such that m + n = j, we have that

@) E;(P) = {umvn | m+n = jand wv € {xy,yz, zx}}. Moreover, for such values
of m,n, and j the following holds:
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(b) umv, = {u;| i <m}U{v;| i <n}foranyuv € {zy,yz, 2a}.

Proof. We prove (1) and (2) by induction on j. Since 5" = z§" = Zo, Yo" = Y5 = Yo,
and 20> = 25" = %o, it follows from Observations 4.1 and 4.2 that (1) and (2) are true for
j =0. Now we lett € {0,1,2,3,4} be an integer such that (1) and (2) hold for every j
such that 0 < j < ¢ (in particular, the points x;, y;, z; are already defined for 0 < j < 7).
We complete the proof by showing that then (1) and (2) hold for j = ¢ + 1.

Let X; := {zo,..., 2}, Ye :={vo,-- -, Yyt }» Zt :={20,...,2¢},and P, .= X; UY; U
Z;. From the definitions involved, it follows that |P;| = 3(¢ 4 1). First we establish an
injection ¢: P, — E1(P).

Consider any point z; € X;. It follows from the induction hypothesis that x;y;_; is a
t-edge, and that z;y," ; = {z, | r <i} U{y, |r <t —i}.

Let z; be the first point that we find as we rotate the line x;y;_; counterclockwise
around x;. It is easy to see that the induction hypothesis implies that the rotating line hits
T; with its head, and so ;% = {z, | r < i}U{y, |r <t—i+1}. Wedefine ¢)(z;) = z;7;.
In an analogous manner we define v (y;) and v(z;) for all y; € Y; and z; € Z;. Since ¢
defines a one-to-one relation and |P;| = 3(¢ + 1), it follows that |¢p(P;)| = 3(t + 1).

Let E" := {xo2{}1, Yo%} 1, 20y 1}- Observation 4.2 implies that £’ C E;1(P).
We note that ¢(20) = zoy/}1, ¥(yo) = Yoz{}1, and 9(20) = zox{},. Using these
observations and that {z;} |, v/}, 231} N Py = 0, it follows that £’ N ¢(P;) = 0. On the
other hand, from Proposition 2.1 it follows that |E;y1(P)| = 3(¢ + 2). Thus Ey11(P) is
the disjoint union of ¢ (P;) and E’.

By way of contradiction, suppose that z7}; # x7} ;. Then each point of {z1,..., 2}
is contained in the interior of the quadrilateral bounded by yox{} 1, 2077} 1, 2070, and ToYo
(see Figure 4). From the induction hypothesis it follows that 2} 27}, ¢ E<;(P). This
and the fact that z7} 273, ¢ ¥(P;) U E" imply that |z{} 273~ | > ¢+ 2. Then the interior
of the triangle 7" bounded by yox(}, 2077}, and x7} 77} is nonempty, and, moreover,
it contains every element of Q := zy 27~ \ {%o,21,...,2}. Let p be the first point
of @ that zoxy} | finds as it is rotated counterclockwise around z7_ ;. Then x{}{p must be
a (t + 1)-edge of P. On the other hand, it is immediately seen that z7 p ¢ ¢(P;) U E',
contradicting that £, = ¢(P;) U E'.

This contradiction shows that 7} ; and 7} ; are the same point. Analogous arguments
show that y;}, and y{}, are the same point, and that 2/}, and z{; are the same point. This
proves (1) for j =t + 1.

Now we show that (2) holds for j = ¢ + 1. Note that at this point x4y1, Ys+1, 2t+1
are all well-defined. For each m € {0,1,...,¢ + 1}, we let X,,, = {z; | i < m},
Yo = A{uy: | i <m},and Z,, = {z | 1 < m}.

Letm € {0,1,2,...,¢+ 1}. We shall show that

() ZmYt41-m isin By 1(P); and
(i) wmytt,-l_m =X 1 UY .

By symmetry, analogous arguments show that: (") ymzi41—m is in Eypq(P);
() Ym 2 1—m = Ym-1 U Ziems () 2m@is1-m is in Ey1(P); and (i”) zma),,_,, =
Zm-1 U X¢—m. Note that these six assertions, together with the fact that |E; 1 (P)| =
3(t + 2), imply (2).

Thus we complete the proof by showing (i) and (ii).
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2O
TP 20

Figure 4: If z7} | # x{} ,, then the triangle 7" contains a point p such that 27} ;pisa (t+1)-
edge of P.

Since w11 = T{)1 = Tii1, Yer1 = Yig1 = Yir1 and zep1 = 21 = 2(}, it follows
that (i) and (i) hold whenever m is in {0, ¢ + 1}. Thus it suffices to prove (i) and (ii) for
1<m<t.

From the induction hypothesis we have that xm,ly:' "1em = Xm2UY; ., and
Tl = Xm—1UY,_m_1. Also note that X, 1 UY;—p € Ty g -

Let B denote the triangle bounded by the lines z,, —1Yt+1—m, TmYt—m, aA0d T Yiy1—m
(see Figure 5). Let Pp be the set of points of P contained in the interior of B.

We claim that P = (). By way of contradiction, suppose this is not the case. Let
L = pips---pi be the lower chain of the convex hull of Pg U {2y, yt+1-m}. Then
p1 = T and P = Ysir1-m, Where (since B # () k > 3. We note that pip;rl =
Xm—1UY_p, foralli =1,2,... k— 1. Thus each edge of L is a (¢ 4+ 1)-edge. We recall
that F;1(P) = ¢ (P;) UE’. Tt is readily seen that no edge of L is in E’, and so every edge
of L is in ¢(P;). In particular, the line pops is in ¢(P;).

Recall that every edge in ¢(P;) is obtained by starting with a line v;w;—,; (for v,w €
{z,y,2z},v # w), counterclockwise rotating it around v;, and recording the first point
p in P hit by the rotating line: 1 (v;) is then the line v;p. Thus, in particular pops is
obtained in this way. Now if we reverse the process and clockwise rotate pops around
p2, the first point hit by the rotating line must be y;_,,. This implies that ps = z,,,
contradicting that p; = x,,,. We therefore conclude that Pg = (). Finally, note that
Pp = () immediately implies that ¥(x,,) = TmYt+1—m- ThUS TpYetr1—m is a (¢ + 1)-
edge. This proves (i). Moreover, as we observed above, X,,—1 U Y;_,, C xmyt"jrl_m.

Since | X1 UY;_ | =t+ 1, then X,;, 1 UY;_,, = xmyakm. Thus (ii) follows. [

In view of Proposition 4.3(1), we have achieved our goal to unambiguously identify
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® <0

Pk = Yt+1-m

Figure 5: If the interior of the triangle B is nonempty, then every edge of the convex chain
P1,D2,- .-, Pk is a (t + 1)-edge.
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(and label) all 18 points of P. For the rest of the paper, we let X := {z¢, z1,...,z5},Y :=
{yo,y1,...,ys},and Z := {20, 21, ..., 25}, where x;, y;, and z; are as in Proposition 4.3,
forj =0,1,...,5.

42 {X,Y, Z} is a 3-decomposition of P

If we rotate the line x(zg clockwise along xg, then for j = 1,2,...,5, the j-th point hit
by the rotating line is z;. If we rotate the line zoyo counterclockwise along xq, then for
j=1,2,...,5, the j-th point hit by the rotating line is ;. It follows that the sixth point hit
by the clockwise rotating line ¢, is in X, and the sixth point hit by the counterclockwise
rotation line ¢/, is also in X (see Figure 6). These two points in X are obviously distinct
(since | X| > 2), and so they define an infinite cone C'x with vertex z( (here by cone with
vertex p we mean a pair of distinct directed rays, both with startpoint p). Note that C'x is
the smallest infinite cone with vertex x( that contains X. See Figure 6.
We similarly find infinite cones C'y (with vertex yg) and C'z (with vertex zg).

120
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ey N N / / Zz
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Figure 6: The sets X, Y, and Z are contained in the indicated (closed) shaded regions. The
shaded region containing X is Ax y NAx z.

Now C'x U Cy divide the plane into several regions, three of which are bounded. Two
of these bounded regions are triangles: one triangle A x y- with z( as a vertex and another
triangle Ay x with yo as a vertex; the other one is a quadrilateral. The entire set X is
contained in Ax y, and the entire set Y is contained in Ay x. By considering the pair
Cx,Cz (respectively, Cy, Cz), we obtain triangles Ax, 7 and Az x (respectively, Ay, z
and Azﬁy). Thus X C AX,Y n AX,Z, Y C AY,X n Ayﬁz, and Z C AZ,X n Azyy.
Hence the situation is as illustrated in Figure 6. In this figure, each of Axy N Ax z,
Ay x NAy,z, and Az x N Az y is a quadrilateral, although it is easy to see that any (or
all) of them may be a triangle.

In view of this, it follows immediately that there is a triangle that witnesses the follow-
ing:

Proposition 4.4. P is 3-decomposable, with 3-decomposition {X,Y, Z }. O

As we mentioned in Section 2, knowing that {X,Y, Z} is a 3-decomposition of P
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allows us to classify each edge of P as either monochromatic or bichromatic: for p, g € P,
the edge pq is monochromatic if p and q belong to the same set of the 3-decomposition
{X,Y, Z}. Otherwise, pq is bichromatic.

We close this section by noting that using the 3-decomposability of P it is easy to
determine the number of bichromatic and monochromatic k-edges in P, for each k €
{0,...,8}.

Indeed, since P is 3-decomposable it follows from [2, Claim 1] that e‘gk(P) = 3(k;“2)
for k € {0,...,5}, e¥s(P) = 81, and €2, (P) = 99. Also note that e2(P) is the
total number of bichromatic edges of P, namely 3 -6 - 6 = 108. Using that e‘;-‘(P) =
eL;(P) —e%; (P)forj € {1,...,8}, we obtain the following.

Proposition 4.5. eb{(P) = 3(k + 1) for k € {0,...,5}, el (P) = 18, eb(P) = 18, and
bi( py _
eg'(P) = 9.
To obtain e (P), e (P) and eg*°"(P), we note that Proposition 2.1 implies that
e6(P) = 24,e7(P) = 33, and eg(P) = 33. Since e;(P) = eb'(P) + e*™(P) for
7 =0,...,8, Proposition 4.5 implies the following.

Corollary 4.6. ¢""(P) = 0 for k € {0,...,5}, e (P) = 6, e™"(P) = 15, and
emon(P) = 24,

4.3 Structural properties of P

4.3.1 Determination of e} (P) for any v € {x,y, 2} and any k € {0,...,8}

Let u € {z,y,2}, ¢ € {1,2,...,5}, and £, ¢/, be the directed rays forming the cone

Cy with vertex uy mentioned in the arguments leading to Proposition 4.4. See Figure 6.

From now on, we shall use ué to denote the i-th point of P that ¢, finds when it is rotated

clockwise around of ug until it reaches ¢/,. Clearly, {u},u3, ..., ud} = {u1,uz, ..., us}.
Our next observation is evident, but useful.

Observation 4.7. Let vy, v, and v3 be three distinct points in P, and let ¢/ := v;v5 and
0 = vvs. Let Py := 4~ N0, Py := 0T N{T, and P3 := ¢~ N¢'~. Then P;, Py, and
Ps are pairwise disjoint subsets of P. See Figure 7. For i = 1, 2, 3, let r; be the number of
points in P;. If P\ {v1, va,v3} is the disjoint union of P;, P, and Ps, and p; is the i-th
point of P; that ¢ finds when it is rotated counterclockwise around v; until it reaches ¢/,
then vy p; is a j-edge of P for j = min{ry +¢,16 — (r2 +14)}.

The next observation is immediate from the definition of u{, and Observation 4.7.
Observation 4.8. Let u € {z,y, z}. Then
(1) uou} and uguf are both 6-edges,
(2) upug and ugug are 7-edges and they are the only 7-edges of the type ugu, and
(3) uoud is an 8-edge.

Claim 4 in [2] implies that e§*(P) < 8 for each u € {z,y, z}. Using this, together
with Observation 4.8 and Corollary 4.6, we obtain the following.

Proposition 4.9. Let u € {z,y,z}. Then e}*(P) = 0 for k € {0,...,5}, eg"“(P) = 2,
ey (P) =5, and e§"(P) = 8.
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Figure 7: The i-th point of Py := ¢~ N ¢’ that £ finds when it is rotated counterclockwise
around v; is a j-edge for j = min{ry + ¢, 16 — (ro + i)}, where r5 denotes the number of
points of Py := (T N,

The next corollary follows immediately from Observation 4.8(1) and Proposition 4.9.

Corollary 4.10. E"°"(P) = {zoz{, o5, Youd, Yoy, 202%, 2025 }. Moreover, any other
monochromatic edge must belong to EX*°™(P) U EZ°"(P).

4.3.2 Determination of the convex hull of U for U € {X,Y, Z} and related facts

Let u be any element of {x,y,z}. One of the main goals in this subsection is to show
that the triangle formed by g, u4 and us contains in its interior the remaining «’s, namely,
u1, s and ug. We also prove other statements about the relative position of the elements
of U. Almost all these assertions will be used in the subsequent steps later on.

Proposition 4.11. Letu € {x,y, z}. Ifu; € {u3,ug}, then there are at least three T-edges
of type uu involving uy but not uy.

Proof. We prove the proposition for the case v = x. The cases u = y and u = z are
handled in a totally analogous manner.

Suppose that z; = z. Then ¢ := z¢z; leaves z}, 23 and 3 on its left halfplane
(and x{ on its right halfplane). Let 2’ be the first z that ¢ finds when it is rotated counter-
clockwise around x1, and let ¢/ = x72’. See Figure 8. By Corollary 4.10, we know that
{z12}, 2128, 2123} C ERO%(P) U EX°"(P). Then ¢ finds each of z, 2% and x3 before
it reaches z’. This and Observation 4.7 imply that at most one of 1z, z12, z12} is an
8-edge and, by Corollary 4.10, the other two must be 7-edges.

From the way in that the z’s were labelled it follows that 7 is the first 2 that ¢ finds
when it is rotated clockwise around z1, and so z12] is a (< 7)-edge. This and Corol-
lary 4.10 imply that x5 is the third required 7-edge. The case 71 = x3 can be handled in
an analogous manner (y's play the role of z’s). O

Proposition 4.12. Let v € {z,y,z} and {p,q} = {z,y,z} \ {u}. Suppose that
{qo,---,q5} Cupuy~ and that {po,...,ps} C upuy". Then:

(A1) uy ¢ {ug, ub};
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Figure 8: Here zgx; is a 7-edge.

(A2) there are at least two T-edges of type uu involving uy but not ug;
(A3) ug ¢ {ud,ud};

(A4) each of usuy, usus and uqus is an 8-edge;

(AS) {ug, ug} = {ua, us};

(A6) the triangle formed by ug, uq and us is the convex hull of U; and

(A7) if us € uguf, then uouy = {qo,-..,qs} and uouyi = {po, ..., ps}. Otherwise,
UOUZ = {pOa cee 7p5} and Uoug = {qO; ceey Q5} .

Proof. By rotating P if necessary, and exchanging appropriately the labels x, y, and z, we
can assume, without any loss of generality, that w = x,p = y,q = z and that X,Y and Z
are placed as in Figure 9.

(A1): Seeking a contradiction, suppose that x§ = z1. Let v be the first point that zoz1
finds when it is rotated clockwise around x; as shown in Figure 9(a). Note that v € Y,
as otherwise v € {x3,x3, 74,25} and 210~ = Z. Then zyv is a 6-edge, contradicting
Corollary 4.10. Let 2’ be the last element of {x2, 3,24, 25} that 21v finds when it is
rotated clockwise around z;. Since v € Y, then x12" must be a (< 6)-edge, contradicting
Proposition 4.9. The case § = z; can be handled in an analogous manner (with the roles
of Z and Y interchanged).

(A2): From (A1) we know that zyxz; leaves at least one x in each side. By definition
of x1, the points x2, x3, 24 and x5 must be contained in X’ := X N xlzar N z1y, , see
Figure 9(b). Let 2’ be the last element of {x2, x5, x4, x5} that 2oz finds when it is rotated
clockwise around x; as shown in Figure 9(b). Note that 212’ must be a (< 7)-edge. Since
a2’ # xg, then Proposition 4.9 implies that 2:y2’ must be a 7-edge. Similarly, if we rotate
xpx1 in the other direction, then we can find the other 7-edge involving x; but not .

(A3): Seeking a contradiction, suppose that x5 = z}. Then zgxs is a 6-edge, and

x3, 24 and x5 are contained in X” := X Nx}y, . See Figure 10(b). From Observation 4.7,
we know that at most one of x2x3, x224, 225 is an 8-edge. This and Corollary 4.10 imply
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Figure 9: (a) xpx1 cannot be a 6-edge. (b) There are at least two 7-edges of type xx
involving x; but not z.

that at least two of xox3, x2x4, xoxs are 7-edges. This together with Observation 4.8(2)
and (A2) imply that e%%(P) > 6, which contradicts Proposition 4.9. The case x5 = x can
be handled in an analogous manner.

(A4): From Corollary 4.10, Observation 4.8(1), and (A1), we know that xpx; is a 7-
edge or an 8-edge. First suppose that 7oz is a 7-edge. Then 21 € {23, x$}. This together
with Propositions 4.9 and 4.11 and Observation 4.8(2) imply that each element of E¥*(P)
contains at least one of x¢ or z;. This fact and Proposition 4.9 imply that z3x4, 325 and
425 are 8-edges, as required.

Now, we suppose that xox; is an 8-edge. Then x5 € xgx; or zz € :Eo:cf. We
only analyze the case o € zox; (the other case is symmetric). Then we must have
that X’ := X Nxox] N2y, contains exactly two elements ', 2" of {x3, 24,25}, see
Figure 10(a). Now we rotate xoy clockwise around xo until it be parallel to xzgxi. See
Figure 10(a). From Observation 4.7 and Corollary 4.10, we know that at least one of
2oz, wox' is a T-edge. Such a 7-edge plus the four 7-edges provided by Observation 4.8(2)
and (A2) give us, 5, the total number of 7-edges of P. This and Proposition 4.9 imply that
T3Tq, T3T5, T4T5 are 8-edges, as required.

(A5): Seeking a contradiction, suppose that {z}, 25} # {74, x5}. Then (A1) and (A3)
imply that z3 = x} or 3 = z. Again, by symmetry it is enough to analyze the case
T3 = x(l). Clearly, both x; and x2 are contained in the triangle formed by zgx3, I0$8 and
23yo; and x4, x5 are contained in X" := X N m(l)yg, see Figure 10(b).

Now we rotate xgxs clockwise around x3 until it reaches x31g, and note that such a
rotation hits x4 and x5. From Observation 4.7 we know that at most one of x3x4 or x3x5
is 8-edge, contradicting (A4).

(A6): This follow directly from (AS) and the way in that the =’s were labelled.

(A7): Suppose that x5 € xoz). Then (A5) implies that 2} = z4 and 2} = 5. The
required equalities follow from the definition of x{ and 5 and the hypotheses Z C zoz(~

and Y C xoxit. Similarly, we can deduce that zor; = Z and zoxr] = Y whenever
T5 € ToTy - O
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0T1

Figure 10: (a) z3x4, x375, z475 are 8-edges. The dotted straight line containing zo is
parellel to zox1. (b) {z}, 25} = {x4, 75}, and hence xoz4 and zox5 are 6-edges.

4.3.3 Determination of the position of us with respect to ugu, foreachu € {x, y, z}

Our main goal in this subsection is to show that us € u0uzlF foreachu € {z,y, z}. In order

to prove this, we need to establish some auxiliary statements that will also be used later on.
Let u,v € {z,y, 2z} with u # v. We will say that ugus splits the v’s to mean that ugus

separates {ug, . ..,us} U{vp,...,vs} from the rest of the points of P\ {u4,us}.

Proposition 4.13. Let {u,v,w} = {x,y, 2}, and suppose that ugus separates uy from the
v’s. Then uqus splits the v’s.

Proof. By rotating and/or reflecting P along uguy, if necessary, we can assume that © =
z,v =y, w = z and that X, Y and Z are placed as in Figure 6.

Since zgx5 separates x4 from the y’s, then x5 € :com;f. From Proposition 4.3 we know
that x4y3' = {zo, 1, T2, x3}. Then (A6) implies that x4y3' - x4:cg'. If we rotate x4yo
counterclockwise around x4 until it reaches xgx4, then x5 € xoxi, (A6), and Observa-
tion 4.7 together imply that at most one element of {2425} U {z4y|y € Y} is an 8-edge.
This and (A4) imply that such an 8-edge must be x4x5. Then (A6) implies that x4x5 leaves
exactly four y’s on its right. Moreover, from Proposition 4.3 it is easy to see that ¢y and y;
are in x4x;'. Let y; and y; be two elements of Y in z4x; . Without loss of generality, we
can assume that 7 < j. Then 2 <1 < 5 < 5.

From (A6) we know that the triangle formed by yo, ¥4, and y5 is the convex hull of Y.
This implies that j € {4,5}. Seeking a contradiction, suppose that ¢ € {2, 3}.

Let T be the triangle formed by xgxs5, xoy; and x4x5. See Figure 11(b). By the way y’s
were labelled, we know that if y,, € T'thenr € {i+1,...,5}\{j}. Lety’ be the first point
in Y N T that y;x¢ finds when it is rotated clockwise around y;. See Figure 11(b). Then
vy’ is a (< i + 4)-edge because the points of P lying in the left side of y;y’ is a subset
of {xo,...,23,Y0,...,Yi—1}. If i = 2, then y;3/ is a (< 6)-edge which does not involve
o, contradicting Corollary 4.10. Finally, if ¢ = 3, then y;3’ is a (< 7)-edge, contradicting
(A4). O

Observation 4.14. From Proposition 4.13 we know that if {u,v,w} = {z,y, 2z}, then
uqus splits the v’s or the w’s.
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Figure 11: (a) If z4 € zox; , then z425 splits Y. (b) There are exactly two y’s, namely y;
and y;, in x4 .

Proposition 4.15. Ler u and v be two distinct elements of {x,y, z}. If ugus splits the v’s,
and v3vs leaves ug and vy on the same side, then v4vs splits the u’s.

Proof. By rotating P if necessary and exchanging appropriately the labels x, y and z, we
can assume that v = x and that X, Y and Z are placed as in Figure 6.

CASE 1: Suppose that z4x5 splits the y’s. Then we need to show that if y3ys leaves xq
and y on the same side, then y,ys5 splits the z’s.

From (A4), we know that y,ys5 is an 8-edge, and from (A6), that y4ys5 is in the convex
hull of Y.

First, we show that y5 € 1oy, . By way of contradiction, suppose this is not the case.
Then y5 € ygy;f and the triangle formed by yg, y4 and y5 looks like in Figure 12(a). Since
x4x5 splits the y’s, then z4x5 separates ys from y4 and ys, and so all the z’s are on the
left side of both ysys4 and y3ys. In particular, o € ysy; , and hence y» € y3y; . Then
Y2 € Y3ys; N 2oYs , and so yo is contained in the triangle ) formed by yoya, 20Y3, Y3Ys.
See Figure 12(b). Since y3y4 is an 8-edge by (A4), and ysy4 leaves {yo, Y2, To, ..., T5}
on its left, then it leaves ¥, y5 on its right. This and the fact that y; € 2py; imply that
y1 is contained in the triangle R formed by zoys, ysya, Yoys. See Figure 12(b). Then y2y4
and yoy; are 7-edges. This, together with Observation 4.8(2) and Proposition 4.11, implies
eé’y(P) > 6, the required contradiction. Thus, we can conclude that yoy, leaves the x’s
and y5 on the same side, and the desired result follows from Proposition 4.13.

CASE 2: z4x5 splits the z’s. Follow the same argument as in CASE 1 with left, right,
y, z, — and + in place of right, left, z, y, + and —, respectively. O
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Figure 12: (a) y5 € yoys . (b) y2 is in Q and y; is in R.

Proposition 4.16. If u € {x,y, z}, then ugus leaves uy and uy on the same side.

Proof. As in Proposition 4.15, we can assume that w = 2 and that X, Y and Z are placed as
in Figure 6. From (A4), we know that x3x5 is an 8-edge. Seeking a contradiction, suppose
that x3x5 separates zo from x;.

First, suppose that 7475 splits the y’s. Since P is placed as in Figure 6, then 2y € 377,
and hence, 71 € z3z5 . Then 2327 = {20, 22 }UY, orequivalently, 2325 = {z1,74}UZ.
This fact has two immediate consequences. The first one is that z; = 3. This fact and
Proposition 4.11 imply that there are at least three 7-edges of type xx involving x; but
not zg. The second consequence is that x5 is in the triangle X’ (see Figure 13) formed
by x1y0,x3x5 and xgxs, and hence xox5 must be a 7-edge too. The existence of these
four 7-edges together with those in Observation 4.8(2) imply e%*(P) > 6, contradicting
Proposition 4.9.

Now suppose that z4x5 splits the z’s. Again, since P is placed as in Figure 6, then zo €
x3xg and x1 € x3a:g“. By similar arguments as above, we can deduce that 1 = a:é and that
To75 is a T-edge. Asbefore, z; = x§ and Proposition 4.11 imply that there are at least three
7-edges of type xx involving z; but not zy. The existence of these four 7-edges together
with those in Observation 4.8(2) imply eZ?(P) > 6, contradicting Proposition 4.9. O

Proposition 4.17. Thereis au € {z,y, 2} such that ugus separates uy from the other u’s.

Proof. From Proposition 4.16 we know that usus leaves ug and u; on the same side for
eachu € {z,y, z}. Seeking a contradiction, we suppose that uzus separates {ug, u1 } from
{uz,us} foreach u € {z,y, z}.

By rotating and/or reflecting P if necessary, and exchanging appropriately the labels
x,y and z, we can assume that X, Y and Z are placed as in Figure 11(a), and that z4z5
splits the y’s. An immediate consequence of these assumptions and our hypothesis is that
(1) z3x5 leaves to zg and x5 on its left side.
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Figure 13: Here z1 € x375 .

Now suppose that y5 € yoyj. Then yyys separates y4 from the z’s, and from Proposi-
tion 4.13 we know that y4ys5 splits the z’s. In particular, the triangle formed by yg, y4 and
ys must be as in Figure 12(a) and yg € ygy;. By supposition, y3ys separates yo from yo,
and so y3ys5 leaves to zg and ys on its left side. This last and Proposition 4.15 imply that
yays splits the z’s too, which is impossible. Thus we conclude that y5 € yoy, . This and
Proposition 4.13 imply that y4ys5 splits the x’s. This fact and our supposition imply that (ii)
Y3ys leaves to zp and y2 on its right side.

If z425 splits the x’s, then (i) and Proposition 4.15 imply that 2425 splits the z’s, which
contradicts that x4z splits the y’s. Similarly, if 2425 splits the y’s, then (ii) and Proposi-
tion 4.15 imply that y4ys5 splits the z’s, again contradicting that y4y5 splits the x’s. O

Proposition 4.18. Let u be an element in {x,y, z} that satisfies the property in Propo-
sition 4.17, and suppose that uqus splits the v’s, where v € {x,y,z} \ {u}. Then the
following hold:

(B1) wsus separates vs from the other v’s;
(B2) wqvs splits the w’s, where {w} = {x,y, 2z} \ {u,v};
(B3) vyv4 and vavy are both T-edges; and
(B4) vsvs separates vy from the other v’s.

Proof. Without loss of generality, we can assume that u = z,v = y, and X,Y and Z are
placed according to Figure 11. Indeed, we can get such requirements by rotating and/or
reflecting P, and by exchanging appropriately the labels z, y and z.

(B1): From our assumptions and the hypothesis we know that x4 is the only z in z3x5 .
Since 35 is an 8-edge, then exactly one element y* of Y is in z3x5 . From (A6), we know
that such a y* is one of y4 or ys5. If y* = y4, then, by the way yo, . . ., y5 were labelled, we
have that y5 must be contained in the triangle S of Figure 14. Then y4y5 leaves x3, x4, T5
and all the z’s on its right side. This implies that y4y5 cannot be an 8-edge, contradicting
(A4). This contradiction implies that (B1) holds.
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(B2): From (B1), we know that y* = ys is the only element of Y in z3z; . If y5 €
YoYy » then y4 must be contained in the region R of Figure 14. This implies that each
element in (X UY) \ {z4,va, ys} lies in yay; , contradicting (A4) that yay™* = yays is
an 8-edge. Thus we have that y5 € yoy; . This fact and Proposition 4.13 imply that y,ys
splits the z’s, as required.

In view of (B2) and our previous assumptions, for the rest of the proof, we may assume
that the two triangles defined by {z¢, 24, 5 } and {yo, y4, y5 } are as shown in Figure 12(a).

(B3): Let ¢ be the line through y4 which is parallel to 2425 and let M be the interior of
the triangle formed by yoys, yoy4 and x4x5. See Figure 12(a). Since y4 and y5 are the only
y'sinzgxs, then M NY = {y1,y2,y3}. If we rotate ¢ in clockwise order around y, until
it reaches y4yo, then by Observation 4.7 we have that exactly one of {y1y4, Y2ya, Y3ya} is
8-edge and the other two are 7-edges. The desired assertion follows from (A4).

(B4): Seeking a contradiction, suppose that y3ys does not separate y, from the other
y’s. Then Proposition 4.16 implies that y3ys separates {yo, y1 } from {ys2, y4}. On the other
hand, since y3y4 is an 8-edge and x4x5 separates ys from yy4, then ysy, = X U {yo,y2}.
Thus y; must be contained in the triangle R formed by 20y3, Y3y4, Yoys. See Figure 12(b).
This implies that y§ = y;. Then Proposition 4.11, Observation 4.8(2) and (B3) imply,
e?Y(P) > 6, a contradiction. O

Figure 14: Here z3x5 separates y* from the other y’s.

Remark 4.19. From now on, without loss of generality, we assume that the u € {x,y, z}
satisfying Proposition 4.17 is z, and that 25 € xox] . Indeed, it is not hard to see that we
can get such requirements by rotating and/or reflecting P along x4, and by appropriately
exchanging the labels x, y and z. In particular, we assume that X, Y, Z, xo, x4 and z5 are
placed as in Figure 11.

Note that (B4) appears as hypothesis in Propositions 4.17 and 4.18. The following
corollary is an immediate consequence of this fact.

Corollary 4.20. Let o(z) = y,0(y) = z and o(z) = x. The following hold for each
u€{z,y, 2z}

(Cl) usus separates o(u)s from the other o(u)’s;

(C2) o(u)so(u)s splits the o(o(u))’s;
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(C3) o(u)10(u)s and o(u)20(u)4 are both T-edges;
(C4) o(u)so(u)s separates o(u)y from the other o(u)’s; and
(C5) us € upuy .

Proof. In view of Remark 4.19, we may assume that x5 splits the y’s, x3x5 separates x4
from the other 2’s, and X, Y, Z, x¢, x4 and x5 are placed as in Figure 11.

First, we show that (C1) — (C4) hold. Proposition 4.18 states exactly (C1) — (C4) for
u =z and v = o(z) = y. In particular, (C2) and (C4) tell us that y,ys splits the z’s and
that y3ys separates y4 from the other y’s, respectively. By applying Proposition 4.18 to the
last two conclusions on y’s we have that (C1) — (C4) also hold for u = y and v = o (y) = z.
Similarly, we can conclude that (C1) — (C4) also hold for u = z and v = o(z) = x.

Now, we show (CS5). For u = z the assertion holds by Remark 4.19. We first analyze
the case u = y. From (A6) and Remark 4.19, we know that {zg, ..., x5} lies on the left
side of both ypy4 and yoys. Seeking a contradiction, suppose that y5 € yoy, . Then, from
(A6) and the last two facts, it is easy to verify that ¢ € y3y5 . Similarly, from y5 € yoy,
and (C4), we can deduce that yo € y3y; . Thus xo,y2 € y3y; , and so Proposition 4.15
implies that y4ys5 splits the 2’s, contradicting (C2). An analogous argument shows that (C5)
also holds for u = z. O

From Remark 4.19 and Corollary 4.20, we have that the points of P with indices 0, 3, 4
and 5 are placed as in Figure 15.

Figure 15: The relative position of the points of P with indices 0, 3,4 and 5.



B. M. Abrego et al.: There is a unique crossing-minimal rectilinear drawing of K1 375

4.4 Determination of pg™ when pq is a monochromatic edge.

Lemma 3.1 for the case in which pg is a monochromatic edge will follow from Proposi-
tions 4.21 and 4.22 below. Regarding the statements of these propositions, we recall from
Remark 4.19 and Corollary 4.20 that z4x5 splits the ys, y4y5 splits the zs, and 2425 splits
the xs.

Proposition 4.21. Let u € {x,y, z}, and let v be the element in {x,y,z} \ {u} such that
uqus splits the vs. Then the following hold:

(D) woui = {vo,...,vs};

(D2) uou;f = {u1,ug,us,us } U{vg,...,v5};

(D3) uqud = {ug, u1,us, uz} U {vo,v1,v2,v3}; and
(D4) uzud = {ug, ur,us} U {vo,v1,v2,v3, 04}

Proof. (D1): From (A7), we know that upus separates the v’s from the w’s. Moreover,
because ugus is an edge of the convex hull of U, then ugus leaves the other w’s on the
same side. This and (C5) imply that {uy, u2,us,us} C uouz. Again, from (C5) and
Proposition 4.13 we have that {vg, v1, v2,v3} C ugqud , and hence {vg, v1,v2,v3} C uous .

This and the fact that ugus separates the v’s from the w’s imply that {vg, ..., v5} C uou;
We finally note that Observation 4.8(1) implies that uou;' = {vo,...,vs5}, as required.
(D2): From (C5), (D1), and the way in that the points of P were labelled we have
that {vg,...,v5} = uou; C wugu,. On the other hand, since ugu, is an edge of the
convex hull of U, then uguy leaves the other u’s on the same side. This and (C5) imply
that {uy,uz,u3,us} C uouj. Thus {uq,us,us,us} U {vo,...,v5} C upuj. Again,
Observation 4.8(1) implies that ugu; = {u1, ug, u3,us} U {vo, ..., vs}, as required.

(D3): It follows immediately from (C5) and Proposition 4.13.

(D4): Clearly, {vo,...,v5} Nugui C {vo,...,vs} N ugu. This fact, together
with (C1) and (D3), implies that {vg, v1, vs,vs,v4} C U3u;. On the other hand, from

(C4) is easy to verify that {ug,...,us} Nuzud = {ug,us,uz}. Then {ug,ur,us} U
{vo,v1,v2,v3,v4} C uzud . We finally note that (A4) implies that uzug = {ug, u1,us} U
{vg, v1,v2,v3,v4}, as required. O

Proposition 4.22. Let u € {x,y, 2z}, and let v be the element in {x,y, z} \ {u} such that
uqus splits the vs. Then the following hold:

(E1) wouq is an 8-edge;

(E2) ugug and ugus are 7-edges;

(E3) usus and usus are 8-edges;

(B4) ugu) = {us} U {vo,...,v5}s

(EBS) uiu) = {us,us,us} U{vo,...,vs} and usuj = {uz,us} U{vo,...,vs};
(E6) uwouy = {us} U {vo,...,v5};

(E7) uwoui = {ug,us} U{vo,...,vs5} and upug = {u1,ua,us} U{vo,...,vs};
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(B8) wyui = {up} U{vg,...,vs};

(E9) uius and uius are 8-edges;
(E10) uiug = {ug,us} U {vo,...,v5};
(E11) uyud = {ug,us} U {vo,...,vs};
(E12) uQu;' = {ug,u1} U{vo,...,vs}; and

(E13) ugud = {uq,us} U {vo,...,vs}.

Proof. (E1): From Proposition 4.9, Corollary 4.10, and (A5), we know that gz is a 7- or
an 8-edge. If xgx1 is a 7-edge, then 1 € {x%, xé} and by Proposition 4.11, there are at
least three 7-edges of type xz involving z; but not zy. This, Observation 4.8(2), and (C3)
imply that eZ”(P) > 6, a contradiction. Thus z¢z; must be an 8-edge.

(E2): From Observation 4.8(2), we know that there are exactly two 7-edges of the type
zoz. Since (E1) and (A6) imply that none of zgx1, zoz4, ToTs5 is a 7-edge, then both zgz2
and xoz3 are 7-edges, as desired.

(E3): By Corollary 4.10 and (AS), each of xox3 and xox5 is a 7- or an 8-edge. From
(C3) and (E2), we know that each of x1x4, Tox4, xoT2, Tox3 is a 7-edge. Since (A2) guar-
antees the existence of an additional 7-edge involving x; and %% (P) = b5, then zax3 and
Toxs are 8-edges, as required.

Observation 4.23. Since z425 separates {x4, 25} from the other 2’s (see Figure 15), then
x;x4 leaves Z on its left for any ¢ € {0, 1,2, 3}.

(E4): From (C3), we know that x; x4 and xox4 are 7-edges. This and Observation 4.23
imply that x2x4 leaves exactly 1 or exactly 3 points of X on its left.

Suppose first that 1 € x9z;. Since rg € zowy, then zox) = {x1, 23,25} UY.
Again, Observation 4.23 implies that when we rotate zsx4 counterclockwise around x4,
the first two points that such line finds (with the tail) are 21 and x3. Since z1x4 is a 7-edge
and z3x4 is an 8-edge, then the first point that such a rotation finds must be x5, and hence
x1 € x32 . This and the way in which the 2’s were labelled imply that 23 = x1. But then
o1 is a 7T-edge, contradicting (E1). Then o, z1 € 222, and hence xox4 leaves exactly
three points of X on its left, namely xg, x1 and x3. The desired equality follows from the
last conclusion, Observation 4.23, and (C3).

(ES): From (A4), we know that z3x,4 is an 8-edge, and from (C3) that x1 x4 is a 7-edge.
Since x1, x5 € x22, , by (E4), then when we rotate xox4 clockwise around x4, the first two
points that such line finds (with the tail) are precisely x; and z3. Since x4 is a 7-edge and
324 is an 8-edge, then such a rotation finds first z3 and then x;. The desired conclusions
are immediate from this fact and (E4).

(E6): From (E4) and the way the x’s were labelled, we know that when we rotate xox4
clockwise around xo, the first point that such line finds (with the tail) is one of x( or x;.
Since xpx2 is a 7-edge, by (E2), then such a point must be zy and the desired result follows
from (E4).

(E7): From (E6), we know that the first two points that we find when we rotate xpxo
counterclockwise around xg are x; and x3. Since zgz; is an 8-edge, by (E1), then we



B. M. Abrego et al.: There is a unique crossing-minimal rectilinear drawing of K1s 377

have that such a rotation finds z; and then x3. These together with (E6) imply the desired
results.

(E8): (D4) implies that x3 € z175 . If x2 € z127, then {71, 23,24} U Z C zom5 .
This would imply that xox5 is not an 8-edge, contradicting (E3). Then we can assume that
xg € z1x5 . Thus, zq is the only z on the right side of z1x5 and hence zqx5 is a (< 7)-
edge. From Proposition 4.9 and Corollary 4.10, we have that x1x5 must be a 7-edge. This
implies that Y C xlx;, and hence (E8) holds.

(E9): (E4), (ES), (E6), (E7), and (ES8) imply, respectively, that xoz4, 2124, ToZ2, ToT3
and x5 are 7-edges. Then Proposition 4.9 implies that these five are all the monochro-
matic edges of type xz. This and Corollary 4.10 imply that £z and x1 x5 must be 8-edges.

(E10): The first assertion of (E7) implies that x3,x4 € zox; and z2,75 € xoxf.
From the first assertion of (ES) we know that x4, x5 € xlx;'. Then when we rotate zgx
counterclockwise around z;, the first point that such line finds must be x3, and so the
desired result follows immediately from this and the first assertion of (ES).

(E11): From the first assertion of (E7), we have that x3, x4 € zoz] and z2, x5 € xoxf.
From (E8), we know that x5, z3 € x1x, . Then when we rotate x¢x; clockwise around x4,
the first point that we find is x2, and so the desired result follows from the first assertion of
(E7).

(E12): (E8) implies {x2, x3,24} U Z = 125 . From (D4) and the second assertion of
(E3), we know that when we rotate x1x5 clockwise around x5, the first point that we find
must be x5, and so the desired result follows from (E8).

(E13): (E4) implies that Z U {zg, 1,23} = z2z, . From (E10), we know that 25 €
xlx; This and the first assertion of (E3) imply that when we rotate xox4 counterclockwise
around x5, the first point that we find must be x3, and so the desired result follows from
(E4). O

4.5 Determination of pgt when pq is a bichromatic (>5)-edge.

We are finally ready to prove Lemma 3.1 for the remaining case, namely when pq is a
bichromatic (> 5)-edge. This is achieved in the next statement. We recall from Re-
mark 4.19 and Corollary 4.20 that x4x5 splits the ys, yays splits the zs, and z4z5 splits
the xs.

Proposition 4.24. Let u € {x,y, 2z}, and let v be the element in {x,y, z} \ {u} such that
uqus splits the vs. Then the following hold:

(F1) usvy = {uo, u1,uz,uz} U {vo,v1,v2,v3};
(F2) u5115+ = {ug, u1, us} U{vg, v1,v2,v3,04};
(F3) u5v3+ = {ug, u1, ug, us, ug } U {vg, v1,v2};
(F4) usvy = {ug, w1, uz, ug, us y U {vo,v1 };

(F5) U5vf' = {ug, u1, us, us, us } U {vg};

(F6) ugvy = {uo,u1,us, us, us} U {vo, vi, v, v3};

(F7) ugvd = {ug,u1,uz, us, us } U {vo, v1, va, v3, 04}
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(F8) u4v3+ = {ug, u1, ua, us} U {vg, v1,v2};
(F9) u4112+ = {ug, u1, us,us} U {vg,v1};
(F10) u;),v;' = {ug, u1, uz,us} U {vg, v1,v2,vs,v4 };
(F11) uzvf = {ug,u,us} U {vo,v1,va,v3};
(F12) ugv3+ = {ug, ur,uz} U{vg,v1,v2};
(F13) UQU;_ = {ug,u1} U {vg,v1,v2,v3,04};
(F14) uQv;f = {up, u1} U{vg,v1,v2,v3};
(F15) wivd = {uo} U {vo,v1,ve,v3,v4}.

Proof. In view of Remark 4.19 and Corollary 4.20, we may assume that the points of P are
placed as in Figure 15. Moreover, by symmetry, we only need to verify the case u = = and
v = y. Forbrevity, form € {0,...,5}, welet X,,, := {x;]i < m}and Y, := {y;]i < m}.

(F1): From (D3), we know that .73433;_ = X3 U Y;. We claim that the first point p € P
that x4x5 finds when it is rotated counterclockwise around x5 is y4. From (D4), we know
that :ch; = X5 UYj. Then p = y4, and so x5yjf = X3 UYsj3, as required.

(F2): We know that 1‘3{17;_ = X5 U Y, by (D4). We claim that the first point p € P that
x3xs finds when it is rotated counterclockwise around x5 is y5. Indeed, from (D1), (ES),
and (E12), we know that y5 € ;vjx;r for j = 0, 1, 2, respectively. These imply that p ¢ X5,
and so p = y5. Then 335y5+ = X5 UYy, as required.

(F3): We know that 5134335+ = X3 U Y3 by (D3). We claim that the first point p € P
that x4x5 finds when it is rotated clockwise around x5 is ys. Indeed, by applying (E7),
(E10), and (E13)to j = 0,1 and j = 2 (with v = y and v = %), respectively, we have that
X C yjys . and so x5 € y;y; . These imply that p ¢ Y5. This and the fact that x5y(')" = X4
imply that p = y3. Then z5y4 = X4 U Ya, as required.

(F4): We know that ;vg,yg+ = X4 UY5 by (F3). We claim that the first point p € P
that z5ys finds when it is rotated clockwise around x5 is y». Indeed, by applying (E6) and
(E11)to j = 0and j = 1 (with u = y and v = 2), respectively, we have that X C y;y, ,
and so x5 € y;y,5 . These imply that p ¢ Y7. This and the fact that x;,yé“ = X, imply that
p = y2. Then xsy; = X4 U Y7, as required.

(F5): We know that x5y; = X4 U Y7 by (F4). We claim that the first point p € P that
z5y2 finds when it is rotated clockwise around x5 is y;. Indeed, by taking v = y in (E7),
we have that x5 € yoy; , and so p # yo. This and the fact that x5y3L = X, imply that
p = y1. Then 25y = X4 U Yy, as required.

(F6): We know that x4x; = X3 U Y3 by (D3). We claim that the first point p € P
that 425 finds when it is rotated counterclockwise around z4 is y4. Indeed, by taking
u = yand v = zin D3) we get x4 € y4y;, and so p # ys. This and the fact that
zox) = {1,792, 73,25} UY imply that p = y4. Then x4y = X3 U Y3 U {x5}, as
required.

(F7): We know that x4y = X3 U Y3 U {x5} by (F6). We claim that the first point
p € P that x4y, finds when it is rotated counterclockwise around x4 is y5. Indeed, from
(D2), we know that zoz} = {1, 72,73, 25} UY. These imply that p ¢ X, and so p = ys.
Then z4y; = X3 U Y, U {25}, as required.
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(F8): We know that ux? = X3 UYj3 by (D3). We claim that the first point p € P that
x425 finds when it is rotated clockwise around x4 is y3. Indeed, by applying E7), E10), and
El13)to j = 0,1 and j = 2 (with u = y and v = 2), respectively, we have that X C y;vys,
and so z4 € y;y; . These imply that p ¢ Y. From Proposition 4.3(2), we know that
X3 C x4yf', and so p ¢ X3. All these facts imply that p = ys3, and so :1:4y§' = X3UY5, as
required.

(F9): We know that x4y;' = X3 UY5 by (F8). We claim that the first point p € P
that z4y3 finds when it is rotated clockwise around x4 is y». Indeed, by applying (E6) and
(E11)to j = 0and j = 1 (with u = y and v = 2), respectively, we have that X C y;y, ,
and so x4 € y;y5 . These imply that p ¢ Y7. From this and (D3) it follows that p = yo,
and so a:4y§r = X3 U Y7, as required.

(F10): We know that .73333;_ = Xy UY, by (D4). We claim that the first point p € P that
xsxs finds when it is rotated counterclockwise around z3 is ys. Indeed, by applying (E7),
(E10), and (E13)to j = 0,1 and j = 2 (with u = x and v = y), respectively, we have that
Y C zjx3, and so ys € zjz5 . These imply that p ¢ X». From this and E5) it follows that
p = ys, and so z3y5 = X5 UY, U {x5}, as required.

(F11): We know that ajgx;r = X5 UY, by D4). We claim that the first point p € P that
xsxs finds when it is rotated clockwise around z3 is y4. Indeed, by applying (D2), (ES),
(E4), and (ES) to 5 = 0,1,2 and j = 3 (withu = y and v = %), respectively, we have
that X C y;y,, and so x5 € y;y, . These imply that p ¢ Y3. From Proposition 4.3(2),
we know that z4 € z3y,, and so p # x4. All these facts imply that p = y4, and so
z3y; = Xo U Y3, as required.

(F12): We know that ;vg,y4+ = X5 U Y3 by (F11). We claim that the first point p € P
that 3y, finds when it is rotated clockwise around z3 is y3. Indeed, by applying (E7),
(E10), and (E13)to j = 0,1 and j = 2 (with v = y and v = %), respectively, we have that
X C yjys ,and so zg € y;y; . These imply that p ¢ Y5. By taking v = x in (E5) and (D4),
we have that y; € w32} and ys € w327, respectively. These imply that p ¢ {x4, z5}. All
these facts imply that p = ys3, and so mg,y;r = X, UY5, as required.

(F13): From Proposition 4.3(2), we know that :vgy; = X, UY5. We claim that the first
point p € P that z2ys finds when it is rotated counterclockwise around x5 is y4. Indeed,
by applying (E6) and (E11)to j = 0 and j = 1 (with v = z and v = y), respectively, we
have that Y C zjx;, and so p ¢ {xg, z1}. Finally, by applying (E4), (E12), and (E13) to
j=4,5and j = 3 (withu = x and v = y), we have that p # x4,p # x5 and p # z3,
respectively. All these facts imply that p = y4, and so zoy; = X U Y3, as required.

(F14): We know that xgyj = X; UYj3 by (F13). We claim that the first point p € P
that zoy, finds when it is rotated counterclockwise around x5 is y5. As in (F13) we can
deduce from (E6) and (E11) that p ¢ {zo,21}. Again, as in (F13) we can deduce from
(E4), (E12), and (E13) that p # x4, p # x5 and p # x3, respectively. All these facts imply
that p = ys5, and so ny;_ = X UYy, as required.

(F15): We know that IQy;— = X; UY, by F14). We claim that the first point p € P
that 295 finds when it is rotated counterclockwise around ys is x1. Indeed, from Proposi-
tion 4.3(2), we know that yg)zo+ = Y. From the last two equations we have that p € X; =
{xo,1}. Again, from Proposition 4.3(2), we know that zoys = Yi, and so p = z;. Then
T1ys = Xo U Yy, as required. O
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4.6 Conclusion of the proof of Lemma 3.1

In Tables 1 and 2 we give a summary of the results in Propositions 4.3(2)(b), 4.21, 4.22,
and 4.24. These tables assume that u € {z,y, 2} and v = o(u), where o is the automor-

phism of {z,y, 2z} defined in Corollary 4.20, namely 2 +% y, y +> 2, and z +* .

In particular, for each u € {z,y, 2} and m,n € {0,...,5} with m < n, the set u,,u,’
is given in Table 1. This also determines the set u,u}, since upu; = upmu, , and upu,,

is evidently determined from w,,u,". Thus the information in Table 1 suffices to determine
pqt whenever pq is a monochromatic edge of P.

Now for each u € {x,y,2} and each m,n € {0,...,5}, the set u,,v, is given in
Table 2. This also determines the set vnu%, since vnuz = U, , and u,,v,, is evidently
determined from w,,,v;". Thus the information in Table 2 suffices to determine pq+ when-

ever pq is a bichromatic edge of P. O
u,uj' for each u;u; € E°"(P) Classification of u;u; Equality stated in
uguy = {vo,- .-, 5} 6-edge (1)

UOUI = {u1,ug,us,us } U{vg,...,vs} 6-edge (D2)
uguy = {u1,uz,us} U{vg,...,vs} T-edge (E7)
uoug = {us} U{vg,...,vs} T-edge (E6)
uguy = {ug,us} U {vo, ..., vs} 8-edge (E7)
urug = {ug} U{vo,...,vs} T-edge (E8)
uwi = {ug, u3, us} U{vg,...,vs} T-edge (ES)
uyug = {ug, us} U {vo,. .., vs} 8-edge (E10)
uyuy = {ug, us} U {vo, ..., vs} 8-edge (E11)
ugug = {ug,u1} U {vo, ..., 05} 8-edge (E12)
ugug = {us} U {vo,...,vs} 7T-edge (E4)
upug = {ug, us} U {vo, ... vs} S-edge (E13)
uzud = {ug,ur,ug} U {vg,...,v4} 8-edge (D4)
uzuj = {uz,us} U {vo,...,vs} 8-edge (ES)
U4u;)r = {U(), . 7U3} U {’U(), . 7’03} 8-edge (D3)

Table 1: All the monochromatic edges of P.

S5 Concluding remarks

In this work we finally have given the full proof of Theorem 1.2, which was announced at
the EuroComb’11 conference [1].

As we mentioned in the Introduction, the exact rectilinear crossing number of K, is
known only for n < 27 and n = 30 [3, 7, 8, 9, 10]. In [2] and [6] we can find non-
isomorphic crossing-minimal rectilinear drawings of K, for both n = 24 and n = 30.
On the other hand, from [6] and the main result of this work, now we know that there
is a unique (up to order type isomorphism) crossing-minimal rectilinear drawing of K,
for n = 6,12, 18. Thus, a plausible conjecture is that Kg,, has several crossing-minimal
rectilinear drawings for each integer m > 4.

We close this paper with a discussion on a question raised by an anonymous reviewer
of an earlier version of this paper: to what degree would it be possible to get a computer-
assisted proof of Theorem 1.2?
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uv™ for each uv € EY}(P)

Classification of uv

Equality stated in |

uovd = {vo, ..., v4} 5-edge Proposition 4.3(2)
uovy = {vg, vy, v2,v3} 4-edge Proposition 4.3(2)
ugvy = {vo,v1,v2} 3-edge Proposition 4.3(2)
uovy = {vo,v1} 2-edge Proposition 4.3(2)
uovy = {vp} 1-edge Proposition 4.3(2)
uovg =0 0-edge Proposition 4.3(2)
uyvg = {uo} U{vo, ... 04} 6-edge (F15)

uyvy = {uo} U{vo,v1,v2,v3} 5-edge Proposition 4.3(2)
uyvy = {ug} U {vo, v1,v2} 4-edge Proposition 4.3(2)
u1vy = {uo} U {vo, v1} 3-edge Proposition 4.3(2)
urvy = {uo} U{vo} 2-edge Proposition 4.3(2)
uwo* {uo} 1-edge Proposition 4.3(2)
upvs = {ug,u1} U{vo, ..., v} T-edge (F14)

ugvy = {ug,ur} U {vo,vl,vz,vg} 6-edge (F13)

upvy = {ug, u1} U {vo, v1, 02} 5-edge Proposition 4.3(2)
upvy = {ug,u1} U{vo, v1} 4-edge Proposition 4.3(2)
upvy = {ug, u1} U {vo} 3-edge Proposition 4.3(2)
UQU(_)I— {uo, w1} 2-edge Proposition 4.3(2)
usvs = {ug, u1,uz,us} U{vo, ..., v} 7-edge (F10)

uzv; = {uo,ur, uz} U{vg,v1,ve,v3} 7-edge (F11)

uzvy = {uo, u1,us} U {vg, vy, 00} 6-edge (F12)

usvy = {ug, u1,us} U {vg, v} 5-edge Proposition 4.3(2)
uzvy = {ug,ur, us} U{vp} 4-edge Proposition 4.3(2)
ugvg = {uo,u1,us} 3-edge Proposition 4.3(2)
usv = {uo, u1,us, uz, us} U {vo, ..., v} 6-edge (F7)

usvy = {ug, ur, us, u, us} U {vy, ..., vs} 7-edge (F6)

“41’;— {uo, u1, ug, uz} U {vo, vy, 02} 7-edge (F8)

“41); {uo, u1, uz, uz} U {vo, v1} 6-edge (F9)

ugvy = {uo, u1,ug, us} U{vo} 5-edge Proposition 4.3(2)
uwé{ {ug, u1,ug, us} 4-edge Proposition 4.3(2)
usvs = {ug,uy,uz} U {vo, ..., 04} 8-edge (F2)

usvy = {ug,...,u3} U{vg,...,v3} 8-edge (FD

usvy = {uo, ..., us} U{vo, v1, 02} 8-edge (F3)

usvy = {uo, ..., us} U {vg, 01} 7-edge (F4)

usvy = {uo, ..., us} U{vo} 6-edge (F5)

usvg = {uo7u1,u2,u3, uy} 5-edge Proposition 4.3(2)

Table 2: All the bichromatic edges of P.
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At the beginning of this project we asked ourselves the same question, but we are con-
vinced that a traditional proof might be easier to verify. It is worth mentioning that a heav-
ily computer-assisted proof seems to be out of reach, most likely involving several hundred
million CPU hours. On the other hand, we believe that a partially computer-assisted proof
would be more difficult to follow and perhaps also less reliable. Using computer-assisted
proofs needs a very careful preparation and description of what is done, and proofs of the
correctness of the results. The code must be explained in full detail, as well as how the
program can be executed (including the operating system, compiler versions, etc.). We
believe that in this particular case the task of verifying all this information would end up
being more taxing on the reader than the current purely theoretical proof.
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